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Abstract

The treatment of breast cancer cells obtained by blocking the
aberrant activation of the proliferation signaling pathways
PI3K/Akt/mTOR and MEK/ERK has received considerable
attention in recent years. Previous studies showed that Taiwa-
nin A inhibited the proliferation of several types of cancer cells.
In this study, we report that 3,4-bis-3,4,5-trimethoxybenzyli-
dene-dihydrofuran (BTMB), a novel derivative of Taiwanin A,
significantly inhibited the proliferation of triple-negative
breast cancer (TNBC) cells both in vitro and in vivo. The results
show that BTMB inhibited the proliferation of human TNBC
cells by the induction of cell-cycle arrest and apoptosis in a
dose-dependent fashion. BTMB inhibited the expression of
b-catenin, cdc2 and the cell-cycle regulatory proteins, cyclin

A, cyclin D1, and cyclin E. The mechanism of action was
associated with the suppression of cell survival signaling
through inactivation of the Akt and ERK1/2 signaling path-
ways. Moreover, BTMB induced cell apoptosis through an
increase in the expression of BAX, cleaved caspase-3, and
cleaved PARP. Moreover, BTMB inhibited TNBC cell colony
formation and sensitized TNBC cells to cisplatin, a chemo-
therapeutic drug. In a TNBC mouse xenograft model, BTMB
significantly inhibited the growth of mammary carcinomas
through decreased expression of cyclin D1. BTMB was shown
to significantly suppress the growth of mammary carcinoma
and therefore to have potential as an anticancer therapeutic agent.
Mol Cancer Ther; 16(3); 480–93. �2016 AACR.

Introduction
Breast cancer is a major cause of cancer mortality worldwide

and the most common cancer among females (1). In Asia, the
incidence rate for breast cancer is lower than that in Western
countries, but it is increasing more rapidly (2, 3). Research has
shown that breast cancer originates from distinct cell types
and can be classified in terms of the stage of progression,

certain pathologic features, and the expression of the proges-
terone receptor (PR), estrogen receptor (ER), and/or EGF
receptor (ERBB2/HER2; ref. 4). As biomarkers, PR, ER, and
ERBB2/HER2 have utility as prognostic indicators of breast
cancer and help suggest the most appropriate chemotherapeu-
tic treatments. In some breast cancers, however, there exists a
heterogeneous subset of mammary neoplasms called triple-
negative breast cancer (TNBC) that lack the ER, PR, and HER2
biomarkers (5). A survey of breast cancer types in developed
countries showed that approximately 15% of all breast cancers
are diagnosed as TNBC (6). Because of the absence of ER, PR,
and HER2 proteins, TNBC cells are insensitive to most con-
ventional treatments, including targeted small-molecule drugs
(7). Therefore, conventional chemotherapeutic agents, such as
taxol and anthracyclines, are still the preferred treatments for
TNBC. However, these chemotherapeutic drugs produce many
undesirable side effects, such as hair loss, diarrhea, nausea,
and vomiting.

During tumorigenesis, aberrant activation of the PI3K/Akt/
mTOR and MEK/ERK signaling cascades is frequently found in
many types of cancer (5, 8, 9). Mutations in RAS activate RAF
kinase and downstream the MEK protein in many human malig-
nancies (10). Furthermore, MEK-mediated activation of MAPK or
ERK is necessary to induce the proliferative and invasive pheno-
types of many malignant diseases (11). It has been suggested
that the PI3K/Akt/mTOR pathway plays a central role in cell
survival and resistance to cell death in TNBC cells (12). The
activationofAkt causes an increased expressionof BCL-2 followed
by the suppression of BAX, cytochrome c, and the cleaved form
of activated caspase-3 (c-caspase-3) protein (13). The activated c-
caspase-3 protein is needed to cleave PARP into inactive PARP
fragments (14). Therefore, Akt activation reduces apoptosis by
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reducing the level of cleaved PARP fragments (15). Recent studies
have shown that activation of NF-kB is also associated with
antiapoptosis in TNBC cells (16). Moreover, the activation of Akt
protein enhances cell survival through increased phosphorylation
of IkBa and nuclear translocalization of NF-kB (17).

Akt activation also induced the phosphorylation of glycogen
synthase kinase-3b (GSK-3b) and enhanced cell proliferation
through an increased expression of the b-catenin, cyclin D1,
and c-Myc proteins (18, 19). It is known that the accumulation
of the cyclin A, cyclin D1, cyclin E, and proliferating cell nuclear
antigen (PCNA) proteins is important for human malignancies
(20), whereas decreased expression of cyclin D1 and E hinders
cell-cycle progression from the G1- to S-phase (21). The mTOR
protein is the major regulator of protein synthesis (22) and thus
is critical for cell survival and growth in various types of cancer
cells (23). Overactivation of mTOR is frequently associated
with tumorigenesis, tumor growth, and metastasis (24), where-
as inhibitors of mTOR show promise as inhibitors of these
cancer phenotypes (25).

Mutational activation of PI3K frequently occurs in KRAS
mutation–bearing tumor cells (26). Many studies have
reported that dual inhibition of both MEK/MAPK and PI3K/
Akt pathways synergistically inhibits tumor growth in KRAS-
mutant cancer cells (27, 28). It is also known that the combined
pharmacologic suppression of MEK and Akt efficiently inhibits
the dual mutation of KRAS and PI3K (29, 30). The PI3K/Akt/
mTOR and MEK/ERK signaling pathways are considered key
targets for TNBC treatment (31). Therefore, identifying novel
inhibitors of the PI3K/Akt/mTOR and MAPK/ERK pathways
would be useful in studies on drug design and the treatment of
certain cancers.

Previously, we demonstrated that Taiwanin A, a major lignin
in the coniferous tree Taiwania cryptomerioides, significantly
inhibits the proliferation of human ER-positive luminal mam-
mary carcinoma MCF-7 cells (32, 33). The compound 3,4-bis-
3,4,5-trimethoxybenzylidene-dihydrofuran (BTMB; Fig. 1A) is
a derivative of Taiwanin A for which an effect on the prolifer-
ation of TNBC cells has yet to be demonstrated. To assess it as a
therapeutic agent against the growth of TNBC in vivo, preclinical
studies on BTMB must be performed and knowledge of its
mechanism of action determined. Here, we investigate the
molecular mechanisms by which BTMB suppresses prolifera-
tion of TNBC MDA-MB-468 cells in vitro and in vivo. We also
used TNBC MDA-MB-231 and BT-549 cells for comparison.
Our results indicate that BTMB dose dependently inhibits the
growth of TNBC cells in vitro. BTMB differentially inhibited the
survival of TNBC cells by its effects on certain cell signaling
pathways. BTMB was determined to be the most effective
against TNBC MDA-MB-468 cells at an IC50 of 2.6 mmol/L.
Briefly, BTMB-mediated suppression of cell survival was found
to act through G0–G1 cell-cycle arrest and inactivation of
signaling molecules in MDA-MB-468 cells, including the Akt,
mTOR, and ERK1/2 proteins. The mechanism of action also
included augmented expression of Bax and c-caspase-3. BTMB
further inhibited the growth of mammary carcinoma in an
experimental animal model inoculated with MDA-MB-468
cells. These findings demonstrate that BTMB effectively acts as
a therapeutic agent against human TNBC MDA-MB-468 cells
through augmentation of apoptotic proteins and dual inacti-
vation of Akt/mTOR and ERK signaling molecules both in vitro
and in vivo.

Materials and Methods
Reagents and antibodies

Human TNBC cells MDA-MB-468, MDA-MB-231, and BT-549
were authenticated and acquired from ATCC in 2016. MDA-MB-
468 cells are characterized as triple-negative/basal-A mammary
carcinoma with a PTEN deletion and EGFR amplification. MDA-
MB-231 cells are characterized as basal-B mammary carcinoma
with KRas mutation. BT-549 cells are characterized as triple-
negative/basal-B mammary carcinoma with a PTEN deletion
(5). The following antibodies were obtained from Cell Signaling
Technology, Inc.: anti-phospho-Akt Thr308 (p-Akt Thr308), anti-
phospho-Akt Ser473 (p-Akt Ser473), anti-total-Akt (t-Akt), anti-
phospho-mTOR Ser2448 (p-mTOR Ser2448), anti-total-mTOR
(t-mTOR), anti-phospho-GSK-3b Ser9 (p-GSK-3b Ser9), anti-
total-GSK-3b (t-GSK-3b), anti-phospho-IkBa Ser32 (p-IkBa
Ser32), anti-phospho-ERK1/2 Thr202/Tyr204 (p-ERK1/2
Thr202/Tyr204), anti-total-ERK1/2 (t- ERK1/2), anti-BAX, anti-
BCL-2, anti-c-caspase-3, anti-PCNA, anti-cyclin A, anti-cyclin B1,
anti-cyclin D1, anti-cyclin E, anti-cdc2, anti-chk1, anti-b-catenin,
anti-p65 RelA, anti-p21, anti-p53, anti-cleaved PARP, and anti-
Lamin A monoclonal antibodies. Anti-actin antibody, DMSO,
avidin/biotin complex (ABC), 3,30-diaminobenzidine (DAB),
and hydrogen peroxide were obtained from Sigma. The nuclei
and cytoplasm protein extract kit was purchased from Pierce
Biotechnology Inc. Propidium iodide (PI) and anti-cyclin D1
antibody were acquired from BD Biosciences Inc. Leibovitz 15
(L-15)media and FBS were purchased from Invitrogen Inc. BTMB
(Fig. 1A) was obtained from Dr. Y.-H. Kuo (China Medical
University, Taichung, Taiwan).

Cell culture and treatment of BTMB
Human TNBC cells were cultured and grown in L-15 media

supplemented with 10% heat-inactivated FBS, 2 mmol/L L-glu-
tamine, and 1.5 g/L sodium bicarbonate.

TNBC cells were incubated with various concentrations (5, 10,
and 50 mmol/L) of the BTMB for 1 or 24 hours. For efficient
treatment of TNBC cells, BTMB was dissolved in DMSO and
incorporated into FBS and mixed with the medium. In control
groups, cells were incubatedwith an equivalent volume of solvent
DMSO (final concentration: 0.5% v/v) as a carrier vehicle.

Assessment of cell proliferation
Detection of cell survival analysis was performed using the

MTT assay. Human TNBC cells including MDA-MB-468, MDA-
MB-231, or BT-549 cells (1 � 105 cells per well) were seeded
and grown in a 24-well plate until the treatment of BTMB. These
TNBC cells were cultured in media containing BTMB at con-
centrations of 5, 10, and 50 mmol/L. For the investigation of
molecular mechanisms, cell analysis was performed using MTT
assay following the transfection with b-catenin, Akt, or MEK
plasmids by using Neon transfection system (Thermo Fisher
Scientific) according to the manufacturer's instruction. The cell
survival assay was performed in a triplicate test. After 24 and 48
hours, cultured media were removed from each plate, and MTT
reagent at a working concentration 0.5 mg/mL was added to
each well. After a 2-hour incubation, the MTT solution was
removed and isopropanol was added to each well. These
culture plates were vibrated for 10 minutes to dissolve the
precipitation. Optical density was measured at wavelength of
570 nm with a plate reader.
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BTMB inhibits the proliferation of human TNBC cells in vitro
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Figure 1.

BTMB inhibits the proliferation of human TNBCcells in vitro.A, Structure of BTMB.B,Human TNBCs such as MDA-MB-468,MDA-MB-231, or BT-549 cellswere cultured in
L-15mediumwithBTMBat concentrationsof0, 5, 10, and50mmol/L for 24hours. The cell proliferationwasmeasuredbyMTTassay asdescribed inMaterials andMethods.
C, Colony formation assay was performed as described in Materials and Methods. D, Sensitizing effect of BTMB (at concentrations of 5, 10, and 50 mmol/L) to
cisplatin (10 or 20 mmol/L) in MDA-MB-468 cells was measured by using MTT assay described above. #,statistical significant difference in comparison to the control
subgroup of cisplatin at 10 mmol/L; � ,significant difference in comparison to the control subgroup of cisplatin (at 10 mmol/L); �� ,significant difference in comparison
to the control subgroup of cisplatin (at 20 mmol/L). E, Migration assay was performed as described in Materials and Methods. Statistical significance is expressed
as the mean � SD of 3 independent experiments. In B, C, and E, different lowercase letters (a, b, c, d, and e) represent a statistically significant (at P < 0.05) difference
within the subgroupofMDA-MB-468cells.Different uppercase letters represent a statistically significant (atP<0.05)differencewithin the subgroupofMDA-MB-231 cells.
Different double lowercase letters represent a statistically significant difference within the subgroup of BT-549 cells, at P < 0.05.
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Colony formation assay
Human TNBC cells were cultured in a 6-well plate at the density

of 500 cells per well and cultured under the treatment of BTMB
(50 mmol/L) for 1 week. Cells were stained with 0.01% crystal
violet solution, and visible colonies were counted.

Analysis of cell-cycle distribution
Human TNBC cells (1 � 106 cells/well) were cultured in 3-cm

culture plates. Cells were synchronized to the same cell-cycle stage
by culturing in L-15 media with 10% FBS before the experiment.
To measure the effects of BTMB on the cell-cycle distribution,
humanTNBCcellswere treatedwithBTMB(5, 10, and50mmol/L)
for another 24 and 48 hours. Cells were detached with a trypsin/
EDTA solution and mixed with the binding buffer (1� 105 cells/
mL). Suspended TNBC cells were stained with PI in the dark and
analyzed using a FACS Canto flow cytometer (BD Biosciences
Inc.). The degree of PI staining in human TNBC cells was mea-
sured using accessory software.

Annexin-V/PI–binding assay
To determine whether BTMB affected the apoptosis of TNBC

cells, the apoptotic rate of TNBC cells was detected by the
Annexin-V/FITC Apoptosis Detection Kit (Invitrogen) according
to the manufacturer's instruction. Briefly, after incubation with
BTMB at different concentrations, 5 � 106 isolated TNBC cells
were re suspended in 500 mL binding buffer. FITC/Annexin-V (5
mL) and PI (5 mL) working solution were added and then cells
incubated at room temperature for 5 minutes. At the end of
incubation period, cells were analyzed by flow cytometry, the
Annexin-V/FITC binding was analyzed by FITC signal detector
and PI staining by phycoerythrin emission signal detector.

Senescence-associated b-galactosidase activity assay
Senescence-associated b-galactosidase (SA-b-gal) activity was

measured with a b-galactosidase staining kit (Invitrogen) accord-
ing to the manufacturer's protocol. Briefly, TNBC cells were
treated with BTMB (at concentrations of 5, 10, 50 mmol/L) for
2 days. TNBC cells were washed with PBS and incubated with the
staining solution. TNBC cells were observed under a microscope
for development of blue color (magnification, �200).

Migration assay
Migration of TNBC cells was evaluated using a modified Boy-

den chamber assay as previously described. Briefly, 5 � 103 cells
were placed in the upper chamber of amodified Boyden chamber.
After 12-hour incubation at 37�C, the lower side of the filter was
washed with PBS and fixed with 2% paraformaldehyde. Cells
migrating into the lower chamber were counted manually in 9
random fields (magnification, �200).

A mouse xenograft model of TNBC and treatment of BTMB
A mouse xenograft model of TNBC was established through

inoculation of MDA-MB-468 cells. Briefly, confluent cultures of
MDA-MB-468 cells were lifted by treatment with trypsin/EDTA
solution. Trypsinization of MDA-MB-468 cell suspensions was
terminated with FBS containing medium. Four-week-old nude
mice (body weight, 17–22 g) were obtained from the National
Animal Center in Taipei (Taiwan). These nude mice were raised
in an institutional facility under specific pathogen-free (SPF)
regulations (animal protocol number: 101-134-N). A Lab 5010
diet (from LabDiet Inc.) was given to mice during the entire

experimental period. All mice were anesthetized by inhalation
of isofluorane according to animal protocol regulations. Viable
MDA-MB-468 cells (1 � 106 cells/0.1 mL medium) were
inoculated into the fat pad of mammary tissues in each nude
mouse. After the transplantation of MDA-MB-468 cells, these
nude mice were randomly grouped into 3 subgroups (n ¼ 6 in
each subgroup). BTMB were provided to those mice in the
experimental subgroups by daily gavage at a total volume 0.15
mL. Low level (Low-BTMB) and high level (High-BTMB) of
BTMB subgroups received a daily feeding of BTMB at dosages of
0.3 mg/kg of body weight and 3 mg/kg of body weight in corn
oil (4% w/w), respectively. The tumor subgroup only received
corn oil (4% w/w) in place of BTMB. An equation of 0�524 L1
(L2)2 was used to measure tumor volume; where L1 and L2
represented the long and short axis of the tumor tissues,
respectively. To exclude dietary confounding factors, food
intake and body weight of these mice were measured every
week. We did not observe any significant differences in dietary
intake or body weight between the experimental and control
subgroups.

Identification of biomarkers in tumor tissues
For histopathologic staining, sections of frozen tumor tissues

(at 5 mm) were fixed with 4% paraformaldehyde and stained
with hematoxylin and eosin (H&E) for the documentation
under light microscopy. Six different fields were documented
in a single-blinded method per tissue section at a power field up
to 200� and 400�. Duplicate sections from each of 12 different
tumors from the treated and control subgroups were examined.
For the immunohistochemical staining, these tissue sections
were blocked with 0.3% hydrogen peroxide to suppress the
endogenous activity. To avoid nonspecific protein binding,
these sections were treated with 10% goat serum for 1 hour
and incubated with primary antibodies specific against either
PCNA or cyclin D1 proteins (at 1:300 dilution). Afterward,
these tissue sections were rinsed with 0.1 mol/L PBS and treated
with biotin-immunoglobin G (at 1:300 dilution) for 1 hour.
Tissue sections were washed with PBS and then stained with
reagents including ABC, DAB, and H2O2. Cell nuclei were
stained with hematoxylin. Six different images were documen-
ted in a single-blinded method per tissue section at a power
field up to 200� or 400� magnifications. Images were docu-
mented using an Olympus BX-51 microscope, Olympus DP-71
digital camera and imaging system (Olympus).

Protein extraction and Western blotting analysis
Protein extraction (cytoplasmic and nuclear proteins) of

human TNBC cells was prepared using the Nuclear Protein
Extract Reagent Kit containing inhibitors against protease and
phosphatase. To remove the cell debris, cell lysates were cen-
trifuged at 12,000 x g for 10 minutes. The upper phase of
supernatants was kept as a cytoplasmic extract. The remaining
precipitation was kept as a nuclear extract. No cross-contam-
ination between nuclear and cytoplasmic fractions was found
in this study (data not shown).

Cellular proteins (60 mg) fractionated by 10% SDS-PAGE were
transferred to a polyvinylidene difluoride (PVDF)membrane and
detected with anti-p-Akt (Thr308) monoclonal antibody. The
remaining proteins in the cell lysates were measured using anti-
bodies of anti-p-Akt (Ser473), anti-t-Akt, anti-p-mTOR(Ser2448),
anti-t-mTOR, anti-p-GSK-3b (Ser9), anti-t-GSK-3b, anti-p-IkBa
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BTMB triggers cell cycle arrest and apoptosis in human TNBC cells
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(Ser32), anti-p-ERK1/2 (Thr202/Tyr204), anti-t-ERK1/2, anti-
BAX, anti-BCL-2, anti-cytochrome c, anti-c-caspase-3, anti-cyclin
D1, anti-cyclin E, anti-b-catenin, anti-p65 RelA, and anti-cleaved
PARP. These blots were probed with internal control antibodies
against either lamin A or actin protein.

Biostatistical analysis
A statistical analysis was used to determine the significant

difference in the cell viability between control subgroup and
experimental subgroups of TNBC cells using SYSTAT software.
We used one-way ANOVA model to confirm a significant differ-
ence in cell viabilitywhich required an exclusion of null difference
between the mean values originated from different subgroups at
the P ¼ 0.05 level. A Duncan multiple range test was applied to
evaluate differences among these subgroups.

Results
BTMB inhibits the proliferation of human TNBC cells in vitro

The inhibitory effects of BTMB on the proliferation of human
TNBC cells (MDA-MB-468, MDA-MB-231 and BT-549) were
investigated in vitro. As shown in Fig. 1B, BTMB significantly
inhibited the proliferation of human MDA-MB-468, MDA-MB-
231, and BT-549 cells at the concentrations of 5, 10, and 50 mmol/
L (P<0.05). In the case of humanMDA-MB-468 cells, BTMBat the
concentrations of 5, 10, and50mmol/L inhibited cell proliferation
up to 60%,85%, and93%, respectively. For humanMDA-MB-231
cells, BTMB at the same concentrations suppressed cell prolifer-
ation up to 63%, 75%, and 83%, respectively. Finally, BTMB at the
concentrations of 5, 10, and 50 mmol/L suppressed the prolifer-
ation of human BT-549 cells up to 27%, 60%, and 70%, respec-
tively. The respective IC50 values for MDA-MB-468, MDA-MB-
231, and BT-549 cells were 2.6, 3.2, and 4.5 mmol/L. Our previous
study reported the IC50 of Taiwanin A against MDA-MB-468 cells
to be 22 mmol/L (data not shown).

We then investigated the inhibitory effects of BTMB on the
formation of TNBC cancer cell colonies. As shown in Fig. 1C,
BTMB significantly suppresses the formation of colonies of TNBC
cancer cells (P < 0.05). Therefore, we investigated whether BTMB
would sensitize TNBC cells to the chemotherapeutic agent cis-
platin by cotreatment. As shown in Fig. 1D, BTMB dose depen-
dently sensitizes MDA-MB-468 cells to the chemotherapeutic
effects of cisplatin (at concentrations of 10 and 20mmol/L). BTMB
also dose dependently sensitizes other TNBC cells to cisplatin,
including MDA-MB-231 and BT-549 cells. These results show
that BTMB not only shortens the cell survival of TNBCs but
also sensitizes the cells to chemotherapeutic drugs so as to
enhance cell death. Interestingly, BTMB significantly (P < 0.05)
inhibited cell migration in all TNBC cell types except MDA-MB-
468 (Fig. 1E). The current study demonstrates that BTMB inhibits
the proliferation of MDA-MB-468 cells more effectively than
Taiwanin A. According to the calculated IC50 values, MDA-MB-
468 cells appear to be more sensitive to BTMB than other TNBC

cells. Therefore, in this study, we used MDA-MB-468 cells in the
animal model.

BTMB triggers cell-cycle arrest and apoptosis in
human TNBC cells

Weexamined the cell-cycle distributionpattern in TNBCcells to
investigate themechanismsunderlying the inhibitory BTMBeffect
on cell proliferation. After BTMB treatment, DNA fromTNBC cells
was stained with PI and the cell-cycle distribution pattern mea-
sured using flow cytometry (Fig. 2A–D). In the case of human
MDA-MB-468 cells, BTMB (at a concentration of 5, 10, 50 mmol/
L) significantly augmented cell-cycle arrest during the G0–G1

phase by up to 46.7%, 53.8%, and 61.6 %, respectively (at the
24-hour time point). However, only 35.2% of cells in the control
group were in the G0–G1 phase (Fig. 2A). Moreover, BTMB
induced cell-cycle arrest during the G2 phase by up to 15.1%,
33.7%, and 69%, respectively (at the 48-hour time point). These
changes in the G2 cell population were brought about mainly
through themodulation of cell populations in theG0–G1phase at
different time points. Likewise, BTMB induced cell-cycle arrest in
MDA-MB-231 cells in the G1 phase (Fig. 2B). Furthermore, BTMB
induced G2 cell-cycle arrest in BT-549 cells (Fig. 2C). These results
show that BTMB significantly inhibited cell proliferation through
a differential induction of cell-cycle arrest in different phases of
the cell cycle.

Taken together, BTMB appears to inhibit cell proliferation of
humanMDA-MB-468 cells throughG0–G1 cell-cycle arrest at early
time point (24 hours) and to possibly augment apoptosis. We
examined whether BTMB induced cell apoptosis in humanMDA-
MB-468 cells to investigate this possibility. As shown in Fig. 2D
and E, BTMB increased apoptosis in TNBC cells. BTMB treatments
at 5, 10, and 50 mmol/L significantly increased cell population of
apoptosis in human MDA-MB-468 cells (P < 0.05; Fig. 2E).

In humanMDA-MB-231 and BT-549 cells, BTMB treatment (at
a concentration of 50 mmol/L) mildly increased the apoptotic cell
population in comparisonwith the control subgroup, respectively
(Fig. 2E). These results suggested that MDA-MB-468 cells were
most affected by BTMB through the induction of apoptosis.

Therefore, we further investigated whether BTMB inhibited cell
survival through the apoptosis pathway by using apoptotic antag-
onist (Z-VAD-FMK). As shown in Fig. 2F, treatment with Z-VAD-
FMK (50 mmol/L) restored cell proliferation in BTMB-treated
MDA-MB-468 cells. These results indicate that BTMB inhibits cell
proliferation of MDA-MB-468 cells through the induction of cell-
cycle arrest and augmentation of the apoptosis pathway.

BTMB inhibits Akt/mTOR and ERK1/2 phosphorylation in
MDA-MB-468 cells

A previous study using MDA-MB-361 cells reported that
activation of the PI3K/Akt/mTOR and MEK/ERK signaling
molecules plays a critical role in human breast cancer (34). We
examined the inhibitory effects of BTMB on Akt/mTOR and
MAPK/ERK signaling in human TNBC cells to investigate this

Figure 2.
BTMB triggers cell-cycle arrest and apoptosis in human TNBC cells. Tomeasure cell-cycle distribution, human TNBC cellswere cultured in the presence or absence of
BTMB (5, 10, and 50 mmol/L) and cultured in 10% FBS L-15 medium for 24 and 48 hours. The measurement of the cell population at different cell-cycle phases
was performed using flow cytometric analysis, as described in Materials and Methods in (A) MDA-MB-468 cells, (B) MDA-MB-231 cells, and (C) BT-549 cells.
D, Plots indicate the levels of apoptotic cell populations after treatment of human TNBC cells with BTMB for 24 hours. E, Quantitative result of the apoptotic cell
populationswas presented as apoptotic levels. Statistical significance is expressed as themean� SD of 3 independent experiments. Different lowercase letters (a, b,
and c) represent a statistically significant difference (at P < 0.05). F, Effect of Z-VAD-FMK on BTMB-treated TNBC cells was evaluated by using MTT assay
described above. � ,significant difference in comparison to the BTMB-treated MDA-MB-468 cells at the same concentration subgroup.
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possibility further. After treatment of MDA-MB-468 cells with
BTMB for 1 hour, BTMB suppressed the phosphorylation of the
Akt and mTOR compared with untreated control cells (Fig. 3A).
However, BTMB inhibited the ERK1/2 signaling molecules in
MDA-MB-468 cells to a greater extent. These results indicate that

BTMB inhibits cell proliferation through the suppression of the
PI3K/Akt/mTOR and MEK/ERK signaling cascades in MDA-MB-
468 cells at an earlier time point (1 hour). BTMB suppressed the
phosphorylation of the Akt and mTOR signaling molecules
compared with untreated control cells at the 1-hour time point

BTMB inhibits Akt/m-TOR and ERK 1/2 phosphorylation in MDA-MB-468 cells
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Figure 3.

BTMB inhibits Akt/mTOR and ERK1/2 phosphorylation in MDA-MB-468 cells. Human TNBC cells treatedwith BTMB (at concentrations of 5, 10, and 50 mmol/L) in 10%
FBS L-15medium for 1 hour (A) or 24 hours (B).Western blot analysis of cytoplasmic proteins (at 1- or 24-hour timepoints) usingmonoclonal antibodies against p-Akt
(Thr308), p-Akt (Ser473), p-mTOR (Ser2448), p-GSK-3b (Ser9), p-ERK1/2 (Thr202/Tyr204), and corresponding controls (t-Akt, t-mTOR, t-GSK-3b, t-ERK1/2).
Band intensities represent the amounts of p-Akt (Thr308), p-Akt (Ser 473), p-mTOR (Ser2448), p-GSK-3b (Ser9), and p-ERK1/2 (Thr202/Tyr204) in the cytoplasmof
TNBC cells. C, Transfection of MDA-MB-468 cells with active MEK or Akt plasmids was performed as described in Materials and Methods. The effects of MEK or Akt
overexpression were measured by using MTT assay described above. Statistical significance is expressed as the mean � SD of 2 independent experiments.
� , significant difference of Akt overexpression in comparison to the BTMB-treatedMDA-MB-468 cells at the same concentration subgroup; �� ,significant difference of
MEK overexpression in comparison to the BTMB-treated MDA-MB-468 cells at the same concentration subgroup. D,Western blot analysis of cytoplasmic proteins
(at 24-hour time point) using monoclonal antibodies against BAX, BCL-2, pro-caspase-3, c-caspase-3, p-IkBa (Ser32), and actin as described in Materials
and Methods. Band intensities represent the amounts of BAX, BCL-2, pro-caspase-3, c-caspase-3, and p-IkBa (Ser32) in the cytoplasm of TNBC cells. The
immunoreactive bands are noted with an arrow.
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in MDA-MB-231 cells (Fig. 3A). In BT-549 cells, BTMB signif-
icantly suppressed the phosphorylation of the Akt and mTOR
signaling molecules compared with untreated control cells at
the 1-hour time point (Fig. 3A). These results show that BTMB
differentially inhibits various key proliferation pathways in
TNBC cells. Specifically, these results indicate that BTMB inhib-
ited the PI3K/Akt/mTOR and MEK/ERK signaling cascades in
MDA-MB-468 cells at the 1-hour time point.

BTMB was still able to inhibit the PI3K/Akt/mTOR and MEK/
ERK signaling cascades in MDA-MB-468 cells at a later time
point (at 24 hours; Fig. 3B). In the case of MDA-MB-231, BTMB
was able to inhibit the PI3K/Akt/mTOR pathways (at 24 hours).
BTMB was able to suppress the phosphorylation of mTOR in
BT-549 cells. These results that BTMB may attribute its effects
on cell survival may be attributed to dual inhibition of the
PI3K/Akt/mTOR and MEK/ERK signaling cascades in MDA-MB-

468 cells at both the shorter time point (1 hour) and longer
time point (24 hours).

We further examined the crucial role of Akt andMEK proteins
in the survival of TNBC MDA-MB-468 cells to explore the
possible mechanisms of action. As shown in Fig. 3C, transfec-
tion of active Akt and MEK plasmids restored cell proliferation
in BTMB-treated human MDA-MB-468 cells. These results sug-
gested that BTMB inhibited cell proliferation through the
suppression of the Akt and MEK signaling pathways in human
MDA-MB-468 cells.

We then examined whether the effect of BTMB may be attrib-
uted to the activation of apoptotic pathways. As shown in Fig. 3D,
treatmentwithBTMB induced the expressionof the apoptotic BAX
protein in MDA-MB-468 and BT-549 cells. Moreover, the results
showed that BTMB inhibited the expression of BCL-2 and sup-
pressed the phosphorylation of IkBa in human MDA-MB-468

BTMB inhibits the proliferation of human MDA-MB-468 cells through
reduction of the nuclear b-catenin, cyclin D1 and cyclin E proteins
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BTMB inhibits theproliferationof humanMDA-MB-468cells through reduction of nuclearb-catenin, cyclinD1, and cyclin Eproteins.A,HumanTNBCcellswere treated
with BTMB (at concentrations of 5, 10, and 50 mmol/L) in 10% FBS L-15 medium for 24 hours. Western blot analysis of nuclear proteins was performed using
monoclonal antibodies against b-catenin, cyclin D1, and cyclin E, p65 (RelA), cleaved PARP, and lamin A/C antibodies, as described in Materials and Methods.
Band intensities represent the amounts of b-catenin, cyclin D1, and cyclin E, p65 (RelA), cleaved PARP, p53, p21, cyclin B1, cyclin A, Cdc2, and chk1 in the
nuclei of human TNBC cells. B, Transfection of MDA-MB-468 cells with active b-catenin plasmid was performed as described in Materials and Methods. The effect of
b-catenin overexpression was measured by using MTT assay described above. Statistical significance is expressed as the mean� SD of 2 independent experiments.
� ,significant difference of b-catenin overexpression in comparison to the BTMB-treated MDA-MB-468 cells at the same concentration subgroup. C, Cell
senescence assay in TNBC cells was performed as described in Materials and Methods.
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BTMB inhibits the growth of mammary carcinoma in a mouse xenograft
model
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cells (Fig. 3B–D). In addition, BTMB significantly induced the
expression of apoptotic proteins c-caspase-3 in MDA-MB-468
cells (P < 0.05). These results suggested that BTMB specifically
induced cell death through a decreased level of BCL-2 and inc-
reased expressionof apoptotic proteins such asBaxand c-caspase-3
in human MDA-MB-468 cells.

BTMB inhibits the proliferation of human MDA-MB-468
cells through a reduction of the nuclear b-catenin,
cyclin D1, and cyclin E proteins

To determine the extent of the BTMB effect on cell proliferation,
we investigated its possible effects on the expression of cell-cycle
regulatory proteins in human MDA-MB-468 cells. Previous stud-
ies have reported that cell-cycle progression through the G1 phase
is mostly regulated by the cyclin D1 and cyclin E proteins (35).
Thus, we investigated whether BTMBmodulates the expression of
these cell-cycle regulatory proteins. As shown in Fig. 4A, BTMB
significantly inhibited the expression of the b-catenin, cyclin D1,
and cyclin E proteins inMDA-MB-468 cells. These results indicate
that BTMB induces cell-cycle arrest in human MDA-MB-468 cells
at the G0–G1 phase through a suppression of the nuclear cdc2,
b-catenin, cyclin D1, and cyclin E proteins. The results also
showed that BTMB affected the expression of p53 protein in
humanMDA-MB-468 cells. However, BTMB enhanced the expres-
sion of p53 and p21cip1 proteins in BT-549 cells. Interestingly,
BTMB inhibited the expression of cdc2, cyclin B1, and cyclin E
proteins in BT-549 cells. In the case of MDA-MB-231 cells, BTMB
only inhibited the expression of cdc2 and cyclin E expression.
These results suggest that BTMB inhibits the expression of cell-
cycle regulatory proteins.

To confirm the apoptotic effect of BTMB, we determined
whether BTMB modulated other relevant downstream nuclear
proteins. Interestingly, we found that BTMB inhibited the
nuclear expression of NF-kB p65 (RelA) and induced the
expression of cleaved PARP in human MDA-MB-468 cells,
MDA-MB-231 and BT-549 cells. These findings suggest that
BTMB induced cell apoptosis through suppression of the NF-kB
pathway and induction of the c-caspase-3/cleaved PARP cas-
cades in MDA-MB-468 cells.

We next examined the crucial role of b-catenin in the prolifer-
ation of TNBC MDA-MB-468 cells to explore the possible
mechanisms of action. As shown in Fig. 4B, transfection with an
active b-catenin plasmid in restored cell proliferation in BTMB-
treated human TNBC MDA-MB-468 cells.

To further investigate the possibility of decreased cell pro-
liferation, we examined whether BTMB induced cell senescence
in human TNBC cells. As shown in Fig. 4C, BTMB barely
induced cell senescence in any human TNBC cells. These find-
ings suggested that BTMB-mediated suppression of cell prolif-
eration was independent of both cell senescence and the p53
expression levels.

BTMB inhibits the growth of mammary carcinoma in a mouse
xenograft model

To investigate these in vitro findings in vivo, we further examined
the effects of BTMBon the growth of humanMDA-MB-468 cells in
amouse xenograftmodel. As shown in Fig. 5A, BTMB at 0.3mg/kg
of bodyweight per day (Low-BTMB subgroup) or 3mg/kg of body
weight per day (High-BTMB subgroup) inhibited the growth of
mammary carcinoma in comparison with the tumor control
subgroup in a mouse xenograft model (P < 0.05). By the end of
5 weeks, both the Low-BTMB and High-BTMB subgroups showed
a significant reduction in tumor weight (P < 0.05) compared
with the tumor control subgroup (Fig. 5B). The histopathologic
staining results clearly indicated that treatment with BTMB inhib-
ited tumor progression in these experimental animals (Fig. 5C).
Moreover, subgroups treated with both the low and high levels
of BTMBexhibited suppressed expressionofmalignant biomarker
proteins, such as cyclin D1 (Fig. 5E), but not PCNA (Fig. 5D).
No hepatotoxicity was observed in either the Low-BTMB or the
High-BTMB subgroup (Fig. 5F). These results show that BTMB
treatment significantly inhibited the growth of mammary carci-
noma in amouse xenograft model and that this inhibition is due,
in part, to the suppression of the cyclin D1 proteins in these
tumor-bearing animals.

BTMB inhibits tumor growth through the increased expression
of apoptotic proteins in tumor-bearing mice

The results described above clearly show the inhibitory
effects of BTMB on the proliferation of MDA-MB-468 cells in
a mouse xenograft model. We then further examined the
specific effects of BTMB in the tumor-bearing mouse model.
It has been suggested that the inhibition of both PI3K/Akt/
mTOR and MEK/ERK signaling cascades is an effective means
for suppressing tumor growth (26). Our results showed that
BTMB inhibited the activation of the PI3K/Akt and MEK/ERK
signaling cascades, leading to a blockade of the cell-cycle
in vitro. For this reason, we further investigated whether BTMB
inhibits these signaling pathways in vivo. As shown in Fig. 6A,
treatment with BTMB inhibited the phosphorylation of Akt,
mTOR, and ERK1/2 in vivo. Interestingly, treatment with BTMB
inhibited the phosphorylation of the IkBa protein and the
expression of the BCL-2 protein in vivo. BTMB also increased the
expression of the BAX, cytochrome c, and c-caspase-3 proteins
in tumor tissues. Moreover, BTMB inhibited the expression of
the c-Myc, cyclin D1, cyclin E, and NF-kB (p65 RelA) proteins in
vivo. Finally, BTMB augmented the nuclear expression of the
cleaved PARP protein in tumor tissues (Fig. 6B).

Discussion
Previous studies suggested Taiwanin A to be a potential

agent for the treatment of cancer (33). In the current study,
we demonstrated that BTMB, a novel derivative of Taiwanin A,

Figure 5.
BTMB inhibits the growth of mammary carcinoma in a mouse xenograft model. Xenograft nude mice (n ¼ 6 for each subgroup) were divided into 3 subgroups (the
tumor subgroup, tumor Low-BTMB, tumor High-BTMB) and given BTMB [at a dosage of 0, 0.3, and 3mg/kg of bodyweight (BW) per day] for 5 weeks. Data represent
the change in the tumor volume (A) or tumor weight (B) among the tumor subgroup (i.e., the control subgroup), tumor with Low-BTMB dosage (0.3 mg/kg of
BWper day) andwithHigh-BTMBdosage (3mg/kgof BWper day). Thedifferent letters at the same time point represent a statistically significant (P <0.05) difference.
Tumor tissues (C) or hepatic tissues (F) were fixed, sectioned, and stained as described in the Materials and Methods. Blue spots represent the nuclei stained
with hematoxylin. The red spots represent cytoplasmstainedwith eosin. For immunohistochemical (IHC) staining, tumor tissues (atweek 5)were frozen, sectioned, and
subjected to either anti-PCNA (D) or anti-cyclin D1 (E) antibodies. The intense dark brown color indicates the distribution of the PCNA or cyclin D1 proteins in
MDA-MB-468 cells stained with a monoclonal antibody. The blue area represents the localization of the cell nuclei. Imaging was documented at either 200� or
400� magnification. The quantitative results of PCNA or cyclin D1 were presented in the bottom of (D) and (E). �, significant difference in comparison to subgroup.
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significantly inhibited the proliferation of human TNBC cells
both in vitro and in vivo. Other studies have suggested that the
overexpression of cell-cycle regulatory proteins, such as cyclin
D1, is correlated with the aberrant proliferation of human
TNBC cells (20). In one phase II clinical trial, a significant

suppression in cyclin D1 expression was observed when
patients with TNBC were treated with carboplatin and eribulin
(36). In this study, we showed that BTMB significantly inhib-
ited the expression of cdc2, cyclin D1, and cyclin E proteins
in MDA-MB-468 cells. BTMB effectively suppressed the

BTMB inhibits tumor growth through the increased expression of
apoptotic proteins in tumor-bearing mice
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Figure 6.

BTMB inhibits tumor growth through the increased expression of apoptotic proteins in tumor-bearing mice. A,Western blot analysis of cytoplasmic proteins from
tumor tissues was performed using monoclonal antibodies against p-Akt (Ser473), p-ERK1/2 (Thr202/Tyr204), p-mTOR (Ser2448), p-IkBa (Ser32), BAX,
BCL-2, cytochome c, c-caspase-3, and actin, as described in Materials and Methods. Band intensities represent the amount of these proteins in the cytoplasm of
MDA-MB-468 cells in the experimental animals. The quantitative results of p-Akt S473 or p-ERK1/2 (T202/Y204) in tumor tissues (n ¼ 6) were presented
in the bottom. B, Western blot analysis of nuclear proteins from tumor tissues was performed using monoclonal antibodies against c-Myc, cyclin D1, cyclin E,
NF-kB p65 (RelA), cleaved PARP, and lamin A as described in Materials and Methods. Band intensities represent the amount of these proteins in the nuclei of
MDA-MB-468 cells in the experimental animals.
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proliferation of human MDA-MB0468 cells by the induction of
cell-cycle arrest at the G0–G1 phase. It was recently reported that
cyclin D1 is one of the downstream target proteins of the PI3K/
Akt pathways in TNBC cells (37). The results we obtained in
this study with BTMB support the important role these signal-
ing pathways play in TNBC cell proliferation. In Fig. 3, it is
shown that BTMB was able to produce therapeutic effects
through the dual inhibition of the PI3K/Akt/mTOR and
MEK/ERK signaling pathways in human TNBC MDA-MB-468
cells. BTMB also significantly inhibited the phosphorylation of
certain downstream target proteins, such as IkB protein. More-
over, BTMB induced the expression of apoptotic proteins such
as BAX and c-caspase-3 and the suppression of BCL-2 in TNBC
MDA-MB-468 cells. It is reported that the activation of Akt
is associated with an increased phosphorylation of mTOR
and expression of the BCL-2 protein (38). This is supported
by our finding that BTMB is able to augment apoptosis by
suppressing the Akt/mTOR signaling cascade in TNBC cells.
Our results also showed that BTMB inhibited the nuclear
accumulation of NF-kB in TNBC cells by suppressing IkB
phosphorylation. It has been reported that treatment of TNBC

cells with mTOR inhibitors is effective in reducing the levels of
c-Myc and b-TrCP1 (39).

Indeed, our results show that BTMB differentially inhibited
several key proliferation pathways in various types of TNBC cells.
BTMB could specifically target to one or more of these important
cell survival cascades. For example, BTMB specifically inhibited
the mTOR molecules in TNBC MDA-MB-231 and BT-549 cells.
With the suppression of these critically important signaling path-
ways, BTMB is able to significantly inhibit the proliferation of
these TNBC cells (Fig. 1). Our results showed that BTMB induced
TNBC cell-cycle arrest at different phases (Fig. 2). It is because of
the specific inhibition of cell-cycle regulatory proteins such as
cyclin E and cdc2 that BTMB is able to effectively inhibit the
proliferation of various TNBC cells.

It has also been shown that treatment with dual inhibitors of
PI3K/Akt/mTORandMEK/ERK reduces cell growth synergistically
by inducing cell-cycle arrest and apoptosis in TNBC cells (21).
In fact, the search for dual inhibition of PI3K/Akt/mTOR and
MEK/ERK signaling cascades has gained considerable attention in
recent years (40).Our results demonstrate that BTMB significantly
inhibits the growth of mammary carcinoma in amouse xenograft

Figure 7.

Proposed mechanisms of signaling
pathways associated with
BTMB-mediated suppression of cell
proliferation in TNBC cells. Green
arrows indicate increase in expression
level. !: induction; �a: suppression.
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model (Fig. 5) and that this is likely due to the ability of BTMB to
block the activation of the PI3K/Akt/mTOR and MEK/ERK sig-
naling cascades (Fig. 6). The current study also shows that BTMB
inhibited the expression of cyclin D1, cyclin E, and NF-kB (p65
RelA) in tumor tissues. These results further demonstrate that
BTMB effectively induces the expression of apoptotic proteins,
such as BAX, c-caspase-3, and cleaved PARP, through inactivation
of PI3K/Akt/mTOR and MEK/ERK signaling cascades (Fig. 6).

Taken together, our findings are consistent with previous
reports and demonstrate the importance of BTMB as a dual
inhibitor of the PI3K/Akt/mTOR and MEK/ERK signaling path-
ways. Themolecularmechanism of actions is depicted in Fig. 7. In
TNBC cells, BTMB inhibited key proliferation signaling pathways,
including PI3K/Akt/mTOR and MEK/ERK cascades. BTMB inhib-
ited cell proliferation and induced cell apoptosis through the
suppression of cell-cycle regulatory proteins such as cdc2, cyclin
D1, and cyclin E and augmented the expression of apoptotic
proteins such as c-caspase-3 and c-PARP proteins. In conclusion,
to the best of our knowledge, this is the first evidence demon-
strating the inhibitory effects of BTMB on the proliferation of
human TNBC cells both in vitro and in vivo. These results make
BTMB a good candidate for future drug design studies and use as
an anticancer therapeutic for TNBC.
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