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ABSTRACT

Ovarian cancer is the sixth leading cause of death among women worldwide, with
an average 5-year survival rate of less than 48%. Current clinical treatment methods for
this disease are often deemed ineffective because of the innate chemoresistance of
tumors due to their microenvironment and architecture. Accurately mimicking
chemoresistance with traditional 2D cultures is difficult; therefore, recent years have seen
an increase in 3D culturing methods that create cellular spheroids. These spheroids can
serve as models of in vivo tumor characteristics due to their hypoxic core, acidic
microenvironment, and increased cell-to-cell interactions. This research aims to (1) refine
a 3D culture protocol that allows for the consistent formation of ovarian cancer spheroids,
and (2) evaluate the spheroids for their physical and molecular properties as it relates to
chemoresistance in ovarian cancer.

Both ES-2 and OVCAR-3 ovarian cancer cell lines formed aggregates of 500 ym
within 24 hours of seeding, yet the ES-2 spheroids were much more compact than the
OVCAR-3 aggregates. 3D ES-2 cultures showed significantly increased chemoresistance
to treatment with chemotherapeutic paclitaxel in comparison to 2D ES-2 cultures.
Histochemical staining of ES-2 spheroids showed tight cellular congregation along the
outer rim of the spheroid and sparse cellular distribution near the core, meaning that outer
cells are proliferating whereas core cells are necrotic. From this, we concluded that our
spheroids display a structure similar to those noted as recapitulating in vivo tumors in
previous literature. Lastly, western blotting revealed that changes in protein expression

began to occur at four days of spheroid growth.



Our results demonstrate morphological differences in tumor spheroids of two
different ovarian cancer cell lines. Additionally, we've found that cells grown in 3D display
increased chemoresistance in comparison to 2D-cultured cells, confirming the spheroids’
ability to provide translatable in vitro results compared to in vivo tumor characteristics.
Lastly, the spheroids displayed concentric cellular zones that indicate tumor-like spheroid
formation according to previous literature, as well as differential expression of oncogenic

proteins compared to traditional 2D cultures.
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BACKGROUND AND INTRODUCTION

Ovarian cancer is the most lethal gynecological malignancy in the United States,
and in 2023, it is estimated that almost 20,000 women in the United States alone will
receive a new diagnosis and over 13,000 women will die from the disease."? Eighty
percent of ovarian cancer patients are diagnosed with a late-stage form of the disease
(stage Il or later), and the 5-year survival rate of this patient population is only 30.3%.3*
At late stages, the disease has metastasized and spread from the original, localized
tumor, forming exceedingly small tumors that survive within abdominal ascites. Once this
occurs, the disease is difficult to treat with tumor debulking surgery because these
metastases are difficult to capture in totality. While large, localized tumors are capable of
full removal, and the patient will likely still undergo intraperitoneal chemotherapy with a
platinum- or taxane-based drug regimen to treat the remaining cancer.®

Despite initial success with these treatments, ovarian cancer cells often develop a
resistance to the drug’s therapeutic effects that hinder their efficacy and allow for disease
progression.” This is a phenomenon known as chemoresistance, and it can be classified
as acquired or inherent. Acquired chemoresistance occurs through mutations in the
cancerous genome which allows the cell to evade the apoptotic effects of
chemotherapeutics through various methods, such as increasing drug efflux proteins or
overexpressing oncogenes.®® This type of chemoresistance is commonly referred to as
multidrug resistance, and it occurs after repeated treatments with chemotherapeutics.'®
Inherent chemoresistance is a challenge faced in almost all chemotherapeutic ventures
as it derives from the three-dimensional architecture of a tumor. As tumors grow, they

develop concentric layers of cells that have varying access to oxygen due to the limited



diffusion of oxygen and nutrients from blood vessels. There is also a drug diffusion limit
with blood vessels, so if a tumor becomes too large, it is inherently chemoresistant
because some of its inner cells will not be affected by a chemotherapeutic drug in the
bloodstream.!" Additionally, tumors contain cells that become quiescent to survive the
lower end of the oxygen and nutrient gradients that penetrate tumors.%° These cells are
slow-dividing due to their suspension in the GO phase of mitosis, however most
chemotherapies target actively dividing cells, rendering them ineffective against this
quiescent population.5'-52

Overall, the inefficacies of current treatment methods present an urgent need for
new avenues for fighting ovarian cancer. The testing of new treatment modalities is
commonly conducted on two-dimensional, monolayer cell cultures, and then taken for
further testing in in vivo animal models. This testing regimen often leads to treatments
that are effective in in vitro cell cultures yet ineffective in animals. While drugs and
nanoparticle delivery systems can easily interact with and invade cancer cells that are
cultured on a flat surface, they lack this efficacy when faced with the complex structure of
a native tumor. To combat this obstacle, recent years have seen an increased interest in
three-dimensional cell cultures as more robust in vitro models for cancer therapy testing.

Spheroids have been found to exhibit accurate tumor-like properties compared to
monolayer cell cultures, such as a hypoxic core, an acidic microenvironment, and
increased cell to cell interactions.'? More specifically, spheroids with a diameter of 500
microns or greater express these properties due to their development of three concentric
cellular zones: a necrotic core, a quiescent middle layer, and a proliferating outer layer.'3

Furthermore, spheroids are particularly relevant in ovarian cancer research because they



are very similar to the small ovarian cancer tumors that develop within patient ascites that
make ovarian cancer treatment so multifaceted and difficult.’* As previously mentioned,
these tumors prevent ovarian cancer treatments from penetrating past the outermost
layers of the tumors, rendering the inner bulk of cells protected from the treatment, and
in vitro tumor spheroids replicate their treatment barrier very well.'1

With this in mind, the main goal of this study is to develop an easily reproducible
culture protocol suited for the creation of uniform ovarian cancer spheroids of 500 microns
or greater in diameter that will allow for more translatable modeling of in vivo outcomes
during in vitro experiments for the development of novel anticancer therapeutics. The
specific properties that enhance the inherent chemoresistance of the spheroids will also
be investigated, including the expression of genes and proteins known to be associated
with chemoresistance.

Our proteins of interest include ABCB1, CFLAR, and STATS, all of which have
been investigated as proteins that modulate chemoresistance in ovarian cancer
cells.’” 1819 ATP binding cassette B1 (ABCB1), also called p-glycoprotein, is a drug efflux
protein that resides on the surface of cells and transports therapeutic agents out of cells
to prevent damage.'®46 CASP8 and FADD-like apoptosis regulator (CFLAR), also known
as cFLIP, blocks the recruitment of Caspase 8 and inhibits Caspases 8 and 10, thus
inhibiting natural apoptosis in cancerous cells and allowing them to replicate despite their
mutated genomes. Signal Transducer and Activator of Transcription 3 (STAT3) is a
cytoplasmic protein that is often upregulated in ovarian cancer, both in clinical specimens
and in vitro cultures. It regulates many processes within cancer cells, such as tumor

growth, cellular survival, and chemoresistance.'”



MATERIALS AND METHODS
Materials

OVCAR-3 and ES-2 were obtained from ATCC (Manassas, VA). 96-well flat-
bottom plates, 96-well ultra-low attachment (ULA) plates, 100X penicillin-streptomycin,
and fetal bovine serum (FBS) were purchased from Corning (Corning, NY). McCoy’s 5A
medium and RPMI medium 1640 was purchased from Gibco (Waltham, MA). T-75 flasks
and ultra-pure dimethyl sulfoxide (DMSO) were purchased from VWR International
(Radnor, PA). CellTiter 96® Aqueous One Solution Cell Proliferation Assay Kit (MTS
Assay Kit) was purchased from Promega (Madison, WI). Powdered methylcellulose and
noble agar were purchased from Sigma-Aldrich (St. Louis, MO). Paclitaxel was purchased
from LC Laboratories (Woburn, MA). Tissue Plus OCT Compound was purchased from
Scigen Scientific Inc. (Gardena, CA). Rapid Richard-Allen™ hematoxylin and eosin were
purchased from Fisher Scientific (Hampton, NH). Diamond White Glass microscope
positively charged slides were purchased from Globe Scientific Inc. (Mahwah, NJ). S-
Mounting Medium, Acrylic was purchased from Azer Scientific (Morgantown, PA).
2D cell culture

Cells (ES-2 and OVCAR-3) were recovered and cultured within T-75 flasks and
maintained at 37 °C and 5% CO, in an incubator according to ATCC recommended
protocols. When confluent, the cells were tryspinized, suspended, and counted. Cell
suspensions were diluted with complete media composed of base medium (McCoy’s for
ES-2 cells; RPMI for OVCAR-3 cells) with 10% Fetal Bovine Serum (FBS) and 1%

penicillin-streptomycin (P/S), with or without 0.5% W/V methylcellulose to desired cell
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seeding densities. Cells were then seeded into 96-well flat bottom plates at a well volume
of 100 microliters for two dimensional experiments.
3D cell culture

Cells (ES-2 and OVCAR-3) were recovered and cultured within T-75 flasks and
maintained at 37°C and 5% CO, in an incubator until confluent, then trypsinized,
suspended, and counted. Cell suspensions were diluted with complete media to desired
cell seeding densities. Cells were then seeded in 96-well ultra-low attachment (ULA)
plates at a volume of 100 microliters per well. The ULA plates were immediately
centrifuged at 300 G for 3 minutes (Scheme 1A). Media was changed in the spheroids
every three days via a 50-50 method in which 50 pL of used media in each well was
removed and replaced with 50 uL of fresh complete media via micropipette. Spheroids
were imaged each day with a 4X phase microscope lens and then analyzed using ImageJ
software to determine spheroid diameter. Additionally, non-adherent cell culture plates
were simulated using a flat-bottom 96-well plate with 50 pyL of cooled agarose in each
well (Scheme 1B). The agarose used was 1.5% weight/volume, formulated with agar
powder and complete media. OVCAR-3 cells were seeded in all three-dimensional plates
at concentrations of 10,000, 15,000, 20,000, and 25,000 cells per well. ES-2 cells were
seeded in all three-dimensional plates at seeding concentrations of 2,500, 5,000, 10,000,
and 15,000 cells per well. All cells were seeded into the three-dimensional well plates at
a working volume of 100 microliters.
Addition of 0.5% Methylcellulose

Methylcellulose was added to the complete media of both ES-2 and OVCAR-3

spheroids to observe its effect on spheroid compactness based on previous literature14.
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The methylcellulose-treated media was synthesized as 0.5% weight/volume, with 150 mg
of powdered methylcellulose added to 30 mL of complete media, and then used for cell

diluting and seeding.

Call cilbaeand 1.5% Agarose-coated well plate
expansion
@,I /
Within 48
96-well format hours
Initial seeding Spheroid/aggregate formation

Ultra-Low Attachment well plate

— P——

‘ Centrifugation Within
24 hours
Initial seeding 2D, circular aggregate Spheroid formation

Scheme 1: Rendering of spheroid culture protocol using 1.5% agarose-coated and
ultra-low attachment 96-well plates. Pink coloring represents complete cell culture
media; yellow circles represent ovarian cancer cells; blue coloring represents agarose

coating. Created with BioRender.com.

Paclitaxel treatment

Paclitaxel (PTX) treatments were diluted from an initial stock solution created
immediately before each experiment, such that 0.853 milligrams of PTX dissolved in 1
milliliter of DMSO constitutes a stock of 1 millimolar PTX. The 1 mM stock was then diluted
with 0.2-micron filtered deionized water (ddH,O) to the final treatment stock

concentrations desired in the micromolar range. Monolayer wells were treated with PTX,
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ddH,0O, and transfection media (80% base medium + 20% FBS) to a total well volume of
100 uL after complete aspiration of well contents. Spheroid wells were treated with PTX,
ddH20, and transfection media to a total well volume of 200 pL (100 pL of new solution
+ 100 pL of previous well contents). Both 2D and 3D cells were seeded at 5,000 cells/well
in triplicate for cellular viability assays, and the effect of PTX was assessed after 48 hours
of treatment.
Metabolic activity assays

Spheroids were grown for 4 days after seeding then were treated with varying
concentrations of PTX. After 48 hours, 2D and 3D wells were treated with 10 and 20 pL
of MTS, respectively, and after 3 hours of incubation, plate absorbance was read via
spectrophotometer at 490 nm. Before calculating the percent of cellular viability in each
well, the average absorbance of each treatment triplicate was normalized with the
absorbance of the untreated (0 M PTX) wells.
Histological sectioning and staining

Spheroids were grown for 3 days before fixation for sectioning. Spheroids were
removed from their respective wells and transferred to one well of a 24-well plate. The
complete media of the spheroids was carefully removed via micro-pipetting without
disturbing or damaging the spheroids. Next, a 30% W/V sucrose solution was added with
a plastic dropper at a volume large enough to submerse all spheroids, and the well was
allowed to sit for one hour. Next, the 30% W/V sucrose solution was carefully removed
via micropipette and a 50/50 solution of OCT (Optimal Cutting Temperature) solution and
30% sucrose was made. The spheroids were submerged in this solution and allowed to

sit for at least one hour. Lastly, the 50/50 solution was aspirated from the spheroids via
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micropipette and replaced with pure OCT gel. The spheroids were then set aside for 24
hours to complete the fixation process. Once fixed, the spheroids were sectioned into 5-
micron slices with a Microm HM 550 Cryostat (ThermoFisher Scientific, Waltham, MA)
and placed on glass slides for staining with hematoxylin and eosin.
Western Blotting

For 3D analyses, ES-2 cells were seeding at 10,000 cells/well and for 2D analyses,
ES-2 cells were seeded at 15,000 cell/well. Cells were kept in standard cell culture
conditions for two, three, and four days. For protein isolation, cells were washed with 1X
PBS and lysed with radioimmunoprecipitation assay (RIPA) buffer, supplemented with
protease inhibitor cocktail (ThermoFisher). Protein concentrations were deterred via
bicinchoninic assay (BCA), according to the manufacturer’s protocol, and absorbance
was read at 562 nanometers. Equal protein concentrations were separated by SDS-
PAGE on a Bio-Rad Stain-Free 10% gel, according to manufacturer’s protocol, and
transferred to a stain-free PVDF membrane via wet transfer system. The PVDF
membrane was cut at appropriate molecular weight intervals consistent with protein
weight analyzed and blocked for one hour with 5% W/V non-fat dried milk solution in 1X
Tris—HCI-buffered saline 0.1% Tween 20 (TBST) at room temperature. Blots were
probed at 4 degrees Celsius with a monoclonal anti-ABCB1, anti-CFLAR or anti-STATS3.
Membranes were washed five times with 1X TBST and incubated with corresponding
goat anti-rabbit or goat anti-mouse secondary antibodies for one hour at room
temperature. Five additional washes with 1X TBST were performed, and protein bands
were detected with SuperSignal West Pico Plus Chemiluminescent Substrate

(ThermoFisher) and imaged using a Bio-Rad ChemiDoc Imaging System.
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qPCR

For 3D analyses, ES-2 cells were seeded at 10,000 cells/well as described
previously and trypsinized, and for 2D analyses, ES-2 cells were seeded at 70,000
cells/well as described previously and trypsinized. Cells were kept in standard cell culture
conditions for two, three, and four days. RNA isolation was completed with a Qiagen Mini-
RNeasy Kit (Qiagen, Hilden, Germany), according to manufacturer's protocol. RNA
isolate quality and quantity were measured using a Take3 plate (Biotek, Winooksi, VT)
with Gen5 analysis software, and isolated RNA was then reverse transcribed with
QuantiTect Reverse Transcription kit (Qiagen, Hilden, Germany). Using 200 ng of RNA,
real-time gPCR was performed with a QuantStudio 3 qPCR system (Applied Biosystems,
Waltham, MA), using Tagman FAST Master Mix (ThermoFisher Scientific) and ABCB1,
CFLAR, STAT3, and 18S Tagman probes, according to the manufacturer’s protocol.
Flow cytometry

For flow cytometric analyses, 3D ES-2 cells were seeded at 5,000 cells/well as
described previously and trypsinized. The single-cell suspension was then resuspended
in 1X PBS for 3 minutes and fixed with 0.4% paraformaldehyde for 15 minutes, then
resuspended in 1X PBS. Cells were then stained with Annexin V-FITC Apoptosis
detection kit (Affymetrix eBioscience, Santa Clara, CA ) according to the manufacturer’'s
protocol. Cells were analyzed with an Attune NXT Acoustic flow cytometer (Invitrogen,
Carlsbad, CA).
Statistical analyses

This data is presented as mean + standard error (SEM). Statistical significance

was analyzed via multiple t-tests between the 2D and 3D cellular viability at each

15



treatment concentration of PTX. Analyses were performed at a confidence level of 95%,
with probability values of * p < 0.05, ** p < 0.01, *** p < 0.005, and **** p < 0.001

considered statistically significant.

RESULTS

Spheroid culture protocols

OVCAR-3 cells: OVCAR-3 cells were seeded in ULA and agarose-coated plates with and
without 0.5% MC and imaged over the course of four days (Figure 1). We observed the
formation of large aggregates as soon as 48 hours on both culture surfaces, and the
aggregates of higher seeding densities (20 and 25 x 10° cells/well) formed more
compacted structures. However, the OVCAR-3 cells did not form compact, consistent
spheroids over time when cultured without MC. To encourage spheroid compaction, MC
was added to the complete culture media at a concentration of 0.5% W/V, based on the
chemical’s success in OVCAR-3 spheroid compaction in previous literature.' Our results
did not replicate this finding, but rather, OVCAR-3 aggregates loosened and
disaggregated when MC was added on both culture surfaces. We again observed loose
aggregates of cells with visible voids and of variable sizes rather than tight spheroids of
a consistent or slow-growing size. When measured over the course of seven days, the
OVCAR-3 aggregates did reach sizes greater than 500 microns in diameter as soon as
24 hours after seeding (Figure 2B), however they exhibited more variable sizes and

increased error in comparison to our ES-2 spheroids (Figure 2A).
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(+) MC

OVCAR-3 Cells
ULA Plates 1.5% Agarose Plates

15k 10k 15k 20k 25k

—

F'igure 1: OVCAR-3 cells seeded with and withbut 0..5% methylcellulose in 1.5%‘

T

agarose-coated and Ultra-Low Attachment 96-well plates over two, three, and four days
at various seeding densities (10k corresponding to 10 x 102 cells seeded per well and

so forth). All scale bars represent 1,000 um; all images were taken at 4X objective.
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Figure 2: Spheroid diameters (A: ES-2 cells, B: OVCA-3 cells) over time in ULA plates
without 0.5% MC. Diameters were measured via Imaged at various time points and

seeding densities (n = 3); error bars reflect mean £ SEM.

ES-2 cells: ES-2 cells were seeded in ULA and agarose-coated plates with and without
0.5% MC and imaged over the course of four days (Figure 3). We observed the formation
of spheroids as soon as 24 hours after seeding on both culture surfaces, and this structure
was maintained for up to seven days, however the tightest and roundest spheroids were
formed when ES-2 cells were seeded using the ULA plates. Similar to the OVCAR-3 cells,
we investigated the addition of MC in complete culture media and its effect on ES-2
spheroid compaction. In the agarose-coated plates, we observed that the addition of MC

encouraged the formation of multiple, smaller spheroids of varying sizes, yet none
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reached our desired 500-micron diameter threshold. The addition of MC to the ES-2 cells
seeded in ULA plates completely discouraged spheroid formation at all. When measured
over the course of seven days, the ES-2 spheroids grew steadily at consistent sizes within
each seeding density, all of which resulted in spheroids greater than our 500-micron
threshold 24 hours after seeding (Figure 3A). Given the improved structure and consistent
formation of our ES-2 spheroids compared to our OVCAR-3 aggregates, we chose to
complete the remainder of our study with only ES-2 cells cultured into spheroids via the

ULA plate protocol.

ES-2 Cells
ULA Plates 1.5% Agarose Plates

ok 7.5k 10k 2.5k 5k 7.5K 10k

agarose -
coated and Ultra-Low Attachment 96-well plates over two, three, and four days at
various seeding densities (5k corresponding to 5*10”3 cells seeded per well and so

forth). All scale bars represent 1000 um; all images taken at 4X objective.
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Figure 4: ES-2 Spheroid Section. 10,000 cells/well ES-2 spheroid grown in ULA plate
and fixed on Day 3. Hematoxylin & Eosin-stained 5 pm-thick spheroid section taken
from middle of spheroid. Purple stain represents cell nuclei; pink stain represents

extracellular matrix. Image taken at 20X objective; scale bar represents 500 um.

Spheroid development

The formation of spheroids that recapitulate clinical ovarian cancer behavior has
been defined as those greater than 500 microns or greater in diameter, at which they
should form three concentric cellular zones of proliferation, quiescence, and necrosis,
respectively.’® To confirm this development in our spheroids, we performed both
qualitative and quantitative analyses of our ULA-cultured ES-2 spheroids. First,
immunohistochemical sectioning and staining was performed on sections of 10,000
cells/well ES-2 spheroids three days after their seeding (Figure 3A). Tight, dense cellular
nuclei and extracellular matrix was observed along the outer periphery of the spheroid,
indicative of a proliferative region in which cells are communicating with each other. In

contrast, the middle region of the spheroid displayed less extracellular matrix and sparse
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nuclei, indicating that the cells at the interior of the spheroid may be necrotic or apoptotic.
To quantify these cellular zones and the amount of the spheroid that they make up, we
performed flow cytometric analyses on spheroids seeded at 10,000 cells/well, which were
stained with Annexin V and Propidium lodide (Figure 4B). Annexin V stains apoptotic cells
by marking for the loss of plasma membrane asymmetry, and the latter is a nuclear and
chromosome stain that selectively permeates in cells with a damaged membrane.2%26
Spheroid chemoresistance

The metabolic response of ES-2 cells when treated with Paclitaxel was compared
between 2D and 3D culture methods. Figure 5 illustrates the ES-2 spheroids’ inherent
chemoresistance to PTX, shown by the maintenance of metabolic activity exhibited by
3D-cultured ES-2 cells compared to the significant decrease in metabolic activity
exhibited by 2D cells when they are treated with varying micromolar concentrations of
PTX over 48 hours. This PTX range was chosen because it encapsulates the half-
maximal inhibitory concentration (ICso) value we found for 2D-cultured ES-2 cells (0.3214
puM), however the ICso value for 3D-cultured ES-2 cells treated with PTX was found to be
57.55 uM, further displaying the inherent chemoresistance that ES-2 cells develop when

cultured in three dimensions that is not accurately reflected by two-dimensional cultures.
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Figure 5: Metabolic activity of 2D and 3D (both 5,000 cells/well) ES-2 cells after

treatment with varying concentrations of PTX for 48 hours (N = 3). Multiple t-test
analyses where *** p < 0.005, **** p < 0.001, and a = 0.05. 2D ICs0 = 0.3214 uM, 3D

ICs0 = 57.55 uM.

Molecular profiles of 2D- and 3D-cultured ES-2 cells

To evaluate gene expression changes in the ES-2 spheroids compared to the 2D-
cultured ES-2 cells, we performed western blotting and qPCR analyses, probing for two
markers of chemoresistance: ABCB1 and CFLAR. ABCB1 is overexpressed in
chemoresistant ovarian cancer, however when cultured in 3D, we saw decreased
expression of this protein (Figure 6A). CFLAR is also overexpressed in ovarian cancer,

and we saw an additional increase in its expression when ES-2 cells were cultured in 3D
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versus 2D (Figure 6A), corroborated by a two-fold increase in its mMRNA expression

(Figure 6B).
A - 3D B 209 CcFLAR
§ 15
ABCB1 25
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ACTIN — — oo
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Figure 6: Basal expression of ABCB1 and CFLAR in ES-2 2D and 3D cultures. (A)
Protein isolates collected after 4 days of growth for basal expression via western
blotting. (B) RNA isolates collected after 4 days of growth for basal expression via

gPCR (N=3).

Given our discovery that 2D and 3D cultures of ES-2 cells express different levels
of known oncogenic proteins and genes, we sought to determine when these molecular
differences occur. Through additional western blotting and qPCR, displayed in Figure 7,
we determined that the aforementioned additional increased expression of CFLAR occurs
after four days of spheroid growth. We also probed for the expression of STAT3, another
oncogene with increased expression in ovarian cancers, and found that its expression

decreased slightly after four days of spheroid growth.
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Figure 7: Basal expression of STAT3 and CFLAR in ES-2 spheroids over time. (A)
Protein isolates from 20 ES-2 spheroids were collected for basal expression via western
blotting. (B) RNA isolates from 5 spheroids were collected for basal expression via

gPCR.

DISCUSSION

Ultra-low attachment well plates perform better than agarose-coated well plates when
used for three-dimensional ovarian cancer cell culture.

Our first task in developing a uniform 3D-culturing method for in vitro ovarian
cancer research was choosing between our two 96-well culture surfaces: 1.5% agarose-
coated, flat-bottom plates or ultra-low attachment, round-bottom plates. We found that
both of our cell lines formed more uniform, singular aggregates when cultured at multiple
seeding densities in the ultra-low attachment plates. Additionally, our goal of optimizing
an easily reproducible culturing method for ovarian cancer spheroids did not favor the
creation of the agarose-coated well plates, as the agarose coatings were cumbersome
and tedious to introduce to the well plates. It should be noted however, that we did not
centrifuge our agarose-coated well plates after adding our cell suspensions, as we did

with our ultra-low attachment plates, out of concern for comprising the integrity or position
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of the agarose coating. Centrifugation may have encouraged better spheroid formation in
the agarose-coated plates, however due to the comparatively very simple creation of
spheroids that is capable with the ultra-low attachment plates, we chose to continue all of
our experiments using only ULA plates.
ES-2 cells form compact spheroids, whereas OVCAR-3 cells form loose aggregates.
Our next task in creating our 3D ovarian cancer culture method was to investigate

the spheroid formation capabilities of our two cells lines: ES-2 and OVCAR-3. Both of
these cell lines are derived from epithelial ovarian cancer cell lines, a type of ovarian
cancer that accounts for 90% of all diagnosed cases in the United States.?” Over our
entire course of seeding, the ES-2 spheroids formed more compact, dense spheroids that
were more similar in size compared to the OVCAR-3 spheroids. Qualitatively, the ES-2
spheroids were very dense whereas the OVCAR-3 spheroids lacked tight boundaries and
compaction and exhibited large holes, positing us to refer to them as aggregates rather
than true spheroids.*®

It should be noted that the OVCAR-3 aggregates and ES-2 spheroids were formed
using seeding densities of different orders of magnitude. The seeding densities used for
the OVCAR-3 spheroids were based on previous literature, however the OVCAR-3 cells
are much smaller on average than ES-2 cells, based on observations during our cell
culturing.™ This is partly due to their different morphologies; OVCAR-3 cells are epithelial-
like whereas ES-2 cells are spindle-like.?® With this in mind, we chose to use smaller
seeding densities for the ES-2 spheroids to avoid growing spheroids that were too large

and exceeded the 96-well plate’s working volume.
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The amorphous aggregate structure that we observed with the OVCAR-3 cells has
been noted in previous literature, and previous studies have demonstrated that different
cell lines form spheroids of different morphologies due to their up- or downregulation of
various cellular markers.'*2° Specifically, OVCAR-3 cells are known to form loose
aggregates compared to the compact spheroids formed by ES-2 cells, and previous
studies have attributed this to an upregulation of E cadherin, an epithelial cell marker that
plays a large role in cell-to-cell adhesion, in OVCAR-3 cells, as the accumulation of E
cadherin on cell surfaces inhibits compact spheroid formation.29.30:31.32

Furthermore, in traditional 2D culture, OVCAR-3 cells are able to survive when
both attached and in suspension, whereas ES-2 cells are adherence-dependent, based
on the culture protocols from the American Type Culture Collection (ATCC). We
hypothesize that because the OVCAR-3 cells are less dependent on attachment to and
communication with their fellow cells, the aggregates formed by this cell line would tend
to not compact as much based on a lack of necessity for survival. On the other hand, the
ES-2 cells prefer to attach to one another, leading them to form tight, compact spheroids
when unable to attach to a surface in order to survive. This trend is similar to what we see
when we have used these two cells lines to create tumors in athymic mice for in vivo
studies in the past; while the ES-2 cells formed relatively large tumors within days, the
OVCAR-3 tumors did not mature until multiple weeks after subcutaneous and
intraperitoneal injection.484°

Because our lab employs the use of both ES-2 and OVCAR-3 cells in day-to-day
experiments, we attempted to improve the formation of our OVCAR-3 aggregates into

true spheroids. Based on this protocol’s success in a study performed by Tofani et al, we

26



chose to add 0.5% W/V methylcellulose to the cell culture media of our spheroids.'* Their
results showed that the addition of methylcellulose in the media of OVCAR-3 spheroids
increased the compactness and spherical nature of the spheroids, however the
methylcellulose had the opposite effect on our spheroids; both the ES-2 and OVCAR-3
cells formed compact spheroids and aggregates without the addition of methylcellulose
in both the ULA plates and agarose plates. The methylcellulose-treated cells lacked
strong cell-to-cell adhesion and formed either large, amorphous clusters of cells or many
very small aggregates rather than large, singular spheroids. Methylcellulose can be used
as a thickening agent in water-based solvents, so it was proposed that its addition to the
cell media would make the media solution slightly more viscous and prevent the ovarian
cancer cells from migrating apart, thus encouraging tighter spheroid formation.33

These results were not observed in our study, possibly due to the thermosensitivity of
methylcellulose.3* An MC solution is liquid at room temperature, and as its temperature
is increased past 37 degrees Celsius, the solution crosslinks and forms a hydrogel in a
process known as thermogelation.3® It is possible that the removal of the spheroid-
containing plates from the 37 degree incubator for media changes and imaging was
enough of a temperature change to affect the gelation of the media solution, causing
stress to the cells and possibly causing a motile force that discouraged any
spheroid/aggregate formation in either cell line. It is also possible that the methylcellulose
underwent an adverse chemical reaction when exposed to the propriety coating that is
used on the ULA plates we have employed. The surface is modified to be hydrophilic and
have a neutral charge due to a covalently-bound hydrogel coating along the bottom of the

plate which minimizes cell attachment, protein adsorption, and enzyme activation.36-3
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ES-2 spheroids grow to uniform sizes, whereas OVCAR-3 aggregates are variable in size
over time.

Lastly, when comparing our two possible ovarian cancer cell lines for spheroid
formation, we measured our spheroids over the course of one week of growth. Literature
states that ovarian cancer spheroids become replicative of in vivo tumor behavior once
they reach a diameter of 500 microns or greater in diameter.’® While both cell lines
reached this threshold after only 24 hours, the plots of spheroid diameter over time in
Figure 3 highlight that the ES-2 spheroids grew very steadily and had very small standard
errors between the six spheroids measured. In contrast, the OVCAR-3 spheroids grew
sporadically and had large error bars, meaning that the measured spheroids were not
uniform in their size between technical replicates, despite their identical seeding. If we
desire to use our spheroid models for repeated in vitro analyses, we favored the ES-2 cell
line’s growth curve, as it shows that from experiment to experiment, spheroids of the
same seeding densities will grow to the same size, making them highly uniform and
reproducible.

Overall, given the distinct morphological differences between the ES-2 spheroids
and OVCAR-3 aggregates that we were able to form, our final formulation for successful
ovarian cancer spheroid formation was to seed ES-2 cells in ultra-low attachment 96-well
plates at a working volume of 100 microliters of cell culture media, without the addition of
methylcellulose. We performed all subsequent experiments using this culture protocol.
3D ES-2 spheroids display three concentric cellular zones.

According to previous literature, one essential attribute of classifying a cellular

aggregate as a spheroid is its development of three concentric cellular zones: a necrotic
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core, a quiescent middle layer, and a proliferative periphery.'® Through histological
sectioning and staining, we have qualitatively observed the development of these cellular
zones in the ES-2 spheroids cultured in the ULA plates. The hematoxylin and eosin stain
of our spheroids illustrates that cellular nuclei along the outer edge of the spheroids are
much closer together than those at the core of the spheroid. Additionally, the cells along
the periphery are surrounded by a larger presence of extracellular matrix than the inner
cells, likely because the former are actively communicating with each other and
proliferating whereas the cells at the core are not because they have necrosed. The
formation of extracellular matrix is likely an important factor in compact spheroid formation
because it acts as a type of scaffold to hold the spheroid together, allowing the cells within
to communicate with each other efficiently.*

To confirm our qualitative findings, we chose to evaluate the amount of live versus
dead cells within our ES-2 spheroids over time using flow cytometry. By staining with
Annexin-V and Propidium lodide, which stain apoptotic cells by marking for the loss of
plasma membrane asymmetry and stain dead cells by selectively permeating cells with
compromised membranes, respectively. We found that as the spheroids grow, their
population of live cells increases each day, which correlates to our positively-sloped
growth curves and shows that our spheroids are proliferative over time. We also
hypothesized that if our spheroids are growing over time, then the necrotic core should
also increase in size, however we saw no trend in the number of necrotic cells in the
spheroids over time. It is important to note that we did see populations of both live and
dead cells within our spheroids, which is to be expected if the spheroids are appropriately

developing concentric cellular zones that are activated by the metabolic and hypoxic
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gradient that the cells experience due to the three-dimensional architecture of the
spheroid structure. Additionally, cells that are marked as “dead” could also be cells that
are live, however, through the process of obtaining single cell suspensions, membranes
could undergo damage and disruption from mechanical separation.

3D ES-2 cultures exhibit increased chemoresistance in comparison to 2D cultures.

In comparison to 2D cultured cells, the 3D-cultured ES-2 cells displayed
significantly increased metabolic activity after treatment with PTX. This indicates that the
spheroid cultures exhibited significantly more chemoresistant to chemotherapeutics than
the 2D cultures — a result replicative of in vivo tumor dose responses. The spheroid
cultures can recapitulate in vivo tumor behavior in vitro when compared to traditional
monolayer cell cultures. With increasing concentrations of PTX, the therapeutic response
from the 3D spheroids remained stable which could be due various reasons including
difficulty of drug penetration and increased expression of chemoresistant proteins.
Therefore, we sought to analyze the molecular changes, if any, in protein and gene
expression.

ES-2 cells express chemoresistance-associated proteins differently when cultured in two
and three dimensions.

Knowing that the ES-2 spheroids are more chemoresistant than 2D cultures, we
hypothesize that spheroids’ inherent chemoresistance has two origins. First, the structure
of the spheroids allows them to have an inherent chemoresistance; cells within the
quiescent middle layer and necrotic core of the spheroid are protected from
chemotherapeutics because these treatments often cannot penetrate the multiple layers

of cells required to reach all of the tumor’s cells.
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Secondly, the increased cell-to-cell communication within the spheroids leads to the
unique expression of proteins known be associated with chemoresistance, such as
ABCB1, CFLAR, and STATS3, allowing them to exhibit an inherent chemoresistance that
2D-cultured ES-2 cells lack. In this study, we found that ABCB1, a drug efflux protein that
is upregulated in ovarian cancer cells, is actually less abundant in 3D-cultured ES-2 cells
than in 2D-cultures.?® This is interesting because many researched ovarian cancer
therapeutics currently target ABCB1 due to its relevance as a biomarker of poor ovarian
cancer prognosis and multidrug resistance when overexpressed.?'2?2 This gene target has
shown success when studied in MDR ovarian cancer cell lines, however our results
suggest that this may not be the best clinically translatable gene target.3%4%46 Additionally
studies would need to be conducted to examine the expression of ABCB1 in clinical
tumors in comparison to 3D cultures.

We also investigated the expression of CFLAR, a Caspase-8 inhibitor that prevents
apoptosis and is upregulated in ovarian cancer cells.#' Our results show an exaggerated
expression of CFLAR in 3D ovarian cancer cultures versus 2D cultures. This is a more
novel gene target for ovarian cancer therapeutics; the expression of CFLAR is known to
be a clinical prognostic factor of a poor disease outcome, and it has been found to be
highly overexpressed in various cancers in comparison to healthy tissues.4?23
Overexpression of CFLAR in our spheroids is expected based on our chemoresistance
to PTX results because it would explain the spheroids’ ability to evade apoptosis when
treated with PTX.

The last objective of this study was to determine when these molecular differences

within the spheroids arise. While our spheroids were classified as spheroids per literature
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due to their 500-micron size after just 24 hours of growth, we wanted to determine when
the optimal time to use the spheroids for experiments was, and we did this by determining
at what day the spheroids underwent the aforementioned molecular changes in protein
and gene expression. We determined that these molecular changes occurred on day 4 of
the spheroids’ growth, illustrated by an overexpression of CFLAR on this day.
Interestingly, we saw no difference in the expression of STATS3, a transcription activator
with proliferative, survival, and chemoresistive downstream effects, within the spheroids
over time; however, this is evidence that the 3D-culture of ES-2 cells does not completely
alter the cell’s transcription and translation profile.2* With these results, we chose to use

our spheroids after four days of growth when using them for experiments in vitro.

CONCLUSIONS

The results of this study demonstrate that ES-2 cells can form uniform, compact
spheroids of appropriate size for in vivo tumor recapitulation when cultured using a 3D
culture protocol with ULA plates and standard cell culture media. However, OVCAR-3
cells are more likely to form large, loose aggregates that do not reflect the morphology of
in vivo tumors. Additionally, the OVCAR-3 spheroid morphology was not improved when
exposed to 0.5% methylcellulose, suggesting that this cell line is not ideal for spheroid
formation nor the benefits of improved in vitro testing of anticancer therapies through the
replacement of 2D-cultured cells with 3D cultures. The ES-2 spheroids displayed
heightened chemoresistance to PTX compared to the 2D-cultured ES-2 cells and
displayed concentric cellular zones of live and necrotic cells, confirming their classification

as spheroids. The ES-2 spheroids also developed different molecular profiles in
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comparison to 2D-cultured ES-2 cells, including an increased expression of
chemoresistance-associated CFLAR, positing that the spheroids are inherently
chemoresistant not only due to their architecture, but also due to unique cell-to-cell
interactions.

The results obtained here indicate that spheroid cultures of ES-2 ovarian cancer
cells may provide in vitro testing results that are accurately indicative of in vivo results in
terms of metabolic activity, drug response, and uptake, in comparison to 2D-cultured ES-
2 cells. This study also demonstrated the ability of ES-2 spheroids to reliably form
spheroids of consistent size and shape, improving their reproducibility for both technical
and biological replicates of in vitro assays.

In future, we would be interested to use our spheroid culture protocol with a healthy
human-derived ovarian cell line to further investigate the molecular profiles of 3D-cultured
ovarian cancer in comparison to healthy ovarian tissue. Tumor spheroids are also known
to interact when placed within each other’s vicinity, and this can affect their proliferation,
survival, and protein expression.#344 While our spheroid-culturing protocol only allows for
the creation of one spheroid per well plate at its onset, we could repeat the current study’s
investigation of inherent chemoresistance on spheroids that were transferred to the same
well and allowed to grow together after their initial formation. Additionally, molecular
profiles of intraperitoneal tumors grown in vivo and 3D-cultured can be tested for

comparison.
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