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Abstract

Modulation of the DNA repair pathway is an emerging target for the development of anticancer drugs. DNA
interstrand cross-links (ICLs), one of the most severe forms of DNA damage caused by anticancer drugs such as
cisplatin and mitomycin C (MMC), activates the Fanconi anemia (FA)/BRCA DNA repair pathway. Inhibition of the
FA/BRCA pathway can enhance the cytotoxic effects of ICL-inducing anticancer drugs and can reduce anticancer
drug resistance. To find FA/BRCA pathway inhibitory small molecules, we established a cell-based high-content
screening method for quantitating the activation of the FA/BRCA pathway by measuring FANCD2 foci on DNA
lesions and then applied our method to chemical screening. Using commercial LOPAC1280 chemical library
screening, ouabain was identified as a competent FA/BRCA pathway inhibitory compound. Ouabain, a member of
the cardiac glycoside family, binds to and inhibits Na+/K+-ATPase and has been used to treat heart disease for many
years. We observed that ouabain, as well as other cardiac glycoside family members―digitoxin and digoxin―down-
regulated FANCD2 and FANCI mRNA levels, reduced monoubiquitination of FANCD2, inhibited FANCD2 foci
formation on DNA lesions, and abrogated cell cycle arrest induced by MMC treatment. These inhibitory activities of
ouabain required p38 MAPK and were independent of cellular Ca2+ ion increase or the drug uptake-inhibition effect of
ouabain. Furthermore, we found that ouabain potentiated the cytotoxic effects of MMC in tumor cells. Taken together,
we identified an additional effect of ouabain as a FA/BRCA pathway-inhibiting chemosensitization compound. The
results of this study suggest that ouabain may serve as a chemosensitizer to ICL-inducing anticancer drugs.
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Introduction

Most cancer therapies, including conventional chemotherapy
and radiotherapy, are based on DNA damage-induced tumor
cell death. These cancer therapeutic DNA-damaging agents
activate cellular responses, such as cell cycle arrest, DNA
repair, and cell death, which are collectively called the DNA
damage response. When DNA damage occurs in tumor cells,
apoptosis is activated to remove cells harboring severe DNA
damage, whereas cell survival processes, such as cell cycle
arrest and DNA repair, are activated to recover from DNA
lesions and for survival. Activation of the DNA repair process
against DNA damaging agents in tumor cells decreases the
efficacy of anticancer drugs and eventually leads to drug
resistance. Combinations of conventional cancer therapy with

inhibition of the DNA repair process are expected to enhance
therapeutic efficacy. Thus, DNA repair pathways in cancer cells
are regarded as promising targets for anticancer drug
development [1-4].

Eukaryotic cells activate DNA damage repair pathways
depending on the type of DNA damage incurred. Among the
DNA damage repair pathways, the Fanconi anemia (FA)/BRCA
pathway is required for the repair of DNA interstrand cross-
links (ICLs), one of the most severe forms of DNA damage
caused by anticancer agents such as cisplatin and mitomycin C
(MMC). DNA ICL-inducing agents have been used to treat
cancers, such as multiple myeloma, testicular, ovarian,
bladder, head and neck, and breast cancers [5-7]. During
chemotherapy, activation of the FA/BRCA pathway might lead
to treatment failure. The FA/BRCA pathway was reported to be
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responsible for resistance to cisplatin treatment in ovarian
tumors [8]. Also, several publications have reported that the
FA/BRCA pathway confers resistance to DNA ICL-inducing
agents in many cancers, such as glioma and multiple myeloma
[9,10]. Thus, inhibition of the FA/BRCA pathway may make
resistant tumor cells more sensitive to ICL-inducing agents.
Recently, cell-based and cell-free screening methods have
been adopted to identify FA/BRCA pathway inhibitors. Several
chemicals, including curcumin and a menadione analog, have
been shown to sensitize tumor cell lines to cisplatin treatment
[11,12].

The FA/BRCA pathway orchestrates FA proteins to repair
DNA ICL lesions. In response to DNA ICLs, the FA nuclear
core complex composed of at least 8 FA proteins (FANCA, -B,
-C, -E, -F, -G, -L, and -M) monoubiquitinates the FANCD2 and
FANCI proteins. Monoubiquitinated FANCD2 and FANCI
proteins are recruited to the DNA ICL lesion and subsequently
interacts with DNA repair-related proteins, such as RAD51 and
BRCA1, to repair DNA damage [13,14]. Accumulation of
monoubiquitinated FANCD2 on DNA lesions is visualized as
nuclear foci using immune-staining with a FANCD2-specific
antibody under a fluorescence microscope. The
monoubiquitinated FANCD2 foci are used as markers for DNA
ICL damage, which could be used for massive screening when
combined with high-content screening tools [11,15]. In this
study, we performed chemical library screening to find a small
molecule inhibitor of the FA/BRCA pathway adopting a cell-
based, high-content screening system using monoubiquitinated
FANCD2 foci as markers for the activation of the FA/BRCA
pathway. We identified ouabain [1β,3β,5β,11α,14,19-
hexahydroxycard-20(22)-enolide 3-(6-deoxy-α-L-
mannopyranoside)], a well-known cardiac glycoside that binds
and inhibits Na+/K+-ATPase, as a novel inhibitor of FA/BRCA
pathway activation.

Materials and Methods

Cell lines and cell culture
U2OS osteosarcoma cells were acquired from KCLB (Seoul,

Korea) and cultured in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum (FBS;
Hyclone, Logan, UT) and 2 mM glutamine at 37°C in a 5% CO2

atmosphere.

Chemicals and antibodies
MMC, curcumin, ouabain, digitoxin, digoxin, thapsigargin,

and nifedifin were purchased from Sigma-Aldrich Co. (St.
Louis, MO). Cisplatin and MAPK kinase inhibitors (PD 98059,
SB203580, and SP600125) were obtained from Calbiochem
(San Diego, CA). Antibodies against FANCD2 (NB 100-182)
and FANDI (A300-212A) were purchased from NOVUS
(Littleton, CO) and Bethyl Laboratories (Montgomery, TX),
respectively. Anti-MAPK family (#9926) and phospho-MAPK
family (#9910) molecules were acquired from Cell Signaling
Technology (Danvers, MA). Anti-PARP (556494) was
purchased from BD Pharmingen (San Jose, CA). All other
chemicals and reagents were purchased from Sigma-Aldrich
Co. unless otherwise specified.

Immunofluorescence
One day before treatment, cells were seeded at 0.5 × 104/

well in black 96-well plates with clear, flat bottoms (Costar,
Corning, NY). After treatment, cells were rinsed with
phosphate-buffered saline (PBS), fixed with 3.7%
formaldehyde in PBS for 20 min at room temperature, and
permeabilized with 0.2% Triton X-100 in PBS for 5 min on ice.
Nonspecific binding was blocked by incubating cells with 1%
bovine serum albumin and 0.02% Triton X-100 in PBS for 30
min at room temperature. The cells were sequentially
incubated with anti-FANCD2 antibody for 3 h at room
temperature, Alexa Fluor 488-conjugated anti-rabbit IgG
antibody (1:500; Molecular Probes, Carlsbad, CA) for 1 h, and
Hoechst 33342 (10 μg/ml; Molecular Probes) for 10 min. The
cells were washed three times with PBS for 10 min each time
and were visualized using an In Cell Analyzer 1000 (GE
Healthcare, Buckinghamshire, UK).

Acquisition and analysis of images
The total count and area of FANCD2 foci were measured

using IN Cell Analyzer 1000. Images of cells after
immunofluorescence were acquired with the automated
fluorescence microscope platform of the IN Cell Analyzer using
a 20× objective lens. Images from more than five fields per well
were collected to obtain data from 400 to 600 cells. The filter
sets used for detection of Hoechst 33342 and Alexa Fluor 488
signals were D360/40 (excitation)-HQ535/50 (emission) and
D475/20 (excitation)-HQ 535/20 (emission), respectively. The
acquired images were analyzed using the Multi Target Analysis
(MTA) module of the IN Cell Analyzer 1000 Workstation
software (v3.4) as previously described [16,17]. MTA module
measured fluorescence intensity and area (µm2) of nuclear
(based on Hoechst 33342 staining) and targeted organells
(based on Alexa Fluor 488 staining) respectively. The
fluorescence area of Alexa Fluor 488 represented FANCD2
foci. Previously we have reported that foci total area per cell
exhibited good correlation with extent of DNA damage [16].

Western blotting
For FANCD2 and FANCI detection, cell lysates were

prepared by suspending 4 × 105 cells in 100 µl of NuPAGE
LDS sample buffer containing 5% mercaptoethanol (Invitrogen,
Carlsbad, CA). The cell lysates were kept on ice for 10 min and
boiled at 95°C for 5 min. Equal amounts of lysate proteins were
separated on 3–8% NuPAGE Tris-acetate gels and transferred
to nitrocellulose membranes using the iBlot Gel Transfer
System (Invitrogen). After blocking with 5% skim milk in TBST
[20 mM Tris (pH 7.5), 135 mM NaCl, and 0.05% Tween 20], the
membranes were incubated with the indicated antibodies. The
membranes were washed and then incubated with horseradish
peroxidase-conjugated anti-rabbit IgG (1:5000; Cell Signaling
Technology). After extensive washing, the proteins were
visualized by chemiluminescence using the ECL reagent (GE
Healthcare). For MAPK family detection, whole-cell lysates
were prepared by suspending 2 × 106 cells in 100 µl of 1 x SDS
sample buffer [62.5 mM Tris (pH 6.8), 2% SDS, 10% glycerol,
50 mM DTT, 0.01% bromophenol blue]. The cell lysates were
sonicated for 10 sec, boiled for 5min and cleared by
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centrifugation at 15,000 × g for 10 min at 4°C. Equal amounts
of lysate protein were separated on a 4–12% gradient or 15%
Tris-Glycine PAGE and transferred to Immobilon P membranes
(Millipore, Billerica, MA). Immunoblotting steps were done as
described above.

Cell cycle analysis
Cells treated with MMC and chemical compounds were

washed with PBS, fixed with cold 70% ethanol, and stored at
-20°C for 16 h or longer. The fixed cells were washed with PBS
and then incubated in DNA staining solution (10 μg/ml
propidium iodide + 1 µg/ml RNase A; Sigma-Aldrich Co.) for 20
min at room temperature in the dark. After incubation, the
samples were analyzed by using FACSCalibur (BD
Pharmingen, San Jose, CA).

Cell survival assay
Cells were seeded at 2 × 104 per well in a 96-well plate and

treated with MMC and chemical compounds at the indicated
concentrations. After incubation for the indicated time, cells
were washed with PBS and 100 µl of 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyl tetrazolium bromide (MTT) was added at a
concentration of 0.5 mg/ml. After incubation in a CO2 incubator
at 37°C for 2 h, insoluble crystals were completely dissolved in
dimethyl sulfoxide. The absorbance at 540 nm was measured
using a Versamax microplate reader (Molecular Devices,
Sunnyvale, CA).

Chemical library screening
The LOPAC1280 chemical library was purchased from

Sigma-Aldrich Co (St. Louis, MO). One hour before treatment
with MMC (200 ng/ml), each of the 1280 compounds in the
chemical library was added to cells grown on black 96-well
plates with clear, flat bottoms (Costar) at a final concentration
of 5 µM. After 24 h incubation, cells were immunofluorescence-
stained and then analyzed using the IN Cell Analyzer. We
calculated the means and standard deviation (SD) of FANCD2
foci count from four positive control wells (only MMC-treated) of
each plate and selected compounds that showed FANCD2 foci
count reduction by more than 3 × SD compared with the
positive control.

Statistical analysis
Data are presented as mean values ± standard error of the

mean (SEM). All statistical analyses were performed with
GraphPad Prism version 5.03 (GraphPad Software, San Diego,
CA). Comparisons between two groups were carried out using
Student’s t-test for unpaired data. Differences between groups
were considered statistically significant at P < 0.05.
Combination Index (CI) was calculated using CalcuSyn
software (Biosoft, Cambridge) based on the multiple drug-effect
equation of Chou-Talalay.

Results

Ouabain was identified as having FA/BRCA pathway-
inhibiting activity

To identify FA/BRCA pathway inhibitors, we established a
cell-based high-content screening method measuring FANCD2
foci as a marker for FA/BRCA pathway activation after
immunofluorescence staining. MMC was used as an ICL
inducer to activate the FA/BRCA pathway, and curcumin was
used as a control of competent FA/BRCA inhibitory chemicals
[11]. For screening quality control, each plate contained four
media-only wells, four MMC-only-treated wells, and four MMC
+ curcumin-treated wells (Figure 1A). To confirm the
significance of the screen, we calculated the Z’ factor for the
assay, defined as 1 – [3(SD of the MMC-only controls + SD of
the media-only controls)/(mean of the MMC-only controls –
mean of the media-only controls)]. The Z’ factor of the assay
was 0.882, where a Z’ factor of 1 is ideal and a Z’ factor greater
than 0.5 indicates excellent screening quality [18]. We
screened a LOPAC1280 chemical library using this method
and found that ouabain was a competent FA/BRCA pathway
inhibitor (Figure 1A and Table S1). In Figure 1B, we confirmed
that ouabain could inhibit FANCD2 foci formation in a dose
dependent manner. In the presence of 500 nM and 25 nM
ouabain, the FANCD2 foci area per cell declined from 42.19 ±
3.2 to 6.43 ± 0.20 and 30.97 ± 2.96, respectively. FANCD2 foci
decreased from 42.19 ± 3.2 to 29.25 ± 4.79 by treatment with 5
µM curcumin, a similar degree to the 25 nM of ouabain
treatment, showing that ouabain has more potent inhibitory
activity than curcumin, which is a well-known FA/BRCA
pathway inhibitor. IC50 values of ouabain and curcumin in FA/
BRCA pathway inhibition were 42.48 ± 0.11 nM and 6.03 ±
0.22 µM respectively. Inhibitory activity of ouabain was 142-fold
higher than curcumin (Figure 1C).

We conducted Western blotting to check the activation status
of FANCD2 protein after MMC treatment (Figure 1D). The data
showed that ouabain treatment decreased FANCD2 protein
levels as curcumin treatment did. We examined FANCD2
mRNA levels by real time RT-PCR and found that level of
FANCD2 mRNA was lower in ouabain treated cells (Figure S1).
The reduction in levels of FANCD2 and FANCI protein
following treatment with ouabain and curcumin could not be
rescued by treatment with the proteasome inhibitor MG132
(Figure S1). These results indicate that reduced FANCD2
protein expression after ouabain treatment might result from
transcriptional repression but not from enhanced proteasomal
degradation. To check the possibility that ouabain affects the
transcription of other DNA damage regulators, we performed
real time RT-PCR (Figure S2). Ouabain repressed the
transcription of FANCF and ERCC4. However, mRNA levels of
FANCA, Rad51, XRCC5 and XRCC6 did not change after
ouabain treatment.

We also observed that monoubiquitination of FANCD2 was
inhibited by ouabain in a dose-dependent manner (Figure 1D).
Ouabain also inhibited monoubiquitination of FANCD2 induced
by cisplatin, another ICL inducer (Figure 1E). In addition, we
observed FA/BRCA pathway inhibition by ouabain and cardiac
glycoside family in different cell lines such as HeLa cervical cell
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Figure 1.  Ouabain inhibits the FA/BRCA pathway.  (A) The data from chemical library screening and chemical structure of
ouabain. U2OS cells were pre-treated with 5 µM of each compound for 1 h prior to incubation in 200 ng/ml MMC for 24 h.
Representative data from plate containing ouabain compound are shown. Each dot in the scattergram represents FANCD2 foci area
per cell after treatment with each compound tested. (B) Ouabain inhibits MMC-induced FANCD2 foci formation. U2OS cells were
pretreated with the indicated concentration of ouabain or curcumin for 1 h and then treated with 200 ng/ml MMC for 24 h. After
incubation, the cells were fixed and processed for FANCD2 immunofluorescence and the FANCD2 foci were analyzed with an IN
Cell Analyzer. Representative graphs and images from three independent experiments are shown. Values represent the means ±
SEM (Student’s t-test, ***, P < 0.001; *, P < 0.05). (C) U2OS cells treated as described in (B) were analyzed with an IN Cell
Analyzer. % foci total area/ cell represents relative % to MMC-only treated samples. IC50 was calculated using GraphPad Prism
version 5.03. Graphs and values represent the means ± SEM from three independent experiments. (D) Ouabain inhibits MMC-
induced FANCD2 monoubiquitination. Protein extracts fromU2OS cells treated as described in (B) were analyzed by Western
blotting using antibodies against FANCD2 and β-actin. Values shown represent the ratio of FANCD2 (L)/FANCD2 (S). (E) Ouabain
inhibits FANCD2 monoubiquitination after cisplatin treatment. Western blotting was performed with protein extracts from U2OS cells
treated with 10 µM cisplatin.
doi: 10.1371/journal.pone.0075905.g001
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line (Figure S3) and CWR22 prostate cancer cell line (data not
shown). From these results, we confirmed that ouabain could
affect FA/BRCA pathway activation through repression of
FANCD2 expression and through inhibition of FANCD2
monoubiquitination upon ICL induction.

Other glycoside family chemicals also exhibited FA/
BRCA inhibitory activity

Ouabain is a member of the cardiac glycoside family, which
has been used to treat heart failure. Cardiac glycosides are
naturally derived compounds that bind to and inhibit Na+/K+

ATPase [19,20]. Na+/K+ ATPase is a ubiquitous membrane
protein that carries out active transport of K+ ion into cells and
Na+ ions out of cells by ATP hydrolysis, maintaining electrolyte
and fluid balance in cells. Because the cardiac glycoside family
shares a common structural motif, we examined whether other
cardiac glycosides (i.e., digoxin and digitoxin) could inhibit the
FA/BRCA pathway. In Figure 2A, FANCD2 foci induced by
MMC were reduced by treatment with digoxin and digitoxin in a
dose-dependent manner. Western blot data also showed that
digoxin and digitoxin decreased FANCD2 expression levels
and inhibited monoubiquitination of FANCD2 (Figure 2B).
Because ICLs activate FA core complex proteins to
monoubiquitinate FANCI, as well as FANCD2, and the
monoubiquitinated FANCD2-FANCI heterodimer relocalizes to
ICLs [21,22], we tested whether FANCI is also affected by
treatment with cardiac glycosides. In Figure 2C, Western blot
data showed that total expression levels and
monoubiquitination of FANCI decreased by treatment with
cardiac glycosides (ouabain, digoxin, and digitoxin) and
curcumin. Reduced FANCI protein level after ouabain
treatment might result from transcriptional repression but not
from proteasomal degradation (Figure S1). These data
indicated that cardiac glycosides, including ouabain, digoxin,
and digitoxin, could inhibit activation of the FA/BRCA pathway.

Ouabain disturbs MMC-induced cell cycle arrest at the
S phase

Previously, ouabain was reported to induce cell cycle arrest
in G2/M phase when used to treat thyroid cancer cell lines or
neuroblastoma cells [23,24]. Since FANCD2
monoubiquitination mainly occurs in the S phase, cell cycle
arrest at the G2/M phase might decrease FANCD2
monoubiquitination. Therefore, we examined whether ouabain
could induce cell cycle arrest at the G2/M phase in U2OS cells.
Flow cytometric analysis indicated that 50 nM of ouabain did
not affect cell cycle progression of U2OS cells (Figure 3, upper
panels). However, ouabain inhibited MMC-induced S phase
arrest, whereas curcumin did not affect MMC-induced cell cycle
arrest (Figure 3, lower panels). These results demonstrated
that ouabain did not affect cell cycle progression directly in
U2OS cells but inhibited MMC-induced S phase arrest.

Ouabain inhibits the FA/BRCA pathway through p38
MAPK kinase activation

We further clarified the FA/BRCA pathway inhibitory
mechanism of ouabain. First we examined whether intracellular
Ca2+ ion concentration fluctuation is involved in the inhibition of

the FA/BRCA pathway by ouabain because ouabain was
reported to induce Ca2+ ion oscillations at low doses (sub-100
nM) [25]. When we analyzed the intracellular Ca2+ ion
concentration by the fluo-4/AM staining method, we found that
ouabain treatment negligibly increased the intracellular Ca2+ ion
concentration compared to thapsigargin treatment (Figure S4).
In addition, nifedifin, a Ca2+ ion channel blocker, could not
recover FA/BRCA pathway inhibition induced by ouabain
(Figure S5). Taken together, FA/BRCA pathway inhibition by
ouabain was independent of the intracellular Ca2+ ion
concentration fluctuation.

Since ouabain was also reported to induce drug resistance
through stimulation of MDR1 gene expression [26], we tested
whether ouabain inhibits the FA/BRCA pathway by blocking
accumulation of MMC inside cells. Usually cells were
pretreated with ouabain 1 h before MMC treatment and then
incubated for 24 h in medium containing ouabain+MMC. To
remove the influence of the inhibition of MMC accumulation by
ouabain, we first added MMC for 6 h, changed the medium to
remove MMC, and then incubated in MMC-free media in the
presence or absence of ouabain for 18 h. Posttreated ouabain
inhibited MMC-induced FANCD2 foci formation to a similar
extent as pretreated ouabain did (Figure S6). These results
indicate that FA/BRCA pathway inhibition by ouabain was not
due to blocked MMC accumulation.

Next we checked whether MAP kinase activation is involved
in FA/BRCA pathway inhibition by ouabain because Na+/K+

ATPase, to which ouabain binds, can transduce signals
through the SRC-Ras-Raf-MAPK cascade [27]. Western blot
data showed that ouabain induced phosphorylation of JNK,
ERK, and p38 in the U2OS cell line as early as 5 min after
treatment (Figure 4A). The phosphorylation of p38 was
sustained until 24 h after ouabain treatment, whereas JNK and
ERK phosphorylation levels decreased to background levels.
To identify which kinase is involved in FA/BRCA pathway
inhibition by ouabain, we added the MAPK inhibitors SB203580
(p38 inhibitor), SP600125 (JNK inhibitor), and PD 98059 (MEK
inhibitor, upstream of ERK) before the ouabain+MMC
treatment. Western blot data showed that SB203580 (p38
inhibitor) prevented FANCD2 monoubiquitination inhibition by
ouabain (Figure 4B). These data correlated with prolonged
phosphorylation of p38 up to 24 h after ouabain treatment
(Figure 4A). These results indicate that p38 kinase is involved
in FA/BRCA pathway inhibition by ouabain.

Ouabain enhanced the cytotoxicity of MMC
Because several reports have suggested that co-treatment

with DNA repair inhibitors enhances the efficacy of anticancer
drugs, we examined whether ouabain, as a FA/BRCA pathway
inhibitor, could potentiate cytotoxicity of MMC against tumor
cells. We checked cell survival 48 h after incubation with MMC
in the presence and absence of ouabain. MTT assay indicated
that groups treated only with MMC or ouabain showed 76.34 ±
4.37% or 63.25 ± 1.78% survival, respectively (Figure 5A). In
contrast, combined treatment of MMC and ouabain decreased
% survival to 14.41 ± 1.06%. We calculated Combination Index
(CI) using CalcuSyn software which is based on the multiple
drug-effect equation of Chou-Talalay [28]. In this analysis, CI
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value < 0.9 implies synergism, CI = 0.9-1.1 implies additive and
CI > 1.1 indicates antagonism, respectively. CI values at
effective doses of ED50, ED70 and ED90 were 0.982, 0.669
and 0.457 respectively, suggesting that ouabain and MMC
have synergistic effects at this concentration range. To
investigate whether cell death induced by combined treatment

of ouabain and MMC was due to apoptosis, we checked PARP
cleavage, which is a marker of apoptosis. The level of cleaved
PARP in cells co-treated with MMC and ouabain was higher
than those in cells treated only with MMC or ouabain (Figure
5B). These results indicate that ouabain could significantly
sensitize U2OS cells to MMC treatment.

Figure 2.  Cardiac glycoside family members inhibit the FA/BRCA pathway.  (A) U2OS cells were pretreated with the indicated
concentration of digitoxin or digoxin for 1 h and then incubated in 200 ng/ml MMC for 24 h. After incubation, the cells were fixed and
processed for FANCD2 immunofluorescence and the FANCD2 foci were analyzed with IN Cell Analyzer. Representative graphs
from three independent experiments are shown. Values represent the means ± SEM.(B) (C) Protein extracts from U2OS cells
pretreated with 5 µM curcumin, 100 nM ouabain, 100 nM digitoxin and 100 nM digoxin and incubated in 200 ng/ml MMC for 24 h as
described in (A) were analyzed by Western blotting using antibodies against (B) FANCD2, (C) FANCI, and β-actin. L/S values
shown represent the ratio of FANCD2 (L)/FANCD2 (S) or FANCI (L)/FANCI (S).
doi: 10.1371/journal.pone.0075905.g002
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Discussion

The DNA repair process is an emerging target in anticancer
drug development. Modulation of the DNA repair process can
be approached using two strategies in the cancer therapeutic
field. The first is a combination therapy with DNA repair
inhibitors co-treated as a sensitizer to enhance conventional
radio- or chemotherapeutic efficacy. The second is a
monotherapy with DNA repair inhibitors that can selectively kill
tumor cells with deficiency in other DNA repair pathways by
inducing synthetic lethality [1].

FA/BRCA pathway inhibitors can be used both in
combination therapy and monotherapy, and is thus a promising
target in anticancer drug development. In the case of
combination therapy, inhibition of the FA/BRCA pathway could
lead to sensitization to ICL-inducing agents because the FA/
BRCA pathway plays a role in cellular response to ICL-inducing
agents. With regard to the application in monotherapy, FA/
BRCA pathway deficiency shows synthetic lethality with
inhibition of ATM, which is a key molecule in DNA double-
stranded break repair [29]. This report suggested that an
inhibitory small molecule of the FA/BRCA pathway could
selectively kill tumor cells having other DNA repair protein
deficiencies. Thus, FA/BRCA inhibitory chemicals might be
used as cancer therapeutic tools in two ways. One is to
resensitize tumor cells to ICL chemotherapy. The other is to
achieve synthetic lethality with inhibition of other DNA repair-
related proteins.

In an effort to identify novel anticancer therapeutics, we
screened small molecules with inhibitory effects on FA/BRCA
pathway activation upon ICL induction using FANCD2 nuclear

foci as a quantitation marker for activation. Among the
chemicals exhibiting inhibitory effects, ouabain was selected
and its FA/BRCA pathway inhibiting activity was validated.
Ouabain was confirmed to have sensitizing activity in U2OS
cells to ICL-inducing agents at a concentration of 50 nM, which
is just above IC50 (42.48 nM) for inhibition of FANCD2
activation (Figure 5A). Modifying the dose may make ouabain a
good candidate for sensitization to conventional DNA ICL-
inducing anticancer drugs including cisplatin. Supporting this
notion, ouabain was reported to be a radiosensitizer in lung
adenocarcinoma cells [30]. Furthermore, other cardiac
glycosides such as digoxin and digitoxin showed synergism of
cytotoxicity in combination with cisplatin in colon cancer cells
[31].

Ouabain belongs to the cardiac glycoside family and is
utilized in therapies for heart failure. However, the potential of
ouabain as an anticancer agent was proposed in several recent
publications. The cardiac glycoside family was reported to
induce apoptosis and have an antiproliferative effect on various
cancer cell lines (breast, prostate, melanoma, pancreatic, lung,
leukemia, neuroblastoma, and renal adenocarcinoma) in vitro
and in vivo [summarized in [19]]. Recently, digoxin, a cardiac
glycoside, was identified as inhibiting prostate cancer cell
proliferation in vitro, and its use is associated with a lower
prostate cancer risk [32]. Through high-throughput drug
repositioning screening, ouabain was identified to have
anticancer activity against thyroid cancer cells [23]. UNBS
1450, a hemi-synthesized compound from cardiac glycosides,
showed more competent antitumor activity than ouabain and
digitoxin on non-small cell lung cancer in phase I clinical trials.
Phase I clinical trials of Anvirzel, a cardiac glycoside, were

Figure 3.  Ouabain disturbed MMC-induced S phase arrest.  U2OS cells were pretreated with 50 nM ouabain or 5 µM curcumin
for 1 h and then incubated with 200 ng/ml MMC for 24 h. After incubation, the cells were fixed, stained with propidium iodide, and
subjected to flow cytometric DNA content analysis. Representative DNA content profiles from three independent experiments are
shown.
doi: 10.1371/journal.pone.0075905.g003
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Figure 4.  Ouabain inhibits the FA/BRCA pathway through p38 kinase.  (A) Protein extracts from U2OS cells treated with 100
nM ouabain for the indicated times were analyzed by Western blotting using antibodies against phosphorylated p38, p38,
phosphorylated ERK, ERK, phosphorylated JNK, and JNK. (B) U2OS cells were pretreated with the indicated concentration of
MAPK inhibitors for 30 min and then with 100 nM ouabain for 30 min and incubated in 200 ng/ml MMC for 24 h. The cell lysates
were subjected to Western blot analysis using antibodies to FANCD2 and β-actin. PD, PD 98059 (ERK inhibitor); SP, SP 600215
(JNK inhibitor); SB, SB 203580 (p38 inhibitor).
doi: 10.1371/journal.pone.0075905.g004

Figure 5.  Ouabain enhances cytotoxicity of MMC against U2OS cells.  (A) U2OS cells were pretreated with the 50 nM ouabain
for 1 h and then treated with 2000 ng/ml MMC. After incubation for 48 h, cell viability was measured with the MTT assay. Values
represent the means ± SEM from three independent experiments (Student’s t-test, ***, P < 0.001). (B) Protein extracts from U2OS
cells treated as described in (A) were analyzed by Western blotting using antibodies against PARP-1. Proform of PARP (116 kDa)
and cleaved PARP (85 kDa) are indicated.
doi: 10.1371/journal.pone.0075905.g005
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recently conducted [19,33]. New applications for cardiac
glycosides have been revealed in the cancer therapeutic field,
but their exact mechanisms are not fully understood.

Cardiac glycosides affect several mechanisms. They trigger
intracellular Ca2+ oscillations via Na+/K+ ATPase and inositol
1,4,5-triphosphate receptor (IP3R) binding [34]. In addition,
cardiac glycoside binding to Na+/K+ ATPase activates the
tyrosine kinase SRC-EGFR-Ras-Raf-MAPK signaling cascade
[27]. These signal mechanisms mediate cell proliferation,
differentiation, and apoptosis; increase ROS production; and
alter gene expression profiles [19,20]. In this study, we suggest
a new function of ouabain that inhibits the FA/BRCA pathway.

In previous reports, ouabain and cardiac glycosides could
arrest cell cycle progression at G2/M phase in many tumor
cells [23,24,35,36]. The mechanisms of cell cycle arrest by
cardiac glycosides have not been revealed yet. In our study,
ouabain did induce G2/M cell cycle arrest at 250 nM in U2OS
cells consistent with the previous reports. At lower
concentration (50 nM), ouabain did not affect cell cycle arrest,
but did override MMC-induced cell cycle arrest (Figure 3). This
effect of ouabain might potentiate cytotoxicity of MMC, but the
underlying mechanism remains to be clarified.

The MAP kinase pathway was reported to react to the signal
transduced from Na+/K+ ATPase [27]. Consistent with this,
inhibition of p38 kinase with its specific inhibitor abolished FA/
BRCA pathway inhibition by ouabain. This implies that p38
kinase activation may play an inhibitory role in FA/BRCA
pathway activation. MAP kinases, JNK and p38, are activated
when the FA/BRCA pathway is inhibited by gene silencing of
FANCF in breast cancer cells [37]. A role for these kinases has
been reported in hematopoiesis of FANCC-deficient cells [38].
However, the direct involvement of these kinases in the FA/
BRCA pathway, to our knowledge, has not been reported.
Further study regarding the mechanistic function of p38 kinase
in FA/BRCA activation is warranted.

Previously, curcumin and menadione were reported to inhibit
the FA/BRCA pathway [11,12]. In this study, ouabain was
added to the list of chemicals with FA/BRCA pathway-inhibiting
and chemosensitizing activities. Further mechanistic study of
this activity of ouabain may lead to the development of
chemosensitizers of ICL-inducing cancer therapeutics with
wide clinical use.

Supporting Information

Figure S1.  FANCD2 and FANCI transcriptional repression
by ouabain in U2OS cell line. (A) Ouabain reduced FANCD2
and FANCI expression in mRNA level. cDNAs from U2OS cells
treated with the indicated concentration of ouabain or curcumin
for 24 h were analyzed by real time PCR. Values represent the
means ± SEM. (B) Inhibition of proteasomal degradation did
not affect FANCD2 and FANCI protein expression. U2OS cells
were treated with 100 nM ouabain or 5 µM curcumin for 24 h in
the presence of MG132 or not. MG132 treatment was restricted
to initial or later 4 h of ouabain-treating 24 h span.
(PDF)

Figure S2.  Effect of ouabain on ERCC4, FANCF, FANCA,
RAD51, XRCC-5 and XRCC-6 mRNA expression in U2OS
cell line. cDNAs from U2OS cells treated with the indicated
concentration of ouabain for 24 h were analyzed by real time
PCR. Values represent the means ± SEM.
(PDF)

Figure S3.  FA-BRCA pathway inhibition by ouabain in
HeLa cell line. (A) Ouabain inhibits MMC-induced FANCD2
foci formation in HeLa cells. HeLa cells were pretreated with
the indicated concentration of ouabain or curcumin for 1 h and
then treated with 200 ng/ml MMC for 24 h. After incubation, the
cells were fixed and processed for FANCD2
immunofluorescence and the FANCD2 foci were analyzed with
an IN Cell Analyzer. Representative graphs and images from
three independent experiments are shown. Values represent
the means ± SEM. (B) Cardiac glycoside family members
inhibit FANCD2 monoubiquitination. Protein extracts from HeLa
cells, which were pretreated with 100 nM ouabain, 100 nM
digitoxin, 100 nM digoxin and 20 µM curcumin and incubated in
200 ng/ml MMC for 24 h as described in (A), were analyzed by
Western blotting using antibodies against FANCD2 and β-actin.
L/S values shown represent the ratio of FANCD2 (L)/FANCD2
(S).
(PDF)

Figure S4.  Ouabain did not induce intracellular Ca2+ ion
concentration fluctuation. U2OS cells on chamber slide plate
were treated with 1 µM fluo-4/2AM (Molecular Probe Inc.) +
0.02% pluronic F-127 (Invitrogen) in phenol red free DMEM for
30 min and then incubated in phenol red free DMEM for 30
min. After thapsigargin or ouabain were added to cells at
indicated concentration, fluorescence intensity was determined
every 20 sec for 20 min using confocal microscope.
(PDF)

Figure S5.  FA-BRCA pathway inhibition by ouabain is
independent of intracellular Ca2+ ion increase. U2OS cells
were pre-treated with 10 µM nifedifine for 30 min and 50 nM
ouabain for 30 min sequentially, and then incubated in 200
ng/ml MMC for 24 h. After incubation, the cells were fixed and
processed for FANCD2 immunofluorescence, and the FANCD2
foci were analyzed with an IN Cell Analyzer. Representative
graphs from three independent experiments are shown. Values
represent the means ± SEM and MMC uptake regulation.
(PDF)

Figure S6.  FA-BRCA pathway inhibition by ouabain is not
dependent on MMC uptake abrogation. For pre-ouabain test,
U2OS cells were pre-incubated with 100 nM ouabain for 1 h
and incubated in medium containing 200 ng/ml MMC. For post-
ouabain test, U2OS cells were incubated in medium containing
200 ng/ml MMC for 6 h. After incubation the cells were more
incubation in MMC-free medium containing 100 nM ouabain or
not for 18 h. After incubation, the cells were fixed and
processed for FANCD2 immunofluorescence, and the FANCD2
foci were analyzed with an IN Cell Analyzer. Representative
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graphs and images from three independent experiments are
shown. Values represent the means ± SEM.
(PDF)

Table S1.  List of selected chemicals that inhibit FA-BRCA
pathway.
(PDF)

Acknowledgements

We thank Ms. Mi-ae Kim and Mr. Tae-shik Kim for technical
support and Dr. Hye Jin You for helpful discussions.

Author Contributions

Conceived and designed the experiments: SK CHL. Performed
the experiments: DWJ MH HJK SKH SK CHL. Analyzed the
data: DWJ MH HJK SKH SK CHL. Wrote the manuscript: SK
CHL.

References

1. Helleday T, Petermann E, Lundin C, Hodgson B, Sharma RA (2008)
DNA repair pathways as targets for cancer therapy. Nat Rev Cancer 8:
193-204. doi:10.1038/nri2275. PubMed: 18256616.

2. Lord CJ, Garrett MD, Ashworth A (2006) Targeting the double-strand
DNA break repair pathway as a therapeutic strategy. Clin Cancer Res
12: 4463-4468. doi:10.1158/1078-0432.CCR-06-1269. PubMed:
16899589.

3. Madhusudan S, Hickson ID (2005) DNA repair inhibition: a selective
tumour targeting strategy. Trends Mol Med 11: 503-511. doi:10.1016/
j.molmed.2005.09.004. PubMed: 16214418.

4. Furgason JM, Bahassi EM (2013) Targeting DNA repair mechanisms in
cancer. Pharmacol Therapeutics 137: 298-308. doi:10.1016/
j.pharmthera.2012.10.009. PubMed: 23107892.

5. Musto P, D’Auria F (2007) Melphalan: old and new uses of a still
master drug for multiple myeloma. Expert Opin Invest Drugs 16:
1467-1487. doi:10.1517/13543784.16.9.1467. PubMed: 17714032.

6. Abu-Surrah AS, Kettunen M (2006) Platinum group antitumor
chemistry: design and development of new anticancer drugs
complementary to cisplatin. Curr Med Chem 13: 1337-1357. doi:
10.2174/092986706776872970. PubMed: 16712474.

7. Smith IE, Talbot DC (1992) Cisplatin and its analogues in the treatment
of advanced breast cancer: a review. Br J Cancer 65: 787-793. doi:
10.1038/bjc.1992.169. PubMed: 1616849.

8. Taniguchi T, Tischkowitz M, Ameziane N, Hodgson SV, Mathew CG et
al. (2003) Disruption of the Fanconi anemia–BRCA pathway in
cisplatin-sensitive ovarian tumors. Nat Med 9: 568-574. doi:10.1038/
nm852. PubMed: 12692539.

9. Chen CC, Taniguchi T, D’Andrea A (2007) The Fanconi anemia (FA)
pathway confers glioma resistance to DNA alkylating agents. J Mol
Med 85: 497-509. doi:10.1007/s00109-006-0153-2. PubMed:
17221219.

10. Chen Q, Van der Sluis PC, Boulware D, Hazlehurst LA, Dalton WS
(2005) The FA/BRCA pathway is involved in melphalan-induced DNA
interstrand cross-link repair and accounts for melphalan resistance in
multiple myeloma cells. Blood 106: 698-705. doi:10.1182/
blood-2004-11-4286. PubMed: 15802532.

11. Chirnomas D, Taniguchi T, de la Vega M, Vaidya AP, Vasserman M et
al. (2006) Chemosensitization to cisplatin by inhibitors of the Fanconi
anemia/BRCA pathway. Mol Cancer Ther 5: 952-961. doi:
10.1158/1535-7163.MCT-05-0493. PubMed: 16648566.

12. Landais I, Sobeck A, Stone S, LaChapelle A, Hoatlin ME (2009) A
novel cell-free screen identifies a potent inhibitor of the Fanconi anemia
pathway. Int J Cancer 124: 783-792. doi:10.1002/ijc.24039. PubMed:
19048618.

13. Taniguchi T, Garcia-Higuera I, Andreassen PR, Gregory RC, Grompe
M et al. (2002) S-phase–specific interaction of the Fanconi anemia
protein, FANCD2, with BRCA1 and RAD51. Blood 100: 2414-2420. doi:
10.1182/blood-2002-01-0278. PubMed: 12239151.

14. Garcia-Higuera I, Taniguchi T, Ganesan S, Meyn MS, Timmers C et al.
(2001) Interaction of the Fanconi anemia proteins and BRCA1 in a
common pathway. Mol Cell 7: 249–262. doi:10.1016/
S1097-2765(01)00173-3. PubMed: 11239454.

15. Kennedy RD, D’Andrea AD (2005) The Fanconi Anemia/BRCA
pathway: new faces in the crowd. Genes Dev 19: 2925-2940. doi:
10.1101/gad.1370505. PubMed: 16357213.

16. Kim S, Jun DH, Kim HJ, Jeong KC, Lee CH (2011) Development of a
high-content screening method for chemicals modulating DNA damage
response. J Biomol Screen 16: 259-265. doi:
10.1177/1087057110392993. PubMed: 21233308.

17. Jun DW, Jeong YS, Kim HJ, Jeong KC, Kim S et al. (2012)
Characterization of DDRI-18 (3, 3'-(1H, 3'H-5, 5'-bibenzo [d]
imidazole-2, 2'-diyl) dianiline), a novel small molecule inhibitor
modulating the DNA damage response. Br J Pharmacol 167: 141-150.
doi:10.1111/j.1476-5381.2012.01977.x. PubMed: 22519567.

18. Zhang JH, Chung TD, Oldenburg KR (1999) A Simple Statistical
Parameter for Use in Evaluation and Validation of High Throughput
Screening Assays. J Biomol Screen 4: 67-73. doi:
10.1177/108705719900400206. PubMed: 10838414.

19. Prassas I, Diamandis EP (2008) Novel therapeutic applications of
cardiac glycosides. Nat Rev Drug Discov 7: 926-935. doi:10.1038/
nrd2682. PubMed: 18948999.

20. Aperia A (2007) New roles for an old enzyme: Na, K-ATPase emerges
as an interesting drug target. J Intern Med 261: 44-52. doi:10.1111/j.
1365-2796.2006.01745.x. PubMed: 17222167.

21. Smogorzewska A, Matsuoka S, Vinciguerra P, McDonald ER, Hurov
KE et al. (2007) Identification of the FANCI protein, a
monoubiquitinated FANCD2 paralog required for DNA repair. Cell 129:
289-301. doi:10.1016/j.cell.2007.03.009. PubMed: 17412408.

22. Deans AJ, West SC (2011) DNA interstrand crosslink repair and
cancer. Nat Rev Cancer 11: 467-480. doi:10.1038/nrc3088. PubMed:
21701511.

23. Zhang L, He M, Zhang Y, Nilubol N, Shen M et al. (2012) Quantitative
high-throughput drug screening identifies novel classes of drugs with
anticancer activity in thyroid cancer cells: opportunities for repurposing.
J Clin Endocrinol Metab 97: E319-E328. doi:10.1210/jc.2011-2671.
PubMed: 22170715.

24. Hiyoshi H, Abdelhady S, Segerström L, Sveinbjörnsson B, Nuriya M et
al. (2012) Quiescence and γH2AX in neuroblastoma are regulated by
ouabain/Na, K-ATPase. Br J Cancer 106: 1807-1815. doi:10.1038/bjc.
2012.159. PubMed: 22531632.

25. Aizman O, Uhlén P, Lal M, Brismar H, Aperia A (2001) Ouabain, a
steroid hormone that signals with slow calcium oscillations. Proc Natl
Acad Sci USA 98: 13420-13424. doi:10.1073/pnas.221315298.
PubMed: 11687608.

26. Brouillard F, Tondelier D, Edelman A, Baudouin-Legros M (2001) Drug
resistance induced by ouabain via the stimulation of MDR1 gene
expression in human carcinomatous pulmonary cells. Cancer Res 61:
1693-1698. PubMed: 11245485.

27. Xie Z, Cai T (2003) Na+-K+--ATPase-mediated signal transduction:
from protein interaction to cellular function. Mol Interventions 3:
157-168. doi:10.1124/mi.3.3.157.

28. Chou T-C, Talalay P (1984) Quantitative analysis of dose-effect
relationships: the combined effects of multiple drugs or enzyme
inhibitors. Adv Enzyme Regul 22: 27-55. doi:
10.1016/0065-2571(84)90007-4. PubMed: 6382953.

29. Kennedy RD, Chen CC, Stuckert P, Archila EM, De la Vega MA et al.
(2007) Fanconi anemia pathway-deficient tumor cells are
hypersensitive to inhibition of ataxia telangiectasia mutated. J Clin
Invest 117: 1440-1449. doi:10.1172/JCI31245. PubMed: 17431503.

30. Lawrence TS (1988) Ouabain sensitizes tumor cells but not normal
cells to radiation. Int J Radiat Oncol Biol Phys 15: 953-958. doi:
10.1016/0360-3016(88)90132-0. PubMed: 3182336.

31. Felth J, Rickardson L, Rosén J, Wickström M, Fryknäs M et al. (2009)
Cytotoxic effects of cardiac glycosides in colon cancer cells, alone and
in combination with standard chemotherapeutic drugs. J Nat Prod 72:
1969-1974. doi:10.1021/np900210m. PubMed: 19894733.

32. Platz EA, Yegnasubramanian S, Liu JO, Chong CR, Shim JS et al.
(2011) A novel two-stage, transdisciplinary study identifies digoxin as a

Ouabain Inhibits FA/BRCA Pathway

PLOS ONE | www.plosone.org 10 October 2013 | Volume 8 | Issue 10 | e75905

http://dx.doi.org/10.1038/nri2275
http://www.ncbi.nlm.nih.gov/pubmed/18256616
http://dx.doi.org/10.1158/1078-0432.CCR-06-1269
http://www.ncbi.nlm.nih.gov/pubmed/16899589
http://dx.doi.org/10.1016/j.molmed.2005.09.004
http://dx.doi.org/10.1016/j.molmed.2005.09.004
http://www.ncbi.nlm.nih.gov/pubmed/16214418
http://dx.doi.org/10.1016/j.pharmthera.2012.10.009
http://dx.doi.org/10.1016/j.pharmthera.2012.10.009
http://www.ncbi.nlm.nih.gov/pubmed/23107892
http://dx.doi.org/10.1517/13543784.16.9.1467
http://www.ncbi.nlm.nih.gov/pubmed/17714032
http://dx.doi.org/10.2174/092986706776872970
http://www.ncbi.nlm.nih.gov/pubmed/16712474
http://dx.doi.org/10.1038/bjc.1992.169
http://www.ncbi.nlm.nih.gov/pubmed/1616849
http://dx.doi.org/10.1038/nm852
http://dx.doi.org/10.1038/nm852
http://www.ncbi.nlm.nih.gov/pubmed/12692539
http://dx.doi.org/10.1007/s00109-006-0153-2
http://www.ncbi.nlm.nih.gov/pubmed/17221219
http://dx.doi.org/10.1182/blood-2004-11-4286
http://dx.doi.org/10.1182/blood-2004-11-4286
http://www.ncbi.nlm.nih.gov/pubmed/15802532
http://dx.doi.org/10.1158/1535-7163.MCT-05-0493
http://www.ncbi.nlm.nih.gov/pubmed/16648566
http://dx.doi.org/10.1002/ijc.24039
http://www.ncbi.nlm.nih.gov/pubmed/19048618
http://dx.doi.org/10.1182/blood-2002-01-0278
http://www.ncbi.nlm.nih.gov/pubmed/12239151
http://dx.doi.org/10.1016/S1097-2765(01)00173-3
http://dx.doi.org/10.1016/S1097-2765(01)00173-3
http://www.ncbi.nlm.nih.gov/pubmed/11239454
http://dx.doi.org/10.1101/gad.1370505
http://www.ncbi.nlm.nih.gov/pubmed/16357213
http://dx.doi.org/10.1177/1087057110392993
http://www.ncbi.nlm.nih.gov/pubmed/21233308
http://dx.doi.org/10.1111/j.1476-5381.2012.01977.x
http://www.ncbi.nlm.nih.gov/pubmed/22519567
http://dx.doi.org/10.1177/108705719900400206
http://www.ncbi.nlm.nih.gov/pubmed/10838414
http://dx.doi.org/10.1038/nrd2682
http://dx.doi.org/10.1038/nrd2682
http://www.ncbi.nlm.nih.gov/pubmed/18948999
http://dx.doi.org/10.1111/j.1365-2796.2006.01745.x
http://dx.doi.org/10.1111/j.1365-2796.2006.01745.x
http://www.ncbi.nlm.nih.gov/pubmed/17222167
http://dx.doi.org/10.1016/j.cell.2007.03.009
http://www.ncbi.nlm.nih.gov/pubmed/17412408
http://dx.doi.org/10.1038/nrc3088
http://www.ncbi.nlm.nih.gov/pubmed/21701511
http://dx.doi.org/10.1210/jc.2011-2671
http://www.ncbi.nlm.nih.gov/pubmed/22170715
http://dx.doi.org/10.1038/bjc.2012.159
http://dx.doi.org/10.1038/bjc.2012.159
http://www.ncbi.nlm.nih.gov/pubmed/22531632
http://dx.doi.org/10.1073/pnas.221315298
http://www.ncbi.nlm.nih.gov/pubmed/11687608
http://www.ncbi.nlm.nih.gov/pubmed/11245485
http://dx.doi.org/10.1124/mi.3.3.157
http://dx.doi.org/10.1016/0065-2571(84)90007-4
http://www.ncbi.nlm.nih.gov/pubmed/6382953
http://dx.doi.org/10.1172/JCI31245
http://www.ncbi.nlm.nih.gov/pubmed/17431503
http://dx.doi.org/10.1016/0360-3016(88)90132-0
http://www.ncbi.nlm.nih.gov/pubmed/3182336
http://dx.doi.org/10.1021/np900210m
http://www.ncbi.nlm.nih.gov/pubmed/19894733


possible drug for prostate cancer treatment. Cancer Discov 1: 68-77.
doi:10.1158/2159-8274.CD-10-0020 PubMed: 22140654.

33. Mijatovic T, Mathieu V, Gaussin J-F, De Nève N, Ribaucour F et al.
(2006) Cardenolide-induced lysosomal membrane permeabilization
demonstrates therapeutic benefits in experimental human non-small
cell lung cancers. Neoplasia (New York, NY) 8: 402-412. doi:10.1593/
neo.05850. PubMed: 16790089.

34. Miyakawa-Naito A, Uhlén P, Lal M, Aizman O, Mikoshiba K et al.
(2003) Cell Signaling Microdomain with Na, K-ATPase and Inositol
1,4,5-Trisphosphate Receptor Generates Calcium Oscillations. J Biol
Chem 278: 50355-50361. doi:10.1074/jbc.M305378200. PubMed:
12947118.

35. McConkey DJ, Lin Y, Nutt LK, Ozel HZ, Newman RA (2000) Cardiac
glycosides stimulate Ca2+ increases and apoptosis in androgen-

independent, metastatic human prostate adenocarcinoma cells. Cancer
Res 60: 3807-3812. PubMed: 10919654.

36. Xie C-M, Chan WY, Yu S, Zhao J, Cheng CH (2011) Bufalin induces
autophagy-mediated cell death in human colon cancer cells through
reactive oxygen species generation and JNK activation. Free Radic Biol
Med 51: 1365-1375. doi:10.1016/j.freeradbiomed.2011.06.016.
PubMed: 21763418.

37. Li Y, Zhao L, Sun H, Yu J, Li N et al. (2012) Gene Silencing of FANCF
Potentiates the Sensitivity to Mitoxantrone through Activation of JNK
and p38 Signal Pathways in Breast Cancer Cells. PLOS ONE 7:
e44254. doi:10.1371/journal.pone.0044254. PubMed: 22952942.

38. Saadatzadeh MR, Bijangi-Vishehsaraei K, Kapur R, Haneline LS
(2009) Distinct roles of stress-activated protein kinases in Fanconi
anemia type C–deficient hematopoiesis. Blood 113: 2655-2660. doi:
10.1182/blood-2008-09-181420. PubMed: 19168785.

Ouabain Inhibits FA/BRCA Pathway

PLOS ONE | www.plosone.org 11 October 2013 | Volume 8 | Issue 10 | e75905

http://doi:10.1158/2159-8274.cd
http://www.ncbi.nlm.nih.gov/pubmed/22140654
http://dx.doi.org/10.1593/neo.05850
http://dx.doi.org/10.1593/neo.05850
http://www.ncbi.nlm.nih.gov/pubmed/16790089
http://dx.doi.org/10.1074/jbc.M305378200
http://www.ncbi.nlm.nih.gov/pubmed/12947118
http://www.ncbi.nlm.nih.gov/pubmed/10919654
http://dx.doi.org/10.1016/j.freeradbiomed.2011.06.016
http://www.ncbi.nlm.nih.gov/pubmed/21763418
http://dx.doi.org/10.1371/journal.pone.0044254
http://www.ncbi.nlm.nih.gov/pubmed/22952942
http://dx.doi.org/10.1182/blood-2008-09-181420
http://www.ncbi.nlm.nih.gov/pubmed/19168785

	Ouabain, a Cardiac Glycoside, Inhibits the Fanconi Anemia/BRCA Pathway Activated by DNA Interstrand Cross-Linking Agents
	Introduction
	Materials and Methods
	Cell lines and cell culture
	Chemicals and antibodies
	Immunofluorescence
	Acquisition and analysis of images
	Western blotting
	Cell cycle analysis
	Cell survival assay
	Chemical library screening
	Statistical analysis

	Results
	Ouabain was identified as having FA/BRCA pathway-inhibiting activity
	Other glycoside family chemicals also exhibited FA/BRCA inhibitory activity
	Ouabain disturbs MMC-induced cell cycle arrest at the S phase
	Ouabain inhibits the FA/BRCA pathway through p38 MAPK kinase activation
	Ouabain enhanced the cytotoxicity of MMC

	Discussion
	Supporting Information
	Acknowledgements
	Author Contributions
	References


