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ABSTRACT
The heterogeneous nature of breast cancer is a result of intrinsic tumor 

complexity and also of the tumor microenvironment, which is known to be hypoxic. We 
found that hypoxia expands different breast stem/progenitor cell populations (cells 
with increased aldehyde dehydrogenase activity (Aldefluor+), high mammosphere 
formation capacity and CD44+CD24-/low cells) both in primary normal epithelial and 
tumor cells. The presence of the estrogen receptor (ER) limits hypoxia-dependent 
CD44+CD24-/low cell expansion. We further show that the hypoxia-driven cancer 
stem-like cell enrichment results from a dedifferentiation process. The enhanced 
mammosphere formation and Aldefluor+ cell content observed in breast cancer 
cells relies on hypoxia-inducible factor 1α (HIF1α). In contrast, the CD44+CD24-/

low population expansion is HIF1α independent and requires prolyl hydroxylase 3 
(PHD3) downregulation, which mimics hypoxic conditions, leading to reduced CD24 
expression through activation of NFkB signaling. These studies show that hypoxic 
conditions expand CSC populations through distinct molecular mechanisms. Thus, 
potential therapies that combine current treatments for breast cancer with drugs that 
target CSC should take into account the heterogeneity of the CSC subpopulations.

INTRODUCTION

Breast cancer, the most frequent malignancy in 
the female population in incidence and mortality [1], 
is a very heterogeneous disease in terms of histology, 
genetic profile, therapeutic response and patient outcome. 
Global gene expression studies of breast tumors led to 
the description of five different breast cancer subtypes 
-luminal A, luminal B, HER2-positive, basal and normal-
like- with distinct clinical outcomes [2-4] and a novel 
molecular stratification was derived from the association 
of somatic copy number aberrations with the transcriptome 
[5, 6], highlighting the molecular heterogeneity of the 
disease. Approximately 70% of breast tumors express the 
estrogen receptor (ER) and, in general, ER expression is 
associated with better prognosis [7].

The tissue expansion and remodeling that occurs 
in the mammary gland during successive cycles of 

pregnancy, lactation and involution has been linked to the 
presence of stem cells and early progenitor cells in the 
adult mammary epithelium [8]. Similarly, breast tumors 
are also composed of morphologically and phenotypically 
heterogeneous cell populations, characterized by varying 
self-renewal capacities, degrees of differentiation and 
tumorigenic potentials. In the apex of the hierarchy lie the 
cancer stem cells (CSCs), also known as tumor initiating 
cells. In addition to directing tumor onset and metastatic 
expansion, CSCs have been shown to be resistant to 
chemo- and radiotherapy and more recently also to 
endocrine therapy [9], and could therefore be responsible 
for tumor recurrence. Several methods have been used to 
identify and isolate human breast epithelial stem cells and 
cancer stem cells. In the normal breast, cells coexpressing 
the luminal marker EMA and the myoepithelial marker 
CALLA [10], CD49fhighESA-/low cells [11, 12], and cells 
with high ALDH activity [13], have been shown to 
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be enriched in bipotent progenitors. Furthermore, the 
phenotype CD44+CD24-/lowESA+ and high ALDH activity 
identify cells with increased tumor initiation capacity 
[13, 14]. Importantly, CD44+CD24-/lowESA+ cells, ALDH+ 
cells and mammosphere-forming cells isolated from 
breast cancer cell lines are also enriched for self-renewal 
capacity and tumorigenic potential in xenograft tumor 
assays [15, 16].

In solid tumors, the combination of rapid cell 
division and aberrant tumor angiogenesis often leads to the 
generation of hypoxic sites [17]. Tumor hypoxia has been 
associated with increased malignancy, poor prognosis 
and resistance to radiotherapy and chemotherapy 
[18]. Hypoxia-inducible factors (HIFs) are the main 
transcriptional regulators of the adaptive responses that 
are activated when oxygen supply does not reach the 
metabolic, energetic and redox demands of cells [19]. In 
well-oxygenated environments, the HIFα subunit (HIF1α 
or HIF2α) becomes hydroxylated by members of the 
prolyl hydroxylase domain-containing proteins (PHD) 
family (PHD1, PHD2 and PHD3, also known as EGLNs), 
which use oxygen as co-substrate [20], and is targeted 
for degradation by the proteasome [21, 22]. Under low 
oxygen availability, PHDs are inactive, HIFα is stabilized, 
dimerises with HIFβ and regulates the transcription of 
target genes [23]. Although the role of PHDs in cancer 
has been less studied, altered levels of PHD1, PHD2 and 
PHD3 have been correlated with the development of 
different types of carcinomas [24-26]. Distinct members 
of the hypoxia-signaling pathway are involved in the 
regulation of both normal and cancer stem cells. In breast 
cancer cells, antiangiogenic factors increase the population 
of CSCs by generating intratumoral hypoxia mediated by 
HIF1α [27]. Furthermore, HIF factors have also recently 
been implicated in the enhancement of breast CSCs by 
chemotherapy [28].

Considering the links of hypoxia with cancer 
and stem cells, we wished to investigate the molecular 
mechanisms that underlie the impact of hypoxic 
conditions on the cancer stem cell compartment. Here, 
we show that hypoxia increases the proportion of breast 
CSCs through a dedifferentiation process and limits 
the differentiation of CSCs. Depending on the stem/
progenitor cell subpopulation, this process requires either 
HIF1α expression or the inactivation of the hydroxylase 
activity of PHD3. These findings suggest that different 
therapeutic strategies should be adopted to eliminate 
hypoxia-induced breast cancer stem cells depending on 
tumor characteristics.

RESULTS

Hypoxia increases the proportion of primary 
breast stem cells and tumor initiating cells

Firstly, to investigate whether hypoxia had any 
effect in the pool of normal stem/progenitor cells of the 
human mammary gland, different stem cell subpopulations 
were examined. Cells are routinely cultured in atmospheric 
oxygen (21% O2), although this is not physiological. 
Normal pO2 in the breast is 8.6% [29], nevertheless, 
comparable CSC activity has been reported between 21% 
and 8% oxygen [30]. Hypoxic conditions are usually 
represented as 1% O2, despite the fact that the average 
pO2 in breast cancer is 3.9%, although in approximately 
30-40% of the cases tumors exhibit pO2 values between 
0 and 1% [29]. Thus, breast epithelial cells isolated from 
reduction mammoplasties (Supplementary Table 1) were 
cultured in suspension in atmospheric oxygen, which will 
be referred to as normoxic (21% O2) or under hypoxic 
conditions (1% O2). After 7 days, cells grown in hypoxia 
formed more mammospheres, which are enriched for stem/
progenitor cells, than cells cultured in atmospheric oxygen 
concentration (Figure 1A). Furthermore, cells cultured 
under hypoxia were enriched in CD49fhighESA-/low cells 
(Figure 1B; Supplementary Figure 1A, 1B), independently 
of whether cells were cultured in adherent or suspension 
conditions. Similarly, EMA+CALLA+ (Figure 1C; 
Supplementary Figure 1C) and CD44+CD24-/low (Figure 
1D; Supplementary Figure 1D) stem cell subpopulations 
were also enhanced under hypoxia. Moreover, hypoxic 
conditions increased the ability of primary breast epithelial 
cells to form colonies in Matrigel at low density (Figure 
1E), suggesting that decreased oxygen availability leads 
to the expansion of the pool of stem/progenitor cells in the 
normal mammary gland. 

To evaluate whether hypoxia also influences the 
proportion of CSCs, tumor cells isolated from breast 
cancer patients were grown in suspension in normoxic 
or hypoxic culture conditions. The effect of hypoxia on 
breast CSCs was tumor-dependent. The proportion of 
CD44+CD24-/low cells was not significantly affected by 
hypoxia in those samples that presented high levels of 
ER and PR expression (Figure 1F, PRhigh). In contrast, 
in tumor samples lacking ER expression or with low 
ER transcriptional activity (as reflected by low PR 
expression, PRlow), hypoxia promoted the expansion of 
CD44+CD24-/low cells (Figure 1F; Supplementary Figure 
1E; Supplementary Table 2). The differences observed in 
the response to hypoxia likely reflect the high molecular 
heterogeneity present in breast tumors. Overall these 
findings suggest that low oxygen availability increases the 
normal and cancer stem cell content in the breast.
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Hypoxia increases the proportion of cancer stem 
cells in breast cancer cell lines

In order to investigate how hypoxic conditions 
influence breast CSCs and the mechanisms implicated, 
we examined the effects of hypoxia in several breast 

cancer cell lines. Firstly, using MDA-MB-468 cells, we 
observed a significant increase in CD44+CD24-/lowESA+ 
cells, which reached a plateau by 48-72 hours treatment 
(Supplementary Figure 2A) and, therefore, we evaluated 
the effect of 3-day long hypoxia treatment on the CSC 
populations in a panel of ER-positive and ER-negative 

Figure 1: Effect of hypoxia in cells isolated from normal or tumor primary tissue. A. Normal primary epithelial cells 
cultured in suspension in normoxia or hypoxia for 7 days. Mammosphere formation efficiency of cells from four different breast specimens 
(left graph) and mean ±SD of three experiments (right graph) are represented as the percentage of mammospheres formed with respect 
to the number of plated cells, and as fold change between normoxia and hypoxia, respectively. B. Percentage of CD49fhighESA-/lowcells 
in normal breast epithelial cells cultured in normoxia or hypoxia, in adherent (adh) or suspension (ms) conditions. C., D. Percentage of 
EMA+CALLA+ and CD44+CD24-/low cells in normal breast epithelial cells cultured in normoxia or hypoxia. E. Relative number of colonies 
formed in Matrigel by primary normal epithelial cells cultured in normoxic or hypoxic conditions. F. Percentage of CD44+CD24-/lowESA+ 
cells found in primary tumor cells cultured as mammospheres in normoxic or hypoxic conditions and represented as fold change between 
hypoxia and normoxia. The graph shows the mean ±SD of the fold changes grouped based on high or low ER transcriptional activity (PRhigh 
or PRlow, respectively, low was defined as less than 11% expression) *P < 0.05 (P = 0.031).
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breast cancer cell lines. FACS analysis showed that ER-
negative MDA-MB-468, MDA-MB-231 and SKBR3 
cells cultured in hypoxic conditions contained a higher 
proportion of CD44+CD24-/lowESA+ cells than their 
normoxic counterparts. In contrast, the CD44+CD24-/

lowESA+ content of ER-positive MCF-7, T47D and ZR75-
1 cells was not significantly affected by hypoxia (Figure 
2A; Supplementary Figure 2B). The observed expansion 
of CD44+CD24-/lowESA+ cells by hypoxia encouraged us 
to examine whether oxygen levels affected the proportion 
of different subpopulations of CSCs in breast cancer cells. 
Hypoxic conditions increased the mammosphere forming 
capacity of both ER-positive (MCF-7) and ER-negative 
(MDA-MB-468) cells (Figure 2B; Supplementary Figure 
2C). Furthermore, a cell population with ALDH activity, 

as measured by ALDEFLUOR assay, ALDH+, was also 
increased in response to hypoxia in both ER-positive and 
ER-negative cells (Figure 2C; Supplementary Figure 2D). 
These findings indicate that hypoxic conditions lead to 
expansion of different types of CSC subpopulations and 
that the levels of ER expression in breast cancer cells may 
influence their response.

Hypoxia reduces ER expression and 
transcriptional activity

The above findings suggest that the presence of 
ER hampers the expansion of CD44+CD24-/low cells by 
hypoxia. To explore this possibility further, ER-positive 
T47D cells were treated with the ER antagonist fulvestrant 

Figure 2: Hypoxia increases the percentage of CSCs in different breast cancer cell lines. A. Percentage of CD44+CD24-/

lowESA+ cells in ER-negative and ER-positive cell lines cultured in normoxia or hypoxia for 3 days. B. Number of mammospheres formed 
by MCF-7 or MDA-MB-468 cells cultured in normoxia or hypoxia and represented as fold change (hypoxia/normoxia). C. Percentage of 
ALDH+ cells in different cell lines cultured in normoxia or hypoxia. In A, B and C, means ±SD of at least three independent experiments 
are represented. *P < 0.05 **P < 0.01.
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(ICI 182,780), leading to strong ER degradation 
(Supplementary Figure 3A). Indeed, now in the absence 
of ER, hypoxia induced a significant increase in the 
percentage of CD44+CD24-/low cells in T47D cells (Figure 
3A), suggesting that loss of ER is required for hypoxia to 
expand the CD44+CD24-/low cell population.

We have previously shown that normal and CSCs 
from the mammary gland are characterized by the 
absence or low expression levels of ER [8]. The finding 
that ER limits the amplification of CD44+CD24-/low CSC 
subpopulation under low oxygen conditions prompted us 
to explore this relationship in more detail. To this end, 
several ER-positive breast cancer cell lines were cultured 
in the absence or presence of estrogen, in normoxic or 
hypoxic conditions. Western blot analysis showed that 
hypoxia treatment reduced ER expression levels in all cell 
lines tested, MCF7 (Figure 3B), T47D (Supplementary 
Figure 3A) and ZR75-1 (data not shown). Furthermore, 
the decrease in ER levels induced by hypoxia was also 

detected at the RNA level (Figure 3C; Supplementary 
Figure 3D, 3E). More importantly, the evaluation of the 
expression levels of several ER target genes (progesterone 
receptor, retinoic acid receptor alpha, amphiregulin and 
pS2) (Figure 3B, 3D; Supplementary Figure 3B-3E) 
and ER activity by transcriptional assays (Figure 3E) 
clearly showed that hypoxia-dependent decrease in ER 
expression correlates with reduced estrogen-dependent 
ER signaling. These findings indicate that hypoxia reduces 
ER expression and activity in breast cancer cells, thereby 
enriching for CSCs.

Hypoxia prevents differentiation of CSCs and 
promotes dedifferentiation of breast cancer cells

Next, we wished to decipher the process by which 
hypoxia increases the proportion of CSCs. First, we 
evaluated whether differences in proliferation or apoptosis 

Figure 3: Hypoxia reduces ER expression and transcriptional activity. A. Percentage of CD44+CD24-/low cells in T47D 
cells treated or not with 0,5 µM fulvestrant (ICI 182,870) and cultured in normoxia or hypoxia. B. Representative western blot showing 
expression of ER and its targets PR and RARα in MCF-7 cells cultured under normoxic or hypoxic conditions, with or without 10 nM 
estrogen (E2). C. RNA expression levels of ER in MCF-7 cells treated or not with estrogen, in normoxia or hypoxia. D. RNA expression 
levels of PR, PS2 and AREG in MCF-7 cells treated or not with estrogen, in normoxia or hypoxia. In A, C and D, Data are presented as 
mean ±SD of 3 independent experiments. E. ER transcriptional activity in MCF-7 cells grown in normoxia or hypoxia in the presence of 
ethanol (-) or estrogen. The graph shows the mean ±SEM of 5 experiments done in triplicates. **P < 0.01.
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Figure 4: Hypoxia promotes dedifferentiation of breast cancer cells. A. Percentage of BrdU positive MDA-MB-468 cells in 
sorted cell populations: CD44+CD24-/low CSCs and non-CSCs, grown in normoxia or hypoxia. B. Detection of apoptotic cells in CSCs 
and non-CSCs isolated from MDA-MB-468 cells that were grown in normoxia or hypoxia. The percentages of live cells (AnnexinV-

7AAD-), early apoptotic (AnnexinV+7AAD-) and late apoptotic (AnnexinV+7AAD+) cells are shown. C. Representative example of a 
sorting experiment with CD44/CD24-stained MDA-MB-468 cells. On the left, CD44/CD24 staining of MDA-MB-468 cells cultured in 
hypoxia for 3 days. Gates used to sort CD44+CD24-/low cells (CSC) and the cell population depleted of CSCs (non-CSC) are presented. 
On the right, CD44/CD24 stainings performed with sorted CSCs and non-CSCs after 3 additional days growing in normoxia or hypoxia. 
D. Graph shows the capacity of CD44+CD24-/low CSCs to produce CD44+CD24high non-CSCs, and vice-versa, in normoxic and hypoxic 
conditions. E. Representative example of a dedifferentiation experiment performed with T47D cells sorted based on their ALDEFLUOR 
activity. F. Percentage of ALDH+ cells obtained after culturing ALDH+ CSCs and ALDH- non-CSCs in normoxia or hypoxia. A, B, D and 
F show means ±SD of three independent experiments.
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between CSC and non-CSCs cultured in normoxic or 
hypoxic conditions could contribute to the increase 
in CD44+CD24-/low cells observed under low oxygen 
conditions. BrdU incorporation assay and annexin-V 
staining showed no significant differences in the response 
of CSC and non-CSCs to hypoxia in terms of proliferation 
(Figure 4A; Supplementary Figure 4A) or apoptosis 
(Figure 4B; Supplementary Figure 4B). To assess further 
the influence of oxygen concentration in CSC content, 
MDA-MB-468 cells were cultured in hypoxic conditions 
for 3 days, in order to enrich for CSCs, and CD44+CD24-/low 
(CSCs) and CD44-/+CD24high (non-CSCs) cells were sorted 
and cultured again in normoxic or hypoxic conditions for 
3 days. The culture of non-CSCs in hypoxic conditions 
led to the dedifferentiation of a considerable percentage 
of non-CSC cells into CD44+CD24-/low CSCs, while the 
non-CSC population remained very high in normoxia 
(Figure 4C, 4D). On the other hand, CD44+CD24-/low CSCs 
cultured in normoxic conditions were able to produce both 
CD44+CD24-/low cells and more differentiated non-CSC 
cells that expressed high levels of CD24. In contrast, when 
CD44+CD24-/low cells were kept in hypoxic conditions, a 
significantly high percentage of cells maintained their 
CSC phenotype (Figure 4C, 4D). To ascertain whether 
hypoxic conditions can also lead to the dedifferentiation 
of other cell subpopulations, ALDH+ and ALDH- T47D 
cells were sorted and cultured under normoxic or hypoxic 
conditions. Consistent with the results observed with 
CD44+CD24-/low cells, hypoxia increased the proportion 
of ALDH+ CSCs in a cell population that was originally 
ALDH- (non-CSCs). In addition, differentiation of sorted 
ALDH+ CSCs into ALDH- cells was lower in hypoxic 
than in normoxic conditions (Figure 4E, 4F). Among the 
19 ALDH isoforms expressed in humans, ALDH1A3 
has been shown to correlate best with ALDH activity 
of patient breast tumor CSCs and cell lines [31]. We 
therefore examined ALDH1A3 expression in the sorted 
ALDH+ and ALDH- T47D cell subpopulations, which 
were subsequently cultured under normoxic or hypoxic 
conditions. Quantitative PCR analyses showed increased 
ALDH1A3 levels under hypoxia in all cases, even in 
non-CSC, and furthermore, ALDH1A3 expression levels 
correlated with ALDH activity (Supplementary Figure 
4C), supporting the notion that ALDH activity is primarily 
due to isoform ALDH1A3 [31]. These findings show 
that hypoxia expands the pool of CSCs by limiting their 
differentiation and promoting dedifferentiation of breast 
cancer cells.

Hypoxia expands the pool of CSCs both through 
HIF-dependent and independent mechanisms

HIF factors are key mediators of most adaptive 
changes that occur in response to hypoxia and, indeed, we 
show induction of HIF1α (Figure 3 and Supplementary 

Figure 3). Therefore, to determine whether HIF1α and/
or HIF2α were implicated in the observed alterations in 
CSC content under hypoxic conditions, we silenced their 
expression using specific siRNA sequences. Efficient 
downregulation of HIF1α (Supplementary Figure 
5A, 5C) abrogated the hypoxia-dependent increase in 
mammosphere formation (Figure 5A) and the percentage 
of ALDH+ cells (Figure 5B), while silencing of HIF2α 
(Supplementary Figure 5B, 5C) did not affect either of 
these two subpopulations (Figure 5A, 5B). Surprisingly, 
silencing of HIF1α and/or HIF2α did not abrogate the 
increase in CD44+CD24-/low CSCs observed in MDA-
MB-468 cells under hypoxic conditions (Figure 5C). 
Furthermore, CD44+CD24-/low CSCs and non-CSCs 
expressed similar levels of HIF1α and HIF2α, both at 
RNA (Figure 5D) and protein (Figure 5E) levels. Taken 
together, these observations suggest that the increase 
in mammosphere formation and ALDH+ cell content 
under hypoxic conditions depends on hypoxia-mediated 
stabilization of HIF1α. In contrast, the finding that HIF 
silencing did not affect CD44+CD24-/low cell content 
suggests that some HIF-independent activity is implicated 
in the regulation of this subpopulation. 

Regulation of HIF proteins is the best-known 
function of prolyl-4-hydroxylases PHD1, PHD2 and 
PHD3; nevertheless, during the last few years some HIF-
independent functions have been described for these 
proteins. To analyze the potential contribution of the 
PHDs, all three PHD genes were silenced (Supplementary 
Figure 5D-5F) and alterations in CD44+CD24-/low cell 
content were evaluated by FACS. While PHD1 and PHD2 
silencing did not exert any significant effect on CSC 
content, PHD3 silencing led to a significant increase in 
the percentage of CD44+CD24-/low CSCs in normal oxygen 
conditions, comparable to that observed under hypoxic 
conditions (Figure 5F). The same result was obtained when 
the analysis was repeated using an independent PHD3-
specific siRNA sequence (Supplementary Figure 5G). 
Crucially, silencing of PHD3 did not result in increased 
HIF1α or HIF2α expression (Figure 5G), confirming that 
hypoxia-dependent expansion of CD44+CD24-/low CSCs 
was HIF-independent. Furthermore, PHD3 silencing 
also increased the CD44+CD24-/low population in BT549 
cells, confirming that the effect of PHD3 on CSCs is not 
cell type specific (Supplementary Figure 5H). Analysis 
of PHD3 expression in CD44+CD24-/low CSCs and non-
CSCs by qPCR (Figure 5H) and western blot (Figure 
5I) indicated that PHD3 expression levels were lower 
in CSCs than in non-CSCs, while expression of PHD1 
and PHD2 did not significantly differ between the two 
populations (Figure 5H, 5I). Interestingly, PHD3 silencing 
did not influence the proportion of the CD44+CD24-/low cell 
population in ER-positive MCF7 cells (Supplementary 
Figure 5I). In conclusion, downregulation of PHD3 
increases the proportion of CSCs in ER-negative cells, 
suggesting that hypoxia can influence the CSC content 
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Figure 5: Hypoxia induced dedifferentiation employs both HIF-dependent and independent mechanisms. A. 
Mammosphere formation efficiency in MCF-7 cells transfected with siHIF1α and/or siHIF2α, and cultured in normoxia or hypoxia for 
3 days. B. Percentage of ALDH+ cells in T47D cells transfected with siHIF1α and/or siHIF2α, and cultured in normoxia or hypoxia. C. 
Percentage of CD44+CD24-/low cells from MDA-MB-468 cells transfected with siHIF1α and/or siHIF2α, and cultured in normoxia or 
hypoxia. Data are presented as mean ±SEM of 8 independent experiments. (D, E) HIF1α and HIF2α mRNA D. and protein E. expression 
in CSCs and non-CSCs from MDA-MB-468 cells cultured in normoxia or hypoxia. F. Percentage of CD44+CD24-/low MDA-MB-468 cells 
grown in normoxia after silencing all three PHDs individually or collectively or in hypoxia. G. Protein expression of HIF1α and HIF2α 
in MDA-MB-468 cells transfected with a control siRNA or a siRNA directed to PHD3 and cultured in normoxia or hypoxia. H., I. PHD1, 
PHD2 and PHD3 mRNA (H) and protein (I) expression levels in CSCs and non-CSCs sorted from MDA-MB-468 cells. A, B, D, F and H 
show means ±SD of three independent experiments.
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in a HIF-independent manner through changes in PHD3 
expression levels.

PHD3 silencing mimics hypoxia-driven expansion 
of CSCs by reducing CD24 expression

Next, we wished to determine the mechanism by 
which PHD3 influences the CSC content in breast cancer 
cells. PHD3 silencing promoted the dedifferentiation of 
non-CSCs to CD44+CD24-/low CSCs and prevented the 
differentiation of the CSCs to non-CSCs (CD44+CD24high) 
in MDA-MB-468 cells (Figure 6A), mimicking the effects 
observed under hypoxic conditions. In order to examine 
whether the effect of PHD3 on the pool of CSCs depended 
on its hydroxylase activity, the proportion of CD44+CD24-/

low cells was measured after treating MDA-MB-468 cells 
with the pan-hydroxylase inhibitor dimethyloxalylglycine 
(DMOG), which leads to stabilization of HIF1α 
(Supplementary Figure 6A). Treatment with DMOG 
increased the proportion of CD44+CD24-/low cells 
in a dose- and time-dependent manner (Figure 6B), 
resembling the effect caused by hypoxic conditions. 
These findings suggest that hypoxia-dependent induction 
of CD44+CD24-/low CSC population implies inhibition of 
PHD3 hydroxylation. 

FACS analysis showed that hypoxia, PHD3 
inactivation and DMOG treatment increased the 
proportion of CD44+CD24-/low CSCs by reducing the 
expression of CD24 at the cell surface, while CD44 
expression remained unaltered. To gain insight into the 
effects of hypoxia signaling on CD24, its expression was 
analyzed by qPCR and immunofluorescence. Hypoxia, 
PHD3 downregulation and inhibition of the prolyl-
hydroxylase activity by DMOG treatment reduced CD24 
expression at the RNA level (Figure 6C, 6D) and protein 
level (Figure 6E, 6F). However, the combination of PHD3 
silencing with hypoxic conditions or DMOG treatment 
did not further affect CD24 expression when compared 
to each treatment alone (Figure 6C-6E), suggesting that 
silencing of PHD3, DMOG and hypoxia are working 
through the same pathway. In conclusion, hypoxia 
increases the CD44+CD24-/low CSC fraction by reducing 
CD24 expression levels through the modulation of PHD3 
hydroxylase activity.

Hypoxia and PHD3 silencing regulate CD24 
expression through activation of NFκB signaling

First, we observed that culturing MDA-MB-468 
cells in the presence of actinomycin D reduced CD24 
gene expression, independently of oxygen conditions and 
CD24 mRNA stability was not differentially affected by 
normoxic or hypoxic conditions (Figure 7A), suggesting 
that hypoxia reduces CD24 transcription. We next 
sought to characterize the mechanism involved in the 

regulation of CD24 expression in response to hypoxia 
and reduced PHD3 activity. To this end, we investigated 
different signaling pathways that have been implicated in 
the regulation of CSCs. FACS analysis showed that the 
use of specific inhibitors of Wnt (C59) (Supplementary 
Figure 7A) or Notch (DAPT) (Supplementary Figure 7B) 
signaling did not abrogate the hypoxia-induced increase in 
CD44+CD24-/low CSCs (Supplementary Figure 7C) or the 
reduction of CD24 expression levels (Figure 7B). Hypoxia 
and PHD3 have been shown to regulate NFκB signaling 
in various tissues. Therefore, we examined NFκB 
transcriptional activity, which was activated by TNFα 
(Supplementary Figure 7D) and repressed by the small-
molecule IKK inhibitor PS1145 (Supplementary Figure 
7E), as expected. We confirmed that NFκB transcriptional 
activity increased in different breast cancer cell lines 
cultured under hypoxic conditions (Figure 7C). Inhibition 
of NFκB signaling by PS1145 (Supplementary Figure 
7F, 7G) promoted a statistically significant reduction in 
the hypoxia-driven expansion of CD44+CD24-/low CSCs 
(Figure 7D), which was due to increased CD24 expression 
(Figure 7E). In addition, silencing of PHD3, using two 
different siRNA sequences, also resulted in increased 
NFκB transcriptional activity (Supplementary Figure 
7H, 7I), which could be inhibited by PS1145, leading 
to reduced CD44+CD24-/low cell content (Figure 7F) by 
releasing the repression of CD24 expression levels (Figure 
7G). To evaluate the implication of NFκB signaling 
using a different strategy, shRelA/p65, which reduces 
endogenous RelA/p65 levels and therefore target gene 
expression (Supplementary Figure 7J), was also tested. 
Analysis of cells transfected with shRelA/p65 showed 
that lack of functional NFκB activation impaired hypoxia-
dependent repression of CD24 expression (Figure 7H). 
Furthermore, activation of NFkB with TNFα or inhibition 
by shRelA/p65, was sufficient to reduce or increase CD24 
mRNA expression, respectively, even in normal oxygen 
conditions (Supplementary Figure 7K). Taken together, 
these results suggest that silencing of PHD3, similar to 
hypoxic conditions, increase CSC content by reducing 
expression of CD24 through the activation of NFκB 
signaling. 

DISCUSSION

In this report we show that hypoxic conditions 
increase the pool of stem cells both in normal primary 
epithelial cells and breast cancer cells. The hypoxia-driven 
increase of CSC populations is a result of limited CSC 
differentiation and dedifferentiation of breast cancer cells. 
Hypoxia increases mammosphere formation capacity and 
the proportion of ALDH+ cells through the stabilization of 
HIF1α, while reducing ER expression and transcriptional 
activity in ER-positive cells. In contrast, in ER-negative 
cells, the enrichment in CD44+CD24-/low cells by hypoxia 
involves reduction of the hydroxylase activity of PHD3 



Oncotarget31730www.impactjournals.com/oncotarget

Figure 6: PHD3 silencing promotes dedifferentiation in breast cancer cells through a hydroxylase-dependent 
mechanism. A. Graph representing the capacity of CD44+CD24-/low CSCs to produce CD44+CD24high non-CSCs, and vice-versa, in MDA-
MB-468 cells transfected with a control siRNA or a siRNA directed to PHD3. B. Percentage of CD44+CD24-/low CSCs in MDA-MB-468 
cells treated with DMOG. C. CD24 mRNA expression levels in MDA-MB-468 cells transfected with two specific siRNA sequences against 
PHD3 and cultured in normoxia or hypoxia. D. CD24 mRNA expression levels in MDA-MB-468 cells transfected with two specific siRNA 
sequences against PHD3 and treated with the carrier DMSO or 1mM DMOG. E. immunofluorescence analysis of CD24 expression in 
MDA-MB-468 cells cultured in normoxia or hypoxia after PHD3 silencing. F. CD24 immunostaining in MDA-MB-468 cells treated with 
DMSO or DMOG. A, B, C, D, show means ±SD of at least 3 independent experiments, *P < 0.05, **P < 0.01. 
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Figure 7: Hypoxia-dependent CD24 downregulation is mediated through NFκB. A. Analysis of CD24 mRNA stability by 
qPCR in the presence of actinomycin D during 16 h in normoxic or hypoxic conditions. B. CD24 mRNA expression levels in the absence 
or presence of C59 or DAPT, shown as fold change between hypoxia and normoxia. C. NFκB transcriptional activity in MDA-MB-231, 
MDA-MB-468 and BT549 cells transfected with a NFκB-dependent luciferase reporter. Data are represented as fold change activity in 
hypoxia versus normoxia. D. Percentage of CD44+CD24-/low in MDA-MB-468 cells, in the presence or absence of PS1145 (2 µM). Data 
are presented as fold change between hypoxia and normoxia. E. CD24 mRNA expression levels in the absence or presence of PS1145. F. 
Percentage of CD44+CD24-/low in MDA-MB-468 cells transfected with specific siRNA sequences against PHD3 in the presence or absence 
of PS1145. G. CD24 mRNA expression in MDA-MB-468 cells transfected with specific siRNA sequences against PHD3 in the presence or 
absence of PS1145. H. CD24 mRNA expression in BT549 cells transfected or not (untr) with a sh control (ctl) or shRelA/p65.
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and CD24 expression through activation of NFκB 
signaling. 

Hypoxic microenvironments have been shown to 
influence the behavior of both normal and cancer stem 
cells in several tissues [32, 33]. We demonstrate that 
hypoxic conditions increase normal mammary stem/
progenitor cell content, leading to the enhanced capacity 
of primary mammary epithelial cells to form colonies in 
3D Matrigel cultures. Hypoxia signaling pathway plays 
a role during mammary gland development and lactation 
[34]. In fact, it has been shown that deletion of Hif1a 
from the murine mammary epithelium led to defects in 
mammary gland development and physiology [35]. In 
addition, increased expression of genes identified in a 
hypoxia signature has been correlated with poor prognosis 
in several types of cancer, including breast cancer [36, 
37]. In primary mammary carcinomas hypoxia increases 
the proportion of CD44+CD24-/lowESA+ CSCs in tumors 
that have low levels or no active ER signaling [8, 9], 
according to their ER and PR expression levels detected 
by immunohistochemistry. However, given the known 
heterogeneity of breast cancer [5], a more extensive study 
would be needed to be able to conclude the consequences 
of hypoxic conditions in different subtypes of breast 
carcinomas. It has previously been shown that high levels 
of HIF proteins are implicated in triple negative breast 
cancer invasiveness and metastasis [38] and that HIF-
1α overexpression is observed more often in ER and PR 
negative carcinomas [39, 40], consistent with our findings 
that hypoxia reduces ER expression and activity. In fact, 
the capacity of ER to limit hypoxia-induced expansion of 
CD44+CD24-/low CSCs was further confirmed by depleting 
ER with the antagonist fulvestrant. Several groups have 
demonstrated increased breast CSC content in response to 
hypoxia, but the populations of CSCs analyzed differed. 
Thus, hypoxia-induced expansion of ALDH+ cells was 
observed both in ER-positive and ER-negative cells [27, 
28], and increases in the percentage of CD44+CD24- cells 
and mammosphere formation capacity were shown in 
ER-negative cells [27, 41, 42], in agreement with our 
results and in contrast to one report, which detected a 
decrease in ALDH+ cells and mammosphere formation 
in ER-negative cancers [30]. We and others have shown 
that HIF1α stabilization mediates the hypoxia-dependent 
effects in mammospheres and ALDH+ cells [27, 28, 30]. 
Using ER-negative cells derived from late stage tumors 
spontaneously formed in MMTV-PyMT mice, deletion 
of HIF1α has been shown to reduce tumor growth 
in allotransplantation experiments, while decreasing 
mammosphere formation in vitro [43]. Furthermore, it 
was demonstrated that the increase in ALDH+ cells under 
hypoxic conditions is, at least partly regulated by the 
Akt/β-catenin signaling pathway in a HIF1α-dependent 
manner [27], providing a potential mechanism for 
hypoxia-induced increase in this CSC population. These 
findings support a correlation between HIF1α expression 

levels, ALDH+ cells, mammosphere formation capacity 
and tumorigenicity.

ER expression is considered characteristic of well-
differentiated luminal tumors and both normal and breast 
cancer stem and progenitor cells do not express or express 
low levels of ER [9, 10, 13, 44, 45]. It has been shown 
that under hypoxic conditions, ER expression is reduced 
due to proteasomal degradation, leading to reduced ER 
transcriptional activity [46-48], although other reports 
argue that the decrease in ER expression is coupled to 
an increase in its activity [30, 49]. Our data shows that 
hypoxia reduces ER expression and transcriptional 
activity. Using different ER-positive breast cancer cell 
lines, we demonstrate that hypoxia downregulates ER 
expression, at least in part, at the RNA level, in agreement 
with previous data [50], resulting in decreased ER 
transcriptional activity. These results indicate that hypoxia 
reduces ER expression and activity, which explains 
the significant correlation observed between HIF-1α 
immunoreactivity and the absence of ER and PR [40]. 
Furthermore, it has been observed that well vascularized 
intratumoral regions contain larger number of ER-positive 
cells than areas with low blood flow and necrosis [51].

An important question was how the CSC fraction 
is altered by hypoxia. Changes in the CSC content due 
to hypoxic conditions are not related to significant 
alterations in proliferation or apoptosis, but are rather 
due to the dedifferentiation of cancer cells. Importantly, 
hypoxic conditions also prevent the differentiation of 
sorted CSCs. The observation that hypoxia affects the 
differentiation status of the cells highlights the plasticity 
of CSCs. Indeed, recently it has been shown that breast 
CSCs display a cellular plasticity that enables them to 
transition between epithelial-like and mesenchymal-like 
states regulated by the tumor microenvironment [52]. In 
addition, CSC plasticity has recently been demonstrated 
by elegant intravital lineage tracing experiments in 
unperturbed mammary tumors [53]. Furthermore, the 
capacity of hypoxia to drive a reversible phenotype that 
increases stem-like properties of cells to favor tumor 
survival has also been observed in other tumors, such as 
neuroblastoma [54, 55].

Interestingly, we found that silencing PHD3 mimics 
hypoxia, preventing differentiation of CSCs and leading 
to dedifferentiation of breast cancer cells. We present 
evidence that neither HIF1α nor HIF2α are involved 
in the hypoxia-induced expansion of CD44+CD24-/low 
cells in ER-negative breast cancer cells. This finding 
was surprising, considering the central role of HIF 
transcription factors in the regulation of normal and 
cancer stem cells from several tissues [33, 56-58]. Yet, 
this result does not necessarily imply that HIFs are not 
involved in hypoxia-induced increase in stem cell content 
in ER-negative breast tumors. In fact, we and others have 
shown that hypoxia increases the percentage of different 
population of CSCs, ALDH+ cells, as well as cells with 
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enhanced mammosphere formation capacity, through 
HIF1α stabilization, both in ER-positive and ER- negative 
breast cancer cells [27]. However, in ER-negative breast 
cancer cells, hypoxia can enlarge different subpopulations 
of CSCs through two different mechanisms. These 
findings suggest that therapeutic approaches directed 
to HIF1α inactivation would be insufficient to prevent 
the expansion of CD44+CD24-/low CSCs. It has been 
argued that this hypoxia-dependent expansion in CSCs 
could at least in part explain why patients treated with 
antiangiogenic factors relapse and present tumors that are 
more aggressive than the original tumor [27, 59, 60]. 

The maintenance of CD44+CD24-/low cells implicates 
PHD3, while it is independent of HIF. Interestingly, PHD3 
expression has been found to correlate with lower tumor 
grade and ER positivity [24], and PHD3 transcription 
is activated by ER both in vitro and in vivo [61]. These 
findings are consistent with our observations that low 
PHD3 levels are found in ER-negative CD44+CD24-/low 
cells and that PHD3 silencing results in dedifferentiation 
of breast cancer cells. In pancreatic tumors it has been 
observed that undifferentiated tumors express lower PHD3 
levels than well-differentiated tumors, while silencing of 
PHD3 expression accelerated cell growth, independently 
of HIF-1 activation [62]. Inhibition of NFκB signaling 
prevented hypoxia-driven enrichment of CD44+CD24-/

low cells and reduction of CD24 expression. We propose 
that down-regulation of PHD3 leads to activation of 
NFκB, in a HIF-independent manner, which results in 
the expansion of CD44+CD24-/low cells in ER-negative 
cells (Supplementary Figure 8). A similar effect has been 
reported in skeletal muscle, where PHD3 was found to 
promote myoblast differentiation by downregulating 
NFκB activity [63]. Importantly, increased NFκB 
activity has been associated with expansion of CSCs in 
several types of tumors, including breast cancer [64-67]. 
Tumor-initiating cells are characterized by low levels 
of membrane CD24 expression [14, 15]. The observed 
expansion of CD44+CD24-/low cells appears to be due to 
the reduction of membrane CD24 expression through 
the activation of NFκB signaling. Indeed, activation or 
inhibition of NFkB signaling reduces or increases CD24 
expression, respectively, even in normoxic conditions, 
supporting a role for NFkB in the regulation of CD24. 
Interestingly, it has also been shown that CD24 expression 
can attenuate cell viability and NFkB signaling, but only in 
CD44-expressing cells [68], thus suggesting a regulatory 
loop between CD24 and NFkB that may be particularly 
relevant in CSCs.

A decade ago, the isolation of tumorigenic 
breast cancer cells with the phenotype CD44+CD24-/

low represented a first step towards the characterization 
of breast CSCs [14], which was complemented soon 
after with the discovery of their capacity to grow as 
mammospheres [69] and their enhanced aldehyde 
dehydrogenase activity [13]. Importantly, all these 

subpopulations of breast CSCs were more efficient at 
initiating tumors in NOD/SCID mice than non-CSC 
populations. Nevertheless, genetic profiling has shown that 
CD44+CD24-/low and ALDH+ cells represent distinct breast 
CSCs that, furthermore, are not static, but instead display 
a cellular plasticity allowing them to transit between 
epithelial and mesenchymal states [52] and to respond 
differentially to γ-secretase inhibitors [70]. These findings 
suggest that the complexity of breast CSCs is higher 
than initially anticipated [71, 72]. Furthermore, this also 
implies that these distinct CSC subpopulations, which are 
using specific molecular pathways, are likely to present 
distinct anti-cancer drug responsiveness. This work also 
has potential clinical implications given that it has been 
proposed that treatment with antiangiogenic agents should 
be combined with CSC-targeting drugs, since HIF1α 
increases breast CSCs [27], and that chemotherapy should 
be combined with HIF inhibitors in women with triple 
negative breast cancer [28]. Therefore, we propose that the 
design of combinatorial therapies targeting CSCs should 
take into account their intrinsic heterogeneity in order to 
achieve the wide spectrum required to avoid or limit CSC 
expansion in the tumor and development of resistance to 
therapy leading to metastasis. 

MATERIALS AND METHODS

Isolation of human breast epithelial cells and 
Ethics Statement

Normal breast tissue was obtained from women 
(24 - 43 years old) undergoing reduction mammoplasty 
with no previous history of breast cancer (clinical data 
can be found in Supplementary Table 1). Tumor samples 
were obtained from core biopsies or from women 
who underwent therapeutic surgery (histopathological 
information can be found in Supplementary Table 2). 
Investigation has been conducted in accordance with 
the ethical standards and according to the Declaration 
of Helsinki and according to national and international 
guidelines. All patients provided written informed consent 
and the procedures were approved by the local Hospital 
Research Ethics Committee, by the “Ethics Committee of 
Clinical Investigations of Euskadi” and by the Centre´s 
review board. Upon arrival, all samples were immediately 
processed as previously described [44].

Adherent cell culture

MCF-7, T47D, MDA-MB-468, MDA-MB-231, 
ZR75-1 and SK-BR-3 cell lines were obtained from 
American Type Culture Collection (ATCC) and cultured 
in DMEM/F-12 medium with GlutaMAX (Gibco) 
supplemented with 8% FBS (Sigma) and 1% penicillin/
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streptomycin (Gibco) at 37°C in 5% CO2. BT549 cells 
(kindly provided by A Carracedo) were cultured in 
DMEM/F-12 medium with GlutaMAX supplemented 
with 10% FBS and 1% penicillin/streptomycin. For 
experiments with hormonal treatments, MCF-7 and T47D 
cells were hormone-depleted for 2-3 days in phenol-red 
free (PRF) DMEM/F-12 medium (Gibco) supplemented 
with 8% charcoal (Sigma) stripped FBS, before adding 
17-β-estradiol (estrogen) (Sigma), or fulvestrant (ICI 
182,780, kindly provided by AE Wakeling). Primary 
normal epithelial cells were cultured in DMEM/F-12 with 
GlutaMax supplemented with 5% FBS, 5 µg/ml insulin 
(Sigma), 1 µg/ml hydrocortisone (Sigma), 10 ng/ml EGF 
(Invitrogen), 100 ng/ml cholera toxin (Sigma) and 1% 
penicillin/streptomycin. 

Cells were treated with 2 µM PS1145, 100 nM C59 
[80]or 10 µM DAPT (Sigma). Media were changed every 
24 h - 36 h to ensure the activity of all compounds. C59 
was kindly provided by R Kypta and the other drugs are 
from Sigma.

Mammosphere culture

Cells were detached with TrypLE™ Select 
(Invitrogen) and plated in 75 cm2 in flasks treated with 
poly(2-hydroxyethylmethacrylate) (poly-HEMA [Sigma]) 
at a density of 3,000 cells/ml. Alternatively, 500 cells were 
sorted into poly-HEMA coated 6-well plates. MCF-7 and 
MDA-MB-468 cells were grown in DMEM/F-12 medium 
with GlutaMAX, supplemented with B27 (Gibco), 10 ng/
ml EGF (Invitrogen), 2 ng/ml bFGF (Millipore) at 37°C 
in 5% CO2. When culturing primary cells, medium was 
enriched with B27, 20 ng/ml EGF, 20 ng/ml bFGF. After 5 
to 8 days, mammospheres were stained with crystal violet 
solution, immobilized in 0,3% agar, and counted. 

Hypoxia treatment

Hypoxic cultures were carried out in a humidified 
hypoxia workstation (In Vivo 400, Ruskin) with an 
atmosphere of 1% oxygen and 5% CO2 balanced 
with nitrogen. When used, and unless otherwise 
stated, cells were treated with the hypoxia mimetic 
dimethyloxaloylglycine (DMOG) at 1 mM for 3 days, 
replacing the media every 24h.

Colony formation assay with normal breast 
epithelial cells

Following cell culture in adherence or suspension 
conditions for 3-4 days, as described above, dissociated 
single cells were plated in Millicell EZ SLIDE chamber 
slides (Millipore) (1000 cells per well) on top of a layer of 
growth factor reduced Matrigel (BD) that was previously 

allowed to polymerize. Cells were cultured for 10-12 days 
in different oxygen conditions in medium supplemented 
with 5% FBS, 5 µg/ml insulin (Sigma), 1 µg/ml 
hydrocortisone (Sigma), 10 ng/ml EGF (Invitrogen), 
100 ng/ml cholera toxin (Sigma), 5% Matrigel and 1% 
penicillin/streptomycin. 

RNA extraction and qPCR

Total RNA was isolated using TRIzol (Invitrogen). 
When the cell number was low, RNeasy Micro Kit 
(Qiagen) was used. In all cases, RNA extraction 
was performed according to the instructions of the 
manufacturer. DNAse-treated RNA was used to synthesize 
cDNA using M-MLV reverse transcriptase (Invitrogen) 
or Omniscript reverse transcriptase, following the 
manufacturer’s protocol. qPCR was performed on a 7300 
Real-Time PCR System (Applied Biosystems) or a ViiA 
7™ Real-Time PCR System (Applied Biosystems), using 
iTaq™ SYBR® Green Supermix with ROX (BioRad) 
or PerfeCta® SYBR® Green SuperMix with Low Rox 
(Quanta Biosciences), respectively. Primer sequences used 
for PCR amplification are summarized in Supplementary 
Table 3.

Transcription assays

All cells were seeded at 40.000 cells per well in 
24-well tissue-culture plates, hormone-depleted for 2-3 
days and transfected using Genejuice reagent (Merck), 
following the indications of the manufacturer. Cells were 
transfected with the pGL2-ERE TK-luciferase vector 
containing the thymidine kinase (TK) promoter and 
three copies of a consensus ERE (Estrogen Responsive 
Element), driving the expression of the luciferase gene 
(kindly provided by M Parker). A vector expressing 
beta-galactosidase was used as control for transfection 
efficiency [73]. After transfection cells were treated 
with or without estrogen and cultured in normoxic or 
hypoxic conditions for 40 h, after which luciferase and 
beta-galactosidase activities were measured using the 
Luciferase Assay Kit (Promega) and the Tropix Galacto-
Light-Plus Assay (Applied Biosystems), respectively. 
Luminescence was measured in a Veritas TM Microplate 
Luminometer (Turner Biosystems). 

MDA-MB-468, MDA-MB-231 and BT-549 cells 
were seeded in 6-well plate at 3x105 cells/well and were 
transfected with the NFkB-TK-luciferase reporter [74] 
(kindly provided by R Kypta) using Lipofectamine LTX 
(Invitrogen) following the manufacturer’s instructions. 
Each well also received renilla to normalize for 
transfection efficiency. After transfection, the cells were 
maintained in DMEM:F12 containing 8% FBS for 48 h. 
The cell lysates were assayed for luciferase and renilla 
activities with a luciferase reporter assay kit (Dual-
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Luciferase Reporter Assay System; Promega) using a 
luminometer (Turner Biosystem). 

To assay for NFkB activity BT-549 cells were 
seeded in 6-well plates at 3x105 cells/well and were 
transfected with the shRelA (p65 shRNA) plasmid [75], 
kindly provided by B Lewis) using Lipofectamine LTX 
(Invitrogen) following the manufacturer’s instructions. 
After 5 h, cells were maintained in normoxic or hypoxic 
conditions for 40 h. GFP positive (transfected) or negative 
(not transfected) cells were sorted using a FACS ARIA and 
collected to perform total RNA extraction.

Gene silencing

siRNA transfection was performed using 
Lipofectamine 2000 or Lipofectamine RNAimax 
(Invitrogen), following the guidelines of the manufacturer 
for reverse transfection. For the mammosphere formation 
assays after gene silencing, cells were transfected twice, 
to ensure efficient silencing during the whole experiment. 
Following incubations with liposomes, cells were 
collected by centrifugation (400 x g for 5 minutes). 3000 
cells/ml were seeded in 75 cm2 poly-HEMA coated flasks 
in order to allow mammosphere formation. The RNAi 
sequences used in this study are shown in Supplementary 
Table 4.

Western blotting

Cell lysates were prepared with Laemmli buffer 
(50 mM tris pH 6,8, 1,25% SDS, 15% glycerol). Protein 
extracts of cells cultured in hypoxia were made inside the 
hypoxic chamber to avoid reoxygenation. All extracts were 
heated at 95ºC for 15 minutes for a complete lysis and 
denaturalization and Lowry protein assay (BioRad) was 
used for the quantification of protein extracts, followed 
by addition of β- mercaptoethanol (Applichem) (5% final 
concentration) and bromophenol blue (Sigma). Blots were 
then incubated with the following primary antibodies: ERα 
(Novocastra, clone 6F11), HIF1α (antiserum 2087 [76]), 
HIF2α (kindly provided by D Richard), PHD1 (Bethyl, 
A300-326A), PHD2 (antiserum 804 [77]), PHD3 (Novus 
Biologicals, NB-100-139), PR (Novocastra, clone 16), 
RARα (Santa Cruz, sc-6551), β-actin (AC-15/A5441), 
and β-tubulin (Sigma). Proteins were detected using ECL 
(Amersham) and visualized on X-ray film or by acquiring 
digital images with the Molecular Imager ChemiDoc XRS 
System.

Immunofluorescence

For immunofluorescence experiments, cells were 
processed as previously described [78]. Briefly, cells 
grown on cover slides were fixed in 4% paraformaldehyde 

(Santa Cruz), permeabilised with PBS 0,5% saponin and 
blocked in blocking buffer (PBS containing 2%BSA, 
50 mM Glycine and 0,1% saponin). Cells were then 
incubated with anti-CD24 antibody (Dianova, T-1358) 
overnight at 4ºC. After washing with PBS-0,1% saponin, 
cells were incubated with anti-mouse Alexa 488 
(Molecular Probes, A21202) and phalloidin (phalloidin-
Tetramethylrhodamine B isothiocyanate, Sigma, P1951). 
Slides were washed and finally mounted in Vectashield 
with DAPI (Vector) and visualized on a Leica confocal 
microscope.

Fluorescence activated cell sorting (FACS)

For CD44/CD24/ESA, CD44/CD24 and CD49f/
ESA stainings, PE-conjugated anti-CD24 antibody (BD, 
555428), APC-conjugated anti-CD44 antibody (BD, 
559942), FITC-conjugated anti-ESA antibody (Biomeda 
Corp, FM010) and APC-conjugated anti-CD49f antibody 
(eBioscience, 17-0495-80) were used [79]. EMA/CALLA 
labeling was performed as previously described [10], 
using a rat monoclonal antibody against EMA (ICR2 [10]), 
followed by FITC-conjugated anti-rat antibody (Southern 
Biotech, 3010-02), and PE-conjugated anti-CALLA 
antibody (DAKO, R0848). In all cases, control samples 
were stained with isotype-matched control antibodies, the 
viability dye 7-aminoactinomycin D (7AAD) (BD) was 
used for dead cell exclusion, and fluorescence minus one 
(FMO) controls were used to define the gates [79]. 

For BrdU incorporation assay, cells were treated 
with 10 µM bromodeoxyuridine (BrdU) (Amersham) for 
1 h. Upon harvesting, cells were fixed in 4% PFA for 15 
minutes, permeabilized in 0,1% triton for 20 minutes, 
and incubated with Fastimmun™ anti-BrdU-FITC 
antibody with DNAse (BD, 340649) for 30 minutes. Cells 
not treated with BrdU were used as negative control. 
Annexin V staining was performed using FITC Annexin 
V Apoptosis Detection kit (BD, 556547), following the 
instructions of the manufacturer and using 7AAD instead 
of Propidium Iodide. 

To measure ALDH activity in cells, ALDEFLUOR 
assay (Stemcell Technologies) was carried out according 
to manufacturer’s guidelines, and as previously described 
[44].

In all cases, cells were analyzed using FACSCanto 
II (Becton Dickinson) or FACSAria (Becton Dickinson) 
flow cytometres. FACSAria was used for sorting cells. 
Data were analyzed using the FACSDiva software.

Statistical analysis

Data from at least three independent experiments are 
expressed as means ± SD (or ± SEM, if indicated). Each 
data point of real-time PCR, mammosphere formation 
and luciferase activity assays was run at least in triplicate. 
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Student´s t-test was used to determine statistically 
significant differences and p < 0.05 was considered to be 
significant unless otherwise specified.

Abbreviations

SC, stem cell; CSC, cancer stem cell; ER, estrogen 
receptor; HIF, hypoxia-inducible factor; PR, progesterone 
receptor; RAR, retinoic acid receptor; AREG, 
amphiregulin; pS2, also known as TFF1, trefoil factor 1; 
DMOG, dimethyloxalylglycine.
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