@’PLOS ‘ ONE

CrossMark

click for updates

E OPEN ACCESS

Citation: Edmondson R, Adcock AF, Yang L (2016)
Influence of Matrices on 3D-Cultured Prostate Cancer
Cells' Drug Response and Expression of Drug-Action
Associated Proteins. PLoS ONE 11(6): €0158116.
doi:10.1371/journal.pone.0158116

Editor: Lucia R. Languino, Thomas Jefferson
University, UNITED STATES

Received: March 31, 2016
Accepted: June 12, 2016
Published: June 28, 2016

Copyright: © 2016 Edmondson et al. This is an open
access article distributed under the terms of the
Creative Commons Aftribution License, which permits
unrestricted use, distribution, and reproduction in any
medium, provided the original author and source are
credited.

Data Availability Statement: All relevant data are
within the paper and it supporting information files.

Funding: NSF (CBET #1159871).

Competing Interests: The authors have declared
that no competing interests exist.

RESEARCH ARTICLE

Influence of Matrices on 3D-Cultured
Prostate Cancer Cells’ Drug Response and
Expression of Drug-Action Associated
Proteins

Rasheena Edmondson, Audrey F. Adcock, Liju Yang*

Department of Pharmaceutical Sciences, Biomanufacturing Research Institute and Technology Enterprise
(BRITE), North Carolina Central University, Durham, NC 27707, United States of America

* lyang@nccu.edu

Abstract

This study investigated the effects of matrix on the behaviors of 3D-cultured cells of two
prostate cancer cell lines, LNCaP and DU145. Two biologically-derived matrices, Matrigel
and Cultrex BME, and one synthetic matrix, the Alvetex scaffold, were used to culture the
cells. The cell proliferation rate, cellular response to anti-cancer drugs, and expression lev-
els of proteins associated with drug sensitivity/resistance were examined and compared
amongst the 3D-cultured cells on the three matrices and 2D-cultured cells. The cellular
responses upon treatment with two common anti-cancer drugs, Docetaxel and Rapamycin,
were examined. The expressions of epidermal growth factor receptor (EGFR) and 3-111 tubu-
linin DU145 cells and p53 in LNCaP cells were examined. The results showed that the pro-
liferation rates of cells cultured on the three matrices varied, especially between the
synthetic matrix and the biologically-derived matrices. The drug responses and the expres-
sions of drug sensitivity-associated proteins differed between cells on various matrices as
well. Among the 3D cultures on the three matrices, increased expression of B-11l tubulin in
DU145 cells was correlated with increased resistance to Docetaxel, and decreased expres-
sion of EGFR in DU145 cells was correlated with increased sensitivity to Rapamycin.
Increased expression of a p53 dimer in 3D-cultured LNCaP cells was correlated with
increased resistance to Docetaxel. Collectively, the results showed that the matrix of 3D cell
culture models strongly influences cellular behaviors, which highlights the imperative need
to achieve standardization of 3D cell culture technology in order to be used in drug screen-
ing and cell biology studies.

Introduction

Cell-based assays have been important tools in the drug discovery process to provide the first
choice for drug compound screening. The global market for cell-based assays is continuously
increasing. Many pharmaceutical and biotech companies are using cell-based assays as
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alternatives to biochemical assays, and in vitro testing for identification and validation of tar-
gets, screening for efficacy and safety, and monitoring cell-based activities. The cultured cells
are the key element of such techniques. Undoubtedly, traditional two-dimensional (2D) cell
culture, in which cells are grown on a flat rigid substrate to form a monolayer, has proven to be
a valuable tool for cell-based assays. For years, 2D cell culture has been used for compound
screening, toxicity studies, as well as for studying many areas of cancer cell biology such as the
transition of normal cells to cancer cells, the differential expression of genes and proteins asso-
ciated with tumor development and prognosis, and anti-cancer treatments [1, 2]. Although the
time-honored 2D cell culture has made invaluable contributions to drug discovery and the
understanding of cancer cell biology, its limitations have been increasingly recognized in recent
years. Considering the in vivo environment, almost all cells are surrounded by neighboring
cells and/or the extracellular matrix (ECM), and their interactions are all in a three-dimen-
sional (3D) fashion. Obviously, not being able to mimic the natural 3D environment of cells is
a limitation of traditional 2D culture technique, and as a result, 2D cell culture tests sometimes
give unsatisfactorily misleading and non-predictive data for in vivo responses [1-3]. Recently,
a number of studies have shown that 3D cell cultures provide a more physiologically relevant
environment for cells and allow the study of cellular responses in a setting that resembles in
vivo environments [2, 4-6], which suggest 3D cell culture systems may be a better option for in
vitro studies [7].

Opver the past several years, numerous 3D culture models have been investigated. Some
early studies focused on the development of a variety of approaches for growing cells in 3D [8-
10]. Other studies focused on the development/synthesis of various matrices for supporting
cellular growth into 3D structures [11-14] and many others focused on cellular behaviors of
3D-cultured cells in comparison with 2D-cultured cells [15-19]. However, the 3D culture tech-
nology is still in its developmental stage, and better understanding and characterization/opti-
mization/standardization of various models of the current 3D culture models are needed to
more effectively utilize 3D culture in a manner suitable for high demanding applications in
drug screening/discovery and cell biology studies. Some of the issues that need to be improved
for current 3D models include, but are not limited to, reproducibility, cost, time-consumption,
and its compatibility with many cell viability and high throughput screening assays that are
currently available. With regard to reproducibility, the methods employed to form 3D spher-
oids and the matrix for supporting 3D growth are the two major factors that may need to be
taken into account. Obviously, all 3D culture systems do not employ the same technique to
form spheroids. For example, in some 3D systems, cells are grown on biological matrices, in
others, cells are grown in synthetic scaffolds, or in suspension to form 3D spheroids. Variations
in 3D culture systems most likely affect cellular behavior and may cause non-reproducible
results among studies that employ different spheroid formation approaches. It has been noted
that most published studies utilized one type of matrix to grow a particular cell line of interest
in 3D culture for characterizing the cellular behaviors of the resulting 3D spheroids. As a con-
siderable number of matrices for 3D cell cultures are available in the market, and with more
being introduced frequently, more systematic evaluations of matrices for 3D culture technology
are needed.

In this study, we investigated the influence of matrix on cellular behaviors by using two
prostate cancer (PC) cell lines on three different matrices, and comparing cell proliferation, cel-
lular response to anticancer drugs, and expression of drug sensitivity-associated proteins, in
comparison to 2D cultured cells. The three matrices used in the study included one synthetic
matrix—Alvetex, and two biologically derived matrices—the BD Matrigel™ basement mem-
brane matrix (BD Sciences) and Cultrex® basement membrane extract (BME) (Trevigen).
LNCaP, an androgen-dependent, lowly metastatic cell line, and DU145, an androgen-
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independent, moderately metastatic prostate cancer cell line, were used in the study [20]. We
investigated how 3D matrices affect (1) the proliferative capacity of PC cells; (2) morphology of
PC cell spheroids; (3) cellular response to two chemotherapeutic agents (Docetaxel and Rapa-
mycin); and (4) the expression of proteins associated with drug sensitivity and their correlation
with cellular response to the anti-cancer treatments.

Materials and Methods
Cell Culture

Prostate cancer cell lines, DU145 (ATCC® HTB-81") and LNCaP (ATCC® CRL-1740™),
were purchased from American Tissue Culture Collection (ATCC) (Manassas, VA, USA). Both
cell lines were cultured in RPMI-1640 media (Thermo Scientific Hyclone, Logan, UT, USA) sup-
plemented with 10% fetal bovine serum (FBS), 100 units/mL penicillin, and 0.1mg/mL strepto-
mycin (Lonza, Walkersville, MD). All cells were propagated in standard cell culture conditions at
37°C, 5% CO,, and 95% humidity. Fresh media was added approximately every 2 days. Upon
reaching confluency, cells were detached from flasks using 0.25% trypsin with 0.53 mM EDTA
solution, followed by centrifugation to remove trypsin. The cell pellet was then resuspended in
fresh media. The Vi-Cell XR cell counting system (Beckman Coulter, Miami, FL, USA) was used
to determine the cell number in suspension. The desired cell densities needed for seeding in fur-
ther experiments were obtained by diluting the cell suspension with fresh media.

Preparation of 3D and 2D cultures for cell proliferation and drug
response assays

Corning ® Matrigel ® (growth factor reduced, phenol red free) and Cultrex® Basement
Membrane Extract (BME) (growth factor reduced, phenol red free) were purchased from BD
Biosciences (Bedford, MA, USA). Reinnervate® Alvetex 96-well plates and 6-well inserts were
purchased from Fisher Scientific (Pittsburgh, PA, USA).

To culture cells in 3D on Matrigel or BME, 40 uL of cold Matrigel or BME was placed into
the wells of a white, clear-bottom 96-well plate (Corning®) and allowed to solidify at 37°C for
45 min to form a thin gel layer. The Alvetex 96-well plate was prepared for seeding by adding
70% ethanol (100 pL) to each well, followed by two washes with complete culture media
(200 pL). For 2D cell culture, due to 2D-cultured cells reaching confluency at a faster rate, cells
were seeded in a 48-well plate. DU145 and LNCaP cells were seeded at an initial density of
5,000 and 7,000 cells/well in 2D and 3D matrices, respectively. Cells were left to grow for 72 or
120 h. Cell proliferation was evaluated by luminescent cell viability assay using CellTiter-Glo
3D cell viability assay (Promega Corporation, Madison, WI, USA).

For drug response tests, prostate cancer cells were grown in the various culture models as
described in the section above. Cells were allowed to grow for 3 or 5 days, followed by treat-
ment with Docetaxel (CAS 114977-28-5) or Rapamycin (CAS 53123-88-9) for 48 h. Both
drugs were obtained from Cayman Chemical (Ann Arbor, MI, USA). Docetaxel and Rapamy-
cin were dissolved in DMSO to make stock solutions and diluted with RMPI-1640 culture
media to obtain the various concentrations for treatment. The stock solution for Docetaxel and
Rapamycin was 1.094 mM and 15 mM, respectively.

DU145 cells were treated with Docetaxel concentrations ranging 0.01-0.2 uM and Rapamy-
cin concentrations ranging from 0.001-0.05 uM. LNCaP cells were treated with Docetaxel and
Rapamycin concentrations ranging from 0.0005-0.07 uM and 0.0005-0.01 uM, respectively.
Cells without treatment and cells treated with equivalent DMSO solvent concentrations were
used as controls. The final DMSO concentration in any drug treatment was less than 0.5%.
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To compare the chemosensitivity of prostate cancer cells cultured in 2D and the various 3D
matrices, the CellTiter-Glo® 3D cell viability assay was used to determine the cell viability
after a 48 h treatment period.

Luminescent cell viability assay (CellTiter-Glo 3D) for cell proliferation
and drug response assays

Proliferation Assay. After the cells were grown for the desired amount of time, 100 pL of
the CellTiter-Glo 3D reagent was added to each well of the 2D and 3D cultures. The plates
were placed on a plate shaker for 5 min, followed by incubation for 30 min at room tempera-
ture. For 2D-cultured cells, 100 pL of the solution from each well of the 48-well plate was trans-
ferred to a white, clear-bottom 96-well plate after incubation, followed by the addition of the
CellTiter-Glo 3D reagent. The luminescence was measured using the PHERAstar Plus micro-
plate reader (BMG Labtech, Offenburg, Germany).

Drug Response Assay. To measure drug sensitivity to chemotherapeutics, the same proto-
col was followed using the CellTiter-Glo 3D assay. The luminescence readings of Docetaxel- or
Rapamycin-treated cells were corrected with the readings of the vehicle control (DMSO equiv-
alents). The cell survival percentage was normalized using the untreated cells as 100% cell
survival.

Western Blot

DU145 cells were seeded in 6-well plates at an initial cell density of 140,000 cells/well on a thin
layer of Matrigel or BME (650 pL) and cultured for 3 days. One milliliter of the cell suspension
was added to each well plus 2 mL of complete RPMI-1640 culture media. For 2D culture,
55,000 cells/well (1 mL) and 2 mL of media were added to each well of a 6-well plate. For Alve-
tex culture, 1 x 10° cells in a volume of 100 uL was placed onto a prepared 6-well insert, which
was placed into the well of 6-well plate. The 6-well plates containing the Alvetex inserts were
incubated for 45 minutes to facilitate cell attachment to the scaffold. Supplemented culture
media (7 mL) was then added to each well. The same steps were followed for LNCaP cells.
LNCaP cells were seeded at a density of 230,000 cells/well in Matrigel and BME; 70,000 cells/
well in 2D culture; and 1.5 x 10° cells/insert in the Alvetex matrix. Cells were then grown for 3
days before lysates were prepared.

Proteins were extracted using M-PER lysis buffer (Thermo Scientific). M-PER was supple-
mented with protease and phosphatase inhibitors, sodium fluoride, and PMSF. For 3D cul-
tures, Matrigel and BME were liquefied on ice using the Cell Recovery Solution (BD
Biosciences, Bedford, MA, USA) before adding the lysis buffer. The disc of the Alvetex insert
was removed from the insert clip and placed into a microcentrifuge tube containing supple-
mented M-PER lysis buffer. For 1 h, the tube was vortexed every 5 min for 10 s in order to facil-
itate partial protein recovery. The soluble protein concentration was determined using the
Pierce™ BCA protein assay kit (Thermo Scientific).

Proteins (~20 pg per well) were loaded onto and separated on a NuPAGE Bis-Tris mini gel
(Invitrogen) with MOPS buffer and transferred to an Immobilon-FL PVDF membrane (EMD
Millipore) using a semi-dry transfer unit. Membranes were blocked for 1 h at room tempera-
ture with a 1:1 LI-COR blocking buffer-TBS solution. Membranes were probed overnight at
4°C with primary antibodies against the protein of interest and a loading control for normaliza-
tion. For DU145 cells, total EGFR and B-III tubulin protein expression was examined using
monoclonal anti-EGF Receptor (Cell Signaling, #4267) and monoclonal anti-TUBBIII (Cov-
ance Inc, #MMS-435P) antibodies at a 1:1000 dilution. GAPDH and B-actin were used as load-
ing controls. The monoclonal anti-GAPDH antibody (Thermo Scientific, MA5-15738) and
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polyclonal anti-B-actin antibody (Thermo Scientific, PA5-16914) were used at a 1:1500 dilu-
tion. In LNCaP cells, p53 expression was examined using the polyclonal anti-p53 (Cell Signal-
ing, #9282) at a 1:1000 dilution. B-actin was used as the loading control. The monoclonal anti
B-actin antibody (Thermo Scientific, MA5-15452) at a 1:2000 dilution was used. The secondary
antibodies (1:5000), goat anti-mouse and goat anti-rabbit labeled with IR 680 and IR 800 were
all obtained from LI-COR (Lincoln, NE, USA). Membranes were incubated at room tempera-
ture for 1 h with secondary antibodies, followed by 5 washes with TBS-T (0.1% Tween) for 5
min. Blots were then imaged using the LI-COR Odyssey imaging system. To account for poten-
tial variations in protein loading, the relative fluorescence units (RFU) of bands for each pro-
tein of interest were normalized to the RFU values of the loading controls.

Microscopic Imaging

Optical microscopic images of 2D and 3D cultures (Matrigel and BME) were taken using the
Nikon ECLIPSE E600FN microscope (Roper Scientific, Inc. Photometric, Tucson, AZ, USA).
Fluorescent images of cells in all 3D matrices were taken using the BD Pathway 855 Bioimager
(BD Biosciences, San Jose, CA, USA). For fluorescent imaging, prostate cancer cells were
stained with blue Hoechst 33342 and CellTracker Red CMTPX dye (Invitrogen, Carlsbad, CA,
USA).

Briefly, cells were grown in Matrigel or BME on 8-chamber glass slides or on Alvetex 6-well
inserts for 3 days. Each chamber was coated with ~90 pL of Matrigel or BME and incubated
before seeding cells. Alvetex inserts were prepared according to the manufacturer's guidelines
prior to cell seeding. Following 3 days of growth, cells were stained with Hoechst 33342 (10 g/
mL) and CellTracker Red (10 pM) in 100 pL of fresh base media for 30 min. Cells were then
washed with PBS twice, followed by fixation with 2% formaldehyde in PBS for 10 min at room
temperature. Cells were washed again with PBS, and ProLong Gold Antifade Reagent (Cell Sig-
naling) was added to each chamber or to the Alvetex insert. The chamber slide and glass slide
with the Alvetex disc were then incubated for 2 h. The slides were placed directly onto the stage
of the BD Pathway for fluorescent imaging.

Statistical Analysis

All statistical analyses in this study were performed using one-way Analysis of Variance
(ANOVA) and unpaired t-tests. p<0.05 was considered as a significant difference.

Results and Discussion

Effect of Matrices on the Proliferation of 3D-Cultured Prostate Cancer
Cells

PC cell lines, DU145 and LNCaP, were grown on three different matrices—Matrigel, BME, and
Alvetex. Cell proliferation rates at 72 and 120 h were determined by measuring cell viability
using the CellTiter Glo 3D assay kit. Fig 1 shows the comparison of cell proliferation rates of
DU145 cells (Fig 1A) and LNCaP cells (Fig 1B) on the three types of matrices, along with their
counterpart 2D-cultured cells. As shown in Fig 1A, 3D-cultured DU145 cells on all three matri-
ces proliferated slower than in traditional 2D culture at each time point. Among the 3D-cul-
tured cells, Alvetex-cultured DU145 cells proliferated at the highest rate, followed by those in
the two biological matrices, Matrigel and BME, which had similar proliferation rates. After 72
h, the average luminescence, which indicates the presence of viable cells, increased in Alvetex-
and 2D-cultured cells, showing that cells continued to proliferate; however, there was no signif-
icant difference in the proliferation of DU145 cells cultured on the two biological matrices,
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Fig 1. Prostate cancer proliferation of 3D- and 2D-cultured cells. (A) DU145 and (B) LNCaP cells were grown in 3D matrices (Alvetex,
Matrigel, and BME) and 2D culture. Cell viability measured at 72 and 120 h of growth. Initial cell density was 5,000 cells per well. Results obtained
using CellTiter-Glo 3D cell viability assay. Asterisks represent a significant difference between groups. *p<0.05 using one-way ANOVA and
unpaired t-tests.

doi:10.1371/journal.pone.0158116.9001

Matrigel and BME, between 72-120 h (Fig 1A). Fig 2A also shows that the spheroid size of
DU145 spheroids on Matrigel and BME did not change between 72 and 120 h. At both time
points, the spheroid size was ~25 pm.

DU145 Spheroids LNCaP Spheroids

BME

Matrigel

Fig 2. Optical microscopic images of DU145 and LNCaP spheroids in Matrigel and BME after 3 day and 5 day growth period. (A) DU145 and (B)
LNCaP cells were seeded onto Matrigel- and BME- coated wells and grown for 3 or 5 days. Scale bars indicate the width of spheroid, and are shown at 25
and 50 pm.

doi:10.1371/journal.pone.0158116.9002
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For LNCaP cells (Figs 1B and 2B), at 72 h, the cells proliferated at fairly similar rates in all
3D models and in 2D culture. However, at 120 h, a significant difference in the relative number
of viable cells appeared between cells cultured in the various culture systems. 3D spheroids of
LNCaP cells cultured on the three matrices exhibited a significantly slower proliferation rate
than cells cultured in 2D. Among the 3D spheroids, cells cultured on Matrigel exhibited the
fastest proliferation rate, followed by LNCaP cells in Alvetex, and lastly, cells on BME.

The results indicated that both 3D-cultured DU145 and LNCaP cells in general proliferated
at a slower rate compared to those cultured in the traditional 2D cell culture. Such observations
are in agreement with many studies showing that various cell lines proliferate at a reduced rate
in 3D cultures compared to those cultured in 2D [15-19, 21, 22]. Although some cell lines have
been shown to proliferate faster in 3D cultures than 2D culture [23], it is more common for
cells to proliferate slower in 3D culture systems. Whether or not the proliferation rate of 3D-
cultured cells is slower or faster relative to its counterpart in 2D, the proliferation characteris-
tics of 3D-cultured cells typically better represent the growth of tumor cells in vivo [21]. The
increased proliferation rates of DU145 and LNCaP cells under 2D conditions is likely due to
the monolayer structure, in which more cells are exposed to the nutrients and growth factors of
culture medium, making them more likely to proliferate at a fairly uniform rate across the flat
surface. Other factors contributing to differences in 2D- and 3D-cultured proliferation rates
are cell-cell and cell-ECM interactions that may alter the expression of genes and proteins associ-
ated with cellular growth and proliferation [21, 24, 25]. Nevertheless, it is clear that the prolifera-
tion rates of cells cultured in 3D and 2D are usually different and are cell line dependent [26]. It
was also noted that the difference in proliferation in 3D and 2D became more pronounced as the
culture time increased, as observed in both DU145 and LNCaP cell lines (Fig 1).

With regard to the proliferation rate of cells cultured in 3D on different matrices, the results
showed that the proliferation rate of DU145 cells differed between the various 3D systems (Fig
1A). There was a significant difference between the proliferative capacity of Alvetex-cultured
cells and those in Matrigel and BME in which DU145 3D spheroids exhibited similar prolifera-
tion rates. This observation suggests that the difference in cell proliferation could be due to the
different nature of matrices. Alvetex is a synthetic, highly porous polystyrene scaffold. Cells are
seeded onto the porous scaffold and migrate into the pores over time, where they aggregate to
form spheroid structures [27]. Matrigel (BD Biosciences®) and Cultrex BME (Trevigen ®)
are both biologically-derived matrices. They are reconstituted basement membrane extracts
derived from the Engelbreth-Holm-Swarm (EHS) mouse sarcoma, and are rich in ECM con-
stituents including laminin, collagen IV, perlecan, nodigen/entactin, proteases, as well as
growth factors including epidermal growth factor (EGF) and insulin-like growth factor (IGF)
[28, 29]. It is noted that there is a difference in protein concentration between Matrigel and
Cultrex BME, with typically 8-12 mg/mL in Matrigel [30] and 15-17 mg/mL in BME, respec-
tively. To our knowledge, there are no current studies that have compared the use of these
matrices for 3D spheroids growth, despite there being a few studies that have noted the role of
matrix in 3D cell growth. For example, it has been reported that rat embryonic stem cells
(RESCs) grown in a synthetic poly-(L-lactic acid) (PLLA) scaffold proliferated at a faster rate
compared to RESCs in BME [29]. Synthetic scaffolds support spheroid formation by providing
a constructed porous structure for cells to grow into 3D structures inside the pores. But because
of the lack of proteins and growth factors in synthetic scaffolds, cellular proliferation in syn-
thetic/artificial matrices is often more similar to that of 2D-cultured cells. On the other hand,
biological matrices support the growth of 3D spheroids by providing an environment with pro-
teins and growth factors that closely mimic the natural environment of cells in vivo. 3D spher-
oids in Matrigel and BME exhibited proliferation rates resembling those in vivo, which were
much slower than 2D-cultured cells. Another factor that may contribute to the differences in
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cell proliferation on various matrices is the matrix stiffness. It was noted that the influence of
matrix on LNCaP proliferation in 3D spheroids was not as pronounced as what was seen in
DU145 cells. As shown in Fig 1B, at 72 h, the proliferation rate of LNCaP cells was very close
between cells in all 3D systems. Differences in proliferative capacities of LNCaP cells cultured
in different models did however appear at 120 h. Interestingly, the difference between the syn-
thetic matrix and biologically derived matrices was not seen in LNCaP 3D cultures at all time
points, whereas the difference between the two biologically derived matrices, Matrigel and
BME, was evident. The difference observed in the proliferative capacity of cells in Matrigel and
BME at 120 h (Fig 1B) may be due to differences in protein concentrations and matrix stiffness
between the two biological matrices. Studies have shown that a higher protein concentration
correlates with a higher matrix stiffness; therefore, it is plausible that BME, which typically has
a higher protein concentration compared to Matrigel, is a stiffer matrix. A study by Sieh et al.
showed that matrix stiffness influenced LNCaP proliferation in polyethylene glycol (PEG)
hydrogels, in which it was observed that the proliferation of LNCaP cells decreased as matrix
stiffness increased [31]. Our results on LNCaP cell proliferation on undiluted, 1:1, and 1:2
diluted Matrigel and BME for 72 h were consistent with the reported study [31] in that
increased cell proliferation rate was observed on diluted Matrigel or BME (lower protein con-
centrations) (S1 Fig). However, diluted Matrigel and BME did not consistently support spher-
oid formation; therefore, they were not selected for further cell proliferation or drug response
tests in this study.

A further comparison between the proliferation of two cell lines showed that LNCaP cells
exhibited an increase in the relative number of viable cells from 72 to 120 h, while DU145 cells
showed little or no increase in cell growth between 72-120 h in the 3D systems (Fig 1 and Fig
2). These observations suggested that the nature of a cell line also play a role in the proliferation
rate on these matrices. LNCaP cells are androgen-dependent PC cells that secrete prostate spe-
cific antigen (PSA), whereas DU145 cells do not secrete PSA. PSA is a serine protease that has
been shown to degrade ECM glycoproteins, fibronectin, and laminin. It has been reported that
deregulation and degradation of the ECM or basement membrane may increase proliferation
by modulating the activity of growth factors and growth factor receptors [32-34]. However,
further tests on another prostate cancer cell line-PC3 cell line, which is a androgen-indepen-
dent and non-PSA secreting cell line, on Matrgel and BME showed that its growth pattern
between 72 h to 120 h was similar to LNCaP cells (S2 Fig), which suggested that the secretion
of PSA was not necessarily associated with the increased proliferation of LNCaP 3D spheroids
among the biological matrices between 72 and 120 h (Fig 1B). There are likely many other fac-
tors that play a role in the proliferation rate of PC cells in various 3D models, for example,
androgen receptor status, expression of matrix metalloproteinases[35, 36], metastatic charac-
teristics, the growth factors that are able to bind to cell surface receptors to promote cellular
growth [37]. Nevertheless, the results clearly indicated that the proliferation of prostate cancer
cells in 3D cultures was cell-line dependent.

Although all both the DU145 and LNCaP cell lines proliferated fastest in 2D culture, their
proliferative capacity in 3D matrices differed. It was noted that after 120 h of cellular growth,
DU145 cells proliferated at the fastest rate in Alvetex, while LNCaP cells exhibited the highest
proliferative capacity in Matrigel. Collectively, these findings showed that not only was prostate
cancer proliferation influenced by 3D matrix type, but also by the characteristics of each cell line.

Spheroid Structures Formed on Matrices

It is reported that different cell types may form 3D spheroids with distinct structures in various
3D models. The spheroid structures can be classified into different types depending on their
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morphological appearance, structural arrangement of cells, and the nature of cell-cell interac-
tions. Kenny et al. [38] classified the structures of 3D spheroids formed by a panel of 25 breast
cancer cell lines into four groups: round, mass, grape-like, and stellate. Harma et al. [39] also
reported 3D spheroid structures for a comprehensive panel of prostate cancer cell lines, and
found that most structures fell into the 4 categories with the exception of a few cell lines that
failed to form spheroids. The structural characteristics and the nature of cell-cell interactions
in the four spheroid types have been described in detail previously [16, 26, 38-41]. The struc-
ture of 3D spheroids have been shown to greatly influence drug efficacy/response. Cell-cycle
distribution, intracellular contact, the microenvironment within the spheroid, and drug pene-
tration are also factors believed to influence the cellular response to anti-cancer treatments
[41].

Fig 3 shows the fluorescent images of the 3D spheroids of DU145 cells and LNCaP cells cul-
tured in the three matrices. Based on the characteristics of the spheroids, DU145 spheroids on
both Matrigel and BME can be classified as round-type spheroids (Fig 3). LNCaP cells cultured
in Matrigel and BME formed larger, irregular spheroids that did not exhibit the same round-
ness as DU145 spheroids, but instead exhibited the mass phenotype (Figs 2 and 3). In Alvetex,
DU145 cells in Alvetex seemed to adhere, accumulate, and grow on top of the porous matrix,
forming a thick layer of cells with no defined spheroid structure (Fig 3). On the other hand,

DU145

BME
- . .

Fig 3. Fluorescent microscopic images of DU145 and LNCaP cells cultured in the 3D matrices: Matrigel, BME, and Alvetex. Cells were
seeded onto the various matrices and cultured for four days. Hoechst 33342 (blue) and CellTracker Red CMPTX dye (red) was used to stain nuclei
and cytoplasm, respectively. Images obtained using BD Pathway Bioimager.

Matrigel

Alvetex

doi:10.1371/journal.pone.0158116.g003
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LNCaP cells formed spheroid structures in Alvetex, which exhibited the mass-type spheroid as
seen in Matrigel and BME (Fig 3). The results indicated that cells of the same cell line (DU145
vs LNCaP) formed the same spheroid type on similar biological matrices (Matrigel and BME),
which suggested that the spheroid type formed on 3D matrices is primarily cell line dependent.
On the synthetic Alvetex matrix, it was also a cell line dependent situation. DU145 cell line
failed to form a defined 3D structure, while LNCaP cell line formed well defined 3D spheroid
structures (LNCaP) in the same way as on biological matrices. Between LNCaP and DU145
cells, the latter cell line is more adherent, which may account for differences in spheroid forma-
tion on Alvetex. The adherent nature of DU145 cells may cause their inability to fully penetrate
into the pores of the matrix and form spheroid structures.

Cellular Response of 3D-Cultured Prostate Cancer Cells to
Chemotherapeutics

We further investigated the cellular responses of the 3D cultured DU145 and LNCaP cells on
the different matrices, aiming to determine whether the matrix type influences the cellular
drug response, and furthermore, if the cellular response is correlated to the matrix's influence
on cell proliferation and/or spheroid structures. 3D- and 2D-cultured DU145 and LNCaP PC
cells were treated with the two anti-cancer drugs: Docetaxel (DOC) and Rapamycin (RAP).
Docetaxel is a microtubule stabilizing taxane that binds to B-tubulin in assembled tubulin,
reducing depolymerization. This prevents the normal formation of mitotic spindles, leading to
mitotic arrest, and eventual cell death [42, 43]. Rapamycin, also known as Sirolimus, is a mac-
rocyclic triene antibiotic that exhibits antifungal, immunosuppressive, and anticancer proper-
ties. The drug inhibits cancer cell growth by binding to the mammalian Target of Rapamycin
(mTOR). mTOR and its downstream effectors play an important role in the promotion of cell
growth, proliferation, and cell survival; therefore, Rapamycin inhibition of mTOR leads to
decreased proliferation and survival of tumor cells [44-46].

Response of DU145 3D Spheroids to Chemotherapeutics. Fig 4A shows the cell survival
percentage of DU145 cells cultured in 2D and 3D in response to a range of concentrations of
DOC and RAP, at 48 h post treatment. Based on the cell survival percentage, 3D-cultured cells
on all three matrices were more resistant to Docetaxel treatment in comparison to cells cul-
tured in 2D. Being that DOC is an anti-mitotic drug, it is more likely to target rapidly dividing/
proliferating cells. DU145 cells proliferate in 3D culture on all three matrices at a significantly
slower rate than those in 2D system, so the reduced sensitivity of 3D-cultured cells was corre-
lated with their slower proliferative capacity in comparison to 2D-cultured cells (Figs 1A and
2A). Among the 3D matrices, cells in Matrigel and BME responded similarly to DOC treat-
ment, which was expected since they had similar proliferation rates and formed the same type
spheroid structure on the two biological matrices. However, it was surprising that cells cultured
in Alvetex were slightly more resistant to DOC treatment compared to those on two biological
matrices, although the proliferation rate of Alvetex-cultured DU145 cells proliferated signifi-
cantly faster than those on the two biological matrices. This suggested that the cellular response
of cells on Alvetex to DOC was not merely correlated to proliferation rates, but could be due to
the synthetic nature of Alvetex scaffold, as Alvetex is not as biologically relevant, lacking ECM
components involved in various signaling pathways that play a role in cell behavior including
their response to treatment [21]. In addition, DU145 cells failed to form typical 3D spheroids
in Alvetex. The structure formed in Alvetex obviously differed from the 3D spheroid structure
of those in Matrigel and BME (Fig 3), which may affect cell-cell communication and/or drug
penetration into the cell culture, thereby causing cells in the synthetic and biological matrices
to respond to DOC treatment differently.
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doi:10.1371/journal.pone.0158116.g004

In response to Rapamycin treatment, a different pattern was observed in comparison to DOC
treatment. 3D spheroids of DU145 cells cultured on Matrigel and BME were more sensitive to
RAP than those cells cultured in 2D; and cells cultured in the Alvetex matrix exhibited a response
similar to 2D-cultured cells. It seemed DU145 cellular response to RAP was more likely associated
with the culture structure formed on biological vs. synthetic matrix. While 3D spheroids on Matri-
gel and BME were supported by ECM components and formed similar round type spheroids, alve-
tex-cultured and 2D cultured cells both lacked ECM support in cell growth and did not form 3D
structure. In Alvetex, DU145 cells form an undefined structure in Alvetex (Fig 3), in which cells
tended to attach to the matrix surface and failed to fully penetrate into the porous scaffold. This
would mean that DU145 cells in Alvetex had similar exposure to culture medium as 2D cultured
cells, causing the similar response to RAP treatment of Alvetex-and 2D- cultured DU145 cells.

Overall, the results indicated that matrix type influenced the cellular response of 3D cultures
to drug treatments, but the underlying mechanisms were very complex, involving the influence
of matrices on the proliferation rate of cells, the spheroid structure, and fine cell-cell and cell-
ECM interactions. In view of the results on the same cell line but to different drugs, it was also
clear that a drug's mechanism of action definitely played a role in the way and to the extent in
which the matrix type influenced the cellular response to a drug.
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Response of LNCaP 3D Spheroids to Chemotherapeutics. Fig 4B shows that the influ-
ence of matrix on the cellular response of 3D-cultured LNCaP cells to DOC exhibited a similar
pattern as DU145 cells, in that all 3D-cultured cells were more resistant to DOC than 2D-cul-
tured cells. Upon Docetaxel treatment, the viability of 3D-cultured LNCaP cells was signifi-
cantly higher compared to those in 2D culture at higher concentrations beyond 0.01 uM. This
finding is in agreement with a previous study which showed that 3D-cultured LNCaP cells in a
high-throughput culture platform were more resistant to Docetaxel treatment in comparison
to 2D-cultured cells [47]. At lower concentrations, there was little difference in the drug
response between cells in the various cultures (Fig 4B).

Although not significant at every concentration, 3D-cultured cells on Matrigel and BME
were generally more resistant to RAP treatment than 2D-cultured cells, and Alvetex-cultured
cells behaved similarly to cells in 2D (Fig 4D). Amongst the three matrices, the results
highlighted a key difference between biological matrices and the synthetic matrix. The resis-
tance of Matrigel- and BME-cultured cells to RAP could be due to the gelatinous nature of
these biological matrices, making it more difficult for drugs such as Rapamycin to reach their
target, as previous studies have suggested that biological matrices may also prevent drugs from
reaching the spheroid, thereby decreasing sensitivity to treatment [48-50].

Effect of Spheroid Size on Drug Response and the Relative Trend in Resistance. DU145
and LNCaP cells were cultured on the three types of matrices for 3 or 5 days, followed by treat-
ment with Docetaxel for 48 hours. Fig 5 shows the 3-day and 5-day spheroids of DU145 cells
(Fig 5A) and LNCaP cells (Fig 5B) in response to Docetaxel. For both cell lines, as the size of
spheroids increased, cellular resistance to Docetaxel treatment increased, shown by the
increased cell survival on each type of matrix when the spheroid size increased from 3-day to
5-day. This is consistent with the observations in previous studies which have shown that larger
spheroids often exhibit increased resistance to treatment [51, 52]. However, it is also important
to note that the relative sensitivity (the trends in resistance) to DOC treatment remained con-
sistent between 3-day and 5-day cultured cells on the three matrices and 2D-cultured cells.
This observation suggested that the influence of matrix type on the drug response of PC cells
remain unchanged over time, which is important when it comes to 3D matrix selection for
future studies, particularly those in drug screening and discovery.

Expression of Drug Sensitivity-Associated Proteins in 3D Spheroids
Cultured on Different Matrices

To look further into the influence of matrix type on the cellular response of 3D spheroids to
anti-cancer treatments, we examined the expression of drug sensitivity-associated proteins in
3D spheroids of DU145 and LNCaP cells cultured on the three matrices. Literature has shown
that the protein expression profile of 3D-cultured cells often differs from their 2D-cultured
counterparts. Proteins, including those associated with a drug's mechanism of action, sensitiv-
ity, or resistance are often differentially expressed between 2D monolayer culture and 3D cul-
tures [21, 53-55], but little is done to investigate whether the expression of drug sensitivity-
associated proteins differs between 3D spheroids cultured on various matrices.

Drug-Associated Protein Expression in DU145 Cells. Epidermal growth factor receptor
(EGEFR) is a cell surface receptor tyrosine kinase, whose activation stimulates the activation of
downstream signaling pathways including the PI3K/AKT/mTOR pathway which is involved in
cell growth, proliferation, and survival [56]. Its over-expression has been reported in many can-
cer types. Although the expression of EGFR has not been directly associated with Rapamycin
sensitivity, studies have shown that EGFR inhibitors often increase the sensitivity of cancer
cells to Rapamycin and vice versa, Rapamycin often enhances the effectiveness of EGFR
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doi:10.1371/journal.pone.0158116.9005

inhibitors [57-60]. Therefore, we expected that increased expression of EGFR would reduce
the sensitivity of DU145 cells to Rapamycin. 8-IIT tubulin is a component of microtubules,
which are composed primarily of o.- and B-tubulin heterodimers, and plays a critical role in cell
division regulation. There are several -tubulin isoforms and each isoform is expressed in a
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tissue-specific manner. Under normal conditions, B-III tubulin is expressed at low levels in
most cells besides neurons and sertoli cells of the testis [61]. However, cancer cells (i.e. prostate,
lung, pancreatic, and breast) often exhibit increased expression of B-III tubulin, which has been
associated with chemoresistance as well as increased cell survival [61-63]. Although the role of
B-III tubulin has not been well characterized in prostate cancer, studies have shown that over-
expression of this protein in several other cancers (i.e. breast and ovarian cancer) is associated
with resistance to taxane-based chemotherapeutics such as Docetaxel [44, 63-65]. In this
study, we examined the expression of EGFR and B-III tubulin in 3D- and 2D-cultured DU145
cells in an attempt to see if the expression of these proteins was influenced by the matrix type,
and whether their expression was correlated with the cellular response to Rapamycin and
Docetaxel.

Fig 6 shows the expression of EGFR (Fig 6A) and B-III tubulin (Fig 6B) in DU145 3D spher-
oids cultured on three matrices, along with 2D-cultured cells. Among the 3D-cultured cells, the
expression of EGFR in Alvetex-cultured cells was significantly higher compared to those on the
two biological matrices, with 5.2x and 3.6x higher than those in Matrigel and BME, respectively.
It was also significantly higher than that in 2D-cultured cells (Fig 6A). Referring back to the dose
response curve for Rapamycin-treated DU145 cells (Fig 4B), there was an inverse correlation
between EGFR expression and Rapamycin sensitivity of the cells cultured on the different matri-
ces. This is consistent with previous reports which have shown that over-expression of the EGFR
protein has been associated with chemoresistance in several types of cancer [66-68].

EGER over-expression has been implicated in prostate, esophageal, breast, ovarian, colorec-
tal, head and neck, and non-small cell lung cancer [67-70]. Weihua et al. reported that EGFR,
independent of its kinase activity, contributes to the survival of tumor cells by maintaining
basal intracellular glucose levels, thereby preventing cells from starving and undergoing autop-
hagy. This is believed to increase the ability of cancer cells to survive even upon treatment with
anti-cancer drugs and tyrosine kinase inhibitors [71]. DU145 cells in Alvetex and 2D culture
expressed higher levels of EGFR compared to those in Matrigel and BME, likely due to the arti-
ficial versus biological nature of the matrices. Compared to 3D spheroids on Matrigel and
BME, cells in Alvetex and 2D culture were more likely to be exposed to the culture medium
and its growth factors. The growth factors can then bind to and stimulate EGFR expression in
2D- and Alvetex-cultured DU145 cells, which caused them to have a higher percentage of via-
ble cells upon RAP treatment in comparison to cells in the biological matrices, Matrigel and
BME [71, 72].

Fig 6B shows that cells cultured in all 3D matrices expressed higher levels of -III tubulin in
comparison to their 2D-cultured counterparts. The expression of B-III tubulin in 3D-cultured
DU145 cells followed a decreasing trend from Alvetex-, Matrigel-, and BME-cultured cells.
Referring back to the DU145 Docetaxel response curve (Fig 4A), cells in the Alvetex matrix
were more resistant to Docetaxel treatment, followed by cells in Matrigel and BME, and lastly,
2D. Therefore, our results showed an inverse correlation between the resistance of DU145 cells
to Docetaxel and the expression of B-III tubulin. These results are consistent with a previous
observation which showed that increased expression of B-III tubulin was associated with
reduced sensitivity to taxane-based therapies [63]. These results suggested that differences in
matrix type may induce differential expression of proteins in 3D-cultured DU145 cells, which
in part, may lead to differences in the cellular response to Rapamycin and Docetaxel treatment.

Drug-Associated Protein Expression in LNCaP Cells. In LNCaP prostate cancer cell
line, the protein expression levels of p53, which has been reported to be associated with Doce-
taxel sensitivity, was examined. The tumor suppressor p53 is referred to as the "guardian of the
genome" because of its ability to recognize DNA damage and induce cell cycle arrest or apopto-
tic cell death[73, 74]. LNCaP cells express wild-type p53, which functions as a pro-apoptotic
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doi:10.1371/journal.pone.0158116.g006

protein in response to DNA damage [75]. Liu et al. [76] showed that p53 status determined
how prostate cancer cells responded to Docetaxel treatment. Docetaxel binds to tubulin, inhib-
iting depolymerization, which ultimately leads to apoptosis via pathways such as the p53 sig-
naling pathway. Prostate tumor cells bearing wild-type p53 are more sensitive to Docetaxel
treatment compared to those with mutant or null p53, and down-regulation of p53 signifi-
cantly inhibits apoptosis induced via Docetaxel treatment.

Fig 7 shows the expression of p53 in 3D spheroids of LNCaP cells cultured on various matri-
ces, along with that in 2D cultured cells. The western blot showed a band near ~53 kilodaltons,
at approximately 58 kDa Most likely, this protein was p53 with post translational modifications
[77]. However, this band was not strong and there was no significant difference between the
expression of this protein between 3D- or 2D-cultured cells. Unexpectedly, on the blot, there
were several other bands detected and were stronger than the band at 58 kDa, possibly because
the anti-p53 antibody was able to detect p53 isoforms or p53 proteins in complex with other
proteins. As shown in the blot, there are two bands above the p53 band. In in vitro studies, it
has been shown that p53 monomers (53 kda) first assemble into homodimers, which then go
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on to form tetramers [78, 79]. p53 dimer was observed at ~100 kDa in some cell lines including
non-small cell lung cancer cell line A549 and breast epithelial cell line, MCF10A, when glutar-
aldehyde was used to induce oligomerization [80, 81]. Based on the protein size, the band at
~100 kDa on the blot was possibly a p53 dimer, although no cross-linking agent was used in
our experiment. A further experiment to run the gel with higher concentration of NuPAGE®)
sample reducing agent did make this band disappear, but still did not enhance the band at 53/
58kDa (data not shown). However, it is noteworthy that the expression of this ~100 kDa
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protein was at a significantly lower level in 3D-cultured LNCaP cells compared to those in 2D
culture. Decreased expression of p53 was reported to correlate with an increase in Docetaxel
resistance [76]. Therefore, lower expression of the p53 dimer by 3D-cultured LNCaP cells
might, in part, account for their increased resistance to Docetaxel treatment compared to cells
in 2D culture. In addition, in its active conformation, p53 functions as a tetramer to bind DNA,
inducing cell cycle arrest or apoptosis. According to literature, a p53 tetramer is 171-174 kDa
[82]. The other band between 97 and 191 kda on the blot was possibly the p53 tetramer; how-
ever, this protein seemed to be smaller than the molecular weight of a p53 tetramer. The p53
protein is also known to be able to bind to several proteins [83], therefore, it is possible that
this is a p53 oligomer bound to another protein, forming a p53-protein complex[84]. Although
the expression of this protein was significantly higher in Matrigel- and BME-cultured cells
compared to those in Alvetex, its expression was not clearly correlated to Docetaxel sensitivity
of LNCaP cells.

The band below the p53 on the blot at ~44 kDa was likely one of the A40p53 isoforms of
P53, which lack the transactivation domain of the N-terminus. There are three types of A40p53
isoforms: a, B, and y [85] and all have been shown to influence p53 activity. A40p53c has been
reported to negatively regulate the transcriptional and growth-suppressive activity of wild-
type, full-length p53 [86, 87]; however, B and y A40p53 isoforms have been believed to support
the pro-apoptotic function of wild-type p53 by inhibiting MDM2 degradation of wild-type p53
[88, 89]. On the lot, the expression of the A40p53 isoforms was lower in 3D-cultured cells in
comparison to those in 2D culture. Referring back to the LNCaP Docetaxel response curve,
3D-cultured cells were more resistant to DOC treatment (Fig 4B), suggesting that the expres-
sion of B or v isoforms of A40p53 in LNCaP cells is positively associated with LNCaP's sensitiv-
ity to Docetaxel.

Nevertheless, in both DU145 and LNCaP cell lines, the influence of matrix on the expres-
sion of some of the drug action- or drug sensitivity-related proteins was obvious, and a correla-
tion between the expression levels of these proteins or their isoforms/complex forms and
cellular sensitivity to the drugs was observed. Many previous studies reported that protein
expression in 3D-cultured cells often differs from their 2D counterparts, which is correlated to
the relative sensitivity of the two types of culture to drugs. For example, Kim et al. [90] also
showed that glioblastoma cells in 3D matrices displayed increased levels of anti-apoptotic pro-
teins, B-cell lymphoma-2 (Bcl-2) and survivin, which in turn, made them more resistant to
apoptosis induced by doxorubicin compared to the 2D monolayer culture. However, very lim-
ited studies have focused on the difference among 3D cultures. The results here indicated that
protein expression level differed among 3D cell cultured on different matrices and was likely
associated with drug sensitivity or resistance, which could be understood similarly to the situa-
tion between 3D culture and 2D culture. All together, this highlights the complexity of the cur-
rent available 3D culture systems and brings up the importance in culture system selection
when choosing an in vitro model to study cellular behavior and drug screening.

Conclusions

The findings in this study demonstrated that the matrix used for 3D cell cultures influenced
many aspects of prostate cancer cell behavior including morphology, proliferation rate,
response to chemotherapeutics, as well as the expression of proteins directly or indirectly asso-
ciated with drug sensitivity. The extent to which matrix type influenced cellular behavior was
dependent upon the cell line, drug's mechanism of action, and protein expression levels in 3D-
cultured prostate cancer cells. Cells cultured on the synthetic Alvetex matrix exhibited obvious
differences from cells cultured on the two biologically derived matrices (Matrigel and BME)
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and behaved more closely to cells cultured in 2D monolayer. While 3D spheroids cultured on
the two biologically-derived matrices exhibited similar cellular behaviors in general, they still
exhibited differences in proliferation rate, varying levels of drug sensitivity, and differential
expression of drug sensitivity-associated proteins, which were most likely due to differences in
matrix composition such as protein composition and concentrations. Conclusively, our results
bring the attention to the influence of matrix in 3D culture systems, and highlights the impera-
tive need to further characterize 3D cell culture models in order to achieve standardization of
3D cell culture technology to be used in high throughput drug screening and cell biology
studies.

Supporting Information

S1 Fig. LNCaP proliferation on undiluted and diluted Matrigel and BME.
(DOCX)

S2 Fig. Proliferation of PC3 cells on Matrigel, BME, and Alvetex, along with in 2D mono-
layer culture at 72 and 120 h.
(DOCX)

Acknowledgments
This research was supported by NSF (CBET #1159871).

Author Contributions

Conceived and designed the experiments: LY RE AFA. Performed the experiments: RE AFA.
Analyzed the data: RE LY. Wrote the paper: LY RE.

References

1. Birgersdotter A, Sandberg R, Ermberg |. Gene expression perturbation in vitro—A growing case for
three-dimensional (3D) culture systems. Seminars in Cancer Biology. 2005; 15(5):405—12. http://dx.
doi.org/10.1016/j.semcancer.2005.06.009. PMID: 16055341

2. Bhadriraju K, Chen CS. Engineering cellular microenvironments to improve cell-based drug testing.
Drug Discovery Today. 2002; 7(11):612-20. http://dx.doi.org/10.1016/S1359-6446(02)02273-0. PMID:
12047872

3. Weaver VM, Petersen OW, Wang F, Larabell CA, Briand P, Damsky C, et al. Reversion of the Malig-
nant Phenotype of Human Breast Cells in Three-Dimensional Culture and In Vivo by Integrin Blocking
Antibodies. The Journal of Cell Biology. 1997; 137(1):231-45. doi: 10.1083/jcb.137.1.231 PMID:
9105051

4. Hopkins AL. Network pharmacology: the next paradigm in drug discovery. Nat Chem Biol. 2008; 4
(11):682-90. Epub 2008/10/22. nchembio.118 [pii] doi: 10.1038/nchembio.118 PMID: 18936753.

5. DiMasiJA, Grabowski HG. Economics of New Oncology Drug Development. Journal of Clinical Oncol-
ogy. 2007; 25(2):209-16. doi: 10.1200/jc0.2006.09.0803 PMID: 17210942

6. Breslin S, O’Driscoll L. Three-dimensional cell culture: the missing link in drug discovery. Drug Discov-
ery Today. 2013; 18(5-6):240-9. doi:http://dx.doi.org/10.1016/j.drudis.2012.10.003 PMID: 23073387

7. Magdolen V, Sommerhoff CP, Fritz H, Schmitt M. Kallikrein-related Peptidases: Walter de Gruyter;
2012.

8. Foty R. A simple hanging drop cell culture protocol for generation of 3D spheroids. J Vis Exp. 2011;
(51:). Epub 2011/05/19. 2720 [pii] doi: 10.3791/2720 PMID: 21587162; PubMed Central PMCID:
PMC3197119.

9. Ivascu A, Kubbies M. Rapid Generation of Single-Tumor Spheroids for High-Throughput Cell Function
and Toxicity Analysis. Journal of Biomolecular Screening. 2006; 11(8):922-32. doi: 10.1177/
1087057106292763 PMID: 16973921

10. LiQ, Chen C, Kapadia A, Zhou Q, Harper MK, Schaack J, et al. 3D Models of Epithelial-Mesenchymal
Transition in Breast Cancer Metastasis: High-Throughput Screening Assay Development, Validation,

PLOS ONE | DOI:10.1371/journal.pone.0158116 June 28, 2016 18/283


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0158116.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0158116.s002
http://dx.doi.org/10.1016/j.semcancer.2005.06.009
http://dx.doi.org/10.1016/j.semcancer.2005.06.009
http://www.ncbi.nlm.nih.gov/pubmed/16055341
http://dx.doi.org/10.1016/S1359-6446(02)02273-0
http://www.ncbi.nlm.nih.gov/pubmed/12047872
http://dx.doi.org/10.1083/jcb.137.1.231
http://www.ncbi.nlm.nih.gov/pubmed/9105051
http://dx.doi.org/10.1038/nchembio.118
http://www.ncbi.nlm.nih.gov/pubmed/18936753
http://dx.doi.org/10.1200/jco.2006.09.0803
http://www.ncbi.nlm.nih.gov/pubmed/17210942
http://dx.doi.org/10.1016/j.drudis.2012.10.003
http://www.ncbi.nlm.nih.gov/pubmed/23073387
http://dx.doi.org/10.3791/2720
http://www.ncbi.nlm.nih.gov/pubmed/21587162
http://dx.doi.org/10.1177/1087057106292763
http://dx.doi.org/10.1177/1087057106292763
http://www.ncbi.nlm.nih.gov/pubmed/16973921

@’PLOS ‘ ONE

Influence of Matrices on 3D Cultures

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24.

25.

26.

27.
28.

29.

30.

and Pilot Screen. Journal of Biomolecular Screening. 2011; 16(2):141-54. doi: 10.1177/
1087057110392995 PMID: 21297102

Holmes B, Zhu W, Li J, Lee JD, Zhang LG. Development of novel three-dimensional printed scaffolds
for osteochondral regeneration. Tissue engineering Part A. 2015; 21(1-2):403—15. Epub 2014/08/05.
doi: 10.1089/ten. TEA.2014.0138 PMID: 25088966; PubMed Central PMCID: PMC4292864.

Kleinman HK, Martin GR. Matrigel: basement membrane matrix with biological activity. Semin Cancer
Biol. 2005; 15(5):378-86. doi: 10.1016/j.semcancer.2005.05.004 PMID: 15975825.

Sahoo SK, Panda AK, Labhasetwar V. Characterization of Porous PLGA/PLA Microparticles as a Scaf-
fold for Three Dimensional Growth of Breast Cancer Cells. Biomacromolecules. 2005; 6(2):1132-9.
doi: 10.1021/bm0492632 PMID: 15762686

Nyga A, Cheema U, Loizidou M. 3D tumour models: novel in vitro approaches to cancer studies. J Cell
Commun Signal. 2011; 5(3):239-48. Epub 2011/04/19. doi: 10.1007/s12079-011-0132-4 PMID:
21499821; PubMed Central PMCID: PMC3145874.

Maria OM, Maria O, Liu Y, Komarova SV, Tran SD. Matrigel improves functional properties of human
submandibular salivary gland cell line. The International Journal of Biochemistry & Cell Biology. 2011;
43(4):622-31. http://dx.doi.org/10.1016/j.biocel.2011.01.001.

Chitcholtan K, Asselin E, Parent S, Sykes PH, Evans JJ. Differences in growth properties of endome-
trial cancer in three dimensional (3D) culture and 2D cell monolayer. Experimental Cell Research.
2013; 319(1):75-87. doi: http://dx.doi.org/10.1016/j.yexcr.2012.09.012 PMID: 23022396

Chitcholtan K, Sykes P, Evans J. The resistance of intracellular mediators to doxorubicin and cisplatin
are distinct in 3D and 2D endometrial cancer. J Trans| Med. 2012; 10(1):1-16. doi: 10.1186/1479-5876-
10-38

Fallica B, Maffei JS, Villa S, Makin G, Zaman M. Alteration of cellular behavior and response to PI3K
pathway inhibition by culture in 3D collagen gels. PLoS ONE. 2012; 7(10):e48024. doi: 10.1371/journal.
pone.0048024 PMID: 23110163

Luca AC, Mersch S, Deenen R, Schmidt S, Messner |, Schafer KL, et al. Impact of the 3D microenviron-
ment on phenotype, gene expression, and EGFR inhibition of colorectal cancer cell lines. PLoS ONE.
2013; 8(3):€59689. doi: 10.1371/journal.pone.0059689 PMID: 23555746; PubMed Central PMCID:
PMC3608563.

Tome-Garcia J, Li D, Ghazaryan S, Shu L, Wu L. ERBB2 Increases Metastatic Potentials Specifically in
Androgen-Insensitive Prostate Cancer Cells. PLoS ONE. 2014; 9(6):€99525. doi: 10.1371/journal.
pone.0099525 PMID: 24937171

Gurski L, Petrelli N, Jia X, Farach-Carson M. Three-dimensional matrices for anti-cancer drug testing
and development. Oncology Issues 2010. 2010; 25:20-5.

Wong S, EI-Gamal A, Griffin P, Nishi Y, Pease F, Plummer J, editors. Monolithic 3D Integrated Circuits.
VLSI Technology, Systems and Applications, 2007 VLSI-TSA 2007 International Symposium on; 2007
23-25 April 2007.

Hongisto V, Jernstrom S, Fey V, Mpindi JP, Kleivi Sahlberg K, Kallioniemi O, et al. High-Throughput 3D
Screening Reveals Differences in Drug Sensitivities between Culture Models of JIMT1 Breast Cancer
Cells. PLoS ONE. 2013; 8(10):e77232. Epub 2013/11/07. doi: 10.1371/journal.pone.0077232 PONE-
D-12-38315 [pii]. PMID: 24194875; PubMed Central PMCID: PMC3806867.

Lin R-Z, Chang H-Y. Recent advances in three-dimensional multicellular spheroid culture for biomedi-
cal research. Biotechnology Journal. 2008; 3(9—10):1172-84. doi: 10.1002/biot.200700228 PMID:
18566957

Tibbitt MW, Anseth KS. Hydrogels as extracellular matrix mimics for 3D cell culture. Biotechnology and
Bioengineering. 2009; 103(4):655-63. doi: 10.1002/bit.22361 PMID: 19472329

Edmondson R, Broglie JJ, Adcock AF, Yang L. Three-dimensional cell culture systems and their appli-
cations in drug discovery and cell-based biosensors. Assay Drug Dev Technol. 2014; 12(4):207—18.
Epub 2014/05/17. doi: 10.1089/adt.2014.573 PMID: 24831787; PubMed Central PMCID:
PMC4026212.

REPROCELL. What is Alvetex®? 2015.

Kibbey M. Maintenance of the EHS sarcoma and Matrigel preparation. Journal of Tissue Culture Meth-
ods. 1994; 16(3-4):227-30. doi: 10.1007/bf01540656

Alessandri M, Lizzo G, Gualandi C, Mangano C, Giuliani A, Focarete ML, et al. Influence of biological
matrix and artificial electrospun scaffolds on proliferation, differentiation and trophic factor synthesis of
rat embryonic stem cells. Matrix Biology. 2014; 33:68—76. doi: http://dx.doi.org/10.1016/j.matbio.2013.
08.001 PMID: 23954537

Corning. Corning Matrigel Matrix 2015 [December 2, 2015]. Available from: https://http://www.corning.
com/worldwide/en/products/life-sciences/products/surfaces/matrigel-matrix.html.

PLOS ONE | DOI:10.1371/journal.pone.0158116 June 28, 2016 19/283


http://dx.doi.org/10.1177/1087057110392995
http://dx.doi.org/10.1177/1087057110392995
http://www.ncbi.nlm.nih.gov/pubmed/21297102
http://dx.doi.org/10.1089/ten.TEA.2014.0138
http://www.ncbi.nlm.nih.gov/pubmed/25088966
http://dx.doi.org/10.1016/j.semcancer.2005.05.004
http://www.ncbi.nlm.nih.gov/pubmed/15975825
http://dx.doi.org/10.1021/bm0492632
http://www.ncbi.nlm.nih.gov/pubmed/15762686
http://dx.doi.org/10.1007/s12079-011-0132-4
http://www.ncbi.nlm.nih.gov/pubmed/21499821
http://dx.doi.org/10.1016/j.biocel.2011.01.001
http://dx.doi.org/10.1016/j.yexcr.2012.09.012
http://www.ncbi.nlm.nih.gov/pubmed/23022396
http://dx.doi.org/10.1186/1479-5876-10-38
http://dx.doi.org/10.1186/1479-5876-10-38
http://dx.doi.org/10.1371/journal.pone.0048024
http://dx.doi.org/10.1371/journal.pone.0048024
http://www.ncbi.nlm.nih.gov/pubmed/23110163
http://dx.doi.org/10.1371/journal.pone.0059689
http://www.ncbi.nlm.nih.gov/pubmed/23555746
http://dx.doi.org/10.1371/journal.pone.0099525
http://dx.doi.org/10.1371/journal.pone.0099525
http://www.ncbi.nlm.nih.gov/pubmed/24937171
http://dx.doi.org/10.1371/journal.pone.0077232
http://www.ncbi.nlm.nih.gov/pubmed/24194875
http://dx.doi.org/10.1002/biot.200700228
http://www.ncbi.nlm.nih.gov/pubmed/18566957
http://dx.doi.org/10.1002/bit.22361
http://www.ncbi.nlm.nih.gov/pubmed/19472329
http://dx.doi.org/10.1089/adt.2014.573
http://www.ncbi.nlm.nih.gov/pubmed/24831787
http://dx.doi.org/10.1007/bf01540656
http://dx.doi.org/10.1016/j.matbio.2013.08.001
http://dx.doi.org/10.1016/j.matbio.2013.08.001
http://www.ncbi.nlm.nih.gov/pubmed/23954537
https://http://www.corning.com/worldwide/en/products/life-sciences/products/surfaces/matrigel-matrix.html
https://http://www.corning.com/worldwide/en/products/life-sciences/products/surfaces/matrigel-matrix.html

@’PLOS ‘ ONE

Influence of Matrices on 3D Cultures

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

48.

49.

Sieh S, Taubenberger AV, Rizzi SC, Sadowski M, Lehman ML, Rockstroh A, et al. Phenotypic charac-
terization of prostate cancer LNCaP cells cultured within a bioengineered microenvironment. PLoS
ONE. 2012; 7(9):e40217. Epub 2012/09/08. doi: 10.1371/journal.pone.0040217 PONE-D-11-23547
[pii]. PMID: 22957009; PubMed Central PMCID: PMC3434144.

Vu TH, Werb Z. Matrix metalloproteinases: effectors of development and normal physiology. Genes &
Development. 2000; 14(17):2123-33. doi: 10.1101/gad.815400

Lu P, Takai K, Weaver VM, Werb Z. Extracellular matrix degradation and remodeling in development
and disease. Cold Spring Harb Perspect Biol. 2011; 3(12). Epub 2011/09/16. cshperspect.a005058
[pii] doi: 10.1101/cshperspect.a005058 PMID: 21917992; PubMed Central PMCID: PMC3225943.

Webber MM, Waghray A, Bello D. Prostate-specific antigen, a serine protease, facilitates human pros-
tate cancer cell invasion. Clinical Cancer Research. 1995; 1(10):1089-94. PMID: 9815898

Gong Y, Chippada-Venkata UD, Oh WK. Roles of matrix metalloproteinases and their natural inhibitors
in prostate cancer progression. Cancers (Basel). 2014; 6(3):1298-327. Epub 2014/07/01. can-
cers6031298 [pii] doi: 10.3390/cancers6031298 PMID: 24978435; PubMed Central PMCID:
PMC4190542.

Babichenko I, Andriukhin MI, Pulbere S, Loktev A. Immunohistochemical expression of matrix metallo-
proteinase-9 and inhibitor of matrix metalloproteinase-1 in prostate adenocarcinoma. Int J Clin Exp
Pathol. 2014; 7(12):9090-8. Epub 2015/02/13. PMID: 25674294; PubMed Central PMCID:
PMC4313967.

Lieberman M, Peet A. The Extracellular Matrix and Connective Tissue. In: Lieberman M, Marks A, edi-
tors. Marks' Basic Medical Biochemistry: A Clinical Approach: Lippincott Williams & Wilkins; 2012.

Kenny PA, Lee GY, Myers CA, Neve RM, Semeiks JR, Spellman PT, et al. The morphologies of breast
cancer cell lines in three-dimensional assays correlate with their profiles of gene expression. Mol
Oncol. 2007; 1(1):84—96. Epub 2008/06/03. doi: 10.1016/j.molonc.2007.02.004 S1574-7891(07)
00007-5 [pii]. PMID: 18516279; PubMed Central PMCID: PMC2391005.

HarmaV, Virtanen J, Makelé R, Happonen A, Mpindi J-P, Knuuttila M, et al. A Comprehensive Panel of
Three-Dimensional Models for Studies of Prostate Cancer Growth, Invasion and Drug Responses.
PLoS ONE. 2010; 5(5):e10431. doi: 10.1371/journal.pone.0010431 PMID: 20454659

Sodunke TR, Turner KK, Caldwell SA, McBride KW, Reginato MJ, Noh HM. Micropatterns of Matrigel
for three-dimensional epithelial cultures. Biomaterials. 2007; 28(27):4006—16. http://dx.doi.org/10.
1016/j.biomaterials.2007.05.021. PMID: 17574663

Kwok TT, Twentyman PR. The relationship between tumour geometry and the response of tumour cells
to cytotoxic drugs—An in vitro study using EMT6 multicellular spheroids. International Journal of Can-
cer. 1985; 35(5):675-82. doi: 10.1002/ijc.2910350517 PMID: 3997287

Morse DL, Gray H, Payne CM, Gillies RJ. Docetaxel induces cell death through mitotic catastrophe in
human breast cancer cells. Molecular Cancer Therapeutics. 2005; 4(10):1495-504. doi: 10.1158/1535-
7163.mct-05-0130 PMID: 16227398

Wang H, Vo T, Hajar A, Li S, Chen X, Parissenti A, et al. Multiple mechanisms underlying acquired
resistance to taxanes in selected docetaxel-resistant MCF-7 breast cancer cells. BMC Cancer. 2014;
14(1):37. doi: 10.1186/1471-2407-14-37

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

Seto B. Rapamycin and mTOR: a serendipitous discovery and implications for breast cancer. Clin
Trans Med. 2012; 1(1):1-7. doi: 10.1186/2001-1326-1-29

Raught B, Gingras A-C, Sonenberg N. The target of rapamycin (TOR) proteins. Proceedings of the
National Academy of Sciences. 2001; 98(13):7037—44. doi: 10.1073/pnas.121145898

Chambers KF, Mosaad EMO, Russell PJ, Clements JA, Doran MR. 3D Cultures of Prostate Cancer
Cells Cultured in a Novel High-Throughput Culture Platform Are More Resistant to Chemotherapeutics
Compared to Cells Cultured in Monolayer. PLoS ONE. 2014; 9(11):e111029. doi: 10.1371/journal.
pone.0111029 PMID: 25380249

Januchowski R, Zawierucha P, Ruciski M, Nowicki M, Zabel M. Extracellular Matrix Proteins Expres-
sion Profiling in Chemoresistant Variants of the A2780 Ovarian Cancer Cell Line. BioMed Research
International. 2014; 2014:9. doi: 10.1155/2014/365867

Jaganathan H, Gage J, Leonard F, Srinivasan S, Souza GR, Dave B, et al. Three-dimensional in vitro
co-culture model of breast tumor using magnetic levitation. Sci Rep. 2014; 4:6468. Epub 2014/10/02.
srep06468 [pii] doi: 10.1038/srep06468 PMID: 25270048; PubMed Central PMCID: PMC4180823.

PLOS ONE | DOI:10.1371/journal.pone.0158116 June 28, 2016 20/23


http://dx.doi.org/10.1371/journal.pone.0040217
http://www.ncbi.nlm.nih.gov/pubmed/22957009
http://dx.doi.org/10.1101/gad.815400
http://dx.doi.org/10.1101/cshperspect.a005058
http://www.ncbi.nlm.nih.gov/pubmed/21917992
http://www.ncbi.nlm.nih.gov/pubmed/9815898
http://dx.doi.org/10.3390/cancers6031298
http://www.ncbi.nlm.nih.gov/pubmed/24978435
http://www.ncbi.nlm.nih.gov/pubmed/25674294
http://dx.doi.org/10.1016/j.molonc.2007.02.004
http://www.ncbi.nlm.nih.gov/pubmed/18516279
http://dx.doi.org/10.1371/journal.pone.0010431
http://www.ncbi.nlm.nih.gov/pubmed/20454659
http://dx.doi.org/10.1016/j.biomaterials.2007.05.021
http://dx.doi.org/10.1016/j.biomaterials.2007.05.021
http://www.ncbi.nlm.nih.gov/pubmed/17574663
http://dx.doi.org/10.1002/ijc.2910350517
http://www.ncbi.nlm.nih.gov/pubmed/3997287
http://dx.doi.org/10.1158/1535-7163.mct-05-0130
http://dx.doi.org/10.1158/1535-7163.mct-05-0130
http://www.ncbi.nlm.nih.gov/pubmed/16227398
http://dx.doi.org/10.1186/1471-2407-14-37
http://dx.doi.org/10.4172/2155-9872.1000249
http://dx.doi.org/10.1186/2001-1326-1-29
http://dx.doi.org/10.1073/pnas.121145898
http://dx.doi.org/10.1371/journal.pone.0111029
http://dx.doi.org/10.1371/journal.pone.0111029
http://www.ncbi.nlm.nih.gov/pubmed/25380249
http://dx.doi.org/10.1155/2014/365867
http://dx.doi.org/10.1038/srep06468
http://www.ncbi.nlm.nih.gov/pubmed/25270048

@’PLOS ‘ ONE

Influence of Matrices on 3D Cultures

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Trédan O, Galmarini CM, Patel K, Tannock IF. Drug Resistance and the Solid Tumor Microenviron-
ment. Journal of the National Cancer Institute. 2007; 99(19):1441-54. doi: 10.1093/jnci/djm135 PMID:
17895480

Karlsson H, Fryknés M, Larsson R, Nygren P. Loss of cancer drug activity in colon cancer HCT-116
cells during spheroid formation in a new 3-D spheroid cell culture system. Experimental Cell Research.
2012; 318(13):1577-85. doi: http://dx.doi.org/10.1016/j.yexcr.2012.03.026 PMID: 22487097

Patra B, Peng C-C, Liao W-H, Lee C-H, Tung Y-C. Drug testing and flow cytometry analysis on a large
number of uniform sized tumor spheroids using a microfluidic device. Scientific Reports. 2016;
6:21061. doi: 10.1038/srep21061 http://www.nature.com/articles/srep21061—supplementary-
information. PMID: 26877244

Nelson CM, Bissell MJ. Modeling dynamic reciprocity: Engineering three-dimensional culture models of
breast architecture, function, and neoplastic transformation. Seminars in Cancer Biology. 2005; 15
(5):342-52. http://dx.doi.org/10.1016/j.semcancer.2005.05.001. PMID: 15963732

Baharvand H, Hashemi SM, Kazemi Ashtiani S, Farrokhi A. Differentiation of human embryonic stem
cells into hepatocytes in 2D and 3D culture systems in vitro. Int J Dev Biol. 2006; 50(7):645-52. Epub
2006/08/08. 052072hb [pii] doi: 10.1387/ijdb.052072hb PMID: 16892178.

Price KJ, Tsykin A, Giles KM, Sladic RT, Epis MR, Ganss R, et al. Matrigel basement membrane matrix
influences expression of microRNAs in cancer cell lines. Biochemical and biophysical research com-
munications. 2012; 427(2):343-8. doi: 10.1016/j.bbrc.2012.09.059 PMID: 23000157.

Makinoshima H, Takita M, Saruwatari K, Umemura S, Obata Y, Ishii G, et al. Signaling through the
Phosphatidylinositol 3-Kinase (PI3K)/Mammalian Target of Rapamycin (mTOR) Axis Is Responsible
for Aerobic Glycolysis mediated by Glucose Transporter in Epidermal Growth Factor Receptor (EGFR)-
mutated Lung Adenocarcinoma. J Biol Chem. 2015; 290(28):17495-504. Epub 2015/05/30.
M115.660498 [pii] doi: 10.1074/jbc.M115.660498 PMID: 26023239; PubMed Central PMCID:
PMC4498084.

Glaysher S, Bolton LM, Johnson P, Torrance C, Cree IA. Activity of EGFR, mTOR and PI3K inhibitors
in an isogenic breast cell line model. BMC Research Notes. 2014; 7(1):1-7. doi: 10.1186/1756-0500-7-
397

Schmid K, Bago-Horvath Z, Berger W, Haitel A, Cejka D, Werzowa J, et al. Dual inhibition of EGFR and
mTOR pathways in small cell lung cancer. Br J Cancer. 2010; 103(5):622-8. doi: 10.1038/sj.bjc.
6605761 PMID: 20683448

Liu T, Yacoub R, Taliaferro-Smith LD, Sun S-Y, Graham TR, Dolan R, et al. Combinatorial Effects of
Lapatinib and Rapamycin in Triple-Negative Breast Cancer Cells. Molecular Cancer Therapeutics.
2011; 10(8):1460-9. doi: 10.1158/1535-7163.mct-10-0925 PMID: 21690228

Buck E, Eyzaguirre A, Brown E, Petti F, McCormack S, Haley JD, et al. Rapamycin synergizes with the
epidermal growth factor receptor inhibitor erlotinib in non—small-cell lung, pancreatic, colon, and breast
tumors. Molecular Cancer Therapeutics. 2006; 5(11):2676-84. doi: 10.1158/1535-7163.mct-06-0166
PMID: 17121914

McCarroll JA, Sharbeen G, Liu J, Youkhana J, Goldstein D, McCarthy N, et al. Betalll-tubulin: a novel
mediator of chemoresistance and metastases in pancreatic cancer. Oncotarget. 2015; 6(4):2235-49.
Epub 2014/12/30. 2946 [pii] doi: 10.18632/oncotarget.2946 PMID: 25544769; PubMed Central PMCID:
PMC4385848.

Seve P, Dumontet C. Is class Il beta-tubulin a predictive factor in patients receiving tubulin-binding
agents? Lancet Oncol. 2008; 9(2):168-75. Epub 2008/02/02. S1470-2045(08)70029-9 [pii] doi: 10.
1016/S1470-2045(08)70029-9 PMID: 18237851.

Ploussard G, Terry S, Maillé P, Allory Y, Sirab N, Kheuang L, et al. Class Ill -Tubulin Expression Pre-
dicts Prostate Tumor Aggressiveness and Patient Response to Docetaxel-Based Chemotherapy. Can-
cer Research. 2010; 70(22):9253-64. doi: 10.1158/0008-5472.can-10-1447 PMID: 21045157

Mozzetti S, Ferlini C, Concolino P, Filippetti F, Raspaglio G, Prislei S, et al. Class Il beta-tubulin over-
expression is a prominent mechanism of paclitaxel resistance in ovarian cancer patients. Clin Cancer
Res. 2005; 11(1):298-305. Epub 2005/01/27. 11/1/298 [pii]. PMID: 15671559.

Stengel C, Newman SP, Leese MP, Potter BV, Reed MJ, Purohit A. Class Ill beta-tubulin expression
and in vitro resistance to microtubule targeting agents. Br J Cancer. 2010; 102(2):316—24. Epub 2009/
12/24. 6605489 [pii] doi: 10.1038/sj.bjc.6605489 PMID: 200294 18; PubMed Central PMCID:
PMC2816659.

Jiang BH, Liu LZ. Role of mTOR in anticancer drug resistance: perspectives for improved drug treat-
ment. Drug Resist Updat. 2008; 11(3):63—76. Epub 2008/04/29. S1368-7646(08)00018-6 [pii] doi: 10.
1016/j.drup.2008.03.001 PMID: 18440854; PubMed Central PMCID: PMC2519122.

Suh'Y, Amelio |, Guerrero Urbano T, Tavassoli M. Clinical update on cancer: molecular oncology of
head and neck cancer. Cell Death Dis. 2014; 5:e1018. doi: 10.1038/cddis.2013.548 PMID: 24457962

PLOS ONE | DOI:10.1371/journal.pone.0158116 June 28, 2016 21/23


http://dx.doi.org/10.1093/jnci/djm135
http://www.ncbi.nlm.nih.gov/pubmed/17895480
http://dx.doi.org/10.1016/j.yexcr.2012.03.026
http://www.ncbi.nlm.nih.gov/pubmed/22487097
http://dx.doi.org/10.1038/srep21061
http://www.nature.com/articles/srep21061supplementary-information
http://www.nature.com/articles/srep21061supplementary-information
http://www.ncbi.nlm.nih.gov/pubmed/26877244
http://dx.doi.org/10.1016/j.semcancer.2005.05.001
http://www.ncbi.nlm.nih.gov/pubmed/15963732
http://dx.doi.org/10.1387/ijdb.052072hb
http://www.ncbi.nlm.nih.gov/pubmed/16892178
http://dx.doi.org/10.1016/j.bbrc.2012.09.059
http://www.ncbi.nlm.nih.gov/pubmed/23000157
http://dx.doi.org/10.1074/jbc.M115.660498
http://www.ncbi.nlm.nih.gov/pubmed/26023239
http://dx.doi.org/10.1186/1756-0500-7-397
http://dx.doi.org/10.1186/1756-0500-7-397
http://dx.doi.org/10.1038/sj.bjc.6605761
http://dx.doi.org/10.1038/sj.bjc.6605761
http://www.ncbi.nlm.nih.gov/pubmed/20683448
http://dx.doi.org/10.1158/1535-7163.mct-10-0925
http://www.ncbi.nlm.nih.gov/pubmed/21690228
http://dx.doi.org/10.1158/1535-7163.mct-06-0166
http://www.ncbi.nlm.nih.gov/pubmed/17121914
http://dx.doi.org/10.18632/oncotarget.2946
http://www.ncbi.nlm.nih.gov/pubmed/25544769
http://dx.doi.org/10.1016/S1470-2045(08)70029-9
http://dx.doi.org/10.1016/S1470-2045(08)70029-9
http://www.ncbi.nlm.nih.gov/pubmed/18237851
http://dx.doi.org/10.1158/0008-5472.can-10-1447
http://www.ncbi.nlm.nih.gov/pubmed/21045157
http://www.ncbi.nlm.nih.gov/pubmed/15671559
http://dx.doi.org/10.1038/sj.bjc.6605489
http://www.ncbi.nlm.nih.gov/pubmed/20029418
http://dx.doi.org/10.1016/j.drup.2008.03.001
http://dx.doi.org/10.1016/j.drup.2008.03.001
http://www.ncbi.nlm.nih.gov/pubmed/18440854
http://dx.doi.org/10.1038/cddis.2013.548
http://www.ncbi.nlm.nih.gov/pubmed/24457962

@’PLOS ‘ ONE

Influence of Matrices on 3D Cultures

68.

69.

70.

71.

72.

73.
74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

Song S, Honjo S, Jin J, Chang SS, Scott AW, Chen Q, et al. The Hippo Coactivator YAP1 Mediates
EGFR Overexpression and Confers Chemoresistance in Esophageal Cancer. Clin Cancer Res. 2015;
21(11):2580-90. Epub 2015/03/06. 1078-0432.CCR-14-2191 [pii] doi: 10.1158/1078-0432.CCR-14-
2191 PMID: 25739674; PubMed Central PMCID: PMC4452384.

Yang V, Bialkowska A. Intestinal Tumorigenesis: Mechanisms of Development and Progression:
Springer; 2015.

Di Lorenzo G, Tortora G, D’Armiento FP, De Rosa G, Staibano S, Autorino R, et al. Expression of Epi-
dermal Growth Factor Receptor Correlates with Disease Relapse and Progression to Androgen-inde-
pendence in Human Prostate Cancer. Clinical Cancer Research. 2002; 8(11):3438—44. PMID:
12429632

Weihua Z, Tsan R, Huang WC, Wu Q, Chiu CH, Fidler IJ, et al. Survival of cancer cells is maintained by
EGFR independent of its kinase activity. Cancer Cell. 2008; 13(5):385-93. Epub 2008/05/06. S1535-
6108(08)00120-7 [pii] doi: 10.1016/j.ccr.2008.03.015 PMID: 18455122; PubMed Central PMCID:
PMC2413063.

Engelman JA, Cantley LC. A Sweet New Role for EGFR in Cancer. Cancer Cell. 2008; 13(5):375-6.
doi: http://dx.doi.org/10.1016/j.ccr.2008.04.008 PMID: 18455118

Bourdon JC. p53 and its isoforms in cancer. Br J Cancer. 2007; 97(3):277-82. PMID: 17637683

Avery-Kiejda KA, Morten B, Wong-Brown MW, Mathe A, Scott RJ. The relative mRNA expression of
p53 isoforms in breast cancer is associated with clinical features and outcome. Carcinogenesis. 2014;
35(3):586—-96. doi: 10.1093/carcin/bgt411 PMID: 24336193

Bar J, Cohen-Noyman E, Geiger B, Oren M. Attenuation of the p53 response to DNA damage by high
cell density. Oncogene. 2004; 23(12):2128-37. PMID: 14755247

Liu C, Zhu Y, Lou W, Nadiminty N, Chen X, Zhou Q, et al. Functional p53 determines docetaxel sensitiv-
ity in prostate cancer cells. The Prostate. 2013; 73(4):418-27. doi: 10.1002/pros.22583 PMID:
22996738

Dai C, Gu W. p53 post-translational modification: deregulated in tumorigenesis. Trends Mol Med. 2010;
16(11):528-36. Epub 2010/10/12. S1471-4914(10)00130-9 [pii] doi: 10.1016/j.molmed.2010.09.002
PMID: 20932800; PubMed Central PMCID: PMC2978905.

Nicholls CD, McLure KG, Shields MA, Lee PWK. Biogenesis of p53 Involves Cotranslational Dimeriza-
tion of Monomers and Posttranslational Dimerization of Dimers: IMPLICATIONS ON THE DOMINANT
NEGATIVE EFFECT. Journal of Biological Chemistry. 2002; 277(15):12937-45. PMID: 11805092

Gaglia G, Guan Y, Shah JV, Lahav G. Activation and control of p53 tetramerization in individual living
cells. Proc Natl Acad Sci U S A. 2013; 110(38):15497-501. Epub 2013/09/06. 1311126110 [pii] doi: 10.
1073/pnas.1311126110 PMID: 24006363; PubMed Central PMCID: PMC3780836.

Liud, YuG, Zhao Y, Zhao D, Wang Y, Wang L, et al. REGgamma modulates p53 activity by regulating
its cellular localization. Journal of cell science. 2010; 123(Pt 23):4076-84. Epub 2010/11/19. 123/23/
4076 [pii] doi: 10.1242/jcs.067405 PMID: 21084564; PubMed Central PMCID: PMC2987440.

Lipski R, Lippincott DJ, Durden BC, Kaplan AR, Keiser HE, Park J-H, et al. p53 Dimers Associate with a
Head-to-Tail Response Element to Repress Cyclin B Transcription. PLoS ONE. 2012; 7(8):e42615.
doi: 10.1371/journal.pone.0042615 PMID: 22905155

Okorokov AL, Sherman MB, Plisson C, Grinkevich V, Sigmundsson K, Selivanova G, et al. The struc-
ture of p53 tumour suppressor protein reveals the basis for its functional plasticity. EMBO J. 2006; 25
(21):5191-200. Epub 2006/10/21. 7601382 [pii] doi: 10.1038/sj.emboj.7601382 PMID: 17053786;
PubMed Central PMCID: PMC1630404.

Braithwaite AW, Del Sal G, Lu X. Some p53-binding proteins that can function as arbiters of life and
death. Cell Death Differ. 2006; 13(6):984—93. PMID: 16575404

Fernandez-Fernandez MR, Sot B. The relevance of protein—protein interactions for p53 function: the
CPE contribution. Protein Engineering Design and Selection. 2011; 24(1-2):41-51. doi: 10.1093/
protein/gzq074

Surget S, Khoury MP, Bourdon JC. Uncovering the role of p53 splice variants in human malignancy: a
clinical perspective. Onco Targets Ther. 2013; 7:57-68. Epub 2014/01/01. doi: 10.2147/OTT.S53876
ott-7-057 [pii]. PMID: 24379683; PubMed Central PMCID: PMC3872270.

Olivier M, Petitiean A, Marcel V, Petre A, Mounawar M, Plymoth A, et al. Recent advances in p53
research: an interdisciplinary perspective. Cancer Gene Ther. 2008; 16(1):1-12. doi: 10.1038/cgt.
2008.69 PMID: 18802452

Courtois S, Verhaegh G, North S, Luciani MG, Lassus P, Hibner U, et al. DeltaN-p53, a natural isoform
of p53 lacking the first transactivation domain, counteracts growth suppression by wild-type p53. Onco-
gene. 2002; 21(44):6722—-8. Epub 2002/10/03. doi: 10.1038/sj.onc.1205874 PMID: 12360399.

PLOS ONE | DOI:10.1371/journal.pone.0158116 June 28, 2016 22/23


http://dx.doi.org/10.1158/1078-0432.CCR-14-2191
http://dx.doi.org/10.1158/1078-0432.CCR-14-2191
http://www.ncbi.nlm.nih.gov/pubmed/25739674
http://www.ncbi.nlm.nih.gov/pubmed/12429632
http://dx.doi.org/10.1016/j.ccr.2008.03.015
http://www.ncbi.nlm.nih.gov/pubmed/18455122
http://dx.doi.org/10.1016/j.ccr.2008.04.008
http://www.ncbi.nlm.nih.gov/pubmed/18455118
http://www.ncbi.nlm.nih.gov/pubmed/17637683
http://dx.doi.org/10.1093/carcin/bgt411
http://www.ncbi.nlm.nih.gov/pubmed/24336193
http://www.ncbi.nlm.nih.gov/pubmed/14755247
http://dx.doi.org/10.1002/pros.22583
http://www.ncbi.nlm.nih.gov/pubmed/22996738
http://dx.doi.org/10.1016/j.molmed.2010.09.002
http://www.ncbi.nlm.nih.gov/pubmed/20932800
http://www.ncbi.nlm.nih.gov/pubmed/11805092
http://dx.doi.org/10.1073/pnas.1311126110
http://dx.doi.org/10.1073/pnas.1311126110
http://www.ncbi.nlm.nih.gov/pubmed/24006363
http://dx.doi.org/10.1242/jcs.067405
http://www.ncbi.nlm.nih.gov/pubmed/21084564
http://dx.doi.org/10.1371/journal.pone.0042615
http://www.ncbi.nlm.nih.gov/pubmed/22905155
http://dx.doi.org/10.1038/sj.emboj.7601382
http://www.ncbi.nlm.nih.gov/pubmed/17053786
http://www.ncbi.nlm.nih.gov/pubmed/16575404
http://dx.doi.org/10.1093/protein/gzq074
http://dx.doi.org/10.1093/protein/gzq074
http://dx.doi.org/10.2147/OTT.S53876
http://www.ncbi.nlm.nih.gov/pubmed/24379683
http://dx.doi.org/10.1038/cgt.2008.69
http://dx.doi.org/10.1038/cgt.2008.69
http://www.ncbi.nlm.nih.gov/pubmed/18802452
http://dx.doi.org/10.1038/sj.onc.1205874
http://www.ncbi.nlm.nih.gov/pubmed/12360399

el e
@ ' PLOS ‘ ONE Influence of Matrices on 3D Cultures

88. Bourdon J-C, Fernandes K, Murray-Zmijewski F, Liu G, Diot A, Xirodimas DP, et al. p53 isoforms can
regulate p53 transcriptional activity. Genes & Development. 2005; 19(18):2122-37. doi: 10.1101/gad.
1339905

89. Ghosh A, Stewart D, Matlashewski G. Regulation of Human p53 Activity and Cell Localization by Alter-
native Splicing. Molecular and Cellular Biology. 2004; 24(18):7987-97. doi: 10.1128/mcb.24.18.7987—
7997.2004 PMID: 15340061

90. KimJW, Ho WJ, Wu BM. The Role of the 3D Environment in Hypoxia-induced Drug and Apoptosis
Resistance. Anticancer Research. 2011; 31(10):3237-45. PMID: 21965731

PLOS ONE | DOI:10.1371/journal.pone.0158116 June 28, 2016 23/23


http://dx.doi.org/10.1101/gad.1339905
http://dx.doi.org/10.1101/gad.1339905
http://dx.doi.org/10.1128/mcb.24.18.79877997.2004
http://dx.doi.org/10.1128/mcb.24.18.79877997.2004
http://www.ncbi.nlm.nih.gov/pubmed/15340061
http://www.ncbi.nlm.nih.gov/pubmed/21965731

