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Abstract

The cancer stem cell (CSC) model suggests that a subpopulation of cells within the tumor, the CSCs, is responsible for
cancer relapse and metastasis formation. CSCs hold unique characteristics, such as self-renewal, differentiation abilities, and
resistance to chemotherapy, raising the need for discovering drugs that target CSCs. Previously we have found that the
antihypertensive drug spironolactone impairs DNA damage response in cancer cells. Here we show that spironolactone,
apart from inhibiting cancerous cell growth, is also highly toxic to CSCs. Notably, we demonstrate that CSCs have high
basal levels of DNA double-strand breaks (DSBs). Mechanistically, we reveal that spironolactone does not damage the DNA
but impairs DSB repair and induces apoptosis in cancer cells and CSCs while sparing healthy cells. In vivo, spironolactone
treatment reduced the size and CSC content of tumors. Overall, we suggest spironolactone as an anticancer reagent, toxic to

both cancer cells and, particularly to, CSCs.

Introduction

Cancer is the second most common cause of death in US,
accounting for nearly one in every four deaths. Although
tremendous efforts are being invested in the detection,
prevention and treatment of cancer, the numbers of mor-
bidity and mortality are still rising [1]. An enabling char-
acteristic of cancer cells is genomic instability [2], which
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may arise from different insults, including telomere
damage, centrosome amplification, and DNA damage [3].
Radiation, as well as a large fraction of chemotherapeutic
agents, are used for the sole purpose of inflicting severe
damage to the DNA. DNA damage response (DDR) is a
natural pathway evolved by cells to repair DNA and
maintain genomic stability. The response includes sensing a
wide variety of damage to DNA, signaling and repairing the
damage if possible. In cases of failure to repair the damage,
alternative outcomes are available, such as apoptosis or
senescence [4]. The concept of aiming at DNA as a target
for anticancer drugs inspired the development of numerous
anticancer compounds. Combining the treatment of DNA-
damaging agents with inhibitors of DNA-repair pathways,
therefore, has the potential to sensitize cells to DNA-
damaging agents [5].

A few years ago, we [6] and others [7, 8] found that
spironolactone reduces frequencies of DNA repair in cancer
cells as well as affects the growth of cancer cells and sen-
sitizes them to chemotherapy. Spironolactone is an aldos-
terone antagonist drug approved by the Food and Drug
Administration used in the clinic primarily for treating high
blood pressure and heart failure conditions [9, 10]. We
showed that spironolactone inhibits human osteosarcoma
U20S cell growth by interfering with DNA double-strand
break (DSB) repair by homologous recombination [6].
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Spironolactone was also demonstrated to sensitize human
cervical carcinoma HeLa cells to platinum derivatives by
promoting degradation of the xeroderma pigmentosum
type-B subunit of the transcription/repair factor TFIIH
(transcription factor II human), which plays a key role in
nucleotide excision repair [7]. In colon cancer cell lines,
spironolactone upregulates the expression of a group of
major histocompatibility complex class I-like molecules, the
NKG2D ligands, by activating the ATM-Chk2-mediated
checkpoint pathway independent of DNA damage induc-
tion. Spironolactone enhances tumor elimination by natural
killer cells, via retinoid X receptor-y activation [8].

Combination treatments using DNA-damaging che-
motherapeutic agents, together with molecules that impair
DNA repair, can significantly prolong the survival of cancer
patients, but unfortunately do not guarantee long-term
cancer prevention. In many cases, a relapse of cancer occurs
months or even years after apparently successful treatments
[11]. A partial elimination of tumor growth and treatment
failure in the long run can be attributed, at least in part, to
the presence of cancer stem cells (CSCs) in the tumor
[12, 13]. According to the CSC model, only a subset of
cancer cells, the CSCs, display stem cell properties,
including self-renewal and the capacity to differentiate.
Although the CSC population usually comprises less than
1% of the total cells within the tumor [12], it is this group of
cells that initiate tumors and are considered the major rea-
son for relapse, resistance to therapies, and metastasis [14,
15]. The low abundance of CSCs in tumors raised the need
for the development of different CSC systems, which offers
different experimental and conceptual advantages. Exam-
ples are the CSC-like (CSCL) and the stem-like glioma cell
(SLGC) systems [16, 17]. The CSCL cells were generated
by transforming human differentiated fibroblasts in vitro.
These transformed cells were able to initiate tumors when
injected into immunocompromised mice. CSCL cells were
isolated from these tumors as a subpopulation of cells
reprogrammed to a more primitive, multipotent cell type
that present the stage-specific early antigen-1 (SSEAT1)
surface marker. These CSCL cells possess hallmarks of
CSCs, such as the ability to self-renew, differentiate along
several lineages, and initiate and maintain hierarchically
organized tumors [16]. This CSC model system enables to
characterize the common features of CSCs and compare
them with control cells [18]. The SLGC system is com-
prised of cells derived from glioblastomas [17]. The SLGCs
were isolated as a CD133™" cell subpopulation from human
brain tumors, and they grow as floating, dense cell aggre-
gates termed neurospheres [19] and display stem-cell
properties in vitro, as well as in vivo, as measured by
their capacity to self-renew and recapitulate the original
tumor properties [17].
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In order to characterize spironolactone as a potential drug
in cancer treatment, crucial knowledge was lacking both in
terms of spironolactone safety to healthy cells on the one
hand and its ability to affect CSCs on the other hand. Since
CSCs play a crucial role in tumor formation, maintenance,
and metastasis, it is essential to specifically understand the
effect of spironolactone on molecular processes such as
DDR and on CSC growth in vitro and in vivo.

Here we report that spironolactone does not induce DNA
damage, but rather impairs DNA repair in cancer as well as
in CSCs and spares healthy cells. Notably, spironolactone is
toxic to both CSCLs and SLGCs while is safe for healthy
cells. Moreover, in mice, spironolactone was able to slow
down tumor growth and, remarkably, reduce CSC content
in the tumors.

Results

Spironolactone inhibits the growth of cancer cells
but not of healthy cells

We and others found that spironolactone is toxic to cancer
cells [6-8]. We first aimed to broaden our understanding of
the effect of spironolactone on cancer cells and to examine
whether it is toxic to non-cancerous healthy cells. To this
end, U20S (bone epithelial cells derived from osteo-
sarcoma) or HeLa (cervix epithelial cancer cells derived
from adenocarcinoma) cells were treated for one hour with
growing concentrations of spironolactone or with dimethyl
sulfoxide (DMSO) as a control. Where indicated, the
radiomimetic agent phleomycin, which induces DNA
damage and thus mimics the effect of chemotherapy in the
clinic, was added for an hour, then the cells were washed to
remove phleomycin and allowed to recover for 96 h in the
presence of spironolactone or DMSO. U20S and HeLa
cancer cells treated with phleomycin alone displayed
growth inhibition of about 40 and 80%, respectively,
compared to the control (DMSO) treatment (Fig. la and
Supplementary Fig. S1A; gray lines). Spironolactone
treatment alone affected cell growth in a dose-dependent
manner in both U20S and HeLa cell lines (Fig. la and
Supplementary Fig. SIA). The highest concentration tested
for spironolactone (50 uM) resulted in about 80 or 90%
growth inhibition in U20S or HeLa cells, respectively.
Inducing DNA damage by phleomycin in the
spironolactone-treated cancer cells had a slightly larger
effect on growth inhibition than each of the treatments alone
(Fig. 1 and Supplementary Fig. S1A). To further test the
additive effect of DNA-damage induction combined with
spironolactone, U20S cells were treated with the DNA-
damaging chemotherapeutic agent, cisplatin. As expected,
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Fig. 1 Spironolactone inhibits the growth of cancer cells but not of
healthy cells. U20S (a, b) or BJ (¢) cells were treated with the indi-
cated concentrations of spironolactone (Spiro; a, c¢), with 25uM
spironolactone (b), or with equivalent volumes of DMSO (Control) for
1 h prior to 1h treatment with phleomycin (a—c) or cisplatin at the
indicated concentrations (b). Cells recovered in the absence of
phleomycin or cisplatin in an appropriate fresh medium containing
DMSO or spironolactone at the indicated concentrations for 96 h. Cells
were fixed and stained with methylene blue. Relative growth was
quantified by reading at 620 nm in a microplate reader. Values were
normalized to the lowest control amount and are shown as the average
of three experiments, six technical repeats each (a, ¢) or an average of
3-6 technical repeats of a representative experiment (b). SE bars are
shown

treating U20S cells with either one of the DNA-damaging
agents resulted in the inhibition of the relative growth of the
cells (Fig. 1b; compare Control bar of no treatment to
Control bars of cells treated with phleomycin or cisplatin).
Addition of spironolactone to the cells resulted in about
50% growth inhibition compared to the control in non-
treated cells as well as in cells treated with both DNA-
damaging agents and spironolactone (Fig. 1b; compare
Control to Spiro bars in each treatment).

To assess the safety of spironolactone use for therapy it
was important to check the effect of spironolactone on the
ability of healthy, non-cancerous cells to grow. Cell lines
derived from healthy tissues (foreskin BJ cells, the immor-
talized foreskin cell lines BJ and FSE (BJ hTERT and FSE

hTERT, respectively) and the immortalized retinal pigment
epithelial cells (RPE1 hTERT)) were treated as described
above for the cancer cells. Treating the healthy cells with
phleomycin resulted in a diverse inhibition of cell growth,
from about 20% inhibition in BJ fibroblast cells (Fig. lc;
Phleo line) to about 40% inhibition in BJ hTERT and FSE
hTERT cells (Supplementary Fig. 1B, C; Phleo lines) and up
to about 80% growth inhibition in RPE1 hTERT cells
(Supplementary Fig. 1d; Phleo line). Notably, the treatment
of these healthy cells with spironolactone had either no effect
on growth (Fig. 1c; circles) or a small inhibiting effect at high
concentrations of 25-50 uM (Supplementary Fig. S1B-D;
Spiro lines). This inhibition is to a lesser extent than the
parallel phleomycin treatment (Supplementary Fig. S1B-D;
compare Phleo lines to Spiro lines). Combining the treatment
of phleomycin with recovery in the presence of spir-
onolactone did not cause an additional growth inhibition
when compared to phleomycin alone, in all the cases (Fig. 1c
and Supplementary Fig. S1B-D; compare Spiro + Phleo
lines to Phleo lines). These results suggest that spir-
onolactone does not add toxicity to the healthy cells already
treated with a DNA-damaging chemotherapeutic agent.

Spironolactone inhibits the growth of
chemoresistant cancer stem cells

In view of the ability of spironolactone to inhibit the growth
of cancer cells treated with DNA-damaging agents, we were
interested to examine the specific effect of spironolactone on
CSC subpopulation. This is extremely important since CSCs
are resistant to most conventional treatments. We started out
by testing the response to chemotherapy of in vitro generated
CSCs (CSCL cells) [16]. These cells were generated by the
immortalization and transformation of human fibroblast cells
and were selected for the embryonic stem cell marker
SSEAL1. These cells have properties of CSCs, such as self-
renewal and the ability to generate hierarchically organized
tumors [16] (Fig. 2a). As expected from CSCs, CSCL cells,
in contrast to U20S cells, display resistance to the DNA-
damaging agent phleomycin (Fig. 2b; compare no treatment
to Phleo bars and Fig. 2¢; compare Control to Phleo lines),
as well as to growing concentrations of the chemother-
apeutic agent cisplatin (Fig. 2b). Only the highest cisplatin
concentration used (25uM) resulted in a slight growth
reduction of CSCL cells (32%), while a low cisplatin con-
centration of 4uM was sufficient to inhibit U20S cell
growth by 67% (Fig. 2b). As opposed to phleomycin and
cisplatin treatments, the addition of spironolactone to the
CSCL cells resulted in a marked growth inhibition of up to
80% compared to the control treatment (Fig. 2¢; Spiro line).
The growth inhibition of the CSCL cells by spironolactone
was not influenced by any prior treatment with phleomycin
(Fig. 2c; Spiro + Phleo line), which is not surprising since
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Fig. 2 Spironolactone inhibits the growth of chemoresistant cancer
stem cell-like (CSCL) cells. a CSCL model system: human immor-
talized (hTERT) fibroblasts were transformed in vitro through the
expression of the oncogenic H-RasV12 mutant, along with the inhi-
bition of p53 and pRB tumor suppressor pathways (by expressing
simian virus 40 large and small T antigens). The transformed cells are
able to initiate tumors when injected into immunocompromised mice,
and a subpopulation of cells reprogram to a more primitive, multi-
potent cell type that presents the stage-specific early antigen-1
(SSEA1) surface marker. These CSCL cells possess hallmarks of
CSCs, such as the ability to self-renew, to differentiate along several
lineages, and to initiate and maintain hierarchically organized tumors.
b U20S and CSCL cells were treated with either phleomycin or the

the CSCL cells display resistance to phleomycin treatment
(Fig. 2b, c; Phleo bar and line, respectively). The original
immortalized fibroblasts, which did not undergo transfor-
mation, served as a control for the CSCL cells. Importantly,
the growth of these control cells was inhibited to about 50%
by phleomycin (Fig. 2d; Phleo line). Spironolactone inhib-
ited the growth of the control cells to a lesser extent
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indicated cisplatin concentrations for 1 h. The cells were then allowed
to recover in a fresh medium for 96 h. CSCL (¢) or CSCL control cells
(original immortalized fibroblasts) (d) were treated with the indicated
concentrations of spironolactone or DMSO (Control) for 1 h prior to
the treatment with phleomycin. Cells recovered in the fresh medium
containing spironolactone or DMSO at the indicated concentrations,
for 96 h. Cells were fixed and stained with methylene blue. Relative
growth was quantified by reading at 620 nm in a microplate reader.
Values were normalized to the lowest control amount and are shown as
the average of three experiments, six technical repeats each (¢, d) or
normalized to control and shown as the average of 3-6 technical
repeats of a representative experiment (b). SE bars are shown

compared to the CSCL cells. Treating cells with 25 and 50
UM spironolactone resulted in a growth inhibition, compared
to control, of 67 and 81%, respectively, in CSCL cells, while
in the control cells the reduction was of 40 and 38%,
respectively (Fig. 2d; Spiro line). Moreover, the effect of
spironolactone on growth inhibition of the control cells was
smaller than the effect of phleomycin on the cells (Fig. 2d;
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compare Spiro line to Phleo line: treatment with 25 and 50
UM spironolactone resulted in a relative growth inhibition of
40 and 38%, respectively, compared to about 50% growth
inhibition upon phleomycin treatment). A combined treat-
ment of spironolactone (50 uM) and phleomycin resulted in
a growth inhibition that was slightly higher than phleomycin
alone (Fig. 2d; compare Spiro + Phleo and Phleo lines: an
inhibition of up to 59% in the combined treatment compared
to 48% inhibition with phleomycin alone). Taken together,
our results suggest that CSCL control cells are less sensitive
to spironolactone compared to cancer cells and CSCL cells
(compare Fig. 2d to Fig. la—c and Supplementary Fig. S1A),
but are more sensitive to spironolactone compared to healthy
cells (compare Fig. 2d to Fig. Ic and Supplementary Fig.
1B-D).

The dramatic effect of spironolactone on CSCs was fur-
ther examined in an additional CSC system, the SLGCs.
SLGCs comprise a subpopulation of glioblastoma tumor
cells capable of differentiating into the actively expanding
tumor, and they grow as floating, dense cell aggregates
termed neurospheres [19], a typical state of normal neural
stem cells (Supplementary Fig. 2A). Loss of neurosphere-
like shape is a phenomenon well-known from differentiating
neuronal stem cells and is correlated with the loss of stem-
ness properties [20]. Treating cells with control (DMSO) or
phleomycin did not affect neurosphere state; the spheres
persist in an aggregate form of normal size (Supplementary
Fig. 2B). The observed resistance to phleomycin treatment
in SLGCs was the strikingly opposite to the effect of spir-
onolactone on these cells; when cells were treated with
spironolactone in growing concentrations, a shift in neuro-
sphere state was observed as the spheres grew smaller in a
dose-dependent manner (Supplementary Fig. 2B). Small
neurospheres can indicate either the loss of stemness traits
which enable aggregation, while retaining the ability to
divide, or can be due to an overall growth inhibition and cell
death. To determine which of the above options is the actual
consequence of spironolactone treatment, we also assessed
the cells’ viability. SLGC growth was inhibited by 81%
following spironolactone treatment (Supplementary Fig.
2C), which is similar to the effect of spironolactone on the
CSCL cells (Fig. 2b). Combining spironolactone with
phleomycin did not inhibit the growth of the SLGCs more
than spironolactone treatment alone (compare Supplemen-
tary Fig. 2D Spiro vs Spiro + Phleo). In both cases, growth
was inhibited to about 50% of the effect of phleomycin
alone, indicating that the major cause of growth inhibition
was the spironolactone treatment.

CSCs display traits that are derived both from stemness
and their cancerous nature. It was important to determine
whether the strong effect of spironolactone on CSC growth
was merely a result of their stemness, in which case it may
be dangerous to treat patients with spironolactone. To

determine the effect of spironolactone on stem cells we
monitored the ability of human hematopoietic stem and
progenitor cells (HSPCs) to form colonies in the presence of
spironolactone. Since spironolactone treatment is proposed
to be combined with chemotherapy, we tested the effect of
phleomycin treatment, which is known to be quite toxic
[21], with or without spironolactone treatment, on HSPCs. A
continuous exposure to low concentrations of spironolactone
(1 uM) yields a similar number of colonies as the control
alone. Higher concentrations of spironolactone result in a
gradual decrease in the number of colonies. In contrast, 1 h
incubation with phleomycin led to a sixfold decrease in
HSPC colony formation (Supplementary Fig. S2E). It is
worthy of note that spironolactone did not alter the cytotoxic
potential of phleomycin (Supplementary Fig. S2E). Also,
spironolactone did not change the differentiation potential of
HSPCs, as a similar fraction of erythroid, monocyte, and
granulocyte colonies were scored in spironolactone and
DMSO treatments (data not shown). These results reveal that
normal human HSCPs are not more sensitive to spir-
onolactone than phleomycin treatments.

Spironolactone impairs DNA repair in cancer and
cancer stem cells but not in healthy cells

To uncover the basis of the differential effect of spir-
onolactone on the growth of healthy, cancer and CSCs, we
examined whether this is due to changes in the inhibitory
effect of spironolactone on DNA repair in the different cell
types. First, we proceeded to evaluate the ability of cells to
repair DSBs in the presence of spironolactone in an attempt
to understand the differential response of the distinct cell
types to spironolactone treatment. One of the first stages of
cellular response to DNA damage is the sensing and
marking of the site of damage to enable the recruitment of
mediators and effectors to the break site. Phosphorylation of
the histone variant H2AX (yH2AX) is a well-known marker
for DSB formation. Dephosphorylation of YH2AX indicates
that the break has been processed and repaired. To assess
the effect of spironolactone on the response to DNA
damage we induced DNA damage by phleomycin and then
allowed the cells to recover for 6h in the presence of
spironolactone to allow repair to take place. Antibodies
directed against YH2AX were used to recognize the break
sites, and those microscopic foci were viewed under a
fluorescent microscope (Fig. 3a, b). Treating cells with the
DNA-damaging agent phleomycin caused, as expected, an
elevation in the average number of foci per cell in healthy
cells (BJ hTERT: Fig. 3a; gray bars and 3b; ‘Phleo’) and in
cancer cells (U20S: Fig. 3a; black bars and 3b; ‘Phleo’).
Focus formation by YH2AX in CSCs (CSCL cells), on the
other hand, did not show any difference between cells
treated with phleomycin and control (Fig. 3a; striped bars

SPRINGER NATURE
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and 3B; ‘Phleo’), once again displaying chemoresistance.
Treating all types of cells with spironolactone alone did not
cause the accumulation of foci in all cell types (Fig. 3a, b;
‘Spiro’). In contrast, the combination of spironolactone and
phleomycin treatments showed a trend of elevation in
average foci number in cells, both in U20S and CSCL cells
but not in BJ hTERT cells (Fig. 3a, b; ‘Spiro + Phleo’).
This indicates that spironolactone addition to cancer cells
and CSCs, but not to healthy cells, impairs DNA repair. To
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further investigate the differential effect of spironolactone
on DNA repair in different cell types, we followed the
levels of YH2AX in additional time points and over thou-
sands of cells by quantifying YH2AX signal using flow
cytometry. Analyzing the levels of YH2AX at different time
points after DNA-damage induction indicates the progress
of the repair process. Under normal conditions, the levels of
yH2AX in untreated cells is expected to be low. Early upon
DSB induction, the level should rise and then decrease with
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time, as DNA repair occurs. As expected, treating U20S
and BJ hTERT cells with phleomycin for 1 h resulted in an
elevation of YH2AX levels (Fig. 3¢ and Supplementary Fig.
S3A,C). In contrast, when CSCL cells were treated with
phleomycin no elevation in YH2AX levels was detected
(Fig. 3c and Supplementary Fig. S3E), which is in line with
our previous observation of resistance of the CSCL cells to
phleomycin (Fig. 2b, ¢). YH2AX levels in BJ hTERT cells
treated with phleomycin and left to recover for 16 h dropped
back to normal levels (Supplementary Fig. S3A), indicating
that the DNA was repaired by 16 h in these cells. In U20S
cells, the repair was attenuated; YH2AX levels 16 h after
phleomycin treatment were reduced although they did not
return to control levels (Supplementary Fig. S3C). As
expected, since the addition of phleomycin to CSCL cells
did not affect yH2AX levels, there was no reduction 16 h
after phleomycin addition (Supplementary Fig. S3E). Next,
we analyzed DSB repair in the presence of spironolactone.
Addition of spironolactone in combination with DNA-
damage induction had hardly no effect on BJ hTERT cells
(Fig. 3d and Supplementary Fig. S3A, B). U20S cells
displayed a delayed repair in the presence of spironolactone
as reflected by the relatively higher levels of YH2AX after
16h in cells treated with phleomycin and spironolactone
compared to phleomycin only (Fig. 3d and Supplementary
Fig. S3C, D). Notably, in CSCL cells, YH2AX levels were
slightly elevated due to the addition of spironolactone
(Fig. 3d and Supplementary Fig. S3E, F).

Spironolactone does not induce DNA damage in
cancer or cancer stem cells

We found that YH2AX levels in CSCs are elevated when
spironolactone is added to phleomycin treatment (Fig. 3d and
Supplementary Fig. S3E, F; 16 h time point), which suggests
impairments in DSB repair. We wanted to verify that spir-
onolactone does not induce DNA damage, as suggested from
our observation that the addition of spironolactone does not
affect yYH2AX focus formation and levels in all cell types
analyzed (Fig. 3a, b and Supplementary Fig. S3A, C, E). In
order to exclude the possibility that spironolactone is the
actual cause for DNA damage in cancer and CSCs, we
evaluated DNA-damage occurrence using the comet assay.
Cells were treated with spironolactone or phleomycin (as a
DNA-damaging agent control) and intactness of DNA in the
nuclei was measured by the length of the “tail” that was
formed when applying an electrical field on lysed nuclei
embedded in soft agar. Treating cells with phleomycin
induced DNA damage as expected in U20S cancer cells
(Fig. 4a, b). Notably, phleomycin did not induce DNA
damage in CSCL cells (Fig. 4a, b). This observation is in line
with our described results of CSCL cells being resistant to

phleomycin (Fig. 2b, ¢). A common mechanism of CSCs to
resist therapy is by actively pumping the drug out of the cell
by multidrug transporters. To ensure the assay was intact and
CSCL cells suffering DNA damage can be detected, we
treated the cells with ultra violet (UV) irradiation rather than
a chemical drug such as phleomycin. When UV irradiation
was applied, the recovery time was longer compared to when
phleomycin was added in order to allow DSB formation from
unrepaired Thymidine dimers (4 and 1h, respectively).
However, time difference in the recovery period in the pre-
sence of spironolactone did not result in difference in tail
length (Supplementary Fig. S3G). UV irradiation indeed
causes DNA damage both to U20S and CSCL cells as seen
by the formation of comet tails (Fig. 4b and Fig. 4c, d; lane 1
vs 3). When cells were treated with spironolactone alone, no
significant tail formation was detected compared to control
treatment, both in U20S (Fig. 4c; lane 1 vs 4) and CSCL
cells (Fig. 4d; lane 1 vs 4), suggesting that spironolactone
does not cause damage to DNA in those cell types. Com-
bining treatment of phleomycin and spironolactone did not
cause any additional damage to the phleomycin-induced
damage in both U20S (Fig. 4c; lane 2 vs 5) and CSCL cells
(Fig. 4d; lane 2 vs 5). Interestingly, UV treatment combined
with spironolactone caused a significant increase in DNA
damage compared to UV treatment alone in U20S cells (Fig.
4c; lane 3 vs 6). It is possible that this reflects the inhibitory
effect of spironolactone on nucleotide excision repair [7],
resulting in lack of repair of the Thymidine dimers induced
by the UV irradiation. This increase in DNA damage seen in
U20S cells treated with both UV and spironolactone is not
detected in CSCL cells (Fig. 4d; lane 3 vs 6). Taken together,
these results show that spironolactone treatment of cancer
cells and CSCs does not inflict direct damage to DNA. When
comparing the natural state of the U20S and CSCL cells in
terms of DNA damage we came upon an interesting obser-
vation; CSCL cells displayed a significantly higher basal
level of DNA damage than the cancer cells (Fig. 4a, b;
compare U20S and CSCL controls).

Spironolactone does not act through aldosterone
antagonism and induces apoptosis in cancer and
CSCs

Spironolactone is a widely used non-selective miner-
alocorticoid receptor (MR) antagonist. To reveal whether
the toxicity of spironolactone to CSCs acts through antag-
onism to MR we took advantage of another available MR
antagonist drug, eplerenone. Since eplerenone acts in a
manner similar to spironolactone, but has a slightly lower
affinity to the receptor, we treated CSCL cells with epler-
enone in concentrations equal to and higher than spir-
onolactone and tested whether eplerenone treatment inhibits
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cell growth in a manner similar to spironolactone. Epler-
enone treatment did not cause any growth inhibition to
CSCL cells (Fig. 5a), even at a high concentration of
100 uM, which is four times higher than the concentration
in which spironolactone had affected those cells originally
(Supplementary Fig. S4A). This result demonstrated that
spironolactone most probably does not act on cell growth
through its canonical role as an MR antagonist. Treating the
cells with phleomycin in the presence of eplerenone also
had not caused any growth impairment (Fig. 5a). To verify
that eplerenone is in fact acting as an MR antagonist in our
cell system, we quantified the expression of GADD458, a
gene that was documented to be downregulated by
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spironolactone and eplerenone [22]. Indeed, GADD45f was
downregulated by 33 or 47% after treatment with epler-
enone or spironolactone, respectively (Fig. 5b), demon-
strating that eplerenone activity was intact.

As the known mechanism of spironolactone could not
explain the effect on cell growth, we took a more general
approach to uncover the possible mechanism through
which spironolactone affects cell growth. We utilized the
online available bioinformatics Connectivity Map tool
(CMap), which was developed to facilitate the discovery
of pathways perturbed by small molecules of unknown
activity, based on the common gene expression changes
that similar small molecules confer [23]. Spironolactone
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was included in the dataset of the CMap tool and a gene-
expression profile of spironolactone treatment was avail-
able from three cancer cell lines: MCF7 breast cancer, PC-
3 adenocarcinoma, and HL60 leukemia. Using the spir-
onolactone expression profile as a query in the CMap tool
resulted in a list of small molecules with related expres-
sion profiles, which can be used to point towards a pos-
sible mechanism. Search of the literature regarding the top
five ranking results, trichostatin A (TSA), chlorocyclizine,
halcinonide, nystatin, and santonin (Fig. 5c), suggested

that three of these molecules, chlorocyclizine,

halcinonide, and nystatin, play different roles that could
all be attributed, directly or indirectly, to the canonical
role of spironolactone as an antagonist of MR (Supple-
mentary Fig. S4B). Interestingly, we found a role in
apoptosis for the remaining two molecules, TSA and
santonin. The histone deacetylase inhibitor TSA was
ranked at the top (Fig. 5¢), with a modest specificity score
of 0.5213. This is probably due to the fact that a histone
deacetylase inhibitor has many roles and affects numerous
pathways. Importantly, TSA was shown to promote can-
cer cell apoptosis [24, 25]. On the other hand, santonin,
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<« Fig. 5 Spironolactone does not act through aldosterone antagonism

and induces apoptosis in cancer and CSCs. a CSCL cells were treated
with the indicated concentrations of the aldosterone antagonist,
eplerenone, or with DMSO (Control) for 1h prior to 1 h treatment,
when indicated, with phleomycin. Cells were recovered in an appro-
priate fresh medium containing DMSO or eplerenone, at the indicated
concentrations, for 96 h and then fixed and stained with methylene
blue. Relative growth was quantified by reading at 620nm in a
microplate reader. Results are normalized to control amounts and are
shown as the average of six technical repeats of a representative
experiment. SE bars are shown. b CSCL cells were treated for 6 h with
100nM aldosterone; addition of 20 uM spironolactone or 20 uM
eplerenone is indicated. mRNA was extracted and cDNA was pre-
pared. GADDA45p levels were determined by RT-PCR. Average values
from three repeats normalized to control. SE bars are shown. ¢ Top hit
results for query “spironolactone” (twofold change) as shown in
‘permuted results table’ in CMap computational tool. ‘Mean’ is the
arithmetic mean of the connectivity scores. ‘Enrichment’ is a measure
of the correlation strength; positive enrichment, expression pattern is
similar; negative enrichment, opposite effect; high enrichment score,
tighter correlation. ‘Specificity’ is an estimate of the uniqueness of the
connectivity. High specificity extent of connectivity is unexceptional
and/or the molecule involved has multiple biological effects. d Wes-
tern blot for cleaved PARP of cells treated with an equivalent amount
of DMSO (Control spironolacton (S) and Control eplerenone (E)), 50
uM spironolactone (Spiro), 100 uM eplerenone or 2.5 uM of the pro-
tein kinase inhibitor staurosporine (STS) for 24 h. GAPDH as a con-
trol. e Relative apoptosis levels represented by the ratio of cleaved
PARP after indicated treatments. Bands of WB presented in (d) were
quantified using ImageJ and values were normalized to GAPDH and
then to the relevant control

which was ranked fifth in the search, was highly specific
(a specificity score of 0), yet relatively poorly enriched (an
enrichment score of 0.816; Fig. 5c). This drug expels
parasitic worms from the body and was reported to cause
G2/M arrest and apoptosis in cancer cells [26]. Since
eplerenone did not induce a similar effect to that of
spironolactone, we hypothesized that the growth inhibi-
tion effect of spironolactone was due to the activation of
apoptosis in cancer cells and CSCs. To test our hypoth-
esis, we treated cancer U20S and CSCL cells with spir-
onolactone. As a positive control for the induction of
apoptosis, cells were treated with staurosporine (STS), a
potent protein kinase inhibitor, known to induce apoptosis
[27]. Apoptosis was detected by the presence of the
cleaved form of poly(ADP-ribose) polymerase (PARP), a
marker of apoptosis [28]. Treating U20S cells with STS
resulted in the cleavage of the 116-kDa PARP band,
leading to the appearance of the cleaved PARP fragment
of 89kDa (Fig. 5d). When treating U20S cells with
spironolactone, the cleaved PARP fragment was also
displayed, although at a lower intensity, compared to STS
(Fig. 5d, e). In CSCL cells, the effect of spironolactone
was even stronger; treatment with spironolactone resulted
in higher levels of cleaved PARP when compared to the
control STS treatment (Fig. 5d, e). Notably, treating the
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cells with eplerenone did not induce apoptosis in CSCL
cells (Fig. 5d, e). Taken together, we conclude that spir-
onolactone may act on cancer cells and CSCs to inhibit
their growth through apoptosis.

Spironolactone reduces CSC content in vivo

To establish the possible role of spironolactone as an
anticancer reagent it was important to test its effect in vivo.
Previous experiments in mice showed the ability of spir-
onolactone to shrink the volume of tumors originated from
different cell lines [6, 8]. We used the CSCL system, in
which the tumors formed can be assessed not only in terms
of the final tumor volume but also in terms of CSC content
(measured by the fraction of SSEA1" cells). We injected the
transformed cells, from which the CSCL cells are generated
[16], into NOD-SCID mice. To provide a clinical relevant
setup, in which treatment begins only after tumors are
formed, we allowed a period for tumor growth before
treating the mice. In order to compare the effect of spir-
onolactone to available chemotherapies, we tested in parallel
the effect of cisplatin. Both cisplatin and spironolactone
treatments reduced tumor weight (Fig. 6a). In light of the
CSC theory, stating that a small population of chemoresis-
tant cells are not affected by the treatment and are able to
eventually reinitiate tumor growth and or metastasize [14],
we examined the CSC content in tumors following different
treatments. The CSC content was assessed as the percent of
SSEA 1-positive cells in the tumor; an apparent reduction in
CSC content was seen for both spironolactone and cisplatin
treatments compared to control (Fig. 6b). However, in
contrast to the trend viewed in tumor weight, in which
tumors extracted from mice treated with cisplatin are slightly
smaller than those extracted from mice treated with spir-
onolactone (Fig. 6a), CSC content of tumors derived from
mice treated with spironolactone was slightly lower than
those derived from cisplatin-treated mice (Fig. 6b). Analysis
of the correlation between tumor size and CSC content
highlighted a striking fact; both in control and cisplatin-
treated mice, CSC content was higher as a function of a
smaller tumor weight (Fig. 6¢). This is in contrast to spir-
onolactone treatment, which showed the opposite correlation
of increasingly lower CSC content as tumor weight
decreases (Fig. 6¢). This correlation may point to a funda-
mental and dangerous phenomenon in cancer therapy in
which treatment that is not specifically targeted to the CSC
subpopulation can shrink the tumor but in the process, a
selection in favor of the CSCs is occurring, which can
eventually drive tumor regrowth. It is important to note that
when mice were sacrificed at the end of the treatment, 2 out
of 16 mice treated with spironolactone had no visible tumors
whatsoever.
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Fig. 6 Spironolactone effect on tumor growth and cancer stem cell
content. NOD/SCID mice were injected with 1x 10”4 transformed
cells (+1x 1075 immortalized cells) and tumors were allowed to
develop for 3 weeks. Mice were treated IP for three consecutive weeks
either with 3 mg/kg cisplatin once a week or 50 mg/kg spironolactone
(Spiro) twice a week, or control (corn oil : PBS). Tumors were har-
vested, weighed (a) and % SSEA1" cells were determined by flow
cytometry (b). Linear modeling of the correlation between tumor size
and CSC content was analyzed by R software (c). Tumors: Spiro and
Control, 4n; cisplatin, 6n

Discussion

In this work, we found that the antihypertensive drug
spironolactone can inhibit the growth of cancer and CSCs,
while sparing the healthy cells. Moreover, we found that
spironolactone reduces tumor size and CSC content in mice.
The ability of a chemical or potential drug to act in a dif-
ferential manner on different targets holds the potential of
minimizing side effects and enhancing the efficacy of the
treatment.

This work is an example for the benefit of combination
therapy between DNA-damaging agents and inhibitors of
DNA-repair pathways [29]. Our results suggest that in
cancer cells, a combination of the DNA-damaging agent,
such as phleomycin or cisplatin, together with spir-
onolactone has a larger effect than using any of those alone,
especially lower doses of spironolactone treatment on can-
cer cells. However, a close examination of the combined
treatment on healthy cells or CSCs reveals that spir-
onolactone treatment alone may actually be more beneficial.
In the case of CSCL cells, DNA-damaging agents do not
affect growth whatsoever, making the treatment redundant.
In healthy cells however, phleomycin has some inhibiting
effect on growth, which may be deleterious. Treatment with
spironolactone only seems not to harm healthy cells, and
not at the expense of treating CSCs. This is especially
important since the original discovery of anticancer drugs
was done based on their effect on cancer cells only, but
today the toxic side effects, such as nephrotoxicity of cis-
platin or cardiomyopathy of doxorubicin, are known [30].
Special attention is therefore given to drugs that are used in
a context other than cancer and have the potential of being
safer drugs. Another advantage of spironolactone in terms
of safety is reflected in our findings that spironolactone did
not induce DNA damage in cells. Spironolactone exerts its
effect in the later stages of DDR resulting in delayed DNA
repair in cancer and CSCs, specifically, as well as apoptosis
induction.

The differential response that spironolactone elicits in
terms of DDR on the different cell types can explain the
complex effect of spironolactone on growth. This led us to
propose a model that explains the differential effect of
spironolactone on different cell types based on the DDR
state of the treated cells (Fig. 7). The genome of cancer cells
is extremely unstable and carries out alternative expression
patterns that enhance replication and transcription driving to
replication stress, replication fork slowing, and accumula-
tion of DNA damage [31]. Therefore, interfering with the
DDR of cancer cells by use of spironolactone, even without
an external induction of DNA damage, may lead to the
exhibited growth inhibition in cancer cells. Healthy cells, on
the other hand, have an intact genome and a functional
DDR, which can explain why spironolactone does not harm
those cells, in contrast to cancer or CSCs. CSCs displayed a
striking sensitivity to spironolactone, resulting in a
remarkable growth inhibition. In terms of DDR, we
observed that CSLC cells are both resistant to DNA-
damaging agents and display basal levels of damage
reflected directly by longer comet tails. According to the
gradual dependence on intact DDR it would be expected
that CSC sensitivity to DNA-damaging agents would be
high, but due to CSC resistance, which is a result of various
reasons, among them the expression of drug efflux pumps,
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Fig. 7 Proposed model: differential effect of spironolactone on dif-
ferent cell types is dependent on DDR state and genomic integrity.
Cancer cells, unlike healthy cells, suffer from accumulated mutations
that may affect the DDR. Therefore, cancer cells, compared to healthy
cells, have a higher dependence on the intact activity of the remaining
DDR. In addition to cancer cell traits, CSCs display constant levels of
basal damage indicating an ongoing dependence on DDR, which may
be reflected in the reported high levels of DDR in those cells.
According to the gradual dependence on intact DDR it would be
expected that sensitivity to DNA-damaging agents would display a
similar pattern in cancer cells. However, due to CSC resistance (for
various reasons, among them the expression of drug efflux pumps), the
CSCs are not sensitive to these chemotherapeutic drugs. Because
spironolactone affects DDR, the resistance of CSCs is bypassed and
the gradual pattern of dependence on the intact DDR plays the major
role, resulting in growth inhibition of cancer and CSCs while sparing
the healthy cells

they are not sensitive to these chemotherapeutic drugs.
Because spironolactone affects DDR, the resistance of
CSCs is bypassed and the gradual pattern of dependence on
intact DDR plays the major role, resulting in growth inhi-
bition of CSCs.

The resistance of CSCs to DNA-damaging agents is well
documented and is attributed in part to a highly active DDR
[32-35]. However, we found both by analyzing comet tails
as well as YH2AX levels and focus formation that CSCL
cells have a high basal level of damage and damage sig-
naling, regardless of DNA-damage induction. This may
seem to stand in contradiction to the current understanding
of a highly active DDR in CSCs, which responds to
damage. However, a close examination of the data pre-
sented in the literature actually provides evidence support-
ing the basal activity of DDR in CSCs, without DNA-
damage induction. For instance, phosphorylation of proteins
involved in DDR, such as Chkl, Chk2, Radl7, p38, and
AKT, was observed in CSCs even without treatment with
DNA-damaging agents [32, 35]. Our findings together with
the data that we retrieved from the literature support the
notion that CSCs possess a highly active DDR, but even
more so, the DDR in CSCs seems to be “on call”, active all
the time on a basal level. It is not only an enhanced DDR,
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but rather a primed state ready to tackle any damage in
sight, enabling immediate attending to any damage occur-
ring. This trait holds an obvious advantage to a stem cell by
protecting the genetic material passed on to all progeny, but
in CSCs this is a lethal weapon contributing to resistance.
Exploiting the special state of DDR in CSCs presents an
opportunity to target this ultrasensitive system. Interfering
with the essential DDR activity carries the potential to
damage the CSCs even without any additional DNA
damage.

The special contribution that spironolactone may provide
in treating cancer is demonstrated in our in vivo experi-
ments. Although treatment with the common chemotherapy
cisplatin was more efficient than spironolactone in slowing
the rate of tumor growth, it resulted in a higher percent of
SSEAI1" cells within the tumors, suggesting a selection
process in favor of the hazardous CSC population. Spir-
onolactone, on the other hand, had the ability both to slow
down the rate of growth compared to control treatment as
well as to reduce the CSC proportion relative to control and
cisplatin treatments. It is important to note that cisplatin
treatment presents a severe side effect of nephrotoxicity
[36]. It could therefore be beneficial to combine cisplatin
treatment for a short period of time with a long-term spir-
onolactone treatment, thus maximizing the therapeutic
effect of each of the drugs while minimizing the side
effects. Supporting our study is a recent study that
demonstrated a lower risk of urinary tract cancers in patients
with hypertension who were treated with spironolactone
[37]. However, in the context of cancer therapy and clinical
relevance, the path of course is not fully paved. In the
process of the future transfer of spironolactone to the clinic,
several obstacles should be considered. For instance, spir-
onolactone dosage in our experiments is higher by about
two orders of magnitude than the doses, monitored in serum
concentrations, that patients are currently being treated with
it for heart failure conditions [38]. Yet it is far from the
intraperitoneal LD50 in mice [39]. The stability state of
spironolactone and properties of its metabolites should be
taken into account as well and should defiantly be addressed
in future works. Nevertheless, our findings are promising
and hold a potential for the future use of spironolactone in
cancer treatment, specifically in the elimination of CSCs.

Methods
Cell lines and media

U208, HelLa, RPE1 hTERT, FSE hTERT, BJ hTERT, and
BJ cells were cultured in Dulbecco’s modified eagle’s
medium (Biological Industries, BI) supplemented with 10%
fetal bovine serum (FBS) (BI), 20 mM L-glutamine (BI),
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500 units/ml penicillin (BI), and 0.5 mg/ml streptomycin
(BI). Cells were detached with trypsin (BI).

CSCL and original immortalized cells were additionally
supplemented with 1% MEM Eagle (BI) and 5% FBS (BI).
Cells were detached with trypsin (BI).

SLGCs were cultured in a neurobasal medium (Difco)
supplemented with 20% v/v BIT serum replacement (Stem
Cell Technologies), 2 mM L-glutamine, 50 pg/ml penicillin/
streptomycin, and 20 ng/pl basic fibroblast growth factor
(FG) and epidermal growth factor (EGF) (Peprotech). Cells
were dissociated with accutase (Sigma-Aldrich).

Hematopietic stem cells from samples of cord blood
were obtained according to procedures approved by the
institutional review board of Tel Aviv Sourasky Medical
Centre and Tel Aviv University, Israel. Lineage depletion
and CD34 + cell enrichment of cord blood samples were
achieved by a negative selection with the EasySep system
according to the manufacturer’s protocol (Stem Cell Tech-
nologies). CD34 + cells were grown in Iscove’s Modified
Dulbecco’s Medium (IMDM), 10% FBS supplemented with
Fms-related tyrosine kinase 3 ligand (FLT3L) (50 ng/ml),
thyroperoxidase (TPO) (20 ng/ml), Stem cell factor (SCF)
(50 ng/ml), and IL-6 (10 ng/ml).

All cells were maintained in a humidified incubator at 37
°C and with 5% CO,.

Immunofluorescence

U20S, BJ hTERT and CSCL cells were grown on cover
slips placed in six-well tissue culture dishes. The cells were
incubated for 1h with 40uM spironolactone (Sigma-
Aldrich) or an equivalent volume of DMSO (Merck Milli-
pore) for control. DNA damage was induced with phleo-
mycin (10 pg/ml, Invivogen) for 1 h and then replaced with
media containing spironolactone or DMSO for 6h. The
cells were fixed with 4% paraformaldehyde and permeabi-
lized with 0.5% Triton X-100. The cells were incubated for
2h with mouse anti-phospho-Histone H2A.X, Serl139
(YH2AX, Merck Millipore; 05-636, 1:300), washed three
times in phosphate-buffered saline (PBS), and incubated for
1'h with Dylight 488 (Jackson Immunoresearch Labora-
tories; 211-482-171, 1:700). The cells were washed three
times, stained with 4’,6-diamidino-2-phenylindole (DAPI;
MP Biomedicals) and mounted on glass slides (DakoCy-
tomation). YH2AX foci were imaged by a Olympus IX81
fluorescence microscope with a 60 x oil objective. At least
50 cells were analyzed for each treatment.

yH2AX in flow cytometry
U20S, BJ hTERT, and CSCL cells were grown in six-well

tissue culture dishes. Cells were treated for 1 h with 40 uM
spironolactone (Sigma-Aldrich) or a DMSO equivalent

volume (Merck Millipore) for control. DNA damage was
induced with 15 pg/ml phleomycin (Invivogen) for 1 h and
then replaced with media containing spironolactone or
DMSO for 1, 6, or 16h. Cells were detached from the wells
with trypsin, pelleted in Eppendorf tubes (1200 RCF, 3 min,
4 °C), and resuspended in 4% paraformaldehyde for 30 min
on ice. Cells were pelleted again and re-suspended in FACS
buffer (PBS, 1% fetal calf serum (FCS), 0.05% sodium
azide) and kept overnight at 4 °C. The following day cells
were pelleted, washed twice in saponin solution (0.1%
saponin (Sigma-Aldrich) in FACS buffer) to perforate the
membrane, and resuspended in saponin solution containing
mouse anti-phospho-Histone H2A.X, Ser139, (YH2AX,
Merck Millipore; 05-636, 1:500) for 30 min on ice. Stain-
ing was terminated by the addition of 1 ml saponin solution
followed by three washes as described above. Cells were
incubated with saponin solution containing goat anti-mouse
DyLight 488 (Jackson Immunoresearch Laboratories; 211-
482-171, 1:1000) for 30 min on ice and washed again three
times. Cells were finally suspended in FACS buffer. Cells
were read for each sample with the green (488 nm) laser of
FACSAria III (BD Biosciences) and FACSDiva (version 7)
program. Thirty thousand cells were analyzed for each
experiment, and data are shown as average of 2-3 repeats
for each condition.

Comet assay

U20S and CSCL cells were grown in six-well tissue culture
dishes. The cells were incubated with 40 uM spironolactone
(Sigma-Aldrich) or an equivalent volume of DMSO
(Merck) for control for 1-5h. DNA damage was induced
with phleomycin (Invivogen; 10pug/ml, 1h) or with an
exposure to UV (11.3 mJ/cm?, 4 h recovery to allow DSB
formation) and then replaced with media containing spir-
onolactone or DMSO. During UV treatment, the mediium
was substituted by PBS to reduce interference with irra-
diation and then immediately replaced after irradiation.
Cells were collected (1200 rpm, 3 min, room temperature
(RT)) and embedded in soft agar on glass slides, followed
by lysis and fixation (TREVIGEN, kit 18008738443). Glass
slides were placed in a gel electrophoresis apparatus and run
under neutral electrophoresis conditions according to kit
instructions. Nuclei were stained with DAPI (MP Biome-
dicals), and comet tails were imaged by an Olympus IX81
fluorescence microscope and analyzed with the “open
comet” software. Seventy to hundred nuclei were analyzed
for each condition.

Growth assays

Cells were plated in a 96-well plate in the indicated den-
sities (HeLa, 750 cells/well; U20S and CSCL, 1000 cells/
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well; immortalized fibroblasts, 2000 cells/well; RPE1
hTERT, 4000 cells/well; BJ hTERT and FSE hTERT, 6000
cells/well, and BJ, 8000 cells/well). Twenty four hours after
seeding, the cells were treated for 1 h with media containing
spironolactone (Sigma-Aldrich) or eplerenone (Cayman) at
indicated concentrations. For control, equivalent volumes of
DMSO were added. DNA damage was induced with the
addition of phleomycin (Invivogen, 15 pg/ml) or cisplatin
(Enzo Life Science), for 1 h, and then replaced with a fresh
medium containing spironolactone, eplerenone, or DMSO
in the original concentrations. After 96 h, the cells were
fixed with 0.25% glutaraldehyde and dyed with methylene
blue (Sigma-Aldrich) dissolved in 0.1 M boric acid. Color
was extracted by 0.1 M Hcl, and the intensity was quantified
by light absorbance at 620 nm with a plate reader device
(Biotec). Values were shown as the average of three
experiments, six technical repeats each or as the average of
3-6 technical repeats of a representative experiment, as
indicated in relevant figure legends.

SLGCs were grown in 12-well tissue culture dishes.
Cells were treated with 15 pg/ml phleomycin (Invivogen)
for 1 h and washed. Cells were grown in the presence of an
indicated concentration of spironolactone (Sigma-Aldrich)
or an equivalent volume of DMSO as control for a total of
8 days (on day 4, a fresh medium was supplied). Neuro-
sphere morphology was visualized under a light microscope
and representative fields were captured. In parallel, 100 pl
from each condition were transferred to a 96-well culture
dish (in duplicate) and stained with 1:10 WST1 Cell Pro-
liferation Reagent (Roch). Intensity was quantified by light
absorbance at 450 nm with a plate reader device (Biotec).

Hematopoietic stem cells were seeded at a density of 1 x
105 cells/ml. Colony forming assay was performed in
MethoCult™ H4434 Classic with recombinant cytokines
and EPO (Stem Cell Technologies, Canada). Colonies were
counted after 12—14 days of incubation.

RT-PCR

CSCL cells were treated for 6 h with 100 nM aldosterone
(Arcos Organics) and 20uM spironolactone (Sigma-
Aldrich) or 20uM eplerenone (Cayman). mRNA was
extracted (EZ-RNA, BI) from the collected cells. The
extracted RNA was reverse transcribed according to the
manufacturer’s instructions of the High-Capacity cDNA
Reverse Transcription Kits (Applied Biosystems). Real-
time quantitative RT-PCR based on the SYBR Green
methodology was done (three repeats) with the StepOne-
Plus™ Real-Time PCR System (Rhenium). Gene expres-
sion was calculated relatively to the control gene GAPDH.

Primer sequences used are GAPDH: forward primer
sequence 5'—3": AGCCACATCGCTCAGACACC, reverse
primer sequence 5'—3": GTATCTAGCGCCAGCATCG;
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GADD45p: forward primer sequence 5'—3': CATTGTC
TCCTGGTCACGAA, reverse primer sequence 5'—3':
CATTGTCTCCTGGTCACGAA.

Apoptosis analysis

U20S and CSCL cells were grown in six-well tissue culture
dishes. Fifty micromolar of spironolactone (Sigma-Aldrich),
100 uM eplerenone (Cayman) or 2.5 uM STS were added
for 24 h. Cells were collected and lysed with 2 x loading
sample buffer (containing sodium dodecyl sulfate and
dithiothreitol). Samples were run on sodium dodecyl
sulfate-polyacrylamide gel and blotted onto nitrocellulose
membrane. The membrane was incubated with rabbit anti-
Poly(ADP-ribose) polymerase (PARP, Cell signaling;
#9542, 1:1000) and mouse anti-GAPDH (Abcam; ab8245,
1:10,000) antibodies. Signal was detected on a film after
exposing the membranes to EZ-ECL reagents (BI).

In vivo mice experiment

NOD-SCID 5-week-old male mice were injected with 1 x
1074 transformed cells (4 1 x 1025 immortalized cells) and
tumors were allowed to develop for 3 weeks. Mice were
treated intraperitoneally (IP) for three consecutive weeks
either with 3 mg/kg cisplatin once a week (Wednesday) or
50 mg/kg spironolactone twice a week (Sunday and Wed-
nesday) or control (corn 0il:PBS).

Tumors were harvested from culled mice and weighed
(four tumors for control and spironolactone and six for
cisplatin). Tumors were minced and dissociated in Dul-
becco’s modified eagle’s medium 10% FCS containing 2
mg/ml collagenase IV (Worthington), hyaluronidase 1:100
(Sigma-Aldrich), and DNase 1:1000 (Roche) for 1 h while
shaking at 180 rpm, 37 °C, followed by intensive pipetation.
Cells were centrifuged at 300 g, 5 min, RT, and the pellet
was washed twice with 2% FCS in PBS. Cells were treated
for 2 min with 0.8% NH,Cl, washed again with 2% FCS in
PBS, and pelleted at 300 g, 5 min, RT. For single-cell sus-
pension, cells were passed through a 70 um cell strainer.
Cells were counted and frozen in 10% DMSO in FCS.
Dissociated tumor cells were incubated for 40 min at 4 °C in
sort buffer (1% BSA, 1% pen/strep, 2 mM Ethylenediami-
netetraacetic acid (EDTA), 15mM - 4-(2-Hydroxyethyl)
piperazine-1-ethanesulfonic acid (HEPES) in PBS) con-
taining anti-human/mouse SSEA-1-Alexa 647 (eBios-
ciences; 50-8813-42, 1:20), anti-human CD166-PE
(eBiosciences; 559263, 1:20), anti-mouse MHC-FITC
(eBiosciences; 11-5998-82, 1:300) antibodies. Cells were
washed twice with sort duffer and centrifuged at 300 g, 5
min. Incubation with sort buffer containing DAPI (MP
Biomedicals; 1:5000) for 10min at RT was followed
immediately. SSEA1T/CD166"/MHC™ cells were detected
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using the FACSAria III (BD Biosciences) and FACSDiva
(version 7) program.

The joint ethics committee (IACUC) of the Hebrew
University and Hadassah Medical Center approved the
study protocol for animal welfare. The Hebrew University
is an AAALAC International accredited institute. All animal
experiments were conducted in accordance with the Hebrew
University’s animal committee, ethical approval number
TACUC:NS-09-15102-4).
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