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Rosmanol induces breast cancer cells apoptosis by regulating
PI3K/AKT and STAT3/JAK?2 signaling pathways
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Abstract. Breast cancer is one of the most frequently diag-
nosed cancers amongst women; however, there is currently
no effective treatment. Natural compounds are considered
to contribute to cancer prevention and have a pivotal role
in modulating apoptosis. Rosmanol is a phenolic diterpene
compound with antioxidant and anti-inflammatory properties.
In the present study, the effects of Rosmanol on breast cancer
cell proliferation/apoptosis were investigated, and it was
demonstrated that it inhibited the proliferation of MCF-7 and
MDA-MB 231 cells but did not have a significant effect on
normal human breast MCF-10A cells. In addition, the apoptotic
process was accelerated by Rosmanol, through mitochondrial
pathways and reactive oxygen species (ROS) production
caused by DNA damage, which function further demon-
strated by the attenuation and addition of the ROS inhibitor,
N-acetyl-cysteine. It was also demonstrated that Rosmanol
accelerated cell apoptosis, and arrested breast cancer cells in
the S phase. Moreover, Rosmanol inhibited proliferation and
promoted apoptosis of cancer cells via the inhibition of ERK
and STAT3 signals, attributable to the increase in p-p38, the
overexpression of protein inhibitor of activated STAT3, and
the decrease in PI3K/AKT, ERK and JAK2/STATS3.

Correspondence to: Professor Xiaomeng Li, The Key Laboratory
of Molecular Epigenetics of Ministry of Education (MOE), School
of Life Sciences, Northeast Normal University, 5268 People's Street,
Changchun, Jilin 130024, P.R. China

E-mail: lixm441@nenu.edu.cn

Professor Jiang Li, Department of Stomatogy, Affiliated
Stomatological Hospital of Guangzhou Medical University,
195 Dongfengxi Road, Guangzhou, Guangdong 510180, P.R. China
E-mail: ljiang@gzhmu.edu.cn

“Contributed equally

Key words: apoptosis, Rosmanol, STAT3, JAK2

Introduction

Breast cancer is undoubtedly one of the most severe hetero-
geneous diseases affecting women worldwide, resulting in
>500,000 deaths every year (1). Various efforts are being
devoted to overcoming this critical issue, culminating in
prevention, diagnosis, and treatment. More specifically,
breast cancer can bes treated by surgical, chemotherapeutic
or radiotherapeutic methods that differ in their actions (2,3).
Nevertheless, these approaches are effective only at the earlier
stages, and because of their disadvantages, including high
toxicity, side effects and inefficiencies for long-term use, they
have failed to realize the cancer therapy (4).

Meanwhile, natural drugs have emerged as alternative
methods to treat breast cancer because of their low side
effects, high selectivity, safety and effectiveness. Some of
the most promising natural anticancer drugs are phenolic
compounds (5). The antitumor efficiency of natural pheno-
lics has been associated with their strong anti-inflammatory
and antioxidant activities and their ability to moderate
molecular targets as well as signaling pathways, which
are associated with cell differentiation (6). Rosmanol is a
phenolic diterpene obtained from various plants, including
Salvia officinalis, Hyptisincana and Rosmarinus. They
have been used as potent antioxidants and anti-inflamma-
tories due to their superoxide anion production inhibition
capabilities as well as lipid peroxidation and free radical
scavenging activities (7). Moreover, Rosmanol inhibited
iNOS and COX-2 gene and protein expression as well as
their downstream products, NO and PGE2, respectively (8),
which causes decreased translocation of nuclear factor-xB
(NF-kB) subunits (9). As previously reported, Rosmanol also
inhibits the proliferation of human colon and neuroblastoma
cancer (10).

In total, ~80% of breast cancers express the estrogen
receptor a (ERa) and the progesterone receptor (PR). ER is
a steroid hormone receptor, comprised of ERa and ERp, in
which the ERa content in cells is higher than that in normal
breast tissue in estrogen-dependent breast cancers (11).
Overexpression of ERP and inhibition of ERa have been
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shown to have anti-tumor effects against breast cancer in
cells (12).

Moreover, the PI3K/AKT pathway serves an impor-
tant role in breast cancer development (13). Estrogen
receptor a-positive breast cancers adapt to hormone depriva-
tion and acquire resistance to antiestrogen therapies. NF-kB
is a downstream component of the PI3K/Akt pathway and is
activated via phosphorylation of IkB kinase (IKK) (14).

Certain researchers have attempted to assess the func-
tion of JAK?2 knockout in the acceleration of cell apoptosis,
autophagy and inhibition of proliferation, and this is an impor-
tant research direction for cancer therapy in the future (15-17).
Notably, cytokines and growth factors unanimously use Janus
kinase (JAK) as the signal transducer and further activate
the [JAK/signal transducer and activator of transcription
(STATS3)] pathway transcription (18). Additionally, STAT3
serves a key role in activating cell proliferation and growth
in cancer cells, such as breast cancer cells (19). In addition
to regulating STAT3, JAK?2 signaling also regulates p38 and
ERK signaling (20). The above are some important prolifera-
tion signals for breast cancer, which promote cell proliferation
and inhibit cell apoptosis.

Despite its intense biological response, to the best of our
knowledge the effects of Rosmanol on breast cancer have not
been previously investigated. Accordingly, the present research
aimed to investigate the effects of Rosmanol on proliferation
and apoptosis in breast cancer, and to further reveal the associ-
ated mechanism by detecting the effects of Rosmanol on the
p38, PI3K/Akt/ERK, and STAT3/JAK?2 pathways.

Materials and methods

Cell culture. MCF-10A, MCF-7 and MDA-MB 231 cells
were purchased from the American Type Culture Collection.
Normal human breast MCF-10A cells were cultured in
DMEM/FI12 (1:1) media supplemented with 5% horse serum
(Gibco; Thermo Fisher Scientific, Inc.), 1.2 mg/ml NaHCO,
(Sigma-Aldrich; Merck KGaA) 500 ng/ml hydrocortisone
(Sangon Biotech Co., Ltd.), 10 gg/ml human insulin (Gibco;
Thermo Fisher Scientific, Inc.), 10 ng/ml hunan recombinant
epidermal growth factor (Sigma-Aldrich; Merck KGaA) and
100 ng/ml cholera toxin (Sigma-Aldrich; Merck KGaA). The
two human breast cancer cell lines, MCF-7 and MDA-MB 231,
were cultured and maintained in DMEM containing 10% fetal
bovine serum (FBS; Gibco, Thermo Fisher Scientific, Inc).
The cells were cultured at 37°C in a humidified atmosphere of
5% CO, and allowed to grow to a confluence of 70-80%.

Cell proliferation assay. MCF-10A, MCF-7 and MDA-MB
231 cells were harvested and seeded in a 96-well dish to a
final concentration of 5x10° cells/well and incubated in
DMEM containing 1% FBS for 24 h. Cells were treated with
the indicated concentrations of Rosmanol (Baoji Herbest
Bio-tech Co., Ltd.), then incubated for 48 h. Next, 20 ul
MTT (Sigma-Aldrich; Merck KGaA) solution (5 mg/ml) was
added to each well and incubated for 4 h at 37°C. Finally, the
medium was discarded, and 150 1 DMSO was added to each
well. The plates were read at a wavelength of 570 nm using a
Varioskan Flash Multimode Reader (Thermo Fisher Scientific,
Inc.). Six duplicate wells were used for each treatment. The

absorbance was measured at 570 nm, results were expressed
as a percentage, relative to solvent-control incubations, and
the IC;, values were determined using non-linear regression
analysis (percentage survival versus concentration).

Annexin V/PI assay for apoptosis. Apoptotic MCF-7
and MDA-MB 231 cells were investigated using the
Annexin V/propidium iodide (PI) apoptosis detection kit
(Beyotime Institute of Biotechnology) followed by flow
cytometry, according to the manufacturer's protocol. MCF-7
and MDA-MB 231 cells (5x10° cells/well) were cultured in
6-well plates and treated with different concentrations (15,
30 and 60 M) of Rosmanol for 48 h at 37°C. Cells were
harvested by trypsinization with no EDTA and washed
twice with PBS and then stained with 5 ul Annexin V-FITC
(Beyotime Institute of Biotechnology) and 10 x1 PI in 500 yul
binding buffer for 15 min at room temperature (RT) in the
dark. Apoptotic cells were determined by using Cytomics
FC 500 flow cytometer (Beckman Coulter Inc.) and the
data were analysed using Cellquest analysis software v.3.0
(BD Biosciences).

Determination of MCF-7 and MDA-MB 231 cell apoptosis
by immunofluorescence. MCF-7 and MDA-MB 231 apoptotic
cell death was observed by DAPI staining. Briefly, cells were
treated with 15, 30 and 60 M Rosmanol for 48 h at 37°C,
then fixed with 4% paraformaldehyde for 20 min at 4°C.
Subsequently, cells were washed with precooled PBS (4°C),
twice with TBST (0.05% Tween20), and cells were stained with
DAPI (1 ug/ml) at room temperature in the dark for 3 min, and
washed with PBS. Apoptotic nuclei cells were observed under
a fluorescent microscope (model IX71; Olympus Corporation).

Determination of MCF-7 and MDA-MB 231 cell cycle
distribution. The cell cycle distributions in different phases
after exposure to Rosmanol were analyzed by flow cytometry.
In brief, MCF-7 and MDA-MB 231 cells (5x10° cells/well) were
seeded into 6-well plates and exposed to 15, 30 and 60 uM
Rosmanol for 48 h at 37°C. Further, the cells were harvested,
washed twice with PBS, and fixed with 70% ethanol for 2 h
at 4°C. After that, cells were centrifuged at 3,000 x g for 5 min
at 4°C and washed with PBS, resuspended in 500 ul of buffer
containing 0.5 mg/ml RNase and 25 mg/ml propidium iodide
(PI, Beyotime Institute of Biotechnology), and incubated in
the dark at 37°C for 15 min. The distribution of the cell cycle
was determined by using Cytomics FC 500 flow cytometer
(Beckman Coulter Inc.), and the data were analyzed using
Cellquest analysis software v.3.0 (BD Biosciences).

Determination of reactive oxygen species (ROS) expression in
MCF-7 and MDA-MB 231 cells. The generation of ROS was
determined with 2,7-dichlorofluorescein diacetate (DCFH-DA)
according to the manufacturer's protocol. Briefly, MCF-7 and
MDA-MB 231 cells were cultured (5x10° cells/well) and then
incubated with or without N-acetyl-cysteine (NAC) for 1 h
at 37°C. After the culture was treated with 15, 30 and 60 xM
of Rosmanol for 48 h at 37°C. The cells were collected,
centrifuged at 600 x g for 4 min at room temperature, washed
with PBS, resuspended in PBS containing 10 xM DCFH-DA
(Beyotime Institute of Biotechnology) and incubated in the
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Figure 1. Cytotoxicity of Rosmanol in MCF-10A, MCF-7 and MDA-MB 231 cells. MCF-10A breast normal cells line, and MCF-7 and MDA-MB 231 breast
cancer cells were examined for the effect of Rosmanol on cell viability via MTT assay. The cells were treated with the concentrations of 0, 6, 12.5, 25, 50, 100
and 200 #M Rosmanol, and cell proliferation was assessed after 24, 48 and 72 h. Each bar represents the mean =+ standard deviation of three experiments.

“P<0.05 and “P<0.01 vs. untreated group.

dark at RT for 15 min. Subsequently, the cells were washed
with PBS and measured immediately using flow cytometry
(Cytomics FC 500, Beckman Coulter, Inc.) to monitor the
formation of the fluorescent-oxidized derivative of DCFH-DA
at an emission wavelength of 525 nm and an excitation wave-
length of 488 nm.

Determination of mitochondrial membrane expression
(MMP) in MCF-7 and MDA-MB 231 cells. The changes
induced by Rosmanol in the mitochondrial membrane were
determined using Rhodamine 123 staining (Beyotime Institute
of Biotechnology) according to the manufacturer's protocol.
Briefly, MCF-7 and MDA-MB 231 cells (5x10* cells/well) were
seeded in 6-well plates and then treated with or without NAC
and incubated at 37°C for 1 h. The cells were treated with or
without (15, 30 and 60 #M) Rosmanol for 48 h at 37°C and
stained with Rhodamine 123 for 15 min at 37°C. Mitochondrial
membrane potential was detected by Cytomics FC 500 flow
cytometer (Beckman Coulter Inc.) and the data were analyzed
using Cellquest analysis software v.3.0 (BD Biosciences).

Western blot analysis of MCF-7 and MDA-MB 231 cells.
Protein expression regulation by Rosmanol was analyzed
via western blotting and the data were analysed using
Image J software v.1.48 (National Institutes of Health)
following a protocol described previously (21) with a small
modification. In brief, MCF-7 and MDA-MB 231 cells
were seeded and incubated at 37°C for 24 h and were sepa-
rated into 2 groups. Cells in one group were treated with
15, 30 and 60 M Rosmanol for 48 h at 37°C and MCF-7 and
MDA-MB 231 cells in the other group were pre-incubation
with the caspase inhibitor Z-VAD-FMK (50 mM;
Sigma-Aldrich; Merck KGaA) at 37°C for 1 h and then treated
with Rosmanol (15, 30 and 60 gM) at 37°C for 48 h. The cells
were then harvested and lysed with RIPA buffer. Afterward,
the insoluble protein lysate was removed by centrifugation
at 12,000 x g for 15 min at 4°C. Protein concentrations were
determined using a NanoDrop 1000 (Thermo Fisher Scientific,
Inc.). Proteins (40 ug/lane) were loaded on SDS-PAGE electro-
phoresis gel (10 or 12% according to the protein size), and the
gel was transferred onto polyvinylidene fluoride membrane

(PVDF). After the necessary transfer time, the membrane
was blocked in 5% (w/v) non-fat milk and incubated for 1 h
at room temperature. The membranes were incubated with
appropriate primary antibodies, Caspase-3 (cat. no. 9662s),
Caspase-8 (cat. no. 4927s), Caspase-9 (cat. no. 9502s), p-PI3k
(cat. no. 4228), p-Akt (cat. no. 9271), Akt (cat. no. 9272), JAK2
(cat. no. 3230), p-JAK2 (cat. no. 3771), p-ERK (cat. no. 9101),
p-p38 (cat. no. 9211), STAT3 (cat. no. 9139), p-STAT3
(cat.no.9145),Bcl-2 (cat.no. 15071), Bax (cat.no.2774), NF-KB
(cat. no. 8242), Cox-2 (cat. no. 12282) (all 1:1,000; all Cell
Signaling Technology, Inc.) and Cyclin A (cat. no. sc-271682),
Cyclin Bl (cat. no. sc-245), Cyclin DI (cat. no. sc-8396),
Cyclin El (cat. no. sc-377100), ER-a (cat. no. sc8002)
and ER-f (cat. no. sc-373853) (all 1:2,000; all Santa Cruz
Biotechnology) at 4°C overnight and washed three times with
a Tris-buffered saline-Tween solution (TBST) containing
0.05% Tween20. Finally, the blots were incubated with
horseradish peroxidase-conjugated goat anti-mouse IgG
(1:1,000; cat. no. sc-2005; Santa Cruz Biotechnology, Inc.)
and horseradish peroxidase-conjugated goat anti-rabbit IgG
(1:1,000; cat. no. sc-2004; Santa Cruz Biotechnology, Inc.) for
1 h at RT, washed with TBST for 30 min, and signals were
detected using an ECL plus chemiluminescence kit on X-ray
film (EMD Millipore) in a dark room or use Tanon 5500 high
definition low illumination CCD system (Tanon Science &
Technology Co., Ltd.) to detect blot signals and TanonImage
software v.1.00 (Tanon Science & Technology Co., Ltd.) to
capture and merge images. Protein bands were quantified by
Image J software v.1.48 (National Institutes of Health).

Transient transfection and luciferase reporter as say of
MCF-10A, MCF-7 and MDA-MB 231 cells. Luciferase
assays were performed as previously described (22). Briefly,
transient transfections were performed using Lipofectamine
2000 (Invitrogen; Thermo Fisher Scientific, Inc.) according
to the manufacturer's protocol. Cells were seeded into
48-well plates (0.5x10° cells/well) at 37°C for 16 h before
being transfected with 100 ng STAT3-Luc promoter in the
presence of 25 ng Renilla Luciferase control pREP7 vector
and incubated at 37°C for 24 h. The cells were then treated
with Rosmanol at concentrations of 0, 15, 30 and 60 uM for
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Figure 2. Contimued.

24 h at 37°C. Firefly luciferase activities were calculated
using the Dual-Luciferase reporter assay system (Promega
Corporation) and the ratio of firefly luciferase activity to
Renilla luciferase activity was defined as relative luciferase
activity.

Statistical analysis. All statistical analyses were performed
using Origin Lab software version 8.0 (OriginLab), and
statistically significant differences between groups were
determined by one-way ANOVA with Bonferroni's post hoc
test. P<0.05 was considered to indicate a statistically signifi-
cant difference.

Results

Cytotoxicity of Rosmanol on breast cancer and normal
cell lines. First, the effect of Rosmanol on cell viability was
investigated using the MTT assay. The cells were incubated
with 0, 6, 12.5,25, 50, 100 and 200 M Rosmanol. As shown
in Fig. 1, Rosmanol was able to inhibit the proliferation of
MCF-7 and MDA-MB 231 cells, suggesting that Rosmanol
induced cytotoxicity against human breast cancer cells.
It was revealed that Rosmanol induced cytotoxicity in
MCF-7 and MDA-MB 231 cells not only in dose-dependent
manner, but also in a time-dependent manner, with their
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Figure 2. Rosmanol induces apoptosis in MCF-7 and MDA-MB 231 cells. (A) Morphological observation was firstly performed under a microscope. Exposure
of MCF-7 and MDA-MB 231 cells to Rosmanol (15, 30 and 60 yM) for 48 h induces cell membrane changes along with a shift in their nuclear morphology,
as well as DNA damage compared with untreated cells, as shown by DAPI staining. (B) A measurement of apoptosis was determined by annexin V-FITC and
PI double-staining flow cytometry, which can quantitatively assess early apoptosis (B4), late apoptosis (B2) and necrosis (B1). “P<0.05, “P<0.01 vs. control.
(C) MCF-7 and MDA-MB 231 cells were treated with Rosmanol (15, 30 and 60 M) for 48 h in the presence or absence of caspase inhibitor Z-VAD-FMK,
then the caspase levels were determined by western blotting. (D) These cleaved-caspase and cleaved-PARP protein bands of MDA-MB-231 cells (top graph)
and MCF-7 cells (bottom graph) were quantified and statistically analyzed ((3-actin as an internal control). The data are presented as mean values + SD of three

ke

independent experiments. "P<0.05 and ““P<0.001 vs. untreated group.

half maximal inhibitory concentration ICs, (51, 26 and 19)
and (42, 28 and 16) uM, respectively, for 24, 48 and 72 h.
However, Rosmanol did not exhibit a significant effect on
MCF-10A normal breast cells. Thus, based on its effects
on both MCF-7 and MDA-MB 231 cells, incubation at
concentrations of 15, 30 and 60 uM for 48 h was chosen for
subsequent studies.

Rosmanol induces apoptosis in MCF-7 and MDA-MB 231 cells.
To determine whether the cytotoxicity exerted by Rosmanol was
due to apoptosis induction, morphological observations were
first performed under a microscope. The exposure of MCF-7
and MDA-MB 231 cells to Rosmanol (15, 30 and 60 M) for
48 h induced cell membrane changes along with a shift in
their nuclear morphology, as well as DNA damage compared
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Figure 3. Rosmanol stimulates apoptosis through the mitochondrial pathway and ROS production. (A) To evaluate whether the cytotoxicity mediated by
Rosmanol is associated with generation of ROS production, MCF-7 and MDA-MB 231 cells were treated with Rosmanol. They were then loaded with the
fluorescent probe DCF-DA for the detection and assessment of H,O, by flow cytometry in the presence and absence of NAC for 48 h. “P<0.05, “P<0.01 vs.
control. (B) The effect of Rosmanol on mitochondrial depolarization was investigated in MCF-7 and MDA-MB 231 cells through Rhodamine 123 staining
flow cytometry. Each bar represents the mean + standard deviation of three experiments. “P<0.05, “P<0.01 vs. control. (C) MCF-7 and MDA-MB 231 cells
were treated with Rosmanol (15, 30 and 60 M) for 48 h, then the level of Bax, Bcl-2 and cytochrome ¢ were detected by western blotting. (D) These protein
bands were quantified and statistically analyzed (f-actin as an internal control). The data are presented as mean values + SD of three independent experiments.

Fres

“P<0.05, “P<0.01 and ""P<0.001 vs. untreated group. NAC, N-acetyl-cysteine; ROS, reactive oxygen species.

with untreated cells, as shown by DAPI staining. Within a
certain range, the degree of apoptosis was more obvious as the
Rosmanol concentration increased (Fig. 2A).

To verify the apoptosis induction by Rosmanol, a further
measurement of apoptosis was determined by annexin V-FITC
and PI double-staining flow cytometry, which can quanti-
tatively assess early apoptosis (B4), late apoptosis (B2), and
necrosis (B1). As shown in Fig. 2B, the B4 values increased
with an increase in the Rosmanol concentration in both MCF-7
and MDA-MB 231 cells.

To further understand the molecular mechanism by which
Rosmanol mediated apoptosis in MCF-7 and MDA-MB 231
cells, western blotting was conducted to detect caspases,
the critical regulators of apoptosis (23,24). As illustrated
in Fig. 2C and D, Rosmanol stimulated the activation of
caspase-8, as well as caspase-9 which led to activated caspase-3
and consequently cleaved PARP, the major indicator enzyme
of apoptosis. Furthermore, pre-incubation of MCF-7 and
MDA-MB 231 cells with the caspase inhibitor Z-VAD-FMK
(50 mM; Sigma-Aldrich; Merck KGaA) at 37°C for 1 h and
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then treated with Rosmanol (15, 30 and 60 yM) at 37°C for
48 h promoted the survival of the cells. These findings demon-
strated that Rosmanol induced cancer cell apoptosis through
extrinsic mitochondrial pathways.

Cytotoxicity mediated by Rosmanol is associated with
generation of ROS. Immunostaining using DAPI revealed that
Rosmanol induced DNA damage in MCF-7 and MDA-MB
213 cells. Previous studies reported that DNA damage induced
oxidative stress in MCF-7 cells (25-27), which further resulted
in the production of ROS (28). To evaluate whether the cytotox-
icity mediated by Rosmanol was associated with the generation
of ROS, MCF-7 and MDA-MB 231 cells were treated with
Rosmanol, and then probed with the fluorescent DCF-DA for
the detection and assessment of H,O, by flow cytometry in the
presence and absence of NAC for 48 h. The results indicated
that the generation of intracellular H,O, increased consider-
ably with the treatment of Rosmanol (0, 15, 30 and 60 uM).
In the meantime, supplementation with NAC rendered ROS
production almost unaffected by Rosmanol (30 and 60 yM),
which indicated a role of Rosmanol in the generation of H,O,,
as illustrated in Fig. 3A. These results demonstrated that
Rosmanol increases ROS in MCF-7 and MDA-MB 231 cells,
and that cytotoxicity is associated with the generation of ROS.

Rosmanol stimulates apoptosis via the mitochondrial
pathway. To validate our hypotheses, the effect of Rosmanol on
mitochondrial depolarization was investigated in MCF-7 and
MDA-MB 231 cells through the employment of Rhodamine
123 staining flow cytometry. Targeting mitochondria is a novel
approach for cancer therapy because of their ability for stimu-
lating apoptosis. In in this regard, mitochondrial-mediated
apoptosis can be highly regulated by counterbalancing the
expression of pro-apoptotic, as well as anti-apoptotic, Bcl-2

proteins in which a loss in the mitochondrial transmembrane
potential (Aym) ensues in the case of the disruption of
these counterbalances (29). As shown in Fig. 3B, Rosmanol
treatment of MCF-7 and MDA-MB 231 cells induced the
loss of mitochondrial membrane potential. This decrease
in mitochondrial membrane potential by Rosmanol was
particularly caused by the capability of Rosmanol to release
mitochondrial Cytochrome c, a major factor in the formation
of apoptosomes (9), and in addition, to induce Bax and inhibit
Bcl-2, as shown in Fig. 3C and D. These findings indicate the
role of Rosmanol in stimulating apoptosis via mitochondrial
pathways.

Rosmanol induces activation of p38/MAPK and prohibition of
ERK and PI3K/Aktin MCF-7 and MDA-MB 23] cells. ER ,NF-xB
and ERK signals are significant in breast cancer (30). First, the
possibility of ER signals being involved in Rosmanol-induced
apoptosis was investigated, and the expression of ERa and Erf3
in MCF-7 ER-positive and MDA-MB231 ER-negative cells were
analyzed via western blotting. It was revealed that Rosmanol did
not induce ER expression in ER-negative MDA-MB231 cells,
the data of which are not shown.

ERKI1/2 is an important pathway regulating the signaling
of multiple biological processes, such as cell proliferation
and cell growth (31). The most classic signals in the ERK
pathway are RAS and MAPK, and ERK is also activated by
the AKT signal (32). p38/MAPK signaling is ubiquitous in
normal and malignant cells and is activated in various cancer
types (33). Certain studies have shown that the p38/MAPK
pathway functions as a tumor suppressor by regulating tumor
cell proliferation and transformation (34-38). The effect of
Rosmanol on ERK signaling was investigated via western
blotting, and it was revealed that the expression of p-ERK
decreased significantly in MCF-7 and MDA-MB231 cells at
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varying concentrations (Fig. 4A and B). Concurrently, the
p-p38 and PI3K/AKT signals were detected, in particular
the dramatically increased expression of p-p38 and reduced
expression of p-Akt and p-PI3K (Fig. 4A and B). Accordingly,
it was demonstrated that the upregulation of p-p38 and the
downregulation of PI3K/AKT regulate ERK signaling to
participate in the apoptosis caused by Rosmanol.

Rosmanol inhibits the JAK2/ STAT3 pathway in MCF-7 and
MDA-MB 23Icells. In tumors, STAT3 signaling is abnormally
activated, which to drives the proliferation, survival, invasive-
ness, and metastasis of tumor cells, while strongly suppressing
the apoptotic response (39). Subsequently, the effects of
Rosmanol on the STAT3 pathway were investigated. Transient
transfection and luciferase tests were conducted in MCF-7 and
MDA-MB 231 cells to test the effects of Rosmanol on STAT3

transcription. Notably, Rosmanol significantly inhibited
IL-6-induced STATS3 transcription in MCF-7 and MDA-MB
231 cells (Fig. 5A).

Protein inhibitor of activated STAT3 (PIAS3) was previously
demonstrated to inhibit STAT3 transcriptional activity and
promote growth inhibition in vitro (40). The regulation of PIAS3
expression by Rosmanol was then investigated in MCF-7 and
MDA-MB 231 cells and found that Rosmanol induced increased
PIAS3 expression in a dose-dependent manner (Fig. 5B and C).
Rosmanol also decreased the level of phosphorylated STAT3
(Fig. 5B and C). The effect of Rosmanol on JAK2, the upstream
signal of STAT3, was then investigated and it was revealed that
it was significantly reduced (Fig. 5B and C). Therefore, it was
demonstrated that Rosmanol inhibited the phosphorylation and
transcription activity of STAT3 by augmenting PIAS3 or inhib-
iting the phosphorylation of JAK?2.
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Rosmanol induces S phase cell cycle arrest in MCF-7 and  promotes the apoptosis of mitochondrial signals. In this situa-
MDA-MB 231 cells. It was demonstrated that Rosmanol tion, whether the cytotoxicity of Rosmanol has an effect on the
inhibits several cell proliferation signals and at the same time  cell cycle was investigated. Flow cytometry was conducted to
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check the cycle arrest in MCf-7 and MDA-MB 231 cells stimu-
lated by Rosmanol (Fig. 6A and B), and the S phase showed
a dose-dependent increase in Rosmanol, while the G/G, and
G,/M percentages decreased, respectively, for the same treat-
ment concentration. This proves that Rosmanol promotes S
phase arrest.

Cyclins have been demonstrated as activators of specific
serine/threonine protein kinases, and are vital cell cycle
regulatory proteins that promote the cell cycle process (41,42).
Cyclin A is a marker in the S phase; it can activate two different
cyclin-dependent kinases (CDKs) and is expressed primarily in
the S phase (43). To further elucidate the molecular mechanism
underlying S phase arrest in MCf-7 and MDA-MB 231 cells,
western blotting was performed to describe the cyclin proteins
regulating the cell cycle. As shown in Fig. 6C and D, Rosmanol
increased Cyclin A expression, yet suppressed the expression
of Cyclin E, Cyclin D1 and Cyclin Bl (Fig. 6C and D). These
results demonstrate that Rosmanol induces S phase arrest in
MCf-7 and MDA-MB 231 cells.

Discussion

Rosmanol, an abundant natural product in the Salvia species,
was demonstrated in the present study to promote breast cancer
apoptosis in the mitochondrial pathway, simultaneously accel-
erating apoptosis and inhibiting cell proliferation via ERK
and STATS3 signaling. It was also demonstrated that Rosmanol

triggers oxidative stress in MCF-7 and MDA-MB231 cells
and exerts anti-proliferation and mitochondrial apoptosis
effects, depending on ROS-induced DNA damage. Moreover,
Rosmanol accelerated the process of apoptosis through
S-phase cell arrest. Moreover, it was found that Rosmanol
induced apoptosis progression associated with the inhibition
of STAT3 and ERK signaling, thereby preventing the prolif-
eration of breast cancer MDA-MB 231 cells.

Rosmanol was demonstrated to inhibit the proliferation of
MCF-7 and MDA-MB 231 cells and increased the apoptosis
rate of MCF-7 and MDA-MB 231 cells. Rosmanol induced
MCF-7 and MDA-MB 231 cell cytotoxicity with an ICj,
(51, 26 and 19 uM) and (42, 28 and 16 uM), respectively,
for 24, 48 and 72 h. However, Rosmanol had no significant
effect on MCF-10A normal breast cells. Notably, Rosmanol
promoted the apoptotic process, by activating cysteine
protease or poly (ADP-ribose) polymerase proteolysis in
mitochondria, which further confirms that this process may
be attenuated by the cysteine protease inhibitor Z-VAD-FMK.
Rosmanol also stimulated apoptosis in human breast cancer
MCF-7 and MDA-MB 231 cells. Flow cytometry revealed that
Rosmanol increased ROS production which was attenuated
by the manifestation of NAC. Furthermore, the generation of
ROS is associated with improved cell apoptosis (44). These
results affirmed the cytotoxicity of Rosmanol via the induction
of ROS, an important apoptosis inducer, against human breast
cancer MCF-7 and MDA-MB 231 cells.
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Cell proliferation, autoregulated by the cell cycle, is
regulated via a myriad of complex cyclin proteins (45), while
cyclin B is required for cells to enter mitosis and G,/M tran-
sition (46). In addition, the S phase relies on a pathway to
regulate Cyclin A synthesis (47). Here, it was demonstrated
that the cytotoxicity of Rosmanol significantly inhibited the
proliferation of cancer cells and that the channel of cells in
the G,/G, to S phase was synchronized by cyclins. It was
demonstrated that Rosmanol can stimulate MDA-MB 231 cell
cycle arrest at the S phase by upregulating the expression of
cyclin A and consequently downregulating the protein expres-
sion of Cyclin Bl, Cyclin DI and Cyclin E.

In tumor cells, ERK is often activated by Akt, and both of
these Akt feedback signaling molecules serve a vital role in
the proliferation and evasion of apoptosis in cells (48). A series
of clinical trials are underway investigating the combined
application of inhibitors that target the PI3K and MEK/ERK
pathways, since single reagents have limited efficacy (49). The
present study also demonstrated that Rosmanol functions as a
potential natural antineoplastic alternative to the combination
of Akt and ERK inhibitors, significantly inhibiting the Akt
and ERK pathways, and considerably enhancing the antipro-
liferative effects of MCF-7 and MDA-MB 231 cells. NF-xB
and Akt/ERK are two major cell-survival pathways that are
often constitutively activated and communicate within cancer
cells (50). p-p38 exerts a tumor suppressor effect. Here it was
demonstrated that Rosmanol increases the expression of p-p38.

STAT proteins are critically involved in tumorigenesis
in various cancers (51). PIAS3, the main cellular inhibitor of
STATS3, has been described as a modulator of DNA-binding
transcription factors (52). Activated JAKs phosphorylate STAT
proteins, leading to their dimerization and translocation into the
nucleus. In the nucleus, STATS act as transcription factors with
pleiotropic downstream effects (53). In cancer cells, STAT3 acti-
vation leads to increased expression of downstream target genes,
leading to increased cell proliferation (54). The present results
showed that Rosmanol significantly inhibited IL-6-induced
STAT?3 transcription in MCF-7 and MDA-MB 231 cells, that
the Rosmanol-induced increase in PIAS3 expression was
dose-dependent and that Rosmanol inhibits JAK2 and STAT3
phosphorylation. It was demonstrated that Rosmanol augments
PIAS3 expression and inhibits the JAK2/STA3 pathway.

The overall findings of the present study are summa-
rized in Fig. 7, demonstrating that Rosmanol triggers
oxidative stress causes ROS-induced DNA damage, and serves
an anti-proliferative role with a mitochondrial apoptotic effect
in MCF-7 and MDA-MB 231 cells. Rosmanol causes cancer
cell arrest at the S phase in the cell cycle. Furthermore, it was
demonstrated that Rosmanol has effective antiproliferative
and anticancer effects via the inhibition of JAK2/STAT3 and
PI3K/AKT signals.
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