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Cancer stem cells (CSCs) are predicted to be critical drivers of
tumor progression due to their “stemness”, but the molecular
mechanism of CSCs in regulating metastasis remains to be eluci-
dated. Epithelial-mesenchymal transition (EMT), hypoxia-induc-
ible factor (HIF)-1o, and miR-21, all of which contribute to cell
migration for metastasis, are interrelated with CSCs. In the pres-
ent study, third-sphere forming (3-S) CSC-like cells, which showed
elevated CSC surface markers (ALDH1* and CD44*/CD24~"'°%) and
sphereforming capacity as well as migration and invasion capaci-
ties, were cultured and isolated from breast cancer MCF-7 paren-
tal cells, to evaluate the role of miR-21 in regulating the CSC-like
cell biological features, especially EMT. EMT, which was assessed
by overexpression of mesenchymal cell markers (N-cadherin,
Vimentin, alpha-smooth muscle actin [¢-SMA]) and suppression
of epithelial cell marker (E-cadherin), was induced in 3-S CSC-like
cells. Moreover, both of HIF-1o. and miR-21 were upregulated in
the CSC-like cells. Interestingly, antagonism of miR-21 by antago-
mir led to reversal of EMT, downexpression of HIF-1a, as well as
suppression of invasion and migration, which indicates a key role
of miR-21 involved in regulate CSC-associated features. In conclu-
sion, we demonstrated that the formation of CSC-like cells
undergoing process of EMT-like associated with overexpression
of HIF-1a, both of which are regulated by miR-21. (Cancer Sci
2012; 103: 1058-1064)

C ancer stem cells (CSCs) are predicted to be the cell origin
of the tumor and responsible for tumor progression,
relapse and metastasis due to their self-renewal capacity and
limitless proliferative potential, as well as invasion and migra-
tion capacity." > Therefore, the development of successful
cancer therapeutic regimen requires targeting the CSCs, such
as the elucidation of molecular pathways, which regulate CSC
features.

Recently, breast cancer cells forming mammospheres in sus-
pension cultures were generally acknowledged as breast cancer
CSCs (bCSCs) due to their self-renewal capacity,®” while
mammospheres were also accepted as bCSC-like cell models,
enriching bCSCs. Besides, bCSCs also could be identified and
isolated according to cell surface markers such as aldehyde
dehydrogenase 1* (ALDH1*; ALDH™")® and the phenotype
of CD44*/CD247"°% () But now, the isolation and culture of
high-purity bCSC model is still one of the “choke points” in
bCSC research.

For most epithelial tumors, including breast cancer, progres-
sion toward malignancy is accompanied by a process of
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epithelial-mesenchymal transition (EMT), which is character-
ized by a loss of epithelial differentiation and a shift towards
mesenchymal phenotype.® The EMT towards a more mesen-
chymal phenotype involves downexpression of epithelial
markers (e.g. E-cadherin and Keratins) and upexpression of
mesenchymal markers (e.g. N-cadherin, Vimentin, alpha-
smooth muscle actin [a-SMA]), as well as increased cell
mobility and invasive phenotype.” " Accumulating evidence
demonstrated that the induction of EMT in vitro in trans-
formed mammary epithelial cells"*'® or in vivo in epithelial
breast cancer cells in mouse models'® generates cells with
bCSC characteristics. This suggests that through the EMT pro-
gram breast epithelial cells can gain bCSC characteristics.
Moreover, bCSCs enriched from breast tumors and metastatic
breast pleural effusions express markers similar to cells that
have undergone a process of EMT.(1%:15:10) Similarly, EMT
and bCSC markers are frequently associated with breast can-
cers that have a propensity to metastasis, such as basal-like"'”
and metaplastic''® breast cancers.

Increasingly evidence suggests that a pivotal role of hypoxic
niche in CSCs development in a variety of human can-
cers,"”?? and the role of hypoxia-inducible factor (HIF) in
these cells has become an important focus in understanding
tumor malignant behavior.?" Hypoxia-inducible factor is a
heterodimeric transcription factor, composed of HIF-la and
HIF-1B. Hypoxia-inducible factor-1a. is induced by hypoxia,
growth factors and oncogenes; whereas HIF-1B protein is
constitutively expressed in cells.** A previous study demon-
strated that culture in hypoxia promotes expansion of the
sub-population of cells positive for CSC marker CDI133
through activation of HIF-lo. in glioma.*® Another study
identified a direct molecular link between HIF-1o and Notch
signal pathway,*” and the latter is one of the CSC-associated
signal pathways.® These results indicate that HIF-1o. may be
an important factor associated with bCSCs.

MicroRNA-21 (miR-21), serve as an oncomiR, has been
found to be frequently overexpressed in different solid tumors,
including breast cancer.?®*”" Previous studies have demon-
strated that miR-21 played a key role in enhancing tumor
malignant behavior including invasion and migration,”*>% as
well as the potential importance of miR-21 expression as a
marker of poor prognosis in breast cancer.®" Corresponding
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to the fact that miR-21 plays a critical role in EMT®*3%
associated with CSC signatures,®? it is suggested that miR-21
plays a key role in the process of EMT and the formation of
CSC-like cells.

On the basis of these findings, we believe that all or partly
of miR-21, EMT and HIF-1a are involved in the formation
process of CSC-like cells. So we undertook to associate miR-
21, EMT markers and HIF-1a with bCSCs, with the hope that
such associations might provide insights into the causal mecha-
nisms of bCSC-like cell invasion and metastasis.

Materials and Methods

Cell culture. Human breast cancer MCF-7 parental (P) cells
were grown with high-glucose Dulbecco’s modified eagle med-
ium (DMEM) (Gibco, Grand Island, NY, USA), supplemented
with 10% fetal bovine serum (FBS) (Gibco), 100 U/mL peni-
cillin, 100 pg/mL streptomycin and 10 pg/mL insulin, and
incubated in a humidified atmosphere with 5% CO, at 37°C.

Mammosphere culture. Mammosphere culture was performed
as previously described.®” Single-cell suspensions were sus-
pended in a serum-free DMEM/F12 (Gibco) supplemented with
2% B27 (Invitrogen, Carlsbad, CA, USA), 20 ng/mL EGF (Pep-
roTech, London, UK), 20 ng/mL. bFGF (PeproTech), 0.4%
bovine serum albumin (BSA) (Sigma, St. Louis, MO, USA),
and 5 pg/mL insulin, and seeded into six-well non-adherent
plates at a densit)j[ of 5 x 10°-1 x 10* cells/mL in primary cul-
ture and 1 x 10°—5 x 10* cells/mL in the following passages.
Cultures were fed weekly and passaged every 2 weeks. We
named the first generation mammosphere, second generation
mammosphere, third generation mammosphere, fourth genera-
tion mammosphere as “first-sphere (1-S),” “second-sphere (2-
S),” “third-sphere (3-S),” “fourth-sphere (4-S),” respectively.

ALDEFLUOR assay. The ALDEFLUOR kit (Aldagen, Durham,
NC, USA) was used to isolate the cell population with high
ALDH enzyme activity (ALDH"™ "), enriching bCSCs, as pre-
viously described.”” Briefly, cells were incubated in ALDE-
FLUOR assay buffer containing ALDH substrate (BAAA,
1 pmol/L) for 30 min at 37°C. In each experiment a sample of
cells was stained under identical conditions with 50 mmol/L of
diethylaminobenzaldehyde (DEAB), a specific ALDH inhibitor,
as negative control. Flow cytometry (FACS) analysis was used
to measure ALDH"#" cell subpopulation.

FACS of CD44*/CD247"°" cell subpopulation. Flow cytometry
of CD44%/CD24""°" cell subpopulation was performed as pre-
viously described.®* Briefly, unfixed cells were incubated with
fluorescein isothiocyanate (FITC)-labeled anti-CD44 antibody
and phycoerthrin (PE)-labeled anti-CD24 antibody (BioLegend,
San Diego, CA, USA) at 4°C in darkness for 1 h. Cells
were analyzed by FACS using CellQuest software (BD Bio-
sciences, Franklin Lakes, NJ, USA).

Western blot analysis and antibodies. Western blot analysis
was conducted as per our previous study.®> Briefly, the protein
was separated by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) (8%, 10% or 12%) and transferred
to polyvinylidene fluoride (PVDF) membranes. Non-specific
binding sites were blocked by incubating with tris buffered sal-
ine with tween 20 (TBST) containing 5% (w/v) non-fat dried
milk. Then incubated with primary antibodies and horse radish
peroxidase (HRP)-conjugated anti-rabbit immunoglobulin (IgG)
secondary antibody in order, and visualized by enhanced chemi-
luminescence (ECL). B-actin or glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) was used as loading control.

Primary antibodies including rabbit antihuman ALDHI anti-
body (No: ab51028; 1:1000; Abcam, Cambridge, UK), CD44
antibody (No: BA0321; 1:500; Boster, Wuhan, China), N-cadh-
erin antibody (No: BS2224; 1:750; Bioworlde, St. Louis, MO,
USA), E-cadherin antibody (No: BS1098; 1:1000; Bioworlde),
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Vimentin antibody (No: BS1776; 1:750; Bioworlde), a-SMA
antibody (No: ab5694; 1:700; Abcam), HIF-1a antibody (No:
sc-10790; 1:600; Santa Cruz, CA, USA), HIF-1f antibody (No:
sc-5580; 1:600; Santa Cruz), B-actin antibody (No: BA2305;
1:1000; Boster) and GAPDH antibody (No: AP0063; 1:1000;
Bioworlde), and HRP-conjugated anti-rabbit IgG secondary
antibody (No: BA1055; 1:2500; Boster) were used for western
blot analysis.

Immunofluorescence. P cells were grown on glass chamber
slides while 3-S cells were suspended in eppendorf (EP) tubes.
Both cells were fixed with 4% paraformaldehyde, permeabi-
lized in 0.1% Triton X-100 and blocked with 0.5% BSA. Then
the cells were incubated with rabbit antthuman ALDHI anti-
body (No: ab51028; 1:100; Abcam) or CD44 antibody (No:
BAO0321; 1:50; Boster), and FITC-conjugated AffiniPure Goat
Anti-Rabbit IgG (H+L) secondary antibody (No: BS10950;
1:200; Bioworlde), and then stained nuclei with 4’, 6-diamidi-
no-2-phenylindole (DAPI).

Real time RT-PCR analysis. All primers (Data S1) involve in
real time RT-PCR analysis were synthesized by Sangon Bio-
tech (Shanghai, China). For miR-21, miRNAs were extracted
from cells using a mirVana miRNA Isolation Kit (Applied
Biosystems, Foster City, CA, USA). SYBR Green-based real
time RT-PCR was performed using SYBR PrimeScript miRNA
RT-PCR Kit (Takara, Dalian, China) to measure the expression
of mature miR-21 in cells by a MiniOpticon Two-Color Real-
Time PCR Detection System (Bio-Rad, Hercules, CA, USA).
U6 was used as endogenous control.

For mRNAs, total RNA from cells was isolated using TRI-
zol reagent (Invitrogen). Real time RT-PCR reactions were
carried out using SYBR Premix Ex Taq II (Takara). B-actin
was used as endogenous control.

Migration and invasion assay. Cell migration and invasion
assays were performed as we described previously.®> For
invasion assay, 2.5 x 10* cells were seeded on an 8-pum-pore
size Transwell filter insert (Corning Inc, Corning, NY, USA)
coated with extracellular matrix (ECM) (1:7.5) (Sigma), while
cell migration assay did not coat with ECM. After 48 h of
incubation at 37°C and 5% CO,, cells adherent to the upper
surface of the filter were removed. Cells were stained with
0.4% crystal violet dissolved in methanol, and the numbers of
cells on the bottom were counted.

Hsa-miR-21 antagomir transfection. Cells (5 x 10°) were
seeded in six-well plates and grown to 60% confluence.
Human has-miR-21 (MIMATO0000076) antagomir or its nega-
tive control (Ribobio, Guangzhou, China) was directly trans-
fected into 3-S cells in free of serum Opti-MEM I (Invitrogen)
at a final concentration of 50 nmol, according to the manufac-
turer’s protocol.

Statistical analysis. Statistical analysis was performed using
the Student’s r-test.

Results

3-S cells serve as high-purity bCSC-like cell models with superior
mammosphere forming efficiency, ALDH" 9" activity and CD44*/
CD247""°" phenotype. To establish a high-purity bCSC-like cell
model, all of 1-S, 2-S, 3-S, and 4-S cells were prolonged cul-
tured from breast cancer MCF-7 P cells, then the mammo-
sphere forming efficiency (MSFE), ALDH"™ activity and
CD44%/CD24~"°" were measured in the above cells. We found
that the MSFE gradually increased in 1-S, 2-S, and 3-S cells in
turn (2-S vs 1-S, P < 0.0001; 3-S vs 2-S, P < 0.0001;), except
for 4-S cells (vs 3-S cells; P = 0.3664), _bg/ suspended culture
(Fig. 1); accompanied with that ALDH"&" activity gradually
increased in P, 1-S, 2-S and 3-S cells in turn (1-S vs P,
P =0.0004; 2-S vs 1-S, P < 0.0001; 3-S ws 2-S, P<
0.0001), but not for 4-S cells (vs 3-S cells, P = 0.2151), by
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ALDEFLUOR assay (Fig. 1); as well as CD44*/CD24~"°¥
phenotype gradually increased in P, 1-S, 2-S, 3-S and 4-S cells
in turn (1-S vs P, P = 0.0018; 2-S vs 1-S, P = 0.0008; 3-S vs
2-S, P < 0.0001; 4-S vs 3-S, P = 0.0497), by FACS (Fig. 1).
These data demonstrated that the CSC-like characteristics of
3-S cells were the highest among these in all of the cell groups
based on an overall consideration of various factors, which was
once again proved by western blot analysis (Fig. 1) and immu-
nofluorescence assay (Fig. 1), indicating that 3-S could serve as
a high-purity bCSC-like cell model is selected for further
study.

The bCSC-like cells underwent EMT-like process. To examine
the differences on EMT phenotype between bCSC-like cells

and P cells, the mRNA and protein levels of EMT markers
were measured. The relative mRNA levels of N-cadherin,
Vimentin and o-SMA were significantly elevated in 3-S cells
compared with P cells (P = 0.0007, P = 0.0016, and
P = 0.0459, respectively; Fig. 2), whereas the relative mRNA
level of E-cadherin was significantly decreased (P = 0.0055;
Fig. 2), as assessed by real time RT-PCR assay. The results
from western blot analysis demonstrated that the relative pro-
tein levels of N-cadherin, Vimentin and o-SMA were also
increased (Fig. 2), whereas that of E-cadherin was diminished
in the bCSC-like cells, as compared with P cells (Fig. 2).
These results indicate that the expressions of mesenchymal
phenotype cell biomarkers were elevated, while expression of
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Fig. 1.

Culture and identification of mammospheres. (a) Typical images of 1-S, 2-S, 3-S, 4-S. (b) The mammosphere forming efficiencies (MSFEs)

were calculated and analysis based on 1000 single cells that were initially seeded. (c,d) Examples and analysis of ALDHP"9" cell subpopulation in
indicated cells, by ALDEFLUOR assay. (e,f) Examples and analysis of CD44*/CD24~"°" phenotype cell subpopulation in indicated cells, by fluores-
cence-activated cell sorting (FACS). (g) The protein levels of ALDH1 and CD44 in indicated cells by western blot analysis. (h) Immunofluorescence
images of the P cells and 3-S cells stained with antibody against ALDH1 (green), and cell nuclei were stained with 4°6°-diamidino-2-phenylindole
dihydrochloride (DAPI) (blue). (i) Immunofluorescence images stained with antibody against CD44 (green) and DAPI (blue).
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epithelial phenotype cell biomarker was decreased, further
suggesting that EMT phenotype was acquired in the bCSC-like
cells as compared to P cells.

Overexpression of HIF-1a in the bCSC-like cells. To investigate
the role of HIF-1 in the process of P cells to the bCSC-like
cells, the relative mRNA and protein levels of HIF-1o and
HIF-1p were measured. The relative mRNA level of HIF-1a
was significantly increased in bCSC-like cells as compared
with P cells (P = 0.0079; Fig. 3), but not for HIF-1B
(P = 0.187; Fig. 3), by real time RT-PCR assay. The results
from western blot analysis demonstrated that the relative pro-
tein levels of HIF-loo and HIF-1P accorded with the corre-
sponding mRNA level above (Fig. 3). The results suggested
that HIF-1a, but not HIF-1p, is involved in the formation of
the bCSC-like cells.

To show if Hif-1a is actually working and active in the
bCSC-like cells, the relative mRNA level of Glut-1, a direct
downstream gene of HIF—loc,(%) was measured. The relative
level of Glut-1 mRNA was significantly increased in the
bCSC-like cells as compared with P cells (P = 0.0017; Fig. 3),
by real time RT-PCR assay. The result indicated that HIF-1a
is actually working and active in the bCSC-like cells.

Overexpression of miR-21 in the bCSC-like cells. To investigate
the role of miR-21, an EMT-associated miRNA, in the process of
MCE-7 P cells to the bCSC-like cells, the relative expression of
miR-21 was examined by real time RT-PCR assay. As expected,
the relative expression of miR-21 was significantly increased in
the bCSC-like cells as compared to P cells (>sevenfold,;
P = 0.0018; Fig. 3), which suggested that miR-21 is involved in
the formation of the bCSC-like cells, even as it is involved in the
regulation of EMT-like process in the bCSC-like cells.

The bCSC-like cells promoted invasion and migration prop-
erty. To confirm the cell invasion and migration property in
the bCSC-like cells, Transwell assay was performed. The
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Fig. 2.

relative cell numbers of invasion and migration were signifi-
cantly increased in the bCSC-like cells as compared with P
cells (P < 0.0001, P < 0.0001, respectively; Fig. 3), which
indicated a positive role of bCSC-like cells in breast cancer
invasion and metastasis.

Antagonism of miR-21 reversed EMT phenotype, HIF-1a expres-
sion consistent with invasion and migration in the bCSC-like
cells. To determine whether miR-21 regulates the bCSC-like
cells associated EMT phenotype, 3-S bCSC-like cells with
mesenchymal phenotype were selected for further study. Has-
miR-21 antagomir was transfected into 3-S cells that led to
a 92% reduction of mature miR-21 expression (Fig. 4;
P = 0.0027). The antagomir treatment decreased protein levels
of N-cadherin, a-SMA and Vimentin, whereas the increased
level of E-cadherin protein in the bCSC-like cells (Fig. 4),
which suggested that antagonism of miR-21 led a reversal of
EMT phenotype in the bCSC-like cells. Moreover, antagomir
treatment also decreased protein expression of HIF-1a in the
bCSC-like cells (Fig. 4), which suggested that HIF-1o is one
of the downstream molecular of miR-21. More interestingly,
antagomir treatment significantly decreased the relative cell
numbers of invasion and migration (P < 0.0001, P < 0.0001,
respectively; Fig. 4), as well as the MSFE (P < 0.0001,
Fig. 4), which indicated a positive role for miR-21 in invasion
and migration, and even “stemness” in the bCSC-like cells.

Discussion

In this study, we prolonged cultured a 3D bCSC-like cell
model — 3-S cells arise from MCF-7 P cells. The bCSC-like
cells showed an EMT phenotype and overexpression of HIF-1a
and miR-21. Functionally, antagonism of miR-21 led to rever-
sal of EMT-like process and HIF-1o expression, even with the
migratory and self-renewal abilities in the bCSC-like cells.
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We found that, for the first time, both of MSFE and ALDH&"
activity gradually increased with a high rate in 1-S, 2-S and 3-
S cells in turn, but not for 4-S cells (vs 3-S cells) (Fig. 1);
while the other bCSC phenotype biomarker CD44%/CD24 "%
gradually increased with a low rate in 1-S, 2-S, 3-S and 4-S
cells (Fig. 1). Moreover, the bCSC-like cells also showed
overexpression of ALDH1 and CD44, by western blot analysis
(Fig. 1) and immunofluorescence assay (Fig. 1), which could
be associated with cancer progression because overexpression
of ALDHI1 and CD44 have been found in poorly differentiated
tumors.">373% On the basis of these results, we believed that
the bCSC-like characteristics of 3-S cells is more significant
than the other cell groups in this study, and selected 3-S to
serve as a high-purity bCSC model to further study. More
interestingly, the difference of expression between ALDH" "
and CD44+/CD24’”°W indicates that the bCSC-like cells with
bearing ALDH"E" and CD447/CD24 "% have different
molecular mechanisms, even as cell origin, suggesting that
both ALDH"#" and CD44*/CD24 "% may not serve as the
best universal markers for bCSC identification and isolation.

Next, a characteristic EMT phenotype was evidenced, by
decreased epithelial specific markers and increased mesenchy-
mal markers, in the bCSC-like cells. This process involves a
disassembly of cell—cell junctions, including downregulation of
E-cadherin and upregulation of mesenchymal molecular mark-
ers such as N-cadherin, Vimentin and o-SMA (Fig. 2), in
accordance with EMT-related theory.”'" The results sug-
gested that MCF-7 P cells with epithelial cell phenotype
acquired mesenchymal cell phenotype with 3-D mammosphere
morphology in the bCSC-like cells, indicating EMT is a pro-
cess that is reminiscent of bCSC-like cell characteristics,
which was consistent with bCSCs being similar to cells that
have undergone a process of EMT.'%!>T® I addition, mRNA
and protein expression of HIF-1a, which is known to contrib-
ute to hypoxia “niche” as well as cell invasion and migration,
was also elevated in the bCSC-like cells (Fig. 3). These find-
ings indicated that HIF-1a plays some role in bCSC-like cells,
which was similar to that activation of HIF-la. promoted
expansion of the CSC-like cells in glioma.*®

In accordance with the expression of EMT markers, miR-21
was markedly increased in the bCSC-like cells with EMT phe-
notype (Fig. 3), which was similar to miR-21 links to CSC
characteristics as well as EMT phenotype in pancreatic cancer
cells.®*? These findings indicated that miR-21 plays an impor-
tant role in the bCSC-like cells. Functionally, cell invasion and
migration abilities were increased in the bCSC-like cells
(Fig. 3), which was consistent in that the mesenchymal cells
have less adhesion between cells than their epithelial counter-
parts, allowing for more motile and invasive characteristics,
which contribute to cancer cell invasion and metastasis,(gfll)
the results are also explained by using ALDHI1 overexpression
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expression of N-cadherin, Vimentin and o-SMA (Fig. 4).
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In summary, we cultured MCF-7 3-S cells and identified
them as having cellular and molecular characteristics of bCSC-
like cells shared EMT phenotype as well as overexpression of
HIF-1a, while demonstrating that miR-21 plays a critical role
in linking bCSC signatures with EMT phenotype and HIF-1o.
We firmly believe that strategies of miR-21 could either
reverse the EMT to MET phenotype in bCSC-like cells, and
could even selectively kill bCSC-like cells, which would
become a novel approach for the prevention of tumor progres-
sion and metastasis.
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