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Simple Summary: In ovarian cancer patients the PI3K/AKT/mTOR and RAS/RAF/MEK/ERK
kinase signaling pathways are frequently dysregulated, making them potential targets of therapeutic
inhibitors. In this study, we used four human ovarian cancer cell lines grown in two- and three-
dimensional models to investigate the potential efficacy of combining two inhibitors, which target
these pathways, against ovarian cancer. The inhibitor combination was found to have cell line- and
model-dependent synergistic antiproliferative effect.

Abstract: Most ovarian cancer patients are diagnosed with advanced stage disease, which becomes
unresponsive to chemotherapeutic treatments. The PI3K/AKT/mTOR and the RAS/RAF/MEK/ERK
kinase signaling pathways are attractive targets for potential therapeutic inhibitors, due to the high
frequency of mutations to PTEN, PIK3CA, KRAS and BRAF in several ovarian cancer subtypes.
However, monotherapies targeting one of these pathways have shown modest effects in clinical
trials. This limited efficacy of the agents could be due to upregulation and increased signaling via
the adjacent alternative pathway. In this study, the efficacy of combined PI3K/mTOR (BEZ235)
and ERK inhibition (SCH772984) was investigated in four human ovarian cancer cell lines, grown
as monolayer and three-dimensional cell aggregates. The inhibitor combination reduced cellular
proliferation in a synergistic manner in OV-90 and OVCAR8 monolayers and in OV-90, OVCAR5 and
SKOV3 aggregates. Sensitivity to the inhibitors was reduced in three-dimensional cell aggregates in
comparison to monolayers. OV-90 cells cultured in large spheroids were sensitive to the inhibitors
and displayed a robust synergistic antiproliferative response to the inhibitor combination. In con-
trast, OVCAR8 spheroids were resistant to the inhibitors. These findings suggest that combined
PI3K/mTOR and ERK inhibition could be a useful strategy for overcoming treatment resistance
in ovarian cancer and warrants further preclinical investigation. Additionally, in some cell lines
the use of different three-dimensional models can influence cell line sensitivity to PI3K/mTOR and
RAS/RAF/MEK/ERK pathway inhibitors.

Keywords: ovarian cancer; combination chemotherapy; three-dimensional model; spheroids; BEZ235;
dactolisib; SCH772984

1. Introduction

Ovarian cancer is a deadly disease that has a five-year survival rate below 50% [1].
Although ovarian cancer mortality has decreased due to a reduction in incidence (10 deaths
per 100,000 in 1976 to 6.7 per 100,000 in 2015), the five-year survival rates have changed
little in the past few decades [1]. This is due in part to 70% of ovarian cancer patients
initially being diagnosed with an advanced stage of the cancer, which is a result of a lack
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of effective screening methods and of initial symptoms that are often attributed to other
less critical conditions [1,2]. Additionally, ovarian cancer is a highly heterogeneous disease
with different subtypes that have distinct genotypic and phenotypic characteristics [1,3].
Therefore, successful treatment of ovarian cancer is likely to require an arsenal of different
treatment options, which can be tailored to each patient with specific biomarkers.

Mutations within the PI3K/AKT/mTOR and RAS/RAF/MEK/ERK kinase signaling
pathways are characteristic of the low-grade serous (LGSOC), mucinous (MOC), endometri-
oid (ENOC) and clear cell (CCOC) ovarian cancer subtypes [4–7]. Both of these pathways
play critical roles in normal healthy cells and their dysregulation can result in excessive
proliferation and cell survival [8–10]. In addition, upregulation of these pathways has been
implicated in the evasion of anoikis, the loss of adhesion and the promotion of invasion,
thus enabling intraperitoneal metastasis [11–14].

The PI3K/AKT/mTOR signaling pathway is thought to be aberrant in approximately
70% of ovarian cancers [15]. Inactivating mutations to phosphatase and tensin homologue
deleted on chromosome ten (PTEN) occur in 3–8% [15], loss of heterozygosity occurs in
27% [16] and mutations to the phosphatidylinositol-3-kinase 110-kDa catalytic subunit
PIK3CA gene occurs in 6–12% [17,18] of cases. Furthermore, increased activity of the
pathway has been associated with resistance to both chemotherapy [19,20] and radiation
therapy [21]. Several studies have investigated inhibitors of the pathway in both in vitro and
in vivo ovarian cancer cell models and in clinical trials [22–25]. Pan class phosphoinositide
3-kinase (PI3K) inhibitors have shown anti-proliferative effects in both wild-type and
mutant PIK3CA ovarian cancer cells in vitro [22,23]. Additionally, these inhibitors, when
used in combination with traditional chemotherapy agents, poly(ADP-ribose) polymerase
(PARP) inhibitors and other tyrosine kinase inhibitors, have been shown to reduce cell
proliferation and induce apoptosis in a synergistic manner [19,22,25,26]. Unfortunately,
PI3K and mammalian or mechanistic target of rapamycin (mTOR) inhibitors have been
shown to increase the expression of active phosphorylated extracellular signal-related
kinase (p-ERK) and phosphorylated protein kinase B (p-AKT) in in vitro and in vivo ovarian
cancer cell models, indicating that cancer cells have or develop resistance mechanisms to
these inhibitors, likely through the loss of negative feedback loops [22,27–29].

BEZ235 is a dual PI3K and mTOR inhibitor that has shown considerable efficacy
against a wide range of different cancer cell lines including ovarian, breast and bladder
cancers [29–31]. In combination treatments BEZ235 has been shown to overcome resistance
to epidermal growth factor receptor (ErbB) inhibitors in breast cancer [32], to sensitize
ovarian carcinoma cells to anti-apoptosis inhibitors [33], to enhance sensitivity to PARP
inhibitors in breast cancer cells and to re-sensitize cells to cisplatin in bladder and ovarian
cancer cell lines [29,31]. Unfortunately, clinical trials with BEZ235/Dactolisib have had
toxicity issues, which have prevented the assessment of tumor response [34,35]. Despite
the observed toxicity effects, which compromises the sole use of this inhibitor, it could
potentially be used in the clinic in combination treatments, where, if synergism occurs,
the dose and thus toxicity, may be reduced without compromising efficacy.

Increased activation of the RAS/RAF/MEK/ERK signaling pathway occurs in ap-
proximately 40% of ovarian cancers, most commonly in low-grade ovarian cancers [7,36].
Mutations to Kirsten rat sarcoma virus (KRAS) and serine/threonine-protein kinase B-Raf
(BRAF) are found in approximately 14% and 9% of cases, respectively, [36]. Mitogen-
extracellular activated protein kinase (MEK) inhibitors have shown efficacy in in vitro [37]
and in vivo models [36] as well as in clinical trials [38]. MEK inhibitors have also been in-
vestigated in combination with inhibitors that increase the expression of BH3 pro-apoptosis
proteins and inhibit anti-apoptosis proteins (Bcl-2, Bcl-xL) resulting in a greater reduction
in proliferation and survival in ovarian cancer cell lines [39]. Unfortunately, resistance to
MEK inhibitors has been reported in both preclinical and clinical studies [37,40].

SCH772984, which was developed to treat BRAF and MEK inhibitor resistant melanoma,
is a highly specific inhibitor of ERK [41]. It has been shown to induce apoptosis and
cell cycle arrest and decrease p-ERK expression in melanoma cell lines including cell
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lines that are resistant to BRAF inhibitors [42] and ERK inhibition has been found to
be more effective than MEK inhibition at overcoming resistance to BRAF inhibitors in
melanoma cells [43]. Melanoma cell lines have shown increased p-AKT levels in response
to SCH772984 treatment [42], suggesting that combining this inhibitor with a PI3K/AKT
pathway inhibitor may be an effective strategy. Although ERK inhibitors have not been
investigated in ovarian cancer cell lines, MEK inhibitors have shown efficacy in several
ovarian cancer monolayer models [36]. KRAS and BRAF mutations are a predictor of
sensitivity to MEK inhibitors in ovarian cancer cell lines [25].

The clinical relevance of the responsiveness of ovarian cancer cells to anti-cancer drugs
may be influenced by the unique features and microenvironment niche of those cells [44].
In the advanced stage of disease single cells, small clusters, large aggregates and spheroids
are found in the peritoneal cavity, which is filled with ascitic fluid containing growth
factors, cytokines and other factors that influence the progression and treatment sensitivity
of the disease [45]. The mechanisms driving the survival of these unique cell populations is
poorly defined. Therefore, it is important to replicate and use these cell clusters, aggregates
and spheroids in in vitro models to uncover the mechanisms of action of drug targets
as well as potential sources of resistance to these drugs. Cell clusters, aggregates and
spheroids are classified as three dimensional (3D) models and are considered superior to
monolayer models as they are thought to better recapitulate the microenvironment and
drug sensitivity of actual tumors [46]. Three-dimensional (3D) models can have cell–cell
and cell–extracellular matrix (ECM) interactions, nutrient, waste and drug penetration
layers, necrotic and quiescent regions, decreased proliferation, restored histological features,
and differential responses to therapeutics [46–48].

Complexity can be added to in vitro cancer models to provide a better representation
of tumors and their response to treatments. Examples of these include simple forced sus-
pension and hanging drop models, which restore the microenvironment features outlined
above, and more complex co-culture systems, with the inclusion of stromal cells, which
influence the development and progression of cancers, and ECM constituents, which can
impact gene expression, cell growth and survival and reduce the penetration of anticancer
drugs into tumors [49,50]. These models can however have disadvantages, including in-
creased cost, time and may require specialized equipment as well as presenting challenges
associated with extracting, imaging and assaying the cancer cells and they may also reduce
reproducibility [51]. New assays and technologies are being developed to enhance the mon-
itoring of cells in three-dimensional models, which will mitigate some of these issues [52].
The relevance of ECM-mimicking hydrogels can also be challenged given the diverse and
dynamic nature of the ECM in tumors, while natural hydrogels, such as matrigel, have
issues with batch-variation and reproducibility [51]. Three-dimensional cancer models
enable the investigation of the effect of the microenvironment, including ECM stiffness and
stromal cell interactions, on cancer progression [50,53,54]. The synergistic effects of drug
combinations have been shown to be dependent on whether a monolayer or spheroidal
model was used [55].

The anti-tumor effect of kinase inhibitors targeted at the PI3K/AKT/mTOR and
RAS/RAF/MEK/ERK pathways is likely to be anti-proliferative rather than through the
promotion of cell death (cytostatic vs. cytotoxic). This means that the research outcomes
may be much more promising in 2D monolayers, where proliferation is more pronounced,
than in 3D models. Additionally, the gene expression profiles of these pathways are dif-
ferent in 3D models and are thought to be more representative of in vivo models than
2D monolayer models [47]. While, it has been well established that testing of traditional
cytotoxic chemotherapeutic in 3D cancer models reduces their apparent efficacy in com-
parison to 2D monolayer models, the effect of culture model on the efficacy of treatments
targeting proliferation and survival signaling pathways has yet to be well established in
ovarian cancer models. This is likely to have important implications for the determination
of effective biomarkers, which will be critical to stratifying ovarian cancer patients to match
the appropriate treatment for their disease.
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This study aims to provide a comparison of the antiproliferative effect of PI3K/AKT/mTOR
and RAS/RAF/MEK/ERK pathway inhibitors in 2D monolayer and 3D ovarian cancer
models. The PI3K/mTOR inhibitor BEZ235/Dactolisib and the ERK inhibitor SCH772984
were used, both alone and in combination. Additionally, the impact of culture model on
findings of synergistic interactions of these inhibitors was investigated. We hypothesise
that the synergistic effects of the PI3K and ERK inhibitors on ovarian cancer cells is cell
line- and cell model-dependent.

2. Materials and Methods
2.1. Cell Lines, Media and Culturing

The four human ovarian adenocarcinoma cell lines, OV-90, OVCAR5, OVCAR8,
and SKOV3 were kindly donated by Dr Kenny Chitcholtan (Department of Obstetrics and
Gynaecology, University of Otago, Christchurch, New Zealand) and had been authenti-
cated using STR testing by CellBank (Children’s Medical Research Institute, New South
Wales, Australia). These were maintained in Dulbecco’s Modified Eagle Medium nutrient
mix F12 (DMEM-F12) (Catalogue number 10091148, GIBCOTM, Life Technologies, Auck-
land, New Zealand) supplemented with 5% (v/v) foetal bovine serum (FBS) (GIBCOTM,
Life Technologies, Auckland, New Zealand) , 1% PenStrep (50 units/mL penicillin and
50 µM streptomycin), 2 mM GlutaMAX and 2 µg/mL amphotericin B (all GIBCOTM, Life
Technologies, Auckland, New Zealand), which is henceforth referred to as working media.
OV-90 working media was additionally supplemented with 5% (v/v) KnockoutTM Serum
Replacement (GIBCOTM Life Technologies, New Zealand). Cultures were maintained in
25 cm2 and 75 cm2 cell culture flasks (CELLSTAR TC, Lab Supply, Dunedin, New Zealand)
in a humidified 5% CO2 incubator.

Media was replaced as required (every 2–3 days) and cells were sub-cultured when
near confluent. Cells were subcultured by discarding the working media and rinsing with
phosphate-buffer solution (PBS) before incubation with 1× trpsin-ethylenediaminetetraacetic
acid (trypsin-EDTA) (Life Technologies, New Zealand) until the cells became detached
(after approximately 10 min). Cells suspended in trypsin-EDTA were collected in 15 or
50 mL tubes, flasks were rinsed with PBS and that PBS was added to the tubes before
centrifugation at 0.2 rcf for 5 min. The supernatant was then discarded, and the cell pellet
was resuspended in working media and a portion (typically 1/8th) was added to culture
flasks and/or counted and added to well plates for subsequent experiments.

2.2. Generation of 2D Monolayer and 3D Aggregate Cultures

Experiments involving the generation of 2D monolayer and 3D aggregate cultures
were carried out in 24 well tissue culture plates (BIOFIL, Lab Supply, New Zealand). Cells
were collected when near confluent by trypsinisation as outlined above. The approximate
number of viable cells in the cell suspension was determined on a haemocytometer us-
ing trypan blue exclusion (GibcoTM, Life Technologies, New Zealand) observed using a
Nikon Eclipse Ts2 microscope. Two-dimensional (2D) cultures plates were seeded with
5 × 104 cells per well. 3D cell culture was carried out on poly-hydroxyethylmethacrylate
(poly-HEMA) (Sigma-Aldrich, New Zealand) coated 24 well plates. Poly-HEMA was
dissolved in 95% ethanol at a concentration of 12 mg/mL by heating to 70 ◦C for approx-
imately one hour to ensure all of the polyHEMA was dissolved. 250 µL of polyHEMA
solution was added to each well and the plates were left overnight on a 50 rpm shaker
table at 37 ◦C until the ethanol evaporated. Prior to cell seeding, the polyHEMA coated
well plates were rinsed with 250 µL of sterile PBS for at least 5 min. Cells were seeded
at 1 × 105 cells per well for 3D cell aggregates. The working media volume in each well
was adjusted to 1 mL for both monolayer and 3D aggregate cultures. Cells were estab-
lished in the 24 well plates for two or seven days at 37 ◦C in a 5% CO2 incubator prior to
treatment initiation.
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2.3. Treatment with BEZ235 and SCH772984

Forty eight hours after establishment, monolayers and 3D cell aggregates were treated
with BEZ235 and SCH772984 (ApexBio, Houston, TX, USA), alone or in combination,
for 72 h, or for 24 h for the apoptosis assays. To make up stock inhibitor solutions,
BEZ235 and SCH772984 were dissolved in dimethylsulfoxide (DMSO) (Sigma-Aldrich,
New Zealand) to a concentration of 10 mM. In each experiment all treatments had the
same DMSO concentration which was equal to the vehicle control. In general, the DMSO
concentration was kept at or below 0.1% (v/v) except in the combination experiments for
SKOV3 monolayers (0.2%) and OVCAR8 (0.56%), OVCAR5 (0.52%) and SKOV3 (0.47%)
aggregates (due to their high EC50 values) and in the single inhibitor treatments of ag-
gregates and spheroids where the concentration of DMSO was at 0.5% (v/v) (due to a
higher concentration of 50 µM treatment being used). The stock solutions were diluted
with working media to a 2× treatment concentration. Five hundred µL (i.e., one half the
volume) of the working media was removed from each well to ensure that 3D aggregate
cultures were not perturbed during the addition of the inhibitor. Five hundred µL of the
2× treatment was then added, to give a final concentration of 1×. Concentrations of 0.05,
0.1, 0.5, 1, 5 and 10 µM were used in proliferation experiments and half-maximal effective
concentration (EC50) values were predicted using Compusyn software [56].

2.4. Trypan Blue Exclusion Assays to Measure Proliferation

Following 72 h of treatment the numbers of viable cells in each treatment group was
determined by counting the cells on a haemocytometer using the Trypan Blue exclusion
assay observed through a BH2 Olympus microscope. For the 2D monolayers, cells were
rinsed with PBS then detached from the well plates by trypsinization at 37 ◦C. Detached
cells were then transferred into 1.5 mL microtubes and rinsed with PBS by pelleting the
cells and discarding the supernatant. Cells were then resuspended in 50 µL of PBS and
stored on ice.

Three-dimensional (3D) cell aggregates were collected in 1.5 mL microtubes and the
media discarded by pelleting the aggregates and discarding the supernatant and rinsing
once with PBS. Aggregates were then trypsinized at 37 ◦C to break apart aggregates,
after which, they were rinsed twice with PBS before resuspension in 50 µL of PBS and then
stored on ice.

Prior to counting of the cells, 50 µL of 0.4% Trypan Blue was added to the 50 µL cell
suspension and the cell suspension was loaded on to the haemocytometer. The percentage
of viable cells relative to the control was used as an indication of proliferation in each
treatment. All experiments contained three replicates for each treatment. Each experiment
was repeated a minimum of three times.

2.5. Determination of Synergistic Interactions

Synergistic interactions between BEZ235 and SCH772984 were determined using the
methodologies described by Chou [56]. CompuSyn software was used to distinguish syner-
gistic, additive or antagonistic effects from the combination BEZ235 and SCH772984. This
gives a quantitative means to determine drug interactions through the combination index
(CI) value, where CI = 1 indicates additive effects, CI> 1 antagonistic effects and CI< 1
indicates synergism. Briefly, in most instances BEZ235 and SCH772984 were combined as a
stock solution that was 4× (EC50)BEZ235:(EC50)SCH772984 and then serially diluted 2-fold to
give treatment concentrations of 1/4, 1/2, 1, 2 and 4× (EC50)BEZ235:(EC50)SCH772984. Using
this approach each cell line was treated with a different combination and that combination
also differed between monolayer and cell aggregates. In instances (OVCAR5 and SKOV3
3D aggregates) where this combination strategy would have led to excessive DMSO a 1×
EC50 stock solution was made and serially diluted to give treatment concentrations of 1/16,
1/8, 1/4, 1/2 and 1× (EC50)BEZ235:(EC50)SCH772984. Additionally, for SKOV3 3D aggregate
the EC50 value for SCH772984 was unobtainable due to solubility limits and, therefore,
the OVCAR5 3D aggregate value was used as this was the next highest value. Henceforth,
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the combinations will be abbreviated to 1/2, 1× etc EC50 combination. In experiments
comparing the effect of the inhibitor combinations on OV-90 aggregates and spheroids,
the predicted EC50 values from the spheroids were used to determine the concentrations
for treating both the aggregates and spheroids. Therefore, both aggregates and spheroids
were treated with the same concentration of inhibitors enabling a more direct comparison
between the two models.

2.6. Hanging Drop Culture for Spheroids

A simple hanging drop technique was adapted from that of Foty [57]. Following
trypsinization, the cell suspension was collected, and media was added to halt trypsiniza-
tion, cells were then pelleted and the trypsin was discarded. The cells were rinsed with
their culture media and re-pelleted. The media was then discarded, and the cells were
resuspended in fresh media. Cell density was determined on a haemocytometer and the
suspension was diluted to give a cell concentration of 1.25 × 106 cells/mL. Twenty µL
drops of cell suspension were added to the lid of 24 well plates above the 8 internal wells,
so that each drop had approximately 2.5 × 104 cells. Wells were filled with 1 mL of PBS to
minimise evaporation. Six hanging drops were generated for each treatment. Media was
replenished after 4 days. After 7 days the hanging drops media was changed by removing
and replenishing 10 µL of media twice so that the spheroids were always suspended in
media and were minimally disturbed. Ten µL of media was then removed leaving the
drops in 10 µL and then 10 µL of a 2× concentration of inhibitors was added to form a
hanging drop of 20 µL at the correct concentration.

2.7. Determination of Changes in Size and Morphology of the Hanging Drop Aggregates

Images of individual hanging drop spheroids were captured using a Nikon Eclipse Ts2
inverted microscope (4×/0.10 NA objective lens). The equivalent diameter and sphericity
of each spheroid was then determined using AnaSP computer software (Piccinini [58]).
To determine the effect of BEZ235 and SCH772984, alone and in combination, on the size
and morphology of OV-90 spheroids images were taken prior to treatment (6 spheroids per
treatment and 3 biological replicates) and after 72 h of treatment. The AnaSP computer
software was used to determine the equivalent diameter (diameter of a circle with the
same area as the spheroid section) and sphericity (similarity to a sphere) and the changes
over time were determined as described by Zanoni et al. [59]. Following image collection,
the spheroids were trypsinized and the number of viable cells were counted using trypan
blue exclusion as described above.

2.8. Propidium Iodide Staining and Sectioning

To confirm and compare the 3D morphology of OV-90 and OVCAR8 aggregates,
the aggregates were first established on polyHEMA-coated plates for 7 days. Aggregates
were then stained for one hour at 37 ◦C 5% CO2 with propidium iodide (PI) (5 µg/mL) and
Hoeschst 33342 (10 µM) before fluorescent imaging using a Leica SP5 confocal microscope.

For sectioning the hanging drop spheroids and polyHEMA aggregates were rinsed
with PBS and stained for one hour with PI (5 µg/mL). Spheroids were then rinsed five
times, fixed for 20 min in 50% methanol and 50% acetone, stained with 0.5% aniline blue for
20 min, rinsed with PBS and embedded in optimal cutting temperature compound (OCT)
before freezing overnight at −80 ◦C. Eight µm sections were taken every 50 µm using a
Leica CM1860 cryostat (Leica Biosystems, Wetzlar, Germany). The middle sections were
stained with Hoechst 33342 (2 µm) for 20 min in the dark at 37 ◦C. Images were collected
using a Zeiss Axioimager Z1 microscope (AxioVision 4.5. Apotome software, Carl Zeiss,
Oberkochen, Germany) using DAPI and Texas Red fluorescent channels.

2.9. Annexin-V FITC and Propidium Iodide Staining for Apoptosis

Cell monolayers and cell aggregates were established for 48 h before treatment with
the DMSO control, BEZ235 or SCH772984 alone at their respective EC50 concentrations or
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a combination at 1/2× or 1× EC50 concentrations. Following 24 h of treatment, monolayer
cells were rinsed with PBS, trypsinized for 20 min at 37 ◦C and collected in 1.5 mL tubes
with PBS. Trypsin was removed by pelleting cells and discarding supernatant. Cells
were then rinsed with PBS and then with binding buffer. Cell aggregates were collected
in 1.5 mL tubes and the media removed by pelleting cells and discarding supernatent.
Aggregates were rinsed with PBS and disassociated with 100 µL of trypsin-EDTA at
37 ◦C. Cells were rinsed twice with PBS and rinsed once with binding buffer (Abcam,
Melbourne, Australia) . Both monolayer and aggregate cells were resuspended in fresh
200 µL of binding buffer. Cells were counted on a haemocytometer to confirm 1–5 × 105

cells and diluted if necessary. 2 µL of 500× annexin V-FITC (Abcam, New Zealand) and 2 µL
of 250 µg/L propidium iodide were added and incubated in the dark at room temperature
for 15 min. The 200 µL of cell suspension was transferred to a 96 well plate then annexin
V-FITC and propidium iodide binding was quantified using flow cytometry (Cytomics FC
500 MPL, Beckman Coulter). All experiments contained two technical replicates for each
treatment. Each experiment was repeated three times.

2.10. Statistical Analysis

Statistical analysis was carried out using GraphPad Prism (GraphPad Software, San
Diego, CA, USA). Significance was determined by one-way or two-way ANOVA with
Dunnett’s and Tukey’s tests for multiple comparisons. Normality was determined by
Shapiro-Wilk test with percentage and ratio data log transformed. The statistical test used
to determine significance is indicated in the figure legend. A minimum of three biological
replicates were carried out for each experiment.

3. Results
3.1. The Effects of BEZ235 on Cell Viability in Cell Monolayers and Aggregates of OV-90,
OVCAR8, OVCAR5 and SKOV3 Cell Lines

To investigate the effect of the dual PI3K/mTOR inhibitor BEZ235 on cell viability,
OV-90, OVCAR8, OVCAR5 and SKOV3 cells were cultured for 48 h as both monolayers
and cell aggregates and then exposed to the inhibitor for 72 h. BEZ235 significantly
reduced cell viability relative to the controls in all four cell lines and was more effective
against monolayers than aggregates (Figure 1). Significant reductions were observed at
concentrations of 0.05 (OV90, OVCAR8, OVCAR5 and SKOV3 monolayers), 0.5 (OV90 and
SKOV3 aggregates) and 1 µM (OVCAR8 and OVCAR5 aggregates) and above. The EC50
values for each of the four cell lines cultured as monolayers or aggregates are summarized
in (Table 1). Overall, higher predicted EC50 values for 3D aggregates indicate that these
have reduced sensitivity to BEZ235 in comparison to monolayer cultured cell lines.

Table 1. Table of EC50 (µM) values for the two inhibitors, BEZ235 and SCH772984, against OV-90,
OVCAR8, OVCAR5 and SKOV3 monolayers (2D) and aggregates (3D).

OV-90 OVCAR8 OVCAR5 SKOV3

2D 3D 2D 3D 2D 3D 2D 3D

BEZ235 0.02 0.35 0.03 12.99 0.06 5.92 0.001 0.76
SCH772984 0.06 0.10 0.86 0.91 0.11 46.10 5.10 1322.37
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Figure 1. The effect of the dual phosphoinositide 3-kinase (PI3K) and mechanistic target of rapamycin
(mTOR) inhibitor BEZ235 on cell viability in OV-90 (A,B), OVCAR8 (C,D), OVCAR5 (E,F) and SKOV3
(G,H) monolayer and aggregate cultures. Cell viability was significantly reduced, relative to the
control, at concentrations of 0.05 (OV90, OVCAR8, OVCAR5 and SKOV3 monolayers), 0.5 (OV90
and SKOV3 aggregates) and 1 µM (OVCAR8 and OVCAR5 aggregates) and above. Cultures were
established for 48 h prior to a 72 h exposure to BEZ235 at the concentrations shown. Cell viability
was determined by staining cells with trypan blue and conducting a cell count. Data are expressed
as mean ± SEM (n = 4). Statistical significance is at p < 0.05 and is in comparison to the control.
The statistically significant differences are indicated as p < 0.05 (*), p < 0.01 (**), p < 0.001 (***) and
p < 0.0001 (****), as determined by one-way ANOVA with a Dunnett’s multiple comparison test on
log transformed data.
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3.2. The Effect of SCH772984 on Cell Viability in Monolayers and Aggregates of OV-90,
OVCAR8, OVCAR5 and SKOV3 Cell Lines

Using the same approach as with BEZ235, monolayer and aggregate cultures of the
four cell lines were next exposed to the ERK inhibitor SCH772984. Overall the cell lines
were less sensitive to SCH772984, with significant reductions in cell viability relative to
the control at concentrations of 0.1 µM (OV-90 and OVCAR5 monolayers), 0.5 µM (OV-90
aggregates), 1 µM (OVCAR8 monolayers and aggregates) and 5 µM (SKOV3 monolayers)
and above (Figure 2). The inhibitor had no significant effect on the viability of OVCAR5 or
SKOV3 cell aggregates. Again, the EC50 values of all four cell lines in both monolayers and
aggregates are summarised in (Table 1).

3.3. The Effect of the Combination of BEZ235 and SCH772984 on Cell Viability in Monolayers and
Aggregates of OV-90, OVCAR8, OVCAR5 and SKOV3 Cell Lines

To investigate the effect of the combination of BEZ235 and SCH772984 on proliferation
the four cell lines were cultured in monolayers and aggregates for 48 h then exposed for
72 h to the inhibitor combination at the concentrations and ratios as determined for each cell
line and culture method and described in Section 2.5. OV-90 monolayers and aggregates
showed a dose dependent decrease in proliferation in response to the combination treat-
ment (Figure 3A,B). The monolayers were more sensitive to the combination than the aggre-
gates. The CI values indicate a synergistic effect in both OV-90 monolayers and aggregates
(Figure 3I). A significant decrease in proliferation was also seen in OVCAR8, OVCAR5 and
SKOV3 monolayers and aggregates (Figure 3C–H). However, the degree of drug combina-
tion efficacy in these two cell lines was less than that in the OV-90 cell line. The reduction in
proliferation in OVCAR8 and OVCAR5 cell monolayers was more pronounced than in the
cell aggregates. While, CI values indicated a synergistic interaction in OVCAR8 monolayers
and OVCAR5 aggregates (Figure 3I). A strongly antagonistic interaction was seen in the
OVCAR8 aggregates and OVCAR5 monolayers (CI values were greater than 2 and are,
therefore, not shown). CI values indicate a synergistic interaction in SKOV3 aggregates,
however, as SCH772984 did not reduce proliferation in the single inhibitor treatments this
effect may be the potentiation of BEZ235, rather than a synergistic effect (Figure 3I). De-
spite the synergistic reduction in proliferation the inhibitor combination was not found to
robustly induce apoptosis, with a significant increase in apoptosis only found in OVCAR5
aggregates, where BEZ235 alone also significantly increased apoptosis (Figure 4).
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Figure 2. The effect of the extracellular signal-related kinase (ERK) inhibitor SCH772584 on cell
viability in OV-90 (A,B), OVCAR8 (C,D), OVCAR5 (E,F) and SKOV3 (G,H) monolayer and aggregate
cultures. Cell viability was significantly reduced, relative to the control, at concentrations of 0.1 µM
(OV-90 and OVCAR5 monolayers), 0.5 µM (OV-90 aggregates), 1 µM (OVCAR8 monolayers and
aggregates) and 5 µM (SKOV3 monolayers) and above. There was no significant effect on OVCAR5
or SKOV3 aggregates. Cultures were established for 48 h prior to a 72 h exposure to SCH772584
at the concentrations shown. Cell viability was determined by staining cells with trypan blue and
conducting a cell count. Data are expressed as mean ± SEM (n = 4). Statistical significance is at
p < 0.05 and is in comparison to the control. The statistically significant differences are indicated as
p < 0.05 (*), p < 0.01 (**), p < 0.001 (***) and p < 0.0001 (****), as determined by one-way ANOVA
with a Dunnett’s multiple comparison test on log transformed data.
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Figure 3. Cont.
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Figure 3. The effect of the combination of BEZ235 and SCH772984 at 1/4, 1/2, 1, 2 and 4× EC50

on cell proliferation in OV-90 (A,B), OVCAR8 (C,D), OVCAR5 (E,F) and SKOV3 (G,H) monolayer
and aggregate cultures. Due to an unobtainable EC50 value (1322.37 µM) for SCH772984 in SKOV3
aggregates the concentration used is based off OVCAR5 aggregates, which also had a high EC50 value
(46.1 µM). Concentrations have been rounded for brevity. A significant decrease in proliferation was
seen in OV-90, OVCAR8 and OVCAR5 monolayers and in OV-90, OVCAR8, OVCAR5 and SKOV3
aggregates. CI values indicate a synergistic interaction in OV-90 and OVCAR8 monolayers and
OV-90, OVCAR5 and SKOV3 3D aggregates (I). CI values for SKOV3 monolayers and OVCAR8 3D
aggregates do not appear in the figure as these exceeded the range of values used, which indicates a
strongly antagonistic effect. Data are expressed as mean ± SEM (n = 4). Statistical significance is at
p < 0.05 and is in comparison to the control. The statistically significant differences are indicated as
p < 0.05 (*), p < 0.01 (**) and p < 0.0001 (****), as determined by one-way ANOVA with Tukey’s
multiple comparison test on log transformed data.

3.4. The Effect of BEZ235 and SCH77298, Alone and in Combination, on Apoptosis in Monolayers
and Aggregates of OV-90, OVCAR8, OVCAR5 and SKOV3 Cell Lines

To investigate the effect of BEZ235 and SCH772984, alone and in combination, on apop-
tosis, OV-90, OVCAR8, OVCAR5 and SKOV3 were established as monolayers and aggre-
gates for 48 h before 24 h of exposure to BEZ235 and SCH772984, either alone at their
respective 1× EC50 or at their respective 1/2× and 1× EC50 combinations. The percentage
of cells in early apoptosis, late apoptosis/necrosis or dead was determined by Annexin-V
FITC and propidium iodide staining.

Across all of the cell lines, in both the monolayer and aggregate models, the percentage
of cells in apoptosis was found to be low and treatment with the inhibitors, alone and in
combination, did not increase apoptosis in most of the cell lines. A statistically significant
increase in apoptosis was seen in OVCAR5 aggregates, which were treated with BEZ235
alone and with the 1/2× and 1× EC50 combinations.
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Figure 4. The percentage of cells in early apoptosis (Annexin+/propidium iodide (PI)-) or late
apoptosis/necrotic (Annexin+/PI+) and the percentage of dead cells (Annexin-/PI+) after 24 h
exposure to BEZ235 and SCH772984, alone and in combination. No significant changes were seen
in the percent of early apoptosis or late apoptosis/necrotic cells and dead cells after 24 h exposure
to BEZ235 and SCH772984, alone and in combination, in OV-90 monolayers or aggregates (A,B),
OVCAR8 monolayers or aggregates (C,D), OVCAR5 monolayers (E) and SKOV3 monolayers or
aggregates (G,H). The percentage of OVCAR5 aggregate cells in early apoptosis (Annexin+/PI-)
increased in response to BEZ235 alone and in combination with SCH772984 (F). Data are expressed
as mean ± SEM (n = 3). Statistical significance is at p < 0.05 and is in comparison to the control.
The statistically significant differences are indicated as p < 0.05(*), p < 0.01 (**), p < 0.001 (***) and
p < 0.0001 (****), as determined by two-way ANOVA with Tukey’s multiple comparison test on log
transformed data. Any statistically significant differences between treatment groups is indicated by
horizontal significance lines.
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3.5. Morphology of OV-90 and OVCAR8 Forced Suspension Aggregates and Hanging
Drop Spheroids

Cell lines which are cultured in forced suspension models form cell aggregates which
vary in their size and shape. OV-90 cell culture in forced suspension on polyHEMA coated
plates formed small aggregates that averaged 50 ± 9.1 µm (mean ± SEM (n = 20)) in
diameter. There were also a number of individual cells or clusters of just a few cells present
and the majority of aggregates had an irregular shape. OVCAR8 cells formed much larger
and dense aggregates, averaging 197 ± 34.2 µm (mean ± SEM (n = 19)) at their narrowest
part. These aggregates had an oval shape with smoother edges and fewer single cells or
smaller clusters present than in the OV-90 aggregate cultures. This variation in the size of
these spheroids raised two issues. Firstly, the small loose structure of OV-90 aggregates
could mean that drug penetration within the small clusters might be similar to that of
the monolayers with consistent exposure to nutrients and inhibitors throughout the cell
aggregates. This cell line was consistently sensitive to BEZ235 and SCH772984, alone
and in combination, and showed a synergistic response to the inhibitor combination in
both the 2D and 3D models. Secondly, given that size variation in this forced suspension
model it is possible that the antiproliferative effect was a result of the inhibitors impacting
smaller aggregates, which are likely to have higher rates of proliferation and greater
exposure to inhibitors. Therefore, OV-90 and OVCAR8 cell lines were cultured using the
hanging drop method to form large spheroids that had a mean equivalent diameter of
847 ± 9.0 (mean ± SEM (n = 43)) and 585 ± 13.2 µm (mean ± SEM (n = 35)), respectively,
(Appendix A Figure A1c). OV-90 spheroids were less spherical than OVCAR8 spheroids
with respective mean sphericity values of 0.7 and 0.9 (Appendix A Figure A1d). For the
purposes of this study when OV-90 and OVCAR8 cells were grown in forced suspension
they formed what is referred to as aggregates, which are small and irregularly shaped.
When the cells were cultured in hanging drops they were referred to as spheroids, which
were large, dense and had a more spherical morphology.

To investigate the cell density and viability of the aggregates, OV-90 and OVCAR8 cells
were cultured on polyHEMA coated plates for 7 days to form aggregates. Aggregates were
then stained with Hoechst and PI and imaged by fluorescent confocal microscopy. Hoechst
and PI staining showed that OV-90 aggregates appeared as cell clusters often containing
only a small number of cells. There were few PI positive cells and these were typically an
individual cell or cells within the smaller clusters (Figure 5a). OVCAR8 aggregates were
large and dense, with Hoechst staining restricted to the periphery, which is likely due to a
lack of penetration of the stain in to the aggregates (Figure 5a). PI staining was greater in
the interior of the OVCAR8 aggregates than the peripheral region.

To investigate cell density and viability of the spheroids OV-90 and OVCAR8 spheroids
were produced by culturing in hanging drop for 7 days. Aggregates were stained with PI
prior to fixing and embedding. Eight µm thick sections were taken from the center of the
spheroid and stained with Hoechst and images were obtained by fluorescent microscopy.
OV-90 cell formed large spheroids that contained several hollow regions and abundant PI
staining (Figure 5b). In contrast, the OVCAR8 spheroids were more densely packed with
cells and had less PI staining (Figure 5b). The percentage of viable cells was determined by
trypan blue exclusion cell counts and showed that the majority of OV-90 cells were viable
in both aggregates and spheroids (66% and 67%, respectively). The viability of OVCAR8
cells was lower in both aggregate and spheroid models (35% and 52%). This is in contrast
to the low PI staining seen in OVCAR8 spheroids, which could be a result of the PI stain
being less able to penetrate the dense OVCAR8 spheroids or from non-viable cells, which
are not associated with the spheroids and are lost in the staining process, but not lost from
the trypan blue exclusion assay.
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(a) Forced suspension

(b) Hanging drop

Figure 5. Representative fluorescent confocal microscopy images of 7-day-old aggregates produced
by polyHEMA culture showing a comparison of OV-90 and OVCAR8 aggregates with propidium
iodide staining (red), Hoechst 33342 staining (blue), merged and brightfield image (a). Representative
images of 8 µm sections from the centre of 7-day-old OV-90 and OVCAR8 spheroids produced by
hanging drop culture with propidium iodide staining (red), Hoechst staining (blue), merged image
and brightfield image with aniline blue staining, taken using a Zeiss fluorescent microscope (b).
Brightfield images were taken separately. Scale bar is 100 µm.

3.6. Comparison of the Anti-Proliferative Effect of BEZ235 and SCH772984 in OV-90 and
OVCAR8 Aggregates and Spheroids

To compare the anti-proliferative effect of BEZ235 and SCH772984 in the forced
suspension aggregates and hanging drop spheroids, OV-90 and OVCAR8 aggregates and
spheroids were established for 7 days on polyHEMA coated plates or in hanging drops,
before treatment with the inhibitors. The establishment time in these experiments was
increased to 7 days in order to allow the spheroids to form dense structures. This was also
the case for the suspension aggregates in order to allow a direct comparison between the
two models.

In response to BEZ235 proliferation decreased in a dose-dependent manner in OV-90
aggregates, with statistically significant reductions relative to the control at concentrations
of 0.5 µM and above (Figure 6A). A similar response was seen in OV-90 spheroids although
these were less sensitive with statistically significant reductions at 5 and 50 µM. There
was no significant difference between the response of OV-90 aggregates and spheroids to
BEZ235. At the concentrations tested BEZ235 had no significant effect on proliferation in
OVCAR8 suspension aggregates or spheroids (Figure 6C) suggesting that these may be re-
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sistant to the inhibitor. A statistically significant difference was found between the response
of OVCAR8 aggregates to BEZ235 in comparison to OVCAR8 spheroids (p = 0.0248).

Proliferation was reduced in a dose dependent manner in OV-90 suspension aggre-
gates and spheroids in response to SCH772984, with statistically significant reductions
relative to the control at concentrations of 0.5 µM and above in both the suspension aggre-
gates and the spheroids (Figure 6B). No significant difference was found in the response
of OV-90 suspension aggregates and spheroids. A statistically significant decrease in OV-
CAR8 proliferation was only seen in suspension aggregates at the highest concentration
tested (50 µM), suggesting that both OVCAR8 aggregates and spheroids are resistant to
SCH772984 (Figure 6D). However, there was a significant difference between the response
of OVCAR8 suspension aggregates and spheroids to SCH772984 (p = 0.0265).

Figure 6. The effect of the PI3K/mTOR inhibitor BEZ235 and the ERK inhibitor SCH772984 on
proliferation in OV-90 (A,B) and OVCAR8 (C,D) aggregates and spheroids. BEZ235 significantly
reduced proliferation at concentrations of 0.5 µM and above in OV-90 aggregates and at 5 and 50 µM
in OV-90 spheroids (A) but did not reduce proliferation in OVCAR8 aggregates or spheroids (C).
SCH772984 significantly reduced proliferation at concentrations of 0.5 µM and above in OV-90
aggregates and spheroids, respectively, (B) and at 50 µM in OVCAR8 aggregates (D) but did not
significantly effect proliferation in OVCAR8 spheroids. Cultures were established for 7 days prior to
72 h of exposure to the inhibitors. Data are expressed as mean ± SEM (n = 4). Statistical significance is
at p < 0.05 and is in comparison to the control. The statistically significant differences are indicated as
p < 0.05 (*), p < 0.01 (**), p < 0.001 (***) and p < 0.0001 (****), as determined by one-way ANOVA
with Dunnett’s multiple comparison test on log transformed data. Any statistically significant
differences between treatment groups is indicated by horizontal significance lines.

The Compusyn software was used to predict EC50 values for the inhibitors [56].
The EC50 values for SCH772984 against OV-90 suspension aggregates and spheroids were
comparably low. The EC50 value for BEZ235 against OV-90 suspension aggregates was
higher than for OV-90 spheroids (2.81 vs. 0.94 µM, respectively), although, a greater
reduction in proliferation was seen in the suspension aggregates (Table 2). In contrast,
the predicted EC50 values for both inhibitors were higher in both OVCAR8 suspension
aggregates and hanging drop spheroids, indicating that OVCAR8 cells in both culture
conditions were resistant to BEZ235 and SCH772984. Additionally, the EC50 values for
SCH772984 in OVCAR8 suspension aggregates increased from 0.91 to 17.46 µM with the
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longer establishment duration (48 h to 7 d) (Tables 1 and 2). We were unable to test the
inhibitor combinations on OVCAR8 suspension aggregates or hanging drop spheroids
as the high EC50 values, coupled with the limited solubility of the inhibitor, would have
resulted in the cells being exposed to high DMSO concentrations. For this reason the
combination experiments focused on OV-90 suspension aggregates and hanging drop
spheroids alone.

Table 2. Table of EC50 values (µM) for BEZ235 and SCH772984 against OV-90 and OVCAR8 forced
suspension aggregates and hanging drop spheroids.

Aggregates Spheroids

OV-90
BEZ235 2.81 0.94

SCH772984 0.14 0.12

OVCAR8
BEZ235 >50 >50

SCH772984 17.46 >50

3.7. Synergistic Interaction of the Combination of BEZ235 and SCH772984 in OV-90 Aggregates
and Spheroids

To investigate the effects of the inhibitor combination on OV-90 aggregates and
spheroids BEZ235 and SCH772984 were combined at the EC50 values derived solely from
the OV-90 spheroids to enable a more direct comparison between the response of the
suspension aggregates and the hanging drop spheroids (Table 2 top right column). OV-90
aggregates and spheroids were treated with BEZ235 and SCH772984 alone at their respec-
tive EC50 values (0.94 and 0.12 µM, respectively) and with the inhibitor combinations at
constant ratios based on the EC50 values (Table 2). These combinations were 1/4, 1/2,
1, 2 and 4 × 0.94:0.12 µM. The combination of BEZ235 and SCH772984 significantly re-
duced proliferation at the 4× EC50 combination in the OV-90 aggregates and at the 2×
and 4× EC50 combinations in the OV-90 spheroids (Figure 7). Treatment with BEZ235
or SCH772984 alone at their EC50 concentrations (0.94 and 0.12 µM, respectively) did
not result in a significant decrease in proliferation in OV-90 aggregates and spheroids.
CI values indicate a synergistic reduction in proliferation in both OV-90 aggregates and
OV-90 spheroids (Figure 7). CI values were similar between the two culture methods
above Fa 0.6, indicating that a similar synergistic interaction was occurring under both
culture conditions.

3.8. The Effect of BEZ235 and SCH772984, Alone and in Combination, on the Equivalent
Diameter and Sphericity of OV-90 Spheroids

To investigate the effect of BEZ235 and SCH772984, alone and in combination, on the
morphology of OV-90 spheroids the equivalent diameter and sphericity was tracked by
imaging 7 day old spheroids prior to exposure to the inhibitors and 72 h later. AnaSP
software [58] was used to analyze the changes in equivalent diameter and sphericity.

The equivalent diameter tended to decrease in the spheroids which were treated with
SCH772984 and the inhibitor combination. This decrease was statistically significant for
the spheroids treated with SCH772984 alone and the 1 and 2× EC50 combinations for 72 h
in comparison to their initial equivalent diameter (Figure 8A). A statistically significant
increase in sphericity was seen in the control group after 72h, whereas a statistically
significant decrease in sphericity was seen in the 1× EC50 combination (Figure 8B).
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Figure 7. The effect of the combination of BEZ235 and SCH772984 cell proliferation in OV-90
suspension aggregates (A) and hanging drop spheroids (B). OV-90 aggregates and OV-90 spheroids
were established for 7 days followed by 72 h exposure to the inhibitor combination at 1/4, 1/2, 1, 2 and
4× EC50. Proliferation was significantly reduced in OV-90 aggregates by the 4× EC50 combination
and in OV-90 spheroids at the 2 and 4× EC50 combinations. CI values indicate a synergistic interaction
in both OV-90 aggregates and spheroids (C). Data are expressed as mean ± SEM (n = 4). Statistical
significance is at p < 0.05 and is in comparison to the control. The statistically significant differences
are indicated as p < 0.05 (*), p < 0.01 (**) and p < 0.001 (***), as determined by one-way ANOVA
with Tukey’s multiple comparison test on log transformed data.

Figure 8. A box and whisker plot showing changes in diameter (A) and sphericity (B) after 72 h of
exposure to BEZ235 and SCH772984, alone and in combination. Statistical significance is at p < 0.05
and is in comparison to the initial diameter or sphericity. The statistically significant differences are
indicated as p < 0.05 (*), p < 0.01 (**) and p < 0.001 (***), as determined by RM two-way ANOVA
with Sidak’s multiple comparison test (n = 3).
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4. Discussion

This study presents the novel combination of a PI3K/mTOR inhibitor and an ERK
inhibitor as a potential treatment for ovarian cancer and directly compares the effect of
these inhibitors in both monolayer and three-dimensional in vitro ovarian cancer models.
The combination of BEZ235 and SCH772984 used in this present study showed a synergistic
antiproliferative effect against ovarian cancer cell lines, which was cell line dependent.
The ovarian cancer cell lines were also found to be less sensitive to BEZ235 and SCH772984,
alone and in combination, in the 3D culture models in comparison to 2D monolayer models.
Additionally, the response of the cell lines to the inhibitors was influenced by the type of 3D
culture model that was used. The inhibitors had a synergistic effect reducing proliferation
of OV-90 cells in 2D and in both 3D models. Conversely, the OVCAR8 cells cultured as
hanging drop spheroids showed no sensitivity to SCH772984, whereas they were sensitive
when grown as suspension aggregates. These findings provide a direct comparison of
the anti-cancer effect of kinase inhibitors targeted at proliferation and survival signaling
pathways in 2D and 3D culture models. Additionally, the potential efficacy of the novel
combination of BEZ235 and SCH772984 against ovarian cancer is established, as well as
SCH772984 alone, which, to our knowledge, had yet to be investigated against ovarian
cancer 2D and 3D in vitro models. These findings provide support for further investigation
of these inhibitors against ovarian cancers.

The combination of a PI3K/mTOR inhibitor (PF502) and MEK inhibitor (PD901)
have previously been shown to have a synergistic antiproliferative effect against ovar-
ian cancer cell lines cultured as monolayers [25]. In the present study the combination
of a PI3K/mTOR inhibitor with an ERK inhibitor is shown to have a synergistic effect
against both monolayer and three-dimensional ovarian cancer models. The combination
of BEZ235 and SCH772984 resulted in a consistent synergistic anti-proliferative effect in
OV-90 monolayers, OV-90 3D aggregates formed on polyHEMA coated plates and in OV-90
hanging drop spheroids, as determined by CI values. However, while the inhibitors had
a synergistic action against OVCAR8 monolayers, a strong antagonistic interaction was
seen with OVCAR8 3D aggregates. Conversely, an antagonistic interaction was seen with
OVCAR5 and SKOV3 monolayers, but CI values indicated a synergistic interaction in
OVCAR5 and SKOV3 3D aggregates. In SKOV3, this interaction is likely to be potentiation
rather than synergism due to the lack of response to SCH772984 alone and the relative
sensitivity to BEZ235. This variation in synergistic versus antagonistic effects between
monolayer and aggregates models is consistent with a previous study, which tested a range
of cytotoxic agents and targeted inhibitors in combination and found that the effects of drug
combinations was dependent on whether a 2D or 3D colon cancer model was used [55]. It
was also found that the synergistic effect of drug combinations involving a MEK inhibitor
was greater in colon cancer spheroids in comparison to monolayers [55]. Determining ef-
fective combinations is a critical aspect of anticancer therapeutics where tumors eventually
develop resistance to most single agent therapeutics [60]. Additionally, it is hoped that
synergistic combinations could be used to overcome issues of toxicity [19,60,61]. This may
be especially relevant in cases where patients are not able to tolerate higher doses due to
more severe side effects. BEZ235 has shown issues with toxicity, often causing gastroin-
testinal side effects, so finding effective combinations with BEZ235 may help overcome
these by reducing the dose that has to be administered [34,35]. Conversely, the strongly
antagonistic effect seen in OVCAR8 aggregates and OVCAR5 and SKOV3 monolayers may
indicate that this combination could promote tumor cell proliferation in some patients.
The potential for antagonistic effects highlights the importance of patient selection and
the use of biomarkers in the selection of treatment regimens. Additionally, factors such as
inhibitor ratios and treatment sequence can impact drug interactions so further work is
required to determine predictive biomarkers and appropriate treatment strategies [62–65].

All of the cell lines showed a reduction in proliferation in response to BEZ235 in both
monolayer and aggregate models. However, a 10-fold higher concentration was required
to gain a statistically significant decrease in proliferation for the cells grown in the 3D
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aggregate models and this effect was reflected in the higher EC50 values. These results are in
line with previous studies which have found BEZ235 to be an effective single agent against
ovarian cancer monolayers in vitro [29]. Interestingly, the ERK inhibitor SCH772984, which
was developed as a treatment for melanoma resistant to BRAF targeted therapies [41], was
effective at reducing proliferation in all four monolayer models and two of the four 3D
aggregate models, with low EC50 values. This suggests that this inhibitor warrants further
investigation as a potential therapeutic agent against ovarian cancer. SCH772984 had an
antiproliferative effect in OVCAR5 and SKOV3 monolayer models but these cell lines
became resistant in the 3D aggregate models. EC50 values were higher in all 3D aggregate
models in comparison to EC50 values in monolayer models from the same cell lines. Due
to the limited solubility of these inhibitors and the high EC50 values for some cell lines the
DMSO concentration exceeded 0.1% (v/v) in the inhibitor combination experiments for
SKOV3 monolayers (0.2 %) and OVCAR8 (0.56%), OVCAR5 (0.52% and SKOV3 (0.47%)
aggregates. Therefore, a potential cytotoxic or cytopathic effect of DMSO cannot be ruled
out in these experiments. Although, EC50 values were used to guide the concentrations
used in the combination experiments, the range of concentrations used in this study may
not capture the upper limit of the antiproliferative response for certain cell lines and may,
therefore, limit the interpolation of these values.

Overall, treatment with BEZ235 and SCH772984, alone and in combination, was not
found to increase apoptosis in any of the cell lines in monolayers and was only found to in-
crease in OVCAR5 aggregates. These results suggest that targeting of the PI3K/mTOR and
RAS/RAF pathways results in decreased proliferation, but does not significantly increase
cell death. The effects of the inhibitors may, therefore, be predominantly cytostatic rather
than cytotoxic against these cell lines. However, it is possible that higher concentrations
or longer treatment times may be required to induce apoptosis. Overall rates of apopto-
sis in cells treated with the vehicle control were low, which is consistent with previous
research [66]. Ovarian cancers cells are able to evade pro-apoptotic signals [15]. The lack
of increased apoptosis in response to the inhibitors is consistent with previous studies,
which have reported that BEZ235 did not induce apoptosis in ovarian cancer monolayers
at concentrations of 0.1 µM, but there was an increase in apoptotic cells at concentrations
above 1 µM after 96 h [67]. Others have reported no increases in apoptosis relative to
control in SKOV3 monolayers at a concentration of 1 µM, despite a strong inhibitory effect
on proliferation [33]. In contrast, BEZ235 has been shown to increase caspase 3 activation
in OVCAR5 and SKOV3 monolayers at concentrations of 0.25 and 0.5 µM [29]. These
conflicting results suggest that concentration, treatment time and assay may be impor-
tant determinants of any apoptotic effect. The effect of SCH772984 on apoptosis has not
been examined in ovarian cancer cell lines, however, in melanoma cell lines it increased
the number of apoptotic cells, at concentrations that were approximately 3–10 times the
IC50, although these results are not directly comparable to the present study due to the
different cancer cell type [42]. The activation of an alternative cell death pathway, which
was not detected by our assay may also contribute to the decrease in cell numbers seen in
these aggregates. Several studies have found that ovarian cancer cell lines can undergo
autophagy, instead of apoptosis, in response to targeted anti-cancer agents, which can
have a protective effect for tumor cells [68–71]. However, this is speculative and requires
future investigation.

The presence of activating mutations within the targeted pathways generally predict
sensitivity to PI3K/AKT/mTOR and RAS/RAF/MEK/ERK pathway inhibitors [29,36].
Therefore, we would predict the LGSOC, CCOC, MOC and ENOC subtypes to show
increased sensitivity to these inhibitors as they commonly have PTEN, PI3K, KRAS and
BRAF mutations [72]. Interestingly, the OV-90 cell line, which is considered likely to be
HGSOC in origin and that does not have mutations to either of these pathways [72], was
the most sensitive to these inhibitors, both alone and in combination, with EC50 values at
or below 0.35 µM. The OVCAR8 cell line is considered a possible HGSOC cell line and
has a KRAS mutation (P121H) which may confer sensitivity to ERK inhibition [72,73].
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Although the KRAS mutation P121H is rare and its significance is not well understood, it
has been associated with sensitivity to MEK inhibition in OVCAR8 cells [73]. The sensitivity
of the likely HGSOC cell lines, OV-90 and OVCAR8, to BEZ235 and SCH77284 alone,
and the robust synergistic effect seen in OV-90 monolayers, aggregates and spheroids,
suggest that the combination of these inhibitors warrants further investigation as potential
ovarian cancer treatments, with 70% of all ovarian cancers of HGSOC origin [72].The
OVCAR5 cell line, which has the common KRAS G12V mutation, was also found to
be sensitive to both inhibitors in monolayer models but was less sensitive to BEZ235
(EC50 values of 0.06 vs. 5.92) and resistant to SCH772984 in the 3D aggregate models.
The SKOV3 cell line, which is thought to be of CCOC origin, has a PIK3CA H1041R
mutation, was sensitive to PI3K/mTOR inhibition but showed resistance to the ERK
inhibitor SCH772984 [72]. This is consistent with previous research which found wild type
KRAS and BRAF melanoma cells to be less sensitive to SCH772984 [41].

The forced suspension aggregate models produced cell aggregates with a large varia-
tion in both size and morphology. While this heterogeneous suspension of cell aggregates
may provide a representative model of a patients ascitic fluid, which can contain aggregates
of various sizes and morphology, these models do not allow for an investigation of the
effect of the inhibitors on large dense aggregates. The size of 3D aggregates is an important
factor in inhibitor sensitivity with increased size resulting in increased resistance [74].
Spheroids of 250 µm diameter have shown reduced drug penetration at concentrations
that were 10 times higher than those used in monolayers [75]. Spheroids of 600 µm diam-
eter show greater proliferation on the periphery, this decreases toward the interior and
contains a hypoxic core. In contrast those that are 150 µm have consistent proliferation
throughout and no apparent hypoxic core [76]. In the present study the OV-90 cell line
was found to be sensitive to the inhibitors alone in both 2D and 3D models and had a
robust synergistic response to the inhibitor combination. However, this cell line formed
small loose aggregates, which often consisted of a few loosely packed cells and which were
irregularly shaped. Therefore, OV-90 aggregates are unlikely to be influenced by nutrient
deprivation, to form necrotic and quiescent layers or to have reduced drug penetration.
In the polyHEMA forced suspension models, we cannot rule out the apparent efficacy of
these inhibitors arising from the impact of these inhibitors on smaller aggregates and single
cells within a treatment well. Therefore, the effects of the inhibitors was also investigated
using a hanging drop model, which consistently produced large, dense spheroids and
enabled the effect of the treatments on a single spheroid to be observed as outlined in
Zanoni et al. [59]. This revealed that treatment with the inhibitors reduced the equivalent
diameter and sphericity of the spheroids, while the spheroid remained intact, suggesting
that the inhibitors may only impact the peripheral cells. Further analysis could determine if
the inhibitors affect cell adhesion in the outer layer of cells as well as gradients of reduced
proliferation and cell survival.

A comparison of OV-90 and OVCAR8 polyHEMA aggregates and hanging drop
spheroids revealed that these cell lines formed 3D structures which varied in size and
morphology. This difference was most obvious in the OV-90 cell line, which formed small
loose and irregularly shaped cell clusters in the forced suspension model but will form
large spheroids in hanging drop, which are consistently bigger than 700 µm in equivalent
diameter. The OVCAR8 cell line formed large dense aggregates on polyHEMA plates,
but these varied in size and morphology. In hanging drops OVCAR8 produced large
spheroids, which were consistent in size and morphology and appeared more densely
packed with cells. The structure of OV-90 and OVCAR8 spheroids in hanging drops has
previously been described and were consistent with our findings [48,77]. While, OV-90
aggregates and spheroids showed similar responses to the inhibitors, both alone and in
combination, the response of OVCAR8 aggregates and spheroids were significantly dif-
ferent. Considerable PI staining was found in the centre of OV-90 spheroids, whereas
the staining in OVCAR8 spheroids appeared to be non-specific (as individual cells were
not visible). However, this may be a result of the stain being less able to penetrate these
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spheroids due to their density. The large size of the spheroids likely resulted in a hypoxic,
nutrient deprived environment towards the centre and as a result the central cells are
unlikely to be alive. Increases in the size of ovarian cancer cell line spheroids have been
demonstrated to reduce their sensitivity to cytotoxic agents [74,77], which is likely the result
of the increased hypoxic environment, the formation of necrotic and quiescent regions,
and reduced drug penetration [78]. Furthermore, previous studies have also demonstrated
the ability of ovarian cancer cell lines to adapt to a hypoxic environment, resulting in
changes to gene expression, evasion of apoptotic signals and increased resistance to cyto-
toxic agents [79,80]. The differences in response to the inhibitors between monolayer and
three-dimensional models and between different three-dimensional models described in
this study, coupled with these previously established characteristics suggests that not only
is the use of 3D aggregate models over 2D monolayer models an important consideration
in investigating the preclinical efficacy of targeted inhibitors, so is the type of 3D model
that is used. While the aggregate and spheroid models used in this present study are likely
to be more representative of tumor response, co-culture with stromal cells or the inclusion
of ECM-mimicking hydrogels is likely to further impact the efficacy of these inhibitors
through changes in gene expression [50]. This maybe particularly relevant with the use
of ovarian cancer ex vivo 3D models to predict clinical response to chemotherapies being
investigated [81].

5. Conclusions

This present study investigated the novel combination of PI3K/mTOR and ERK
inhibitors against ovarian cancer and provides evidence of the potential efficacy of the
combination of BEZ235 and SCH772984 against ovarian cancer with a robust synergistic
interaction seen in OV-90 2D monolayers, 3D aggregates and 3D spheroids as well as OV-
CAR8 monolayers and OVCAR5 aggregates. Additionally, the ERK inhibitor SCH772984
shows cell line-dependent antiproliferative effects, suggesting that this inhibitor has poten-
tial as an ovarian cancer treatment. Additionally, this study provides a direct comparison of
the effect of these targeted anti-proliferative inhibitors in monolayer and three-dimensional,
which was yet to be investigated in ovarian cancer models. It was found that the type of
model used was found to play an important role in the sensitivity of cell lines to these
inhibitors with 3D aggregate models being less sensitive than their 2D monolayer counter-
parts. Furthermore, OVCAR8 cells grown in hanging drops differed in their response to
the individual inhibitors in comparison to those grown as forced suspension aggregates.
Further work is required to establish potential biomarkers to ensure these combination
treatment strategies are given to patients who will benefit from it.
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Abbreviations
The following abbreviations are used in this manuscript:

AKT Protein Kinase B
BRAF Serine/threonine-protein kinase B-Raf
BSA Bovine serum albumin
CCOC Clear cell ovarian carcinoma
CI Combination index
DMEM-F12 Dulbecco’s Modified Eagle Medium/Nutrient Mixture F-12
DMSO Dimethyl sulfoxide
ECM Extra cellular matrix
EDTA Ethylenediaminetetraacetic acid
ENOC Endometrioid ovarian carcinoma
EOC Epithelial ovarian carcinoma
ERBB Epidermal growth factor receptor
ERK Extracellular signal-related kinase
FBS Foetal bovine serum
HGSOC High grade serous ovarian carcinoma
KRAS Kirsten rat sarcoma virus
LGSOC Low grade serous ovarian carcinoma
MAPK Mitogen-activated protein kinase
MDPI Multidisciplinary Digital Publishing Institute
MEK Mitogen-extracellular activated protein kinase kinase
mTOR Mammalian or mechanistic target of rapamycin inhibitor
MOC Mucinous ovarian carcinoma
p-AKT Phosphorylated Protein Kinase B
PARP Poly(ADP-Ribose) Polymerase
PBS Phosphate buffered saline
p-ERK Phosphorylated Extracellular signal-related kinase
PI Propidium iodide
PI3K Phosphoinositide 3-kinase
PIK3CA Phosphatidylinositol-3-kinase 110-kDa catalytic subunit
poly-HEMA Poly-hydroxyethylmethacrylate
PTEN phosphatase and tensin homologue deleted on chromosome ten
PVDF Polyvinyl difluoride
RAF V-raf murine sarcoma viral oncogene homolog
RAS Rat sarcoma viral oncogene homolog
RIPA Radio immunoprecipitation assay
SDS Sodium dodecyl sulphate
SDS-PAGE Sodium dodecyl sulphate poly-acrylamide gel electrophoresis
TBS Tris-buffered saline
TBS-t Tris-buffered saline and tween 20
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Appendix A

Equivalent Diameter and Sphericity of OV-90 and OVCAR8 Spheroids

(a) OV-90 (b) OVCAR8

(c) Equivalent diameter (d) Sphericity

Figure A1. Representative images of 7-day-old spheroids produced by hanging drop culture of
OV-90 (a) and OVCAR8 cells (b). Scale bar is 100 µm. A box and whisker plots showing distribution
in the equivalent diameter (c) and sphericity (d) of OV-90 spheroids (blue) (n = 43) and OVCAR8
spheroids (green) (n = 35). Equivalent diameter and sphericity were determined using AnaSP.

References
1. Torre, L.A.; Trabert, B.; DeSantis, C.E.; Miller, K.D.; Samimi, G.; Runowicz, C.D.; Gaudet, M.M.; Jemal, A.; Siegel, R.L. Ovarian

cancer statistics, 2018. CA A Cancer J. Clin. 2018, 68, 284–296. [CrossRef] [PubMed]
2. Goff, B.A.; Mandel, L.S.; Melancon, C.H.; Muntz, H.G. Frequency of symptoms of ovarian cancer in women presenting to primary

care clinics. Jama 2004, 291, 2705–2712. [CrossRef]
3. Seidman, J.D.; Horkayne-Szakaly, I.; Haiba, M.; Boice, C.R.; Kurman, R.J.; Ronnett, B.M. The histologic type and stage distribution

of ovarian carcinomas of surface epithelial origin. Int. J. Gynecol. Pathol. 2004, 23, 41–44. [CrossRef]
4. Bowtell, D.D.; Böhm, S.; Ahmed, A.A.; Aspuria, P.J.; Bast, R.C., Jr.; Beral, V.; Berek, J.S.; Birrer, M.J.; Blagden, S.; Bookman,

M.A.; et al. Rethinking ovarian cancer II: Reducing mortality from high-grade serous ovarian cancer. Nat. Rev. Cancer 2015,
15, 668–679. [CrossRef]

5. Cancer Genome Atlas Research Network. Integrated genomic analyses of ovarian carcinoma. Nature 2011, 474, 609.
6. Patch, A.M.; Christie, E.L.; Etemadmoghadam, D.; Garsed, D.W.; George, J.; Fereday, S.; Nones, K.; Cowin, P.; Alsop, K.;

Bailey, P.J.; et al. Whole–genome characterization of chemoresistant ovarian cancer. Nature 2015, 521, 489–494. [CrossRef]
7. Singer, G.; Oldt, R., III; Cohen, Y.; Wang, B.G.; Sidransky, D.; Kurman, R.J.; Shih, I.M. Mutations in BRAF and KRAS characterize

the development of low-grade ovarian serous carcinoma. J. Natl. Cancer Inst. 2003, 95, 484–486.
8. Karar, J.; Maity, A. PI3K/AKT/mTOR pathway in angiogenesis. Front. Mol. Neurosci. 2011, 4, 51. [CrossRef]
9. Laplante, M.; Sabatini, D.M. mTOR signaling in growth control and disease. Cell 2012, 149, 274–293. [CrossRef]
10. Zhao, Y.; Adjei, A.A. The clinical development of MEK inhibitors. Nat. Rev. Clin. Oncol. 2014, 11, 385. [CrossRef]
11. Lane, D.; Cartier, A.; Rancourt, C.; Piché, A. Cell detachment modulates TRAIL resistance in ovarian cancer cells by downregulat-

ing the phosphatidylinositol 3-kinase/Akt pathway. Int. J. Gynecol. Cancer 2008, 18. [CrossRef] [PubMed]
12. Correa, R.J.; Peart, T.; Valdes, Y.R.; DiMattia, G.E.; Shepherd, T.G. Modulation of AKT activity is associated with reversible

dormancy in ascites-derived epithelial ovarian cancer spheroids. Carcinogenesis 2012, 33, 49–58. [CrossRef]
13. Desgrosellier, J.S.; Cheresh, D.A. Integrins in cancer: Biological implications and therapeutic opportunities. Nat. Rev. Cancer 2010,

10, 9–22. [CrossRef] [PubMed]

http://doi.org/10.3322/caac.21456
http://www.ncbi.nlm.nih.gov/pubmed/29809280
http://dx.doi.org/10.1001/jama.291.22.2705
http://dx.doi.org/10.1097/01.pgp.0000101080.35393.16
http://dx.doi.org/10.1038/nrc4019
http://dx.doi.org/10.1038/nature14410
http://dx.doi.org/10.3389/fnmol.2011.00051
http://dx.doi.org/10.1016/j.cell.2012.03.017
http://dx.doi.org/10.1038/nrclinonc.2014.83
http://dx.doi.org/10.1111/j.1525-1438.2007.01062.x
http://www.ncbi.nlm.nih.gov/pubmed/17868340
http://dx.doi.org/10.1093/carcin/bgr241
http://dx.doi.org/10.1038/nrc2748
http://www.ncbi.nlm.nih.gov/pubmed/20029421


Cancers 2022, 14, 395 25 of 27

14. Carduner, L.; Picot, C.R.; Leroy-Dudal, J.; Blay, L.; Kellouche, S.; Carreiras, F. Cell cycle arrest or survival signaling through αv
integrins, activation of PKC and ERK1/2 lead to anoikis resistance of ovarian cancer spheroids. Exp. Cell Res. 2014, 320, 329–342.
[CrossRef]

15. Bast, R.C., Jr.; Hennessy, B.; Mills, G.B. The biology of ovarian cancer: New opportunities for translation. Nat. Rev. Cancer 2009,
9, 415. [CrossRef]

16. Kinross, K.M.; Montgomery, K.G.; Kleinschmidt, M.; Waring, P.; Ivetac, I.; Tikoo, A.; Saad, M.; Hare, L.; Roh, V.;
Mantamadiotis, T.; et al. An activating PIK3CA mutation coupled with Pten loss is sufficient to initiate ovarian tumorigenesis in
mice. J. Clin. Investig. 2012, 122, 553–557. [CrossRef]

17. Campbell, I.G.; Russell, S.E.; Choong, D.Y.; Montgomery, K.G.; Ciavarella, M.L.; Hooi, C.S.; Cristiano, B.E.; Pearson, R.B.;
Phillips, W.A. Mutation of the PIK3CA gene in ovarian and breast cancer. Cancer Res. 2004, 64, 7678–7681. [CrossRef]

18. Levine, D.A.; Bogomolniy, F.; Yee, C.J.; Lash, A.; Barakat, R.R.; Borgen, P.I.; Boyd, J. Frequent mutation of the PIK3CA gene in
ovarian and breast cancers. Clin. Cancer Res. 2005, 11, 2875–2878. [CrossRef] [PubMed]

19. Hu, L.; Hofmann, J.; Lu, Y.; Mills, G.B.; Jaffe, R.B. Inhibition of phosphatidylinositol 3-kinase increases efficacy of paclitaxel in in
vitro and in vivo ovarian cancer models. Cancer Res. 2002, 62, 1087–1092.

20. Lee, S.; Choi, E.J.; Jin, C.; Kim, D.H. Activation of PI3K/Akt pathway by PTEN reduction and PIK3CA mRNA amplification
contributes to cisplatin resistance in an ovarian cancer cell line. Gynecol. Oncol. 2005, 97, 26–34. [CrossRef]

21. Chang, L.; Graham, P.; Hao, J.; Ni, J.; Bucci, J.; Cozzi, P.; Kearsley, J.; Li, Y. Acquisition of epithelial–mesenchymal transition and
cancer stem cell phenotypes is associated with activation of the PI3K/Akt/mTOR pathway in prostate cancer radioresistance.
Cell Death Dis. 2013, 4, e875. [CrossRef] [PubMed]

22. Wang, D.; Wang, M.; Jiang, N.; Zhang, Y.; Bian, X.; Wang, X.; Roberts, T.M.; Zhao, J.J.; Liu, P.; Cheng, H. Effective use of PI3K
inhibitor BKM120 and PARP inhibitor Olaparib to treat PIK3CA mutant ovarian cancer. Oncotarget 2016, 7, 13153. [CrossRef]

23. Wang, D.; Li, C.; Zhang, Y.; Wang, M.; Jiang, N.; Xiang, L.; Li, T.; Roberts, T.M.; Zhao, J.J.; Cheng, H.; et al. Combined inhibition
of PI3K and PARP is effective in the treatment of ovarian cancer cells with wild-type PIK3CA genes. Gynecol. Oncol. 2016,
142, 548–556. [CrossRef]

24. Mabuchi, S.; Kuroda, H.; Takahashi, R.; Sasano, T. The PI3K/AKT/mTOR pathway as a therapeutic target in ovarian cancer.
Gynecol. Oncol. 2015, 137, 173–179. [CrossRef] [PubMed]

25. Sheppard, K.E.; Cullinane, C.; Hannan, K.M.; Wall, M.; Chan, J.; Barber, F.; Foo, J.; Cameron, D.; Neilsen, A.; Ng, P.; et al.
Synergistic inhibition of ovarian cancer cell growth by combining selective PI3K/mTOR and RAS/ERK pathway inhibitors. Eur.
J. Cancer 2013, 49, 3936–3944. [CrossRef]

26. Hassan, W.; Chitcholtan, K.; Sykes, P.; Garrill, A. A combination of two receptor tyrosine kinase inhibitors, canertinib and
PHA665752 compromises ovarian cancer cell growth in 3D cell models. Oncol. Ther. 2016, 4, 257–274. [CrossRef] [PubMed]

27. Cloughesy, T.F.; Yoshimoto, K.; Nghiemphu, P.; Brown, K.; Dang, J.; Zhu, S.; Hsueh, T.; Chen, Y.; Wang, W.; Youngkin, D.; et al.
Antitumor activity of rapamycin in a Phase I trial for patients with recurrent PTEN-deficient glioblastoma. PLoS Med. 2008, 5, e8.
[CrossRef]

28. Carracedo, A.; Ma, L.; Teruya-Feldstein, J.; Rojo, F.; Salmena, L.; Alimonti, A.; Egia, A.; Sasaki, A.T.; Thomas, G.; Kozma, S.C.
Inhibition of mTORC1 leads to MAPK pathway activation through a PI3K-dependent feedback loop in human cancer. J. Clin.
Investig. 2008, 118, 3065–3074. [CrossRef]

29. Santiskulvong, C.; Konecny, G.E.; Fekete, M.; Chen, K.Y.M.; Karam, A.; Mulholland, D.; Eng, C.; Wu, H.; Song, M.; Dorigo, O.
Dual targeting of phosphoinositide 3-kinase and mammalian target of rapamycin using NVP-BEZ235 as a novel therapeutic
approach in human ovarian carcinoma. Clin. Cancer Res. 2011, 17, 2373–2384. [CrossRef]

30. Brachmann, S.M.; Hofmann, I.; Schnell, C.; Fritsch, C.; Wee, S.; Lane, H.; Wang, S.; Garcia-Echeverria, C.; Maira, S.M. Specific
apoptosis induction by the dual PI3K/mTor inhibitor NVP-BEZ235 in HER2 amplified and PIK3CA mutant breast cancer cells.
Proc. Natl. Acad. Sci. USA 2009, 106, 22299–22304. [CrossRef]

31. Moon, D.G.; Lee, S.E.; Oh, M.M.; Lee, S.C.; Jeong, S.J.; Hong, S.K.; Yoon, C.Y.; Byun, S.S.; Park, H.S.; Cheon, J. NVP-BEZ235, a
dual PI3K/mTOR inhibitor synergistically potentiates the antitumor effects of cisplatin in bladder cancer cells. Int. J. Oncol. 2014,
45, 1027–1035. [CrossRef] [PubMed]

32. Brünner-Kubath, C.; Shabbir, W.; Saferding, V.; Wagner, R.; Singer, C.F.; Valent, P.; Berger, W.; Marian, B.; Zielinski, C.C.; Grusch,
M.; et al. The PI3 kinase/mTOR blocker NVP-BEZ235 overrides resistance against irreversible ErbB inhibitors in breast cancer
cells. Breast Cancer Res. Treat. 2011, 129, 387–400. [CrossRef]

33. Jebahi, A.; Villedieu, M.; Pétigny-Lechartier, C.; Brotin, E.; Louis, M.H.; Abeilard, E.; Giffard, F.; Guercio, M.; Briand, M.;
Gauduchon, P.; et al. PI3K/mTOR dual inhibitor NVP-BEZ235 decreases Mcl-1 expression and sensitizes ovarian carcinoma cells
to Bcl-xL-targeting strategies, provided that Bim expression is induced. Cancer Lett. 2014, 348, 38–49. [CrossRef]

34. Wise-Draper, T.M.; Moorthy, G.; Salkeni, M.A.; Karim, N.A.; Thomas, H.E.; Mercer, C.A.; Beg, M.S.; O’Gara, S.; Olowokure, O.;
Fathallah, H.; et al. A phase Ib study of the dual PI3K/mTOR inhibitor dactolisib (BEZ235) combined with everolimus in patients
with advanced solid malignancies. Target. Oncol. 2017, 12, 323–332. [CrossRef]

35. Massard, C.; Chi, K.N.; Castellano, D.; de Bono, J.; Gravis, G.; Dirix, L.; Machiels, J.P.; Mita, A.; Mellado, B.; Turri, S.; et al. Phase
Ib dose-finding study of abiraterone acetate plus buparlisib (BKM120) or dactolisib (BEZ235) in patients with castration-resistant
prostate cancer. Eur. J. Cancer 2017, 76, 36–44. [CrossRef]

http://dx.doi.org/10.1016/j.yexcr.2013.11.011
http://dx.doi.org/10.1038/nrc2644
http://dx.doi.org/10.1172/JCI59309
http://dx.doi.org/10.1158/0008-5472.CAN-04-2933
http://dx.doi.org/10.1158/1078-0432.CCR-04-2142
http://www.ncbi.nlm.nih.gov/pubmed/15837735
http://dx.doi.org/10.1016/j.ygyno.2004.11.051
http://dx.doi.org/10.1038/cddis.2013.407
http://www.ncbi.nlm.nih.gov/pubmed/24157869
http://dx.doi.org/10.18632/oncotarget.7549
http://dx.doi.org/10.1016/j.ygyno.2016.07.092
http://dx.doi.org/10.1016/j.ygyno.2015.02.003
http://www.ncbi.nlm.nih.gov/pubmed/25677064
http://dx.doi.org/10.1016/j.ejca.2013.08.007
http://dx.doi.org/10.1007/s40487-016-0031-1
http://www.ncbi.nlm.nih.gov/pubmed/28261654
http://dx.doi.org/10.1371/journal.pmed.0050008
http://dx.doi.org/10.1172/JCI34739
http://dx.doi.org/10.1158/1078-0432.CCR-10-2289
http://dx.doi.org/10.1073/pnas.0905152106
http://dx.doi.org/10.3892/ijo.2014.2505
http://www.ncbi.nlm.nih.gov/pubmed/24969552
http://dx.doi.org/10.1007/s10549-010-1232-1
http://dx.doi.org/10.1016/j.canlet.2014.03.001
http://dx.doi.org/10.1007/s11523-017-0482-9
http://dx.doi.org/10.1016/j.ejca.2017.01.024


Cancers 2022, 14, 395 26 of 27

36. Nakayama, N.; Nakayama, K.; Yeasmin, S.; Ishibashi, M.; Katagiri, A.; Iida, K.; Fukumoto, M.; Miyazaki, K. KRAS or BRAF
mutation status is a useful predictor of sensitivity to MEK inhibition in ovarian cancer. Br. J. Cancer 2008, 99, 2020–2028.
[CrossRef] [PubMed]

37. Fernandez, M.L.; Dawson, A.; Hoenisch, J.; Kim, H.; Bamford, S.; Salamanca, C.; DiMattia, G.; Shepherd, T.; Cremona, M.;
Hennessy, B.; et al. Markers of MEK inhibitor resistance in low-grade serous ovarian cancer: EGFR is a potential therapeutic
target. Cancer Cell Int. 2019, 19, 1–17. [CrossRef]

38. Farley, J.; Brady, W.E.; Vathipadiekal, V.; Lankes, H.A.; Coleman, R.; Morgan, M.A.; Mannel, R.; Yamada, S.D.; Mutch, D.;
Rodgers, W.H.; et al. Selumetinib in women with recurrent low-grade serous carcinoma of the ovary or peritoneum: An
open-label, single-arm, phase 2 study. Lancet Oncol. 2013, 14, 134–140. [CrossRef]

39. Florent, R.; Weiswald, L.B.; Lambert, B.; Brotin, E.; Abeilard, E.; Louis, M.H.; Babin, G.; Poulain, L.; N’Diaye, M. Bim, Puma and
Noxa upregulation by Naftopidil sensitizes ovarian cancer to the BH3-mimetic ABT-737 and the MEK inhibitor Trametinib. Cell
Death Dis. 2020, 11, 1–16. [CrossRef] [PubMed]

40. Colombo, I.; Garg, S.; Danesh, A.; Bruce, J.; Shaw, P.; Tan, Q.; Quevedo, R.; Braunstein, M.; Oza, A.M.; Pugh, T.; et al.
Heterogeneous alteration of the ERBB3–MYC axis associated with MEK inhibitor resistance in a KRAS-mutated low-grade serous
ovarian cancer patient. Mol. Case Stud. 2019, 5, a004341. [CrossRef]

41. Morris, E.J.; Jha, S.; Restaino, C.R.; Dayananth, P.; Zhu, H.; Cooper, A.; Carr, D.; Deng, Y.; Jin, W.; Black, S.; et al. Discovery of a
novel ERK inhibitor with activity in models of acquired resistance to BRAF and MEK inhibitors. Cancer Discov. 2013, 3, 742–750.
[CrossRef]

42. Wong, D.J.; Robert, L.; Atefi, M.S.; Lassen, A.; Avarappatt, G.; Cerniglia, M.; Avramis, E.; Tsoi, J.; Foulad, D.; Graeber, T.G.; et al.
Antitumor activity of the ERK inhibitor SCH722984 against BRAF mutant, NRAS mutant and wild-type melanoma. Mol. Cancer
2014, 13, 194. [CrossRef]

43. Carlino, M.S.; Todd, J.R.; Gowrishankar, K.; Mijatov, B.; Pupo, G.M.; Fung, C.; Snoyman, S.; Hersey, P.; Long, G.V.;
Kefford, R.F.; et al. Differential activity of MEK and ERK inhibitors in BRAF inhibitor resistant melanoma. Mol. Oncol. 2014,
8, 544–554. [CrossRef] [PubMed]

44. Hassan, W.; Chitcholtan, K.; Sykes, P.; Garrill, A. Ascitic fluid from advanced ovarian cancer patients compromises the activity of
receptor tyrosine kinase inhibitors in 3D cell clusters of ovarian cancer cells. Cancer Lett. 2018, 420, 168–181. [CrossRef] [PubMed]

45. Chitcholtan, K.; Harker, D.; Simcock, B.; Sykes, P. Sensitivity of EGFR/HER-2 Positive Cells Isolated from Ascitic Fluid of
Advanced Ovarian Cancer Patients to EGFR/HER-2 Inhibitors. Appl. Sci. 2020, 10, 2343. [CrossRef]

46. Nyga, A.; Cheema, U.; Loizidou, M. 3D tumor models: Novel in vitro approaches to cancer studies. J. Cell Commun. Signal. 2011,
5, 239. [CrossRef]

47. Lee, J.M.; Mhawech-Fauceglia, P.; Lee, N.; Parsanian, L.C.; Lin, Y.G.; Gayther, S.A.; Lawrenson, K. A three-dimensional
microenvironment alters protein expression and chemosensitivity of epithelial ovarian cancer cells in vitro. Lab. Investig. 2013,
93, 528.

48. Zietarska, M.; Maugard, C.M.; Filali-Mouhim, A.; Alam-Fahmy, M.; Tonin, P.N.; Provencher, D.M.; Mes-Masson, A.M. Molecular
description of a 3D in vitro model for the study of epithelial ovarian cancer (EOC). Mol. Carcinog. Publ. Coop. Univ. Tex. MD
Anderson Cancer Cent. 2007, 46, 872–885. [CrossRef]

49. Nii, T.; Makino, K.; Tabata, Y. Three-dimensional culture system of cancer cells combined with biomaterials for drug screening.
Cancers 2020, 12, 2754. [CrossRef]

50. Han, H. W.; Hsu, S. H. Chitosan-hyaluronan based 3D co-culture platform for studying the crosstalk of lung cancer cells and
mesenchymal stem cells. Acta Biomater. 2016, 42 , 157–167. [CrossRef] [PubMed]

51. Chaicharoenaudomrung, N.; Kunhorm, P.; Noisa, P. Three-dimensional cell culture systems as an in vitro platform for cancer and
stem cell modeling. World J. Stem Cells 2019, 11, 1065. [CrossRef]

52. Pan, Y.; Jiang, D.; Gu, C.; Qiu, Y.; Wan, H.; Wang, P. 3D microgroove electrical impedance sensing to examine 3D cell cultures for
antineoplastic drug assessment. Microsyst. Nanoeng. 2020, 6, 1–10. [CrossRef]

53. Wong, C. W.; Han, H. W.; Tien, Y. W.; Hsu, S. H. Biomaterial substrate-derived compact cellular spheroids mimicking the behavior
of pancreatic cancer and microenvironment. Biomaterials 2019, 213, 119202. [CrossRef]

54. Sapudom, J.; Kalbitzer, L.; Wu, X.; Martin, S.; Kroy, K.; Pompe, T. Fibril bending stiffness of 3D collagen matrices instructs
spreading and clustering of invasive and non-invasive breast cancer cells. Biomaterials 2019, 193, 47–57. [CrossRef] [PubMed]

55. Folkesson, E.; Niederdorfer, B.; Nakstad, V. T.; Thommesen, L.; Klinkenberg, G.; Lægreid, A.; Flobak, Å. High-throughput
screening reveals higher synergistic effect of MEK inhibitor combinations in colon cancer spheroids. Sci. Rep. 2020, 10, 11574.

56. Chou, T.C. Drug combination studies and their synergy quantification using the Chou-Talalay method. Cancer Res. 2010,
70, 440–446. [CrossRef] [PubMed]

57. Foty, R. A simple hanging drop cell culture protocol for generation of 3D spheroids. JoVE 2011, 51, e2720. [CrossRef]
58. Piccinini, F. AnaSP: A software suite for automatic image analysis of multicellular spheroids. Comput. Methods Programs Biomed.

2015, 119, 43–52. [CrossRef] [PubMed]
59. Zanoni, M.; Piccinini, F.; Arienti, C.; Zamagni, A.; Santi, S.; Polico, R.; Bevilacqua, A.; Tesei, A. 3D tumor spheroid models for in

vitro therapeutic screening: A systematic approach to enhance the biological relevance of data obtained. Sci. Rep. 2016, 6, 19103.
[CrossRef] [PubMed]

http://dx.doi.org/10.1038/sj.bjc.6604783
http://www.ncbi.nlm.nih.gov/pubmed/19018267
http://dx.doi.org/10.1186/s12935-019-0725-1
http://dx.doi.org/10.1016/S1470-2045(12)70572-7
http://dx.doi.org/10.1038/s41419-020-2588-8
http://www.ncbi.nlm.nih.gov/pubmed/32424251
http://dx.doi.org/10.1101/mcs.a004341
http://dx.doi.org/10.1158/2159-8290.CD-13-0070
http://dx.doi.org/10.1186/1476-4598-13-194
http://dx.doi.org/10.1016/j.molonc.2014.01.003
http://www.ncbi.nlm.nih.gov/pubmed/24476679
http://dx.doi.org/10.1016/j.canlet.2018.02.013
http://www.ncbi.nlm.nih.gov/pubmed/29432847
http://dx.doi.org/10.3390/app10072343
http://dx.doi.org/10.1007/s12079-011-0132-4
http://dx.doi.org/10.1002/mc.20315
http://dx.doi.org/10.3390/cancers12102754
http://dx.doi.org/10.1016/j.actbio.2016.06.014
http://www.ncbi.nlm.nih.gov/pubmed/27296841
http://dx.doi.org/10.4252/wjsc.v11.i12.1065
http://dx.doi.org/10.1038/s41378-020-0130-x
http://dx.doi.org/10.1016/j.biomaterials.2019.05.013
http://dx.doi.org/10.1016/j.biomaterials.2018.12.010
http://www.ncbi.nlm.nih.gov/pubmed/30554026
http://dx.doi.org/10.1158/0008-5472.CAN-09-1947
http://www.ncbi.nlm.nih.gov/pubmed/20068163
http://dx.doi.org/10.3791/2720
http://dx.doi.org/10.1016/j.cmpb.2015.02.006
http://www.ncbi.nlm.nih.gov/pubmed/25737369
http://dx.doi.org/10.1038/srep19103
http://www.ncbi.nlm.nih.gov/pubmed/26752500


Cancers 2022, 14, 395 27 of 27

60. Mokhtari, R.B.; Homayouni, T.S.; Baluch, N.; Morgatskaya, E.; Kumar, S.; Das, B.; Yeger, H. Combination therapy in combating
cancer. Oncotarget 2017, 8, 38022. [CrossRef]

61. Chou, T.C. Theoretical basis, experimental design, and computerized simulation of synergism and antagonism in drug combina-
tion studies. Pharmacol. Rev. 2006, 58, 621–681. [CrossRef]

62. Cai, L.; Xu, G.; Shi, C.; Guo, D.; Wang, X.; Luo, J. Telodendrimer nanocarrier for co-delivery of paclitaxel and cisplatin: A
synergistic combination nanotherapy for ovarian cancer treatment. Biomaterials 2015, 37, 456–468. [CrossRef] [PubMed]

63. Oliveras-Ferraros, C.; Vazquez-Martin, A.; Colomer, R.; De Llorens, R.; Brunet, J.; Menendez, J.A. Sequence-dependent synergism
and antagonism between paclitaxel and gemcitabine in breast cancer cells: The importance of scheduling. Int. J. Oncol. 2008,
32, 113–120. [CrossRef] [PubMed]

64. Mayer, L.D.; Janoff, A.S. Optimizing combination chemotherapy by controlling drug ratios. Mol. Interv. 2007, 7, 216. [CrossRef]
65. Morelli, M.P.; Cascone, T.; Troiani, T.; De Vita, F.; Orditura, M.; Laus, G.; Eckhardt, S.; Pepe, S.; Tortora, G.; Ciardiello, F.

Sequence-dependent antiproliferative effects of cytotoxic drugs and epidermal growth factor receptor inhibitors. Ann. Oncol.
2005, 16, iv61–iv68. [CrossRef]

66. Gao, Y.; Shan, N.; Zhao, C.; Wang, Y.; Xu, F.; Li, J.; Yu, X.; Gao, L.; Yi, Z. LY2109761 enhances cisplatin antitumor activity in
ovarian cancer cells. Int. J. Clin. Exp. Pathol. 2015, 8, 4923.

67. Oishi, T.; Itamochi, H.; Kudoh, A.; Nonaka, M.; Kato, M.; Nishimura, M.; Oumi, N.; Sato, S.; Naniwa, J.; Sato, S.; et al. The
PI3K/mTOR dual inhibitor NVP-BEZ235 reduces the growth of ovarian clear cell carcinoma. Oncol. Rep. 2014, 32, 553–558.
[CrossRef]

68. Le, X.F.; Mao, W.; Lu, Z.; Carter, B.Z.; Bast, R.C., Jr. Dasatinib induces autophagic cell death in human ovarian cancer. Cancer
2010, 116, 4980–4990. [CrossRef]

69. Zhang, N.; Qi, Y.; Wadham, C.; Wang, L.; Warren, A.; Di, W.; Xia, P. FTY720 induces necrotic cell death and autophagy in ovarian
cancer cells: A protective role of autophagy. Autophagy 2010, 6, 1157–1167. [CrossRef] [PubMed]

70. Mathew, R.; Karantza-Wadsworth, V.; White, E. Role of autophagy in cancer. Nat. Rev. Cancer 2007, 7, 961–967. [CrossRef]
[PubMed]

71. Wang, J.; Wu, G.S. Role of autophagy in cisplatin resistance in ovarian cancer cells. J. Biol. Chem. 2014, 289, 17163–17173.
[CrossRef] [PubMed]

72. Domcke, S.; Sinha, R.; Levine, D.A.; Sander, C.; Schultz, N. Evaluating cell lines as tumor models by comparison of genomic
profiles. Nat. Commun. 2013, 4, 2126. [CrossRef] [PubMed]

73. Sun, C.; Fang, Y.; Yin, J.; Chen, J.; Ju, Z.; Zhang, D.; Chen, X.; Vellano, C.P.; Jeong, K.J.; Ng, P.K.S.; et al. Rational combination
therapy with PARP and MEK inhibitors capitalizes on therapeutic liabilities in RAS mutant cancers. Sci. Transl. Med. 2017, 9, 392.
[CrossRef]

74. Raghavan, S.; Ward, M.R.; Rowley, K.R.; Wold, R.M.; Takayama, S.; Buckanovich, R.J.; Mehta, G. Formation of stable small cell
number three-dimensional ovarian cancer spheroids using hanging drop arrays for preclinical drug sensitivity assays. Gynecol.
Oncol. 2015, 138, 181–189. [CrossRef]

75. Ong, S.M.; Zhao, Z.; Arooz, T.; Zhao, D.; Zhang, S.; Du, T.; Wasser, M.; van Noort, D.; Yu, H. Engineering a scaffold-free 3D tumor
model for in vitro drug penetration studies. Biomaterials 2010, 31, 1180–1190. [CrossRef]

76. Sant, S.; Johnston, P.A. The production of 3D tumor spheroids for cancer drug discovery. Drug Discov. Today Technol. 2017,
23, 27–36. [CrossRef]

77. Gunay, G.; Kirit, H.A.; Kamatar, A.; Baghdasaryan, O.; Hamsici, S.; Acar, H. The effects of size and shape of the ovarian cancer
spheroids on the drug resistance and migration. Gynecol. Oncol. 2020, 159, 563–572. [CrossRef]

78. Hirschhaeuser, F.; Menne, H.; Dittfeld, C.; West, J.; Mueller-Klieser, W.; Kunz-Schughart, L. A Multicellular tumor spheroids: An
underestimated tool is catching up again. J. Biotechnol. 2010, 148, 3–15. [CrossRef]

79. Selvendiran, K.; Bratasz, A.; Kuppusamy, M. L.; Tazi, M. F.; Rivera, B. K.; Kuppusamy, P. Hypoxia induces chemoresistance
in ovarian cancer cells by activation of signal transducer and activator of transcription 3. Int. J. Cancer 2009, 125, 2198–2204.
[CrossRef] [PubMed]

80. Liao, J.; Qian, F.; Tchabo, N.; Mhawech-Fauceglia, P.; Beck, A.; Qian, Z.; Wang, X.; Huss, W.J.; Lele, S.B.; Morrison, C.D.; et al.
Ovarian cancer spheroid cells with stem cell-like properties contribute to tumor generation, metastasis and chemotherapy
resistance through hypoxia-resistant metabolism. PLoS ONE 2014, 9,e84941. [CrossRef]

81. Shuford, S.; Wilhelm, C.; Rayner, M.; Elrod, A.; Millard, M.; Mattingly, C.; Lotstein, A.; Smith, A.M.; Guo, Q.J.; O’Donnell, L.; et al.
Prospective Validation of an Ex Vivo, Patient-Derived 3D Spheroid Model for Response predictions in newly Diagnosed ovarian
cancer. Sci. Rep. 2019, 9, 11153. [CrossRef] [PubMed]

http://dx.doi.org/10.18632/oncotarget.16723
http://dx.doi.org/10.1124/pr.58.3.10
http://dx.doi.org/10.1016/j.biomaterials.2014.10.044
http://www.ncbi.nlm.nih.gov/pubmed/25453973
http://dx.doi.org/10.3892/ijo.32.1.113
http://www.ncbi.nlm.nih.gov/pubmed/18097549
http://dx.doi.org/10.1124/mi.7.4.8
http://dx.doi.org/10.1093/annonc/mdi910
http://dx.doi.org/10.3892/or.2014.3268
http://dx.doi.org/10.1002/cncr.25426
http://dx.doi.org/10.4161/auto.6.8.13614
http://www.ncbi.nlm.nih.gov/pubmed/20935520
http://dx.doi.org/10.1038/nrc2254
http://www.ncbi.nlm.nih.gov/pubmed/17972889
http://dx.doi.org/10.1074/jbc.M114.558288
http://www.ncbi.nlm.nih.gov/pubmed/24794870
http://dx.doi.org/10.1038/ncomms3126
http://www.ncbi.nlm.nih.gov/pubmed/23839242
http://dx.doi.org/10.1126/scitranslmed.aal5148
http://dx.doi.org/10.1016/j.ygyno.2015.04.014
http://dx.doi.org/10.1016/j.biomaterials.2009.10.049
http://dx.doi.org/10.1016/j.ddtec.2017.03.002
http://dx.doi.org/10.1016/j.ygyno.2020.09.002
http://dx.doi.org/10.1016/j.jbiotec.2010.01.012
http://dx.doi.org/10.1002/ijc.24601
http://www.ncbi.nlm.nih.gov/pubmed/19623660
http://dx.doi.org/10.1371/journal.pone.0084941
http://dx.doi.org/10.1038/s41598-019-47578-7
http://www.ncbi.nlm.nih.gov/pubmed/31371750

	Introduction
	Materials and Methods
	Cell Lines, Media and Culturing
	Generation of 2D Monolayer and 3D Aggregate Cultures
	Treatment with BEZ235 and SCH772984
	Trypan Blue Exclusion Assays to Measure Proliferation
	Determination of Synergistic Interactions
	Hanging Drop Culture for Spheroids
	Determination of Changes in Size and Morphology of the Hanging Drop Aggregates
	Propidium Iodide Staining and Sectioning
	Annexin-V FITC and Propidium Iodide Staining for Apoptosis
	Statistical Analysis

	Results
	The Effects of BEZ235 on Cell Viability in Cell Monolayers and Aggregates of OV-90, OVCAR8, OVCAR5 and SKOV3 Cell Lines
	The Effect of SCH772984 on Cell Viability in Monolayers and Aggregates of OV-90, OVCAR8, OVCAR5 and SKOV3 Cell Lines
	The Effect of the Combination of BEZ235 and SCH772984 on Cell Viability in Monolayers and Aggregates of OV-90, OVCAR8, OVCAR5 and SKOV3 Cell Lines
	The Effect of BEZ235 and SCH77298, Alone and in Combination, on Apoptosis in Monolayers and Aggregates of OV-90, OVCAR8, OVCAR5 and SKOV3 Cell Lines
	Morphology of OV-90 and OVCAR8 Forced Suspension Aggregates and Hanging Drop Spheroids
	Comparison of the Anti-Proliferative Effect of BEZ235 and SCH772984 in OV-90 and OVCAR8 Aggregates and Spheroids
	Synergistic Interaction of the Combination of BEZ235 and SCH772984 in OV-90 Aggregates and Spheroids
	The Effect of BEZ235 and SCH772984, Alone and in Combination, on the Equivalent Diameter and Sphericity of OV-90 Spheroids

	Discussion
	Conclusions
	
	References

