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Abstract

Breast cancer is the second leading cause of cancer—related mortality worldwide as most patients
often suffer cancer relapse. The reason is often attributed to the presence of cancer stem cells
(CSCs). Recent studies revealed that dysregulation of microRNA (miRNA) are closely linked to
breast cancer recurrence and metastasis. However, no specific study has comprehensively char-
acterised the CSC characteristic and miRNA transcriptome in spheroid-enriched breast cells. This
study described the generation of spheroid MCF-7 cell in serum-free condition and the com-
prehensive characterisation for their CSC properties. Subsequently, miRNA expression differ-
ences between the spheroid-enriched CSC cells and their parental cells were evaluated using next
generation sequencing (NGS). Our results showed that the MCF-7 spheroid cells were enriched
with CSCs properties, indicated by the ability to self-renew, increased expression of CSCs
markers, and increased resistance to chemotherapeutic drugs. Additionally, spheroid-enriched
CSCs possessed greater cell proliferation, migration, invasion, and wound healing ability. A total of
134 significantly (p<0.05) differentially expressed miRNAs were identified between spheroids and
parental cells using miRNA-NGS. MiRNA-NGS analysis revealed 25 up-regulated and 109
down-regulated miRNAs which includes some miRNAs previously reported in the regulation of
breast CSCs. A number of miRNAs (miR-4492, miR-4532, miR-381, miR-4508, miR-4448,
miR-1296, and miR-365a) which have not been previously reported in breast cancer were found to
show potential association with breast cancer chemoresistance and self-renewal capability. The
gene ontology (GO) analysis showed that the predicted genes were enriched in the regulation of
metabolic processes, gene expression, DNA binding, and hormone receptor binding. The cor-
responding pathway analyses inferred from the GO results were closely related to the function of
signalling pathway, self-renewability, chemoresistance, tumorigenesis, cytoskeletal proteins, and
metastasis in breast cancer. Based on these results, we proposed that certain miRNAs identified in
this study could be used as new potential biomarkers for breast cancer stem cell diagnosis and
targeted therapy.

Key words: breast cancer, cancer stem cells, MCF-7, miRNA transcriptome, next generation sequencing, sphe-
roid culture.
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Introduction

Breast cancer is the second most frequently di-
agnosed malignancy among all types of cancer in
women with 1.38 million (10.9%) diagnosed world-
wide [1]. About 1 in 8 women will develop invasive
breast cancer over the course of her lifetime in the
United States [2]. Standard treatments have only
yielded modest success as most patients often suffer
relapsed with hormonal-resistant breast cancer, which
can eventually develop into metastatic disease [3].
Emerging evidences have demonstrated that a small
subpopulation of cells known as cancer stem cells
(CSCs) may exist within a tumour and are the main
culprit that drives tumorigenesis [4-6]. These small
subpopulations of cells have been proven to have
self-renewal capacity and often referred as tumor-
igenic, as they have the ability to induce tumours in
immunodeficient mice [7, 8].

A new class of non-coding RNAs molecules
known as microRNAs (miRNA) have emerged re-
cently and they are responsible for a wide range of
gene regulations at the translational level, either by
translational inhibition or degradation of mRNA tar-
gets [9, 10]. These miRNAs, being 19-25 nucleotides in
length, have crucial functions in cellular processes for
normal development. Aberrations of miRNAs have
been reported to be involved in various human dis-
eases, including malignancy [9, 11]. Several studies
have identified miRNAs that modulate key compo-
nents in CSCs [12-15]. Recently, next generation se-
quencing (NGS) technologies, with improvement in
scale and sensitivity, have been developed to provide
a highly quantitative estimate of the known miRNA
species [16-19]. This technology is expected to accel-
erate cancer research as it has potential for discover-
ing novel miRNAs and subsequently may lead to the
discovery of new cancer biomarkers. Although there
are already some miRNAs that have been reported to
be aberrantly expressed in breast cancer [20, 21], spe-
cific miRNAs involved in spheroid- enriched CSCs
model have yet to be fully elucidated [22].

The spheroid culture is a way to culture cancer
cells in a three-dimensional (3D) spatial conformation
in vitro. These 3D models have been well established
in breast cancer research due to the highly resem-
blance of these models to the in vivo solid tumours
[23-25]. The CSCs hypothesis suggests that clonal ex-
pansion is the way to expand CSCs in vitro as the cells
are more likely to be a single clone of cells [26].
However, this view has been challenged as the clone
of cells could be a result of cell aggregation due to the
spontaneous locomotion of free-floating single cells
[27] and also the movement of plates during daily cell
culture maintenance that possibly lead to cell aggre-

gation [28]. As such, it is generally accepted that
clonal and aggregates of cells might coexist and re-
sulted in a heterogeneous spheroid [29]. Therefore,
several studies characterized CSCs across the differ-
ent types of cancers including breast, prostate, colon
and melanoma have relied on cell aggregation meth-
od [30-33]. The models were not just biologically
spherical in shape, but shared many features with that
of solid tumors, and were not observed in traditional
2D monolayer cultures [34-37]. Substantial evidences
have demonstrated that the drug sensitivity behav-
iour of cancer cells in 3D spheroid is more accurate
than cancer cells in monolayer setting in anti-tumour
drug testing [38, 39]. Interestingly, many recent re-
ports have demonstrated that CSCs are particularly
enriched and maintained in 3D spheroid culture [31,
40-42]. These studies have suggested that CSCs can be
enriched in serum-free culture environment supple-
mented with the necessary growth factors as only
CSCs were able to survive and proliferate in that
condition [43, 44]. Therefore, spheroid-enriched CSCs
models have been proposed to be the next tool for
analytical endpoints studies specifically in the as-
sessment of tumour for therapeutic testing targeting
CSC populations [45]. Nevertheless, the enriched CSC
models have not been properly characterised despite
their extensive use as the determining point to assess
the efficacy of the cancer drugs [35, 40, 46, 47]. Till
date, characterisations on the spheroids-enriched
CSCs have been primarily focused on the ability of the
spheroid formation, secondary spheroid capacity,
expression of CSC markers, and ALDH1 assays [41,
48-51]. A comprehensive characterisation in addition
to the abovementioned techniques is of paramount
importance to further evaluate the phenotypic char-
acteristics of the spheroid-enriched CSCs models.
Furthermore, the roles of miRNAs in the regulation of
mRNA specifically targeting the self-renewal capacity
and the drug resistance of the spheroid-enriched
CSCs models remain largely unknown.

Therefore, to address this issue, spheroids were
developed from MCEF-7 breast cancer cell line and
their CSCs properties were comprehensively charac-
terised. MCF-7 cells were chosen as the cell model in
the present study given that the cell line is one of the
most commonly used breast cancer cell line in breast
cancer research [52]. Next generation sequencing
(NGS) was employed to generate and compare the
miRNA profiles of spheroid-enriched CSCs against
parental cells. The biological functions of the differ-
entially expressed miRNAs were then inferred via
bioinformatics tools to further highlight the potential
role of certain miRNAs associated with sphe-
roid-enriched CSCs models.
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Materials and Methods

Cell line and monolayer culture

Estrogen-dependent human breast adenocarci-
noma cell line MCF-7 was obtained from ATCC (Cat-
alog number: HTB-22). The cells were grown and
maintained as a monolayer in tissue culture flasks
using Roswell Park Memorial Institute (RPMI-1640)
medium (Sigma, USA) supplemented with 10%
heat-inactivated foetal bovine serum (FBS) (GIBCO,
USA), 100 I.U./ml penicillin and 100 ng/mL strep-
tomycin (GIBCO, USA), 2 mM L-Glutamine (Biowest,
France) at 37°C under a 5% humidified CO; atmos-
phere. All experiments were performed on cultures
that were 70% confluent.

Generation of spheroid cultures from MCF-7

The spheroids were generated using an agar
overlay technique by seeding the cells in a
non-adherent 96-well agar plate to prevent cell at-
tachment [53]. The monolayer cells were harvested
and dissociated into single cell suspension at a cell
density of 5 x 10* cells in serum-free medium con-
sisted of DMEM/F12 medium supplemented with 20
ng/mL epidermal growth factor (MPBio, USA), 20
ng/mL basic fibroblast growth factor (GIBCO, USA),
0.4% bovine serum albumin (Sigma, USA), 2% B27
(GIBCO, USA), 10 pg/mL insulin (MPBio, USA), 0.5
pug/mL hydrocortisone (Nacalai, Japan), and 2 mM
L-Glutamine (Biowest, France). Cell aggregation was
carried out by centrifuging the plate at 2000 rpm for 5
minutes. Then, the plates were incubated at 37°C un-
der a 5% humidified CO,atmosphere for four days.

Scanning electron microscope imaging of
spheroids and monolayer

For the analysis of the ultrastructure of the
spheroids and monolayer, scanning electron micro-
scope (SEM) was performed. For the monolayer cul-
tures, the cells were seeded onto a glass coverslips
and grown up to 70% confluent whereas for spheroid
cultures, the cells were harvested from the 96-well
agar-coated plates. Both samples were then washed
with 1X PBS, before fixed in 2.5% (v/v) glutaralde-
hyde in 0.1M cocodylate buffer and kept in 4°C. Then,
the samples were then post-fixed with 2% osmium
tetroxide for 2 hours at 4°C, dehydrated through a
graded ethanol series (35%, 50%, 70%, 80%, 85% and
95%) for 15 minutes each and twice at 100%. This de-
hydration process was then followed by immersing in
pure acetone for 15 minutes each. Each step of dehy-
dration was accompanied by a short centrifugation at
3000 rpm for 5 minutes to minimise the loss of sam-
ples during transferring. After further drying in fume
hood for 15 minutes, the specimens were then care-

fully mounted onto an aluminium stub using double
stick carbon tape. Specimens were then critically point
dried (LEICA EM CPDO030, Germany) and sputtered
gold coated (BAL-TEC SCD005, Germany) before
examined under SEM (JSM-6400; JEOL, Japan).

Culture and passage of spheroids into sec-
ondary spheroids

The resulted spheroids formed multilayer cells
that were densely packed at the centre. The spheroids
were collected and pooled by gentle centrifugation,
and then were enzymatically dissociated with Ac-
cutase (GIBCO, USA). Single cells were then seeded at
200 cells per well in 96-well culture dishes in 100 pL of
serum-free growth medium, and 50 uL of medium per
well was added every three days. The number of
spheres for each well was evaluated 14 days after
seeding and sphere formation rate was counted.
Sphere-forming efficiency (SFE) was expressed in
percentage as the number of spheres formed divided
by the cells seeding density per well from first
through the third generation. To further test on the in
vitro self-renewal capability of the secondary sphe-
roids formed, a single cell limiting dilution assay was
performed with one cell per well placed to a 96-well
ultra-low attachment plate (Corning, USA). The wells
with one cell were observed and images of the prop-
agation of the single cell forming a sphere were cap-
tured using a phase contrast microscope (Nikon, Ja-
pan). All experiments were performed in triplicates.

Surface marker and ALDH activity analysis by
flow cytometry

To determine the CSCs subpopulations in sphe-
roids and parental, the expression of the surface
markers CD44+/CD24- using anti-CD44-FITC (Mil-
tenyl Biotech, UK), and anti-CD24-phycoerythrin (PE)
(Miltenyl Biotech, UK) were measured. One million
cells were harvested using Accutase, gently dis-
aggregated to a single cell suspension by pipetting up
and down, passed through a 70 pm filter, and stained
according to the manufacturer’s protocol. Briefly, the
cells were stained with the antibodies for 15 minutes
at 4°C at 1:11 dilution, and washed with ice-cold PBS.
Aldehyde (ALDH) activity was analysed using the
Aldeflour kit (Stem Cell Technologies, Canada) ac-
cording to their manufacturer’s protocol. Briefly, the
disaggregated single cells were suspended with acti-
vated Aldeflour reagent, one tube without diethyla-
minobenzaldehyde (DEAB) specific inhibitor and an-
other one with the inhibitor to act as a control , both
incubated at 37 °C for 45 minutes. Following incuba-
tion, the tubes were centrifuges to remove the super-
natant and later resuspended in 0.5 mL Aldeflour
buffer on ice. For data acquisition, for surface markers
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and ALDH activity, flow cytometry was performed
with a FACS Calibur Flow Cytometer (BD Bioscienc-
es, USA) and figures were analysed using Cell Quest
Pro software.

Morphology assessment and cell count

All the cell observation was recorded and cap-
tured using a phase-contrast microscope (Nikon, Ja-
pan) over the period of culture to assess the spheroid
formation. When the spheroids reached day four, the
spheroids was picked, dissociated and cell count was
performed. Morphological changes of cells subjected
to the drug sensitivity assays were also qualitatively
investigated using microscopic observation.

Immunofluorescence staining for cancer stem
cells markers

Spheroids were collected by centrifugation in a
microcentrifuge tube prior to fixation. Parental cells
which grew as monolayers were directly fixed onto
the glass slides prior to fixation. The samples were
fixed in 4% cold paraformaladehyde and blocked with
0.2% bovine serum albumin in phosphate buffered
saline (PBS) for one hour. The primary mouse mono-
clonal antibodies anti-human conjugated to fluores-
cent dyes, including CD24-PE, CD44-FITC, CD49f
-FITC, CD326-FITC, Sox 2-PE, Nanog-AF,
ALDHI1-FITC were added and incubated overnight at
4°C. After washing 3 times with PBS, the specimens
were then counterstained with DAPI (GIBCO, USA)
and the images were captured using a fluorescent
microscope (Carl Zeiss, USA). All the antibodies were
purchased from Miltenyl Biotech, UK.

Drug sensitivity assays

The sensitivity of parental and spheroids to
chemotherapeutic drugs was measured by MTT (3-(4,
5-dimethyl-2-thiazolyl)-2, 5-diphenyl-2H- tetrazolium
bromide) assay (Sigma-Aldrich, USA). Briefly, the
parental and spheroids were seeded in 96-well mi-
croplates on the same growth medium. Cytotoxicity
testing on spheroids (3D format) were carried out
based on published method [53] while following
standard methods for dissociated spheroids (2D for-
mat) and monolayer cells [54]. Briefly, for spheroids in
3D format, the spheroids were transferred to a new
96-well plate and centrifuged at 2000 rpm for 5
minutes. For the spheroids in 2D format and also the
monolayer cells, the cells were dissociated into single
cells, filtered, cell count and seeded at 5 x103
cells/well in a 96-well plate. Different concentrations
of tamoxifen, cisplatin and doxorubicin (ranging from
0 pg/mL to 30 ng/mL for monolayer and spheroids
(2D format) and ranging from 0 pg/mL to 100 pg/mL
for spheroids (3D format) and diluents alone (the
controls) were added to the cell cultures in a total

volume of 200 puL/well. After 96 hours of incubation,
the assay was performed by adding 20 pL of MTT
solution (5 mg/mL in PBS) to each well, incubating 4
hours, adding 170 pL of DMSO to dissolve the form-
azan crystals, and reading the absorbance of each well
at 570 nm in a microplate reader. The morphology of
the treated cells in the different conditions was cap-
tured ICsy drug concentrations at 96 hours
post-treatment using bright field microscope. Un-
treated cells were cultured in parallel in the experi-
ment. The cytotoxicity was determined by comparing
the resulting absorbance with the mean absorbance of
the control wells (considered as 100% viability), and
was expressed as percentage of cell viability. The drug
concentrations that caused inhibition of 50% cell via-
bility (ICso) were determined from the dose response
curves. Experiments were carried out in triplicates.

Cell proliferation assay

Parental cells at 80% confluence and spheroids at
day 4 were picked and dissociated into single cells
using Accutase (GIBCO, USA). The dissociated single
cells were then cultured at 200 cells/well in 24-well
ultra-low attachment plates in serum-free media. Half
of the medium was changed every three days and cell
growth was detected by alamarBlue Cell Viability
Assay Reagent (Thermo Scientific, USA) at specific
time intervals over the time course of three weeks.
The proliferation assays were performed in triplicates.
The cell proliferation rates for the dissociated cells
originated from parental and spheroids, were then
calculated based on the percentage reduction of ala-
marBlue reagent using absorbance readings [55].

Wound healing assay

Parental and spheroids were grown to conflu-
ence in a 6-well plate. A line was drawn with a marker
pen on the bottom of the plate. Wounds were initiated
using a sterile 200 pL pipet tip through the cells
moving perpendicular to the line drawn in the step
before. The cells were carefully and gently rinsed with
PBS as not to lift off the sheets of cells. Images of the
wounded are were captured using an inverted mi-
croscope (Nikon, Japan) just above and just below
each line at 6, 12 and 24 hours post-wound initiation.
The areas of the wounds at different time points were
analysed using Image ] software [56] to calculate the
cell migration rate.

Tumour cell invasion and transmembrane
migration assay

Parental and spheroids were grown to 80% con-
fluence. The cells were starved in serum-free medium
the day before the assay. The next day, the cells were
dissociated into single cells with Accutase, counted
and added at 1 x 105 cells/well onto the top chambers
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of transwell inserts of 8-pm pore size filter (BD,USA)
coated with basement membrane Matrigel (BD, USA)
in a 24-well plate. In the bottom of the chambers,
DMEM containing 10% of FBS was added, and the
cells were then cultured for 72 hours at 37°C in a 5%
humidified CO; incubator. At the end of the assay, the
cells on the top surface of the filter were removed by
using a cotton-swab, and the cells on the bottom of the
filter were then fixed with methanol and stained with
0.5% crystal violet for 30 minutes. The chambers were
then washed in PBS, counted using an inverted mi-
croscope with either a 4X or a 10X objective lens and
plotted as the percentage of invading of the total
number of plated cells. The cell counting was per-
formed using Image ] software. For quantifying the
invasive ability of the cells per filter as an absorbance,
the dye was then extracted using 30% acetic acid and
the concentration was measured at 590 nm. The per-
centage of invaded cells was measured using ab-
sorbance of the sample/absorbance of the control and
expressed as percentage. The experiments were per-
formed in triplicates. In the cell transmembrane mi-
gration assay, all the steps were carried out similarly
to those in the invasion assay except for the Matrigel
coating. The percentages of invaded or migrated cells
were determined by dividing the OD Sample with OD
Control and multiply by 100%.

RNA isolation

Total RNAs with retention of small RNAs were
extracted from the parental (as control groups) and
spheroids (as experimental groups) using Exiqon
miRCURY RNA Isolation Kit (Exiqon, Denmark) in
line with the manufacturer’s instructions. A total of
six samples (three for parental and three for sphe-
roids) were used. RNA was treated with DNase I
(Qiagen, USA) to eliminate genomic DNA contami-
nation. The concentration and purity of extracted
RNA was determined by OD measurements of ali-
quots at a wavelength of 260/280 nm and further
checked using Qubit RNA Assay Kit (GIBCO, USA).
The integrity of the RNA samples was determined by
Agilent 2100 Bioanalyzer using RNA 6000 Pico Kit
(Agilent Technologies, USA). Only RNA samples with
sufficient concentration (600 ng/puL) and RNA Integ-
rity Number (RIN)>8 were used for libraries prepara-
tion for next generation sequencing library prepara-
tion and quantitative real time PCR (qRT-PCR) vali-
dation.

Small RNA library preparation and next gen-
eration sequencing
The small RNA libraries were prepared using

TruSeq Small RNA Sample Preparation Kit ([llumina,
USA) with multiplexing capability. Following the

TruSeq Kit user guide, the total RNA, containing the
small RNA fractions, were ligated to 5" and 3’ adap-
tors sequentially before converted to cDNA by reverse
transcription followed by PCR amplification with
unique index sequences primers. The quality of cDNA
were assessed using a high sensitivity DNA chip (Ag-
ilent Technologies, USA). Index sequences consist of
six-base indices to distinguish different samples from
one another in a single lane of a flow cell were em-
ployed to make use of the Illumina multiplexing ca-
pability. Finally, the samples were pooled and sub-
jected to 6% (w/v) non-denaturing PAGE (poly-
acrylamide gel electrophoresis) run. Then, cDNA
fragments between 145 and 160 bp corresponding the
miRNA libraries fractions were excised from the gel,
purified and eluted. The final cDNA pellet was air
dried and resuspended in 10 pL nuclease-free water
and the quantity of the cDNA libraries measured us-
ing Qubit fluorometer. All the final libraries were then
pooled at final concentration of 2 nM and sequenced
in two flow cells in the Illumina’s platform HiSeq
Run. Prior to run, the small RNA libraries were again
validated using another DNA chip. The sequencing
reads has been deposited at the National Center for
Biotechnology Information Gene Expression omnibus
(GEO) with accession number GSE68246.

Small RNA bioinformatics analysis

After trimming off the 5 and 3’ adaptor se-
quences, filtering low quality reads, and cleaning up
the contaminated reads, the occurrence of each unique
read was counted as tags. The sequences shorter than
the cut-off read length 17 and more than 27 nucleo-
tides were removed, as determined by the read length
distribution plot. The trimmed sequences were
mapped to database and further grouped as known
mature miRNA. The completely matched reads were
annotated according to their position in the stem-loop
structure. These unique tags were mapped to the se-
quence data in miRBase 15 microRNA Sequence Da-
tabase and Ensembl Homo_sapiens. GRCh37.57.ncrn
using the Illumina 1.8 and later pipeline. Data trim-
ming and initial analysis were carried out using CLC
Genomics Workbench 7.0.

Prediction of miRNA targets and functional
analysis of target genes

Predicted targets of miRNAs differentially ex-
pressed in this study were determined using miRDB,
TargetScan and miRanda. The predicted genes were
then uploaded to the online Database for Annotation,
Visualization, and Integrated Discovery (DAVID)
program (http:/ /david.abce.nciferf.gov/ tools.jsp) [57,
58]. Functional categories were clustered using the
functional annotation clustering tool and representa-
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tive gene ontology (GO) on specific categories were
identified. After GO analysis, KEGG was used to
construct a pathway enrichment of predicted miRNA
target genes of at least p-value < 0.05.

MicroRNAs validation by real-time PCR

MicroRNAs were validated by performing SYBR
green qRT-PCR assay using miRCURY LNA Univer-
sal RT microRNA PCR System (Exiqon, Denmark).
The ready-to-use Pick-&-Mix microRNA PCR panel
consist of 96-well plates consisting of custom selec-
tions of microRNA LNA PCR primer sets were used
for this purpose. In brief, the total RNA of 100 ng
containing the miRNAs was polyadenylated by poly
(A) polymerase and reverse transcribed to cDNA us-
ing the Universal RT-One first strand cDNA synthesis
reaction provided in the kit according to the manu-
facturer’s instructions. Real-time qPCR was per-
formed using LNA PCR amplification master mix
with the manufacturer-provided miRNA-specific
primers optimized with LNA. Each reaction was
performed in a final volume of 10 pL containing 1:1
ratio of diluted cDNA and 2X PCR master mix. The
amplification profile was denaturation at 95°C for 10
minutes, followed by 40 cycles of 95°C, 10 seconds,
and 60°C, 1 minute. All reactions were run in tripli-
cates. The qRT-PCR reaction was performed using
CEX96 Touch Real-Time PCR Detection System
(Bio-Rad Laboratories, USA) according to the manu-
facturer’s protocol. After reaction, the threshold cycle
(Ct) was determined by using the default threshold
settings. The Ct values were defined as the fractional
cycle number at which the fluorescence passed a fixed

threshold. The expression levels of putative miRNAs
were normalized against internal reference miRNAs
based on geNorm algorithms.

Statistical Analysis

Data represent the mean * standard deviation
over 95% confidence intervals of at least three inde-
pendent experiments. Statistical analysis was per-
formed using independent sample one-way analysis
of variance (ANOVA) and student independent t-test
via SPSS V17 software. The results were considered to
be statistically significant at a probability level of
p-value <0.05.

Results

Formation of homogeneous three-dimensional
cancer stem-cell like MCF-7 with self-renewing
capability

When observed under bright field and scanning
electron microscopes, the parental MCF-7 cells grew
as adherent epithelial-like monolayer cells of polyg-
onal shape with clear and sharp boundaries between
them (Figure 1A & B). Under serum-free condition,
the MCE-7 cells grew into 3D non-adherent spheroids
within 24-48 hours as compared to their parental
counterparts. The microplate wells coated with agar
promoted the formation of single centrally located
spheroids of reproducible size. The spheroids were
mostly homogeneous in size after 96 hours in culture
and can be easily transferred using regular pipettes
without disaggregating it (Figure 1C & D).

Figure 1.The morphology of MCF-7 monolayer and spheroid culture. (A, B) Appearance of MCF-7 monolayer under two-dimensional (2D) condition in tissue culture flask under
bright field (magnification: 4X, scale bar: 100 pm) and scanning electron microscopy (magnification: 500X, scale bar: 10 um) respectively. The cells appeared to be adherent and
epithelial in shape. (C, D) Centrifugal force facilitated the cells to organize into a three-dimensional (3D) multicellular spheroidal structure in serum-free media. The structure
became more rigid and compact 96 hours post-culture, where individual cells were indistinguishable (magnification: 4X, scale bar: 100 pm). (E) Appearance of the spheroidal
structure under the scanning electron microscopy (magnification: 330X, scale bar: 100 pm). The cells appeared to be clumping to each other revealed that they were strongly
adhered with one another to preserve the spheroid architecture. (F) Cells within the spheroid were connected to each other through cell-cell junction (arrows), responsible for
maintaining the tight cell-cell contact. Present of micropores (arrowheads) on the interior of the spheroid, allowed the diffusion of nutrients and oxygen to the inner layer of the

spheroid (magnification: 2000X, scale bar: 10 um).
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Figure 2. Secondary spheroids formation from human estrogen dependent breast cancer cell line MCF-7 at single cell and 200 cells/well dilution assays. (A) Microscopic images
of the formation of the secondary spheroids demonstrated the propagation of the spheroid from a single cell from day 1 to day 14 (magnification: 20X, scale bar: 100 um). (B)
Progressive increase in size at day 3, day 7, day 10, and day 14 when the cells were seeded at higher cell seeding density at 200 cells per well (magnification: 20X, scale bar: 100

um). Increment in size was recorded from three sets of experiments.
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Figure 3. Spheroid-forming efficiency (SFE) of spheroids serially passaged from first
to third generation. Bar graph represents the SFE mean calculated by counting the
number of spheres formed in a given well and dividing by the total number of seeded

cells in the well, represented as a percentage. Error bars represents standard
deviation (SD) (n=3).

All the spheroids reached 1500 to 1900 pm in
diameter on day 4 and cell numbers were estimated to
be 4.80 + 0.25 x10* cells compared to their initial
seeding number of 5.00 x 10* cells. Scanning electron
microscope (SEM) images at 330X magnification
(Figure 1E) revealed aggregation of thousands of cells
that were compacted together to give rise to the
spheroidal structure. Higher magnification at 2000X
(Figure 1F) further revealed that the cells in the
spheroid were held together by the cell-cell junctions
throughout the whole structure. To assess its
self-renewing capacity, the initially formed spheroids
were harvested and dissociated into single cells and
were grown in serum free medium at a lower density
of 200 cells/well and at single cell dilution assay as
described in the methods section. In this condition,

cells were grown as non-adherent, three-dimensional
clusters that increased in size from day 1 to day 14
(Figure 2A & B). The secondary spheres were subse-
quently cultured up to three passages and the
sphere-forming efficiency (Figure 3) remained rela-
tively constant. The capacity to be serially passaged
provided a definitive evidence for the presence of
extended self-renewal, and the possibility of the
spheroids enriched with CSCs.

Enrichment of CD44+/CD24-and ALDH+in
spheroid MCF-7

CD44 is a cell surface glycoprotein involved in
cell to cell interactions, cell adhesion, and migration
and has been reported as a cell surface marker for
some breast and prostate CSCs [59]. Likewise, CD24, a
cell adhesion molecule, associated with tumour de-
velopment, played a role in various cancer metastases.
CD24 expression is related to differentiated epithelial
features [60]. It was also recently showed that breast
CSC has increased aldehyde dehydrogenase activity
(ALDH) [61]. Therefore, the cultured MCF-7 cells
grown as spheroids were determined for their CSCs
enrichment based on the expression of these stem-cell
related markers for breast CSCs. Comparison between
CD44, CD24 and ALDH subpopulations in spheroids
with their parental cells was quantified using flow
cytometer. The proportion of cells in spheroids
stained positive for CD44 and negative for CD24 were
18.45 + 0.51%, which was significantly higher than its
parental counterparts which were 0.63 + 0.46% (mean
* SD; n =3) (Figure 4A). ALDH-positive cells were
15.38 £ 0.50% (mean * SD; n =3) for spheroids cells

http://www.ijbs.com



Int. J. Biol. Sci. 2016, Vol. 12 434

which were significantly higher compared to its pa- suggested that spheroids were enriched with
rental cells which were 1.81 £ 0.70% (mean +SD; n =3)  CD44+/CD24- and ALDH-positive cells under se-
(Figure 4B). The representative dot plots of the ex- rum-free culture condition, expressing common key
periments were shown in Figure 4C. These results  characteristic of CSCs.

A B 18 P=0.0001

P=0.0001
20 | 1 16 [ 1
1
18 T *
14
16 »
21 812
] 2
g 12 S 10
810 3
¥ T 8
8 =1
: 2o
® 6 ES
4
a4
ol N
0 0
MCF-7 Parental MCF-7 Spheroid MCF-7 Parental MCF-7 Spheroid
Celltype Celltype
C., - : . 3 :
Unstained Control Single stained control Combined Stained
g
c
g
o
a
A
L
=]
@i s 0.63 + 0.46%
&
<
~
[=]
]
=2
e
1]
=
o
v |
~ 1
WL
o
b3 18.45+0.51%
CD44-FITC
ALDH + DEAB
(negative control) ALDH
™
t
@
I
o
~
L
o
=
1.81 £ 0.70%

107
ALDH-FITC

MCF-7 Spheroid
Scatter
800

15.38 £ 0.50%

e Ty R
Figure 4. Immunophenotyping and ALDHI staining analysis of spheroids compared to their parental cells. (A) The percentage of CD44+/CD24- cells of MCF-7 parental and
spheroid cells was 0.63 + 0.46% and 18.45 + 0.51% (P = 0.0001), respectively. (B) The percentage of ALDH-positive cells was 1.81 + 0.70% and 15.38 + 0.50% (P = 0.0001) in
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ALDH-positive cells. The data are representative of three independent experiments.

http://www.ijbs.com



Int. J. Biol. Sci. 2016, Vol. 12

435

Spheroid MCF-7 expressed cancer stem cells
markers

To determine whether the spheroids acquire
stem-cell-like characteristics, spheroids were charac-
terized based on the expression of several breast CSCs
markers (Figure 5). For the parental cells which acted
as the negative controls, the vast majority of cells
showed negative staining for all the markers except
for CD44. This expression was expected as CD44 is a
commonly expressed marker for epithelial lineage
cells. However, when refer to the flow cytometric da-
ta, the CD44-positive cells were significantly lower in

Nuclei Antigen

MCF-7 Parental

Brightfield

Nuclel Antigen

MCF-7 Spheroid

Bright field

MCF-7 Secondary Spheroid
Nuclei Antigen

Brightfield

parental cells when compared to the spheroid cells
(Figure 4A). In the spheroid cells, positive staining for
CD44 and CD49f were observed, and CD44 expres-
sions were concurrent with the flow cytometric results
(Figure 4A). Sox-2 and Nanog proteins were posi-
tively stained within the cytoplasm and perinuclear of
the spheroid. ALDHI1, an aldehyde dehydrogenase
enzyme has been shown to increase in activity of
stem/ progenitor cell, was also positively stained, also
concurrent with the flow cytometric results (Figure
4B).

Figure 5. Immunofluorescent staining of CSC-related surface and internal markers of CD44, CD24, CD49f, Nanog, Sox2, and ALDHI on spheroids and the monolayer cells.

DAPI was used for nuclear counterstain. Magnifications at 4X and 10X.
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Figure 6. Spheroid integrity following treatment with chemotherapeutic drugs at different inhibitory concentrations. Spheroids possessed higher drug resistance to conventional
chemotherapeutics in vitro when compared to parental cells. The parental cells and spheroids were treated with tamoxifen, doxorubicin, and cisplatin for 96 hours and the
morphology of the spheroids were shown. Each experiment was performed in triplicates, and only the represented images were shown. Magnification at 4X.

Similarly, secondary spheroids also demon-
strated the same fluorescent expressions indicating
retention of the stemness characteristics under the
limiting dilution assay. The results suggested that
spheroid cultures enriched the CSCs properties based
on the expression of the stem cells related markers
when compared to the parental cells.

Spheroid MCF-7 has higher drug resistance to
conventional chemotherapies

It is hypothesized that CSCs in breast are more
resistant to conventional chemotherapy, which con-
tributes to cancer relapse [62]. To examine whether
self-renewing spheroid cells possess higher chemo-
resistance ability, the sensitivity of the parental versus
the spheroids to different drugs, tamoxifen, doxoru-
bicin, and cisplatin were assessed. For treatment, pa-
rental were grown in 96-well plates following estab-
lished drug treatment protocol for monolayer cul-
tures. For spheroids, the drug treatment were carried
out in three-dimensional (3D) format [53] and also
dissociated into single cells before replated and
treated as in monolayer cultures, known as
two-dimensional (2D) format. Overall, the drug sen-
sitivity of the spheroid cultures regardless in 3D or 2D
format conditions was statistically higher when
compared to the parental cells. The survival rates
under 100 pg serially diluted drugs for 3D spheroids

were 2.9-fold, 18.8-fold and 5.4-fold whereas for 2D
spheroids, the survival rates were 2.3-fold, 13-fold,
5.4-fold for tamoxifen, doxorubicin and cisplatin re-
spectively, when compared to the parental cells (Table
1). Microscopic imaging performed on spheroids at 96
hours post-treatment at ICsp inhibitory drug concen-
tration also showed reduction in volume and size of
the 3D spheroids, with doxorubicin-treated spheroids
showing the most evident trend. Interestingly, in 2D
spheroids cultures, although plated as monolayer
cultures, formation of smaller spheroids were seen at
ICsp inhibitory drug concentration (Additional File 2:
Figure S2). Taken together, these results support the
likelihood of enrichment of CSCs in the spheroids
cultures that contribute to the higher drug resistance
across the three chemotherapeutics drugs as com-
pared to the parental cells.

Table 1. The ICy, values (M) of drugs tamoxifen, doxorubicin, and
cisplatin in MCF-7 parental and spheroids at 96 hours post-treatment. Cell
survival was determined by MTT assay. All data are expressed as means *
SD. *p<0.05 when compared with the parental. The IC5, were obtained
from the dose-response curves for parental and spheroids treated with the
different drugs respectively.

1C50(uM)

Tamoxifen Doxorubicin Cisplatin
MCEF-7 Parental 20.57+£2.25  1.00+0.37 254+ 044
MCF-7 Spheroid 3D)  60.73 £7.39*  18.82 +3.05* 13.61 + 3.54*
MCF-7 Spheroid (2D) ~ 47.62+6.83* 13.25 +3.69% 13.68 +3.92*

*P<0.05 compared to the parental group.
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Spheroid MCF-7 has higher proliferation, mi-
gration, and invasion potential

Cell proliferation was observed to be higher in
dissociated cells from spheroids compared to parental
cells (Figure 7A). The varying proliferation rate could
be attributed by the intrinsic mechanism of the sphe-
roids since all the culture conditions for both spheroid
and parental were the same. Metastasis potential of
tumour cells can also be measured by cell motility.
Compared with parental cells, the migratory ability of
spheroids were higher as there were more cells pass-
ing through the trans-well membrane (Figure 7B).
This observation that spheroid cells migrated quicker
than their parental counterparts was further con-
firmed by the wound healing assay (Figure 7C). As
shown, spheroids migrated faster to close the gap of
the scratch than parental cells. To examine their inva-
sion potential of the cells, invasion assay was per-
formed. Compared to the parental, the invasiveness of
spheroids were higher as there were more cells in-
vading the matrigel after 24 hours of culture as shown
by the microscopic images (Figure 7D). Overall, these
data suggested that spheroids, which have higher
proliferation, migration and invasion rates may utilize
different signalling pathways accounted for the ob-
served differences when compared to that of the pa-
rental. To further confirm this, miRNA expression
profiling performed in this study may provide addi-
tional evidence to explain these differences.

miRNA Sequencing and Annotation

INlumina’s sequencing-based miRNA expression
profiling was performed to identify the differential
expression patterns of miRNAs from parental and
spheroids. Adaptor index sequences “AGTCAA” and
“AGTTCC” were assigned to parental and spheroid
origin respectively. A total of 33,262,716 and
19,201,865 reads were obtained for parental and
spheroids respectively. After trimming the 5 and 3’
adaptor sequences, the remaining effective reads were
mapped to the sequence data in the miRBasel9 mi-
croRNA Sequence Database. Overall, 12,008,006 and
4,900,499 reads were obtained from parental and
spheroids, respectively. The majority of these reads
were 23 nucleotides in size for both parental and
spheroids (Additional File 1: Figure S1). Among these
reads, 57,426 corresponding to 8,392,519 reads and
48,583 corresponding to 2,843,408 reads were matched
to known miRNA sequences in parental and sphe-
roids, respectively. The completely matched reads
were annotated, according to their position in the
stem-loop structures. The summary for small RNA
library in parental and spheroids was shown in Ad-
ditional File 1: Table S1. MiRNAs that was expressed
the most was the miR-10a with a total count of 929,530

and 299,888 reads per parental and spheroid libraries,
respectively. The top ten most abundant miRNAs
with expression values observed in parental and
spheroids were listed in Additional File 1: Table S2.
To study the differential expression profile of ge-
nome-wide miRNAs between parental and spheroids,
Kal’s test and fold change (FC) of sequenced miRNAs
were performed. There were 134 differentially ex-
pressed miRNAs between spheroids and parental
cells. Using 2-fold expression difference as a cut-off
level, 25 up-regulated and 109 down-regulated
miRNAs were identified (Additional File 1: Table S3),
indicating that there were marked changes in their
miRNAs content between the two cell types. The ex-
pression profiles of all the miRNAs found in this
study and matched to the existing literatures which
have been previously reported in breast cancer, breast
CSCs or other types of cancer are summarised in Ta-
ble 2.

Table 2. Up- and down- regulated differentially expressed miRNAs in
spheroids when compared to the parental cells.

References

miRNA FC  Breast Cancer  Other types of

cancer stem cells cancer

Up-regulated miR-4492 23 NA

miRNAs (n=25)  miR-410 15 [83] [118]
miR-4532 15 NA
miR-381* 10 NA [88]
miR-127* 9 [84] [84]
miR-411% 8 [85]
miR-1246 6 [86]
miR-409 6 NA [89,119]
miR-493 5 [871 [120, 121]
miR-4508 5 NA [90]
Down-regulated ~miR-4448* -60 NA [100]
miRNAs (n=109) miR-221 .57 [91,95]
miR-27b 57 [122]
miR-125b-1  -57  [92]
miR-760 54 [93] [97]
miR-1296 52 NA [101]
miR-301a 49 [94]
miR-365a -46 NA [123, 124]
miR-30c-1 -44  NA [15]
let-7f-1 44  NA [15]

* Expression change in this study that did not match in the previous literatures. (FC,
fold change; NA, Not Available).

Predicted target genes for differentially ex-
pressed miRNAs

It is well known that miRNAs function by tar-
geting mRNAs. Therefore, in order to better under-
stand the specific biological functions of said miR-
NAs, target genes of differentially expressed miRNAs
were retrieved from three databases. The top five up-
and down- regulated miRNAs which were >2-fold
differentially expressed and contained broad range of
predicted target genes are as listed in Additional File
1: Table S4 and S5.
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Figure 7. Cell proliferation, cell migration, wound healing, and cell invasion of spheroids cells compared to the parental cells. (A) Spheroids showed a higher cell proliferation rate
as compared to their parental cells. Cell proliferation assay was carried out from day 3 to day 24 using alamarBlue assay. (B) Spheroids had a higher migration rate than their
parental cells. Cells were seeded at 10,000 cells per insert of a 24-well plate and allowed to migrate toward serum-present medium for 24 hours. Migratory cells on the bottom
of the PET membrane were then stained (right) and later dissolved and the percentage of migrated cells were quantified in a microplate reader (left). (C) Spheroids recovered
the “gap” created during the scratch assay more efficiently than parental cells. The percentage of wound closure of parental and spheroids (left). Microscopic images of the wound
closure at Oh, 6h, 12h, and 24h post-wound initiation (right). (D) Spheroids invaded more into the matrigel than parental cells as shown by microscopy. Quantification of cell
invasion showed the mean * standard deviations of three independent experiments. Invading cells were fixed in formaldehyde and stained with crystal violet. All data were
expressed as mean * standard deviations and *p< 0.05 compared with parental cells. Magnification at 10X.

Gene ontology analysis of the predicted
miRNA Target Genes

The target genes were mapped to the GO anno-
tation dataset for molecular function, biological pro-
cesses and cellular components using DAVID. For
each GO term, a p-value is calculated that represents
the probability that observed numbers of counts could
have been resulted from randomly distributing this
GO term between the tested group and the reference
group. The resulting list of p-value is then sorted. The
GO terms which are most specific for the analysed list
of genes will have the lowest p-value. GO analysis
was performed on the targeted genes of the selected
up- and down-regulated miRNAs and the top ten GO
in the three categories as listed in Figure 8. The de-
tailed information of the GO analysis is tabulated in
Additional File 1: Table S6 and S7. GO analysis
showed that the targeted genes of the differentially
expressed miRNAs were enriched in the biological
processes of regulation metabolic  process
(GO:0031323, GO: 0080090), gene expression (GO:
0010468), and organism development (GO: 0007175)
and cell communication (GO: 0007154); the gene
products were primarily found in the cell part

(GO:0044464), plasma membranes (GO: 0044459), and
in cytoplasm (GO:0048471). The molecular functions
of these genes included protein binding (GO:
0005515), ion binding (GO: 00043167), DNA binding
(GO: 0003677) and phospholipid binding (GO:
0005543) and hormone receptor binding (GO:
0051427).

Pathway analysis of predicted miRNA target
genes

Based on the inferred KEGG pathways for the
miRNAs, one was related to self-renewal (Wnt sig-
naling pathway), four related to drug resistance
(pathways in cancer, MAPK signaling pathway, and
axon guidance), and one related to structure (Actin
cytoskeleton) (Figure 9 and Additional File 1: Table
S8). These significantly enhanced pathways shows a
strong relationship with the cancer stem cell-like
properties enriched in the spheroid cell model namely
self-renewability and drug resistance.

Validation of miRNAs commonly found in pa-
rental and spheroid MCF-7 cells using quanti-
tative Real Time PCR (qRT-PCR)

Seven known miRNAs present in both parental
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and spheroids were chosen for quantification by real
time-PCR using the miRCURY LNA Universal RT
microRNA PCR System (Exiqon, Denmark). The as-
sessed miRNAs were miR-181a-5p, miR-34a-5p,
miR-128-3p, let-7b-5p, miR-222-3p, miR-15b-5p and
miR-30e-5p represent a range of biological processes
including metastatic, self-renewal, cancer stem cells,

GO of up-regulated miRNAs
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and epithelial-to-mesenchymal transition. The se-
lected microRNAs and their targeted sequence were
listed in Additional File 1: Table S9. The levels of the
seven known miRNAs measured by qRT-PCR were
consistent with the sequencing result, indicating the
reliability of miRNAs expressions between parental
and spheroids (Figure 10).

GO of down-regulated miRNAs
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Figure 8. Gene Ontology (GO) terms enriched in the up- and down- regulated predicted genes from the differentially expressed miRNAs between spheroids and parental. Only

the top ten enriched GO terms are represented in the respective pie charts.
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Figure 10. Validation of known miRNA with qRT-PCR. Comparison of the gRT-PCR
and miRNA sequencing log-2 fold change for seven known miRNAs between parental
and spheroids. A similar expression trends from both qRT-PCR and miRNA-NGS
were observed.

Discussion

The present study described the comparison of
the transcriptomic profiles to identify miRNAs spe-
cific to the three-dimensional (3D) spheroid-enriched
CSCs model. The initial part of the study focused on
the establishment and characterisation of the sphe-
roid-enriched CSCs model of MCF-7 breast cancer cell

line, highlighting on other characterisation features,
which have not been previously reported on spheroid
cells. The latter part focused on the comprehensive
analysis of the miRNA profiles of the model. In this
study, the spheroid-enriched CSCs MCEF-7 cultures
showed a distinct miRNA expression profiles com-
pared to that of its parental cells grown in monolayer
culture conditions. Therefore, the identified miRNA
expression profiles is expected to provide a ground
work for the future cancer researchers towards the
development of potential therapeutic or diagnostics
markers for breast cancer particularly in
breast-enriched spheroid CSCs studies.

Previous studies in breast cancer have demon-
strated that CSCs can be enriched and expanded by
culturing cells in an anchorage-independent condition
such as spheroid cells [43, 63]. In our study, the com-
bination of concave agar surface and centrifugal force
used in the study allowed the cells to form spheroids
that were homogenous in size [53]. The serum-free
cultured condition was thought to keep the CSCs in
their undifferentiated stage facilitating their enrich-
ment, with observable initial cell loss and reduction in
size [64, 65]. The ultrastucture of the spheroid was

http://www.ijbs.com



Int. J. Biol. Sci. 2016, Vol. 12

441

also confirmed by SEM analysis that revealed the
strong cell to cell junction within the spheroids that
preserve its shape (Figure 1). Characterisation of CSCs
from cancer-derived cultures examining CSCs prop-
erties are based on their capacity of self-renewal, ex-
pression of certain cancer and stem cell markers and
chemoresistancy [32, 43, 44, 63]. In this report, MCF-7
spheroids enriched with CSCs populations formed
secondary spheroids and were able to be serially cul-
tured at single cell dilution assay and also at 200 cells
per well, demonstrated their preservation for
self-renewal and extended proliferation properties
which are consistent with the previous studies [42,
44]. According to the CSCs criteria, cultured breast
CSCs should exhibit a distinctive cell surface pheno-
type CD44+*CD49f+*CD24-/1ow [59, 60]. CD44 and CD49f
expressions were enriched in MCF-7 spheroids com-
pared with their parental, concurrent with other CSCs
findings [66-68]. In addition, the two pluripotent
transcription factors (Sox 2 and Nanog) were also ex-
pressed indicating presence of pluripotency-like
population of cells. ALDH1 activity based on fluo-
rescent staining and flow cytometry analysis was
found enriched in MCEF-7 spheroids, suggesting an
increase in stem/progenitor cell properties [68, 69].
Chemosensitivity assays showed that the MCEF-7
spheroids had a higher drug resistance to the common
chemotherapeutic drugs than that of the parental cells
(Table 1). It has been reported that the higher degree
in chemosensitivity could be due to the increased
proportions of CSCs in the spheroids [62]. Alterna-
tively, it could also be explained by the drug barrier
created by the three-dimensional (3D) structure of the
spheroids that conferred a higher degree of resistance
to chemotherapeutics drugs as compared to mono-
layer cultures [35]. Therefore, we also tested whether
the spheroids had higher drug resistance in
two-dimensional (2D) culture condition as to rule out
the possibility of the physical barrier created by the
3D structure of the spheroids. Interestingly, higher
drug resistances were obtained in spheroids cultured
in 3D or 2D as compared to the monolayer cultures.
Importantly, these results suggest that the increased
proportions of CSCs could be the most probable con-
tributor of the higher drug resistance in the spheroids.
In addition, there were smaller spheroids colonies
growing away from the main spheroid at low drug
treatment, ICss5, indicating the metastatic ability of the
spheroids. Prolonged drug treatment may enhance
invasiveness of cancer cells and enrichment of CSC
populations [62, 70]. Basically,
CD44+/CD49f*/CD24-/ ALDH1*/Nanog*/Sox2*mar

kers were expressed and a higher chemoresistance
were observed in MCF-7 spheroids compared to the
parental, indicating enrichment of breast CSCs

through the spheroid cultures. In addition, MCF-7
spheroids were also further characterised for other
phenotypic characteristics. Accumulating evidences
suggested that most of the cancer progression is asso-
ciated with CSCs acquiring the epithelial to mesen-
chymal (EMT) phenotype, which is responsible for
increased cell motility and invasion [71, 72]. MCF-7
spheroids had higher proliferative ability, displayed
higher cell motility both in migration and wound
healing assays and also exhibited higher invasion
ability than parental cells. These results are in agree-
ment with previous reports [73-75].

For NGS validation on the differentially ex-
pressed miRNAs between MCEF-7 spheroids and pa-
rental, the chosen miRNAs represented various bio-
logical processes involved in breast cancer tumor-
igenesis. The overall trend of this data confirms that
the value obtained from the NGS was reliable. The
highest reads were observed in miR-10a, miR-21, and
miR-10b of spheroids and miR-10a, miR-21, and
miR-27b of parental, respectively. These miRNAs
were commonly found in MCEF-7 breast cancer cell
line responsible for tumour growth, migration, and
invasion response to tamoxifen drug, oncogenic
properties, and progression [76-79]. Both miR-10a and
miR-10b genes were both located in HOX clusters, a
family of genes that code for transcription factors re-
sponsible in embryo development and also in onco-
genesis [80, 81]. miR-10b is known as an oncogene in
breast cancer which is responsible for tumorigenesis
promoting migration, invasion and metastasis [81]
while very little is known about miR-10a in breast
cancer. MiR-10a is recognized by its higher expression
than that of miR-10b in MCF-7 cancer cell line [82].
This is consistent with our NGS data analysis where
we also observed the relatively high expressions of
miR-10a (929530 and 299888 reads) compared to
miR-10b (478725 and 168371 reads) in parental and
spheroid respectively. Among the 134 differentially
expressed miRNAs, 25 miRNAs were over expressed
in MCF-7 spheroids, whereas the remaining 109
miRNAs were under expressed. Overall, this reflects
that the phenotypic behaviour and other distinctive
features of spheroid enriched CSCs in MCEF-7 are
regulated by miRNAs.

Among the top ten miRNAs that were found to
be up-regulated, five miRNAs have previously been
reported to be involved in breast cancer regulating
cell cycle progression (miR-410) [83], cellular senes-
cence (miR-127) [84], as breast cancer biomarkers
(miR-411) [85], cell apoptosis (miR-1246) [86], and
drug resistance (miR-493) [87]. The present study
demonstrates some up-regulated miRNAs (miR-381,
miR-409, and miR-4508), which have yet to been
linked to breast cancer, but involved in the tumor-
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igenesis of other types of cancer (Table 2). MiR-381,
together with miR-495 have been shown in regulating
multidrug resistance in leukemia cells by reducing
expression of the drug efflux pump, and subsequently
increased the drug uptake by the cells [88]. MiR-409
has been shown to promote metastasis in human
prostate cancer [89] while miR-4508 has been reported
to regulate oncogenic transcription factors in colorec-
tal cancer [90]. The three miRNAs (miR-381, miR- 127
and miR-411), found to be up-regulated in spheroids
were down-regulated in other studies [84, 85, 88]. This
discrepancy is clear as miRNA profiles are attributed
to the different experimental setting such as source of
the cell type used in the studies. Our study compared
the miRNAs expression of the spheroid-enriched
CSCs cells to that of the parental cells while other
studies measured the miRNA expression in breast
cancer tissues. Therefore, the profiles of sphe-
roid-enriched CSCs cells and non-CSC are not com-
parable with each other. Interestingly, two miRNAs
(miR-4492 and miR-4532), which have not been pre-
viously reported in breast cancer had a FC >10.
Judging from such high degree of differences, these
miRNAs are worthy candidates to further explore
novel biological links towards CSC-based research.
Of the top ten miRNAs that were found to be
down-regulated in spheroids, five miRNAs (miR-221,
miR-27b, miR-125b, miR-760, and miR- 301a) have
previously been reported to be involved in breast
cancer and two miRNAs (miR-30c, and let-7f) in
breast CSCs. The five down-regulated miRNAs found
in breast cancer have roles in drug resistance and
EMT (miR-221) [91], tumour growth (miR-27b) [79],
cell motility (miR-125b) [92], chemoresistance
(miR-760) [93], and cell migration, invasion and pro-
liferation (miR-301a) [94]. Hence, this provides a rea-
son the spheroids behave more aggressively and ex-
hibit higher chemoresistance compared to the paren-
tal. MiR-221, showing a >50-fold reduction in expres-
sion, is particularly interesting. It has been reviewed
to be involved in estrogen receptor-negative breast
cancer and also involved in drug resistance [95].
miR-221 has been identified as a regulator of EMT
transition and induced EMT-like characteristics, re-
sponsible for cell invasion and migration [96], which
is consistent with the biological significance of the
present study. MiR-760 which had been functionally
explored as a biomarker for early detection of colo-
rectal cancer [97] and breast cancer [93], was also
found as one of the top down-regulated miRNAs in
this study. These findings indicated that miR-221 and
miR-760 may be an important CSC-regulated miR-
NAs which have not been previously reported, and
suggest a potential role as targets for CSCs therapeu-
tics. Down-regulation of let-7f and miR-30c confirmed

the notion that CSCs were enriched in MCF-7 sphe-
roids [15, 98, 99], and these miRNAs may not only
regulate CSCs mechanisms, but may also enhance
breast cancer cells sensitivity to chemotherapeutics
drugs. Two miRNAs, miR-4448 and miR-1296, which
have not been linked to breast cancer, but involved in
other types of cancer [100, 101], were observed in our
study (Table 2). Further studies are needed to eluci-
date these potential oncogenic miRNAs implicated in
breast cancer and their functional roles in modulating
CSCs.

The pathway analysis revealed that these genes
were significantly related to the “axon guidance
pathway”, “pathways in cancer”, “MAPK signalling
pathway”, “Wnt signalling pathway”, “regulation of
actin cytoskeleton”, “insulin signalling”, “regulation
of actin cytoskeleton”, “mTor signalling pathway”
and “ubiquitin-mediated proteolysis” (Additional File
1: Table S8). All these pathways have been demon-
strated to be linked to various cellular activities in-
cluding proliferation, migration, invasion, formation
of multicellular spheroid, regulation of estrogen re-
ceptor signalling, cancer progression, metastasis,
self-renewal in cancer and CSCs, maintenance of EMT
and stemness and breast cancer chemoresistance
[102-106]. These results indicated that the differen-
tially expressed miRNAs regulate important biologi-
cal roles in the MCF-7 spheroids. A particularly in-
teresting pathway found is “axon guidance” which
has been thought to contribute major roles in breast
cancer tumorigenesis [107] and in pancreatic carcino-
genesis [108] and was recently found to be linked to
chemoresistance in drug-resistant breast cancer cells
[109]. “Endocytosis pathway” which was enriched in
the spheroids, is also consistent with the observation
in breast CSCs isolated from breast cancer specimens
[110]. “Regulation of cytoskeleton” and “adherens
junction” pathways are also the major pathways
found in stem cells, where increasing evidence has
demonstrated that the remodelling of the cytoskeletal
proteins can determine the stem cell fate [111-113].
GO analysis also showed noticeable changes in cellu-
lar components of the spheroids (GO: 0005911,
cell-cell junction; GO: 0015629, actin cytoskeleton)
which gives the spheroids their higher cell prolifera-
tion and cell migration characteristics. Gene clustering
governing cell cycle is also an important feature of
CSCs for the maintenance of self-renew ability and
proliferation characteristics [114, 115]. GO analysis
demonstrated that there are changes in cell cy-
cle-related gene cluster (GO: 0031571, mitotic G1 DNA
damage check point; GO: 0051302, regulation of cell
division; GO: 0045930, negative regulation of mitotic
cell cycle; GO: 0031575, G1/S transition check point)
which correlates to their higher proliferation activity
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and metastasis ability in spheroids. Taken together,
the GO terms and KEGG pathways enriched from the
predicted miRNAs found in the spheroids further
illustrated the possible roles of these miRNAs in
breast spheroid chemoresistance and maintenance of
self-renewal. It appeared likely that the spheroids
have undergone some morphological changes and
through the EMT process, proliferated faster, acquired
a higher migration and invasion properties, higher
chemosensitivity and most probable enriched with
CSCs populations, in agreement with other recent
studies [116, 117].

With frequent relapse of breast cancer and lim-
ited treatment options, miRNAs-targeted therapies
may be the next option. To summarize, this work is
among the first to provide a comprehensive compar-
isons in terms of the miRNAs expressions in the
spheroid-enriched CSCs model. The work described
here demonstrated the biological features and the
roles played by certain miRNAs of the sphe-
roid-enriched CSCs model. We believe that this paper
has also an important application for identifying
novel miRNAs and gene targets that may play a role
not only in breast CSCs, but also in other cancers.
While the method of mimicking the CSCs tumour
model using spheroid enrichment method, may only
enrich a subset of the CSCs populations, it provides
important insights into the breast CSCs carcinogenesis
mechanisms. It should be interesting to analyze the
functional roles in breast spheroids of the differen-
tially expressed miRNAs that have not been previ-
ously linked to breast cancers. Our work may provide
insight into the possible role of miRNAs as bi-
omarkers for therapeutic targets in breast cancer
management.
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