
Introduction

Despite advances in treatment modalities, complete eradication of
breast cancer metastases has proven to be challenging.
Development of resistance to conventional therapy, unpredictable
response and relapse remain major challenges in the management
of breast cancer patients [1–3]. The culture of cancer cells in the
form of multicellular spheroids has been used as a model to eval-
uate the efficacy of antitumour drugs [4] since this system pre-
serves the architecture of tumour cells in three dimensions [5–7].
In order to assess the characteristics of the multicellular spheroid-
derived cells, we enriched a subpopulation of cells from three
established breast cancer cell lines by culturing them as spheroids.

These cell subpopulations exhibited increased tumorigenic poten-
tial when injected into mice. Various changes in molecular expres-
sion [8, 9] and even in biological activity [10, 11] have been
reported to exist between the three-dimensional and the conven-
tional monolayer cultures.

MicroRNAs (miRNAs) are members of the class of non-coding
RNAs that have emerged as regulators of gene expression. They
have been reported to regulate gene expression at the level of
both, transcription and translation [12]. Their role in cancer patho-
genesis has become increasingly evident. Several recent studies
have identified miRNAs as obvious novel diagnostic and prognostic
indicators and therapeutic targets [13–19]. Recent evidence indi-
cate that miRNAs can function as tumour suppressors or onco-
genes [12, 20]. Oncogenic miRNAs (oncomiRs) are the miRNAs
with a defined role in cancer [20]. In clinically derived breast can-
cer specimens the expression of several miRNAs was deregulated
in correlation with certain pathologic features [21]. Specifically,
miRNAs have been reported to influence processes such as
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epithelial-to-mesenchymal transition [22] and tumour invasion
and metastasis [23–25]. miRNAs have also been implicated in
tamoxifen resistance of breast cancer [26, 27] and doxorubicin
resistance of breast cancer [28].

Thus, given the fact that miRNAs play a determinative role in
imparting chemoresistance and the fact that multicellular sphe-
roid-forming sub-population of cells (SFCs) are predominantly
used to in drug-response studies, we profiled the SFCs from three
breast cancer cell lines for their characteristic miRNA signature.
We found that compared to the monolayer-derived cells, the
osteopontin (OPN)-targeting miRNA, hsa-mir-299–5p was com-
monly downregulated in the SFC subpopulations from all three cell
lines. We have previously shown that the expression of an onco-
genic protein, OPN is functionally critical to the tumorigenic ability
of cancer cells [29]. OPN is an acidic phosphoglycoprotein that
can signal via CD44 and several integrins to orchestrate several
events in the cell such as invasion, migration, cell survival and
proliferation, chemotaxis and adhesion [30–34]. OPN has been
clinically correlated with increased tumour burden and adverse
prognosis in patients with breast cancer metastasis [30, 35–41].
OPN influences several signalling pathways that play a role in
tumour progression and metastasis [31, 42–45]. In agreement
with the miRNA findings, the breast cancer-SFC subpopulation
secretes OPN de novo. We further find that the elevated OPN is
important to the ability of the breast cancer-SFC cells to re-organize
into vascular-like structures.

Methods and materials

Cell culture

MCF10AT and MCF10DCIS.com cell lines [46, 47] were grown in DMEM/F-
12 (Invitrogen, Carlsbad, CA, USA) supplemented with 5% heat inactivated
horse serum (Invitrogen), 100 ng/ml cholera toxin (Calbiochem, San
Diego, CA, USA), 10 �g/ml insulin (Sigma, St. Louis, MO, USA), 25 ng/ml
epidermal growth factor (EGF; Sigma) and 500 ng/ml hydrocortisone
(Sigma). These cell lines were acquired from the Barbara Ann Karmanos
Cancer Center (Detroit, MI, USA). The MCF10DCIS.com cell line is locally
aggressive and was obtained by serial xenograft passages of the premalig-
nant, tumorigenic MCF10AT cells in SCID mice [46, 48]. The MCF7 cells
were grown in DMEM/F-12 (Invitrogen) supplemented with 5% heat inac-
tivated horse serum (Invitrogen) and 10 �g/ml insulin (Sigma). All cells
were maintained in a humidified 5% CO2 environment at 37 �C.

The spheroid-forming cell population (SFC) from MCF10AT, MCF7 and
MCF10DCIS.com cells was enriched by culturing them under conditions of
compromised adherence in low attachment tissue culture plates (Corning,
Corning, NY) in DMEM-F12 (Invitrogen) supplemented with 0.4% bovine
serum albumin (BSA; Sigma), 25 ng/ml EGF (Sigma) and 10ng/ml basic
fibroblast growth factor (bFGF; Sigma) [49]. The effect of OPN on spheroid
structure was studied by adding 2 �g/ml blocking/neutralizing anti-OPN
antibody (Sigma) or an isotype control into the spheroid culture medium.

The effect of serum-starvation was studied by culturing the spheroids
for 16 hrs in serum-free, phenol red-free medium followed by growth in the
ambient medium for 48–72 hrs. Photographs were acquired at 10� mag-

nification using a Zeiss Axiocam 200M microscope (Carl Zeiss Microimaging,
Gottingen, Germany).

Immunoblotting

Cell lysates (30 �g) were resolved by SDS-PAGE and immunoblotted for
CD31 (Millipore, Billerica, MA, USA), Angiopoietin-1 (SantaCruz Biotech,
SantaCruz, CA, USA) and Endoglin 1 (Millipore). �-actin (Bio-Rad,
Hercules, CA, USA) was monitored as a loading control.

In order to assess the secreted OPN, 2 � 105 cells were seeded in
growth medium. The next day, growth medium was replaced with serum-
free, phenol-red free, DMEM-F12 (Invitrogen). The conditioned medium
was harvested 16 hrs later and immunoblotted for OPN (Assay Designs,
CA, USA). Blots were developed with SuperSignal enhanced chemilumi-
nescence substrate (Pierce, Rockford, IL, USA) and exposed using a Fuji
LAS3000 imager (Fujifilm Life Science, Stamford, CT, USA).

microRNA analysis

RNA quality was assessed using the Bioanalyser2100 (Agilent, Palo Alto,
CA, USA) and RNA measurement on the Nanodrop instrument
(Wilmington, DE, USA). The samples were labelled using the miRCURY™
Hy3™/Hy5™ labelling kit and hybridized on the miRCURY™ LNA Array
(v.8.1) (Exiqon, Denmark).

Quantitative RT-PCR

For analysis of OPN mRNA levels in cell lines, RNA from various cell lines
was subjected to real time quantitative real-time RT-PCR (qRT-PCR). 1 �g
of total RNA was used to synthesize cDNA (High Capacity Reverse
Transcription kit from Applied Biosystems, Foster City, CA). PCR was per-
formed with 40 ng of cDNA with OPN TaqMan primer probe sets in TaqMan
Universal PCR Master Mix (Applied Biosystems) using a BioRad iQ5Real-
Time Detection system (Bio-Rad) with the following thermocycling condi-
tions of two initial steps of 50 �C for 2 min., 95 �C for 10 min. followed by
40 cycles of 95 �C for 15 sec. and 60 �C for 1 min. OPN transcript levels
were normalized to GAPDH levels (�CT), which was used to calculate
changes in OPN expression (2���CT). The 2���CT values of the SFC cells
were normalized to their respective monolayer-derived adherent cells.

For analysis of mature miRNA levels by real-time RT-PCR, cDNA was
generated using the MicroRNA Reverse Transcription kit (Applied
Biosystems). Total RNA (200 ng) was used to synthesize cDNA using
primers specific to either U6 (control) or hsa-mir-299–5p. PCR was done
using 1.33 �l of cDNA with either U6 or hsa-mir299–5p TaqMan primer
probe sets with 1� TaqMan Universal PCR Master Mix, No AmpErase UNG
(Applied Biosystems). The following thermocycling conditions were used:
an initial step of 95 �C for 10 min. followed by 40 cycles of 95 �C for 15 sec.
and 60 �C for 1 min. hsa-mir-299–5p miRNA levels were normalized to U6
(�Ct 	 Ct299–5p-CtU6) levels which was used to calculate changes in hsa-
mir-299–5p miRNA levels (��Ct). To compare changes in expression
between monolayer-derived adherent breast cancer cells and SFC cells, the
adherent breast cancer cells were set as calibrator, which were defined as
100% and compared to their respective SFC cells. The levels of hsa-mir-
299–5p was determined as 2���Ct

� 100% wherein ��Ct 	 �Ctbreast cancer

– �CtNormal Breast or ��Ct 	 �CtSFC – �Ctadherent.
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Transfection with anti-mir-299–5p

To inhibit endogenous miRNA, anti-miR™ miRNA Inhibitor (Ambion, Austin,
TX, USA) was transfected into MCF10AT and MCF10DCIS.com cells. Anti-
miRNA was delivered by reverse transfection into cells with siPORT NeoFX
transfection reagent (Ambion). Briefly, transfection complexes were diluted
in serum free medium containing 5 �l of siPORT reagent and 40, 60 and
100 nM anti-miRNA. Complexes were added to each well of a six well plate
and 2.3 ml (100,000 cells/ml) of cells were overlaid on complexes. Cells
were assayed for knockdown 48 hrs post-transfection. The experiments
were performed in triplicate and were repeated at least once.

Plasmid constructs

Oligos encompassing the hsa-mir-299 binding site in the 3
 UTR region of
OPN mRNA 5
-agctttgtggcttcatggaaactccctgtaaactaaaagcttcagggttat-
gtcta-3
 and 5
–ctagtagacataaccctgaagcttttagtttacagggagtttccatgaagcca-
caa-3
 [50] were annealed and cloned into the HindIII and SpeI sites of the
pMIR-Report vector (Ambion) to generate pMIR-Report-OPN.

The hsa-mir-299 expression construct was generated in pIRES2-EGFP
(Clontech) by annealing commercially synthesized oligonucleotides corre-
sponding to the mature miRNA of hsa-mir-299 5
-aattccaagaaatggtttac-
cgtcccacatacattttgaatatgtatgtgggatggtaaaccgcttcttcgg-3
 and 5
-gatccc-
gaagaagcggtttaccatcccacatacatattcaaaatgtatgtgggacggtaaaccatttcttgg-3


followed by cloning into the BamHI and EcoRI sites of pIRES2-EGFP.

Luciferase reporter assay

Cells were transfected using Lipofectamine 2000 (Invitrogen) per manufac-
turer’s protocol. Briefly cells were plated one day prior to transfection in
complete medium. Cells were transfected with 50 ng of pMIR-Report or
pMIR-Report-OPN in combination with either 100 ng pIRES2-EGFP vector
alone or pIRES2-EGFP-hsa-mir-299 construct. Total protein from the cells
was harvested 36 hrs post-transfection and luciferase activity was meas-
ured using a Turner 20/20 Luminometer (Turner Biosystems, Sunnyvale,
CA, USA). The assays were performed in triplicate and the entire assay was
repeated once.

Semi-thin sections

Cells were fixed with 3% glutaraldehyde in cacodylate buffer. Specimens
were post-fixed with 1% osmium tetroxide, dehydrated and embedded in
PolyBed 812 media (Polysciences Inc., Warrington, PA, USA). One-micron
sections were stained with toluidine blue and examined by light
microscopy. Sections were examined and photographed using a Nikon 
E-600 light microscope (Nikon Instruments Inc., Melville, NY, USA) with
digital imaging.

Scanning electron microscopy

Cells from culture were placed on a coverslip and spray fixed with
Surgipath Cytology Fixative (Surgipath Medical Industries, Inc., Richmond,
IL, USA). The cover slips were attached to stubs, and the specimens were

coated with gold-palladium in a Denton DSM-5A cold sputter module
(Denton Vacuum, Moorestown, NJ, USA). Specimens were viewed and
photographed in a Philips XL20 scanning electron microscope (FEI,
Hillsboro, OR, USA).

Tumour growth assay

Cells at 70–90% confluence were detached with Trypsin-EDTA
(Invitrogen), washed with chilled Calcium and Magnesium-free Dulbecco’s
Phosphate Buffered Saline (CMF-DPBS), and re-suspended in ice-cold
Hank’s Balanced Salt Solution (Invitrogen) and injected into the third mam-
mary fat pad of 6 week old, female athymic mice (Harlan Sprague Dawley,
Indianapolis, IN, USA). The SFC cells were mechanically dissociated,
counted and similarly injected into mice. Tumour size was measured
weekly and mean tumour diameter calculated by taking the square root of
the product of orthogonal measurements. Mice were killed after the mean
tumour diameter reached 1.0 cm [29]. In order to monitor the effect of
OPN on tumour growth, cells were transfected with OPN shRNA (NM636)
or universal scrambled-sequence cloned into pSUPER using Lipofectamine
2000 (Invitrogen). The shRNA targets the following sequence
ACGAGUCAGCUGGAUGACC in OPN at position 636 from the start codon
per Genbank sequence NM_000582 [29].

Transfected cells were harvested after 48 hrs and injected as detailed
above. A parallel transfection was assessed by immunoblotting and con-
firmed to be knocked down for OPN consistent with previous results [29].
Mice injected with MCF7 cells and the corresponding SFCs received sub-
cutaneous implants with estrogen pellets as previously described by us
[51]. For all mice experiments, we used 8 mice per experimental group and
the entire experiment was repeated once. Animals were maintained under
the guidelines of the National Institute of Health and the University of South
Alabama. All protocols were approved and evaluated by Institutional
Animal Care and Use Committee. Food and water were provided ad libitum.

Statistical analysis

Statistical differences between groups were assessed using the
Mann–Whitney test, t-test or ANOVA, using GraphPad Prism 4 software.
Statistical significance was determined if the analysis reached 95% confi-
dence. The precise P-values are listed in the corresponding figure legends.
In all figures the error bars represent standard error of the mean (S.E.M.).

Results

The spheroid-forming cells (SFC) are highly
tumorigenic

We cultured three breast cancer cell lines, MCF7, MCF10AT and
MCF10DCIS.com in the form of multicellular spheroids (Fig. 1A).
Notably, the spheroids from the three cell lines displayed differ-
ences in their morphology. The spheroids enriched from MCF7
cells appeared to comprise of cells packed more tightly in a com-
pact structure than those from MCF10AT and MCF10DCIS.com.

© 2009 The Authors
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We assessed the tumorigenicity of the spheroid-enriched cells
following implantation into the mammary fat pad of athymic female
nude mice (Fig. 1B). We did not co-inject with Matrigel, as is com-
monly done. Instead we chose to inject just the cells per se, in
order to assess their tumorigenicity without extraneous modifiers.
We found that as few as 50,000 spheroid-enriched cells from
MCF10DCIS.com (DCIS-SFC) are able to form a fast-growing
tumour that attains an average tumour diameter of 10 mm within 
4 weeks. Moreover, a mere 25,000 DCIS-SFC cells formed a 
similar sized tumour at the same rate as 1 million adherent
MCF10DCIS.com cells. While the tumour from 50,000 DCIS-SFC
cells attained an average size of 10 mm after 26 days, those from
adherent MCF10DCIS.com cells achieved this size close to 50 days
post-injection. Overall, the rate of tumour formation by the adherent
MCF10DCIS.com cells was significantly slower than the DCIS-SFC
cells (P 	 0.02). Similar behaviour was noted with the spheroid-
enriched cells from MCF7. MCF7-SFC cells (1 � 105) were able to

form a tumour at the same rate (P 	 0.5) as that of one million
monolayer-derived adherent MCF7 cells. Thus, injection of 10-fold
less MCF7-SFCs generated a tumour of approximately 9 mm after
7 weeks, comparable to 1 million adherent MCF7 cells. Injection of
fewer numbers (50,000 and 25,000) of the MCF-SFCs did result in
tumours, but after a prolonged period of latency.

Thus, overall, the spheroid-enriched cells display enhanced
tumorigenicity compared to the adherent monolayer-derived
cells. We would like to emphasize that we did not attempt to
titrate the SFC subpopulation in order to determine the lowest
injectable cell number necessary to form a tumour (since that has
been published by several other labs [49, 52, 53]), but rather 
verified that our SFC cells are capable of forming tumours with
cell numbers much lower than those required for routine tumour
formation assays. Thus, the spheroid-forming cells are a func-
tionally distinct population of breast cancer cells that bear
enhanced tumorigenic potential.

© 2009 The Authors
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Fig. 1 The enriched sub-populations of spheroid cells are highly tumorigenic (A) Photomicrographs of spheroids generated from MCF7 (MCF7-SFC),
MCF10AT (MCF10AT-SFC) and MCF10DCIS.com (DCIS-SFC) cell lines. (B) The spheroid forming cells enriched from MCF10DCIS.com (DCIS-SFC) are
highly tumorigenic when implanted into the mammary fat pad of female athymic nude mice. As few as 50,000 (50 K) cells are able to form a rapidly
growing tumour (indicated by *; P 	 0.02 for the entire period of tumour growth) compared to the adherent MCF10DCIS.com cells (DCIS; 1million cells
injected). The spheroid-forming cells derived from MCF7 cells (MCF7-SFC) display enhanced tumorigenic potential compared to the monolayer-derived
adherent cells. As few as 1 � 105 cells (1E5) MCF7-SFC cells are able to form a tumour at the same rate (P 	 0.50) as that of the adherent MCF7 cells.
Eight mice were injected per experimental group and the entire experiment was repeated once.
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The enriched SFC subpopulation secretes 
OPN de novo

We and others have previously shown that the oncoprotein, OPN
plays a functionally determinative role in the development and pro-
gression of cancer [29, 42, 54, 55]. The monolayer-derived adherent
MCF7, MCF10AT and MCF10DCIS.com cell lines do not secrete OPN
(below detection limits; results not shown). In order to determine if
the SFCs derived from these cells express OPN, we assessed the SFC

population for their levels of OPN mRNA by a real-time qRT-PCR. We
found that the SFCs express increased levels of OPN messenger RNA
(Fig. 2A) when compared to the OPN transcript levels from their
respective monolayer-derived adherent cells. OPN is a secreted pro-
tein. In order to assess if increased mRNA levels are reflected as
secreted OPN, we tested the conditioned culture medium from the
SFCs for the presence of OPN. In order to ensure that we rule out the
effect of the added media supplements in the growth medium of
spheroids, all cells were grown in DMEM-F12 without phenol red or
any added supplements for 16–18 hrs. We saw that the SFCs secrete

© 2009 The Authors
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Fig. 2 The OPN expressed de novo by the SFCs is vital to their malignant behaviour. The SFC subpopulation of cells derived from MCF7, MCF10AT and
MCF10 DCIS.com (DCIS) cell lines expresses (A) An increase in the levels of OPN transcript. RNA from the three adherent cell lines and from the SFC pop-
ulation was assayed by real-time quantitative RT-PCR. Results are expressed relative to the respective adherent cells (*P � 0.05; **P � 0.005) and repre-
sent experiments done in triplicate with one repeat. (B) The SFC (S) cells secrete OPN. Conditioned serum-free medium from the cells was harvested and
immunoblotted for osteopontin (OPN), while the monolayer-derived adherent (M) cell lines do not. (C) Antibody-mediated neutralization of OPN (�-OPN)
negatively impacts the proliferation of the SFC cells derived from MCF7 (P � 0.001) and MCF10DCIS.com (DCIS) (P � 0.005). The adherent cells are not
affected. As a control, the cells were treated with an isotype control antibody (�-Iso). All groups were assessed in triplicate. (D) Transfection of the short
hairpin RNA to OPN (shOPN) significantly (indicated by *; P 	 0.03) retards the tumour growth of the SFC subpopulation enriched from MCF10DCIS.com
(DCIS-SFC) compared to the SFC cells treated with Scrambled-shRNA (shScr). The adherent MCF10DCIS.com (DCIS) do not respond notably to the OPN
shRNA (P  0.5 for the entire period of the experiment). Eight mice were injected per experimental group and the entire experiment was repeated once.
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OPN de novo into the culture medium (Fig. 2B) unlike the adherent
breast cancer cells from which they were derived.

OPN functionally contributes to tumorigenicity 
of the spheroid-forming cells

We previously published that abrogating OPN expression greatly
reduced the tumorigenicity of aggressive, metastatic human
breast cancer cells [29]. When the secreted OPN was squelched
by the addition of a neutralizing anti-OPN antibody, the SFCs pro-
liferated significantly slower compared to the cells with an isotype
control antibody added. In the presence of an anti-OPN antibody
the proliferation rate of MCF7- SFC and MCF10DCIS- SFC was
reduced to 40% (P � 0.001) and 60% (P � 0.005) respectively of
the untreated cells. In contrast, the proliferation of the monolayer-
derived adherent MCF7 and MCF10DCIS.com cells was not
affected by the addition of a neutralizing OPN antibody (Fig. 2C).
In order to assess the effectivity of the anti-OPN Ab, we monitored
the overall levels of MMP-2 as a surrogate marker since MMP-2
has been reported to be transcriptionally upregulated downstream
of OPN signalling [56, 57]. As shown in  Fig. S1A, neutralizing the
activity of OPN with an antibody decreases the levels of MMP-2
transcript, suggesting that the added antibody blocked OPN-initi-
ated signalling resulting in decreased MMP-2 levels.

In order to determine if the increased expression of OPN con-
tributed towards the growth advantage of the tumour, we injected
50,000 spheroid-enriched cells from MCF10DCIS.com cells
(DCIS- SFC) that were transfected with either the shRNA to OPN
or a universal scrambled-sequence control (Fig. S1B). The
MCF10DCIS- SFC transfected with shRNA to OPN (DCIS- SFC �
OPN shRNA) showed significant (P 	 0.03) retardation in the
tumour growth rate compared to MCF10DCIS- SFC transfected
with scrambled-sequence shRNA (DCIS- SFC � Scr shRNA).
While the MCF10DCIS- SFC � Scr shRNA group attained an aver-
age size of 9 mm in just 30 days, the MCF10DCIS- SFC � OPN
shRNA tumours attained 8 mm average size after 38 days (Fig. 2D).
Thus, transfecting shRNA to OPN resulted in a ~30% slower
growth rate of the MCF10DCIS- SFC. Transfection of OPN shRNA
did not significantly (P  0.5) impact the tumour growth rate of
the monolayer-derived MCF10DCIS.com cells. This is consistent
with our observation showing that the adherent MCF10DCIS.com
cells do not secrete OPN into the culture medium (Fig. 2B). Thus,
our findings imply that OPN functionally contributes to the growth
of the SFCs. Moreover, silencing of OPN from malignant breast
cancer cells negatively impacted their tumorigenic potential.

The spheroid-forming cells can organize 
into tubular structures

In vivo, when the tumour cells are stressed, deprived of nutrition,
they display phenotypic plasticity in the form of vascular mimicry
wherein the tumour cells organize themselves into a vascular phe-
notype [58]. This allows them to form channels in order to harness

a supply of nutrients to sustain the growth of the tumour cells. We
assessed the ability of the SFCs to respond to nutrient stress. The
MCF7-SFCs were grown under serum-free conditions in an attempt
to mimic the in vivo condition of nutrient limitation. Upon restora-
tion of the ambient growth conditions (for spheroids, in presence
of serum), as the SFCs recovered from the stress, they organized
themselves into vascular-like networks (Fig. 3A and B) as against
the spheroids that they normally organize into (Fig. 1A). This indi-
cates that under conditions of stress, the SFCs are capable of
changing their morphology and undergoing cellular reorganization.
Similar behaviour was seen when MCF10DCIS.com- SFCs were
subjected to nutritional stress and recovery ( Fig. S2). In contrast,
the monolayer-derived adherent cells did not display such cellular
re-arrangement in response to nutrient stress (data not shown).

OPN is critical to the development 
of the vascular-like structures

In order to address the role of the secreted OPN in the response
to nutrient stress, we tested the effect of a neutralizing anti-OPN
antibody and an isotype control under nutrient limiting conditions.
While the isotype control did not have any noticeable effects, the
addition of an anti-OPN antibody (Fig. 3C and D) completely 
disrupted the spheroid structure within 48 hrs. The spheroid
structure did not re-form even after extended incubation (7 days)
in culture despite the presence of non-adherent, viable cells scat-
tered throughout as single cells. This suggests that removal of
OPN interfered with the ability of the SFCs to maintain the sphe-
roid structure and to adapt to nutrient limitation.

The vascular-like structures formed 
by the SFC cells enclose a lumen

In order to visualize if the tubular structure was just a randomly
organized mass of cells or whether it gave rise to a central lumen,
we stained semi-thin (1 �m) sections with toluidine blue. As
shown in Figure 4A (arrows), it appears that there are lumens
being created by the clearance of the interior cells. This is more
evident from a magnified view of the structure (Fig. 4B and C). The
lumen is surrounded by multiple layers of the cancer cells. The
average diameter of the lumens formed is 71.2 � 9.1 �m (from
12 independent measurements). This diameter corresponds to
that of a small to medium-sized capillary [59]. Thus, we find that
under conditions of nutrient limitation, the spheroids coalesce to
form tubular structures that enclose lumens.

The SFC subpopulation is capable of vasculogenic
mimicry

Vasculogenic mimicry refers to the plasticity of tumour cells and
is the ability of tumour cells to take on the properties of endothelial
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cells and form mosaic structures that can nourish the tumour with
blood supply. In order to address the hypothesis that the SFCs are
capable of this vasculogenic mimicry, we immunoblotted the
lysates from the SFCs and the respective adherent breast cancer
cell lines for endothelial markers [60]. We see that the SFCs dis-
play de novo endothelial surface markers, CD31, angiopoietin-1
and (Endoglin) CD105 (Fig. 5A), suggesting that the SFCs are
potentially capable of vasculogenic mimicry. We quantitated the
intensity of the signals for CD31, Angiopoeitin-1 and Endoglin and
have normalized the readings to the respective �-actin signal (Fig.
5 B–D). We see that the SFCs express significantly (P � 0.05)
increased levels of CD31, Angiopoietin-1 and Endoglin compared
to their respective adherent cells. As seen in  Figure S3, the cells
comprising the tubular structure formed by MCF7-SFCs express
CD31. Staining for CD31 is also strongly seen around the lumen
formed in the structure.

The OPN-targeting microRNA hsa-mir-299–5p 
is commonly downregulated in the SFC cell 
subpopulation enriched from all three breast 
cancer cell lines

In order to understand the role of miRNAs in contributing to the
OPN-mediated behaviour of the SFC subpopulation of breast can-
cer cells, we identified the miRNAs that are commonly de-regu-
lated in the SFC cells enriched from three breast cancer cell lines.

Bioinformatic search at the miRBASE Sanger database [50] for
putative targets of hsa-mir-299–5p revealed a binding site in the
3
 UTR of the OPN mRNA. Specifically, hsa-mir-299–5p is pre-
dicted to bind to the mRNA of OPN from �1083 to �1095 
(�1 corresponds to the translation start of OPN). This binding site
corresponds to the 3
 untranslated region of OPN mRNA (272 bp
downstream of the translation stop site).

Specific qRT-PCR for hsa-mir-299–5p confirmed that the lev-
els of this miRNA are significantly decreased in the SFC popula-
tion (Fig. 6A) compared to the respective monolayer-derived
adherent cells. In order to test if OPN is indeed targeted by this
miRNA, we transfected MCF10AT cells and MCF10DCIS.com cells
with an anti-miRNA inhibitor specific for hsa-mir-299–5p (that
will specifically bind to and inhibit endogenous hsa-mir-299–5p).
As is expected of the anti-miRNA inhibitor, transfection of the
inhibitor did not alter the levels of hsa-mir-299–5p (data not
shown). However, we saw that in MCF10AT cells OPN was upreg-
ulated with as low as 40 nM of the anti-miRNA 48 hrs post-
treatment and further increased with 60 and 100 nM concentrations
of the anti-miRNA (Fig. 6B). Similarly, in MCF10DCIS.com cells,
treatment of the cells with 60 and 100 nM of anti-miRNA caused
an increase in the OPN levels. These results suggest that with
increasing concentrations of the anti-miRNA, the available pool 
of hsa-miR-299–5p in the cell is inhibited in its ability to act on
its messenger RNA targets. This allows for translation of the
messenger RNAs and expression of the respective proteins. We
have documented an increase in the protein levels of OPN upon
treatment of cells with the anti-miRNA inhibitor specific to 
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Fig. 3 The SFC cells can organ-
ize into tubular structures. (A
and B) Shown are two represen-
tative pictures of scanning elec-
tron microscopy performed on
these structures (Please see
text for details). Bar corre-
sponds to 200 �m in (A) and
500 �m in (B). (C and D)
Depleting OPN results in a 
disruption of the organization 
of the coalescing spheroids.
Shown is a representative pho-
tomicrograph (using phase con-
trast microscopy) of the MCF7-
SFC cells in presence of an (C)
isotype control antibody and (D)
blocking anti-OPN antibody. Bar
corresponds to 100 �m.
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hsa-mir-299–5p. Thus, these experiments suggest that OPN is a
target of hsa-mir-299–5p.

Next, we examined the ability of hsa-miR-299–5p to target its
putative binding site in the mRNA of OPN in two cell systems,
Cos-7 and MCF10A. We cloned the hsa-mir-299–5p-binding site
from the OPN mRNA downstream of a luciferase reporter in
pMIR-Report to generate pMIR-Report-OPN. In this construct,
the activity of luciferase is under regulation of hsa-mir-299–5p.
When pMIR-Report-OPN was co-transfected with a construct
that overexpresses hsa-mir-299–5p, we saw a ~42% and 30%
reduction (P 	 0.001) in the activity of pMIR-Report-OPN (Fig. 6C)
in Cos-7 and MCF10AT cells respectively. This suggested that
hsa-mir-299–5p overexpressed from the pIRES2-EGFP construct
was able to regulate the activity of luciferase via the putative 
hsa-mir-299–5p-binding site from the OPN mRNA. Moreover,
overexpression of hsa-mir-299–5p in MCF7-SFCs and DCIS-
SFCs causes a significant (P � 0.05) decrease in the levels of
OPN mRNA as well (Fig. 6D). Thus cumulatively, our experi-
ments (Fig. 6B– D) substantiated the role of hsa-mir-299–5p in
targeting OPN.

Discussion

Tumour heterogeneity plays an important role in determining dis-
ease progression and therapeutic resistance. A small population of
cells that is inherently drug-resistant is believed to determine
tumour progression and micrometastatic spread. Malignant sub-
populations of breast cancer cells have been enriched and propa-
gated in culture in three dimensions as multicellular spheroids [4].
These spheroid structures are believed to recapitulate the tumour
architecture and physiology more closely compared to the mono-
layer cell culture conditions [4, 61, 62] and are used in studies
investigating drug sensitivity [63–65]. In order to characterize the
cells derived from these spheroids, we enriched a spheroid form-
ing subpopulation (SFC) of cells from three breast cell lines:
MCF10AT (representing a model of proliferative, pre-neoplastic
breast); MCF7 (representing adenocarcinoma of the breast) and
the mildly aggressive MCF10DCIS.com cells (representing lesions
of Human Comedo Ductal Carcinoma in Situ in xenograft models).
The spheroid-derived cells formed a tumour upon injection of far
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Fig. 4 The vascular-like struc-
tures formed by the SFC cells
enclose a lumen (A) The struc-
tures formed in response to
nutrient stress bear lumens
(indicated by arrows). From 12
independent measurements,
using the microbar as a guide,
we determined that the average
lumen diameter is 71.2 �

9.1 �m. (B and C) Magnified
images of two areas of the tubu-
lar structure. Bar corresponds
to 100 �m.
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fewer (40-fold less) cells, i.e. the growth rate exhibited by 
the monolayer-derived, adherent MCF10DCIS.com cells was 
similar to that of 25,000 SFCs enriched from this cell line. Thus,
we enriched a sub-population of cells that displayed an enhanced
tumorigenic potential.

In recent decades, the microenvironment or niche has
emerged as particularly critical for tumour behaviour and metas-
tasis. The niche comprises the surrounding cells and the extra-
cellular matrix that interact with the tumour cells and serves as
a medium for cellular crosstalk. Under normal physiological con-

ditions, the niche maintains homeostatic regulation of the cells.
As the cancer cells acquire self-sufficiency and undergo uncon-
trolled proliferation, due to genetic changes within or as a result
of changes in the microenvironment, the niche gets transformed
into a microenvironment that favours proliferation and growth
[66–68]. Deregulation of the niche can be a result of factors that
are secreted by the cells comprising the niche or by the cancer
cells themselves, factors that can signal pro-proliferative events
in the cancer cells. OPN is one such secreted molecule that 
signals to promote cell proliferation, invasive and migratory
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Fig. 5 The SFC cell subpopulation is capable of vasculogenic mimicry. (A) The enriched SFC (S) population from MCF7, MCF10AT and MCF10DCIS.com
(DCIS) expresses de novo CD31, Angiopoietin-1 and Endoglin compared to the adherent (P) breast cancer cells. (B–D) Densitometric analysis (normal-
ized to their respective �-actin signal) of the differential levels of CD31, Angiopoietin-1 and Endoglin indicate that compared to their respective mono-
layer-derived adherent cells, the SFCs express significantly (indicated by *) greater levels of the three molecules. The comparisons for Angiopoietin are
as follows: MCF-SFC versus MCF7 (P 	 0.034), MCF10AT-SFC versus MCF10AT (P 	 0.0159) and DCIS-SFC versus DCIS (P 	 0.0023). The compar-
isons for CD31 are as follows: MCF-SFC versus MCF7 (P 	 0.0091), MCF10AT-SFC versus MCF10AT (P 	 0.0009) and DCIS-SFC versus DCIS (P 	

0.0008). The comparisons for Endoglin are as follows: MCF-SFC versus MCF7 (P 	 0.0058), MCF10AT-SFC versus MCF10AT (P 	 0.0017) and DCIS-
SFC versus DCIS (P 	 0.0361).
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Fig. 6 The levels of the OPN-targeting
miRNA, hsa-miR-299–5p are decreased
in the SFC subpopulation. (A) The lev-
els of hsa-miR-299–5p are significantly
decreased in the SFC subpopulation
enriched from three breast cancer cell
lines viz. MCF7 (P � 0.02), MCF10AT
(P � 0.02) and MCF10DCIS.com (P �

0.02), as measured by qRT-PCR
(assessed in triplicate). (B) MCF10AT
and MCF10DCIS.com cells transfected
with anti-miRNA inhibitor 299–5p
show an increase in the levels of OPN.
Cells were transfected with the indi-
cated concentrations (nM) of the anti-
miRNA and assayed 24 and 48 hrs
later. Lysates were analysed for OPN
expression by immunoblotting. (C)
Cos-7 cells and MCF10AT were trans-
fected with pMIR-Report (empty 
vector) or pMIR-Report bearing the
hsa-miR-299–5p-binding site down-
stream of a luciferase reporter (pMIR-
OPN). Co-transfection with a construct
expressing hsa-miR-299–5p (299–5p)
results in significant (indicated with an
*; P 	 0.001) suppression of the
reporter. pIRES: empty vector control.
(D) Overexpression of hsa-mir-299–5p
decreases levels of OPN. SFCs from
MCF10AT and MCF10DCIS.com were
transfected with either empty vector,
pIRES (vec) or with a recombinant
construct that constitutively expresses
hsa-mir-299–5p. As compared to 
the controls, cells transfected with 
hsa-mir-299–5p showed a significant
(P � 0.05) decrease in the levels of
OPN transcript (assessed by real-time
RT-PCR).
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behaviour and metastasis [29, 30, 34, 39, 69]. It is noteworthy
that the SFCs secrete OPN de novo since the adherent cells
(MCF7, MCF10AT and MCF10DCIS.com) do not secrete OPN
(below the detection limits). This implicates that OPN, secreted
by the SFC population in a tumour constitutes a component of
the tumour microenvironment. Thus, our discovery that the SFC
population of breast cancer cells secretes OPN de novo has
important implications on the role of OPN in regulating the
behaviour of all the heterogeneous cells that comprise the
tumour. Our studies show that OPN plays an important role in
the proliferative ability of the SFCs and favourably influences the
malignant behaviour of breast cancer cells. The three-dimen-
sional structure of the spheroids makes them an ideal model to
evaluate the effects of chemotherapeutic drugs from the per-
spective of diffusion and adhesion barriers created by cell–cell
contacts. As a component of the secretome of cancer cells, OPN
interacts with cell surface via integrins and CD44 variants and
can act as a medium for cell adhesion [70,71].

The sustained growth of a tumour is accompanied by and
made possible by the evolution of the unstable cells that con-
stitute the tumour [72, 73] and by the recruitment of nutrients
via an angiogenic supply [74]. OPN promotes survival of
endothelial cells [75] and enhances tumour growth and angio-
genesis [42, 45, 76] by activating signalling cascades through
autocrine and paracrine mechanisms in breast cancer. A num-
ber of cellular stress factors such as hypoxia, nutrient depriva-
tion or inducers of reactive oxygen species (ROS) are impor-
tant stimuli of angiogenic signalling [77]. Our assessment of
the ability of the SFCs to respond to conditions of nutrient dep-
rivation showed that in response to nutrient stress the SFCs
functionally organized into tubular structures. The tubular
structures appear to be comprised of smaller coalesced struc-
tures. We further confirmed that these tubular arrangements
enclose lumen-like structures. The lumen diameter corre-
sponds to that of a small to medium-sized capillary; potentially,
this capillary can also serve as a route for the cancer cells to
shed into, thereby promoting systemic spread and distant col-
onization. Neutralization of the OPN secreted by the SFCs did
not permit the development of such a structure (Fig. 3C and D)
suggesting that OPN played a vital role in the ability of the SFCs
to metamorphose into a vascular phenotype and contributing
to tumour neo-vascularization. Moreover, we find that the SFCs
enriched from all three breast cancer cell lines display endothe-
lial cell markers (Fig. 5), CD31, Angiopoietin-1 and Endoglin
[58,60], suggesting that the SFCs are primed towards an
endothelial phenotype. The expression of these vascular mark-
ers is concomitant with the expression of OPN Thus, OPN
expression by the SFCs, acquired in part by the downregulation
of hsa-mir-299–5p, appears to contribute to their malignant
behaviour by allowing them to adapt to restrictive situations
imposed by conditions of nutritional limitation by forming mul-
ticellular cancer cell units [78] to re-capitulate a vascular niche
that sustains the growth of the tumour cells and potentiates the
malignant activity of the tumour.

With the increasing evidence for the role of miRNAs in malig-
nant progression, we sought to determine the distinct differences
between the monolayer-derived, adherent cells (MCF7, MCF10AT
and MCF10DCIS.com) and the respective SFCs by profiling their
miRNA expression. Computational predictions indicate that one
miRNA may target sets of genes, and suggest that over 50% of
human protein-coding genes might be regulated by miRNAs [79].
As a result, miRNAs can modulate protein expression and con-
tribute to tumour growth by regulating expression of critical
genes, including those involved in breast cancer cell propagation
[80, 81]. In order to determine if the upregulation of OPN expres-
sion was a result of de-regulated miRNA expression, we focused
our study towards hsa-miR-299–5p that was commonly downreg-
ulated in the SFCs derived from all three cell lines. We performed
a bioinformatic search [50] for putative target mRNAs of hsa-miR-
299–5p, and found that the 3
 UTR of OPN bears a site that is
likely recognized by hsa-miR-299–5p. We have previously shown
that the expression of OPN is acquired as breast cancer cells
increase in their malignant potential [29]. Interaction of miRNA
with its target mRNA has been known to result in inhibition of pro-
tein expression due to either degradation of the mRNA (perfect or
near-perfect complementarity to the target site) or because of inhi-
bition of protein synthesis (imperfect interaction with target) [19].

Thus, increased levels of the OPN mRNA and protein expres-
sion by the SFCs may in part be due to the decreased levels of hsa-
mir-299–5p among other endogenous factors. This is supported
by our observation that functionally, targeting hsa-mir-299–5p
using anti-miRNA upregulated expression of OPN, complemented
by the decreased activity of a reporter (placed under control of
hsa-mir-299–5p) and decreased levels of OPN mRNA in response
to overexpression of the mature hsa-mir-299–5p. Thus, we have
conclusively demonstrated that hsa-mir-299–5p regulates OPN.
To our knowledge this is the first report of regulation of OPN 
by miRNA.

Thus, our studies have identified that spheroid-derived cells
express decreased levels of hsa-mir-299–5p; this results in
increased OPN expression by the SFCs. OPN constitutes a vital
component of the niche of these cells and potentiates the malignant
behaviour of the breast cancer cells. The gain-of-OPN expression
permits the spheroid forming breast cancer cells to metamorphose
into vascular structures that support a lumen, thereby highlighting
their role in tumour angiogenesis. To the best of our knowledge,
our study is the first to identify a biologically relevant target of hsa-
mir-299–5p; conversely, for the first time, we have determined the
role of an miRNA in regulating OPN, and the resultant malignant
behaviour of breast cancer cells.
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Supporting Information
Additional Supporting Information may be found in the online ver-
sion of this article:

Fig. S1 (A) Neutralizing OPN using an antibody decreases the levels
of MMP-2. We treated the SFCs from MCF7 and DCIS cells with
either an isotype-control (Iso) or a neutralizing anti-OPN Ab (OPN). As
compared to the isotype-control treated cells, the anti-OPN Ab
decreases the levels of MMP-2 in the cells. (B) RNAi-mediated
silencing of OPN in SFCs. The DCIS-SFC transfected with OPN shRNA
(DCIS-SFC-shOPN) are significantly (indicated by *; P � 0.01) silenced
for OPN expression compared to the DCIS-SFC transfected with uni-
versal scrambled-sequence cloned into pSUPER (DCIS-SFC-shScr).

Fig. S2 The SFC cells derived from MCF10DCIS.com cells are
able to organize into tubular structures. Shown are two represen-

tative pictures (A and B) of scanning electron microscopy 
performed on these structures. Bar corresponds to 500 �m. (C)
The initiation of the development of a lumen by the death and
clearance of cells in the tubular structure formed by the
MCF10DCIS.com-SFCs.

Fig. S3 The SFC cells derived from MCF7 cells express CD31. The
tubular structures formed by the MCF7-SFC were stained with
anti-CD31 antibody. Shown are representative pictures (A and C)
in phase contrast and (B and D) under fluorescence. (D) shows
specific staining around the lumen in the structure. The bar corre-
sponds to 50 �m in all pictures.

Please note: Wiley-Blackwell are not responsible for the content or
functionality of any supporting materials supplied by the authors.
Any queries (other than missing material) should be directed to
the corresponding author for the article.
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