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ABSTRACT

Background Canine mammary gland tumors can
be used as predictive models for human breast cancer.
There are several types of microRNAs common in hu-
man breast cancer and canine mammary gland tumors.
The functions of microRNAs in canine mammary gland
tumors are not well understood.

Methods We compared the characterization of
microRNA expression in two-dimensional and three-
dimensional canine mammary gland tumor cell models.
We evaluated the differences between two- and three-
dimensional cultured canine mammary gland tumor
SNP cells by assessing microRNA expression levels,
morphology, drug sensitivity, and hypoxia.

Results The expression of microRNA-210 in the
three-dimensional-SNP cells was 10.19 times higher
than that in the two-dimensional-SNP cells. The
intracellular concentrations of doxorubicin in the two-
and three-dimensional-SNP cells were 0.330 = 0.013
and 0.290 £ 0.048 nM/mg protein, respectively. The
1Cs, values of doxorubicin for the two- and three-
dimensional-SNP cells were 5.2 and 1.6 uM, respec-
tively. Fluorescence of the hypoxia probe, LOX-1, was
observed inside the sphere of three-dimensional-SNP
cells without echinomycin but not in two-dimensional-
SNP cells. The three-dimensional-SNP cells treated
with echinomycin showed weak LOX-1 fluorescence.
Conclusion The present study showed a clear differ-
ence in microRNA expression levels in cells cultured in
a two-dimensional adherent versus a three-dimensional
spheroid model.

Key words canine; mammary gland tumor; microR-
NA; three-dimensional; two-dimensional

Canine mammary gland tumors (CMGTs), which
account for 50% of all canine tumors, are the most
commonly diagnosed cancer in sexually intact female
dogs.! 2 Surgery is the primary treatment for CMGTs.
However, the combination of chemotherapy and/or
radiotherapy has not been shown to be sufficiently effec-
tive compared to surgery alone in dogs."?

Recently, dogs have become excellent targets
for comparative oncology, and CMGTs have been
used as predictive models for human breast cancer.?

Some studies have focused on microRNAs (miRNAs).
miRNAs are small, single-stranded RNAs that act as
post-transcriptional repressors of gene expression.*
Several types of miRNAs have been identified in
human breast cancer®’ and CMGTs.?"!° In some in
vitro studies, cells were cultured as monolayers on flat
surfaces in dishes or flasks and used for miRNA expres-
sion analysis.!: 12 However, these culture conditions do
not accurately reflect the biological environment.

The most commonly used type of cell culture is the
adherent two-dimensional (2D) monolayer culture mod-
el; however, three-dimensional (3D) spheroid cultures
have been recently developed for cancer research.!?
Although 2D monolayer cultures provide a convenient
means of treating and analyzing cells, limitations as-
sociated with 2D models have been identified.® In the
2D model, cell-to-cell and cell-to-extracellular matrix
(ECM) interactions are not represented as they are in
the tumor mass.!? In contrast, 3D models simulate a
histopathological cellular microenvironment in a tumor,
reconstruct a tissue-like cytoarchitecture with cell-to-
cell and cell-to-ECM interactions, and exhibit growth,
differentiation, and therapeutic responses, such as in
vivo."* In our previous study, we established that SNP
cells from a CMGT were characterized by proliferation
in a tubulopapillary pattern and mesenchymal transi-
tion.!> In this study, we established a 3D in vitro cell
culture model for SNP cells.

To the best of our knowledge, there have been
a few reports on miRNA expression in CMGTs.
Therefore, the function of miRNAs in CMGTs is not
well understood. In the present study, we evaluated the
differences between 2D- and 3D-cultured CMGTs by
assessing their morphology, drug sensitivity, hypoxia,
and miRNA expression levels.
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MATERIALS AND METHODS

The use of animals and the procedures employed in
this study were approved by the Animal Research
Committee of Tottori University (project number:
15-T-47).

Monolayer cell culture

The CMGT SNP cells were established by Osaki et
al.!> and tested for mycoplasma contamination by
polymerase chain reaction. SNP cells were seeded in
75-cm? cell culture flasks (Corning Inc, Armonk, NY).
Adherent SNP cells (2D-SNP cells) were maintained
as adherent monolayer cultures in Roswell Park
Memorial Institute (RPMI)-1640 medium (Invitrogen;
Thermo Fisher Scientific, Inc., Waltham, MA).
Subsequently, these cells were supplemented with 10%
heat-inactivated fetal bovine serum (FBS; Nichirei
Biosciences Inc., Tokyo, Japan) and antibiotics (5 mg/
mL penicillin, 5 mg/mL streptomycin, and 10 mg/mL
neomycin; Invitrogen; Thermo Fisher Scientific, Inc.)
in an atmosphere containing 5% CO, at 37°C. The cells
were harvested from near-confluent cultures by brief
exposure to a solution containing 0.25% w/v trypsin-1
mmol/L ethylenediamine tetraacetic acid-4Na solution
with phenol red (FUJIFILM Wako Pure Chemical, Ltd.,
Osaka, Japan). Trypsinization was stopped using RPMI-
1640 medium supplemented with 10% FBS. Cells were
concentrated by centrifugation at 300 x g for 5 min at
23°C. The cells were resuspended in RPMI-1640 with
10% FBS and transferred to 75-cm? cell culture flasks.

Three-dimensional spheroid cell culture

We observed non-adherent SNP cells in the growth me-
dium. SNP spheroids (3D-SNP cells) were established
by selecting the non-adherent SNP cells and culturing
them without the addition of basement membrane
components and ECM-like biomaterials. The cells were
concentrated by centrifugation at 300 x g for 5 min at
23°C. The cells were resuspended in RPMI-1640 with
10% FBS and transferred to 75-cm? cell culture flasks.

miRNA arrays

RNA was extracted from the SNP cells using the
miRNeasy mini kit (Qiagen, Venlo, Netherlands), ac-
cording to the manufacturer’s instructions. Extracted
total RNA was assessed using a Bioanalyzer (Agilent,
CA) and labeled using a 3D-Gene miRNA labeling
kit (Toray, Kamakura, Japan). Labeled RNAs were
hybridized onto 3D-Gene Human miRNA Oligo chips
(Toray, Kamakura, Japan). The annotation and oligo-
nucleotide sequences of the probes conformed to the
miRBase Release 21 database (http:/microrna.sanger.

ac.uk/sequences/). After stringent washes, fluorescent
signals were scanned using a 3D-Gene Scanner (Toray
Industries) and analyzed using 3D-Gene Extraction
software (Toray Industries).

The raw data of each spot were normalized by
substitution with the mean intensity of the background
signal determined by the signal intensities of all blank
spots with 95% confidence intervals. Measurements
of spots with signal intensities greater than 2 standard
deviations of the background signal intensity were
considered valid. The relative expression levels of a
given miRNA were calculated by comparing the signal
intensities of the valid spots throughout the microar-
ray experiments. The normalized data were globally
normalized per array, such that the median of the signal
intensity was adjusted to 25.

Morphology
The cell morphology of the 2D monolayer cultures
and 3D spheroids was photographed with EVOS XL
Cell Imaging Systems (Thermo Fisher Scientific K.K.,
Tokyo, Japan).

Histopathology of tumor cells

The 2D-SNP cells were fixed in 10% buffered formalin
for 24 h and mechanically detached from the bottom of
the flask using an IWAKI® cell scraper (AGC Techno
Glass Co. LTD, Tokyo, Japan). The 3D-SNP cells were
harvested using a plastic pipette and fixed in 10%
buffered formalin for 24 h. The 2D- and 3D-SNP cells
were embedded in paraffin, cut at a thickness of 4 um,
stained with hematoxylin and eosin (H&E), and exam-
ined under a light microscope.

Cell proliferation

The 2D- or 3D-SNP cells were seeded at 1 x 10° cells
into white 96-well plates (Corning Inc, Armonk,
NY) containing 100 pL of culture medium for 24
h. Following incubation, the amount of ATP was
determined using KATAMARINO ATP assay reagent
ver. 2 (Toyo Benet Co., Ltd., Japan), according to the
manufacturer’s instructions, for 0 to 48 h each as a cell
viability assay. For the standard curve, two-fold serial
dilutions of cells were plated, and the readings were
taken immediately after seeding. The doubling time
at the proliferative phase was calculated using values
obtained at 12 and 48 h with the following equation:

Doubling time = Duration/Ln(2)/Ln(Final concentration/
Initial concentration)
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Tumor models

The use of animals and the procedures employed in
this study were approved by the Animal Research
Committee of Tottori University (project number: 15-
T-47). Six-week-old female NOD/ShilJic-scidJcl mice
(CLEA Japan, Tokyo, Japan) were maintained in isola-
tors under specific pathogen-free conditions. All SCID
mice were housed and handled under clean conditions
using a Jic rack (Jic Co., Kanagawa, Japan) with steril-
ized water, cages, beddings, and food (CL-2; CLEA
Japan). Food and water were provided ad libitum. The
2D- and 3D-SNP cells were inoculated subcutaneously
into the shaved lower dorsum of mice at a density of 1
x 107 cells in 0.1 mL phosphate-buffered saline (PBS)
(Nacalai Tesque Inc., Kyoto, Japan) per mouse using a
26-gauge syringe. All mice were sacrificed by cervical
dislocation, and the tumors were harvested when the
average tumor volume reached approximately 100 mm?
in the tumor model.

Histopathology of tumor tissues

The harvested tumor tissues were fixed in 10% buffered
formalin for 24 h and embedded in paraffin using the
routine method. Tumor sections were cut at a thickness
of 4 um, stained with H&E, and examined under a light
microscope.

Intracellular concentration of doxorubicin

The 2D- or 3D-SNP cells were seeded at 0.5 x 10° cells
into a 75 cm? tissue culture flask and incubated for 24 h.
The cells were incubated with doxorubicin at a final
concentration of 4 uM for 4 h at 37°C. The 2D-SNP
cells were collected using a cell scraper. The 3D-SNP
cells were collected directly. The collected cells were
centrifuged at 300 x g for 5 min at 23°C and washed
with PBS, and the cells were then suspended in radio-
immunoprecipitation assay buffer (Nacalai Tesque Inc.)
to approximately 1 x 109mL concentration. The cells
were lysed using an ultrasonic homogenizer (Branson
Sonifier 250, BRANSON Ultrasonics Co., Danbury,
CT). The fluorescence of doxorubicin in the lysate
of SNP cells was measured using the fluorescence
spectrometer SH-9000Lab (excitation wavelength,
470 nm; emission wavelength, 595 nm; Hitachi High-
Technologies Co., Tokyo, Japan). In addition, the
protein content in the lysate of the SNP cells was
measured spectrophotometrically (read at 545 nm)
using the TaKaRa BCA Protein Assay Kit (TaKaRa
Bio Inc., Shiga, Japan), according to the manufacturer’s
instructions.

Evaluation of the cytotoxic effects of doxorubicin
The 2D- or 3D-SNP cells were seeded at 1-2 x 10*
cells/well in 96-well black plates (Corning Costar,
Armonk, NY) and incubated for 24 h. The cells were
then incubated with various concentrations of doxoru-
bicin (0, 1.5625, 3.125, 6.25, 12.5, 25, or 50 pM) for 24
h at 37°C. The cells were then incubated for 10 min on
a hot plate at 37°C using an ATP measurement reagent
(KATAMARI ATP Assay reagent; Toyo B-Net Co.,
Ltd., Tokyo, Japan), according to the manufacturer’s
instructions. Light intensity was measured using a
luminescence microplate reader (LuMate, Awareness
Technology Inc., Palm City, FL).

Doxorubicin-induced morphological change

The 2D- or 3D-SNP cells were seeded at 1-2 x 10° cells
in 35-mm Petri dishes (Thermo Fisher Scientific K.K.,
Tokyo, Japan) containing 2 mL of cultivation medium
for 24 h. Subsequently, the cells were incubated with
doxorubicin (4 uM) for 24 h at 37°C. The cells were
stained with Hoechst 33342 and examined under a BZ-
X810 microscope (Keyence, Osaka, Japan). Images
were captured using 360/40 and 460/50 filters (Hoechst
33342) and 560/40 and 630/75 filters (doxorubicin) for
excitation and emission, respectively.

Cytotoxicity of echinomycin

The 2D- or 3D-SNP cells were seeded at 1-2 x 10*
cells/well in 96-well black plates and incubated for 24 h.
The cells were then incubated with various concentra-
tions of echinomycin (Abcam, Tokyo, Japan), a hypoxia-
inducible factor-1 (HIF-1) DNA-binding activity
inhibitor (0, 1. 25, 2.5, 5, or 10 nM), for 8 h at 37°C. The
cells were then incubated for 10 min on a hot plate at
37°C using an ATP measurement reagent, according to
the manufacturer’s instructions.

LOX assay

The 2D- or 3D-SNP cells were seeded at 1-2 x 10° cells
in 35-mm Petri dishes containing 2 mL of cultivation
medium. After 24 h of incubation, the hypoxia probe
solution LOX-1® (Medical & Biological Laboratories
Co., Ltd., Tokyo, Japan) was incubated at 2 umol/L
with or without echinomycin at 10 nM for 8 h. After
washing with a fresh medium, cells were stained with
Hoechst 33342. LOX-1 and Hoechst 33342 fluorescence
were examined using a BZ-X810 microscope. Images
were captured using 360/40 and 460/50 filters (Hoechst
33342) and 560/40 and 630/75 filters (LOX-1) for excita-
tion and emission, respectively.
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Table 1. Expression values of microRNAs of SNP cells and reported oncogenic miRNAs of human breast cancer

SNP cells Human breast cancer
Global normalization Adherent vs Sphere
Name Adherent Sphere Ratio Log?2 ratio up Up-regulation
Angiogenesis®® 2
cfa-miR-210 5 52 10.19 335 ook Gene instability?’
Invasion and metastasis>® 22
cfa-miR-218 12 112 8.97 3.16 ok Metastasis’°
cfa-miR-26b 57 230 4.06 2.02 ok Proliferation?®
cfa-miR-33a 6 26 4.06 2.02 K
cfa-miR-181b 4 16 3.88 1.96 * Proliferation?®
cfa-miR-26a 103 330 322 1.68 * Proliferation?®
cfa-miR-148a 13 40 3.05 1.61 * Angiogenesis?
cfa-miR-338 10 31 3.02 1.59 &
cfa-miR-340 6 19 3.00 1.58 *
cfa-miR-9 19 55 2.93 1.55 t
cfa-miR-30e 5 15 2.85 1.51 *
cfa-miR-342 13 36 2.70 1.43 £
cfa-miR-147 7 17 2.54 1.34 *
cfa-miR-196a 5 12 2.51 1.33 i
cfa-miR-374a 4 10 2.50 1.32 *
cfa-miR-32 3 8 243 1.28 e
cfa-miR-148b 6 14 240 1.26 *
cfa-miR-454 4 8 2.33 1.22 3
cfa-miR-130a 57 128 2.25 1.17 *
cfa-miR-429 95 210 2.20 1.14 &
cfa-miR-138b 7 15 2.14 1.10 *
cfa-miR-502 4 9 2.06 1.04 o
cfa-miR-532 3 6 2.06 1.04 *
*1 > Log2 ratio, **2 > Log2 ratio, ™3 > Log?2 ratio
Statistical analyses RESULTS

Data are presented as the mean + standard deviation.
Unpaired t-tests were used to determine the statisti-
cal differences in the intracellular concentration of
doxorubicin. The differences between groups were
analyzed with a two-way analysis of variance (ANOVA)
followed by Sidak’s multiple comparison tests, which
were used to determine the statistical differences for cell
viability in the 2D- and 3D-SNP cells. Differences were
considered statistically significant at P < 0.05. Statistical
analyses were performed using GraphPad Prism soft-
ware (version 6.0; GraphPad Software, Inc., La Jolla,
CA).

10

miRNA arrays

All samples were analyzed using an Agilent 2100
Bioanalyzer, and the 18S and 28S ribosomal RNA
peaks were identified. The RNA integrities of the 2D-
and 3D-SNP cells were 9.8 and 9.7, respectively.

A comparison of samples from SNP cells and
normal mammary gland tissues revealed 291 different
miRNAs. Table 1 lists 23 miRNAs that showed large (>
2-fold) increases in expression in the 3D-SNP cells rela-
tive to the 2D-SNP cells. Notably, the miRNA-210 and
miRNA-218 expressions showed the largest increase.
Table 2 lists 25 miRNAs that showed large (< 0.5-fold)
decreases in expression in the 3D-SNP cells relative
to the 2D-SNP cells. Notably, the miRNA-708 and
miRNA-205 expressions showed the largest decrease.
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Table 2. Expression values of microRNAs of SNP cells and reported tumor suppressor miRNAs of human breast

cancer
SNP cells Human breast cancer
Global normalization Adherent vs Sphere
Name Adherent Sphere Ratio Log?2 ratio Up Down-regulation
cfa-miR-708 60 9 0.16 267 o /‘i“\ﬁgggtlﬁg‘s‘;‘fzz
cfa-miR-205 170 28 0.16 262 o ﬁggfggt‘f;j‘;?”
cfa-miR-206 8 2 0.24 2.0 * igﬂggﬁ;ﬁ‘;?zl
cfa-miR-302¢ 67 17 0.26 -1.96 & Anti-proliferation®?
cfa-miR-487a 11 0.26 -1.92 *
cfa-miR-503 8 0.30 -172 <
cfa-miR-184 8 0.34 -1.57 *
cfa-miR-487b 191 65 0.34 -1.56 *
cfa-miR-139 36 13 0.35 -1.50 *
cfa-miR-22 32 29 0.36 —1.48 *
cfa-miR-133¢ 9 0.40 -1.32 *
cfa-miR-489 21 0.42 -1.27 &
cfa-miR-505 54 23 0.42 -1.24 *
cfa-miR-10b 5 043 -1.22 <
cfa-miR-345 10 043 -1.22 *
cfa-miR-483 21 043 -1.21 &
cfa-miR-155 54 24 0.44 -1.17 *
cfa-miR-1307 27 12 0.44 -1.17 &
cfa-miR-764 9 4 0.46 -1.13 *
cfa-miR-381 4 2 0.47 —1.08 *
cfa-miR-494 354 169 0.48 -1.07 *
cfa-miR-377 4 2 0.48 -1.06 e Anti-proliferation®?
cfa-miR-1306 21 10 0.49 -1.04 *
cfa-miR-365 133 65 0.49 -1.03 * Anti-proliferation®?
cfa-miR-326 8 4 0.50 -1.01 *

*~1 < Log2 ratio, **-2 < Log2 ratio, "3 < Log2 ratio

Morphology

In phase-contrast light microscopy images, the 2D-SNP
cells displayed epithelial-like cells (Fig. 1A). The
3D-SNP cells displayed round cell conglomerates or
spherical aggregates (Fig. 1B).

H&E staining showed that the 2D-SNP cells had
clear nuclei with anisokaryosis and prominent nucleoli
(Fig. 2A). The cells were arranged in small nests or
sheets. In contrast, the 3D-SNP cells were square to
cuboidal epithelial-like cells and formed spherical ag-
gregates of cells that randomly adhered to each other.
These cells were more uniform in size and shape than

the 2D-SNP cells (Fig. 2B).

Cell proliferation

The doubling time at the proliferative phase was
calculated between 12 and 48 h (Fig. 3). The doubling
times of the 2D- and 3D-SNP cells were 14.7 and 10.7 h,
respectively.

Histopathology of tumor tissues

The subcutaneous tumor models of 2D- or 3D-SNP
cells were histopathologically assessed. The short and
long diameters of 2D- and 3D-SNP tumors were 2.91 x
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Fig. 1. Morphology of the two-dimensional (2D)- and three-dimensional (3D)-SNP cells. (A)
The 2D-SNP cells displayed epithelial-like structures. (B) The 3D-SNP cells displayed round
cell conglomerates. Bar = 100 um.

Fig. 2. Histological characterization of the two-dimensional (2D)- and three-dimensional (3D)-
SNP cells in vitro. SNP cells were cultured under 2D adherent and 3D spheroid conditions. The
2D- and 3D-SNP cells were stained with hematoxylin and eosin. (A) 2D-SNP cells. (B) 3D-SNP
cells. Bar =50 um.

50,000
45,000 |-
40,000 |-
35,000
30,000
25,000
20,000
15,000
10,000
5,000

O 1 1 1 1 1 1 1 1 1 J
0 5 10 15 20 25 30 35 40 45 50

Incubation time (h)
2D 43D

Fig. 3. Cell proliferative growth curves of the two-dimensional (2D)- and three-dimensional (3D)-SNP cells
in vitro. Cell proliferation was monitored with the amount of ATP. Data are presented as mean + standard
error.
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Fig. 4. Histological characterization of the two-dimensional (2D)- and three-dimensional (3D)-
SNP cells in vivo. The 2D- or 3D-SNP cells were inoculated subcutaneously into the shaved
lower dorsum of NOD/ShilJic-scidJcl mice, and the tumor tissues were stained with hematoxylin
and eosin. (A) 2D-SNP cells. (B) 3D-SNP cells. Bar = 50 um.
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Fig. 5. Intracellular concentration of doxorubicin. Data are presented as mean =+ standard devia-
tion. Significant differences are indicated by P < 0.01, unpaired #test; 2D vs 3D (n = 3). 2D,

two-dimensional; 3D, three-dimensional.

3.97 and 3.71 x 6.79 mm, respectively. The proliferation
of 2D-SNP cells showing marked atypia was observed
in the mass. These cells were randomly arranged with
a thin fibrovascular stroma. Necrotic lesions (right side
of the image) and karyokinesis of the cells were also
observed (Fig. 4A). In the 3D-SNP cell-grafted mass,
cells were ordered in cords or ribbons. Necrosis was
also marked within the mass, as observed from the right
upper to the center of the image (Fig. 4B).

Intracellular concentration of doxorubicin

The intracellular concentrations of doxorubicin in the
2D- and 3D-SNP cells were 0.330 + 0.013 and 0.290 +
0.048 nM/mg protein, respectively (Fig. 5).

Doxorubicin-induced cytotoxicity

Doxorubicin significantly reduced the growth of the 2D-
and 3D-SNP cells in a concentration-dependent manner
(Fig. 6). The cell viabilities in the 3D-SNP cells treated
with 3.125 to 25 uM were significantly lower than those
in the 2D-SNP cells (P < 0.01). The IC, values of the
2D- or 3D-SNP cells were 5.2 and 1.6 pM, respectively.

Doxorubicin-induced morphological change

To further investigate the effects of doxorubicin on the
2D- or 3D-SNP cells, morphological analysis of cells
in the presence or absence of doxorubicin (4 uM) was
performed 24 h after treatment (Fig. 7). Hoechst 33342
staining of the 2D-SNP cells untreated with doxoru-
bicin showed no evident morphological changes in the
nuclei. The cell density of the 2D-SNP cells treated
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Fig. 6. Cell viabilities in the two-dimensional (2D)- and three-dimensional (3D)-SNP
cells. Data are presented as mean =+ standard deviation. Significant differences are
indicated by P < 0.01, Sidak’s multiple comparison test; 2D vs 3D (1 = 6).

Bright field Hoechst 33342 Doxorubicin Merge
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Doxorubicin (-)
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Fig. 7. Doxorubicin-induced morphological changes in the two-dimensional (2D)- and three-dimensional (3D)-SNP cells. Fluorescence
microscopy was used to evaluate the morphological changes in the 2D- and 3D-SNP cells. The cells were treated with or without 4 M
doxorubicin for 24 h. The first column represents the phase contrast images, and the consecutive columns represent Hoechst 33342,
doxorubicin, and merged images. The nuclei were stained with Hoechst 33342 (blue). Red fluorescence images show intracellular doxo-
rubicin. The merged images contain the blue fluorescence of the nuclei and the red fluorescence of doxorubicin. Bar = 100 um.

with doxorubicin was lower than that of untreated cells. ~ Cytotoxicity of echinomycin

Hoechst 33342 staining of the 3D-SNP cells treated  Echinomycin is a reversible cell-permeable HIF-1a in-

with doxorubicin showed highly condensed nuclei or  hibitor that exhibits potent antitumor activity. Although

fragmented chromatin compared to untreated cells. echinomycin slightly induced cell death, it did not sig-
nificantly reduce the cell viability of the 2D- or 3D-SNP
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Fig. 8. Cytotoxicity of echinomycin in the two-dimensional (2D)- and three-dimensional (3D)-
SNP cells. The cells were treated with 0, 1.25, 2.5, 5, or 10 nM echinomycin for 8 h. Data are
presented as mean + standard deviation. Sidak’s multiple comparison test; 2D vs 3D (n = 3).

cells in a concentration-dependent manner (Fig. 8). In
the LOX assay, the 2D- or 3D-SNP cells were incubated
with 10 nM echinomycin.

LOX-1 assay

The oxygen status in the 2D- and 3D-SNP cells was
evaluated using the hypoxia probe LOX-1 to detect
hypoxic conditions. As shown in Fig. 9, LOX-1 fluo-
rescence was observed inside the spheres of 3D-SNP
cells without echinomycin but not in 2D-SNP cells. The
3D-SNP cells treated with echinomycin showed weak
LOX-1 fluorescence.

DISCUSSION
The present study compared the characterization in
2D- and 3D-SNP cells. First, we focused on the estab-
lishment and characterization of the 3D-SNP cells. In
2D-culture, SNP cells were grown as a monolayer in
tissue culture flasks, whereas, in 3D-culture, SNP cells
formed spheres of epithelial cells. Our previous study
demonstrated that 2D-SNP cells showed tumorigenic-
ity."> Similarly, in the present study, 3D-SNP cells
exhibited tumorigenicity. Although the morphology
of CMGT was histopathologically varied, the tumor
tissues derived from 3D-SNP cells maintained the
morphology of the epithelial tissues. Moreover, it was
similar to the original tumor tissues.!®> There were no
differences between 2D-SNP and 3D-SNP cells in
malignancy, including the number of mitoses and the
degree of necrosis. Additionally, metastasis lesions were
not observed in both cells when mice were euthanized.
Second, we performed a chemosensitivity assay

15

using doxorubicin. Traditionally, the efficacy of antican-
cer drugs has been evaluated in 2D-cultured cancer cell
lines. However, it is now considered that culturing cells
under 2D conditions is not physiologically relevant.
Moreover, 3D-cultured cells possess many features
similar to those of solid tumors, such as greater cell
proliferation, migration, and chemoresistance, which
are not observed in 2D-cultured cells.'® In the present
study, following 24 h incubation of DOX (3.125 to 25
uM), the cell viability in the 3D-SNP cells was signifi-
cantly decreased compared with the 2D-SNP cells. It
was considered that sensitivity to DOX might change by
altering the culture conditions. The intracellular DOX
concentration in the 2D-SNP cells 4 h after adding
DOX at 4 uM was significantly increased compared
with the 3D-SNP cells (Fig. 4). However, the fluores-
cence of DOX in the 3D-SNP cells 24 h after adding
DOX at 4 uM was higher than that in the 2D-SNP cells
(Fig. 6). This discrepancy might be associated with
the chronological changes in membrane permeability
induced by DOX. Therefore, it is required to evaluate
the cytotoxicity of DOX and intracellular DOX concen-
tration over time.

Third, we evaluated the differences in miRNA ex-
pression with miRNA microarrays of 2D- and 3D-SNP
cells. In a previous study, 3D-cultured MCF-7 (Michigan
Cancer Foundation-7) spheroid cells showed a distinct
miRNA expression level compared with that of its pa-
rental cells in the 2D condition. The study showed that
25 miRNAs were up-regulated, and 109 miRNAs were
down-regulated.'” Therefore, in this study, we compared
the difference in miRNA expression levels between the
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Hoechst 33342

Fig. 9. Hypoxic status in the two-dimensional (2D)- and three-dimensional (3D)-SNP cells. Fluorescence microscopy was used to evalu-
ate the hypoxic status of the 2D- and 3D-SNP cells. The hypoxia probe solution, LOX-1®, was incubated at 2 pmol/L with and without
echinomycin at 10 nM for 8 h. The first column represents the phase contrast images, and the consecutive columns represent Hoechst
33342, LOX-1, and merged images. The nuclei were stained with Hoechst 33342 (blue). Red fluorescence images show hypoxic cells. The
merged images contain the blue fluorescence of the nuclei and red fluorescence of LOX-1. Bar = 100 um.

2D- and 3D-SNP cells. The expression of miRNA-210
in the 3D-SNP cells was 10.19 times higher than that in
the 2D-SNP cells, and the overexpression of miR-210
regulated the proliferation, migration, and apoptosis in
breast cancer cells.!® 22 Moreover, high plasma expres-
sion levels of miR-210 were associated with tumor
presence in patients with breast cancer.?* Therefore, the
overexpression of miR-210 in breast cancer is correlated
with a poor prognosis.

Moreover, miR-210 expression increased un-
der hypoxia in canine glioma and melanoma.?* 23
Fluorescence of the hypoxia probe, LOX-1, was ob-
served in 3D-SNP cells but not in 2D-SNP cells.
Hypoxia in the 3D environment of tumors induced the
stable expression of HIF-1.2° In vivo, HIF-1 promotes
various cancer progression, including angiogenesis, cell
motility, metabolic reprogramming, and resistance to
radiation therapy and chemotherapy.? 27 In this study,
we used echinomycin, an inhibitor of HIF-1 DNA-
binding. It is a cyclic peptide belonging to a family
of quinoxaline antibiotics isolated from Streptomyces

echinatus.?® *° Fluorescence of LOX-1 in 3D-SNP cells
was not observed after co-culture with echinomycin.
Therefore, there was a hypoxic area in the 3D-SNP
cells, and HIF-1 DNA-binding activity in 3D-SNP cells
was inhibited by echinomycin. In the future, various
assays after co-incubation of 3D-SNP cells with echino-
mycin might be required to elucidate the tumor dynam-
ics and develop the treatment for tumor associated with
hypoxia.

The size and metastasis of tumors in miR-
210-knockdown breast cancer BCF-7 spheroid cells
were significantly smaller than those in control spheroid
cells."” In a previous report, miR-210 was significantly
overexpressed in CMQGT tissues compared with normal
mammary gland tissues.” Therefore, the inhibition of
miR-210 might serve as an efficient strategy in antitu-
mor gene therapy.

The expression of miRNA-218 in 3D-SNP cells
was 8.97 times higher than that in 2D-SNP cells.
Circulating miR-218 is associated with breast cancer
metastasis.>* Thus, miR-218 may serve as a diagnostic
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and/or prognostic marker for breast cancer. In contrast,
miR-218 acts as a tumor suppressor and modulator of
drug responses via survival in breast cancer.’! The
intracellular concentration of DOX in the 3D-SNP cells
was not higher than that in the 2D-SNP cells. However,
in the cytotoxicity assay using DOX, the 3D-SNP cells
were more sensitive to DOX than the 2D-SNP cells.
The discrepancy between intracellular DOX concentra-
tion and cell survival rate might be correlated with the
overexpression of miR-218.

Contrarily, the expression of miRNA-708 and
miRNA-205 in the 3D-SNP cells was lower than in
the 2D-SNP cells. However, these miRNA act as both
tumor suppressors®>* and oncogenes, contributing to
disease progression®> 3¢ depending on cell and tumor
types. Therefore, the mechanism of these miRNAs
requires further study in SNP cells.

In conclusion, the present study showed a clear
difference in miRNA expression levels in cells cultured
in a 2D adherent versus a 3D spheroid model. As shown
in Tables 1 and 2, increased miRNAs in 3D-SNP cells
were associated with oncogenic miRNAs. Conversely,
decreased miRNAs in 3D-SNP cells were associated
with tumor suppressor miRNAs. Moreover, the hypoxic
conditions of 3D-SNP cells also significantly differed
from those of 2D-SNP cells. 3D cell culture might
imitate the in vivo behavior of SNP cells within tumor
tissues, as reported in human breast cancers. Therefore,
the present study suggests that the 3D culture model is
superior to traditional 2D adherent cultures in in vitro
CMGT research.
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