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Abstract
Background  Increased cancer stem cell (CSC) content and SOX2 overexpression are common features in the 
development of resistance to therapy in hormone-dependent breast cancer, which remains an important clinical 
challenge. SOX2 has potential as biomarker of resistance to treatment and as therapeutic target, but targeting 
transcription factors is also challenging. Here, we examine the potential inhibitory effect of different polyoxometalate 
(POM) derivatives on SOX2 transcription factor in tamoxifen-resistant breast cancer cells.

Methods  Various POM derivatives were synthesised and characterised by infrared spectra, powder X-ray diffraction 
pattern and nuclear magnetic resonance spectroscopy. Estrogen receptor (ER) positive breast cancer cells, and their 
counterparts, which have developed resistance to the hormone therapy tamoxifen, were treated with POMs and their 
consequences assessed by gel retardation and chromatin immunoprecipitation to determine SOX2 binding to DNA. 
Effects on proliferation, migration, invasion and tumorigenicity were monitored and quantified using microscopy, 
clone formation, transwell, wound healing assays, flow cytometry and in vivo chick chorioallantoic membrane (CAM) 
models. Generation of lentiviral stable gene silencing and gene knock-out using CRISPR-Cas9 genome editing were 
applied to validate the inhibitory effects of the selected POM. Cancer stem cell subpopulations were quantified 
by mammosphere formation assays, ALDEFLUOR activity and CD44/CD24 stainings. Flow cytometry and western 
blotting were used to measure reactive oxygen species (ROS) and apoptosis.

Results  POMs blocked in vitro binding activity of endogenous SOX2. [P2W18O62]6− (PW) Wells-Dawson-type anion 
was the most effective at inhibiting proliferation in various cell line models of tamoxifen resistance. 10 µM PW also 
reduced cancer cell migration and invasion, as well as SNAI2 expression levels. Treatment of tamoxifen-resistant cells 
with PW impaired tumour formation by reducing CSC content, in a SOX2-dependent manner, which led to stem cell 
depletion in vivo. Mechanistically, PW induced formation of reactive oxygen species (ROS) and inhibited Bcl-2, leading 
to the death of tamoxifen-resistant cells. PW-treated tamoxifen-resistant cells showed restored sensitivity to tamoxifen.

Conclusions  Together, these observations highlight the potential use of PW as a SOX2 inhibitor and the therapeutic 
relevance of targeting SOX2 to treat tamoxifen-resistant breast cancer.
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Background
Despite all the advances in research leading to improved 
therapies, breast cancer remains the first cause of death 
from cancer in women [1]. Around 75% of breast cancers 
express the estrogen receptor (ER) and are usually treated 
with hormone therapy, such as tamoxifen, an ER antago-
nist [2]. However, a 20-year follow-up meta-analysis has 
reported breast cancer risk of recurrence after stopping 
tamoxifen treatment can be up to 41% in some cases [3], 
highlighting the need for new approaches to reduce this 
risk.

Breast cancer is a heterogeneous disease. Inter-tumour 
heterogeneity (diversity among tumours from different 
patients) was clearly demonstrated by the identification 
of gene expression patterns that distinguish breast can-
cer subtypes correlated with patient outcome [4]. On 
the other hand, the existence of intra-tumour heteroge-
neity (complexity within a patient´s tumour) challenges 
therapy and management of breast cancer [5]. Breast 
tumours contain different cell types, including cells with 
stem cell features. A variety of methods that enrich for 
cells with characteristics of stem cells, as assayed by 
increased tumour initiation potential in transplantation 
studies, have shown the implication of cancer stem cells 
(CSCs) in tumour initiation and development of resis-
tance to current forms of anti-cancer therapy [6, 7]. Our 
laboratory has demonstrated that resistance to endocrine 
therapy is driven by SOX2-mediated activation of CSCs 
[8, 9]. Tamoxifen treatment expanded different CSC 
sub-populations, including CD44+CD24-/low cell popula-
tion and cells with increased ALDEFLUOR activity and 
enhanced capacity to form mammospheres. Further-
more, high SOX2 levels were correlated with endocrine 
therapy failure in a cohort of ER-positive breast cancer 
patients treated with tamoxifen, highlighting the rele-
vance of SOX family of transcription factors as potential 
therapeutic targets in breast cancer [8]. However, tran-
scription factors are not easy to target, unless they are 
dependent on ligand activation as, for example, occurs 
with ER and other steroid hormone receptors [2].

Previous studies have identified the K6[P2Mo18O62] 
Wells-Dawson-type polyoxometalate (POM) as a direct 
inhibitor of the SOX2-HMG domain produced in bac-
teria [10], suggesting the potential of these and other 
POMs against SOX factors [11]. Different members of 
this family of discrete and anionic metal oxo-clusters 
have been identified as promising inorganic drugs, that 
may act as antibacterial and antiviral agents [12] or to 
treat Alzheimer´s disease [13]. However, most biologi-
cal studies to date have been devoted to their antitumor 
activity in multiple cancer types [14], including breast 
cancer cells [15], and they have shown potential to target 
cancer cells [14, 16, 17].

Therefore, we hypothesised that inhibition of SOX2 
function by a POM would affect the CSC subpopulations 
and the sensitivity to tamoxifen. The main message of this 
work is that the combination of a traditional hormonal 
therapy with SOX2 inhibitors such as POMs may pro-
vide a novel approach to treat breast cancer. This strategy 
would reduce the risk of tumour recurrence. Considering 
the promising results reported in the literature for the 
direct inhibition of the SOX2-HMG domain produced 
in bacteria by POMs [10], herein we report on the first 
in vivo studies using three salts of anions with an iden-
tical negative charge: the commercial ammonium salt of 
the [Mo7O24]6− (Mo7) and two hydrated potassium salts 
of plenary Wells-Dawson-type heteropolyoxometalates, 
[α-P2Mo18O62]6− (PMo) and [α-P2W18O62]6− (PW).

To explore the potential of POMs to target SOX2 pref-
erentially in CSCs, we compared the capacity of vari-
ous POM derivatives to inhibit endogenous SOX2 DNA 
binding activity in breast cancer cells. The selected ple-
nary Wells-Dawson type polyoxotungstate, PW, was 
found to be the most biologically active POM tested in a 
variety of functional assays. We show that treatment with 
PW results in the induction of apoptosis, particularly in 
cells with high SOX2 expression levels, reduction of the 
sizes of CSC subpopulations, and partial recovery of ER 
signalling, leading to impaired tumorigenicity of tamox-
ifen-resistant breast cancer cells in vivo. Therefore, the 
combination of tamoxifen (to target ER-positive breast 
cancer cells) and PW (to target SOX2-positive CSCs) 
could be a potential combinatorial treatment to treat 
breast cancer and reduce the risk of resistance to hor-
mone therapy.

Methods
Synthesis of polyoxometalate salts
Compounds K6[α-P2Mo18O62]·12H2O (where PMo = 
[α-P2Mo18O62]6−) K6[α-P2W18O62]·14H2O (where PW 
= [α-P2W18O62]6−) were prepared following previously 
reported procedures with minor modifications [16], 
which imply the combination of the heteroatomic and 
addenda-metal source in acidic aqueous media under 
reflux conditions, followed by two purification cycles 
by recrystallization. Briefly, for PMo, a mixture of 20  g 
of Na2MoO4·2H2O (Sigma-Aldrich, ACS reagent > 99%, 
0.082  mol), 3 mL of 85% H3PO4 (0.044  mol) and 16.5 
mL of HCl (36.5–38.0% Sigma-Aldrich, BioReagent, 
0.201 mol) in 50 mL of water was refluxed for 8 h. Then, 
the solution was cooled down to room temperature and a 
pale-yellow salt was precipitated by the addition of 20 g 
of KCl. This mixture was kept at 5 °C overnight, and the 
yellow solid was filtered and dried under vacuum. The 
crude product was purified by recrystallization in water. 
Yield: 9.5  g (64% based on Mo). FTIR, ν (KBr, cm− 1): 
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1076(s), 1003(w), 941(s), 905(s), 779(s). 31P-NMR δ (D2O, 
ppm): -3.00.

For PW, a mixture of 50  g of Na2WO4·2H2O (Sigma-
Aldrich, BioUltra > 99.0%, 0.15  mol) and 40 mL of 85% 
H3PO4 (Sigma-Aldrich, BioUltra, 0.60  mol) in 100 mL 
of water was refluxed for 4  h. Then, the solution was 
cooled down to room temperature and a pale-yellow 
salt was precipitated by the addition of 20  g of NH4Cl 
(Sigma-Aldrich, ACS reagent > 99.5%). This product was 
collected and re-dissolved in 50 mL of warm water with 
5  g of NH4Cl. Afterwards, the potassium salt was pre-
cipitated from the cold solution with 8 g of KCl (Sigma-
Aldrich, AC Reagent > 99%). This solid was collected, 
dissolved in 50 mL of hot water and kept at 15 °C over-
night. Then, white needles of K14Na[P5W30O110]·nH2O 
that could appear during this period were removed and 
the clear solution was refluxed for 6 h. A polycrystalline 
pale green solid was precipitated from the cold solution 
with 8 g of KCl. This solid was filtered, purified by recrys-
tallization in water (pH = 2) and dried under vacuum. 
Yield: 16.7  g (41% based on W). FTIR, ν (KBr, cm− 1): 
1091(s), 962(s), 914(s), 787(s). 31P-NMR δ (D2O, ppm): 
-12.89.

The stepwise synthesis of the fluo-
rescent hybrid POM salt TBA6K[α2-
P2W17O61{Sn(CH2)2CONHC20H11O5}] (where PW-F 
= [α2-P2W17O61{Sn(CH2)2CONHC20H11O5}]7−) was 
carried out as previously reported [18]. All other 
reagents, including the ammonium heptamolybdate 
(NH4)6[Mo7O24]·4H2O (where Mo7 = [Mo7O24]6−; 
Sigma-Aldrich, ACS reagent, 99.98%, CAS 12054-85-2), 
were purchased from commercial sources and used with-
out further purification.

POM characterisation
Infrared spectra (FT-IR) were recorded as KBr pellet 
on a Shimadzu FTIR-8400  S spectrophotometer in the 
400–4000 cm− 1 spectral range. UV/Vis spectra were reg-
istered on a Shimadzu UV mini 1240 spectrophotom-
eter for samples dissolved in DMEM (8% FBS), whereas 
fluorescence emission spectra were acquired in an Edin-
burgh Instruments F980 fluorimeter using a continuous 
Kimmon Koha IK-Series HeCd laser (325 nm) as excita-
tion source. Powder X-ray diffraction (PXRD) pattern 
was recorded from 2θ = 5 to 38° (0.038 step size, 30 s per 
step) using a Philips X’PERT PRO diffractometer oper-
ating at 40 kV/40 mA in θ–θ configuration with mono-
chromated CuKα radiation (λ = 1.5418 Å) and a PIXcel 
detector. Nuclear magnetic resonance 1H- and proton 
decoupled 31P-NMR spectra were recorded on a Bruker 
Avance 500  MHz instrument for samples dissolved 
in D2O, DMEM (8% FBS) supplemented with D2O or 
CD3CN (for PW-F). Chemical shifts (δ) are reported in 

parts per million (ppm) and referenced to TMS and 85% 
phosphoric acid for 1H- and 31P-NMR, respectively.

Culture of human cell lines
The ER-positive breast cancer cell lines MCF7, T47D 
and ZR75-1, were obtained from the American Tissue 
Culture Collection (ATCC), as well as human embry-
onic kidney HEK-293T cells (isolated from the kidney 
of a human embryo, CRL-3216, ATCC). All cell lines 
were cultured at 37  °C and 5% CO2 in DMEM (Gibco, 
cat nr. 41965-039), 8% FBS (Fetal Bovine Serum Gibco™, 
10270-106) 1% P/S (Penicillin/streptomycin, Gibco™, 
1015140-122). DNA profiling (Eurofins Genomics, Ger-
many) authenticated cell lines were routinely tested for 
mycoplasma. The control, parental cell lines are referred 
to as MCF7c, T47Dc, ZR75-1c and the corresponding 
tamoxifen-resistant breast cancer cell lines, MCF7TamR, 
T47DTamR and ZR75-1TamR, were developed in the 
laboratory after long-term (over 6 months) exposure 
to 5 × 10− 7 M 4-Hydroxytamoxifen, referred herein as 
tamoxifen (Sigma, cat nr. H7904), as previously described 
[8]. Tamoxifen-resistant cells were maintained in culture 
in the presence of 5 × 10− 7 M tamoxifen, while control 
cells were grown in presence of ethanol (vehicle).

The POMs were dissolved in culture medium to gener-
ate 2 mM stock solutions, which were used at the con-
centrations indicated in the figures. PW was used at a 
final concentration of 10 µM, unless otherwise indicated. 
The colour of the culture medium, which contains phe-
nol red as a pH indicator, was not altered by addition of 
the POMs, reflecting that the solution remained at physi-
ological pH. The aqueous solutions for 31P-NMR studies 
were either colourless (Mo7 or PW) or yellow (PMo), 
indicating the absence of reduced blue species.

Electrophoresis mobility shift assay (EMSA)
Lentiviral expression plasmids pSin-EF2-Sox2-Pur (plas-
mid nr. 16577, Addgene, to express Homo sapiens SRY 
(sex determining region Y)-box 2, SOX2) and pSin-EF2-
EGFP-Pur (as control, previously generated by our lab 
[19] in order express the jellyfish green fluorescent pro-
tein GFP) were transfected into HEK-293T cells (isolated 
from the kidney of a human embryo, CRL-3216, ATCC) 
to enrich for human SOX2 in protein extracts. Nuclear 
protein fractions were collected, as described [20]. EMSA 
was performed using double-stranded DNA (dsDNA) 
probe synthesized to contain the predicted SOX2 bind-
ing site in the promoter of the P21 gene (human cyclin 
dependent kinase inhibitor 1A, CDKN1A, gene ID: 1026) 
and a sequence of the PAX6 gene (human paired box 
gene 6, gene ID: 5080) promoter as negative control [11]. 
dsDNA sequences for the P21 gene promoter sequences 
F: 5’- ​G​G​C​C​T​C​A​A​G​A​T​G​C​T​T​T​G​T​T​G​G​G​G​T​G​T​C​T​A​
G-3’ and R: 5’- ​C​T​A​G​A​C​A​C​C​C​C​A​A​C​A​A​A​G​C​A​T​C​T​T​G​
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A​G​G​C​C-3’ and for the PAX6 gene F: 5’- ​A​A​G​C​A​T​T​T​T​C​
A​C​G​C​A​T​G​A​G​T​G​C​A​C​A​G-3’ and R: 5’- ​C​T​G​T​G​C​A​C​T​C​
A​T​G​C​G​T​G​A​A​A​A​T​G​C​T​T-3’. Then, nuclear extracts were 
incubated in 20 mM HEPES, 5 mM MgCl2, 10 mM KCl, 
5% glycerol, 0.2 mM EDTA, 1 mM DTT, 1X protease 
inhibitor, for 30 min in the presence or absence of POM 
anions to allow binding to SOX2 protein. After that, 
dsDNA oligomers were added to the mixture at 1 mM 
concentration for further 60 min incubation at RT. Pro-
tein-DNA complexes were separated in native gels and 
for DNA staining after electrophoresis, gels were incu-
bated in 20 mL of 0.5X TAE buffer and 2 µL of GelRed® 
Nucleic Acid Gel Stain (Biotium) for 20 min at RT. Pic-
tures were taken in an ultraviolet transilluminator.

Chromatin immunoprecipitation (ChIP)
SimpleChIP® Enzymatic Chromatin IP Kit commercial 
kit from Cell Signaling was used. Briefly, 107 cells were 
cross-linked with 1% formaldehyde and the reaction was 
quenched by 1 M glycine, followed by cell lysis with the 
provided buffers. Subsequently, nuclei were digested 
by the addition of Micrococcal nuclease for 20 minutes 
at 37°C in an orbital shaker. The reaction was quenched 
by the addition of 0.05  M EDTA. Micrococcal nuclease 
digestion was followed by sonication to shear chroma-
tin. Chromatin was subjected to RNAse and Proteinase 
K treatment followed by DNA purification. At this point, 
2% of the purified chromatin was removed as input con-
trol. Chromatin was incubated at 4°C overnight in rota-
tion with either control rabbit IgG or SOX2 antibody 
(Cell Signaling, mAb#3579). Eluted and input chromatin 
were purified and subjected to qPCR analysis. All ChIP 
analyses were performed as triplicate technical repeats 
for each of three independent experiments and analysed 
following the percent input method. P21 gene (human 
cyclin dependent kinase inhibitor 1A, CDKN1A, gene ID: 
1026) was analysed with the primers: F: 5’- ​C​T​G​T​T​T​C​
C​C​T​G​G​A​G​A​T​C​A​G​G​T − 3’ and R: 5’- ​A​C​T​G​A​T​C​C​C​T​C​
A​C​T​A​G​G​T​C​A​C − 3’. CCND1 gene (Cyclin D1, gene ID: 
595) was analysed with the primers: F: 5’- ​T​G​C​C​G​G​G​C​
T​T​T​G​A​T​C​T​T​T − 3’ and R: 5’- ​C​G​G​T​C​G​T​T​G​A​G​G​A​G​G​
T​T​G​G − 3’.

Cell proliferation and spheroid formation assays
To evaluate POM effects on cell proliferation, 5,000 
cells/well were seeded in culture medium in 24-well 
tissue-culture plates. POM treatments were freshly pre-
pared every time. Cell proliferation was determined 
after 7 days by staining cells with crystal violet solution 
(Sigma, cat nr. C0775). Briefly, cells were washed twice 
with PBS and fixed with 200 µL of 4% PFA for 15  min 
before staining with 200 µL of crystal violet for 20  min 
on a rocker to ensure all the surface was covered. Then, 
cells were washed twice with PBS and plates allowed to 

dry overnight. Stained cells were dissolved in 10% acetic 
acid solution and absorbance was measured at 595  nm. 
Results are shown as relative cell proliferation to the con-
trol using the mean of three independent experiments.

Spheroid formation assays were performed as previ-
ously described [21]. Briefly, five thousand cells were 
seeded per well in 96-well ultra-low-attachment plates 
(Corning, cat nr. 3474) and spheroids allowed to form in 
the absence or presence of 10 µM PW. Matrigel growth 
factor reduced (BD, cat nr. 354230) was added on the top 
of the spheroids, and their growth and cell invasion were 
monitored. The invaded area was quantified using ImageJ 
software.

RNA extraction, quantitative real-time PCR and western 
blotting
Total RNA was extracted using the illustra™ RNAspin 
Mini Isolation Kit (GE Healthcare) following the manu-
facturer’s instructions. Total RNA was used for reverse 
transcription using the M-MLV Reverse Transcriptase 
and RNase OUT Ribonuclease Inhibitor (Invitrogen), 
according to manufacturer’s instructions. qPCR was per-
formed using PerfeCTa SYBR® Green Supermix, Low Rox 
(Quanta Biosciences) in either a Viia7 or QuantStudio 6 
Flex Real-Time PCR System (Applied Biosystems). Rela-
tive levels of mRNA were determined according to the 
ΔΔCT quantification method, relative to the housekeep-
ing gene 36B4. The primers used for qPCR amplification 
are listed in the Supplementary materials and methods.

Western blotting was performed as previously 
described [9]. Blots were incubated with the follow-
ing primary antibodies: rabbit anti-Parp (Cell Signal-
ing, cat nr. 9542), mouse anti-Bcl-2 (EMD Millipore, cat 
nr. OP60-20UG) and mouse anti-b-actin (Sigma, cat nr. 
A5441). For detection, an enhanced chemiluminescence 
detection kit (Clarity Western ECL Substrate, Bio-Rad, 
cat nr. 1705061) was used.

Migration and invasion assays
Migration (wound healing) assays were performed by 
growing cells to confluency and a thin wound produced 
by scratching with a pipette tip. Migration into the 
wounded space was quantified using ImageJ. Invasion 
assays were performed in a 24-well Corning BioCoat 
Matrigel® Invasion Chambers (Corning, cat nr. 354480) 
containing an 8  μm pore size PET (PolyEthyleneTerep-
thalate) membrane, as previously described [22]. Briefly, 
50,000 MCF7TamR cells/well, previously starved in 
medium with 1% FBS, were seeded in triplicate and 20% 
FBS containing medium was added to the wells below, 
both in presence or absence of PW treatment. As a con-
trol for cell viability, cells were plated in parallel at the 
same density in 24-well tissue culture plates. After 72 h, 
invaded cells were fixed and stained with crystal violet 
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solution and at least 9 different fields of each well were 
counted using ImageJ software. Results are shown as rel-
ative cell invasion of three independent experiments.

Generation of stable gene silencing and gene knock-out 
using CRISPR-Cas9 genome editing technology
The 3-plasmid transfection system was used for the len-
tiviral stable knockdown of SOX2 gene, using pLKO.1 
backbone vector. pLKO.1-shSOX2 was used against 
SOX2 gene and an empty shRNA vector (pLKO.1-empty) 
was used as negative control. The protocol for lentivirus 
infection was performed in several steps as previously 
described [19].

CRISPR-Cas9 targeting of SOX2 locus was performed 
using online resources (CRISPRdesign and CRISPR) 
to search for high-scoring sites in the SOX2 gene locus. 
The highest scoring sgRNA target to design the vec-
tors were chosen and cloned into the nickase plasmid 
pSpCas9(BB)-2A-Puro (PX459) V2.0. sgRNA oligo 
sequences were: sgRNA A, 5’-​C​A​C​C​G​C​T​C​C​A​T​C​A​T​G​
T​T​G​T​A​C​A​T​G​C-3’ and B 5’- ​C​A​C​C​G​C​G​G​G​C​C​C​G​C​A​
G​C​A​A​A​C​T​T​C​G-3’. All constructs were confirmed by 
sequencing and cloning. MCF7TamR cells were tran-
siently transfected with the resulting CRISPR-Cas9 
vector together with one (as control) or both sgRNA 
sequences against SOX2 gene locus, using GeneJuice® 
Transfection Reagent. Two days after transfection, 
transfected cells were selected with 2  µg/mL puromy-
cin and followed by single cell cloning and screening. 
The efficiency of stable Sox2 knockout was confirmed 
by western blotting, resulting in a depleted Sox2 cell line 
(MCF7TamR-Sox2KO).

CSC assays
For CD44/CD24 stainings, the same protocol as previ-
ously described was used [8]. Briefly, cells were labelled 
with PE-conjugated mouse anti-CD24 antibody (BD, 
ML5/BD, 555428) and APC-conjugated mouse anti-
CD44 antibody (BD, G44-26/BD, 559942) and incubated 
for 30 min on ice with the respective antibodies diluted in 
1% BSA in PBS. Control cells were stained with isotype-
matched control antibodies. The cell viability dye 7AAD 
(BD) was added for dead cell exclusion.

For mammosphere cultures, cells were detached with 
TrypLE 1X (Invitrogen, 12604021) and plated in ultralow 
attachment 24-well tissue-culture plates (Corning, cat nr. 
3473) at a density of 500 cells/well, as previously reported 
[9]. To assess the self-renewal capacity of stem cells, pri-
mary mammospheres (I MS) were dissociated with Try-
pLE 1X after 5 days to obtain a single-cell suspension and 
seeded to produce a new generation of secondary mam-
mospheres (II MS). The number of mammospheres was 
calculated as the average of 4 wells for each cell line in at 
least three independent experiments.

The ALDEFLUOR assay was performed following the 
manufacturer guidelines (STEMCELL Technologies, 
cat nr. 01700) using 106 cells/sample. DRAQ7 (Thermo 
Fisher, cat nr. D15105) dye was used to measure the via-
bility of the cells and exclude dead cells. Control tubes 
were always used to ensure accurate gating for ALDH 
negative activity, adjusting FCS (Forward Scatter) and 
SSC (Side Scatter) voltages according to cell size and 
complexity. Samples were run in a FACSAria cytometer 
and data were analysed using the FACSDiva software.

Tumour growth assay on the CAM
Chick embryo chorioallantoic membrane (CAM) assays 
were performed as previously reported [23]. Briefly, sepa-
ration of the developing CAM was induced on embryo 
development day 4, EDD4, by cutting a 2  mm diameter 
hole at the sharp end. At EDD7, 500,000 MCF7TamR-
GFP cells/egg (unless otherwise indicated, like in the 
ELDA assays) were implanted. At EDD10, eggs were 
placed on ice for 1  h to anaesthetise the embryos, and 
tumours were photographed in vivo and excised. Tumour 
specimens were excised from the CAM and cells disso-
ciated using collagenase (Sigma, cat nr. CO130). DRAQ7 
dye was used to measure cell viability and the number 
of GFP + cells quantified using a FACSCanto cytometer. 
Data were analysed using the FACSDiva software.

ROS assay
Mitochondrial ROS was quantified by flow cytometry, 
following the recommendations of the manufacturer. 
Briefly, 350,000 MCF7c and MCF7TamR cells were 
plated in 6-well plates. Cells were grown in the pres-
ence or absence of either 10 or 20 µM PW for 48 h before 
staining them with 2.5 µM MitoSOX (Thermo Fisher, cat 
nr. M36008) during 30 min at 37oC in PBS with Ca2+ and 
Mg2+, following manufacturer’s instructions. FACS gat-
ings were established with unstained control cells and the 
percentage of cells positive to the probe was analysed and 
presented as fold change.

Apoptosis assay
Annexin V staining was performed as previously 
described [24] and using FITC Annexin V Apoptosis 
Detection kit (BD, 556547), following the instructions 
of the manufacturer and using DRAQ7 for cell viability. 
Cells were analysed using FACSAria (BD) flow cytometer 
and the FACSDiva software.

Transient transfection and transcriptional assay
ER transcriptional activity was analysed as previously 
described [8]. Briefly, cells were seeded in 24-well plates 
at 50,000 cells/well and grown in charcoal-treated con-
ditions for 24  h. The cells were transfected with the 
ERE-TK-luciferase reporter and pRL β-galactosidase 
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[20] to normalise for transfection efficiency, using Lipo-
fectamine LTX with Plus reagent (ThermoFisher Sci-
entific, cat nr. 15338100) following the manufacturer´s 
instructions. After transfection, the cells were maintained 
in phenol red free medium containing 8% charcoal-
stripped FBS treated with 10− 8 M estrogen or 5 × 10− 7 M 
tamoxifen or ethanol (vehicle) for 72 h. For experiments 
combining tamoxifen and estrogen (Fig. S6A-C), both 
hormones were used at equimolar concentrations, both 
at 10− 7 M. The cell lysates were assayed for luciferase and 
β-galactosidase activities using the Luciferase assays kit 
(Promega, E1501) and the Galacto-Light™ (ThermoFisher 
Scientific, cat nr. T1055) with Galacton-Plus™ Substrate 
(ThermoFisher Scientific, T2120), respectively, accord-
ing to the instructions of the manufacturers and using a 
luminometer (Turner Biosystems). The luciferase results 
are shown as relative light units of luciferase activity nor-
malised with respect to β-galactosidase activity.

Statistical analysis
Data from at least three independent experiments were 
expressed as means +/- standard deviation, SD. Each 
data point of qPCR, mammosphere formation, lucifer-
ase activity, proliferation, CAM and invasion assays were 
run at least in triplicates and independent experiments 
were performed at least three times. Student´s t-test or 
ANOVA were used to determine statistically significant 
differences and p < 0.05 was considered to be statistically 
significant unless otherwise specified.

Results
POMs inhibit SOX2 DNA binding activity
We wished to explore the potential of polyoxometa-
lates (POMs) to inhibit SOX2 in breast cancer cells. To 
this end, we used MCF7 cells, a well-known ER-positive 
breast cancer cell line, and MCF7TamR cells as a model 
of resistance to tamoxifen previously developed in the 
laboratory that express high levels of SOX2 [8]. We ana-
lysed POMs that have been shown to inhibit the DNA 
binding activity of SOX2 [10] and other SOX-HMG fam-
ily members [11]. The majority of SOX factors exhib-
ited downregulation, absence of expression or minimal 
detectability in MCF7 breast cancer cells, and only 
SOX2 and SOX9 were upregulated in tamoxifen-resis-
tant MCF7TamR cells, although SOX2 demonstrated a 
greater fold increase from parental to resistant cells than 
SOX9 (Fig. S1A). In fact, SOX2 levels were the highest 
also in other two cell models of resistance to tamoxi-
fen developed from the ER-positive cell lines T47D and 
ZR75-1, T47DTamR and ZR75-1TamR, respectively [8]. 
Thus, we focused on analysing the potential inhibitory 
effects of POMs on SOX2 activity.

Three different POM salts were tested (Fig.  1A): the 
commercial ammonium salt of the [Mo7O24]6− (Mo7) 

anion [25], an isopolyoxomolybdate shown to display 
antitumoral activity against several cancer cell types 
[25, 26], and two hydrated potassium salts of Wells-
Dawson-type heteropolyoxometalates, [α-P2Mo18O62]6− 
(PMo) and [α-P2W18O62]6− (PW), synthesised following 
reported procedures [16] and previously shown to inhibit 
the interaction of the purified SOX2-HMG domain to 
short DNA sequences in vitro [10, 11]. Infrared spectros-
copy (FT-IR) and 31P-NMR confirmed the identity and 
purity of PMo and PW [16, 27] (Fig. S1B). Furthermore, 
powder X ray diffraction (PXRD) analyses indicated the 
phase homogeneity of K6[α-P2W18O62]·14H2O, with 
experimental profiles virtually identical to those calcu-
lated from single-crystal X-ray diffraction data (ICSD-
24673) (Fig. S1C).

Gel retardation assays showed that SOX2 binding to 
specific DNA sequences from the p21 (CDKN1A) pro-
moter, a recognised SOX2 target, was completely inhib-
ited by 10 µM PW, while 50 µM PMo was required to 
obtain a similar effect, and Mo7 failed to reduce SOX2 
binding in vitro (Fig.  1B). In contrast, GFP overexpres-
sion (Fig. S1D) or incubation with non-specific DNA 
sequences from the PAX6 gene, lacking SOX2 binding 
sites [11] did not form any protein/DNA complexes (Fig. 
S1D). These experiments suggest the potential of POMs 
to inhibit full-length SOX2 DNA binding activity and, 
in particular, of PW, which can be modelled interacting 
with the positively charged SOX2 DNA binding domain 
(Fig. 1C).

Cell viability dose-dependent curve assays were per-
formed using MCF7c, MCF7TamR and MCF7 cells 
overexpressing SOX2 (MCF7Sox2) [19]. PW reduced 
cell viability at lower concentrations than Mo7 and 
PMo (Fig. S1E). The 31P-NMR spectrum of PW in deu-
terated water (D2O) exhibited one singlet at δ = −12.89 
ppm [28] and was comparable with that recorded in cell 
culture medium (Fig. 1D), even after one week (Fig. 1E). 
In contrast, PMo is relatively stable in culture medium, 
but it undergoes a partial dissociation process to Keg-
gin-type lacunary species in one day (Fig. S1F), as previ-
ously reported [28]. This observation can partly explain 
its lower inhibitory activity in comparison to that of PW. 
These analyses confirmed the stability of PW in biological 
cell culture media and were ratified by electrospray ion-
ization mass spectrometry (ESI-MS) analysis (Fig. S1G).

To determine the intracellular localisation of PW in 
culture, the related [α2-P2W17O61]8− α2-Wells-Dawson 
monolacunary derivative was functionalised with an 
organotin group, following reported procedures [18]. 
The subsequent EEDQ-activated coupling of the organic 
ligand bearing a carboxylic acid residue with a fluores-
cein amine through amide bond formation resulted in the 
hybrid POM [α2-P2W17O61{Sn(CH2)2CONHC20H11O5}]7− 
(PW-F). The success of this synthesis and the stability of 
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the hybrid species in solution was confirmed by a combi-
nation of FTIR, UV-Vis, 1H-NMR and fluorescence emis-
sion spectroscopies (Fig. S1H, S1I).

Immunofluorescence analysis confirmed entry of 
PW-F into cells and its nuclear localisation, both at 
24  h and 48  h (Fig. S1J). Furthermore, chromatin 

immunoprecipitation showed that PW inhibited specific 
SOX2 binding to two recognised target regions of the p21 
(CDKN1A) and cyclin D1 (CCND1) promoters (Fig. 1F). 
Together, these results confirm the specific inhibition of 
endogenous SOX2 binding to DNA by PW in cultures of 
tamoxifen-resistant cells.

Fig. 1  POM inhibition of SOX2 binding to DNA. (A) Molecular species of Mo7, PMo and PW anions. (B) P21 site DNA binding of SOX2 from HEK-293T 
nuclear extracts, incubated with increasing concentrations of POM anions, by mobility shift assays. The arrow indicates protein/DNA complex and the 
asterisk free DNA. (C) Model of interaction between SOX2 DNA binding domain and PW constructed considering the electrostatic surface of the biomol-
ecule using APBS plugin, as incorporated in the PyMOL software package. (D) 31P-NMR spectrum of PW in deuterated water (D2O) (bottom) and in cell 
culture medium (top). Inset: Expanded − 7.00 to 14.5 ppm region. Resonance at -12.89 ppm corresponds to the [α-P2W18O62]6− Wells-Dawson anion. Low 
intensity signals have been tentatively assigned to: (a) [α2-P2W17O61]8−, (b) [H2P2W12O48]12− and (c) [α-PW12O40]3−. (E) 31P-NMR spectra of PW in freshly 
prepared cell culture medium or after one week. (F) Chromatin immunoprecipitation of SOX2 on P21 and CCND1 promoters in MCF7TamR cells in the 
absence or presence of 10 µM PW; IgG was used as antibody control. Graphs represent mean and standard deviation of three independent experiments; 
p values (*p < 0.05, **p < 0.01) were calculated using two-tailed Student´s t-test, ns indicates not significant
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PW reduces aggressiveness of tamoxifen-resistant breast 
cancer cells
Cell proliferation in response to PMo or PW was com-
pared using three different breast cancer models of 
resistance to tamoxifen, MCF7TamR, T47DTamR and 
ZR75-1TamR cells [8] with the concentration of POM 
capable of fully disrupting SOX2-DNA complexes in 
vitro (50 µM PMo and 10 µM PW). PMo displayed simi-
lar effects in all cells, both control and resistant (Fig. 
S2A), whereas PW significantly compromised viability 
of tamoxifen-resistant cells in both 2D (Fig. S2B) and 
3D (Fig.  2A) for all three cell models of resistance. PW 
reduces cell viability also in the absence of tamoxifen in 
tamoxifen resistant cells, however the reduction was 
strongest in all resistant cells when PW was combined 
with tamoxifen (Fig. S2C). These findings suggest that 
PW inhibition of SOX2 transcriptional activity renders 
tamoxifen-resistant cells more sensitive to tamoxifen in 
vitro.

Cells resistant to tamoxifen and with high SOX2 
expression levels exhibit increased migration and inva-
sion capacities [8], thus we hypothesised that PW treat-
ment might inhibit these processes. Wound healing 
assays showed that the increased cell migration capacity 
of tamoxifen-resistant cells was significantly reduced by 
40% by PW treatment (Fig.  2B). Moreover, analysis of 
invasion capacity through Matrigel revealed significant 
inhibition of cell invasion by PW treatment in both resis-
tant and control cells, although the invasion capacity was 
4.5-fold stronger in tamoxifen-resistant cells (Fig. 2C).

Upregulation of SOX2 expression has been shown to 
lead to SLUG/SNAI2 induction, promotion of epithe-
lial to mesenchymal transition (EMT) and increased 
cancer cell invasion and metastasis [29]. Furthermore, 
SNAI2 has also been found in human luminal progeni-
tors [9] and its high expression in breast cancer metas-
tasis has been correlated with shorter progression-free 
survival of patients on endocrine therapy [30]. Analysis 
of SNAI2 mRNA expression demonstrated increased lev-
els in tamoxifen-resistant cells, which were significantly 
reduced by over 50% by PW treatment (Fig.  2D). To 
determine to what extent this effect was a consequence 
of PW-mediated inhibition of SOX2, we generated 
MCF7TamR cells with knock-down expression of SOX2 
by stable silencing using specific short-hairpin RNA 
sequences (TamR-shSox2) or by deletion of endogenous 
SOX2 using CRISPR-Cas9 technology (TamR-Sox2 KO) 
(Fig. 2E). Tamoxifen-resistant cells lacking SOX2 expres-
sion showed over 85% reduction in SNAI2 expression 
levels and PW treatment did not further reduce this 
effect (Fig. 2F). These findings suggest that PW treatment 
reduces SOX2-dependent SNAI2 expression, contribut-
ing to the inhibition of migration and invasion in tamoxi-
fen-resistant cells.

Fig. 2  Effects of PW on breast cancer cells. (A) Representative images of 
MCF7TamR spheroids grown in Matrigel in the absence (carrier control, c) 
or presence of 10 µM PW for 7 days (left; bottom is a magnification of top 
images) and colony area quantification (right). (B) Typical images of wound 
healing assay for cell migration of MCF7 control (MCF7c) and MCF7TamR 
cells (left) and (right) quantification calculated as area occupied by cells at 
72 h culture versus at 0 h, in response to 10 µM PW. (C) Matrigel invasion 
assay was performed using MCF7c and MCF7TamR cells in the presence or 
absence of 10 µM PW. (D) Transcript levels of SNAI2 in control and tamoxi-
fen resistant cells cultured in the absence (control) or presence of 10 µM 
PW. (E) Representative images of immunoblot analysis for SOX2, and β-
actin as loading control, in MCF7TamR, MCF7TR-shSox2, MCF7TR-Sox2KO 
cells. (F) SNAI2 mRNA levels after treatment with 10 µM PW for 72 h (PW) in 
MCF7TamR, MCF7TR-shSox2 and MCF7TR-Sox2KO cells. In all cases (n = 3). 
Error bars represent standard deviation, p value: *p < 0.05
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PW impairs tumorigenicity of tamoxifen-resistant cells in 
vivo
We have previously shown that tamoxifen-resistant cells 
are more tumorigenic than parental control cells and that 
overexpression of SOX2 enhances resistance to the anti-
proliferative effects of tamoxifen treatment in vivo [8]. To 
explore whether inhibition of SOX2 activity by PW treat-
ment affects tumour progression in vivo, we used the 
chick embryo chorioallantoic membrane (CAM) model, 
which provides cell explants with a blood supply deliver-
ing nutrients and growth factors and that has been estab-
lished as a useful experimental system to study tumour 
biology [31, 32]. To enable quantification of tumour cell 

growth, we generated a stable tamoxifen-resistant cell 
line overexpressing GFP protein (MCF7TamR-GFP cells). 
MCF7TamR-GFP cells were grafted onto the exposed 
CAM of chicken embryos in the presence or absence of 
two different concentrations of PW (10 or 20 µM PW). 
Quantification of GFP-positive cells showed a signifi-
cant reduction in the size of tumours arising from PW-
treated tamoxifen-resistant cells, but not from control 
MCF7 cells, in a dose-dependent manner (Fig. 3A and B). 
MCF7TamR-GFP cells were also engrafted in the pres-
ence of single treatments, either tamoxifen alone, or two 
different concentrations of PW, as above. FACS analysis 
confirmed a statistically significant reduction in tumour 

Fig. 3  PW treatment impairs tumorigenesis of tamoxifen-resistant cells in vivo. MCF7c- and MCF7TamR-GFP cells were grafted onto the exposed CAM 
of chicken embryos at developmental day 7 (EDD7). (A) Representative images of tumours formed by MCF7 control or MCF7TamR cells in the CAM. GFP 
channel (top) and bright-field (down) pictures of the same tumour are shown. (B) Quantification of GFP-positive (MCF7c, left; MCF7TamR, right) cells per 
tumour (n = 7) in the absence or presence of 5 × 10− 7 M tamoxifen and/or 10 or 20 µM PW, using flow cytometry. (C) Immunoblot analysis for SOX2, GFP 
and β-actin (as loading control) proteins in MCF7TamR-GFP (TamR), MCF7TamR-GFP-shSox2 (shSox2) and MCF7TamR-GFP-Sox2KO (Sox2KO) stable cell 
lines. (D) Quantification of GFP-positive cells per tumour (n = 7) under the different conditions tested (same cell lines as in C and with or without 10 µM 
PW), using flow cytometry. Scale bar = 1 mm. p value: **p < 0.01
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growth in PW-treated tumours (Fig. S3A), although 
it should be noted that tamoxifen treatment was only 
absent during the 7 days of the in vivo experiment.

To determine whether the reduction in tumour growth 
was dependent on the presence of SOX2, we expressed 
GFP in TamR-shSox2 and TamR-Sox2 KO cells, as above 
(Fig.  3C). SOX2-silenced MCF7TamR cells formed sig-
nificantly smaller tumours than control cells, which 
were similar in size to PW-treated resistant tumours. 
Crucially, PW treatment did not further reduce the size 
of tumours formed by SOX2-silenced cells (Fig. 3D, Fig. 
S3B). TamR- Sox2 KO cells exhibited minimal quanti-
fiable tumour development, reaffirming that SOX2 is 
essential for tumorigenesis of tamoxifen-resistant breast 
cancer cells (Fig.  3D). Together, these findings indicate 
that PW-mediated inhibition of SOX2 impairs tamoxi-
fen-resistant tumour growth in vivo.

Inhibition of SOX2 is responsible for cancer stem cell 
exhaustion
Next, we wished to establish whether the observed effects 
of PW on CSCs were due to inhibition of SOX2. Analy-
sis of cells with altered levels of SOX2 (Fig. S4A) showed 
that secondary mammosphere formation capacity was 
not affected by PW treatment of SOX2-silenced (shSox2) 
or -knocked out (Sox2 KO) tamoxifen-resistant cells 
(Fig. S4B). Moreover, MCF7TamR cells lacking or with 
reduced levels of SOX2 showed much lower endogenous 
ALDH activity than tamoxifen-resistant cells, which was 
not further affected by PW treatment, suggesting that 
SOX2 expression is also required for the effects of PW on 
this CSC subpopulation (Fig. 4F).

To assess whether the PW inhibitory effects on the 
CSC populations were also detected in vivo, we per-
formed extreme limiting dilution analysis (ELDA) [34] in 
the CAM in vivo model. ELDA assays using MCF7TamR-
GFP cells showed that cells treated with PW implanted 
on the CAM at low density were unable to form sub-
stantial tumours, in contrast to untreated cells (Fig. 4G). 
This assay demonstrated that PW treatment significantly 
reduced the frequency of tumour-initiating cells by 8.56-
fold (p = 1.7e-05) in tamoxifen-resistant cells (Fig. S4C). 
Together, these findings indicate that PW reduces SOX2 
activity and exhausts the CSC population (and tumour 
stemness), leading to reduced tamoxifen resistance in 
vivo.

PW mechanism of action in tamoxifen-resistant cells
Some POMs have been shown to increase the intracel-
lular levels of reactive oxygen species (ROS), which may 
lead to apoptosis, in a variety of cell lines [14, 35, 36]. 
Mitochondrial dysfunction induced by POM species has 
also been observed in vivo [37, 38]. We found that PW 
treatment preferentially triggered mitochondrial ROS 

production in tamoxifen-resistant cells (Fig.  5A, Fig. 
S5A). Consequently, PW treatment resulted in cleaved 
PARP protein, leading to reduced levels of the anti-apop-
totic protein Bcl-2 (Fig.  5B), and significantly increased 
the percentage of both early and late apoptotic cells in 
tamoxifen-resistant cells, but not in control cells or cells 
lacking SOX2, as assessed by Annexin V staining using 
FACS (Fig. 5C, D and E and Fig. S5B). Importantly, these 
findings confirm induction of apoptosis in tamoxifen-
resistant cells in response to PW, without significantly 
affecting parental control breast cancer cells.

Several reports, including our own work, have shown 
breast stem cells lack or express low levels of ER [39, 
40]. Furthermore, we also found an inverse relationship 
between SOX2 and ER protein expression, leading to 
reduced ER transcriptional activity in tamoxifen-resistant 
cells, while SOX2 silencing reversed tamoxifen resistance 
in different breast cancer cell models [8]. Based on this 
inverse correlation, we hypothesised that PW-mediated 
inhibition of SOX2 may lead to enhanced ER activity in 
those tamoxifen-resistant breast cancer cells that might 
have survived PW treatment. In fact, it is known that 
ligand-activated ER represses SOX2 expression [8], thus, 
we investigated whether SOX2 can regulate ER expres-
sion. First, analysis of the promoter sequence of the ESR1 
gene using JASPAR database of transcription factor bind-
ing profiles (http://jaspar.genereg.net/) identified a puta-
tive SOX2 binding site following the sequence ​C​T​T​T​G​
T​A. Chromatin immunoprecipitation (ChIP) analysis 
showed that specific SOX2 recruitment at -292 bp of the 
ESR1 promoter transcription start site was impaired by 
PW treatment in MCF7TamR cells (Fig. 6A) and in MCF-
7Sox2 overexpressing cells (Fig.  6B), suggesting a direct 
regulation of ER expression levels by SOX2. Next, PW 
treatment in ERE-dependent luciferase assays showed 
increased activation by estrogen in tamoxifen-resistant 
cells, recovering transcriptional activity to levels found in 
MCF7c cells (Fig. 6C). This rescue of ER transcriptional 
activity by PW was also observed in a different model 
of resistance, ZR75-1TamR cells (Fig. 6D). Furthermore, 
analysis of ER transcriptional activity under single or 
combined (tamoxifen and/or PW) treatment conditions 
in cells with different SOX2 levels suggested that the 
increased response to estrogen observed in cells treated 
with PW is strongest in cells with high SOX2 levels of 
expression (Fig. S6A-C).

Analysis of endogenous ER target genes showed signifi-
cant estrogen-dependent activation of PS2 in the pres-
ence of PW treatment, both at the level of mRNA (Fig. 
S6D) and protein (Fig. 6E), suggesting the partial recov-
ered activation of ER signalling in tamoxifen-resistant 
cells. Moreover, tamoxifen-resistant cells lacking SOX2 
expression (Fig.  2E) also presented increased PS2 lev-
els in an estrogen-dependent manner, similar to those 

http://jaspar.genereg.net/
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achieved by PW treated MCF7TamR cells, confirm-
ing once again that PW treatment mimics the effect of 
genetic SOX2 depletion (Fig.  6F). However, the expres-
sion levels of other ER target genes, such as amphiregu-
lin (AREG), were only partially recovered (Fig. S6E), or 
not affected, such as growth regulating estrogen recep-
tor binding 1 (GREB1) (Fig. S6F), suggesting that there 

is not a full recovery of ER activity, at least within the 
conditions tested. Together these findings show that the 
compromised ER transcriptional activity in tamoxifen-
resistant cells is relieved by PW-mediated inhibition of 
SOX2 activity, leading to partially restored ER signalling 
pathway activation and hormone sensitivity in tamoxi-
fen-resistant cells, both in vitro and in vivo.

Fig. 4  PW reduces stemness in vitro and in vivo. (A) Mammosphere formation of MCF7c and MCF7TamR cells in the absence or presence of 10 µM PW for 
5 days. (B) Primary (I MS) and secondary mammosphere (II MS) formation assay using MCF7TamR cells with or without 10 µM PW treatment for 5 days. (C) 
Secondary mammosphere formation of CD44+CD24−/low CSCs sorted from MCF7TamR cells treated +/- 10 µM PW for 5 days. (D) Mammosphere forma-
tion of MCF7c and MCF7Sox2 overexpressing cells in the absence or presence of 10 µM PW for 5 days. (E) ALDEFLUOR activity of MCF7c and MCF7TamR 
cells, quantified by FACS, +/- 10 µM PW for 72 h. (F) FACS analysis of ALDEFLUOR positive MCF7c, MCF7TamR, MCF7TamR-shSox2 and MCF7TamR-Sox2KO 
cells in the absence or presence of 10 µM PW for 72 h. (G) Representative bright-field images of tumours formed when different numbers of MCF7TamR-
GFP cells (as indicated) were grafted onto the exposed CAM of chicken embryos at developmental day 7 (EDD7) in the presence of 10 µM PW (n = 7). Scale 
bar = 1 mm. p value: **p < 0.01, were calculated using one-way ANOVA
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Discussion
CSCs have been shown to employ a variety of mecha-
nisms to resist current forms of therapies, leading to 
tumour recurrence in many patients [41]. Here we dem-
onstrate that PW, a polyoxometalate, specifically blocks 
SOX2 binding to DNA response elements. As a conse-
quence, PW reduces cancer cell migration and invasion 
and impairs tumour formation, leading to stem cell deple-
tion in vivo. Mechanistically, PW induces the formation 
of reactive oxygen species (ROS) and inhibits Bcl-2 levels, 
resulting in increased death of tamoxifen-resistant cells. 
The partially recovered ER transcriptional activity implies 
that cells are now more sensitive to tamoxifen, thus con-
tributing to the elimination of tamoxifen-resistant cells. 
These findings show that chemical inhibition of SOX2 by 
PW recapitulates the effects of SOX2 genetic deletion, 
including inhibition of cancer stemness and tamoxifen 
resistance.

SOX2 expression has been shown to be increased in 
tamoxifen-resistant breast cancer cells, while SOX2 
overexpression has been associated with poor survival 
of breast cancer patients, rendering it an attractive bio-
marker and therapeutic target [8]. Consequently, a vari-
ety of SOX2-targeting approaches have been attempted 
[42]. For example, blocking SOX2 expression using the 

neddylation inhibitor MLN4924 has been shown to over-
come tamoxifen resistance of breast cancer cells in vitro 
and in vivo [43]. Another approach, through inhibition of 
SOX2-DNA interaction, used PIP-S2, a hairpin pyrrole–
imidazole polyamides (PIPs)-based bioactive synthetic 
DNA-binding inhibitor that competes with SOX2 for its 
consensus target DNA sequence, to guide human induced 
pluripotent stem cells towards mesoderm differentiation 
[44]. Here, we have demonstrated that PW interferes with 
SOX2 binding to specific DNA target sequences, leading 
to reduced migration and invasion through the down-
regulation of SNAI2, one of the key regulators of EMT 
[45]. Similarly, Wells-Dawson type anions have shown 
the ability to inhibit the activity of aquaporin-3 (AQP3), 
when expressed at high levels, and reduce melanoma cell 
migration [46]. Furthermore, PW significantly reduced 
the capacity of tamoxifen-resistant cells to form tumours 
in vivo in a dose-dependent manner, while sparing cancer 
cells with low or absent SOX2 levels. In addition, PW tar-
geted different subpopulations of CSCs, leading to stem 
cell depletion and compromised tumour formation, par-
ticularly in tamoxifen-resistant cells or cancer cells with 
high SOX2 levels. Similarly, down-regulation of SOX2 
by other means, such as treatment with actinomycin D 
[47], or through TRPS1-mediated repression [48], were 

Fig. 5  PW treatment increases apoptosis in tamoxifen-resistant cells. (A) Analysis of mitochondrial ROS levels using fluorescent probe MitoSOX in control 
and resistant cells in the absence or presence of two different PW concentrations (10 and 20 µM) for 48 h (n = 3). (B) Western blot analysis of cleaved PARP 
and Bcl-2 expression levels in MCF7c and MCF7TamR cells grown in the absence or presence of 10 µM PW. β-actin was used as loading control. (C) Quan-
tification of total apoptotic (Annexin V assay) control and resistant cells in response to 10 µM PW for 7 days. (D) Graphical representation of the percentage 
of early and late apoptotic MCF7c (left) and MCF7TamR (right) cells treated with 10 µM PW for 7 days. (E) Fold induction of apoptosis in MCF7TamR cells, 
or resistant cells with reduced (shSox2) or knocked out (Sox2 KO) endogenous SOX2 levels, in response to 10 µM PW for 7 days (n = 4)
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also shown to deplete the stem cell population, which 
abrogated the tumour-initiation capacity of breast cancer 
cells.

Evasion of cell death is a hallmark of cancer. A 
variety of POMs have shown anti-apoptotic activity 
through different mechanisms [14], including decreas-
ing levels of the antiapoptotic protein Bcl-2 [49, 50]. 
Bcl-2 is often overexpressed in ER-positive breast can-
cer, which has led to the development of inhibitors 
that have shown their potential, in combination with 

CDK4/6 inhibitors, in ER-positive breast cancer [51]. 
We found that PW induced ROS, leading to reduced 
Bcl-2 expression and increased apoptosis, suggesting 
that PW treatment would preferentially target CSCs 
with high levels of SOX2 expression, resulting in cell 
death and inability to reinitiate tumour formation in 
tamoxifen-resistant breast cancer cells.

Importantly, ectopic expression of SOX2 is suffi-
cient to render sensitive cells more resistant to tamoxi-
fen [8], while inhibition of SOX2 activity by PW in 

Fig. 6  PW treatment leads to partial recovery of ER transcriptional activity. (A) Chromatin immunoprecipitation of SOX2 (or IgG as control) on ESR1 
promoter from MCF7TamR cells in the absence or presence of 10 µM PW. (B) As in A, now performing the immunoprecipitation assay using cells over-
expressing SOX2, MCF7Sox2 cells treated with PW. (C) MCF7c and MCF7TamR cells were transfected with a reporter plasmid containing three copies of 
a consensus ERE driving a luciferase reporter in the presence of the carrier ethanol (-E2) or 10− 8 M estrogen (+ E2) during 72 h. MCF7TamR cells were, in 
addition, treated with 10 µM PW, when indicated. β-galactosidase activity was used to control for transfection efficiency and data were normalised to ER 
activity in MCF7 control cells in the absence of estrogen. (D) Transcriptional assays, conditions as in C, performed using ZR75-1c and ZR75-1 tamoxifen-
resistant cells. (E) PS2 expression in estrogen starved MCF7c and MCF7TamR cells by western blot analysis. Cells were treated with10 µM PW for 72 h, as 
indicated, in presence of vehicle (ethanol) or 10− 8 M estrogen. (F) PS2 mRNA expression levels in MCF7TamR cells growing in the presence of tamoxifen 
as control (ctrl) or with10 µM PW for 72 h, compared to expression in cells with low levels (TamR-shSox2) or lacking (TamR-Sox2KO) SOX2 expression, in 
the presence of 10 µM PW plus vehicle ethanol (-E2) or 10− 8 M estrogen (+ E2). Graphs represent the mean and standard deviation of three independent 
experiments. p values were calculated using two-way ANOVA tests
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tamoxifen-resistant cells restored their sensitivity to 
tamoxifen in vivo. These findings mimic the observed 
effects of tamoxifen on SOX2-depleted tamoxifen-
resistant cells, which partially recover ER transcrip-
tional activity, rendering cells sensitive to tamoxifen. 
Similarly, depletion of SETD1A, a histone H3-lysine 
4 methyltransferase that binds to SOX2 and enhances 
expression of SOX2 genes in tamoxifen-resistant 
breast cancer cells, has also been shown to restore 
their sensitivity to tamoxifen [52]. SOX2 is involved in 
maintaining stem cells and our findings demonstrate 
that PW treatment reduces the CSC population, lead-
ing to a more differentiated phenotype. The cancer 
stem cell theory proposes that a small number of CSCs 
may resist current cancer therapy and regenerate to 
cause recurrent cancer, which represents a challenge 
for breast cancer management. Indeed, SOX2 expres-
sion is higher in tumours from breast cancer patients 
who have not responded to tamoxifen therapy [8, 52]. 
Together, these observations highlight the potential 
use of PW as a SOX2 inhibitor and the therapeutic 
relevance of targeting SOX2 to treat tamoxifen-resis-
tant breast cancer. The findings that PW acts prefer-
entially in tamoxifen-resistant cells or cancer cells 
with high SOX2 levels suggest the existence of a win-
dow of opportunity for PW as SOX2 inhibitor. Thus, 
in a future clinical setting, tumours with high SOX2 
expression levels, which can be detected by IHC in 
clinical samples, as previously reported by our lab [53], 
would identify patients at high risk of developing resis-
tance to hormone therapy. Consequently, a combina-
tion of tamoxifen (to target ER-positive cancer cells) 
and PW (to target SOX2-positive CSCs) could be used 
to reduce and or delay development of resistance to 
tamoxifen in breast cancer patients.

Fulvestrant is a type of hormone therapy that may be 
used to treat women with locally advanced or meta-
static breast cancer or if breast cancer has become 
resistant to tamoxifen or aromatase inhibitors [54]. 
Multiple trails have been exploring its potential in 
combination therapy with other types of drugs and 
inhibitors, so we tested its potential synergistic effect 
with PW in tamoxifen resistant cells. Single drug dose-
response curves showed that fulvestrant, in contrast to 
PW (Fig. S7A), only exhibited a minor inhibitory effect 
on cell proliferation, and this was not dose-dependent 
(Fig. S7B). Fulvestrant works by degrading ER and 
tamoxifen-resistant cells are not depending on ER for 
growth, which may explain this observation. Combi-
natorial treatment of PW and fulvestrant also led to a 
decrease in cell viability (Fig. S1C) but it was not syn-
ergistic (Fig. S1D). Fulvestrant-resistant MCF7 cells 
have been previously shown to have increased levels 
of SOX2 [30]. Here, we performed an acute treatment 

of fulvestrant in MCF7TamR cells that already have 
increased SOX2 levels and diminished ER activity, 
which might explain why PW/fulvestrant combinato-
rial treatment did not produce any synergistic effect on 
cell viability in these cells. Although beyond the scope 
of this manuscript, further functional assays with this 
treatment combination are warranted.

Importantly, any strategy designed to reduce SOX2 
activity should consider observations about the pres-
ence of SOX2 in different tissues, including in the 
healthy human breast [19], although at much lower 
levels than in tumours [55], which could result in off-
target or adverse effects. This possibility emphasises 
the need to identify suitable concentrations that target 
preferentially highly SOX2 expressing cells in a spe-
cific fashion.

The mechanisms of action responsible for the effects 
of POMs on different types of carcinomas are still to 
be deduced and clarified, however, scientific evidence 
is accumulating about the potential use of such metal-
lodrugs as anticancer therapy in the future [17]. Nev-
ertheless, previously, concerns about the potential 
toxicity or low bioactivity of POMs have contributed 
to the development of POM-based nanocomposites 
[14, 16]. A suitable drug-delivery system can contrib-
ute to improve efficiency and selectivity [56], paving 
the way for POM-based disease therapy, which could 
also be further tested in additional in vivo models, 
such as intraductal xenografts [57–59]. Here, our find-
ings illustrate the potential to identify a window of 
opportunity for PW activity, in this case by interfering 
with SOX2 DNA binding ability. Thus, this study rep-
resents a proof-of-concept of the potential of PW as a 
therapy against tumour recurrence in breast cancer.

Conclusions
The data in this study confirm the potential for phar-
macological inhibition of SOX2 by polyoxometalates 
as a promising strategy to reduce or eliminate CSCs 
with high SOX2 levels. The combination of a cur-
rent hormonal therapy with SOX2 inhibitors, such 
as PW, may provide a novel strategy to treat breast 
cancer and reduce or delay the risk of tumour recur-
rence. Furthermore, these findings warrant additional 
research to optimise both the activity and selectivity 
of the treatment, and to enable targeted delivery of the 
PW anion for effective SOX2 pharmacological inhibi-
tion as potential combinatorial therapy with hormone 
treatments.
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