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BMH-21 inhibits viability and induces apoptosis by pS3-dependent
nucleolar stress responses in SKOV3 ovarian cancer cells
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Abstract. The nucleolus is a stress sensor associated with
cell cycle progression and apoptosis. Studies have shown that
nucleolar stress is positively correlated with apoptosis in breast,
prostate and lung cancer cells. However, the role and function of
nucleolar stress in ovarian cancer has not been reported. In this
study, we found that the nucleolar stress inducer BMH-21 inhib-
ited viability of SKOV3 ovarian cancer cells in a dose-dependent
manner. Furthermore, BMH-21 induced the expression of
nucleolar stress marker proteins (nucleolin, nucleophosmin and
fibrillarin) and promoted the nuclear export of these proteins.
BMH-21 also decreased MDM?2 proto-oncogene expression and
increased protein levels of the tumor suppressor pS3 and p53
phosphorylated at serine 15 (p-p53-Serl5), which contributed
to increased expression of the downstream apoptosis-related
protein BCL2 associated X (BAX) and activation of caspase-3.
Taken together, these data provide the first reported evidence that
induction of p53-dependent nucleolar stress by BMH-21 induces
apoptosis in ovarian cancer. Our data suggest that nucleolar
stress might be a pathway suitable for targeting in ovarian cancer.

Introduction
Ovarian cancer, the seventh most common cancer among

women, remains one of the leading causes of cancer-associated
morbidity and mortality. It has become the third most common
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cancer of female genital organs, after cervical cancer and
endometrial cancer (1,2). cis-Dichlorodiammineplatinum (1)
(cisplatin) has been the standard of care against ovarian cancer
for several decades. However, its clinical efficacy is often
limited by extrinsic and intrinsic drug resistance as well as
nephrotoxicity (3). Hence, there is an urgent need to identify
new molecular targets in ovarian cancer. Recent studies have
shown that nucleolar stress plays a role in cancer cell viability
and apoptosis.

The nucleolus is a cellular organelle within the nucleus
where ribosomal DNA (rDNA) transcription and ribosome
biogenesis occur (4,5). It comprises distinct subcompartments,
and is divided into the granular compartment (GC), the dense
fibrillar component (DFC) and the fibrillar center (FC) (6).
The structural stability of the three subcompartments is
important in their role in nucleolar function. Nucleolar stress
(also called ribosomal stress) is caused by failures in ribosome
assembly and ribosome biogenesis. This then inhibits RNA
polymerase I (Pol I) transcription that finally results in the
dysfunction of cellular homeostasis. Internal and extrinsic
stimuli, such as abnormal metabolic conditions, ultraviolet
irradiation and enhanced levels of reactive oxygen species, can
lead to nucleolar stress (7). Nucleolar stress inhibits viability
and induces apoptosis of cancer cells in vivo and in vitro (6,7).
Hence, targeting nucleolar stress as a potential therapeutic
strategy for cancer has already attracted attention.

BMH-21, a planar tetracyclic small molecule, preferentially
binds GC-rich DNA sequences and inhibits RNA polymerase I
(Pol 1) transcription, finally leading to nucleolar stress and
apoptosis. BMH-21 has a broad-spectrum anticancer effect by
potently and rapidly repressing Pol I independently of DNA
damage signaling. The aberrant Pol I transcription induces
nucleolar reorganization and activates p53 thus contributing
to apoptosis (8,9). Peltonen er al have reported that BMH-21
has extensive and potent antitumor activity across NCI60
cancer cell lines and inhibits the growth of tumors in vivo (10).
However, the mechanism of action of BMH-21 in ovarian
cancer cell death remains poorly understood.

The aim of this study was to explore whether BMH-21
induces apoptosis in SKOV3 ovarian cancer cells and explore
the mechanism. Herein, we report that BMH-21 inhibited
viability and induced apoptosis in SKOV3 cells through a
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p53-dependent nucleolar stress response pathway. These data
suggest that induction of nucleolar stress using an inducer such
as BMH-21 may be a novel strategy for ovarian cancer therapy.

Materials and methods

Cell culture. SKOV3 human ovarian cancer cells, Bel-7402
human hepatic cancer cells and HeLLa human cervical cancer
cells were obtained from the Chinese Academy of Medical
Sciences. The cells were cultured at 37°C in a 5% CO, atmo-
sphere at Roswell Park Memorial Institute (RPMI)-1640
culture medium (Gibco, Carlsbad, CA, USA) supplemented
with 10% fetal bovine serum (Invitrogen, Carlsbad, CA,
USA), 100 U/ml penicillin, and 100 U/ml streptomycin. The
experiment was divided into 4 groups: a control group, 1 M
BMH-21 (SM11183; Sigma, USA) group, 2 uM BMH-21 group
and 4 uM BMH-21 group.

MTT assay. Cell viability was determined by MTT assay.
SKOV3, Bel-7402 and HeLa cells in the exponential growth
phase were seeded into 96-well culture plates in 100 ul
RPMI-1640 at a density of 8x10° cells/well. After 24-h incu-
bation, the indicated dose of BMH-21 was added to the 24-h
incubation in four parallel wells. MTT assays (Beyotime
Institute of Biotechnology, Haimen, China) were performed as
follows: 20 ul MTT solution (5 mg/ml) in phosphate-buffered
saline (PBS; Beijing Zhongshan Golden Bridge Biological
Technology Co., Ltd., Beijing, China) was added to cells for
4 h, after which 150 ul dimethyl sulfoxide (Beijing Chemical
Industry Co.,Ltd., Beijing, China) was added to each well. Cells
were agitated for 10 min prior to absorbance measurements
at 570 nm using a Microplate Reader (Bio-Rad Laboratories,
Hercules, CA, USA). The growth inhibition rate was calcu-
lated as % inhibition = 1 - absorbance of experimental group /
absorbance of control group x 100. The mean value of the four
replicate wells was calculated for each treatment group.

Cell cycle analysis. Exponentially growing ovarian cancer
cells were seeded into 6-well culture plates at a density of
2x10° cells/well. After exposure to different experimental condi-
tions, the cells were trypsinized and resuspended in RPMI-1640
with 10% FBS at a concentration of 1x10° cells/ml. For cell
cycle analysis, the cells were washed with phosphate-buffered
saline (PBS) and fixed with 70% ice-cold ethanol. Cells were
then stained with propidium iodide (PI). Cell cycle graphs
were acquired using the BD Accuri™ C6 flow cytometry
system (BD Biosciences, USA) using BD Accuri C6 software.
For each sample, =1x10* cells were recorded. ModFit Cell
cycle analysis software was used to analyze the percentage of
cells in GO/G1, S and G2/M phases based on DNA content.

Immunofluorescence staining and confocal laser microscopy.
Cells were seeded onto coverslips in 24-well plates at a density
of 5x10* cells/well for 24 h before treatment, and then treated
with increasing doses of BMH-21 (1, 2 and 4 uM) for 24 h.
After treatment, cells were washed three times with cold
0.1 M PBS and fixed in 4% (w/v) paraformaldehyde/PBS for
20-30 min, stained with the nuclear stain Hoechst 33342/H,0
(2 pg/ml, Sigma) for 30 min, washed with 0.01 M PBS, and
examined using Olympus FV1000 confocal laser microscopy
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to reveal chromatin condensation. The expression and localiza-
tion of nucleolin (1:1,400 dilution, Abcam, Hong Kong, China),
nucleophosmin (1:1,400 dilution, Abcam) and fibrillarin
(1:1,400 dilution, Abcam) were examined. Cells were cultured
on coverslips overnight, then treated with the indicated drugs,
and rinsed with 0.1 M PBS three times. After incubation, the
cells were fixed with 4% paraformaldehyde for 20 min, perme-
abilized with 0.1% Triton X-100 (Sigma-Aldrich) for 5 min,
washed three times with 0.01 M PBS, blocked for 30 min
in 5% (w/v) non-immune animal serum (goat) (Beyotime
Biotechnology, Shanghai, China) PBS, and incubated with
primary antibody overnight at 4°C. The next day, the slides
were incubated with the Alexa Fluor-488/546-conjugated
secondary antibody (1:400 dilution; Invitrogen) for 1 h, then
stained with Hoechst 33342 (2 pg/ml) for 2 min and washed
three times with PBS. After mounting, the cells were exam-
ined by Olympus FV1000 confocal laser microscopy.

Western blot analysis. Protein concentrations were measured
using a Bio-Rad Protein assay kit (Bio-Rad Laboratories).
For western blot analysis, protein lysates (30-50 pg) were
separated on a 12% SDS-PAGE gel and 15% SDS-PAGE
gel and transferred onto an Immobilon-P membrane (EMD
Millipore, Billerica, MA, USA). The membranes were blocked
with 5% non-fat dry milk in buffer (10 mM Tris-HCI, pH 7.6;
100 mM NaCl; and 0.1% Tween-20) for 2 h at room temperature
and then incubated with the appropriate primary antibodies
overnight at 4°C. Antibodies used were: anti-p53 and anti-
p-p53-Serl5 (1:1,000 dilution, SAB, College Park, MD, USA),
anti-MDM?2 (1:1,000 dilution, SAB), anti-Bax (1:1,000 dilu-
tion, Proteintech Group®, Chicago, IL, USA), anti-caspase-3
(1:1,000 dilution, Abcam) and anti-B-actin (1:1,000 dilution,
Proteintech Group). The following day, membranes were
incubated with horseradish peroxidase-conjugated secondary
antibody (Thermo, Waltham, MA, USA) at a 1:2,000 dilution
for 2 h at room temperature. Membranes were then incubated
in ECL reagents and images were captured by Syngene Bio
Imaging (Synoptics, Cambridge, UK). Densitometric quantita-
tion of bands was performed using Syngene Bio Imaging tools.
Data are presented as the mean + standard deviation (SD) from
three independent experiments.

Statistical analysis. Results are expressed as means + standard
deviation (SD) or means =+ standard error of mean (SEM), as
indicated in the figure legends. Data are representative of three
independent experiments performed in triplicate. Statistical
analysis of the data was performed using one-way ANOVA.
The Tukey's post hoc test was used to determine the signifi-
cance for all pairwise comparisons of interest. Differences
were considered statistically significant for values of P<0.05.

Results

BMH-21 inhibits the viability of cancer cells. To evaluate
the inhibitory effect of BMH-21 on SKOV3, Bel-7402 and
HeLa cell viability, cells were treated with increasing doses
of BMH-21 for 24 h and cell viability was determined by
an MTT assay. BMH-21 treatment decreased the viability
of SKOV3, Bel-7402 and HeLa cells in a dose-dependent
manner (Fig. 1A, E and F). Based on MTT results, we treated
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Figure 1. BMH-21 inhibits the viability of cancer cells. (A, E and F) SKOV3, Bel-7402 and HeLa cells were treated with varying doses of BMH-21 for 24 h.
Cell viability was determined by the MTT assay. (B) Images were captured using an inverted phase contrast microscope at a magnification of x100 (scale bar,
50 um). (C and D) SKOV3 cells were treated with varying doses of BMH-21 (1,2 and 4 uM) for 24 h. Cells were stained with propidium iodide, and the cell
cycle distribution was analyzed by flow cytometry. Data are presented as mean + SD, n=3. "P<0.05 vs. control.
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Figure 2. BMH-21 induces apoptosis in SKOV3 cells. (A) SKOV3 cells were treated with varying doses of BMH-21 (1,2 and 4 uM) for 24 h. Expression of BAX
and cleaved caspase-3 were determined by western blotting. (B) Quantitation of BAX and cleaved caspase-3 protein levels. (C and D) Apoptosis was assessed
by staining for Annexin V and 7-AAD, and analysed by Muse cell analyser. Data are presented as mean + SD, n=3. "P<0.05 vs. control.
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Figure 3. BMH-21 induces nucleolin expression and its cytoplasmic compart-
mentalization in SKOV3 cells. (A) SKOV3 cells were treated with varying
doses of BMH-21 (1, 2 and 4 uM) for 24 h. The expression and cellular local-
ization of nucleolin was observed using confocal microscopy (scale bar, 5 ym).
(B) Quantitation of expression of nucleolin. Data are presented as mean + SD,
n=3. "P<0.05 vs. control.

SKOV3 cells with increasing doses of BMH-21 (1,2 and 4 yM)
for 24 h. We examined the changes in SKOV3 cell morphology
using an inverted optical microscope. The cells treated with
BMH-21 became fragmented and round when compared with
control cells (Fig. 1B). To examine the distribution of cell cycle
progression, we confirmed the effect of BMH-21 in various
cell cycle phases using flow cytometry. BMH-21 resulted in
a marked increase in the percentage of cells blocked at G2/M
phase (Fig. 1C and D). These findings indicated that BMH-21
effectively inhibited cancer cell viability and suggested that
BMH-21 induced cell death.

BMH-21 induces apoptosis in SKOV3 cells. BCL2 associated
X (BAX), a member of the BCL2 family, is a pro-apoptotic
protein. Overexpression of BAX triggers the release of mito-
chondrial proteins that cleave and thereby activate caspase-3
resulting in apoptosis (11). We therefore decided to explore if
the morphological changes seen after BMH-21 treatment were
a result of apoptotic induction in SKOV3 cells. Based on the
MTT results, SKOV3 cells were treated with the same doses of
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Figure 4. BMH-21 induces nucleophosmin expression and its cytoplasmic
compartmentalization in SKOV3 cells. (A) SKOV3 cells were treated with
varying doses of BMH-21 (1,2 and 4 M) for 24 h. The expression and cellular
localization of nucleophosmin was observed using confocal microscopy (scale
bar, 5 ym). (B) Quantitation of expression of nucleophosmin. Data are presented
as mean + SD, n=3. "P<0.05 vs. control.

BMH-21 for 24 h and the levels of BAX and cleaved caspase-3
were detected by western blotting. The results showed that the
levels of BAX and cleaved caspase-3 increased in BMH-21
treated cells, compared with the control group (Fig. 2A and B).
Additionally, flow cytometry analysis revealed that BMH-21
induced SKOV3 cell apoptosis in concentration-dependent
manner (Fig. 2C and D). The results suggested that BMH-21
induces apoptosis in SKOV3 cells through a BAX-caspase-3
pathway.

BMH-21 induces nucleolar stress in SKOV3 cells. Nucleolin,
nucleophosmin and fibrillarin, the major nucleolar proteins
of proliferating eukaryotic cells, play an important role in
nucleolar stress. When nucleolar stress occurs, the levels of
these three proteins increase and the proteins translocate
from the nucleus to the cytoplasm (12,13). Nucleolin is the
major nucleolar protein of exponentially growing eukaryotic
cells, and participates in many modulations including rDNA
transcription, RNA metabolism, and ribosome assembly (14).
Nucleophosmin is a highly and ubiquitously expressed
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Figure 5. BMH-21 induces fibrillarin expression and its cytoplasmic compart-
mentalization in SKOV3 cells. (A) SKOV3 cells were treated with varying
doses of BMH-21 (1, 2 and 4 uM) for 24 h. The expression and cellular
localization of fibrillarin was observed using confocal microscopy (scale bar,
5 pm). (B) Quantitation of expression of fibrillarin. Data are presented as
mean + SD, n=3. "P<0.05 vs. control.

protein, and plays crucial roles in ribosome maturation and
export, centrosome duplication and cell cycle progression (15).
Fibrillarin is one of the most studied nucleolar proteins and
also is an early marker for the site of formation of the newly
forming nucleolus. Its main functions are methylation and
processing of pre-rRNA (16). To further analyze the molecular
mechanisms of apoptosis induced by BMH-21 we explored
whether nucleolar stress was involved. The level and cellular
localization of nucleolin, nucleophosmin and fibrillarin were
examined by confocal microscopy. These results showed that
BMH-21 increased the levels of all three proteins and resulted
in their nuclear exclusion (Figs. 3-5). This suggested that
BMH-21 induced nucleolar stress in SKOV3 cells.

BMH-21 activates p53 signaling pathway in SKOV3 cells.
There is increasing evidence that suggests nucleolar stress can
lead to induction of the p53 pathway in cells. Under normal
conditions, MDM?2 proto-oncogene (MDM?2) binds directly
to p53, promoting the degradation of p53 and inhibiting its
activity (17). Nucleolar stress causes disruption of MDM?2-p53
binding, leading to decreased MDM?2 levels and increased p53
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Figure 6. BMH-21 activates p53 signaling pathway in SKOV3 cells. (A) SKOV3
cells were treated with varying doses of BMH-21 (1, 2 and 4 uM) for 24 h.
Expression of MDM2, p53 and p-p53-Serl5 were determined by western blot-
ting. (B) Quantitation of MDM2, p53 and p-p53-Serl5 protein levels. Data are
presented as mean + SD, n=3. "P<0.05 vs. control

and p-p53-Serl5 levels (18). We therefore investigated whether
BMH-21-induced nucleolar stress had an impact on the p53
pathway. Western blotting was conducted to determine the
levels of MDM2, p53 and p-p53-Serl5. These results indicated
that BMH-21 treatment decreased MDM?2 levels, increased p53
and p-p53-Serl5 levels in a dose-dependent manner (Fig. 6),
supporting the involvement of the p53 pathway in the response
to BMH-21 in SKOV3 cells.

Discussion

Ovarian cancer remains the most common gynecologic
tumor of the genital tract. Cisplatin is the most commonly
used and effective chemotherapeutic drug for ovarian
cancer. Patients with ovarian cancer usually respond well to
initial chemotherapy with cisplatin. However, most patients
develop resistance to cisplatin during the course of their treat-
ment (1,19). Hence, there is an urgent need to identify new
therapeutic targets in ovarian cancer and to develop novel,
potent and specific drugs. Negi et al reported that BMH-21
selectively killed cancer cells by nucleolar stress while sparing
normal cells, suggesting that the nucleolus is a potential new
target area in tumor treatment (20). In our study, we found that
BMH-21 inhibited viability and induced apoptosis in a dose-
dependent manner (Figs. 1 and 2).

The nucleolus is a specialized sub-nuclear compartment
of eukaryotic cells where rRNA synthesis and ribosome
assembly take place. Recent studies have shown that, apart
from its traditional function, the nucleolus plays a vital role
in viral replication, control of aging, cell cycle regulation, and
apoptosis (21-24). The perturbation of ribosome synthesis,
induced by various stimuli, can lead to nucleolar stress (23).
In recent years, research has focused on the relationship
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between nucleolar stress and cancer (25). As proliferating
tumor cells have enhanced ribosome biogenesis compared
with normal somatic cells, the tumor cells are more sensitive
to nucleolar stress and this provides a therapeutic window (26).
Interestingly, Quin et al proposed that inhibition of nucleolar
stress represented an emerging hallmark of cancer and thus the
nucleolus would be a potential target for cancer treatment (6).
Nucleophosmin, nucleolin and fibrillarin are ubiquitously
expressed nucleolar multifunctional proteins, and can act as
markers for nucleolar stress (27). Nucleolar stress not only
induces expression of these proteins, but also contributes to
their translocation from the nucleus to the cytoplasm, thus acti-
vating downstream death signaling processes. In the present
study, we found that BMH-21 induced the translocation of
nucleophosmin, nucleolin and fibrillarin to the cytoplasm (Figs.
3-5), suggesting that nucleolar stress had occurred.

The tumor suppressor protein p53 is a downstream
effector of nucleolar stress. Under normal circumstances,
the E3 ubiquitin ligase MDM?2 binds to p53 and is involved
in the degradation of p53 by the ubiquitin-proteasome system
leading to very low levels of p53 (28-31). After nucleolar stress,
a number of ribosomal proteins bind to MDM?2 disrupting its
interaction with p53. MDM2 expression is then decreased thus
leading to p53 stabilization and activation (32). Activation of
p53 is reported to be controlled by phosphorylation of p53 at
critical serine residues in the N terminus. When activated,
p-p53-Serl5 induces cell cycle arrest or apoptosis via induc-
tion of a series of target genes (including BAX, PMAIPI
and BBC3) (33,34). Further evidence has been provided by
Lin et al who showed that tubeimoside-1 (TBMSI1) induced
nucleolar stress and apoptosis in the human lung cancer
cell line NCI-H460. The nucleolar stress was dependent on
a pS3/MDM?2 mechanism, suggesting that p53-dependent
nucleolar stress may be responsible for the death effect of
TBMSI (35). Consistent with the above reports, we found that
BMH-21 decreased MDM?2 expression, increased p53 and
p-p53-Serl5 expression (Fig. 6).

In conclusion, the present study demonstrated that BMH-21
induced nucleolar stress responses, and resulted in the accu-
mulation of the tumor suppressor protein p53 and p-p53-Serl5,
thus inhibiting the viability and inducing apoptosis in SKOV3
cells. Our data provide new insights into the mechanism of
nucleolar stress and suggest that nucleolar stress is a potential
target for ovarian cancer therapy.
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