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Abstract
Cancer stem cells (CSCs) are involved in the resistance of estrogen (ER)-positive breast tumors against endocrine therapy.
On the other hand, nitric oxide (NO) plays a relevant role in CSC biology, although there are no studies addressing how this
important signaling molecule may contribute to resistance to antihormonal therapy in ER+ breast cancer. Therefore, we
explored whether targeting NO in ER+ breast cancer cells impacts CSC subpopulation and sensitivity to hormonal therapy
with tamoxifen. NO was targeted in ER+ breast cancer cells by specific NO depletion and NOS2 silencing and
mammosphere formation capacity, stem cell markers and tamoxifen sensitivity were analyzed. An orthotopic breast tumor
model in mice was also performed to analyze the efficacy of NO-targeted therapy plus tamoxifen. Kaplan–Meier curves were
made to analyze the association of NOS2 gene expression with survival of ER+ breast cancer patients treated with
tamoxifen. Our results show that targeting NO inhibited mamosphere formation, CSC markers expression and increased the
antitumoral efficacy of tamoxifen in ER+ breast cancer cells, whereas tamoxifen-resistant cells displayed higher expression
levels of NOS2 and Notch-1 compared with parental cells. Notably, NO-targeted therapy plus tamoxifen was more effective
than either treatment alone in an orthotopic breast tumor model in immunodeficient mice. Furthermore, low NOS2
expression was significantly associated with a higher metastasis-free survival in ER+ breast cancer patients treated with
tamoxifen. In conclusion, our data support that NO-targeted therapy in ER+ breast cancer may contribute to increase the
efficacy of antihormonal therapy avoiding the development of resistance to these treatments.

Introduction

Breast cancer is the most frequent malignant tumor diag-
nosed in women worldwide, representing a quarter of all
tumors diagnosed in the female population [1]. Approxi-
mately 75% of breast cancers are estrogen receptor-
positive (ER+) and progesterone receptor-positive (PR+),
and estrogens contribute primarily to the development and
growth of these tumors [2, 3]. The effects of estrogens,
such as 17β-estradiol (E2), are mediated by their binding
to ER which activates a cellular signaling pathway that
leads to cell proliferation. Therefore, the deprivation of
this estrogenic signaling has been the basis of hormonal
therapy in those patients with ER+/PR+ tumors. Tamox-
ifen is the most commonly used selective ER Modulator
(SERM) in the treatment of both early and advanced breast
cancer patients with ER+ tumors [4, 5]. However, almost
50% of ER+ breast cancer patients acquire resistance to
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hormonal therapy with tamoxifen and do not respond to
treatment [6].

There is a growing evidence supporting that cancer stem
cells (CSCs) drive cancer evolution and resistance to
therapies used in clinic [7], including resistance to hormonal
therapy in ER+ breast cancer [7]. A large body of knowl-
edge has been generated on the signaling pathways and
proteins involved in generating and maintaining CSCs in
breast cancer. In this regard, the Notch signaling pathway,
which has been identified as a key driver in breast cancer
progression and CSC activity [8] also has been reported to
play a key role in the resistance of ER-positive breast cancer
against endocrine therapy [9].

Nitric oxide (NO) plays an important role in tumor
biology, participating in processes such as cell death,
angiogenesis, metastatic dissemination and antitumoral
immune response [10–13]. Elevated tumor inducible NO
synthase (NOS2) expression has been shown to predict poor
outcome in ER− breast cancer patients and high NOS2
tumors also exhibited elevated expression of basal-like and
stem cell markers [14]. Remarkably, NOS2 expression has
been associated with a worse prognosis in basal breast
cancer, a more aggressive type of tumor with molecular
characteristics similar to CSCs [15]. However, there is a
limited number of studies on the role of NO in CSC biol-
ogy. In this regard, we and others have described an
important role of NO in CSCs, and that the impairment of
NO production through NOS2 silencing in glioblastoma
[16, 17] or NO depletion in colorectal cancer [18] target
CSC subpopulation. Also, NO released from the tumor
endothelium has been reported to activate Notch signaling
and promote stem-like characteristics in glioblastoma [19].
Besides, we have previously shown that nitrosative stress in
hormone-sensitive MCF7 cells, not only induced a ER-
dependent cell growth response but also expanded the
CD44+/CD24−/low CSC subpopulation and enhanced the
mammosphere formation efficiency [20].

It is therefore conceivable that NO-targeted therapy may
not only impact on the capacity of generation and main-
tenance of breast CSCs but also counteracts the develop-
ment of resistance against endocrine therapy. Thus, in this
study we aimed to explore whether the inhibition of NO
production in ER+ breast cancer cells impacts on the CSC
subpopulation and enhances the efficacy of hormonal ther-
apy with tamoxifen.

Materials and methods

Chemicals

Carboxy-PTIO (c-PTIO), 4-Hydroxytamoxifen (4HT) and
Tamoxifen (Tam) were from Sigma-Aldrich (St Louis, MO,

USA). DETANONOate was obtained through Cayman
Chemical (Ann Arbor, MI, USA) and IL-1β, IFN-γ, and
TNF-α were from R&D Systems (Minneapolis, M, USA).

Cell culture

All media and supplements were from Biowest (Nuaillé,
France) unless otherwise stated. MCF-7 (ATCC HTB-22TM,
Sigma-Aldrich), BT-474 (DSMZ, Braunschweig, Ger-
many), SKBR-3 (ATCC Cell Lines Services, CLS GmbH,
Eppelheim, Germany) and MDA-MB-361 cells (ECACC,
Salisbury, UK) were cultured as previously described
[18, 20].

Cellular proliferation assay

Real-time cell confluence data were obtained for cell pro-
liferation assay using an IncuCyte® ZOOM live-cell ima-
ging and analysis platform (Essen BiosScience, Ann Arbor,
Michigan). Cells were plated (3000 cells per well, 96-well
plates) and, after culture for 24 h for cell attachment, they
were treated with c-PTIO (60 μM in MCF-7 and 40 μM in
MDA-MB-361 and BT-474), 4HT (0.05 μM in MCF-7 and
0.1 μM in MDA-MB-361 and BT-474) or vehicle. Cell
confluence increases after each treatment were used to
calculate cell proliferation as percentage of corresponding
control.

Mammosphere and organoid formation assays

Cells were treated as described above while growing in
adherence, and then were seeded in ultra-low attachment
plates or embedded in Matrigel for mammospheres or
organoid culture, respectively, as previously described
[18, 20]. Two weeks after seeding mammospheres were
counted and organoids were harvested for total protein
extraction and western blot analyses.

Western blot analysis

Cells were lysed as described previously [20], and then total
cell lysate was obtained by centrifugation (10,000 × g, 15
min at 4 °C). To extract protein from cytosolic and nuclear
fractions, cells were lysed in 10 mM Hepes (pH 7.9), 10
mM KCl, 0.1 mM EGTA, 0.1 mM EDTA, 0.1 M DTT, 0.1
M PMSF, 10% IGEPAL and 1% v/v protease inhibitor
cocktail, at 4 °C for 15 min. Cell suspension was then
centrifuged (15,000 × g, 4 °C for 5 min) and supernatant
was collected (cytosolic protein fraction). The remaining
pellet was incubated on ice for 15 min in lysis buffer
composed by 10 mM Hepes (pH 7.9), 0.4 M NaCl, 1 mM
EGTA, 1 mM EDTA, 0.1 M DTT, 0.1 M PMSF, 10%
IGEPAL and 1% v/v protease inhibitor cocktail, centrifuged
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at 15,000 × g for 5 min at 4 °C and the supernatant (nuclear
protein fraction) was collected. Protein was quantified by
Bradford assay, separated in MiniProtean TGX Stain-free or
Criterion TGX Stain-free gels (BioRad) and transferred to
PVDF membranes. Membranes were immunodetected by
chemiluminiscence (Clarity Western ECL Substrate,
BioRad) after incubation with the specific primary anti-
bodies and with secondary horseradish peroxidase con-
jugated secondary antibodies. Imaging and densitometric
analyses were performed using a ChemiDoc XRS Imaging
System with Image Lab software (BioRad). Stain-free
technology (BioRad) was used for total protein normal-
ization. Antibodies used were as follows: Notch1 (Abcam,
Cambridge, UK, 1:2000), NOS pan (Cell Signaling Tech-
nologies, 1:2000) and Sox-2 (R&D Systems, MN, USA,
1:1000).

Flow cytometry

Aldehyde dehydrogenase (ALDH) activity analysis, was
performed with the Aldefluor assay (Stemcell Technologies,
NC, USA) following the manufacturer’s instructions. To
evaluate the expression of CD44 and CD24 surface mar-
kers, cells were incubated with different antibodies con-
jugated with fluorochromes: anti-CD44-PerCP-Cy5.5, anti-
CD24-PE and the corresponding IgG isotypes as controls
(eBioscience). Flow cytometry was performed on a
FACScanto II flow cytometer using FACSDiva software
(BD Biosciences).

Stem cell protein array

Proteome Profiler Human Pluripotent Stem Cell Array Kit
(R&D Systems, UK) was used according to the manu-
facturer’s instructions for assessing the expression of spe-
cific stem cell markers. Identical amounts of protein lysates
(200 μg) were loaded on each membrane. Densitometric
analyses were performed using ChemiDoc XRS Imaging
System and Image Lab software (Bio-Rad).

Silencing of NOS2 expression

NOS2 silencing was performed using lentiviral particles
containing NOS2 shRNA or non-target control shRNA
(Sigma-Aldrich), as previously described [18]. Quantitative
real-time RT-PCR was used to confirm the downregulation
of NOS2 gene.

Quantitative real-time RT-PCR

RNA extraction, cDNA synthesis and RT-PCR were per-
formed as previously described [18]. RPL13A was used as

housekeeping gene. Sequence of primers used for study
were: NOS2: Forward primer: 5’-GCTGCCAAGCTGAA
ATTGAAT-3’; Reverse primer: 5’-GATATCTTCGTGA
TAGCGCTTCTG-3; CD44: Forward primer: 5’-CTGCCG
CTTTGCAGGTGTA-3’; Reverse primer: 5’-CATTGTG
GGCAAGGTGCTATT-3’; RPL13A: Forward primer: 5’-
CCTGGAGGAGAAGAGGAAAGAGA-3’; Reverse pri-
mer: 5’-TTGAGGACCTCTGTGTATTTGTCAA-3. Data
were normalized to RPL13A and relative expression was
calculated using the 2−ΔΔCt method.

Immunohistochemistry

Tissue sections (4 μm) were mounted on poly-L-lysine
coated slides and immunohistochemistry was performed as
previously described [18]. Anti-Notch-1 antibody was used
as primary antibody and immunostaining was evaluated
using an optical microscope (40x) by counting the number
of Notch-1 positive cells from 15 representative zones
within the same preparation.

Orthotopic breast tumor model

Animal studies were performed after obtaining the approval
of the Bioethics Committee of the University of Córdoba.
Six-weeks-old female immunocompromised NOD/SCID
mice (NOD.CB17/AlhnRj-Prkdcscid, Janvier Labs) were
previously implanted with 17β-estradiol pellets (Innovative
Research of America) on the lateral side of the neck.
Exponentially growing MCF-7 cells were trypsinized,
resuspended in BD Matrigel and implanted (4 × 106 cells) in
the fourth mammary fat pad. Ten days after cells implanta-
tion tumors were palpable and animals were intraper-
itoneally injected once a week with c-PTIO (320 mg/kg) or
vehicle (PBS) and twice a week with tamoxifen (60mg/kg)
or vehicle (10% DMSO, 10% castor oil, PBS). Tumors were
measured each week with a digital caliper. At the end of
experiment (20 days), mice were sacrificed, tumors were
removed and final tumor volume was calculated as π/6 ×
(L ×W ×H) (L: lenght; W: width; H: height), while apparent
tumor volume was estimated as L ×W2/2.

Statistical analysis

GraphPad Prism 6.0 (GraphPad Software; La Jolla, CA,
USA) was used for the analysis of data with unpaired
parametric t-test (with Welch correction for unequal var-
iances) or nonparametric Mann–Whitney test. Data are
expressed as mean ± SEM (n= 3) and differences were
considered significant when p < 0.05 (two-sided test). Free
online survival analysis software (http://kmplot.com/ana
lysis/) was used to obtain Kaplan–Meier curves [21].
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Results

NO depletion with c-PTIO abolishes the capacity of
breast cancer cells to form mammospheres in vitro

To analyze the role of NO in the generation and main-
tenance of a CSC subpopulation, we performed tumor-
sphere experiments to analyze the capacity of breast cancer
cells to form mammospheres, which is a functional assay of
self-renewal capacity. We found that the pre-treatment of
MCF-7 cells with c-PTIO, a specific NO scavenger, sig-
nificantly affected their mammosphere formation capacity
(Fig. 1a). Furthermore, when analyzing the expression of
Notch-1, which has been shown to be upregulated by NO
[19, 22] and is a key cellular signaling pathway in breast
CSCs self-renewal, a substantial decrease in its expression
was observed with c-PTIO treatment in a dose-response
manner (Fig. 1b). To confirm that the c-PTIO effect was
specifically due to the removal of NO, MCF-7, MDA-MB-
361 and BT-474 cells were additionally treated with the
NO-donor DETANONOate. Significantly, the NO donor
abolished the capacity of c-PTIO to inhibit the formation of
mammospheres (Fig. 1c). Moreover, treatment of BT474
and MDA-MB-361 cells with C-PTIO also decreased
Notch1 expression in a dose-response manner (Supple-
mentary Fig. 1), confirming that NO depletion inhibits
stemness in ER+ breast cancer cells. The anti-CSCs effi-
cacy of c-PTIO and its elimination by DETANONOate was
also confirmed using the SKBR3 breast cancer cell line that
expresses aldehyde dehydrogenase (ALDH) enzyme, which
is a specific CSC marker [23] (Fig. 2). Treatment of SKBR3
cells with c-PTIO not only inhibited mammosphere for-
mation (Fig. 2a), but also significantly decreased the
ALDH+ cell subpopulation (Fig. 2b), and these effects were
reverted by with the addition of DETANONOate. Thus, the
above results suggest an important regulatory role of NO in
the self-renewal capacity of breast CSCs.

NOS2 deficiency inhibits mammospheres formation
and the expression of CSCs-specific markers in
breast cancer cells

We next investigated if the downregulation of the inducible
nitric oxide synthase (NOS2) form in breast cancer cells could
also impact in the CSCs subpopulation. Thus, we first gener-
ated iNOS deficient MCF-7 cells and we confirmed
NOS2 silencing by the impairment of NOS2 induction (mRNA
and protein) after cytokine treatment in shRNA-iNOS cells
compared to control cells (Supplementary Fig. 2). Next, we
analyzed the effect of NOS2 silencing in the generation and
maintenance of breast CSCs. Thus, tumorosphere formation
assays showed that NOS2 deficient cells had only half the
capacity of control cells to form mammospheres, and in

addition the generated mammospheres were of appreciably
smaller size (Fig. 3a). Besides, the expression of specific breast
cancer CSCs markers was impaired in NOS2 deficient cells.
Hence, a significant decrease in the expression of Notch-1 was
observed in MCF7 shRNA-NOS2 cells (Fig. 3b). Furthermore,
flow cytometry analyses showed a 40% decrease in CD44+/
CD24−/low cell subpopulation of shRNA-NOS2 MCF7 cells
(Fig. 3c), whereas RNA expression studies confirmed a sig-
nificant decrease in CD44 expression in these NOS2 deficient
cells (Fig. 3d). Finally, expression arrays studies showed a
significant decrease in the expression of several stem cell
markers in MCF7 shRNA-NOS2 compared to shRNA-control
cells (Supplementary Fig. 3). Therefore, these results support
that the impairment of NO production through NOS2 silencing
has a significant impact on stemness and CSC subpopulation of
estrogen-positive breast cancer cells. Besides, our
NOS2 silencing data, along with NO depletion experiments
with C-PTIO, suggest that NO production positively regulates
Notch1 expression in our model and provide a signaling
mechanism explaining why the inhibition of NO production
impacts on CSCs subpopulations.

NO depletion with c-PTIO or NOS2-silencing
increases the antitumoral efficacy of antihormonal
treatment with tamoxifen

Antihormonal treatment with tamoxifen blocks the estrogen
activity by competing for the binding of this hormone to the
estrogen receptor alpha [4]. Various studies indicate that
resistance to treatment with this drug in breast cancer is
associated with alterations in breast cancer CSC-related
signaling pathways, such as increased expression of CD44,
Nanog and Oct3/4 [24]. Other studies have shown that
cross-talk between Notch-1 and ER signaling pathways
plays a key role in the resistance to antihormonal therapy in
breast cancer [25, 26].

Therefore, we decided to investigate the impact of NO
depletion or NOS2 deficiency in the sensitivity of breast
cancer cells to tamoxifen. To this end, the antiproliferative
activity of tamoxifen was analyzed in both breast cancer
ER+ cells treated with c-PTIO and in MCF-7 shRNA-NOS2
cells. As shown in Fig. 4a, the selective elimination of NO
with c-PTIO in ER+, MCF-7, MDA-MB-361 and BT-474
cells increased the antiproliferative effect of tamoxifen. In
agreement with these results, NOS-2-silenced MCF-7 cells
were significantly more sensitive to this antihormonal drug
than the corresponding controls (Fig. 4b). Moreover,
tamoxifen treatment in sh-RNA-NOS2 cells was more
effective in reducing their mammosphere formation ability
(Fig. 4c) and Notch1 expression levels (Fig. 4d) than in
control cells. Therefore, the above results suggest that NO-
targeted treatments increase the antitumoral efficacy of
tamoxifen in ER+ breast cancer cells.
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Fig. 1 NO depletion with c-PTIO abolishes the capacity of breast
cancer cells to form mammospheres in vitro. a Representative
images and percentage of mammospheres formed after 2 weeks of
seeding MCF-7 cells pre-treated during 24 h with the indicated doses
of c-PTIO. b Immunoblot of Notch-1 in nuclear fractions of MCF-7
cells. Cells were treated with different concentrations of c-PTIO for 24
h and Notch-1 was detected using a specific antibody. Transcription

factor II-B (TFIIB) was used as loading control. c Representative
images and mammospheres percentage formed from MCF-7, MDA-
MB-361 and BT-474 cells pre-treated for 24 h with c-PTIO (100 μM),
in the absence or the presence of the NO-donor DETANONOate
(100 μM). Scale bars: 50 μm. Data are means ± SEM of three inde-
pendent experiments (*p < 0.05; **p < 0.01; ***p < 0.001 compared
with control).
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Fig. 3 NOS2 deficiency inhibits mammosphere formation and the
expression of CSCs-specific markers in ER+ breast cancer cells. a
Representative images and percentage of mammospheres formed by
shRNA-control and shRNA-NOS2 MCF-7 cells. Scale bars: 50 μm. b
Notch-1 protein expression levels in shRNA-control and shRNA-
NOS2 MCF-7 cells. Stain-free technology was used as loading control.

c Analysis by flow cytometry of CD44+/CD24−/low subpopulation in
shRNA-control and shRNA-NOS2 MCF-7 cells. d Analysis of CD44
mRNA levels in shRNA-control and shRNA-NOS2 MCF-7 cells. Data
are means ± SEM of three independent experiments (*p < 0.05; **p <
0.01; ***p < 0.001; ****p < 0.0001 compared with control).

Fig. 2 NO depletion with C-PTIO inhibits mammosphere forma-
tion and decreases the ALDH+ cell subpopulation in SKBR-3
cells. a Percentage of mammospheres formed after 2 weeks of seeding
SKBR-3 cells pre-treated during 24 h with 100 μM c-PTIO in the
presence or the absence of 100 μM DETANONOate. b SKBR-3 cells
were treated with 100 μM c-PTIO and/or 100 μM DETANONOate for

24 h and ALDH+ expression was analyzed by using the ALDEFLUOR
assay and flow cytometry. A specific inhibitor of ALDH (DEAB) was
used as control. Quantitative cytometry data from one of these
experiments is also shown (right). Data are means ± SEM of three
independent experiments (*p < 0.05; **p < 0.01; ***p < 0.001 com-
pared with control).
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Tamoxifen resistance is associated with increased
expression of NOS2 and stem cells markers in ER+

breast cancer cells

We next developed tamoxifen-resistant breast cancer cells
as a model for the acquisition of resistance to estrogen
antagonists that occurs in breast cancer patients. When
MCF-7 cells were cultured in presence of tamoxifen, cell
growth rate was greatly reduced, but eventually cells
adapted to the new environment, which resulted in two
tamoxifen-resistant (TamR) cell lines: MCF-7 0.1μMTamR

(cells resistant to 0.1 μM tamoxifen) and MCF-7 2μMTamR
(cells resistant to 2 μM tamoxifen). As expected, cell pro-
liferation of parental MCF-7 was effectively reduced by
tamoxifen, while MCF-7 TamR cells grew normally,
unaffected by the presence of tamoxifen (Fig. 5a). Notably,
MCF-7 TamR cells displayed higher NOS2 (Fig. 5b) and
Notch-1 (Fig. 5c) protein expression levels, compared to
MCF-7 parental cells. Although we did not observe dif-
ferences in the capacity of TamR MCF-7 cells to form
mammospheres in comparison to parental cells, TamR
MCF-7 cells-derived organoids not only displayed higher

Fig. 4 NO depletion or NOS2-
silencing increase the
antitumoral efficacy of
antihormonal treatment with
tamoxifen. a Breast cancer cells
were treated with c-PTIO
(60 μM for MCF-7 and 40 μM
for MDA-MB-361 and BT-474)
and/or 4-Hydroxytamoxifen
(4HT, 0.05 μM for MCF-7 and
0.1 μM for MDA-MB-361 and
BT-474). Cell proliferation was
determined after 96 h of
treatment using the incuCyte
ZOOM Software. b Cell
proliferation of shRNA-control
and shRNA-NOS2 MCF-7 cells
treated with different
concentrations of 4HT during
96 h. c Representative images
and percentage of
mammospheres formed by
shRNA-control and shRNA-
NOS2 MCF-7 cells pre-treated
for 24 h with different
concentrations of 4HT. Scale
bars: 50 μm. d Immunoblot
analysis of Notch-1 protein
expression levels in shRNA-
control and shRNA-NOS2
MCF-7 cells treated with
different concentrations of 4HT
during 24 h. Stain-free
technology was used as loading
control. Data are means ± SEM
of three independent
experiments (*p < 0.05; **p <
0.01; ***p < 0.001 compared
with control).
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expression levels of Notch 1 but also expressed higher
levels of Sox-2 (Supplementary Fig. 4) than their parental
counterparts, reinforcing the notion that both NO and CSCs
signaling are associated with tamoxifen resistance in ER+

breast cancer cells.

NO-targeted therapy in vivo with c-PTIO increases
the efficacy of tamoxifen in an orthotopic breast
tumor model

We next decided to explore whether NO-targeted therapy
in vivo with c-PTIO could enhance the effectiveness of
antitumor treatment with tamoxifen. To this end, we
developed an orthotopic breast tumor model in immuno-
deficient mice by grafting MCF-7 tumor cells into the
mammary adipose and then animals were treated with c-
PTIO 320 mg/kg once a week and tamoxifen 60 mg/kg
twice a week.

Notably, the combined NO-targeted therapy with
tamoxifen significantly decreased tumor growth and was
more effective than either treatment alone (Fig. 6a). As a
result, final tumor volumes in c-PTIO plus tamoxifen trea-
ted animals were less than one-third of those in untreated
control mice (Fig. 6b). Moreover, when Notch-1 expression
was analyzed by immunohistochemistry, it was found more
significantly decreased in tumors of mice treated with the
combination of c-PTIO with tamoxifen, than with either
treatment alone. Thus, NO depletion significantly increased
the efficacy of tamoxifen, causing a substantial decrease in
Notch-1 expression and tumor size.

Low NOS2 expression was significantly associated
with a higher metastasis-free survival in ER+ breast
cancer patients treated with tamoxifen

The results described above suggest that NO plays an
important role in the mechanisms of resistance to anti-
hormonal treatment with tamoxifen in breast cancer. We
therefore decided, to investigate whether the expression of
NOS2 in breast cancer also had impact on patient survival
in breast cancer patients treated with tamoxifen. To this end,
an on-line tool was used to analyze NOS2 expression of
patients with breast cancer treated or not with tamoxifen and
to obtain Kaplan–Meier curves from gene expression and
metastasis-free survival data of about 300 patients [21]. As
shown in Fig. 7, a higher expression of NOS2 was sig-
nificantly associated with lower survival in patients with
ER+ tumors treated with tamoxifen. Of note, this difference
in metastasis-free survival was not observed in ER+ breast
cancer patients treated with chemotherapy. Therefore, sur-
vival data support that a higher NOS2 expression provides
an adaptive advantage for ER-positive tumors treated with
tamoxifen, resulting in lower patient metastasis-free survi-
val rates.

Discussion

NO is an important mediator involved in important phy-
siological processes, and also plays a significant role in
tumor biology, since exposure of cancer cells to low NO

Fig. 5 Tamoxifen resistance is associated with increased expression
of NOS2 and Notch1 expression in ER+ breast cancer cells. a
MCF-7 0.1 μMTamR (cells resistant to 0.1 μM tamoxifen) and MCF-7
2 μMTamR (cells resistant to 2 μM tamoxifen) were treated with dif-
ferent concentrations of 4HT and cell proliferation was determined
after 96 h of treatment using the incuCyte ZOOM Software.
b Immunoblot and analysis of NOS2 protein expression in MCF-7
0.1 μMTamR and MCF-7 2 μMTamR after treatment with a cytokine

cocktail (CK) for 24 h to induce NOS2 expression. The graph shows
the percentage of induction of NOS2 protein in control and TamR
cells. Stain-free technology was used as loading control. c Immunoblot
analysis of Notch-1 expression levels in MCF-7 0.1 μMTamR and
MCF-7 2 μMTamR. Stain-free technology was used as loading con-
trol. Data are means ± SEM of three independent experiments (*p <
0.05; **p < 0.01; ***p < 0.001 compared with control).
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Fig. 6 NO-targeted therapy with c-PTIO increases the efficacy of
tamoxifen in an orthotopic breast tumor model. aMCF-7 cells were
injected into the mammary fat pad of immunocompromised NOD/
SCID mice and then animals were treated with c-PTIO (320 mg/kg
once a week) and tamoxifen (60 mg/kg twice a week). Apparent tumor
volume (mm3) was measured during the course of treatment. b Final
tumor volume was analyzed after harvesting. The graph shows final

tumor volume (mm3) normalized to initial apparent volume. c
Representative images from the immunohistochemical analysis of
Notch-1 expression in xenografts. Scale bars: 50 μm. The graph shows
the average number of Notch-1 positive cells from 15 representative
zones within the same tissue preparation in each experimental group
(*p < 0.05; **p < 0.01; ***p < 0.001 compared with control).

Fig. 7 NOS2 expression and metastasis-free survival in patients
with ER+ tumors. Metastasis-free survival rates of ER+ breast cancer
patients treated with tamoxifen or chemotherapy, according to NOS2
gene expression in their tumors. Kaplan–Meier curves were made
using the on-line Kaplan–Meier plotter tool (http://kmplot.com/ana

lysis/). All possible cut-off values between the lower and upper
quartiles were computed and the best performing threshold was used
as a cut-off and the levels of NOS2 expression that are below or above
this threshold are considered as low or high expression, respectively.
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concentrations can stimulate cell survival pathways,
increasing angiogenesis and contributing to tumor pro-
gression and metastasis [27]. NO signaling mediated by
NOS2 has been associated with worse survival in patients
with breast cancer, as tumor aggressiveness increases [14].
However, although an important role of NO in CSCs has
been described in solid tumors [16–19], to date studies on
NO capacity in the generation and maintenance of CSCs in
breast cancer have not been performed.

Our results indicate that NO removal with c-PTIO in
breast cancer cells ER+ (MCF-7, MDA-MB-361, BT-474)
or ER− (SKBR-3) decreased their ability to form mammo-
spheres, which is a functional assay for the characteristic
self-renewal capacity of CSCs [28]. Moreover, this effect of
c-PTIO was specifically due to NO removal, since the pre-
treatment with a NO donor abolished the anti-CSC capacity
of NO scavenging. Notch-1 signaling pathway is important
in CSCs self-renewal, cell proliferation and differentiation
and apoptosis in breast cells [8]. In fact, endothelial nitric
oxide synthase (eNOS) has been reported to activate Notch
signaling and to promote in vitro neurospheres formation
after NO treatment in gliobastoma [19]. Also, more recently
we reported that NO depletion in colorectal cancer cells
impaired CSC-specific signaling pathways, including Notch
[18]. In the present study, the anti-CSCs capacity of NO
elimination in breast cancer cells was associated with a
decrease in Notch-1 expression. Another important CSC
marker in breast cancer is ALDH1, which is expressed
selectively in ER− or triple negative breast tumors [29].
Therefore, its expression was analyzed in SKBR-3 cells, an
ER− breast cancer cell line, confirming that ALDH+

population decreased significantly in c-PTIO presence,
while this anti-CSCs effect was significantly attenuated in
the presence of a NO donor. These results indicate, as a
whole, that NO plays an important role in the maintenance
of stem characteristics in breast cancer cells. Given that
iNOS is the main source of NO production in epithelial
cells, we decided to functionally address its participation in
the generation and maintenance of CSCs subpopulation in
MCF-7 cells. In this regard, our study shows that a sig-
nificant decrease in iNOS mRNA and protein levels in
shRNA-NOS2 MCF-7 cells was associated with a decrease
in their ability to form mammospheres. Therefore, these
data support that NOS2 also plays an important role in CSC
generation and maintenance in ER+ breast cancer cells.
Similarly, NOS2 downregulation in glioblastoma cells [16]
and colon cancer cells [17] has been reported to reduce their
ability to form neurospheres and colonospheres, respec-
tively. Moreover, we show that NOS2 silencing also
downregulated CSCs markers such as CD44, Notch, and
stem cells specific markers, with a significant decrease in
OCT-4 and Nanog expression, among others. Actually,
CD44+/CD24− breast cancer cells have been reported to

express high levels of OCT-4, which can also be a bio-
marker of progression and prognosis in breast cancer [30].
On the other hand, a decrease in Nanog expression has been
shown to suppress the CSCs population in breast cancer
[31]. Moreover, CD44+ and ALDH1+ breast cancer cells
populations have been associated with adverse features in
ER+ breast cancers, including Ki67 as well as basal markers
[32], and with poor prognosis [33]. Therefore, all these data
indicate that the impairment of NO production through
NOS2 silencing has a significant impact on stemness and
CSC subpopulation in ER+ breast cancer cells.

CSCs are more resistant than differentiated tumor cells to
therapies used in clinics [34, 35]. This suggests that the
alteration of NO production in breast cancer cells, and
therefore in the development and maintenance of CSCs,
could help to increase the sensitivity to antitumor therapies.
Tamoxifen is the most common and effective antiestrogenic
therapy for ER+ breast cancer patients and is also used to
prevent breast cancer development in high risk patients
[36]. Tamoxifen blocks estrogen activity by competing for
the binding site of ER-α receptor, resulting in the inhibition
of ER-α-regulated gene transcription and estrogen-
dependent tumors growth [37, 38]. However, almost 50%
of ER+ breast cancer patients acquire resistance to tamox-
ifen and do not respond to treatment [6]. Importantly, our
results show that both NO depletion with c-PTIO and
NOS2-silencing enhanced the response of MCF-7 cells
antihormonal treatment with tamoxifen. This higher efficacy
of tamoxifen in NO-impaired MCF-7 cells may be related to
alteration of CSC-related characteristics. Thus, a number of
studies have reported that resistance to treatment with
tamoxifen in breast cancer is associated with CSC-related
signaling pathways [7]. Besides, the acquired resistance to
tamoxifen in MCF-7 cells has been shown to be accom-
panied by an increase in CD44 [39], Nanog and Oct3/4
expression [40]. Other studies have shown that the cross-
talk between Notch and ER plays a fundamental role in
resistance to antihormonal therapy in breast cancer [7].
Thus, the Notch silencing in breast cancer cells is capable of
increasing their sensitivity to tamoxifen [26]. In agreement
with these studies, our results support that tamoxifen
treatment in NOS-2-silenced cells was more effective in the
reduction of their mammosphere formation ability and
Notch1 expression levels. In agreement with the results
obtained in vitro, we found an impaired tumor growth
capacity in mice treated with NO-targeted therapy plus
tamoxifen, which formed tumors significantly smaller than
those of untreated mice. Notably, the tumors in those mice
treated with tamoxifen plus NO depletion showed a
diminished expression of Notch-1 expression in comparison
with either treatment alone. Therefore, the combination of
tamoxifen with the inhibition of NO production can be an
effective treatment in ER+ breast cancer patients, by

Nitric oxide-targeted therapy inhibits stemness and increases the efficacy of tamoxifen in estrogen. . . 301



decreasing the resistance to this antitumor drug. Further-
more, because the development of resistance to tamoxifen
remains an important clinical problem in breast cancer
patients, we demonstrate that tamoxifen-resistant MCF-7
cells express higher levels of NOS2 and Notch-1 than
parental breast cancer cells. Consequently, these signaling
pathways are associated with tamoxifen resistance in ER+

breast cancer cells.
A number of reports have demonstrated the association

between NOS2 and poor outcome in a variety of cancers,
including ER− breast cancer [14, 41]. However, our results
suggest that NOS2 expression in ER+ tumors may also have
a prognostic value in patients receiving antihormonal
treatment with tamoxifen. Actually, we show that a higher
NOS2 expression was significantly associated with lower
metastasis-free survival rate in ER+ breast cancer patients
treated with tamoxifen. Importantly, NOS2 expression was
not associated with survival in ER+ patients receiving
chemotherapy, indicating that NOS2 expression in ER+

tumors is specifically associated with their sensitivity to
tamoxifen and is not due to the correlation with grade or
other prognostic histopathological and immunophenotypical
factors.

In summary, our data show that the impairment of NO
production in ER+ breast cancer cells decreases those
functional and molecular characteristics related to CSCs,
suggesting that NO plays an important role in the biology of
this cellular subpopulation in these tumors. Moreover, NO-
targeted therapy reduced stem characteristics and increased
the sensitivity to treatment with tamoxifen, whereas
tamoxifen resistance in ER+ breast cancer cells was asso-
ciated with NOS2 upregulation. These results may explain
why a higher NOS2 expression is associated with lower
survival in ER+ breast cancer patients treated with tamox-
ifen. Therefore, NO-targeted therapy in ER+ breast cancer
may contribute to increase the efficacy of antihormonal
therapy avoiding the development of resistance to these
treatments.
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