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Abstract

Although ovarian cancer mortality rates have slightly declined in the last 40 years, ovarian cancer continues to be the eighth cause of 
cancer death in women. Ovarian cancer is characterized by its high response to treatments but also by its high rate of recurrence. 
Although treatments are limited to cytoreductive surgery and platinum-based chemotherapy, other therapies using antiangiogenic 
agents and poly (ADP-ribose) polymerase inhibitors are being tested. Nevertheless, these therapeutic strategies have had poor results 
and new potential targets and approaches are thus needed. The present review focuses on the recent evidence on antiangiogenic 
strategies in ovarian cancer cells and on the mechanisms governed by Notch and β-catenin proteins. It also describes the concept of 
‘vascular normalization’ by using the platelet-derived growth factor, PDGFB, molecule as a tool to regulate ovarian tumor 
angiogenesis and thus improve ovarian tumor treatment. It has been reported that alterations in the Notch system components and 
changes in the canonical Wnt/β-catenin signaling, the other pathway of our interest, are relevant to molecular events that contribute 
to ovarian cancer development. Thus, in this review, we consider these aspects of the ovarian tumor biology as potential new 
therapeutic strategies for the treatment of this disease.
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Introduction

Why is ovarian cancer complicated?

William Shakespeare wrote in his novel Hamlet: 
There are more things in Heaven and Earth, Horatio, 
than are dreamt of in your philosophy, suggesting that 
human knowledge is limited. Nevermore correct than 
when we talk about ovarian cancer. Ovarian cancer 
comprises different tumor types grouped under a single 
denomination. Although these histological subtypes 
share some features, they are different enough to have 
different clinical features as well as treatments and 
genetic characteristics. These differences lie in their 
etiology, which is sometimes outside the ovary and 
often unknown. The different origins of ovarian cancer 
give rise to tumors in different contexts. This makes this 
‘apparently single entity’ to behave as multiple ones.

When we refer to ovarian cancer statistics, we 
have to take into account the specific types of ovarian 
cancer included for the statistics and the level of cancer 
registration. The 5-year survival rate reported worldwide 
is highly variable as both the risk and mortality rates are 
affected by many variants, including the ethnicity, tumor 
types, and age profiles. In addition, the incidence and 
mortality due to ovarian cancer are hard to estimate 
because only few countries have high-quality data. 
However, what is common to all continents is that the 
mortality due to ovarian cancer is close to 50% of the 

incidence (GLOBOCAN study). The GLOBOCAN study 
has predicted that, by 2035, there will be a worldwide 
increase of 55% in the incidence of ovarian cancer and 
an increase in ovarian cancer deaths of 67% based on 
population increase.

Ovarian cancer is the seventh most common cancer 
and the eighth most common cause of death from cancer 
in women in the world. Although the most common 
‘women’s cancer’ is breast cancer, the mortality due to 
ovarian tumors is higher. This raises the need to gain 
deeper knowledge about the mechanisms that govern 
the development of ovarian cancer. One of the intriguing 
characteristics of ovarian cancer is the unknown 
etiology, which, together with confusing characteristics 
of these tumors, leads to the late detection of the illness. 
The high-grade serous carcinoma, for example, is now 
strongly suggested to be originated from the fimbriated 
end of the fallopian tube. These tumors are classified 
as type II carcinomas and their late detection agrees 
with the peritoneal seeding by malignant cells from the 
fimbriated end of the tube. In contrast, the low-grade 
serous carcinoma seems to arise from borderline serous 
carcinoma or endometriosis (Przybycin et  al. 2010, 
Wang et  al. 2013). These tumors, which are detected 
early and are low-grade tumors, are classified as type 
I carcinomas (Przybycin et  al. 2010), a category that 
also includes mucinous, endometroid and clear cell 
carcinomas (Torre et  al. 2018). This indicates that the 
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site of origin of the different histotypes of ovarian cancer 
is related to their malignancy and stage of detection. 
The different ovarian cancer origins and molecular 
characteristics mostly contribute to the high complexity 
of this illness.

Ovarian cancer treatment

A search in the Pubmed database using the terms 
‘ovarian cancer and treatment’ in the past 10 years 
displayed close to 27,400 research papers vs the same 
search with the terms ‘breast cancer and treatment’, 
which displayed 108,000 research papers. The smaller 
number of publications related to ovarian cancer 
treatment compared to breast cancer treatment, together 
with the poor improvement in the cure of these tumors, 
evidences the need for new approaches for this cancer 
type.

Beyond all the research being performed in ovarian 
cancer therapeutics, surgery is still a mainstay in 
staging and treatment of ovarian cancer. When the 
tumors are in advanced stages, which is the most 
usual situation, the surgical approach to determine 
the real extent of the disease and the stage according 
to the International Federation of Gynecology and 
Obstetrics (FIGO) classification and to establish the best 
surgical techniques is an open laparotomy (Santaballa 
et  al. 2016). Unequivocally, cytoreductive surgery is 
associated with increased survival and the volume of 
residual disease remaining after the surgery is inversely 
correlated with survival (Santaballa et al. 2016).

The first recommended treatment after surgery 
depends on the FIGO stage at the time of detection and 
the histotype of the tumor. Besides these considerations, 
for early stages, the traditional therapy consists of 
platinum-based chemotherapy with carboplatin and 
paclitaxel, whereas, for advanced stages, therapy 
consists of variations of this regimen and intraperitoneal 
chemotherapy. The Gynecologic Oncology Group 
(GOG) has conducted three large randomized, phase III 
clinical trials of intraperitoneal chemotherapy, known 
as GOG 104, 114, and 172, which have shown that 
intraperitoneal chemotherapy is significantly superior to 
intravenous one. Apart from the platinum-based therapy, 
patients who are not recommended to receive paclitaxel 
receive pegylated liposomal doxorubicin (PLD) (Pignata 
et  al. 2011). Also, some patients are treated with an 
antiangiogenic therapy with bevacizumab, a humanized 
MAB directed against vascular endothelial growth factor 
(VEGF).

In 1960, Folkman and Becker elucidated the importance 
of vascularization for tumor growth. These authors 
implanted microscopic-sized tumors in the perfused 
thyroid gland of mice and observed that these tumors 
grew more than 1000 times than the original tumors in 
isolated organs and were highly neovascularized. This 
suggested that, in the absence of neovascularization, 

tumors would stop growing (Folkman et al. 1963). Later, 
in 1971, Folkman demonstrated the hypothesis that 
‘tumor growth is angiogenesis dependent’ (Folkman 
1971). In that publication, this author showed that, 
in the rabbit eye, tumor dormancy at a microscopic 
size was due to the blocked angiogenesis of tumors. 
After this publication, Folkman’s hypothesis has been 
reinforced by many published data. This has opened a 
new field with new bioassays regarding angiogenesis 
and, consequently, new molecules, such as monoclonal 
antibodies, endogenous peptides, small organic 
molecules and miRNA, being considered.

Bevacizumab (Avastin) was approved by the Food and 
Drug Administration (FDA) for colorectal cancer treatment 
on February 26, 2004, and is the first antiangiogenic 
drug to receive FDA approval. As aforementioned, this 
drug inhibits VEGF, which is the main protein involved 
in inducing angiogenesis (Leung et al. 1989). With the 
1900s idea of inhibiting the formation of new blood 
vessels to block tumor growth, VEGF turned to be an 
attractive target for this therapeutic strategy. In this line, 
the observations from the clinical trial that showed the 
anticancer effect of bevacizumab in colorectal cancer 
became very interesting. The comparison in the median 
survival time between patients treated with the irino 
tecan /5-fl uorou racil /leuc ovori n (IFL) chemotherapy 
and bevacizumab and the patients treated with IFL and 
placebo showed that those receiving bevacizumab had 
a median end-point survival time of 5 months longer 
than those without. This difference between treatments 
was the highest ever found in the median survival 
time in a phase III clinical trial. This observation is in 
accordance with the hypothesis that bevacizumab works 
as a promoter of vascular stabilization as described 
subsequently (Goodman 2004). Based on this evidence, 
on June 13, 2018, bevacizumab was approved by 
the FDA as first-line treatment in epithelial ovarian, 
fallopian tube, and primary peritoneal cancer stage III 
or IV in combination with carboplatin and paclitaxel 
(Marchetti et  al. 2019). In their study, Marchetti et  al. 
(2019) found that bevacizumab combined with standard 
chemotherapy drugs led to a significant improvement 
in the progression-free survival (PFS), mainly of high-
risk patients (stages III–IV) affected by ovarian cancer. 
However, some points such as the dosage, schedule, 
combination with other drugs, as well as the safety of 
bevacizumab in other dosages still need to be clarified. 
Even so, the study by Marchetti et al. (2019) has expanded 
the knowledge about the role of antiangiogenesis 
therapy in ovarian cancer.

As aforementioned, the high mortality of ovarian 
cancer is usually attributed to its unknown etiology and 
late detection. However, another ‘lethal’ feature of this 
kind of tumor is the fact that most patients relapse after 
2 years of detection even after optimal cytoreductive 
surgery and standard adjuvant chemotherapy 
(Colombo et  al. 2003). This relapse is due to cancer 
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stem cells which, after chemotherapy, find a favorable 
environment less hypoxic where they can proliferate 
(Tomao et al. 2014). The second line of chemotherapy 
could be preceded by a secondary cytoreductive 
surgery. This could comprise a different combination 
of drugs; however, no benefits have been demonstrated 
compared to single-drug treatment (Giornelli 2016). In 
this context, bevacizumab is now being considered for 
the combination with carboplatin/gemcitabine, because 
it has shown some benefits in the overall response rate 
and PFS, and also because some patients experience 
relief in ascitis. For these reasons, although the benefits 
of this drug account for only 4 months in PFS (Giornelli 
2016), bevacizumab has been approved for relapsed 
patients who had not received it in the first line. 
Nevertheless, two preclinical studies (OCEANS and 
AURELIA) have suggested that prolonged administration 
of bevacizumab as maintenance therapy after platinum-
based chemotherapy prolongs PFS is well tolerated. 
However, the OCEANS trial, performed in platinum-
sensitive recurrent ovarian cancer, found no differences 
between overall survival when bevacizumab was added 
to the therapy (Aghajanian et al. 2015). In contrast, the 
AURELIA study, for platinum-resistant recurrent ovarian 
cancer, reported a significant increase in overall survival 
with the use of bevacizumab (Bamias et  al. 2017). At 
present, guidelines give clear recommendations as to 
when and how to use bevacizumab in ovarian cancer 
treatment. However, taking into account its cost and its 
associated side effects, it is important to determine the 
proper use of this inhibitor as well as to identify the group 
of patients who can benefit from this therapy. Regarding 
angiogenesis-related drugs, until now, bevacizumab is 
the only one approved for ovarian cancer treatment.

Regarding other drugs, the poly (ADP-ribose) 
polymerase (PARP) inhibitor olaparib is the first 
personalized treatment recently approved for patients 
with high-grade serous ovarian cancer with a germline or 
somatic BRCA1 or BRCA2 mutation. Moreover, this drug 
could be received much earlier as a maintenance drug 
in patients that have responded to first-line platinum-
based chemotherapy, and 60% of patients receiving 
olaparib have had no progression of cancer after 3 years 
vs 27% receiving the placebo (Washington et al. 2019).

Angiogenesis and ovarian cancer success or failure 
of the treatments under study

To interpret results of clinical trials with antiangiogenic 
drugs and to evaluate possible compounds that affect 
tumor angiogenesis and disrupt tumor growth, it is 
important to know the particular characteristics of the 
tumor vasculature. Tumor vasculature is exacerbated and 
overstimulated due to the high production of angiogenic 
factors by the tumor cells. The excessive ambition of the 
tumor for oxygen, nutrients as glucose, and factors that 
favor its growth leads the tumor to the development of 

a highly branched but poor and ineffective vasculature. 
The master key factor of this aberrant vasculature, but 
so convenient for the tumor, is hypoxia, one of the 
main conditions of tumors. Beyond stimulating VEGF, 
hypoxia regulates, among others, glycolysis, immune 
evasion, genomic instability, and limitless replication 
potential, all aspects that will help the phenotype 
of the tumor to be metastasic, invasive, and prone to 
acquire resistance to drugs and radiation (Hockel & 
Vaupel 2001, Al Tameemi et  al. 2019). Interestingly, 
in the tumor mass, hypoxia is heterogeneous, defining 
a normoxic, a hypoxic, and a necrotic region. The 
hypoxic region is where these adapted cells with all the 
malignant characteristics aforementioned are found. 
Also, in this region, the vasculature is dilated, scarcely 
covered with (or lacking) perivascular cells, tortuous, 
with exacerbated growth but nonfunctional, with poor 
endothelium and resulting in poor blood flow. The cells 
of this impoverished vascularization impair the delivery 
of therapeutic agents, thus favoring tumor development 
(Hockel & Vaupel 2001). 

Tumor angiogenesis is different from vasculogenesis as 
it develops from preexisting vascular beds. In this sense, 
vascular disrupting agents (VDAs) that target existing 
blood vessels are currently being developed and their 
combination with antiangiogenic compounds are being 
considered. An example of a VDA currently under study 
is fosbretabulin. This drug is being tested in combination 
with others like bevacizumab or pazopanib (a tyrosine 
kinase receptor inhibitor). According to the phase II 
GOG186i study, the combination of fosbretabulin and 
bevacizumab decreases disease progression in 2.5 
months compared to bevacizumab alone. However, 
this combination also increases the rate of cardiac 
events by 18%. This study was performed in platinum-
sensitive and platinum-resistant patients and, although 
the differences found in survival are, again, no longer 
than 4 months, the study concluded that this scheme of 
treatment should be encouraged (Monk et  al. 2016b). 
This shows the strong necessity for new therapeutic 
strategies in ovarian cancer.

Another strategy currently under study is the one 
carried out by the TRINOVA-1 study, which has been 
the first in showing that an antiangiogenic therapy 
significantly delays the time to second progression (i.e. 
PFS-2) in women with recurrent ovarian cancer. This 
study compared Paclitaxel plus trebananib, a peptibody 
that blocks binding of ANGIOPOIETIN1 and 2 to 
TIE2, or plus placebo (Monk et al. 2016a). As known, 
angiopoietins and their Tie receptors are critical for vessel 
homeostasis and angiogenesis. Whereas ANG1 induces 
vessel maturation, ANG2 cooperates with other factors 
in the induction of the vessel sprouting and appears to 
antagonize ANG1 function by preventing its binding 
to TIE2 receptor (Potente et  al. 2011). During tumor 
progression, angiopoietins exert crucial roles in the 
angiogenic switch, and increased expression of ANG2 
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relative to ANG1 in tumors correlates with poor prognosis 
(Hata et al. 2004). The results of the TRINOVA-1 study 
showed that overall survival was not significantly longer 
in the intent-to-treat population, although it improved 
in patients with ascites receiving trebananib. PFS-2 
confirming the PFS benefit associated with trebananib 
was maintained through the second disease progression 
(Monk et  al. 2016a). Similarly, the TRINOVA-3 study 
assessed whether trebananib improved PFS when added 
to carboplatin and paclitaxel as first-line therapy in 
advanced epithelial ovarian, primary fallopian tube, or 
peritoneal cancer in phase III clinical trial, but showed 
no positive results or improvements for these ovarian 
tumor types (Vergote et al. 2019).

Another targeted molecule associated with 
angiogenesis and overexpressed in ovarian cancer 
is α5β1-integrin (Moffitt et  al. 2019). The treatment of 
platinum-resistant patients or patients with advanced 
epithelial ovarian cancer with Volociximab, an antibody 
against this protein, was not significantly effective at 
preventing disease progression in a phase II clinical trial 
(NCT00516841) (Bell-McGuinn et al. 2011).

Currently, numerous studies are being carried out to 
find treatments for ovarian cancer. All these studies show 
the complexity of setting up a new therapeutic strategy 
due to the ability of the tumor to evade them and the 
unexpected outcome during tumorigenesis. Besides, in 
treatments, it is important to distinguish the ‘significant 
different improvement from the statistical point of view 
vs the significant improvement from the biological point 
of view’.

Different studies have now shown that tumors can 
evade the therapeutic blockade of angiogenesis and 
several mechanisms have been described. As described 
in detail by van Beijnum et al. (2015), these mechanisms 
include: (1) redundancy in growth factors; (2) recruitment 
of bone marrow-derived cells; (3) participation of stromal 
cells as pericytes; (4) vessel cooption; (5) increased 
metastasis; and (6) mechanisms that contribute to the 
loss of activity of antiangiogenic drugs like glycosylation 
and endothelial cell heterogeneity (van Beijnum et  al. 
2015).

A novel and different concept of angiogenesis 
targeting

As aforementioned, when angiogenesis targeting 
was proposed as a method to treat solid tumors, it 
was believed that this strategy would overcome the 
acquisition of resistance of tumor cells to drugs. However, 
after four decades, several ‘stones on the road’ have 
been found. Some of these are those aforementioned 
and exposed in the review of Van Beijnum (2015) 
regarding mechanisms of antiangiogenesis resistance. 
However, in 2001, Jain proposed the novel mechanism 
of ‘vascular normalization’ relevant to all diseases that 
involved abnormal vascularity (Jain 2001). The novelty 

of this concept is that, rather than destroying tumor 
vasculature, it improves it, so as to help the drugs and 
oxygen to reach the tumor mass (Jain 2001). The concept 
is based on the knowledge that tumors develop several 
alternative pathways to overcome the shortage of oxygen 
supply. This mechanism of vascular normalization is 
driven by the hypoxia-inducible factor, particularly 
HIF1A, which is transcribed under hypoxic conditions 
to provide the cells with different strategies to survive 
in a hostile environment, as for example the stimulation 
of the transcription of genes that encode enzymes that 
participate in glycolysis (Al Tameemi et al. 2019).

In cancer therapy, when antiangiogenic therapy 
is applied, the process of vascular stabilization is 
accelerated. Regarding the mechanism of vascular 
normalization (Ehling & Mazzone 2016) proposed the 
blockade of the excess of angiogenic stimuli to a level 
where the vasculature resembles a functional one. During 
tumor progression, the angiogenic vessels mature by the 
association of vascular mural cells which normalize 
the vascular structures. This is a dynamic and strictly 
regulated process. Because of the role of mural cells 
in vascular maturation, an adequate strategy to reach 
vessel normalization seems to be to target perivascular 
cells (pericytes and vascular smooth muscle cells). 
Several clinical studies have shown that the alteration 
of the vascular endothelium could also affect vascular 
beds in healthy tissues, resulting in negative side effects. 
In tumor vasculature, these perivascular cells are often 
loosely attached to endothelial cells and are reduced 
in number (Abramsson et al. 2003, Jain & Booth 2003, 
Tong et al. 2004).

Vascular normalization affects different parameters 
in tumor growth

Tumor vessels are often poorly activated because 
of the constitutive proangiogenic signaling. This 
means that adhesion molecules and chemokines are 
downregulated, a fact that alters the recruitment of 
T-lymphocytes to the tumor tissue. When vascular 
normalization is in process, endothelial cells become 
activated and thus the number of cell adhesion molecules 
increases, providing an efficient barrier to liquids or 
cell extravasation. This mechanism arrests circulating 
immune cells prior to tissue extravasation and therefore 
improves leukocyte recruitment to the tumor tissue. 
Consequently, a possibility to enhance the efficiency 
of cancer immunotherapy could be to combine pro-
inflammatory drugs with antiangiogenic therapy, which 
can enable tumor-targeted T-lymphocytes to access the 
tumor tissue (Klein 2018). In this sense, immunotherapy 
relies on the high activity of immune effector cells in 
the tumor microenvironment. Since May 2017, when 
the FDA approved an inhibitory antibody that targets the 
programmed cell death protein 1 (PD1) for certain solid 
tumors, the strategy of targeting immune components 
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in tumors gained interest among clinical researchers. 
However, for unknown reasons, there is still a lack of 
responsiveness in the majority of patients that suffer 
from cancer. These unexplained results could be also 
due to tumor vasculature features (hypoxia, low pH, and 
high interstitial fluid pressure), which, again, reduces 
the effectiveness of all cancer treatments, including 
immunotherapies. There are several evidences that 
suggest that a patient with ovarian cancer can benefit from 
immunotherapy, such as immune evasion mechanisms 
associated with poor survival and patients with T-cell-
rich tumors with longer PFS and overall survival (Ghisoni 
et al. 2019). Although different clinical trials are being 
conducted, no immunotherapeutic agent has obtained 
regulatory approval for epithelial ovarian cancer. These 
studies include combinations of the immune agent with 
anti-VEGF drugs or with PARP inhibitors. Regarding 
the latter, Lee et al. published a study that shows that 
PARP inhibitors and PD-1/PD-L1 blockade enhance 
the antitumor effect, compared to therapy with PARP 
inhibitors alone, without significantly increasing toxicity 
(Lampert et al. 2020). Hopefully, future upcoming results 
will clarify whether immunotherapy can be considered 
a new therapy for ovarian cancer.

Another characteristic of tumor vasculature is the 
high vessel compression, which strongly impairs blood 
flow and tumor oxygenation. Thus, vessel stabilization 
would lead to decompression of the vasculature 
and, consequently, a better oxygenation (among 
others) (Griffon-Etienne et  al. 1999). In 1999, the first 
preclinical data showing vascular decompression 
and reduced hypoxia were those obtained with the 
use of the chemotherapeutic paclitaxel. Later, Alvarez 
et  al. (2013) demonstrated that this effect was due to 
the ability of paclitaxel to reduce cancer-associated 
fibroblasts and collagen levels, an ability not present in 
other chemotherapeutic drugs. Zhao et al. (2019) have 
recently reported that the targeting of the angiotensin 
signaling axis with losartan, an approved angiotensin 
system inhibitor, enhances the efficacy of paclitaxel. 
This effect was achieved via normalizing the tumor 
microenvironment, which resulted in improved vessel 
perfusion and drug delivery as shown in two orthotopic 
human ovarian carcinoma xenograft models.

Schiffmann et  al. (2017) also demonstrated that 
pharmacological inhibition of the VEGF pathway 
can reverse many of the unfavorable characteristics 
of the tumor vasculature, both in preclinical models 
and in cancer patients, and this explains the fact that 
VEGF inhibitors have been most successfully used in 
combination with chemotherapy.

Another mechanism to improve the contact between 
perivascular cells and endothelial cells in tumor 
vasculature is to interfere with factors like platelet-
derived growth factor (PDGF), angiopoietin-1 (ANG1), 
transforming growth factor-β (TGFB) or sphingosine-
1-phosphate (S1P), which play important roles in the 

pericyte-endothelial cell interaction in physiological 
angiogenesis. In this sense, the inhibition of PDGF or 
its receptor has gained interest, and also in combination 
with VEGF inhibition. However, although numerous 
studies have evaluated the inhibition of PDGF or its 
receptor, this strategy has shown disappointing results. In 
particular, our laboratory is interested in PDGFB acting 
as a proangiogenic factor that induces angiogenesis to 
overcome hypoxia. This factor, which is released by 
endothelial cells, acts on PDGFB receptor-positive cells 
(pericytes) and chemoattracts them to the endothelium 
for its stabilization (Carmeliet & Jain 2011). This action 
has been widely demonstrated in different animal models 
(Bjarnegard et  al. 2004, Fruttiger 2007, Quaegebeur 
et  al. 2010). Regarding this issue, our group achieved 
interesting results in an orthotopic experimental model 
of ovarian cancer in which we investigated the role 
of a Notch inhibitor, in combination with PDGFB as 
a normalization factor for ovarian cancer vasculature 
(Pazos et al. 2018). The Notch system regulates vessel 
branching and is also involved in tumor metastasis. In 
tumor angiogenesis, the blockade of this system results 
in an increased, but nonfunctional, vascularity with high 
vessel branching and sprouting. Interestingly, similar 
results have been obtained in anti-VEGF-resistant tumors 
(Noguera-Troise et al. 2006).

In our aforementioned work, we also observed that the 
administration of a gamma-secretase inhibitor (DAPT), 
which impairs Notch system activation, decreases tumor 
growth on day 6 in an ovarian cancer xenograft model 
and causes no changes in tumor vasculature stabilization 
markers such as α-smooth muscle actin or PDGFB 
(perivascular markers) (Pazos et  al. 2018). However, 
and according to the known role of the Notch system 
in angiogenesis, DAPT increased vascular permeability 
in a perfusion assay performed with fluorescent lectin in 
mouse ovarian tumors (Pazos et al. 2018). This inhibitor 
has an antitumor effect as its administration decreases 
proliferation markers like Ki67 and PCNA, as well as 
the intracellular pathway PI3K/AKT (Fig. 1) (Pazos et al. 
2018). After the corroboration that, effectively, PDGFB 
administration to our ovarian cancer model increases 
perivascular coverage, decreases vascular permeability, 
and improves blood perfusion in tumor vasculature, 
we used this factor as the normalization agent in our 
orthotopic ovarian tumor model. Interestingly, the 
co-administration of DAPT and PDGFB prevented 
the tumor growth rate, which remained close to the 
initial size of control tumors (Fig. 1). The co-treatment 
improved all vascular parameters and turned DAPT 
treatment into a more efficient one (Fig. 1). This was also 
noted in molecular parameters related to proliferation 
and apoptosis (Pazos et al. 2018). Another evidence of 
the normalized vasculature in our study was the effect 
of the co-treatment on the VEGF and angiopoietins. The 
administration of DAPT and PDGFB decreased tumor 
VEGF levels, responsible for the ‘angiogenic switch’, 
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where new structurally and functionally abnormal 
vasculature is formed in and around the tumor, and in 
addition, increased tumor ANG1 and decreased tumor 
ANG2 (Pazos et al. 2018). It is well known that ANG1 
stimulates mural coverage and basement membrane 
deposition, thereby promoting vessel tightness (Augustin 
et al. 2009). All this experimental evidence has shown 
that PDGFB could be considered as a normalizing agent 
in ovarian tumor vasculature.

PDGF-C, another member of the PDGF family, has 
been demonstrated to have maturation effects on the 
vasculature. di Tomaso et al. (2009) demonstrated that 
glioblastoma tumors which overexpressed PDGFC had 
smaller vessel diameters and lower vascular permeability 
and these tumors also had more perivascular coverage 
and a thicker basement membrane (di Tomaso et  al. 
2009). Further evidence that PDGFs may act to 
normalize vasculature has been demonstrated in breast 
cancer. Although in these tumors it was demonstrated 
that PDGFD overexpression promotes tumor growth, 
proliferation and metastasis, the overexpression of 
PDGFD increases perivascular coverage and normalizes 
tumor blood vessels, increasing doxorubicin penetration 
and thus, the treatment efficacy (Liu et  al. 2011). 
However, before proposing the PDGF family members 
as normalizing factors, it is important to determine their 
precise effect on tumor cells.

Alternative therapies for ovarian cancer to be 
explored

Regarding alternative therapies for ovarian cancer, the 
inhibition of the Wnt/β-catenin canonical pathway 
should be considered. The Wnt pathway cooperates 
with the epithelial-to-mesenchymal transition process 
induced by different compounds such as TGFB in 
ovarian cancer (Mitra & Roy 2017, Niu et  al. 2017). 

In addition, it has been shown that the activation 
of the Wnt/β-catenin pathway is a critical driver of 
chemotherapy resistance (Nagaraj et  al. 2015). In 
patients with primary ovarian cancer, Wnt/β-catenin 
inhibition leads to a decrease in cellular proliferation 
and an increase in cellular apoptosis of the tumor 
cells isolated from ascites. In our laboratory, we have 
used two β-catenin inhibitors, XAV939 and ICG-001, 
in ovarian cancer cell lines in culture, and found that, 
although both inhibitors have a different mode of action, 
they decreased ovarian cancer cell proliferation and 
the expression of Wnt-associated proteins like Cyclin 
D1 and cMyc (Bocchicchio et  al. 2019). In addition, 
the inhibitor ICG-001 markedly increased tumor cell 
apoptosis and inhibited ovarian tumor cell migration. 
The observed effects were achieved through a reduction 
in β-catenin protein levels and Wnt/β-catenin pathway 
activation, as evidenced by the Wnt/β-catenin target 
genes studied (Fig. 1) (Bocchicchio et al. 2019). Besides, 
the treatment with ICG-001 (5 mg/kg) in mice bearing 
ovarian tumor xenografts significantly decreased the 
tumor growth compared to untreated animals (Fig. 1). 
This effect was also evident in the proliferation of tumor 
cells, as demonstrated by a decrease in proliferating 
marker (Ki67)-positive cells (Bocchicchio et  al. 2019). 
Interestingly, a clinical trial is currently being carried 
out to evaluate the safety and pharmacokinetics of orally 
administered SM08502 (NCT03355066). This molecule 
was shown to reduce Wnt pathway signaling and gene 
expression through potent inhibition of CDC-like kinase 
activity and is a novel strategy to reduce Wnt pathway 
signaling in tumors (Tam et al. 2020). These authors also 
found that SM08502 disrupted spliceosome activity, 
which was associated with inhibition of Wnt pathway-
related gene and protein expression.

Regarding the Wnt/β-catenin pathway, some other 
Wnt/β-catenin inhibitors are under study for different 

Figure 1 Schematic representation of Notch 
and Wnt/β-catenin effects on ovarian tumor 
biology. Both pathways promote ovarian 
tumor cell proliferation and migration as the 
individual inhibition of the signaling pathways 
decreases both parameters. However, when 
Notch and Wnt/β-catenin are simultaneously 
inhibited, the effect achieved is similar to the 
independent inhibition, which shows that both 
pathways are not synergistic in ovarian cancer 
cell biology (➡) (Bocchicchio et al. 2019). In 
ovarian cancer, PDGF acts as a normalization 
factor for tumor vasculature as observed in an 
in vivo model of xenograft mice. PDGF 
administration increases perivascular coverage 
and decreases vascular permeability, while 
ovarian growth remains unchanged. The 
co-treatment of PDGF and the Notch inhibitor 
DAPT enhances these effects, and also 
decreases tumor hypoxia and increases tumor 
cell apoptosis (➡) (Pazos et al. 2018).
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types of tumors (Moore et  al. 2019). In particular, a 
phase Ib clinical study has recently evaluated the dose-
limiting toxicities and the maximum tolerated dose 
of Ipafricept (also known as OMP-54F28) in ovarian 
cancer, where its efficacy was tested in combination 
with carboplatin and paclitaxel (Le et  al. 2015, Harb 
et al. 2019). It has been described that the Wnt pathway 
is relevant in angiogenesis and vessel remodeling. This 
pathway regulates VEGF, interleukin-8, and matrix 
metalloproteinases (MMPs), which are key drivers and 
regulators of angiogenesis (Parmalee & Kitajewski 2008, 
Zerlin et  al. 2008). Thus, the inhibition of the Wnt/β-
catenin pathway in cancer could lead to the impairment 
of angiogenesis or its modulation could cause vascular 
stabilization. Now it is known that Wnt signaling is 
involved in tumor angiogenesis in solid tumors (Sherwood 
2015). In particular, the inhibition of the ligand Wnt 
1 by the Wnt inhibitory factor 1 (WIF1) significantly 
reduces the growth of hepatocellular carcinoma tumors 
in mice and prolongs animal survival (Hu et al. 2009). 
The authors associated this antineoplasic effect with 
reduced microvessel density and decreased VEGF 
expression (Hu et  al. 2009). A similar effect has been 
demonstrated in cervical cancer where WIF1 was found 
to inhibit multiple critical events in tumor progression 
and metastasis, such as cell proliferation, angiogenesis 
and invasion (Ramachandran et  al. 2012). Although 
several studies have shown the effect of the inhibition 
of the Wnt pathway in tumor angiogenesis, which turns 
Wnt inhibitors into VDA compounds beyond the known 
antineoplastic effect (Liu et al. 2016, Yang et al. 2019), 
few studies have been performed in ovarian cancer, a 
field that deserves attention.

Most of the actions mentioned for Wnt signaling are 
shared with the Notch system. This is now known for 
its very well-described role in multiple key aspects of 
tumor development (Aster et al. 2017). The first evidence 
was reported by Ellisen et  al. (1991), who showed an 
overexpression of the human Notch homolog (TAN-1) in 
mouse and human lymphoid tissues and a translocation 
in the TAN-1 locus, which suggested the involvement 
of Notch in the transformation or progression of some T 
cell neoplasms (Ellisen et al. 1991). Nowadays, it is well 
demonstrated that Notch can be an oncogenic as well 
as a tumor suppressor pathway depending on the tumor 
type. In breast cancer, NOTCH1 receptor and JAGGED1 
ligand have been unequivocally correlated with a poor 
overall survival in patients with advanced stages of this 
tumor (Reedijk et al. 2005). However, due to side effects 
of the Notch inhibitor, several studies are currently 
being carried out to determine the safety dose of these 
inhibitors in combinations with other chemotherapeutic 
drugs. This is the case of the phase Ib clinical trial of 
a gamma-secretase inhibitor in combination with 
gemcitabine in pancreatic ductal adenocarcinoma, 
in which it was determined that the combination of 
both drugs can be performed safely (Cook et al. 2018). 

However, few studies have been performed in ovarian 
cancer. This pathway has been found changed in the 
high-grade serous histological subtype (Testa et  al. 
2018, Lisio et  al. 2019). Also, upregulation of the 
Notch3 receptor gene and Jag2 ligand gene have been 
detected in ovarian cancer cell lines and also confirmed 
in another study by immunohistochemistry (Euer 
et  al. 2005). Studies detecting other Notch members 
in human ovarian cancer specimens have also been 
conducted. Recently, by using bioinformatic tools, 
Jia et  al. (2019) reported that several of the principal 
components of the Notch pathway, like the receptors 
NOTCH2 and NOTCH3, and the ligands DLL1, DLL3, 
DLL4, among others, are associated with poor overall 
survival in ovarian cancer. The numerous reports 
available regarding ovarian cancer and Notch signaling 
suggest the importance of evaluating this pathway as a 
therapeutic target. Regarding angiogenesis, it has been 
described that the ligands JAGGED1 and DLL4 play 
important roles in tumor and endothelial compartments 
of ovarian cancer mouse models (Mailhos et al. 2001, 
Steg et al. 2011). The effect of Notch in angiogenesis was 
very well described by Thurston et al., who demonstrated 
that too much angiogenesis caused by Notch inhibitors 
(non-functional angiogenesis) impairs tumor growth 
(Thurston et  al. 2007). This report brought about new 
concepts about Notch inhibitors as antiangiogenic 
treatments. As a result of the huge amount of research 
done, some molecules have entered the clinical phase. 
In 2016, Pant et  al. (2016) found a limited antitumor 
activity in solid tumors, including ovarian cancer; 
however, some of the patients had stable disease for 
the drug. These authors evaluated 35 patients with 
different types of tumors, so at the time of publication 
the study was very restrictive; however, more results 
will be shown when the clinical trial has ended. In a 
first human study of LY3039478 (a selective inhibitor 
of Notch activation) for metastasic cancer, Massard 
et  al. (2018) reported clinical activity (tumor necrosis, 
metabolic response, and tumor shrinkage) in patients 
with breast cancer, leiomyosarcoma, and adenoid cystic 
carcinoma. However, more clinical research is needed 
to determine the efficacy of these inhibitors. Although 
these inhibitors are also being extensively studied for 
Alzheimer’s disease treatment, some controversies have 
been found and other kinds of molecules are under 
development. Besides, clinical trials for some of them 
have been discontinued due to undesirable side effects 
(Kumar et al. 2018).

As aforementioned, the Notch and Wnt systems 
interact in different biological contexts as well as in 
the vascular system (Olsen et  al. 2017). Besides the 
role of Notch in vascular branching and remodeling, it 
is known that Notch promotes vascular stabilization. It 
has been reported that one of the mechanisms involving 
Wnt signaling is the Notch induction of the expression of 
the Notch-regulated ankyrin repeated protein (NRARP) 
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(Phng & Gerhardt 2009). This protein limits Notch 
signaling and promotes Wnt/β-signaling, which supports 
vascular stability, prevents endothelial cell retraction 
and improves intracellular cell junctions (Phng & 
Gerhardt 2009). Many lines of evidence have shown the 
interaction between both pathways. In cancer, it has also 
been reported that there is a crosstalk between Wnt and 
Notch signaling. In skin cancer, Notch acts as a tumor 
suppressor by inhibiting Wnt signaling and the inhibition 
of Notch results in an increase in β-catenin (Chatterjee & 
Sil 2019). Similarly, in neuroblastoma cells, Delta-Notch 
induces molecules that inhibit the Wnt signaling pathway 
(Dickkopf 1–3 (DKK1–3)) and secreted frizzled-related 
protein 1 (SFRP1) correlates with good prognosis of this 
tumor (Revet et  al. 2010). The previously mentioned 
protein NRARP is also a link between both pathways in 
cancer. In T-cell acute lymphoblastic leukemia (T-ALL), 
where Notch is a known driver, NRARP is present in 
high levels. NRARP interacts with lymphoid enhancer-
binding factor 1 (LEF1) and potentiates Wnt signaling 
in T-ALL cells with low levels of Notch, promoting the 
expansion of T-ALL cells (Pinto et  al. 2020). LEF1 is a 
DNA-binding transcription factor that acts downstream 
of the Wnt signaling pathway by interacting with 
nuclear β-catenin (MacDonald et al. 2009). In ovarian 
cancer, no previous studies have evaluated the crosstalk 
between these two pathways, and this is thus a field 
to be investigated which can provide new alternative 
therapies. At our lab, we have evaluated the effect of the 
inhibition of the Notch and Wnt pathways, individually 
and simultaneously, in ovarian cancer cell lines, and 
have effectively detected an interaction between the 
Notch and Wnt pathways. In two different ovarian cell 
lines, the simultaneous inhibition of β-catenin and Notch 
signaling, by using the ICG-001 and DAPT inhibitors, 
decreased ovarian cancer cell proliferation to the same 
extent as targeting only the Wnt/β-catenin pathway. A 
similar effect was observed in IGROV1 cell migration. In 
these ovarian cells, the inhibition of the Wnt/ β-catenin 
pathway increased the Notch target genes Hes1 and 
Hey1 and increased the expression of the Notch ligand 
Jagged1. These results show that Notch and β-catenin 
signaling cooperate in ovarian cancer to ensure the 
proliferation and migration of cells and that this could 
be achieved, at least partly, by the upregulation of the 
Notch Jagged1 ligand in the absence of Wnt signaling 
(Bocchicchio et al. 2019). In summary, these data show 
that the Wnt pathway crosstalks with Notch in ovarian 
cancer cell functions, which may have implications in 
ovarian cancer therapeutics.

Conclusions

Ovarian cancer is an intricate system in the biology 
of tumors in which the driver factors involved in 
growth and development are yet to be elucidated. It 
is clear now that several mechanisms, and more to be 

discovered, interplay in this cancer. Thus, the better 
knowledge we have of them, the more alternatives to 
develop new therapeutic strategies will be available. In 
this sense, it would be important to remember the words 
of Dr Bernardo Houssay, one of Argentine Nobel Prizes 
in Medicine (1947) ‘Pure science is undoubtedly the 
source that ceaselessly feeds the applied techniques’. 
This means that a better understanding through basic 
research is needed to design drug strategies and to be 
able to introduce drugs into the clinic and combine 
them with existing therapies.
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