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Background: Prostaspheres-based three dimensional (3D) culture models have provided insight
into prostate cancer (PCa) biology, highlighting the importance of cell—cell interactions and the
extracellular matrix (EMC) in the tumor microenvironment. Although these 3D classical spheroid
platforms provide a significant advance over 2D models mimicking in vivo tumors, the limitations
involve no control of assembly and structure with only limited spatial or glandular organization.
Here, matrix-free prostaspheres from human metastatic prostate carcinoma PC3 and DU145
cell lines and their respective gemcitabine resistant (GemR) variants were generated by using
cyclic Arg-Gly-Asp-D-Phe-Lys peptide modified with 4-carboxybutyl-triphenylphosphonium
bromide (cyclo-RGDfK(TPP)).

Materials and methods: Microscopic imaging, immunocytochemistry (ICC), flow cytometry,
sialidase, and WST-1 cell viability assays were used to evaluate the formation of multicellular
tumor spheroid (MCTS), cell survival, morphologic changes, and expression levels of 2,6 and
02,3 sialic acid (SA) and E- and N-cadherin in DU145, PC3, and their GemR variants.
Results: By using the cyclo-RGDfK(TPP) peptide platform in a dose- and time-dependent
manner, both DU145 and DU145GemR cells formed small MCTS. In contrast, PC3 and
PC3GemR cells formed irregular multicellular aggregates at all concentrations of cyclo-
RGDfK(TPP) peptide, even after 6 days of incubation. ICC and flow cytometry results revealed
that DU145 cells expressed higher amounts of E-cadherin but lower N-cadherin compared
with PC3 cells. By using Maackia amurensis (¢2,3-SA-specific MAL-II) and Sambucus nigra
(02,6-SA specific SNA) lectin-based cytochemistry staining and flow cytometry, it was found
that DU145 and DU145GemR cells expressed 5 times more ¢2,6-SA than 0.2,3-SA on the cell
surface. PC3 cells expressed 4 times more 0.2,3-SA than 0.2,6-SA, and the PC3GemR cells
showed 1.4 times higher 0.2,6-SA than 0:2,3-SA. MCTS volume was dose-dependently reduced
following pretreatment with 02,6-SA-specific neuraminidase (Vibrio cholerae). Oseltamivir
phosphate enhanced cell aggregation and compaction of 3D MCTS formed with PC3 cells.
Conclusion: The relative levels of specific sialoglycan structures on the cell surface correlate
with the ability of PCa cells to form avascular multicellular prostaspheres.

Keywords: PC3 and DU145 cell lines, cadherin, oseltamivir phosphate, gemcitabine, chemore-
sistance, neuraminidase, EMT, spheroid

Introduction

Development of new forms of cancer therapy is an emerging research area. The focus is
to establish more innovative and accurate in vitro models that mimic the in vivo tumor
and to simulate the tumor microenvironment.'? An understanding of the inter-com-
plexity between cancer cells and their organ-specific microenvironments has provided
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an opportunity to develop novel therapies.’ Developing an
optimal in vitro tumor model has its challenges. Monolayer
cell culture models do not represent tumor cell interactions
with their microenvironment involving the nutrient, oxygen,
and catabolites that exist in solid tumors in vivo.** In vitro
tumor models should have three dimensional (3D) spatial
organization with heterogeneous multicellular systems,
addressing metabolic specificities and complex interplay
of cell-cell and cell-extracellular matrix (ECM) interac-
tions. The cell and ECM contacts influence the response of
tumor cells to different subsets of cells within the microen-
vironment. The in vitro 3D culture techniques have shown
superiority to conventional monolayer cultures, allowing a
more accurate simulation of the tumor microenvironment,
cancer cell phenotypes, and their behavior in response to
drugs similar to those detectable in vivo.' The 3D multicel-
lular tumor spheroids (MCTSs) are now being developed.”®
They closely resemble small avascular tumors with complex
cell—cell and cell-matrix interactions.”!° In addition, MCTS
is a powerful 3D in vitro model to study tumor and tumor
cell proliferation, morphology, cell invasion, drug binding,
and chemo-resistance.!'"* Compared with two dimensional
(2D) monolayer cell platforms, MCTS expresses increased
resistance to chemotherapy, perhaps due to their ability
to mimic multicellular arrangements and ECM deposition
of avascular tumors.” The MCTS also simulates cell—cell
and cell-microenvironment interactions that are necessary
for cancer cell processes like epithelial-mesenchymal tran-
sition, chemotherapy resistance, and metastasis.'*!® These
properties of MCTS are particularly relevant to prostate
cancer (PCa) studies. PCa possesses a microenvironment
that is characterized by hypoxia, acidosis, and nutrient
deprivation.? Ellem et al have also discussed in detail the
formation of prostaspheres that develop into spherical mul-
ticellular aggregates within a 3D culture system.?

PCa is the fifth leading cause of death from cancer in
men globally, estimating approximately >300,000 deaths
worldwide in 2012."” The mechanisms of PCa initiation,
progression, and metastasis still remain poorly understood.
The development of PCa may be dependent on genetic
and environmental factors. Wallace et al have identified
17 different pathways that are altered in PCa.'®* However,
the molecular mechanisms governing the formation and
progression of PCa are still not well understood.'** Of the
many techniques to study PCa formation and development,
prostaspheres produced from PCa cells grown suspended in
a purified ECM gel/matrix in vitro>!®?! or within a hanging
drop? represent the most commonly used systems in the field.

Other commonly used techniques for spheroid formation may
include spontancous aggregation, spinner flasks, rotatory
cell culture systems, liquid overlay, low binding plates,
microencapsulation, and cell cultivation in ultra-low attach-
ment round-bottom plates where cell aggregation occurs as a
result of mechanical forces or surface properties, preventing
cell attachment to the bottom of the well.”!'"!52226 These
methods have several limitations and drawbacks including
lack of rapidity, reproducibility, simplicity, and less cost-
effectiveness.”’” Experimentally, these models have other
common problems such as efficiency of forming spheroids,
long-term culture maintenance, control of spheroid size,
necrotic cores in large spheroids, and poor control of cell
distribution. Although these systems provide a significant
advance over 2D models in representing in vivo tumors,
they also remain poorly representative of the natural het-
erogeneity of the prostate. There is no control of assembly
and structure and only very limited spatial or glandular
organization. Nevertheless, prostasphere-based 3D culture
models have yielded important information regarding the
development of PCa, highlighting the role of cell—cell inter-
actions and the importance of the stroma and ECM in the
microenvironment.

There is now interest in developing more realistic in vitro
models of human tumors that mimic the key properties of
the tumor microenvironment. To this end, in vitro models
of PCa are being derived from patient’s biopsy specimens to
generate organoids that recapitulate the tissue histology and
lineage hierarchy of the tumor in vitro. Gao et al*® reported
success in the generation of organoids and provided detailed
molecular characterization of seven human-derived PCa
organoid lines derived from diverse disease sites including
circulating tumor cells. The organoid lines recapitulated the
phenotype and diversity of castrate-resistant PCa, androgen
receptor (AR)-dependent adenocarcinoma, AR-negative
adenocarcinoma, neuroendocrine carcinoma, and squamous
differentiation.”® More importantly, these organoid lines
were found to be amenable to drug testing both in vitro and
in vivo.? The prostate organoids derived from a biopsy speci-
men may indeed provide the next-generation sequencing or
in vitro therapeutic trials in a clinically meaningful way.?
Karthaus et al** have recapitulated prostate gland archi-
tecture by using organoid approach where both basal and
luminal cellular populations were found to contain bipotent
progenitor cells that retain full differentiation toward basal
and luminal lineages in vitro. These organoid cultures were
proposed to be an ideal study tool for the initiation of PCa.
However, it is noteworthy that the efficiency for establishing
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continuously propagated organoid lines from metastatic
biopsies was ~15%-20%, which may be highly dependent
on the growth conditions.?® In addition, these tumor organoids
are reproducibly maintained for 1-2 months, but many of
them were populated by tumor-associated spindle cells or
normal epithelial cells present in the biopsy material. Drost
et al®' describe a strategy protocol for the generation of 3D
prostate organoid cultures from healthy mouse and human
prostate cells, which are highly dependent on the culture
medium components involving several critical steps for
successful organoids. Furthermore, the 3D organoid model
has a low split rate and a low proliferation rate, which may
present difficulties in time-sensitive cell culture experiments.
Another limitation is that the organoid model contains both
normal and cancerous PCa cells, and the normal cells tend
to outgrow the cancerous PCa cells.

The 3D spheroid model using cyclic Arg-Gly-Asp-D-Phe-
Lys (cyclo-RGDfK) peptide modified with 4-carboxybutyl-
triphenylphosphonium bromide (cyclo-RGDfK(TPP))
peptide, which only contains cancerous PCa cells, may be
better suited for in vitro cancer research. To this end, Akasov
et al have developed a more effective one-step highly repro-
ducible technique of 3D spheroid formation by using synthetic
cyclo-RGDI1K peptide that closely mimics the natural ECM
proteins binding to a5B1 integrins on the cell membrane.?
The cyclo-RGDfK peptide promotes self-assembly of cancer
cells, avoiding cell-plate surface adhesion.* Cyclo-RGDfK

peptide and a5B1 integrin interactions facilitate cadherin
expressions on the cell membrane. Cadherin—cadherin
interactions among the cancer cells result in cell compac-
tion and spheroid formation.'® In addition, the self-assembly
formation of monolayer cultures into MCTS is enhanced by
the cyclo-RGDfK(TPP) peptide to facilitate cell aggregation.
Figure 1 depicts the graphical abstract of cyclo-RGDfK(TPP)
peptide and oi5B1 integrin interactions. These interactions are
proposed to facilitate increased E-cadherin expressions on the
cell membrane. The spheroids formed by cyclo-RGDfK(TPP)
peptide have been shown to have an average diameter range
of 80 um and vary among different cancer cell lines and
serum concentration in the medium.* The report also pro-
posed that the cyclo-RGDfK(TPP) peptide mimics the ability
of natural ECM protein to induce cell aggregation via a5p1
integrin. Similar reports by other groups have proposed that
formation of MCTS depends on the interactions between cell
surface glycosylated integrins such as ovP3 and a5p1 and
their ligands fibronectin, laminin, and collagen.*33-3*
Aberrant patterns of glycosylation have also emerged
as one of the hallmarks of cancer including acquired
chemoresistance.* Developmental patterns of tumor growth,
progression cell invasiveness, and metastatic ability are highly
influenced by aberrant cell surface-specific sialoglycan struc-
tures on glycoproteins like integrins ovp3, avps, a5p1,
and 0/6B4.5"* Slambrouck et al showed that in androgen-
sensitive human prostate adenocarcinoma LNCaP-derived
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Figure | Formation steps of MCTS by the cyclo-RGDfK(TPP) peptide-based biochemical method. Step |: formation of loose cell aggregates via o5B1 integrin —
cyclo-RGDfK(TPP) peptide binding; step 2: a delay period for E-cadherin expression and accumulation; step 3: formation of compact MCTS through E-cadherin—

E-cadherin interactions.

Abbreviations: MCTS, multicellular tumor spheroid; cyclo-RGDfK(TPP), cyclic Arg-Gly-Asp-D-Phe-Lys peptide modified with 4-carboxybutyl-triphenylphosphonium

bromide.
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C4-2B PCa cells, the adhesion between integrin 0231 and
collagen type I is dependent on cell surface 0.2,3-sialylation
of o2 subunits of the integrin receptor.** Hypersialylation
of integrin B1 activates integrin signaling and enhances
colon cancer cell progression and metastasis probably due
to enhanced 02,6-sialyltransferase activity.® Similarly,
Park et al linked raised levels of cell surface 0.2,6-sialic acids
(SAs) to colorectal cancer invasion, spread, and chemother-
apy resistance due to increased expression of B-galactoside
02,6-sialyltransferase.* The effect of altered sialoglycan
pattern of o 3, integrin on metastatic potential of melanoma
cells was examined by Pocheé et al.** They observed that
metastatic spread of melanoma cells is facilitated by o f3.-
and B1-6-branched sialylated complex-type N-glycans.

Despite a clear association between hypersialylation
and PCa progression and metastasis, the role of aberrant
sialoglycan patterns in the formation of MCTS is not well
defined. The authors have previously showed that sialyla-
tion promotes the formation of MCTS in both parental
and chemoresistant human breast MCF7 and pancreatic
PANCI cell lines by using the cyclo-RGDfK(TPP) peptide
platform.*® This study hypothesizes that sialylation of cell
surface glycoproteins promotes the formation of 3D prosta-
spheres in vitro. The data in this report support the hypoth-
esis. The relative levels of specific sialoglycan structures
on the cell surface correlate with the ability of PCa cells to
form avascular multicellular prostaspheres and to further
the understanding of the mechanism of the development of
PCa in vivo.

Materials and methods

Reagents

Cyclo-RGDfK was synthesized and modified with 4-carboxy-
butyl-triphenylphosphonium bromide to prepare a cyclo-
RGDfK(TPP) peptide in the laboratory of Prof S Burov,
Saint-Petersburg, Russia, by using standard methods of
peptide synthesis.* Maackia amurensis lectin 2 (MAL-II),
Sambucus nigra lectin (SNA), and peanut agglutinin (PNA)
were bought from Vector Laboratories Inc. (Burlingame, CA,
USA) MAL-II binds to 02,3-SAlinked to terminal galactose
and SNA to 02,6-SAlinked to terminal galactose and to lesser
degree 02,3 linkage.*” PNA binds to Gal-f(1-3)-GalNAc.
Neuraminidase (Neu) from Vibrio cholerae was obtained from
Gibco laboratories (Thermo Fisher Scientific, Waltham, MA,
USA). Neu hydrolyzes terminal N- or 0-acylneuraminic acids
which are 02,6-, 0.2,3-, or 0.2,8-linked (rate: 012,6>012,3>
02,8) to glycoconjugates. Oseltamivir phosphate (OP) solu-
tion was prepared by dissolving 75 mg Tamiflu (Hoffman-La

Roche Ltd., Basel, Switzerland) capsule in sterile 1x
phosphate-buffered saline (PBS) followed by centrifugation at
1,000 rpm for 10 minutes.* The stock extracted OP at 20 mg/
mL was characterized to have identical properties as the pure
OP compound.® Working dilutions of OP (50-800 pg/mL)
were prepared in cell culture-conditioned medium (1x Dul-
becco’s Modified Eagle’s Medium [DMEM])-conditioned
medium supplemented with 10% fetal calf serum (FCS;
HyClone, Logan, UT, USA), and 5 pg/mL plasmocinTM
(InvivoGen, San Diego, CA, USA) and were used for the
in vitro experiments.

Cell lines

PC3 (human prostate carcinoma, epithelial-like, ATCC®
CRL1435™) and DU145 (human prostate carcinoma,
epithelial-like ATCC® HTB-81™) derived from the meta-
static site in the bone and brain were purchased from ATCC
(Manassas, VA, USA) collection. PC3 and DU145 cells do
not express the AR and prostate-specific antigen*’ but exhibit
low levels of acid phosphatase and testosterone-5-o reductase
activity.>® The cells were grown in 1x DMEM-conditioned
medium supplemented with 10% FCS (HyClone), and
5 pug/mL plasmocin™ (InvivoGen) in a 5% CO, incubator
at 37°C. At ~80% confluence, the cells were passaged at
least five times before use in the experiments. Gemcitabine-
resistant PC3 (PC3GemR) and DU145 (DU145GemR) vari-
ant cell lines were cultured in conditioned medium containing
0.01 uM gemcitabine for over 1 year.

Lectin cytochemistry staining for SA

Cells were cultured in 24-well tissue culture plate with
glass coverslips for 24 hours in CO,-incubator at 37°C. The
PC3, DU145, and the chemoresistant variant cells were
fixed with 4% paraformaldehyde (PFA) for 20 minutes
at room temperature followed by washing with 1x PBS
pH 7.4. Cells were incubated with MAL-II (biotinylated
M. amurensis lectin 11, B-1265; Vector Laboratories Inc.)
and SNA (biotinylated elderberry bark lectin, B-1305; Vector
Laboratories Inc.) at a concentration of 10 pg/mL in PBS for
1 hour at room temperature. The cells were washed three
times with 1x PBS. After washing, the cells were incubated
with streptavidin-conjugated Alexa Fluor 594 for 1 hour
at room temperature in the dark. The background controls
were cells with no biotinylated lectins added in the above
procedure. After three washings with 1x PBS, slides were
mounted on fluorescent mounting media and analyzed with
Carl Zeiss Imager 2 fluorescence microscope at 200x and
400x magnification.
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WST-1 cell proliferation assay

WST-1 assay is a measure of cell viability based on the
cleavage of the WST-1 tetrazolium salt to soluble formazan
by cellular mitochondrial dehydrogenase enzyme.’' The
absorbance recorded at 450 nm is directly proportional to
the number of living cells in culture. Cells were grown to
80%—-90% confluence in T25 flasks, and seeded in a 96-well
tissue culture plate at a density of 10,000 cells/well for
3 hours followed by addition of 50 uM cyclo-RGDfK(TPP)
peptide directly to the cells. They were treated with different
concentrations of MAL-II, SNA, PNA, Neu (¥ cholerae),
and OP or left untreated for 6 days. The spheroids and the
attached cells were incubated with 10 uL of WST-1 reagent
(Roche Diagnostics Division de Hoffman La Roche Limitée,
Laval-des-Rapides, QC, Canada) for 2 hours at 37°C. Cell
viability was determined as a percentage of control and
illustrated as a bar graph by using GraphPad Prism software
(GraphPad Software, Inc., La Jolla, CA, USA). The fol-
lowing formula was used to determine cell viability as a
percent of control for each time point after each lectin or
drug treatment:

[(Absorbance of cells in given concentration of
treatment) — (Media absorbance)]/[(Absorbance
of cells with 50 uM cyclo-RGDfK (TPP) peptide
on day 0) —(Media absorbance)]x 100

The cells growing in the conditioned medium containing
50 uM cyclo-RGDfK(TPP) peptide are the control group.

Flow cytometry analysis

Cells were grown to ~90% confluence in T75 flasks. For
the measurement of terminal SA, cells were stained with
biotinylated MAL-II or SNA for 1 hour on ice. They were
washed 3x with 1x PBS supplemented with 2% FCS fol-
lowed by DyLight488-conjugated streptavidin (BioLegend
Inc., San Diego, CA, USA) for 30 minutes on ice and fixed
with 2% PFA. Controls without lectin were used to normalize
for background fluorescence and were only incubated with
DyLight488-conjugated streptavidin. For the detection of
E- and N-cadherin, live cells were stained with anti-E- or
N-cadherin rabbit monoclonal antibody (Cell Signaling
Technology, Inc., Danvers, MA, USA) for 1 hour on ice.
The cells were washed 3x with PBS supplemented with 2%
FCS, stained with DyLight 488-conjugated goat anti-rabbit
immunoglobulin (IgG) (Santa Cruz Biotechnology Inc., Dallas,
TX, USA) for 30 minutes on ice, and fixed by using 2% PFA.
Control wells without primary antibody were used to

normalize for background fluorescence and were only stained
with secondary DyLight488-conjugated goat anti-rabbit
IgG. A total of 5x10° cells were analyzed by Beckman
Coulter Cytomics FC500 flow cytometry and CxP software
(Beckman Coulter, Inc., Brea, CA, USA) in the Queen’s
University Biomedical Imaging Center (QUBIC). The
median fluorescence for each histogram is represented for
100% gated cells.

Sialidase assay

The sialidase activity assay was performed as described
previously.’>>3 Briefly, cells were incubated overnight on
12 mm sterile circular glass slides in a conditioned medium
in a 24-well plate. After removing the medium, each well was
supplemented with 0.318 mM 2-(4-methylumbelliferyl)-D-N-
acetylneuraminic acid (4-MUNANA; Biosynth International,
Itasca, IL, USA) substrate in Tris-buffered saline (TBS, pH
7.4) and select wells were stimulated with epidermal growth
factor (EGF, 100 pg/mL). The substrate is hydrolyzed by cell
surface membrane sialidase to give free 4-methylumbellifer-
one that has a fluorescence emission of 450 nm (blue color)
following an excitation at 365 nm. Fluorescent images were
taken after 1-2 minutes by using epi-fluorescent microscopy
(10x objective). Mean fluorescence surrounding the cells
was quantified using ImagelJ (National Institutes of Health,
Bethesda, MD, USA).

Phase-contrast microscopy and

measurement of MCTS volume

The morphology of PC3, DU145, PC3GemR, and DU145G-
emR cells were studied before and after the addition of cyclo-
RGDfK(TPP) peptide. The cells were plated in a 96-well
plate and treated with cyclo-RGDfK(TPP) peptide, or a
combination of cyclo-RGDfK(TPP) peptide and lectin, Neu,
or OP. Any changes in cellular morphology, aggregation, and
MCTS formation were observed. The wells were visualized
by using inverted phase-contrast microscopy, and the images
were acquired by using a scope-mounted camera (Thermo
Fisher Scientific) at 4x and 10x magnification over 6 days.
The diameter of MCTS was calculated by using the scale
bar in the phase-contrast images. At least, 20 spheroids were
measured per bar. ImageJ software was used to measure two
diameters from each individual spheroid, which were then
averaged and divided to calculate the average radius. This
average radius was used in the volume calculations listed
below. MCTS is defined as a compact, rounded spheroid
with a distinct border of diameter =60 Lim, containing cells
indistinguishable from one another. The following formulae
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were used to determine spheroid volume as previously
described in detail:*>324¢

10X objective images: V = (4/3) nt 13,
where r is the average radius (microns)
4x objective images: V = (2.5)(4/3) n 13,

where r is the average radius (microns)
For the 4x objective images, the formula includes 2.5 to
normalize the values to the 10X objective images.

Agarose-based and cyclo-RGDfK(TPP)
peptide-based MCTS formation

MCTS formation by using the classical (agarose-based)
method was performed as described previously.!? Briefly,
1.5% weight of agarose was heated in a water bath for
15 minutes. 50 uL of liquid agar was then pipetted into
each well of a flat-bottomed 96-well plate. Cooling at room
temperature for 15-20 minutes solidified the agar, and thus
agarose-coated plates were formed. Cells were added to the
agarose-coated plates at a concentration of 10,000 cells/well
and incubated at 37°C for up to 1 week. Alternatively, cyclo-
RGDfK(TPP) peptide-induced intercellular assembly and
MCTS formation were performed as described previously.*3?
By using this method, cells were grown in a T25 flask to
90% confluence, then plated in a 96-well plate at a density
0f 10,000 cells/well (100 pL/well) in 1x DMEM containing
10% FCS, and further incubated for 2—3 hours at 37°C for
them to adhere to the bottom of the wells. The medium
was replaced with 100 UL of cyclo-RGDfK(TPP) peptide
at concentrations ranging from 6 to 100 uM, diluted in 1x
DMEM-conditioned medium. The cells were incubated for
6 days at 37°C in a humidified incubator.

Immunocytochemistry (ICC)

The localization and expression levels of E- and N-cadherin
on PC3, DU145, PC3GemR, and DU145GemR were deter-
mined by using ICC analysis. Cells were plated on glass
coverslips in a 24-well plate and incubated for 24 hours at
37°C. The cells were fixed with 4% PFA for 30 minutes on
ice, washed with 1x PBS and blocked with 1% bovine serum
albumin (BSA) in 1x PBS for 1 hour. Cells were then incu-
bated with primary E- or N-cadherin rabbit monoclonal anti-
bodies for 2 hours at room temperature. The cells were then
washed 3x with PBS, stained with DyLight 594-conjugated
goat anti-rabbit IgG (Santa Cruz Biotechnology Inc.) for

2 hours at room temperature. Background fluorescence was
normalized by controlling for cells incubated with secondary
antibody alone. Fluorescent images were captured by using
a Zeiss M2 fluorescence microscope (Carl Zeiss Meditec
AG, Jena, Germany) at 200x and 400x magnification and
quantified by using Corel Photo Paint 8.0 software.

Results

Generation of matrix-free prostaspheres
This study compared two methods for determining the
efficiency of in vitro MCTS formation by using the classical
agarose-based and the biochemical cyclo-RGDfK(TPP)
peptide-based methods. Androgen-independent parental
DU145 and PC3 cells and GemR variants, DU145GemR and
PC3GemR cells, were used to form matrix-free MCTS by
using the classical’ and cyclo-RGD-induced method.*

Both DU145 and DU145GemR form loose cell aggre-
gates in the agarose-coated well technique (Figure 2A and B).
In contrast, by using the cyclo-RGDfK(TPP) peptide-based
method, DU145 and DU145GemR cells formed small
spheroids, but DU145 cells were observed to form tighter
compact spheroids of diameter =60 um. These results are
consistent with another report that has shown DU145 cells
forming tight spheroids by 3D matrigel culture method.**

Figure 3 illustrates the formation of MCTS by using the
cyclo-RGDfK(TPP) peptide-based method. The optimal
formation of MCTS by using the four PCa cell lines was
investigated by using cyclo-RGDfK(TPP) peptide at different
concentrations over various time points. DU145 cells formed
tight compacted MCTS with increasing incubation time
(1-6 days) over the concentration range of 12.5-100 uM
(Figure 3A). DU145GemR cells started to aggregate and
initiated the formation of MCTS at a lower concentration
of cyclo-RGDfK(TPP) peptide (12.5 uM), whereas DU145
cells exposed to the same cyclo-RGDfK(TPP) peptide
concentration did not form MCTS and remained as a
monolayer culture.

PC3 and PC3GemR cells formed irregular multicellular
aggregates at all concentrations of cyclo-RGDfK(TPP)
peptide (Figure 3C and D). There were no visible MCTS
even after 6 days of incubation. Exposure to 100 uM
cyclo-RGDfK(TPP) peptide induced PC3GemR cells to
form irregular multicellular aggregates, whereas PC3 cells
demonstrated a mixture of adhered monolayer cells and
irregular multicellular aggregates. To determine whether a
longer incubation time had an effect on MCTS formation
and/or size, all the four cell lines were incubated at 37°C
for up to 18 days (data not shown). Notably, there were
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DU145 cells

Agarose method (day 5) TPP method (day 5)

Figure 2 Prostaspheres of (A) DU[45 and (B) DU145GemR cells by the classical agarose and cyclo-RGDfK(TPP) peptide methods in a time-dependent manner. The images
were taken with a digital camera mounted on a phase-contrast inverse light microscope at 10x magnification. A total of 10,000 cells/well were plated on 1.5% weight of
agarose-coated 96-well plates for 7 days in the classical agarose method. For the cyclo-RGDfK(TPP) peptide method, 10,000 cells were added to each well in a 96-well plate.
Cyclo-RGDfK(TPP) peptide was added at a concentration of 50 UM for both DU145 and DU[45GemR cells (A and B).

Abbreviation: cyclo-RGDfK(TPP), cyclic Arg-Gly-Asp-D-Phe-Lys peptide modified with 4-carboxybutyl-triphenylphosphonium bromide.

A Monolayer 12.5 uM TPP 25 uM TPP 50 uM TPP 100 uM TPP 100 pM TPP (7)

DU145GemR
PC3 cells cells DU145 cells

PC3GemR
cells

Figure 3 Cyclo-RGDfK(TPP) method of MCTS formation using (A) DUI45 cells, (B) DU145GemR cells, (C) PC3 cells, and (D) PC3GemR cells. A total of 10,000 cells
were plated per well in a 96-well plate. Cyclo-RGDfK(TPP) peptide was added in a range of concentrations from 12.5 to 100 uM. The control group was the monolayer
cells with no cyclo-RGDfK(TPP) peptide added. The images were taken with a digital camera mounted on a phase-contrast inverse light microscope at 10x objective
on day 6.
Abbreviations: MCTS, multicellular tumor spheroid; cyclo-RGDfK(TPP), cyclic Arg-Gly-Asp-D-Phe-Lys peptide modified with 4-carboxybutyl-triphenylphosphonium
bromide.
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no significant differences in the formation of MCTS and
diameter for an incubation interval of 6 days or longer.
The data suggest that 6 days of incubation with 50 uM
cyclo-RGDfK(TPP) peptide were optimal conditions for
the formation of MCTS.

Irregular spheroids and loose cell aggregates have
been previously reported for malignant melanoma A-375
and human glioblastoma A-172 cell lines using the cyclo-
RGDfK(TPP) peptide method.* The findings of the present
study with the PC3 PCa cells do not support the premise
that spheroid-forming ability of cancer cells is directly
proportional to their malignant potential.*? In contrast, the
results with the PC3 cells were quite different from that
observed by Harma et al,>* where tight compact spheroids
were formed by using the 3D matrigel culture system.
The cyclo-RGDfK(TPP) peptide method relies on the
biochemical interactions of cell-cell adhesions involving
o5B1 integrin**? and E-cadherin,'®3* which may explain the

A E-cadherin N-cadherin  Background

difference of MCTS formation through 3D matrigel and
cyclo-RGDfK(TPP) peptide methods. The reasons for these
findings are unclear. Tran et al*> have demonstrated a lack
of E-cadherin expression in PC3 cells, which may explain
the difficulty of PC3 cells forming spheroids through the
cyclo-RGDfK(TPP) peptide method.

Formation of MCTS is associated with
higher levels of E-cadherin expression on
the surface of PCa cells

ICC and flow cytometry analyses were used to determine
whether the ability of PCa cells to form MCTS is associated
with the relative levels of cell surface adhesion molecules.
DU145 cells expressed higher levels of E-cadherin in com-
parison with PC3 cells (Figure 4A and B), whereas expectedly
N-cadherin expression levels were found to be much lower in
DU145 cells than that for PC3 cells. The higher E-cadherin
expression in DU145 cells may contribute to the formation
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Figure 4 Immunocytochemistry (A) to determine the expression of E- and N-cadherin on the cell surface of nonpermeabilized DU145GemR, PC3, and PC3GemR cells.
(A) DU145GemR, PC3, and PC3GemR cells were fixed with 4% PFA, stained with primary antibodies against E- and N-cadherin followed by secondary polyclonal goat
anti-rabbit IgG conjugated with DyLight 594. The background controls are stained only with the secondary antibody. Images were taken with an epifluorescent microscope
using a 20x objective. The bars represent 100 um. Images are representative of three fields of view from two independent experiments. (B) Quantitative analysis was done
by assessing the density of cell staining corrected for background for 5-6 separate image panels using Corel Photo Paint 8.0 software. Each bar in the graphs represents the
mean fluorescence corrected density of staining + standard error (error bars) for all cells within the respective images. Results were compared by a one-way ANOVA at 95%
confidence interval using Fisher’s LSD test. (C) DUI45GemR, PC3, and PC3GemR cells were stained with primary antibodies against E- and N-cadherin for | hour on ice
followed by secondary polyclonal goat anti-rabbit IgG conjugated with DyLight 488. Control cells were stained with only secondary polyclonal goat anti-rabbit IgG conjugated
with DyLight 488. Cells were analyzed by Beckman Coulter Cytomics FC500 flow cytometry and CxP software. Overlay histograms display the median fluorescence for each
histogram for 5x10° acquired cells (100% gated). The data are a representation of one of two experiments showing similar results.

Abbreviations: PFA, paraformaldehyde; IgG, immunoglobulin; ANOVA, analysis of variance; LSD, least significant difference.
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of tight compacted and well-defined MCTS. These results
are consistent with what others have reported.’® Through
flow cytometry analyses of the data (Figure 4C), it has been
shown that there are no significant differences between the
relative expression levels of E- versus N-cadherin on PC3
and DU145 cells.

Cell surface expression of 02,3-SA and
02,6-SA on PCa cells promotes the
formation of MCTS

Developmental patterns and progression of tumor growth are
highly influenced by aberrant cell surface-specific sialoglycan
structures on glycoproteins.’” This study investigated the
extent of SA levels on the cell surface of PC3 and PC3GemR
(Figure 5) and DU145 and DU145GemR cells (Figure 6).
ICC and flow cytometry analyses were performed by using
02,3-SA-specific MAL-IT and 02,6-SA-specific SNA lectins.
PC3GemR show similar levels of a2,6-SA and o2,3-SA
levels (Figure 5). However only PC3 cells (Figure 5G)
expressed 4 times more 0.2,3-SA than 2,6-SA. Among the
four cell lines, PC3 shows the highest level of 02,3-SA on
the cell surface. Both the parental and GemR DU145 cells
express 5 times more 0.2,6-SA than 02,3-SA levels on the cell
surface (Figure 6). Similar findings of increased sialylation
in resistant cancer cells have been reported previously in

acute myeloid leukemia®’ and colorectal cancer.* Figure 7
illustrates the combined 0:2,3-SA and ¢:2,6-SA expressions
on the four cell lines. PC3GemR cells express 1.4 times more
02,6-SA than 0.2,3-SA.

PCa cells express Neul sialidase activity
in vitro

Since the resistant PC3GemR and DU145GemR cells seem
to have more SA expression on the cell surface than their
parental cell lines, whether these resistant cell lines have a
diminished sialidase activity on their cell surface need to be
determined. The authors have previously reported that several
glycosylated growth factor receptors such as epidermal
growth factor receptor (EGFR) are regulated by Neul sialidase
activity.*#%> Activated Neul hydrolyzes 0.2,3-sialyl residues
of'the receptors, which allows the removal of steric hindrance
between receptors, allowing subsequent kinase activation
and cellular signaling. To determine whether the PCa cells
express sialidase activity on the cell surface, a sialidase assay
was performed as previously established and optimized.5>¢¢!
Sialidase activity is measured in the periphery surrounding
the live cells due to the lysis of fluorogenic substrate
4-MUNANA into 4-methylumbelliferone product which has
an emission wavelength of 450 nm. The mean fluorescence
of 50 multipoint replicates surrounding the live cells were
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Figure 5 Immunocytochemistry and flow cytometry to determine the expression of 0:2,3- and 0:2,6-linked SA on the cell surface of nonpermeabilized PC3 and PC3GemR
cells. (A and C) PC3 and PC3GemR were fixed with 4% PFA followed by staining with biotinylated lectins, MAL-2 specific for 2,3-SA and SNA specific for 2,6-SA.
Stained cells were then treated with DyLight 594 streptavidin. The background controls are cells with only DyLight 594 streptavidin staining. Images were taken with an
epifluorescence microscope using a 20x objective. The bars represent 100 um. Images are representative of three fields of view from three separate experiments. (B and D)
Quantitative analysis was done by assessing the density of cell staining corrected for background for 5-6 separate image panels using Corel Photo Paint 8.0 software. Each bar
in the graphs represents the mean fluorescence corrected density of staining + standard error (error bars) for all cells within the respective images. Results were compared
by a one-way ANOVA at 90% confidence interval using Fisher’s LSD test. (E and F) PC3 and PC3GemR cells were stained with biotinylated lectins for | hour on ice followed
with streptavidin conjugated DyLight 488 and fixed. Control cells were stained with only DyLight488 conjugated streptavidin. Cells were analyzed by Beckman Coulter
Cytomics FC500 flow cytometry and CxP software. Overlay histograms are displayed. Gray filled histogram represents unstained cells; black-dashed unfilled histogram
depicts DyLight 488-conjugated streptavidin-treated cells; dotted black line unfilled histogram for biotinylated SNA-stained cells plus DyLight 488 conjugated streptavidin;
black line unfilled histogram represents biotinylated MAL-ll-stained cells plus DyLight 488-conjugated streptavidin. The median fluorescence for each histogram is for
500,000 acquired cells (100% gated). The data are a representation of one of two experiments showing similar results. (G) Graph of normalized ratio of 0:2,3-SA/0:2,6-SA to
control cells from flow cytometry analyses is displayed. Results were compared by unpaired t-test at 95% confidence interval.

Abbreviations: SA, sialic acid; MAL-2, Maackia amurensis lectin 2; SNA, Sambucus nigra lectin; ANOVA, analysis of variance; LSD, least significant difference.

Role of Neul sialidase inhibitor OP in
the formation of prostasphere

determined and quantified by using ImagelJ (Figure 8B).
As expected, DU145GemR cells show no differences in

their sialidase activity unlike their parental DU145 cells
(Figure 8). Notably, these differences are more significant
between PC3 and PC3GemR cells (P<<0.05).

Since OP inhibits Neul sialidase, which has been shown
to form a complex with glycosylated receptors on the cell
surface, the resulting function of OP treatment of the cells
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is to block Neul activity in cleaving of 0.2,3-sialyl residues
on EGFR with enhanced 02,3-sialyl residues expression
on the cell surface of cancer cells.*® This study investigated
the role of 02,3-SA expression levels on the efficacy of
cyclo-RGDfK(TPP) peptide-induced MCTS formation in
parental and GemR DU145 and PC3 cells. Interestingly,
the volume of resultant MCTS from all cell lines except
PC3 decreased with increased concentration of OP from
50 to 200 pug/mL (Figure 9A and B). A WST-1 cell viabil-
ity assay was performed to determine whether the decrease
in MCTS volume was a result of a cytotoxic effect of OP.
It was observed that =200 pg/mL OP significantly reduced
the cell viability of DU145GemR and PC3GemR MCTS and
cell aggregates (Figure 9C). Even though PC3 cells formed
multicellular aggregates, the volume was not impacted by OP
treatment. Strikingly, when pretreated with 100 ug/mL OP
for 3 days, PC3 aggregates seemed to be have more regular
spheroidal properties and tightly compacted compared with
untreated aggregates (Figure 9F). These findings may be
partially explained by the subsequent OP-mediated increase
in the retention of cell surface 02,3-SA in comparison with
02,6-SA (Figure 5A, B, E, and G). As mentioned earlier, only
PC3 cells expressed higher levels of 0:2,3-SA compared with
02,6-SA. All the other cell lines expressed more 02,6-SA
than 02,3-SA on the cell surface (Figures 5 and 6).

A

DU145

MAL-2 (¢2,3-SA)  SNA (02,6-SA)

DU145GemR

MAL-2 (0¢2,3-SA)  SNA (02,6-SA)

Figure 6 (Continued)

Background

Background

Effect of V. cholerae Neu on prostasphere

formation

The relationship between in situ cell surface expression
of SA and the ability to form spheroids in PCa cells was
investigated. The hypothesis is that removal of 02,3-SA
and 02,6-SA could prevent cell aggregation and spheroid
formation. On pretreatment with ¥ cholerae Neu (hydrolyzes
terminal N- or O-acylneuraminic acids which are a.2,6-,
02,3-, or 02,8-linked at rate: 02,6 > 02,3 > 02,8) in the
presence of 50 uM cyclo-RGDfK(TPP) peptide, all four
cell lines showed a significant inhibition of cell aggregation
and spheroid formation (Figure 10). The images show more
attached cells in the Neu-treated groups compared with the
untreated control. Determining the spheroid volumes from
the diameter, which were measured from the scale bar,
quantitatively represented the effect of Neu on spheroid
formation (Figure 10D).

The cytotoxic effect of Neu on the attached cells and
floating spheroids was also determined by the WST-1
cell proliferation assay. The spheroids were pretreated
with 0.025, 0.25, and 2.5 U Neu. Specific activity of Neu
(V. cholerae) is 1 umol N-acetylneuraminic acid per minute
that is split off from human acid o.1-glycoprotein (10 mg/mL
incubation mixture) by 1 U Neu. The absorbance is recorded
at 450 nm which directly correlates with the number of

B DU145
o 8x10°
g *P<0.1
o= 6

5 6x10
28
5]
5 = 4x10°
=)
=
c 2x108
8 ©
= 0 ==

1 ] ]
Background MAL-2 SNA
(02,3-SA) (02,6-SA)

D DU145GemR
o 6x10°
(3]
% —_—

=)
@ & 4x10°
o 5,
o X
= 2 2x108

X -
P
© ©
[}
= 0 - _
1 1 ]
Background MAL-2 SNA
(02,3-SA) (0:2,6-SA)

OncoTargets and Therapy 2017:10

submit your manuscript

2437

Dove


www.dovepress.com
www.dovepress.com
www.dovepress.com

Haq et al Dove
350 ~
E s F g !
Qo QO 300 -
E £ 1
5 3 250 =
c = 1
= = 200 =
3 8 150
g d>’ 150 —:
= = 100 =
o © i
[) o 50 -
(1'4 1’4 |
e - 0 . T
-129 0 10° 102 -42  10° 102 108
DyLight 488 fluorescence DyLight 488 fluorescence
(525%£20 nm) (525%£20 nm)
DU145 cells DU145GemR cells
Median Median
Gate: 100% fluorescence Gate: 100% fluorescence
Cells 45 Cells 40
unstained unstained
DyLight 488 56 DyLight 488 58
streptavidin streptavidin
Biotinylated SNA + 131 Biotinylated SNA + 153
DyLight 488- DyLight 488-
streptavidin streptavidin
Biotinylated MAL-2 + 121 Biotinylated MAL-2 + 138
DyLight 488- DyLight 488-
streptavidin streptavidin
1.0
G, 0483 0482
9 08 T
©
oN
23 0.6
S <
X g 04
™
o 02
3
0.0

DU145 DU145GemR

Figure 6 Immunocytochemistry (A and C) and flow cytometry (E and F) to determine the expression of 02,3- and 0:2,6-linked SA on the cell surface of nonpermeabilized
DUI45 and DU145GemR cells. Images are representative of three fields of view in three separate experiments. (B and D) Quantitative analysis was done by assessing
the density of cell staining corrected for background for 5-6 separate image panels by using Corel Photo Paint 8.0 software. Each bar in the graphs represents the mean
fluorescence corrected density of staining + standard error (error bars) for all cells within the respective images. Results were compared by a one-way ANOVA at 90%
confidence interval using Fisher’s LSD test. (E and F) Overlay histograms are displayed. Red histogram represents unstained cells; grey histogram depicts DyLight 488-
conjugated streptavidin treated cells; yellow histogram for biotinylated SNA-stained cells plus DyLight 488-conjugated streptavidin; blue histogram represents biotinylated
MAL-2-stained cells plus DyLight 488-conjugated streptavidin. The median fluorescence for each histogram is for 5x10° acquired cells (100% gated). The data are a
representation of one of two experiments showing similar results. (G) Graph of normalized ratio of 12,3-SA/02,6-SA to control cells from flow cytometry analyses is
displayed. Results were compared by unpaired t-test at 95% confidence interval.

Abbreviations: SA, sialic acid; MAL-2, Maackia amurensis lectin 2; SNA, Sambucus nigra lectin; ANOVA, analysis of variance; LSD, least significant difference.

metabolically active cells. Cell viability was expressed as
the percentage of control * standard error mean of duplicate
values. The results in Figure 10E show that Neu treatment
at all concentrations has no cytotoxic effects on spheroids
and cell aggregates for the indicated cell lines. These data
demonstrate that Neu decreases the volume of prostasphere
formation and cell aggregates without any effect on the
cell viability.

Effect of specific SA lectins on PCa MCTS

formation

The effect of blocking/masking 0:2,3-SA and 0.2,6-SA with
specific SA lectins on prostsphere formation was studied in
a lectin inhibition assay. Both the parental and resistant cell
lines were pretreated with MAL-II lectin (02,3-SA), SNA
lectin (02,6-SA), and peanut agglutinin PNA (galactosyl
(B-1,3) N-acetylgalactosamine) in combination with 50 uM
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Figure 7 Quantitative analysis of the density of cell staining corrected for background
for 5-6 separate image panels by using Corel Photo Paint 8.0 software. Each bar in
the graph represents the total SA mean fluorescence corrected background density
of staining + standard error (error bars) for all cells within the respective images.
Abbreviation: SA, sialic acid.

cyclo-RGDfK(TPP) peptide (Figure 11). The spheroids
were observed after 6 days of incubation. Unexpectedly,
there was no inhibition of DU145 and DU145GemR cell
aggregation and spheroid formation with any of the lectins.
However, only 02,3-SA-specific MAL-II prevented cell
aggregation of PC3 and PC3GemR cell lines in a dose-
dependent manner represented by the spheroid volume.
The viability of the spheroids and cell aggregates formed
in the presence of increasing concentrations of MAL-II/
SNA/PNA was measured by the WST-1 assay. The parental
DU145 and the resistant DU145GemR spheroids and cell
aggregates were viable in the presence of MAL-II/SNA/
PNA. On the contrary, PC3GemR cell aggregates showed
a 20%—-50% decrease in cell viability following treatment
with 50 pg/mL MAL-II.

Discussion

The classical agarose-coated well technique and the synthetic
cyclo-RGDfK(TPP) peptide-based method were initially
used to generate matrix-free MCTS with the PCa cell lines.
In the present study, both DU145 and DU145GemR cells
formed loose and irregular cell aggregates in the agarose-
coated well technique and did not form MCTS. However,
the same cell lines formed tight, compact MCTS of diameter
=60 uM through the cyclo-RGDfK(TPP) peptide-based
method as described previously by Akasov et al.? This
finding is consistent with another report where DU145 cells
formed tight MCTS through 3D matrigel culture method.**
DU145GemR cells started to aggregate and formed MCTS
at a lower concentration of cyclo-RGDfK(TPP) peptide com-
pared with DU145 cells that retained their monolayer culture
at the same concentration. On the contrary, parental and
resistant PC3 cells formed irregular multicellular aggregates.
At 100 uM cyclo-RGDfK(TPP) peptide, PC3GemR cells
formed only multicellular aggregates without any adhered
monolayer cells, whereas the PC3 cells were a mixture of
adhered monolayer cells and multicellular aggregates after
6 days of incubation.

Hedlund et al reported consistent formation of PC3
cell aggregates by using the classical agarose-coated
technique.®? In contrast, Harma et al showed that tightly
compact spheroids with PC3 cells could be formed by using
the 3D matrigel culture system.>* The cyclo-RGDfK(TPP)
peptide-based method uses the biochemical properties of the
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Figure 8 (A) Sialidase activity in live parental DU145, PC3, and resistant DU145GemR and PC3GemR cells. Cells were allowed to adhere on 12 mm circular glass slides in
media containing 10% fetal calf serum for 24 hours. After removing media, 0.318 mM 4-MUNANA substrate (2’(4-methlyumbelliferyl)-c-N-acetylneuraminic acid) in Tris-
buffered saline pH 7.4 was added to live cells alone (control) or with EGF at 100 pg/mL. The substrate is hydrolyzed by sialidase to give free 4-methylumbelliferone, which
has a fluorescence emission at 450 nm (blue color) following excitation at 365 nm. Fluorescent images were taken at 2 minutes after adding substrate by using epifluorescent
microscopy (10X objective). (B) The mean fluorescence of 50 multipoint replicates was quantified by using the Image] software. Results were compared by one-way ANOVA
at 95% confidence interval by using Bonferroni test. Data are a representation of one of two independent experiments showing similar results.

Abbreviations: EGF, epidermal growth factor; ns, not significant; ANOVA, analysis of variance.
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Figure 9 (A) Phase-contrast images of DU145, DU145GemR, and PC3GemR at |0x objective treated with a combination of 50 UM cyclo-RGDfK(TPP) peptide and OP
or without OP at concentrations of 50, 100, or 200 pg/mL for 6 days. A total of 10,000 cells were plated per well in a 96-well plate for 6 days. (B) MCTS volume was
measured by using V = (4/3) ntr® where = 3.1415 and r = average radius (microns). Radius was measured from the scale bar. Each bar in the graph represents mean MCTS
volume = standard error (error bars) for all MCTS within the representative images. Results were compared by a one-way ANOVA at 95% confidence using Fisher’s LSD test.
Data are representation of one of two independent experiments showing similar results. (C) Viability of DU145, DU145GemR, and PC3GemR attached cells and MCTS using
WST-1 assay. Cells were plated at a density of 10,000 cells/well in a 96-well plate and incubated at 37°C in a CO, incubator for 3 hours for the cells to attach. The attached
cells were treated with OP at the indicated doses with a combination of cyclo-RGDfK(TPP) peptide at 50 uM for 6 days. On day 7, 10 puL of WST reagent was added to each
well. Cells were incubated for 2 hours at 37°C. Cell viability was expressed as a percent of control = SEM of two independent experiments. Statistical analysis was carried
out by using GraphPad Prism, and the results were compared by one-way ANOVA at 95% confidence using Fisher’s LSD test. (D) Phase-contrast images of PC3 cells at 10x
objective treated with a combination of 50 UM cyclo-RGDfK(TPP) peptide and OP or without OP at 50, 100, or 200 pg/mL for 6 days. A total of 10,000 cells were plated
per well in a 96-well plate for 6 days. (E) Spheroid volume and cell viability assays on PC3 MCTS. (F) Phase-contrast images of PC3 MCTS at 4x objective in the presence of
50 UM cyclo-RGDfK(TPP) peptide with 100 pug/mL OP or without OP with 10,000 cells per well in 96-well plate for 1-6 days of incubation.

Abbreviations: MCTS, multicellular tumor spheroid; cyclo-RGDfK(TPP), cyclic Arg-Gly-Asp-D-Phe-Lys peptide modified with 4-carboxybutyl-triphenylphosphonium
bromide; OP, oseltamivir phosphate; ANOVA, analysis of variance; SEM, standard error of mean; LSD, least significant difference; WST, cell proliferation reagent.

cell surface to form MCTS as opposed to the mechanical
forces used in the classical method.* The report also
proposes that the cyclo-RGDfK(TPP) peptide mimics the
ability of natural ECM protein to induce cell aggregation
through 5B 1-integrins. The 3D spheroid characterization
showed unimodal structures, ranging from 60 to 120 um in

diameter, and varying between cell lines and medium serum
concentration.** The ability of different PCa cell lines to form
MCTS by the biochemical method might be explained by
their expression levels of 02,3-SA and 0:2,6-SA.

In the present study, the formation of prostaspheres of
parental and resistant DU145 and PC3 PCa cell lines is
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dependent on the SA content on the cell surface of these cells.
Both the parental and resistant DU 145 cells expressed ~5-fold
greater cell surface 0.2,6-SA than 0.2,3-SA. PC3GemR cells
showed only ~1.4 times higher expression of cell surface
0.2,6-SA compared with 02,3-SA. However, only for PC3
cells, the relative level of 02,3-SA was 4-fold higher than
02,6-SA. The PC3 cell line was the only cell line unable
to form MCTS by using cyclo-RGDfK(TPP) peptide at all
concentrations and time points. It seems that the 02,6-SA
may play a greater role in the formation of prostasphere. This
is in agreement with other reports where the characteristic
and biologic outcomes of tumor cells is more influenced by
02,6-sialylation compared with 0.2,3-sialylation.®* Akasov
et al have reported similar observations for breast and
pancreatic cancer cells in the formation of spheroids. MCF-7
and PANC-1 cells, and their drug-resistant cancer cell lines
(MCF-7 TMX and PANC1-GemR) express different SA

A

025U

No treatment

MAL-Il (22,3-SA)

SNA (02,6-SA)

content, which influenced their ability to form spheroids
under cyclo-RGDfK(TPP) peptide-induced self-assembly.*
Cancer cell aggregation and compaction correlated with the
presence of 02,3-SA and 02,6-SA cell surface residues to
form spheroids under cyclo-RGDfK(TPP) peptide-induced
self-assembly. Removal or blockage of SA inhibited cell
aggregation for MCF7 and MCF-7 TMX cells under
cyclo-RGDfK(TPP) peptide treatment. Neu inhibitor OP
enhanced cell aggregation and promoted compaction of cell
aggregates. Since sialylation of cell surface glycoproteins
plays a role in cancer MCTS formation, our results in the
present study are very similar to those of Akasov et al*® for
breast and pancreatic cancer cells and those by Terao et al.**
Terao et al demonstrated that MCTS-forming cells and
CD24heb/CD44tet cancer stem-like cells of pancreatic PANCI
cells express higher levels of fucosylated glycans than the
monolayer cells.®
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Figure 10 (A) Fluorescent microscopy images of DUI45 cells stained with biotinylated lectins followed by DyLight 594 streptavidin. The cells were treated with 0.25 or
2.5 U neuraminidase (Neu) (Vibrio cholerae) for 24 hours before staining. Images were taken with epiflourescent microscope with 20x objective. (B) Quantitative analysis was
done by assessing the density of cell staining corrected for background in each panel by using Corel Photo Paint 8.0 software. Each bar in the graphs represents the mean
corrected density of staining * SE (error bars) for all cells within the respective images. Results were compared by a one-way ANOVA at 95% confidence using Fisher’s
LSD test. (C and D) Phase-contrast images of DU145, DU145GemR, PC3, and PC3GemR treated with a combination of 50 UM cyclo-RGDfK(TPP) peptide and Neu at
concentrations of 0.025, 0.25, or 2.5 U for 6 days. A total of 10,000 cells were plated per well in a 96-well plate. MCTS volume was measured by using the method described in
Figure 8. Each bar in the graph represents mean MCTS volume + SE (error bars) for all MCTS within the representative images. Results were compared by one-way ANOVA
at 95% confidence interval using Fisher’s LSD test. Data are representation of one of two independent experiments showing similar results. Viability of DU 145, DU145GemR,
PC3, and PC3GemR attached cells and MCTS using WST-1| assay. Cell viability was expressed as a percent of control SEM of two independent experiments. Statistical analysis
was carried out by using GraphPad Prism, and the results were compared by one-way ANOVA at 95% confidence using Fisher’s LSD test.

Abbreviations: MCTS, multicellular tumor spheroid; cyclo-RGDfK(TPP), cyclic Arg-Gly-Asp-D-Phe-Lys peptide modified with 4-carboxybutyl-triphenylphosphonium

bromide; ANOVA, analysis of variance; SE, standard error; SEM, standard error of mean; LSD, least significant difference; WST, cell proliferation reagent.

E- and N-cadherin expressions on the cell surface of PCa
cells were analyzed by ICC and flow cytometry to determine
whether this is related to the ability of formation of prosta-
sphere. The results of the present study indicate that higher
levels of E-cadherin expression on the cell surface of PCa cells
may contribute to the formation of MCTS. DU145 cells that
formed the most tight, compact MCTS had the highest level of
cell surface E-cadherins. The expression levels of N-cadherin
were found to be much lower in DU 145 cells than that of PC3
cells. This was consistent with many other previous reports that
stated higher E-cadherin expression facilitated the formation of
spheroid with breast carcinoma cell lines and hepatocytes.*5¢
The formation of matrix-free MCTS depends on the higher
expression of cell—cell adhesion molecules like o531 integrin®
and E-cadherin.’>% However, the expression of both E- and
N-cadherin was very weak for all the four cell lines as illustrated
by the flow cytometry findings. A possible explanation might
be because PCa cells DU145 and PC3 retain some stem cell
characteristics, and the ability of this phenotype could alter its
E-cadherin expression during the process of invasion.® Hence,
it is thought that these PCa cells might have altered the cad-
herin expression over time as they were passaged.

It is well known that glycosylation regulates different
aspects of cancer cell behavior. It affects cell survival, eva-
sion of apoptosis, invasion, metastasis and cell—cell and cell—
ECM adhesion.®® Branched N-glycans influence cell—cell
and cell-ECM adhesion mediated through molecules like
E-cadherin and integrins.®”” Deman et al showed removal of
02,3-SA from the surface of human MCF-7 cells abolished
E-cadherin-dependent cell—cell adhesion in an aggregation
assay.®® The addition of 0:2,6-linked SA to the B1 integrin
subunit changes the attachment of several B1-containing
integrins to fibronectin (a:5B1), VCAM-1 (04f1), laminin
(a3B1), and collagen (ct1B1 and o2B1). For example,
increased 0.2,6-linked sialic on a1B1 and o2B1 integrins
results in better adhesion to collagen 1. Similarly, Yu et al
reported that 02,6 sialylation of a5 subunit of @581 integrin
is essential for fibronectin-mediated focal adhesion kinase
phosphorylation in mouse hepatocarcinoma H22 cells.®’
This finding suggested that sialylation of o581 integrin is an
important factor in promoting adhesion between fibronectin
and integrin on the cell membrane. Another group demon-
strated that 02,8-linked oligosialic acid on the a5 subunit
of integrin a5 1 on the cell membrane of human melanoma
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G361 cells facilitates adhesion to fibronectin.”” ST6GalNAc1
is a sialyltransferase enzyme that catalyzes the transfer of SA
onto Tn antigen at the 0.2,6 position resulting in the forma-
tion of sialyl Tn antigen. Even though ST6GalNAc1 and

sialyl Tn antigen induced by androgens are upregulated in
PCa cells, Munkley et al found that DU145 cells transfected
with ST6GalNAc1 when injected into nude mice resulted in
a decrease in tumor growth in vivo.”" This shows that in vivo
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Figure 11 (A) MAL-2 (0:2,3-SA), (B) SNA (0:2,6-SA), and (C) PNA (specific for galactosyl (B-1,3) N-acetylgalactosamine). Phase-contrast images of DU 145, DU145GemR,
PC3, and PC3GemR treated with a combination of 50 uM cyclo-RGDfK(TPP) peptide and MAL-2/SNA/PNA at concentrations of 0.5, 5, and 50 pg/mL for 6 days. A total of
10,000 cells were plated per well in a 96-well plate. MAL-Il and SNA shows decreased cell viability at 50 pg/mL.

Abbreviations: SA, sialic acid; MAL-2, Maackia amurensis lectin 2; SNA, Sambucus nigra lectin; PNA, peanut agglutinin; cyclo-RGDfK(TPP), cyclic Arg-Gly-Asp-D-Phe-Lys
peptide modified with 4-carboxybutyl-triphenylphosphonium bromide; OP, oseltamivir phosphate; ANOVA, analysis of variance; SEM, standard error of mean.

conditions and findings cannot always be mimicked in animal
models. Despite a clear relationship between cell surface
02,6-SA, 02,3-SA, and adhesion to ECM proteins, cancer
progression, and metastasis, the role of sialylation in the for-
mation of MCTS has not been studied in detail. The authors
have previously shown that sialylation facilitates the forma-
tion of 3D MCTS with human breast MCF7 and pancreatic
PANCI cell lines by using the cyclo-RGDfK(TPP) peptide
method.*® The results with PCa MCTS further validate these
findings. The mechanism by which the 0:2,6-SA and 02,3-SA
on the o5B1 integrin and E-cadherin on the DU145 and PC3
monolayer cells facilitates cell aggregation, adhesion, and
MCTS formation is not very clear. As stated by Christie
et al,” an increased sialylation of the B1 integrin can result
in the alteration in the conformation of the integrin receptors,
which finally affects its interaction with other glycolipid
and glyproteins on the cell membrane. The crosslinking
of the negatively charged 02,6-SA and 02,3-SA®7 with
positively charged Ca?* cations in the E-cadherin-mediated
cell adhesion might contribute to additional adhesive elec-
trostatic interaction between the cancer cells.*® Cell surface
SA moieties also contribute to the activation of E-cadherin
by the intracellular signaling pathways.®® The crosslinking

of negatively charged SAs with the cyclo-RGDfK(TPP)
peptide may also increase adhesive interactions between the
cancer cells. This would confer better and stronger adhesion
between the monolayer cells transmogrifying them into cell
aggregates and tumor spheroids.

The association between reduced sialylation of the PCa
cell surface and the ability of the cell lines to form MCTS
was also investigated. On pretreatment with Neu in the pres-
ence of 50 UM cyclo-RGDfK(TPP) peptide, all the four PCa
cell lines showed a significant inhibition of cell aggregation
and MCTS formation without having any cytotoxic effects.
These observations are in agreement with the previous
findings.** However, pretreating the cells with SA-specific
plant lectins, MAL-II and SNA, did not have any effect on
MCTS formation. These results suggest that cell surface
sialylation may facilitate cell-cyclo-RGDfK(TPP) peptide
and cell—cell adhesion and aggregation in MCTS formation
that will provide a better understanding of the mechanisms
of in vivo tumor development.

Neul sialidase has been demonstrated to have a major
role in multistep tumorgenesis.” Cell surface Neul has also
been documented to desialylate integrin B4 as evaluated by
PNA- and MAL-II-lectin blotting of immunoprecipitates
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with anti-integrin 4 antibody.*® The Neul inhibitor OP
targets Neul and significantly inhibits the survival of
cancer cells. It is proposed that this process is initiated by
the desialylation of receptor tyrosine kinase. It has been
reported that OP has anti-cancer activity against pancreatic,
ovarian, and triple-negative breast cancer cell types.*”
OP has been shown to inhibit the Neul sialidase activity
of LPS-stimulated BMC2 macrophage cells® and EGF-
stimulated PANCI1 cells.” To study the anticancer activity
of OP, human pancreatic cancer cells were implanted in
RAGxCy double mutant mice to develop xenograft tumors.
Downstream cell signaling molecules such as phosphory-
lated EGFR, pStatl, and pNFxB were significantly reduced
in the tumor lysates of the OP-treated cohort as compared
with the untreated cohort. Phospho-protein end-points of
Akt-Thr308, PDGFRo.-Tyr754, and STAT1-Tyr701 were
also reduced in the tumor lysates from OP-treated cohort
compared with the untreated group. Thus, the effect of OP
was investigated on the PCa MCTS formation. Since OP
inhibits Neul, the study hypothesized an increased expres-
sion of 0:2,3-sialyl residues on cell surface glycoproteins of
the PCa cell lines. The prostasphere volume from all the cell
lines except PC3 decreased with increasing concentrations of
OP. The decrease in spheroid volume could be due to either
inhibition of matrix metalloprotease-9 (MMP-9)-mediated
cell motility or cytotoxic effect.*37¢"® It was reported that
ovP3 integrin cooperates with MMP-9 in breast cancer cell
migration.” This cooperation between owvp3 and MMP-9
was influenced by the state of activation of the integrin.
The cell viability of DU145, DU145GemR, PC3, and
PC3GemR prostaspheres and cell aggregates were reduced
with =200 pg/mL OP treatment. It was observed that only
the PC3 cell aggregates treated with 100 pg/mL OP formed
darker cell aggregates and compaction on day 3 compared
with the untreated aggregates. This may be due to the higher
expression of cell surface 02,3-sialyl residues compared
with 0.2,6-sialyl residues in the PC3 cell line. All the other
cell lines expressed more ¢£2,6-SA than 0.2,3-SA on the cell
surface. In a previous report, the authors found that PANCI1
cell lines formed darker cell aggregates following treatment
with 200 pg/mL OP for 5 days, whereas 400 pug/mL OP-
treated MCF7 cells produced early MCTS compared with
the untreated cells.** PC3, MCF7, and PANCI cell lines all
have higher expression of 0.2,3-sialyl residues on the cell
surface than 02,6-sialyl residues. This may be the reason
why OP has an effect on these cell lines and not on DU145
cells that express more 0.2,6-sialyl residues.

Conclusion

Altered sialylation of tumor cell surface glycoproteins has
been described to be highly associated with the metastatic
phenotype of cancer. Tumor-derived SAs have been shown
to disable cytotoxicity mechanisms of effector immune
cells, trigger production of immune suppressive cytokines
and dampen activation of antigen-presenting cells. This
aberrant sialylation would indeed favor tumor growth and
progression. The significance of these data identifies the
key sialyl residues in the formation of 3D multicellular PCa
spheroids mimicking small avascular tumors with complex
cell—cell and cell-matrix interactions in culture and helps
in understanding the mechanism and processes involved in
solid prostate tumor formation in vivo. The data of the present
study validate that MCTS models mimic in vivo tumors.
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