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Abstract

This study systematically investigated the cell proliferation rates, spheroid structures, cellular responses to
different anti-cancer drugs, the expression of drug action-related proteins, and the possible correlations among
these properties of 3D spheroids on Matrigel in comparison to 2D monolayer cells, using two cancer cell lines-the
prostate cancer cell line, DU145, and the oral cancer cell line, CAL27. Compared to the traditional 2D-cultured cells,
3D-cultured CAL27 cells had enhanced proliferation by approximately 50-70% at various seeding cell densities,
whereas 3D-cultured DU145 cells showed reduced proliferation at all tested seeding cell densities by 20-40%. In
drug tests, the sensitivity of 3D-cultured DU145 cells relative to 2D-cultured cells showed an obvious drug action
mechanism dependency in response to three anticancer drugs, Rapamycin, Docetaxel, and Camptothecin, whereas
3D-cultured CAL27 cells responded more sensitively than 2D-cultured cells to all three tested drugs, Docetaxel,
Bleomycin, and Erlotinib, indicating the relative proliferation rate between 3D and 2D cultured cells may be a
dominating factor in this case and mitigated the factor of drug action mechanism. The elevated expression of EGFR
in 3D-cultured CAL27 was correlated with its more sensitive response to Erlotinib (acting through binding to EGRF)
compared to 2D-cultured cells; Similarly, the expression of BllI tubulin in 3D-cultured DU145 cells was found to be

increased and correlated with their higher resistance to Doxetaxel compared to 2D-cultured cells.
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Introduction

Cell-based assays are an important pillar of the drug discovery
process to provide a simple, fast, and cost-effective tool to avoid
large-scale and cost-intensive animal testing. To date, almost all cell-
based assays use the traditional two dimensional (2D) culture model,
in which the cells are cultured on a flat and rigid substrate, forming
a monolayer of cells. Although the time-honored 2D cell culture has
proven to be a valuable method for cell-based studies, its limitations
have been increasingly recognized. In the in vivo environment, almost
all cells are surrounded by other cells and by the extracellular matrix
(ECM) in a three dimensional (3D) fashion. Obviously, 2D cell culture
does not adequately take into account the natural 3D environment
of cells, particularly in terms of cell-cell interactions and cell-ECM
interactions. In addition, the flat substrate in 2D culture imposes the
highly unnatural geometric and mechanical constraints on cells; and
culturing of cells is limited to single cell types. Consequently, many
current cell-based methods using 2D cell culture continue to give
unsatisfactorily, non-predictive, and sometimes misleading data for in
vivo tests [1-3]. Recently, a growing body of evidence has shown that
3D cell cultures provide a more physiologically relevant environment
for cells and allow the study of cellular responses in a setting that more
closely resembles in vivo environments [3-6].

The 3D structure plays important roles in determining the fate of
cells when they undergo proliferation, differentiation, or apoptosis.
Research has found that cells in a 2D culture environment differ
physiologically from cells in 3D cultures [7-9]. For example, several
cancer lines exhibit differential gene expression levels [10,11] and
different drug sensitivity levels to chemotherapeutic agents [12,13]
between 2D and 3D culture models. The additional dimensionality
in 3D cultures compared to 2D culture is a crucial feature leading
to the differences in cell responses, because this 3D feature not only
influences the spatial organization of the cell surface receptors engaged
in interactions with surrounding cells, but also induces physical

constraint to cells in such interactions. These spatial and physical
aspects in 3D cultures affect the signal transduction from the outside
to the inside of cells, and ultimately influence gene expression and
cellular behaviors. A number of studies have demonstrated that cellular
behavior in 3D cultures rather than 2D culture occur more similarly to
those in vivo [14-16].

As such, there are growing research interests in 3D cell culture
and various aspects associated with the technique, including culturing
methods [17], discovery/development of matrixes for supporting 3D
cultures [18-20], and the characterization of 3D cultures for their
applications, in particular, in drug screening/discovery processes
[17,21,22]. However, despite tremendous progress being made in
recent years, 3D cell culture technology is still an evolving field. While
many studies have focused on the development of novel individual 3D
culture systems, the pharmaceutical industry is eagerly searching for a
universal standardized 3D culture system in order to meet the needs for
highly demanding applications in drug discovery research. Although it
is a complex task to reach with many hurdles and unmet needs that still
need to be overcome, systematic optimization and characterization of
3D culture systems will certainly be useful for in-depth understanding
of the cellular behaviors in 3D cultures and advancing the technique for
practical applications.

In this study, instead of investigating the cellular behavior of a
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single cell line, we tested two unrelated cancer cell lines: the prostate
cancer cell line, DU145, and the oral cancer cell line, CAL27, to establish
3D cell cultures on a biological derived matrix-Matrigel at the same
conditions [23], and investigated how 3D and 2D cell cultures affect
the cellular responses to different anti-cancer drugs. With the intention
to contribute the knowledge needed for more systematic investigation
of 3D cultures, the objective of the study was to determine if there are
correlations between the type of culture model (2D vs 3D), cell line,
and cell behaviors including proliferation, drug sensitivity, and the
expression level of drug action-related proteins.

In drug tests, three anti-cancer drugs were tested on DU145 cells
including Docetaxel, Rapamycin, and Camptothecin. Docetaxel is a
semi-synthetic taxane used to treat advanced prostate cancer and as
a part of combination therapies [24,25]; Rapamycin is a macrocyclic
triene antibiotic with demonstrated immunosuppressive activity and
potent antitumor activity [26]; and Camptothecin is a plant alkaloid,
which inhibits DNA-topoisomerase 1. Three drugs tested on CAL27
cells were Docetaxel, Erlotinib, and Bleomcycin. Erlotinib is a kinase
inhibitor that binds to the ATP binding site of the epidermal growth
factor receptor (EGFR); and Bleomycin is a glycopeptide antibiotic
that induces DNA breaks by chelating metal ions and inhibiting the
incorporation of thymadine. In the study, we first established the
optimal conditions for growing CAL27 and DU145 cancer cells in 3D
spheroids on Matrigel, characterized their spheroid structures and
proliferation rates, compared the cellular responses of 3D-cultured
cells to drugs with those of 2D-cultured cells, and investigated whether
there are correlations between the drug sensitivity and the culture
characteristics and/or the relevant protein biomarker expression levels
in the two types of cultures.

Materials and Methods
Cell lines and cell culture

The prostate cancer cell line, DU145 (ATCC HTB-81) and the
oral cancer cell line, CAL27 (ATCC CRL-2095), were obtained from
American Tissue Culture Collection (ATCC) (Manassas, VA, USA).
CAL27 cells were cultured in Dulbecco’s Modified Eagle’s Medium
(DMEM) high glucose (Thermo Scientific Hyclone, Logan, UT)
supplemented with 10% of fetal bovine serum(FBS) and antibiotics (100
IU/ml penicillin and 100 pg/ml streptomycin) (Lonza, Walkersville,
MD), in 75 cm?flask and were incubated at 37°C in an atmosphere
of 5% CO, in air. DU145 cells were cultured in RPMI 1640 (Hyclone)
media supplemented with 10% FBS and antibiotics. The medium was
renewed every 2-3 days. When confluent, cells were detached from the
flask using 0.25% trypsin with 0.53 mM EDTA solution and centrifuged
to remove trypsin. The cell pellet was resuspended in fresh culture
medium and the cell number in the suspension was determined using
the Vi-cell XR cell counting system (Beckman Coulter, Miami, FL). The
desired cell concentrations needed for seeding in further experiments
were obtained by diluting the cell suspension with fresh media.

Preparation of 3D and 2D cultures for proliferation
characterization and drug tests

Matrigel (growth factor reduced, phenol red free) was purchased
from BD Biosciences (Bedford, MA, USA). Matrigel is a reconstituted
basement membrane extract that is derived from the Engelbreth-Holm-
Swarm (EHS) mouse sarcoma. It contains rich ECM constituents,
including laminin, collagen IV, perlecan, nodigen/entactin, proteases,
as well as growth factors including epidermal growth factor (EGF) and
insulin-like growth factor (IGF) [23]. Matrigel is the most popular

biologically derived matrix for supporting 3D cell culture. It has been
used as 3D matrix for culturing several cancer lines [19,27,28].

To culture cells in 3D on Matrigel, a desired volume of cold Matrigel
(50 pl) or diluted Matrigel was placed into the wells of a 96-well plate
and allowed to solidify at 37°C for 1 h to form a thin layer. Cells at
desired concentrations (100 pl) were seeded on top of the Matrigel
bed [19] and grown at 37°C for 3 days or otherwise stated. The cell
number per well was optimized in order to obtain 3D spheroids with a
reasonable size (50-100 um in diameter) and density for drug treatment
tests. To prepare 2D cell culture for drug tests, the same number of cells
(100 pl) was seeded in the wells of a 48-well plate and another 200 ul
pre-warmed fresh medium was added to each well. The 48-well plate
was incubated at the same condition for the same amount of time as the
3D culture. Before drug treatment, 50% of the medium in each well was
replenished with fresh medium 1-2 h prior to the treatment.

Drug treatments

Docetaxel (CAS# 114977-28-5) and Rapamycin (CAS#53123-88-
9) were obtained from Cayman Chemical (Ann Arbor, MI, USA).
Camptothecin (CAS# 7689-03-4) was obtained from Enzo Life Sciences
(Farmingdale, NY). Erlotinib was purchased from Sigma (St. Louis,
MO). Bleomycin was obtained from BD Biosciences (Bradford, MA).
Docetaxel, Rapamycin, Camptothecin, and Erlotinib were dissolved
in DMSO to make stock solutions and diluted with culture media to
various concentrations for treatments, and Bleomycin was dissolved
in water and diluted in culture media. The stock solution of Docetaxel,
Rapamycin, Camptothecin, and Erlotinib in DMSO was 3.64 mg/ml,
10 mg/ml, 5 mg/ml, and 2.5 mg/ml, respectively.

For drug treatment tests, prostate cancer cells (DU145) and oral
cancer cells (CAL27) were seeded on Matrigel in standard 96-well plates
at a density of 5,000 cells/well and 10,000 cells/well, respectively, and
allowed to grow for 3 days forming 3D spheroids. The same number of
cells of each cell type was seeded in standard 48-well plates, followed
by incubation for 3 days to grow 2D monolayer culture. The DU145
cells were treated with Rapamycin over a range of concentrations from
1.0 uM to 100 uM, Docetaxel ranging from 0.001 uM to 10 puM, and
Camptothecin ranging from 0.1 uM to 10 puM, for 24, 48, and 72 h.
The CAL27 cells were treated with Bleomycin ranging from 1.65 uM
to 330.5 uM, Erlotinib ranging from 0.01 pM to10 pM, and Docetaxel
ranging from 0.001 uM to 10 pM, for 24, 48, and 72 h. Cells without
treatment and cells treated with DMSO equivalent to the corresponding
concentration of DMSO in each drug concentration or media (for
Bleomycin) were used as the controls. The final DMSO concentration
in any drug treatment was no more than 1%.

To examine the effect of drug treatments, the cell viability after
treatment was determined using the 3-[4,5-dimethylthiazol-2-yl]-2,5-
diphenyltetrazolium bromide (MTT) assay at each desired treatment
time as described below, and the cellular responses to each drug were
compared between 2D and 3D cultures.

Cell viability assay (MTT assay)

The viability of treated and untreated 2D- and 3D-cultured cells
was assessed using the CellTiter 96" non-radioactive cell proliferation
MTT assay kit (Promega Corporation, Madison, WI, USA). Briefly,
tetrazolium salt solution (15 ul) was added to each well of the 2D
monolayer or 3D spheroids culture, and the plate was incubated at
37°C for 3 h. After incubation, 100 pl of solubilization/stop solution
was added to each well. The plates were returned to the incubator
overnight. The following day, the contents of each well were mixed

J Anal Bioanal Tech
ISSN: 2155-9872 JABT, an open access journal

Volume 6 - Issue 3 + 1000249



Citation: Adcock AF, Trivedi G, Edmondson R, Spearman C, Yang L (2015) Three-Dimensional (3D) Cell Cultures in Cell-based Assays for in-vitro
Evaluation of Anticancer Drugs. J Anal Bioanal Tech 6: 247 doi:10.4172/2155-9872.1000249

Page 3 of 12

well for absorbance measurement. For 2D cells, 200 pl of the solution
from each well of the 48-well plate was transferred to a 96-well plate.
The absorbance was measured at 570 nm using the SpectraMax M5
plate reader (Molecular Devices, Sunnyvale, CA). The absorbance
readings of drug treated cells were corrected with the readings of cells
treated with the DMSO controls or media controls. The percentage
of cell survival in each well was calculated using the untreated cells as
100%. The percentage of cell survival was used to compare the cellular
response of 2D- and 3D-cultured CAL27 and DU145 cells to each drug
treatment. The dose response curves, the percentage of cell survival vs.
drug concentration, of 2D- and 3D-cultured CAL27 and DU145 cells,
were also used to determine the IC, values of the tested drugs using
CompuSyn software (ComboSyn, Inc., Paramus, NJ).

Western blot

Protein expression in untreated and drug-treated 2D and 3D
cultures of cancer cells was assessed through western blot. DU145
and CAL27 cells (140,000 cells/well) were cultured on a thin layer of
Matrigel (800 ul/well) in a 6 well dish for 3 days to allow 3D spheroid
formation. The cells were seeded in a volume of 1.0 ml each well and
another 2.0 ml of media was added to reach a final volume of 3.0 ml.
For 2D cultures, 70,000 cells/well (1.0 ml) of each cell line was seeded
and supplemented with 2.0 ml of culture media for a final volume of 3.0
ml/well, and allowed to grow for 3 days. For drug treatment, each well
received 300 ul of 10x the IC | drug concentration determined from
the MTT assays in the previous drug response studies. All cultures
were exposed to drug treatment for 48 h before protein extracts were
prepared. Cells that received media or the DMSO equivalent to the
DMSO concentration in the drug treatment were used as controls.

Extracts were prepared by detergent lysis (50 mM Tris (pH7.4), 1
mM EDTA, 150 mM NacCl, 1% NP-40, 1% sodium deoxycholate, 0.1%
SDS containing protease and phosphatase inhibitor cocktails) (Roche,
Basel, Switzerland) according to the manufacturer’s instruction. For
3D cultures, the Matrigel was liquified on ice using the Cell Recovery
Solution (BD Biosciences, Bedford, MA). Cell spheroids were collected
by centrifuging at 500x g, and then lysed by detergent lysis. The soluble
protein concentration in the extract was determined by micro BCA™
protein assay (Pierce, Rockford, IL).

Proteins were separated on a NuPAGE Bis-Tris mini gel
(Invitrogen) with MOPS buffer, and then electrophoretically
transferred to a nitrocellulose membrane. Membranes were probed
overnight with primary antibodies against target protein and a
housekeeping protein for normalization. For examining the expression
of epidermal growth factor receptor (EGFR) in 2D and 3D cultures
of CAL 27 cells, anti-EGFR (1:1000) and anti-phosphorylated-EGFR
Tyr1068 (1:1000) antibodies (Cell Signaling Technology, Danvers,
MA) were used as the primary antibody. For examining the expression
of tubulin, beta 3 class IIT (TUBBIII), anti-TUBBIII antibody (1 pg/ml)
(Covance Inc, Dedham, MA) was used as primary antibody. In both
cases, beta actin was selected as the house keeping protein to normalize
the expression of EGFR or TUBBIII, and anti-beta actin antibody was
used (1:1000) (Thermo). The secondary antibodies (1:5000), goat anti-
mouse antibody labeled with IR 680 and IR 800 and goat anti-rabbit
antibody labeled with IR 680 and IR 800 were purchased from LICOR
(Lincoln, NE). The incubation time was 1 h at room temperature. The
membrane was then washed with PBS-T (0.1% Tween) for 5 min and
repeated 5 times, and imaged on the LICOR Odyssey imaging system.

Microscopic imaging

Optical microscopic images of 2D and 3D cells were taken using
Nikon ECLIPSE E600FN microscope with a Coolsnap HQ camera
(Roper Scientific, Inc. Photometric, Tucson, AZ). Fluorescence
microscopic images of 3D cells were taken using the Nikon laser-
Scanning Confocal Microscope, Nikon Ti-U confocal microscope,
with Nikon EX-CI 3.80 and Nikon Elements AR softwares. For
fluorescence imaging, cells were stained with three fluorescent dyes: the
blue Hoechst dye 33342 (Invitrogen, Carlsbad, CA), Cell Tracker Red
CMPTX (Invitrogen, Carlsbad, CA), and Cell Tox Green (Promega,
Madison, WI). Briefly, after cell growth, the cells were stained 10 pg/
ml Hoechst dye, 10 uM cell tracker red, 1:1000 CellTox Green in
100 ul of fresh base medium at 37°C for 30 min. After removing the
dye-containing medium, the cells were washed with 100 pl DPBS
twice. Two hundred microliters of ProLong Gold Antifade Reagent
(Cell Signaling Technologies, Danvers, MA) were then added to each
chamber. The culture chamber was directly placed on the stage of the
confocal microscope for imaging.

Statistical analysis

All the statistical analyses in this study were performed by student
t test. P<0.05 was considered statistically different.

Results and Discussion

Formation of 3D spheroids of CAL27 and DU145 cells on
Matrigel

To investigate the growth conditions for the two tested cancer
lines grown in 3D spheroids on Matrigel, different concentrations of
diluted Matrigel (with medium) were used for culturing cells and the
growth of cells were examined. It was found that both CAL27 cells
and DU145 cells formed 3D spheroids on undiluted Matrigel and on
1:1 diluted Matrigel, but did not form 3D structures on more diluted
Matrigel. The images of CAL27 cells grown on Matrigel and diluted
Matrigel are included in Supplementary Material, S1. However, cells
growing on 1:1 diluted Matrigel sometimes formed a mixture of 2D
and 3D spheroids causing inconsistent 3D spheroid formation, likely
because of the variation and/or insufficient growth factors and ECM
proteins to support cells growing in 3D structures, and it is true for
more diluted Matrigel being unable to support 3D spheroids formation,
since these components are critical factors supporting cells to grow in
a three-dimensional fashion and activating various signal transduction
pathways that regulate cell proliferation, differentiation, motility,
angiogenesis, drug sensitivity, and gene expression [29,30]. As such,
in all 3D culture experiments, undiluted Matrigel was used throughout
the experiments.

We then examined the morphology and structure of 3D spheroids
of DU145 and CAL27 by microscopic imaging. Figures 1A and
1B show the images of DU145 cells and CAL27 cells growing in 3D
spheroids on Matrigel at day 4, with initial cell number varying from
1,000 to 10,000 cells/well for DU145 and 5,000 to 50,000 cells/well for
CAL27.DU145 cells grew into individual 3D spheroids and the average
spheroid diameter increased with increasing initial cell number until
the initial cell number reached 10,000 cells/well, cell seeded with initial
cell number at 10,000 cells/well or higher resulted in a honeycomb-like
3D structure 2 days after cell seeding. For CAL27 cells, it was also true
that the average spheroid diameter increased with increasing initial cell
number; however, the CAL27 cells formed less defined 3D spheroids
instead of honeycomb-like structures when the initial cell seeding
density reached 50,000 cells/well and higher. While it is not clear why

J Anal Bioanal Tech
ISSN: 2155-9872 JABT, an open access journal

Volume 6 - Issue 3 + 1000249



Citation: Adcock AF, Trivedi G, Edmondson R, Spearman C, Yang L (2015) Three-Dimensional (3D) Cell Cultures in Cell-based Assays for in-vitro
Evaluation of Anticancer Drugs. J Anal Bioanal Tech 6: 247 doi:10.4172/2155-9872.1000249

Page 4 of 12

DU145 cells at high cell number formed honeycomb-like structures and
CAL27 did not, the results indicated that the initial cell number (per
well) or the cell density must be optimized to get reasonable sized and
dense 3D spheroids per well for further use of 3D spheroids for drug
testing. The results here indicated that the initial cell number of 5,000
cells/well and 20,000 cells/well were optimal for DU145 and CAL27
cells, respectively. With the optimal initial cell number for each cell
line, 3D cell spheroids grew to 50-100 pum in diameter within 3-4 days
for both cell lines. While it was surprising that such a big difference in
cell density for the two cell types generated similar sized 3D spheroids
within the same growth periods, it brought the attention to examine
the structures of 3D spheroids formed by the two cell lines and the
differences in proliferative capacities between 3D spheroids and the 2D
monolayer culture for each cell line.

Figure 1C shows representative confocal fluorescent images of
the 3D spheroids of DU145 and CAL27 cells. Structurally, the 3D
spheroids formed by the two cell lines are distinctively different. Kenny
etal. [31] classified the structures of 3D spheroids formed by a panel of
25 breast cancer cell lines into 4 groups: round, mass, grape-like, and
stellate structures. Harma et al. [32] reported 3D spheroid structures
for a comprehensive panel of prostate cancer cell lines and found that
most structures fell into the 4 categories with exception of some cell
lines that failed to form spheroids. According to the characteristics
of these spheroid structures and images in Figure 1, the spheroids
formed by DU145 cells fell into the “round” type, since the nuclei in the
spheroids were organized around the center of the colony, and a lumen
was formed in the center of the spheroids, and this is consistent with
the observation of Harma et al. [32]. Cells in “round” type spheroids
typically exhibit strong cell-cell adhesion and communication. On the
other side, the spheroids formed by CAL27 cells were more likely to be

the “mass” type spheroids according to the characteristics described by
Kenny et al. [31], as the spheroids were characterized by round colony
outlines, disorganized nuclei, and filled colony centers. Cells in the
“mass” type spheroids are also strong in cellular communication.

The formation of different spheroid morphology by DU145 and
CAL27 cell lines demonstrated that the 3D spheroid morphological
appearance was cell line dependent, and the observation is consistent
with many other studies on various cell lines [31,33,34]. Even different
cell lines of the same cancer, for example, different breast cancer lines
[31] or different colorectal cancer cell lines [34] formed divergent
spheroid morphologies on laminin-rich-extracellular matrix. It is
understandable that spheroid morphology is related to different cellular
properties, mostly of an altered malignant potential. It was observed in
several cases that within the same tumor type, cell lines isolated from
tumor metastases form less closely associated spheroids with reduced
cell-cell adhesion compared to cell lines isolated from primary tumors
[31,34]. But this measure may not be applicable to the comparison
between DU145 and CAL27 cells. DU145 is a classical prostate cancer
cell line derived from brain metastasis, having moderate metastatic
potential. CAL27 is a primary oral cancer cell line derived from the
tongue tissue. Both of the cancer cell lines formed 3D spheroid
structures with strong cell-cell communications.

The relative proliferation rate of 3D cultured cells compared
to 2D cultured cells

Next, we examined the proliferation rates of 3D cultures of DU145
and CAL27 cells relative to their respective 2D cultures, using the
MTT assay. Figures 2A and 2B show the MTT assay results of DU145
cells and CAL27 cells growing in 3D spheroids in comparison to their
counterpart 2D cultures at 48 h. As shown in the Figure 2A, DU145

1,000 cells/well ek
5 5 0
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ul of fresh base medium at 37°C for 30 min. Scale bar in (A), (B), and (C)=100 um

600 cotispwell

Figure 1: Optical microscopic images of 3D spheroids on Matrigel of DU145 and CAL27 cells. (A) DU145 cells at initial cell number ranging from 1,000 to 10,000
cells/well, (B) CAL27 cells at initial cell number ranging from 5,000 to 50,000 cells/well, at day 4; And (C) the fluorescent confocal microscopic images of the structure
of DU145 spheroids and CAL27 spheroids on Matrigel. The spheroids were stained with10 pg/ml Hoechst dye, 10 uM cell tracker red, 1:1000 Cell Tox Green in 100
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cells in 3D spheroids - grew slower than those in 2D monolayer culture
at each initial seeding cell number, approximately by 20-40% less than
those of 2D monolayer cultured cells (estimated by the MTT assay
results). As opposed to DU145 cells, CAL27 cells in 3D culture grew
faster than 2D culture, showing approximately 50-70% enhanced
proliferation rates at various seeding cell densities compared to those
of 2D monolayer cultured cells (Figure 2B). For both cell lines, the
MTT assay signal increased nearly linearly with increasing initial
cell number, and reached a plateau or fluctuation at high initial cell
numbers, which most likely was caused by the overgrowth of cells. The
relative proliferation between 3D and 2D- cultured cells measured at
24 h and 72 h showed similar trends. To get a considerable high signal
while avoiding overgrowth of cells, we selected the initial cell seeding
density of 10,000 cells/well for CAL27 cells and 5,000 cells/well for
DU145 cells for the drug treatment experiments.

These results indicated that culture method/environment did
affect cell proliferation rate, however, whether the cell proliferation
rate in 3D culture was faster or slower relative to that of 2D culture
was cell line-dependent. In literature, reduced proliferation rates in
3D cultures compared to 2D culture were observed commonly in a
variety of cell lines [30,34-38], such as endometrial cancer cell lines
Ishikawa, RL95-2, KLE, and EN-1078D in 3D reconstituted basement
membrane (3D rBM), colorectal cancer cell lines CACO-2, DLD-1,
HT-29, SW480, LOVO, COLO-206F on Laminin-rich-extracellular
matrix (IrECM) [34], human submandibular salivary gland (HSG) cell
line on Matrigel [38], human embryonic kidney (HEK) 293 cell line
on microspheres of cell-rat-tail collagen type I [37], and the human
mammary epithelial cell line MCF10A on a complex 3D culture system
based on stromal cells, silk scaffolds, and Matrigel [39]. However, an
opposite proliferation rate, proliferating faster in 3D culture than in 2D
culture, was also observed in some cell lines. For example, JIMT1 breast
cancer cells grew 1.86 fold faster in Matrigel than in 2D culture [40]. In
general, the proliferation rate of cells in 3D culture better represents
the growth of tumor cells in vivo, compared to those cultured in an
unnatural 2D environment [30].

Cellular responses of 3D vs. 2D cultures of CAL27 and DU145
to anti-cancer drugs

To evaluate the use of 3D culture for drug tests, each cell line was
treated with three drugs with different action mechanisms. Prostate
cancer DU145 cells were treated with Camptothecin, Docetaxel, and
Rapamycin for 24 to 72 h treatment, while oral cancer CAL27 cells
were treated with Bleomycin, Docetaxel, and Erlotinib for 24 to 72 h
treatment. The cellular responses of 3D spheroids to a range of drug
concentrations of each drug were compared to those of 2D culture
within each cell line, and the relative sensitivity of 3D-cultured cells
compared to 2D-cultured cells in response to Docetaxel was analyzed
with attempt to correlate with the culture characteristics of the two cell
lines.

Figure 3A shows the cell survival percentages of CAL27 cells in 3D
and 2D cultures after being treated with Erlotinib from 0.01 to 10 uM,
Docetaxel from 0.001 to 10 uM, and Bleomycin from 3.3 uM to 165
uM, for 72 h. As shown in Figure 3A, upon drug treatment for 72 h, the
dose response curve showed that the viability of treated cells decreased
in both 3D and 2D culture as the drug concentration increased. When
the cellular responses of 3D and 2D cultures were compared, to all
three drugs, the percentages of surviving cells in 3D culture were lower
than those of 2D culture at any given drug concentration, indicating
that the cells in 3D spheroids were more sensitive to these drugs than
2D-cultured cells in the effective range of any of the three drugs,
regardless of the drug’s mechanism of action. The observation was also
reflected by the IC, | of each drug to 2D and 3D cultures, derived from
the dose response curves (Table 1), in which the IC, of each drug to2D-
cultured CAL27 cells was approximately 3-5 fold higher than that of
3D-cultured cells.

This is an interesting result, as it is opposite to many other
observations reported in a number of studies which have found that
cells cultured in 3D models are often more resistant to anti-cancer
drugs than 2D culture [11,21]. For example, ovarian cancer cell
survival and proliferation in 3D cultures after paclitaxel treatment was
reduced by 40% or 60% in 3D cell spheroids, while the same treatment
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Figure 3: Cell survival percentage obtained in MTT assay, expressed as survival percentage. (A) CAL27 cells cultured in 3D spherorids or in 2D monolayers when
exposed to various concentrations of erlotinib, docetaxel, and bleomycin, for 72 h; and (B) DU145 cells in 3D spheroids or in 2D monolayer when exposed to various
concentrations of rapamycin, docetaxel, and camptothecin for 72 h. Data is expressed as mean + standard deviation based on three independent experiments with
triplicate wells for each drug concentration.

led to 80% reduced cell viability in the 2D cell monolayer [11]. Usually,
the stronger drug resistance in 3D culture results primarily from
signals from dynamic cellular interactions between neighboring cells
and ECM input into the cellular decision-making process [41]. The
increased drug resistance in 3D culture can also be attributed to limited
diffusion of drug through the spheroid and to hypoxia, which has been
shown to lead to the activation of genes involved in cell survival and
drug sensitivity [42]. However, depending on the mechanism of action,
sometimes active cell proliferation is required for drugs to be effective
[43]. In the case of CAL27 cells in this study, cells in 3D culture showed
more active cell proliferation (Figure 1) than in 2D culture, and this
may account for the more sensitive response of 3D-cultured cells to the
drugs than 2D-cultured cells.

Figure 3B shows the cell survival percentages of DU 145 cells in
3D and 2D cultures after treatment with Rapamycin, Docetaxel, and
Camptothecin for 72 h, and the IC_ for 3D and 2D cultures for all three
drugs at 72 h treatment are listed in Table 1. As stated above, the three
drugs had different mechanisms of action. Rapamycin is a macrocyclic
antibiotic immune suppressant that binds to the FKBP12 binding
protein to form the Rapamycin/FKBP12 complex, which binds to
mTOR, a protein kinase responsible for cell survival and proliferation
[44]. Camptothecin is a plant alkaloid that inhibits topoisomerase I

activity. Topoisomerase I is an enzyme that cuts and reanneals DNA
strands to release tension during transcription. Unlike CAL27 cells,
the sensitivity of DU145 cells in 3D culture relative to 2D culture to
different drugs was clearly associated with drug action mechanisms. As
shown in Figure 3B, upon Docetaxel treatment, as the concentration
of Docetaxel increased, the viability of treated cells decreased in both
3D and 2D cultures. But between 3D and 2D cultures, 3D-cultured
DU145 cells showed significantly higher survival percentages at given
Docetaxel concentrations, indicating that 3D cultured cells were
significantly more resistant to Docetaxel than 2D cultured cells. Based
on literature, Docetaxel is referred to as an anti-mitotic drug, and it
is most effective against proliferating cells [45]. The observed results
here are consistent with this classification, as DU145 cells in 3D culture
proliferated slower, therefore were more resistant to Docetaxel than
the faster proliferating cells in 2D culture. It also held true to CAL27
cells, where cells in 3D culture proliferated faster than cells in 2D
culture (Figure 2B), and the responses of 3D-cultured CAL27 cells to
Docetaxel were more sensitive than those in 2D culture (Figure 3A). In
this respect, the relative sensitivity of 3D cultures of both CAL27 and
DU145 to Docetaxel correlated well with the relative proliferation rate
of the cell lines compared to their counterpart 2D culture. As such, the
proliferation rate was believed to be the dominating factor affecting the
sensitivity of cells to Docetaxel in light of its action mechanism.
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Cell line CAL27 DU145
IC., (M)
Drug Bleomycin Erlotinib Docetaxel Rapamycin Docetaxel Camptothecin
2D culture 64.3 1.7 0.02 32.2 0.017 0.48
3D culture 121 0.6 0.006 20.3 0.105 0.88

Table 1: IC50 of the tested anti-cancer drugs for 2D and 3D cultures of CAL27 and DU145 cells, with 72 treatment time.

When treated with Rapamycin, 2D-cultured DU145 cells were
not affected by Rapamycin at concentrations lower than 10 pM, but
cell viability decreased significantly to less than 10% as Rapamycin
concentration increased from 10 uM to 100 pM. Surprisingly, in 3D
cultures, Rapamycin was effective (only 60% of the cells alive) even
at the low concentrations (1.0 uM to 10 pM). And when Rapamycin
concentration increased from 10 uM to 100 pM, cell viability decreased
significantly to less than 10%, which was similar to 2D culture. The
difference between the 3D culture, with a 70% or lower survival rates
at low concentrations of Rapamycin, compared to the 2D culture with
100% survival can be attributed to the culture environment-induced
cellular property difference in 3D and 2D cultures, as well as the
associated drug action mechanisms in response to these properties.
Rapamycin is a lipophilic macrolide that targets the mammalian
target of rapamycin (mTOR), a protein in the larger family termed
the phosphatidylinositol kinase-related kinases. The mTOR complex
is comprised of two complexes, mTOR1 and mTOR2. The mTOR1
complex is associated with cell growth and proliferation, while
mTOR2 is associated more with cell survival and proliferation. In 2D
monolayer culture, mTOR inhibitors suppress cell proliferation, but
do not commonly induces apoptosis. In contrast, nTOR inhibitors are
potent in inducing apoptosis of inner cells within 3D spheroids that
are not attached to ECM matrix. The outer cells of 3D spheroids and
the cells in 2D monolayer induce a strong survival program [46]. This
explained the observation on the different cell survival rate between
the 3D and 2D cultures at low Rapamycin concentration observed in
this study, and was consistent with the observation in several other
epithelial cancer cell lines including ovarian and breast cancer cell lines
reported previously [46]. The result also highlighted the importance of
3D cell culture systems as a valuable approach for rational prediction
of drug effectiveness as 3D cultures enable the detection/monitoring of
some of the drug-induced phenotypic changes in cells that could not
possibly be assayed in traditional 2D monolayer culture.

When treated with Camptothecin at concentrations ranging from
0.001 uM to 1 uM, DU145 cells in 3D and 2D cultures showed similar
levels of cell viability at each drug concentration, suggesting cells in
3D and 2D cultures exhibited similar sensitivity to Camptothecin. It
was reported previously that Camptothecin crosses the cell membrane
easily and goes directly to the topoisomerase I target within minutes
[47]. It has also been shown that Camptothecin is most active under
acidic or hypoxic conditions. Another study found that it is converted
to a carboxylate form at physiologic pH and in the presence of serum
(48]. In this study, the spheroids were not large enough to develop
hypoxic regions, and the pH in the 3D culture and the 2D culture were
the same at the time of drug treatment, which explains why the same
responses were observed in 2D and 3D cultures.

In view of both CAL27 and DU145 cells, the results here suggested
that the relative sensitivity of 3D culture compared to 2D culture to a
drug should be dependent coherently on both the proliferative nature
of the cell line and the drug action mechanism.

Time effect on cellular responses in 3D vs. 2D culture to drugs

For both cell lines, the cells in 3D and 2D cultures responded to all
drugsinatime dependent manner. Figure 4A shows three representative
time-dependent cell survival percentages against treatment time in
both 2D and 3D cultures of DU145 or CAL27 cells in response to one
of the tested drugs. For all cases, the responses of cells in both 3D and
2D cultures showed a clear trend in which the cell survival percentage
decreased as treatment time increased. The Figure also illustrates the
difference in cell survival percentage between 3D and 2D cultures as
treatment time changed from 24 h to 72 h, where in most cases, the
difference in cell survival percentage at a given drug concentration
was constant with respect to treatment time. For example, with the
treatment of 0.1 uM of Docetaxel, a concentration that effectively acted
on both 3D and 2D cell cultures of both cell lines (as shown in Figure 3),
the difference in cell survival percentage between 3D and 2D culture of
DU145 kept almost constant upon 24 h, 48 h and 72 h, whereas CAL27
cells showed no difference in cell survival percentage between 3D and
2D cultures upon 24 h treatment, but showed a constant difference
upon 48 h and 72 h treatment. With treatment of 5 uM Erlotinib-a
concentration that was effective in killing CAL27 cells (as shown in
Figure 3)--the difference in cell survival percentage between 3D and
2D cultures of CAL27 cells was constant upon 24 h, 48 h, and 72 h
treatment.

Next, the morphological change of CAL27 and DU145 3D spheroids
upon drug treatment with respect to treatment time was examined.
Figure 4B shows a representative series of images of 3D spheroids of
CAL27 cells during the process of treatment with 5 uM Erlotinib, a
high concentration effective on both 3D and 2D cultures, over 72
h. Upon 24 h treatment, the spheroids started to lose their defined
spherical structure, with the cells beginning to disassociate from the
spheroids. By 48 h treatment, all cells fell apart from the spheroid,
and the CAL27 spheroids lost their 3D structure. At 72 h, most of the
loose cells were dead. These images showed a clear progressive loss of
spheroid structure during drug treatment. Upon treatment of the other
tested drugs at effective concentrations, CAL27 spheroids exhibited a
similar progressive morphological change (Supplementary Material,
S2). Figure 4C shows the images of DU145 spheroids treated with 10
uM Docetaxel (a high concentration) for 24 to 72 h. Unlike CAL27
spheroids, DU145 spheroids still showed a well-defined round shape
at 24 h and 48 h treatment. Even at 72 h, the structure of the spheroid
remained identifiable/intact. This morphological feature of DU145
spheroids remained the same upon the treatment of Camptothecin.
However, Rapamycin at high concentration (100 M) caused the loss
of defined spheroid structure in DU145 spheroids (Supplementary
Material, S2). This distinctive morphological difference between
CAL27 and DU145 spheroids might be due to the structural nature
of their respective spheroid types (mass vs. round) and the inherit
properties associated with them, such as cell-cell interactions and cell-
ECM interactions within the given spheroid type.
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Figure 4: Cellular responses of 3D and 2D cultured DU145 and CAL27 cells. (A) The differences in cell survival between 3D and 2D cultured cells of DU145
upon treatment of 0.1 pM docetaxel, and of CAL27 upon treatment of 0.1 uM docetaxel and 5 pM erlotinib, for 24, 48, and 72 h, measured by MTT assay. (B)
Optical microscopic images of CAL27 spheroids upon treatment of 5 uM erlotinib for 24, 48, and 72 h, along with the untreated one. (C) Optical microscopic
images of DU145 spheroids upon treatment of 10 uM docetaxel for 24, 28, and 72 h, along with the untreated one. Scale bar in (B) and (C)=100 pm.
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Drug affected cells within 3D spheroids

It is possible to observe how drug-affected cells are distributed
within the spheroid structure using a single dose of drug that is effective
on 3D spheroids (we used the drug concentration at or around its IC, ).
Figure 5A shows the confocal fluorescent images of 3D spheroids of
CAL27 cells with treatment of 0.5 uM Erlotinib for 72 h. The image
showed one representative plane in a spheroid where cells with green
nuclei were dead cells and cells with blue nuclei were live cells. The
image demonstrated that dead cells were distributed evenly across the
spheroid, indicating that Erlotinib was able to diffuse into the spheroid
and acted on cells near the core of the spheroid. Similar tests were
performed on DU145 3D spheroids in order to examine drug diffusion
within the spheroids. Figure 5B shows the fluorescent images of 3D
spheroids of DU 145 with treatment of 41.1 pM Rapamycin for 48 h
(i.e. the IC, of Rapamycin on DU145 spheroids at 48 h). As shown in
the image, with Rapamycin treatment, dead cells (with green nuclei)
were distributed across the spheroid, indicating that Rapamycin can
diffuse into the spheroids and act on cells inside the spheroids.

In view of both CAL27 and DU145 spheroids, drug action were
effective on both outer layer and inner layer of cells, indicating that
these small molecule drugs can act on cells evenly into the spheroids,

which suggested that the drug diffusion rate would not be a main factor
to cause the difference in drug sensitivity for 3D culture compared to
2D culture in this case.

Differences in expression of drug action-related proteins in
2D and 3D cultures

Research has shown that 3D cultured cells differ from 2D cultured
cells in gene, protein, and cell receptor expressions [7,9,8]. Genes
that play roles in proliferation, angiogenesis, migration, invasion,
and chemosensitivity [29,30] have been found to be differentially
expressed in 3D and 2D cultures of various cancer cell lines. Similarly,
cell receptors and proteins, especially those involved in drug action
pathways, are often expressed differently in 2D and 3D cultures,
resulting in differences in drug sensitivity between the culture types.
For example, the expression levels of several proteins, including the
epidermal growth factor receptor (EGFR), the downstream activated
kinases AKT (also known as Protein kinase B), and p42/44 MAPK
(Mitogen-activated protein kinases), were altered in 3D cultured cells
of colorectal cancer (CRC) cell lines compared to those in 2D culture
[34]. Moreover, altered EGFR expression in 3D cultured cells seemed
to be associated with an altered response to anti-EGFR therapy [34].
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live (blue) and dead (green) cells.

Figure 5: Fluorescent confocal microscopic images 3D spheroids of CAL27 and DU 145 cells. (A) CAL27 spheroids treated with 0.5 uM erlotinib for 72 h, and (B)
DU145 spheroids treated with 41.1 uM rapamycin for 48 h. The spheroids were stained with10 pg/ml Hoechst dye (nucleus of live cells), 10 uM cell tracker red
(cytoplasm), 1:1000 Cell Tox Green (nucleus of dead cells) in 100 pl of fresh base medium at 37°C for 30 min. Cells were stained for cytoplasm (red), nucleus of

Since the drug response assay results showed differences in drug
sensitivities in 2D and 3D cultures of both cell lines, further examination
on the expression levels of proteins involved in drug action pathways
would be useful to understand the cellular responses in 3D culture
relative to 2D culture at the protein level. We selected to examine the
expression levels of proteins that are known to be drug-related protein/
receptor in each cell line: EGFR-a protein involved in Erlotinib action
in CAL27 cells, and BIII tubulin-a protein related to Docetaxel action
in DU145 cells. This would allow us to examine whether there was a
possible correlation between the expression of drug action- related
proteins and the drug sensitivity.

Since Erlotinib acts on cells through the binding with EGFR on
cell surfaces, we sought to examine the expression level of EGFR in 2D
and 3D cultured CAL27 cells, which may be a factor associated with the
differences in drug sensitivity between the two types of culture. Figure
6A shows the result of western blot of EGFR expression in 2D and 3D
cultures of CAL27 with and without Erlotinib treatment. B-actin was
used as the house keeping protein to normalize the signals of EGFR.
Figure 6B shows that the expression level of EGFR (normalized to
B-actin) in 3D cultured cells was significantly higher than that of 2D
cells. Such increased expression of EGFR was one of the possible factors
to be associated with CAL27 cells’ response to Erlotinib where 3D cells
responded more sensitively to Erlotinib compared to 2D cells. Although
not statistically significant, it was also found that the expression levels
of EGFR were upregulated after Erlotinib treatment in both 3D and
2D cultures. Luca et al. [34] investigated how ECM influenced the
expression levels of the epidermal growth factor receptor (EGFR) and
the downstream activated kinases AKT (also known as Protein kinase
B) and p42/44 MAPK (Mitogen-activated protein kinases) in several
colorectal cancer (CRC) cell lines, since EGFR stimulates proliferation
via MAP-kinases, which has been established as a therapeutic target
in the treatment of advanced CRC. They found that not only the
gene expression patterns in CRC cells growing in the IrECM 3D cell
model was altered , but EGFR protein expression, phosphor-AKT and
phosphor-MAPK protein levels were altered as well, compared to those
in 2D counterparts. Decreased EGFR expression in IrECM cultured
cells was observed, and significant decreased responsiveness for 3D

spheroids cultured on IrECM to a tested EGFR inhibitor was observed.
However, whether the observed drug response sensitivity in this study
and the reported CRC cells was attributed to the reduced EGFR protein
expression alone or other factors interfering ECM-signaling is still
speculative [34]. More systematic studies on many more cell lines and
different EGFR therapies are necessary to illustrate a more confirmed
conclusion.

The expression of class III B tubulin (BIII tubulin) was examined in
DU145 cells in 2D and 3D cultures. Although BIII tubulin expression
has not been well characterized in prostate cancer, research has found
that overexpression of BIII tubulin in several cancers is related to the
resistance to taxane-based therapies [49] . The tested drug, Docetaxel,
is a derivative of taxanes, and acts on cancer cells through targeting the
microtubules, composed of polymers of a and  tubulin heterodimers
[50,51], to disrupt the mitotic apparatus leading to cell death. Several
studies have shown that transfection with BIII tubulin in human tumor
cells induced the resistance to taxanes, while depletion of BIII tubulin
in cells resulted in the sensitization to taxanes [52,53]. Based on this
information and our observation that 3D-cultured DU145 cells were
more resistant to Docetaxel, we sought to examine the expression level
of BIII tubulin in 3D- and 2D- cultured DU145 cells. Figure 6C shows
the result of western blot of BIII tubulin in DU145 cells in 2D and 3D
cultures before and after Docetaxel treatment. Figure 6D shows the
quantitatively determined expression levels of BIII tubulin in DU145
cells in 2D and 3D normalized to f actin as the house keeping protein.
Consistent with our observation of higher Docetaxel resistance in
3D-cultured DU 145 cells compared to 2D cells, the expression levels
of BIII tubulin in untreated and DMSO control 3D-cultured cells were
~1.7 and ~2.6 fold higher than those of 2D-cultured cells, respectively.
Interestingly, it was also observed that upon Docetaxel treatment at
its IC,, the expression of BIII tubulin was upregulated by ~1.7 fold in
3D-cultured cells, but no difference was observed in 2D-cultured cells.
This may be resulted from the different cellular behaviors in 3D and
2D cultures in responding to Docetaxel. Studies have indicated that
BIII tubulin expression is associated with resistance to tubulin binding
agents in advanced non-small cell lung cancer, as well as providing
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Figure 6: Western blot results. (A) A representative image of the expression of total EGFR in 2D and 3D cultured CAL27 cells, untreated, DMSO controls, and
treated with Erlotinib at its IC50 (10 uM and 2 uM for 2D and 3D cells, respectively) for 48 h. The whole cell lysate was subjected to western blot analysis. (B) The
relative expression level of EGFR in 3D cultured cells compared to 2D cells, and between untreated, DMSO control, and drug-treated cells in each culture type. (C) A
representative image of the expression of Bl tubulin in 2D and 3D cultured DU145 cells, untreated, DMSO controls, and treated with Docetaxel at its IC50 (0.04 uM
and 0.1 uM for 2D or 3D cells, respectively) for 48 h. The whole cell lysate was subjected to western blot analysis. (D) The relative expression level of Il tubulin in 3D
cultured cells compared to 2D cells, and between untreated, DMSO control, and drug-treated cells in each culture type. Data in (B) and (D) were results averaged from
triplicate experiments. "P<0.05 using t test.

prognostic information for outcomes for patients with earlier stage
disease [51,54]. High expression of PIII tubulin has been associated
with low response rates to taxane and with reduced survival in patients
with breast, ovarian, gastric cancers and cancers of unknown primary
site [51], but the mechanism of such resistance is still unclear [52].

Nevertheless, the results of both CAL27 and DUI145 cell lines
indicated that the relative sensitivity of 3D culture to anti-cancer drugs
is possible to be associated with the expression levels of drug action
related proteins in 3D culture as compared to 2D culture. but further
large randomized studies on other cell lines as well as other drugs and
related proteins have to be conducted to further study the correlation,
and to understand the role of cell culture type in protein expression
levels which may in turn impact the cellular responses to anti-cancer
therapeutics.

Conclusion

The study systematically investigated the cell proliferation rates,
spheroid structures, cellular responses to different anti-cancer drugs, the
expression of drug action-related proteins, and the possible correlations
among these properties the cellular properties and behaviors of 3D
spheroids formed on Matrigel in comparison to 2D monolayer cells,
in two unrelated cancer cell lines. The results demonstrated that the 3D
spheroid structure and the relative proliferation rate in 3D spheroid
compared to 2D culture was cell line dependent. The relative sensitivity
of cells in 3D culture in response to anticancer drugs compared to
2D culture was related to relative proliferation rate of the culture and
coherently associated with drug mechanism. The expression levels of
drug-action related proteins appeared to be correlated with the cellular
response in 3D and 2D cells, whether this holds true to other cell lines
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and/or drug treatment is most likely a case by case situation and further
detailed research is necessary. The differences in cell proliferation rate,
cell culture structure, cellular responses to drugs, and protein expression
levels compared to 2D cells, varied with cell lines, which definitely add
to the complexity in advancing large scale practical applications of 3D
culture systems in cell biology and drug discovery. Further systematic
or collective studies on the characterization and standardization of 3D
culture systems will be necessary to promote the 3D culture technique
being one of the most promising culture methods that are expected to
bring cell-based drug screen technology at least one step closer to the
in-vivo condition.
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