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A B S T R A C T

High-grade serous cancer is the most common type of ovarian cancer and is usually diagnosed at advanced stages 
with high mortality due to recurrence and eventual resistance to standard platinum therapy. The aim of this 
study was to compare two-dimensional (2D) versus tridimensional (3D) cell culture as a preclinical model of 
response to carboplatin, paclitaxel and niraparib using PEO1, PEO4 and PEO6 cell lines, which were generated 
from the same patient along disease progression. Morphologically, cells formed flat adherent layers versus 
spheroidal structures with different compaction patterns in 2D and 3D respectively. In 2D, apoptosis was rare 
whereas in 3D cells formed a multilayered structure with an outer layer of live proliferating cells and an inner 
core of apoptotic cells. Furthermore, a differential capacity to produce ATP was observed among the cell lines in 
3D but not in 2D. While response to carboplatin, paclitaxel and niraparib in both settings followed a similar 
trend, a lower sensitivity was observed in 3D with respect to 2D. Overall, 3D cell culture is likely more reflective 
of the in vivo cellular tumor behavior and more suitable of therapeutic evaluation given its added complexity 
absent in 2D.

1. Introduction

Ovarian cancer is the fourth most common gynecologic cancer and is 
associated with a high mortality rate [1]. High grade serous ovarian 
cancer (HGSOC) is the most common histological subtype that is usually 
diagnosed at advanced stages and accounts for the highest mortality [2]. 
Platinum-based therapy has been the cornerstone of treatment with 
introduction of PARP inhibitors as maintenance therapy, especially for 
patients with homologous recombination deficiencies such as BRCA 
mutations [3]. In predicting therapeutic response, preclinical models 
that recapitulate the complexity of in vivo tumors are needed. The 

commonly used 2D cell culture model is economical but is simplified and 
may not mimic essential in vivo cellular organization and interactions. 
Cells in anchorage-free 3D culture model mimics in vivo poor vascular
ized conditions, in which the multilayered structure and their nutrients, 
pH, and oxygen concentration gradients, offer a complex preclinical 
model for in vitro experiments that bridges the gap between 2D cell 
culture and animal models for drug testing [4–11]. The multicellular 
tumor spheroid (MCTS) model consists of cancer cells in a single sus
pension that are prevented to adhere to a substrate and that grow with 
fetal bovine serum and without adding extracellular matrix (ECM) [12]. 
The aim of this study was to compare the biological and morphological 
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adaptation of HGSOC cell lines along the disease progression grown on a 
3D environment with respect to morphology, viability, and drug 
response, and contrasted with the 2D adaptation. These HGSOC cell 
lines were developed from the same patient offering unique features 
acquired during disease advancement.

2. Material and methods

2.1. Cell lines

PEO1 were generated after response to first diagnosis post platinum- 
based therapy when the patient was still platinum sensitive, PEO4 were 
obtained after first recurrence when platinum resistance was already 
manifested, whereas PEO6 were obtained prior to the death of the pa
tient just a few months after obtaining PEO4 [13]. All cells were derived 
from a single patient with HGSOC (kindly provided by Dr. Taniguchi, 
University of Washington, USA) [14,15]. A schematic showing the 
timeline of cell line development was elegantly published in 2010 [15]. 
PEO1 have been found to be mutant for BRCA2 while PEO4 and PEO6 
have a reversal mutation that reconstitutes the BRCA2 wild-type status 
[14]. All cell lines were authenticated using autosomal short tandem 
repeat (STR) profiling markers showing a ≥80 % match between the 
cells used in this study. The SRT authentication profile was recently 
published in a manuscript from our laboratory [16].

2.2. Culture environment

Flat-bottom T75 flasks (Thermo Fisher Scientific, Rochester, NY, 
USA) and 96-well plates (Corning Incorporated, Kennebunk, ME, USA) 
were used in 2D. For 3D, 96-well transparent (Corning Incorporated, 
Kennebunk, ME, USA) or white (S-BIO, Hudson, NH, USA) ultra-low 
attachment round-bottom plates (ULAPs) were used to facilitate sphe
roidal formation [17]. Cells were maintained in RPMI 1640 medium 
(Gibco, Grand Island, NY, USA) prepared in HyPure cell culture grade 
water (Cytiva, Logan, UT, USA) and supplemented with 10 mM HEPES 
(Corning), 10 mL penicillin (Corning), 200 mM glutamine (Glutamax, 
Corning), 10 μg/mL insulin (Gibco), 10 mL sodium pyruvate (Corning), 
5 % fetal bovine serum (Corning), 5 % bovine serum (Corning) and 23.8 
mM sodium bicarbonate (Millipore Sigma, St. Louis, MO, USA) at a 
constant temperature of 37 ◦C in a humidified atmosphere of 5 % CO2. 
Media was changed every 48–72 h when cells were cultured in 
flat-bottom T75 flasks. For morphological analysis, cells were plated in 
cell culture-treated flat-bottom T75 flasks for 2D while 5000 cells/well 
were plated in ULAPs for 3D. For the Live/Dead, apoptosis, prolifera
tion, and drug testing experiments, 5000 cells/well were plated in 
flat-bottom plates and ULAPs for 2D and 3D respectively. For the ATP 
quantitation assay, 10000 and 5000 cells/well were plated for 2D and 
3D respectively to maximize cell adhesion during the 24-h incubation 
period in flat-bottom plates. For the Live/Dead assay positive controls, 
PEO1, PEO4 and PEO6 cells were plated with 5000 cells/well for 2D 
culture while PEO6 cells were plated with 5000 cells/well for 3D cul
ture. For the apoptosis detection assay positive control in 2D, PEO1 and 
PEO4 cells were plated with 5000 cells/well.

2.3. Morphological analysis

The morphology of the cells in flat-bottom flasks was assessed at one 
and five days for PEO1 and PEO4 which is enough time for the cells to 
stablish a representative adherent component, while two and seven days 
for PEO6 is required to establish its adherent phenotype. Cell arrange
ment in ULAPs was assessed at one, four and seven days for compaction 
level defined as the average cross-sectional area of three wells per cell 
line determined using ToupView Software (OMAX, USA). A decrease in 
average cross-sectional area with time represented an increase in 
compactness.

2.4. Cell viability assay

The viability of the cells was assessed using the Live/Dead cell assay. 
After four days in the plates for 2D culture and four and seven days for 
3D culture, Calcein-AM (live cells indicator), EthD-1 (dead cells indi
cator) (Live/Dead Viability/Cytotoxicity Kit, Thermo Fisher Scientific, 
Eugene, OR, USA), and the NucBlue™ ReadyProbes™ reagent (nuclei 
indicator) (Thermo Fisher Scientific, Eugene, OR, USA) were added to 
the cells followed by imaging. For the positive control, the cells were 
fixed with a 4 % PFA solution on day four before undergoing the Live/ 
Dead assay to facilitate penetration of the non-permeable dead cells 
indicator and disruption of the esterase activity indicator of cell 
viability.

2.5. Apoptosis detection assay

The method of cell death was assessed using a CellEvent™ Caspase- 
3/7 assay. After three days in the plates for 2D and three and six days for 
3D, the CellEvent™ Caspase-3/7 Green ReadyProbes™ reagent (Thermo 
Fisher Scientific) was added to the cells. 24 h later, caspase-3/7 acti
vation was assessed and NucBlue™ ReadyProbes™ reagent was added 
for nuclei detection. Since we have found recently that the gold complex 
auranofin [18] causes apoptosis in PEO1 and PEO4 cells [19], a positive 
control in which the two cell lines were exposed to the drug was 
included. PEO1 and PEO4 cells were plated in three groups: caspase-3/7 
and DMSO (Corning) (vehicle group), caspase-3/7, DMSO and auranofin 
2 μM, and caspase-3/7, DMSO and auranofin 4 μM.

2.6. Proliferation detection assay

The Click-iT EdU cell proliferation assay (Click-iT EdU Alexa Fluor 
594 Imaging Kit, Thermo Fisher Scientific), which assesses the incor
poration of a fluorescently labeled mimetic of the thymidine nucleotide, 
EdU, into newly synthesized DNA to indicate cells with ongoing DNA 
synthesis, was used to assess proliferation. After three days in the plates 
for 2D culture and three and six days for 3D culture, 10 μM of EdU 
dissolved in DMSO were added to the cells [16]. 24 h later, the Click-iT 
solution containing an EdU reaction buffer, copper (III) sulfate, the 
Alexa Fluor 594 azide dye and a Click-iT EdU buffer additive as well as 
Hoechst (nuclei indicator) were added to the cells followed by imaging.

2.7. ATP quantitation assay

The CellTiter-Glo luminescent and 3D cell viability assays (Promega 
Corporation, Madison, WI, USA) were used. After 24 h in the flat-bottom 
plate and four and seven days in the ULAPs, the CellTiter-Glo reagent 
was added to the cells followed by shaking on an orbital shaker and 
finally plate reading. A negative control for the CellTiter-Glo assays was 
included by adding the CellTiter-Glo reagent to three wells without cells.

2.8. Drug testing

Drug response was assessed using the CellTiter-Glo luminescent and 
3D cell viability assays as described above. After four days in the ULAPs, 
the cells were exposed to carboplatin (25 μM, 50 μM, 100 μM or 200 
μM), paclitaxel (1.25 μM, 2.5 μM, 5 μM or 10 μM) or the PARP inhibitor 
niraparib (2 μM, 4 μM, 8 μM or 16 μM). Cell lines were kept for four days, 
point of maximal compaction, in the plates before drug exposure. The 
concentrations of the drugs utilized comprised lower and higher con
centrations than the Cmax values recommended for in vitro studies, 135 
μM for carboplatin and 4.27 μM for paclitaxel [20]. Since no data was 
available for niraparib, the Cmax of olaparib, 13.1 μM, was used instead.

2.9. Statistical analysis

Experiments were done with three to seven replicates for each cell 

N. El Mokbel et al.                                                                                                                                                                                                                             Biochemistry and Biophysics Reports 40 (2024) 101838 

2 



line in each experiment; experiments were repeated twice with similar 
outcome. Analysis for the ATP quantitation assays results was performed 
using one-way ANOVA followed by the Tukey’s multiple comparison 
test. For the cross-sectional areas and drug testing results analysis, we 
performed two-way ANOVA followed by the Dunnett’s multiple com
parison test. For the CellEvent™ Caspase-3/7 and Click-iT EdU Cell 
Proliferation assay results, statistical analysis was performed using un
paired t-test.

2.10. Plate imaging and reading parameters

BioTek Cytation3 Imaging Reader and Gen5 software were used for 
fluorescent and luminescent plate imaging. For the Live/Dead assay, the 
excitation and emission values were set as follows: green 494 nm and 
516 nm, red 528 nm and 617 nm, and blue 359 nm and 461 nm. For the 
apoptosis detection assay, the excitation and emission values were set as 
follows: green 502 nm and 530 nm, blue 359 nm and 461 nm. For the 
cell proliferation detection assay, the excitation and emission values 
were set as follows: red 590 nm and 615 nm, blue 359 nm and 461 nm.

3. Results

3.1. Morphology

In 2D culture, all cells formed monolayers and islands of uniform 
polygonal cells (Fig. 1a) [13]. PEO1 had an elongated shape whereas 
PEO4 and PEO6 tended to grow on top of each other. In ULAP, all cell 
lines formed 3D spheroidal structures which became more compacted 
(decrease in average cross-sectional area) from day one to four 
(Fig. 1b–s1). From day four to seven, compaction remained stable in 
PEO1 while PEO4 and PEO6 reached maximum compactness at day four 
and became less compacted at day seven. At days four and seven, the 
average cross-sectional area of PEO1 was smaller than that of PEO4 
which was smaller than that of PEO6 (Fig.s1).

3.2. Cell viability

In 2D, cells displayed a homogeneous and flat green viable culture 
with minimal red cell toxicity (Fig. 2a). On Fig. s4 and Fig. s5 cells on 2D 
and 3D respectively were fixed allowing the non-permeable 

Fig. 1. Morphology in 2D cultures and 3D cultures. A) PEO1 and PEO4 cells at days one and five and PEO6 cells at days two and seven in flat-bottom T75 flasks. Scale 
bars = 50 μm. B) PEO1, PEO4 and PEO6 cells at days one, four, and seven in ULAPs. Scale bars = 200 μm.
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fluorochrome to enter the cells and demonstrating the positive control of 
the dead fluorochrome indicator. In 3D, cells displayed an outer layer of 
live cells at the periphery of the spheroidal structures and an inner layer 
of dead cells in the center, but at different time points (Fig. 2b–s3). Two 
days after plating, the structures of PEO1, PEO4, and PEO6 had few dead 
cells. Four days after plating, the structures had an almost fully devel
oped core of dead cells mainly for PEO1 and PEO4 which developed a 
more compact spheroid, while at seven days after plating, the structures 
had no visible dead cells in the center. The spheroidal structures of PEO6 
had few dead cells at day four, and at day seven after plating, the 
structures had an empty whole in the center. Calcein-AM (live cells) and 
EthD-1 (dead cells) fluorescence units graphs show that from two to 
seven days after plating, PEO1 had a decrease in the levels of live and 
dead cells while PEO4 had no significant change in the levels of live cells 
but had a decrease in the levels of dead cells (Fig.s2). Across the three 
time-points, PEO6 had no significant change in the levels of live and 
dead cells. In summary PEO1 and PEO4 had a slight decrease in cell 
viability at day four but did not went further on day seven when 
compared to day two, while cell death seems to decrease at day seven 
but with an empty core.

3.3. Apoptosis detection

In 2D, only a few apoptotic cells were scattered randomly on the 

bottom of the plates across all cell lines (Fig. 3a). In 3D, PEO1 apoptotic 
cell death was confined to the center of the spheroidal structures at day 
four and seven, while PEO4 and PEO6 cell death occurs in the center of 
the spheroidal structures at day four and was spread all over the sphe
roidal structures at day seven (Fig. 3b). Green fluorescence relative units 
indicate that PEO1 apoptosis levels decreased from day four to seven but 
did not change significantly during the same time for PEO4 and PEO6 
(Fig. 3b) A positive control to test the caspase 3/7 reagent is provided in 
Fig. s6.

3.4. DNA synthesis pattern reflective of cell proliferation

In 2D, DNA synthesis in PEO1, PEO4 and PEO6 across the plates’ 
surface was detected as indicated by the purple fluorescence (i.e., a 
superposition of red and blue) (Fig. 3c). The percentages of positive 
nuclear EdU indicate that DNA synthesis levels in 2D of PEO1 were 
higher than those of PEO4 and PEO6, reaching statistical significance 
only with PEO4 (Fig. 3c). In 3D culture, the three cell lines were found to 
proliferate mostly in the outer layer of the cellular structures (Fig. 3d). 
Averaging relative red fluorescence units indicate that the DNA syn
thesis level of all three cell lines did not change significantly from day 
four to seven (Fig. 3d).

Fig. 2. Viability in 2D cultures and 3D cultures. A) Live (Green)/Dead (Red) images at day four in flat-bottom plates. Scale = 1000 μm. B) Live (Green)/Dead (Red) at 
days two, four, and seven in ULAPs. Scale bars = 500 μm. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version 
of this article.)
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Fig. 3. Cell death and proliferation in 2D cultures and 3D cultures. A) Green and blue indicate apoptosis and nuclear staining respectively. Scale bars = 125 μm. B) 
The graphs represent the Caspase-3/7 activation in green fluorescence units. **p < 0.01. Scale bars = 500 μm. C) Red and blue indicate proliferation and nuclear 
staining respectively and purple is the superposition of red and blue. The percentages of positive nuclear EdU indicative of DNA synthesis levels four days after 
plating are shown in the graph. ** means p < 0.01. Scale bars = 125 μm. D) The graphs represent the cell proliferation assay; red fluorescence units results are 
indicative of proliferation levels. Scale bars = 200 μm. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of 
this article.)
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3.5. Metabolic activity

In 2D, the three cell lines produced levels of ATP that differed slightly 
from each other with PEO6 producing a higher amount of ATP followed 
by PEO1 and then PEO4 24 h after plating (Fig. 4a). In 3D, at days four 
and seven, it was found that PEO6 produced approximately four times 
more ATP than PEO4 followed by PEO1 that produced approximately 
eight times less ATP than PEO6 (Fig. 4b).

3.6. Drug testing

In 2D, all four concentrations of carboplatin reduced ATP levels in a 
concentration-dependent manner in PEO1 cells while only 100 μM and 
200 μM caused a decrease of ATP in PEO4 cells (Fig. 4c). The production 
of ATP in PEO6 cells increased at 25 μM and 50 μM of carboplatin with 
no effect at 100 μM and decreased only at 200 μM. The ATP levels in all 

three cell lines were found to be reduced by paclitaxel to a similar extent 
at the four concentrations used. Only 4 μM, 8 μM and 16 μM of niraparib 
caused a decrease in ATP levels in PEO1 cells while none of the con
centrations had a significant effect on PEO4 and PEO6 cells. In 3D, the 
ATP production in PEO1 and PEO4 decreased when exposed to carbo
platin in a concentration-dependent manner, although to a lesser extent 
in PEO4 reflecting their platinum resistance (Fig. 4c). The production of 
ATP in 3D PEO6 cells increased at 25 μM, 50 μM and 100 μM of car
boplatin with no effect at 200 μM, indicating that the cells from 
advanced disease become more resistant and that the adaptation to 
anchorage-free environment illustrates better this intrinsic behavior. 
The levels of ATP in all three cell lines were found to be reduced by 
paclitaxel to a similar extent at the four concentrations used. Only 8 μM 
and 16 μM of niraparib caused a decrease in ATP levels in PEO1 cells 
while none of the concentrations had a significant effect on PEO4 and 
PEO6 cells, supporting that these serial cells lines retained the resistance 

Fig. 4. Metabolic activity and drug response in 2D cultures and 3D cultures. A) ATP production levels on 2D 24 h after plating. B) ATP production levels on 3D four 
and seven days after plating. ** means p < 0.01 and *** means p < 0.001. C) Drug response to carboplatin, paclitaxel and niraparib through ATP production levels on 
2D and 3D contrasted to 100 % of vehicle. *p < 0.05, **p < 0.01, ***p < 0.001.
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acquired in vivo during disease advancement. When the drug had an 
impact on cellular ATP production, it was found to be less effective in 3D 
than in 2D.

4. Discussion

This study compared cellular adaptation on 3D anchorage-free 
environment of HGSOC cell lines from the same patient at different 
times during disease evolution and different BRCA statuses and con
trasted to regular 2D environment. The behavior of PEO1, PEO4 and 
PEO6 cells, in terms of morphology, viability, metabolic activity, and 
drug response, demonstrated greater complexity in 3D culture compared 
to a more uniform response in 2D culture. Consistent with previous 
literature, drug response in flat- and round-bottom plates followed a 
similar trend with lower sensitivity to the drugs observed in the 3D 
culture setting. For instance, Lee et al. compared the biological and 
molecular features of 31 epithelial ovarian cancer cell lines with 2D 
cultures and primary tumors and found that the cells were more che
moresistant in 3D compared with 2D culture [21]. Furthermore, 
Muguruma et al. investigated differences in drug sensitivities between 
2D and 3D culture systems in triple-negative breast cancer cell lines and 
found that cells were more chemoresistant in 3D than 2D [22].

While no specific pattern of live and apoptotic cells was observed in 
2D, cells within the spheroids formed in 3D culture had different levels 
of viability and death associated with their proliferative capacity and 
apoptotic state. In general, live proliferating cells were present at the 
periphery while apoptotic cells accumulated in the center. Such 
behavior correlates with findings in previous studies that highlight the 
similarity of such pattern to the cellular behavior of in vivo tumors as 
limited nutrients and agents penetration in the center generates a 
healthy outer layer of cells with high proliferative ability and a hypoxic 
dead core [6,23]. The observed decrease in drug sensitivity in 3D could 
thus be attributed to the reduced access of chemotherapy agents to in
ternal cells in the un-vascularized 3D spheroids due to their structure 
characterized by a metabolite density gradient [8,22,24,25].

In this study, the effect of carboplatin observed in PEO1 (platinum- 
sensitive) and PEO4 (platinum-resistant) in 2D and 3D culture corre
lated with the cell lines’ platinum sensitivity described [15,16]. The 
effect of paclitaxel on the three cell lines was stronger in 2D than 3D, 
independent of the concentrations used. Considering that PEO1 is 
mutant for BRCA2 while PEO4 and PEO6 carry a BRCA2 reversion, the 
result that niraparib had an effect on PEO1 but not PEO4 and PEO6 
reinforces that the cell lines used are good models to study for drug 
response [15,26]. Moreover, the fact that PEO4 and PEO6 did not 
respond to niraparib in both 2D, and 3D suggests that when cells do not 
respond to a drug, the lack of response will be apparent in both models. 
Therefore, when designing drug screening experiments while being 
cautious of the technique used, it would be useful to evaluate the cells’ 
drug response in 2D culture first since it is a simpler and more 
economical model to use than 3D. If the cells respond to the drug, the 
response can be confirmed with more concordance with the in vivo 
response using the 3D model [27].

For PEO1, PEO4 and PEO6, the spheroidal structures became more 
compact from day one to four. From day four to seven, PEO1 had a 
decrease in apoptosis and viability without significant change in pro
liferation levels nor average cross-sectional area of the spheroidal 
structures, suggesting a stagnant level of compaction. While PEO4 and 
PEO6 had no significant change in their apoptosis and proliferation 
levels from day four to seven, the average cross-sectional area increased 
during this period, suggesting a decrease in the level of compaction. 
These results suggest that the three cell lines reached a common 
maximum level of compaction at day four. Consequently, day four was 
selected as the day to expose the cells to drugs as this was the time of 
maximal morphological stability and thus results would likely be more 
reproducible.

ATP production levels of cells in a flat-bottom plate in which they 

adhere to the bottom were also measured and presented as luminescence 
levels to determine the intrinsic ATP production of the three cell lines 
when in 2D. PEO1, PEO4 and PEO6 did have the ability to produce ATP 
in flat-bottom plates with similar biologically relevant levels compared 
to in 3D. In 3D culture, a differential capacity of the cells to produce ATP 
was observed with PEO6 producing a four times higher amount of ATP 
followed by PEO4 and then PEO1 four and seven days after plating. Such 
differential capacity might reflect the in vivo cellular adaptation based 
on the disease state that PEO6 represent. High ATP levels are a key 
driver of aggressive cancer cell phenotypes. ATP-high cancer cells show 
increases in many aggressive properties or behaviors, including 
anchorage-independence, metastasis and antioxidant capacity [28]. 
Therefore, the ability of PEO6 to produce significantly higher levels of 
ATP than the other two cell lines in 3D culture could be linked to an 
increase in mitochondrial mass and to the aggressive disease state that it 
represents [28].

The lack of tumor stroma is a significant limitation of this study as 
tumor stroma is a crucial component mediating drug response and 
tumor cell behavior [29,30]. Thus, experiments like ours should be 
contrasted against either presence of extracellular matrix proteins, 
co-cultures of ovarian cancer cells with cells representing the tumor 
microenvironment, or within the complexity of ovarian organoids 
maintained in culture [31].

Given that PEO1 had a more visible and pronounced apoptotic core 
than PEO4 and PEO6 in 3D, taken together with morphology, Live/Dead 
assay, apoptosis detection and ATP quantitation, this suggests that as 
cells become more compacted, those in the center have less access to 
necessary components of the media leading to lower metabolic activity 
and apoptotic cell death. Such results suggest that the 3D culture envi
ronment provides a level of complexity absent in 2D culture making it 
more reflective of the in vivo cellular tumor behavior central to assess
ment of therapeutic responses. As HGSOC is the most aggressive ovarian 
cancer subtype and generally presents at an advanced stage with poor 
long-term survival, developing in vitro models that are as faithful as 
possible to the in vivo tumor behavior to accurately determine thera
peutic efficacy of treatments, and thus, potentially increase patient 
survival is of vital importance.
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