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Upregulation of p15INK4B Arrest G1/S Phase of Cell Cycle
by Phosphorylation of SMAD3 in δ-Tocotrienol Treated
Human MDA-MB-231 Breast Cancer Cells
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Tocotrienols, a subgroup within the vitamin E family of compounds, have shown antiproliferative and
anticancer properties. However, the molecular basis of these effects remains to be elucidated. In this study,
the effect of δ-Tocotrienol on cell cycle arrest was assessed by studying the levels of cyclin-dependent
kinase 4 (CDK4), cyclin-dependant kinase 6 (CDK6), p15INK4B and other cell cycle controlling proteins
in estrogen receptor-negative MDA-MB-231 breast cancer cells. The cell growth assay demonstrated that
exposure of the MDA-MB-231 cells to δ-Tocotrienol (25μM) resulted in a time-dependent inhibition
of cell growth. The upregulation of p15INK4B can inhibit CDK4 and CDK6, which is responsible for the
phosphorylation of retinoblastoma protein (Rb). In addition, p15INK4B can be controlled by phosphorylation
of transcriptional factors called SMADs (Small Mothers Against Decapentaplegic). (Cancer Prev Res 15,
127-132, 2010)
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Historically, natural products are a rich source of biologically
active compounds for drug discovery.1) Tocotrienols (T3) are
important plant vitamin E constituents found in palm oil. During
the past decades, many evidences have accumulated for
demonstrating the anticancer activity of specific forms of vitamin
E. Vitamin E occurs naturally with eight different isoforms that
include α-, β-, γ-, and δ- isomers of both tocopherol and
tocotrienol. Structurally, these compounds are similar, except that
tocotrienols have an unsaturated side-chain with three double
bonds, whereas tocopherols have a fully saturated side-chain.2)
Although both tocopherols and tocotrienols are potent
antioxidants, only tocotrienols display potent antiproliferative and
apoptotic activity against breast cancer cells. Among the four
isoforms of tocotrienols, δ-tocotrienol (3,4-dihydro-2,8-dime-

thyl-2R-[(3E,7E)- 4,8,12-trimethyl-3,7,11-tridecatrienyl]-2H-1benzopyran-6-ol) (Fig. 1) is the best for treatment in beast
cancer.3,4)
Apart from anti-oxidant activity, tocotrienols have some
other properties like anti-microbial, anti-inflammatory, anti-angiogenic, anti-neurodegeneration, and anti-hypercholesterolemic. In vitro and in vivo studies suggest that tocotrienols effect
on broad range of cancers including prostate, breast, colon,
liver and gastric cancers.5∼11)
Among women worldwide, breast cancer is the most common
cause of cancer death.12) The latest statistics indicated that
about 1.3 million women are diagnosed with breast cancer
annually worldwide and about 465,000 die from the disease.
Women in the U.S. have a 1 in 8 lifetime chance of developing
invasive breast cancer and a 1 in 33 chance of breast cancer
causing their death.13) Thus, there is a great need for new
alternative agents for the prevention and treatment of breast
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MATERIALS AND METHODS
Fig. 1. Structural formula of δ-Tocotrienol.

cancer. The use of naturally occurring compounds for chemoprevention, ones that are present in dietary sources, is considered to be a practical approach for the prevention of breast
cancer. It has been suggested that one-third of all cancer deaths
could be avoided through this approach.14)
Members of the transforming growth factor beta (TGFβ)
superfamily signal by sequentially binding to two TGFβ receptors
(TGFβ-R) that are transmembrane protein serine/threonine
kinases; binding of TGFβ ligand to TGFβ-RIIactivates TGF
β-RIand its substrates,15) the receptor-regulated SMAD
proteins (R-SMADs). Upon phosphorylation, the latter bind
co-SMAD4 and translocate to the nucleus where they form a
transcriptionally active complex after association with DNA-binding partner. This complex binds to promoter elements of
target genes whose functions include regulation of the cell cycle
and differentiation.16∼18) For example, cell cycle arrest by TGF
β involves suppression of the oncogene Myc, a repressor of
the CDK inhibitors p21 and p27.19,20) Of the various members
of the SMAD system, SMAD2 and SMAD3 mediate TGFβ
signals. SMAD4 is a requisite partner for transcriptional activity
of all SMADs, including SMAD2 and SMAD3; the generation
of specific downstream responses is presumed to depend on the
formation of specific R-SMAD-SMAD4 complexes that then
recruit different sequence-specific DNA-binding factors.21)
In this study, the effect of δ-Tocotrienol on cell cycle arrest
was assessed by studying the levels of CDK4, CDK6, p15INK4B
and other cell cycle controlling proteins in estrogen receptornegative MDA-MB-231 breast cancer cells. The cell growth
assay demonstrated that exposure of the MDA-MB-231 cells
to δ-Tocotrienol (25μM) resulted in a time-dependent
inhibition of cell growth. The upregulation of p15INK4B can
inhibit CDK4 and CDK6, which is responsible for the
phosphorylation of retinoblastoma protein (Rb). Previous
studies have reported that α- and γ-tocotrienols induced
growth inhibition in human breast cancer cells.22∼24) The
purpose of the present study, to investigate the effects of δtocotrienol on cell growth inhibition in MDA-MB-231 cells;
to determine the level of SMAD related with TGF-β signaling

1. Reagents

δ-Tocotrienol (Fig. 1) was purchased from Cayman Chemicals
(Ann Arbor, MI, USA). The primary antibodies anti-CDK4,
anti-CDK6, anti-p15INK4B, anti-cyclinD3, anti-p-SMAD3,
anti-SMAD4, anti-Cdc25A and anti-β-actin, and the secondary antibodies were purchased from Cell Signaling Technology
(Beverly, MA, USA). Cell Counting Kit was purchased from
Dojindo Molecular Technologies (Rockvile, MD, USA).
Propidium iodide was purchased from Sigma-aldrich (St. Louis,
MO, USA).
2. Cell culture and treatment

Human MDA-MB-231 breast cancer cells were obtained
from the American Tissue Culture Collection (Manassas, VA,
USA). MDA-MB-231 cells were incubated with Dulbecco's
modified Eagle's medium (DMEM) high-glucose (HyClone
Laboratories, Logan, UT, USA) supplemented with 10% heat
inactivated Fetal bovine serum (HyClone Laboratories, Logan,
UT, USA) with Penicillin and Streptomycin (PAA Laboratories
GmbH, PA, Austria) in a humidified atmosphere at 37oC and
5% CO2. δ-Tocotrienol, dissolved in ethanol, was added to
the culture media to the final concentration specified in the
text.
3. Cell viability assay
4

For cell viability study, the MDA-MB-231, cells (1×10 )
were resuspended in 100μl medium and plated in 96-well
plate. The cells were treated with 1∼11μg/ml of the δTocotrienol for 24 h. After the treatment, 10μl of WST-8
(Cell Counting Kit-8) solution was added into each well and
o
the cells were incubated at 37 C for 3 h and readed at 450
nm.
4. Flow cytometry

Distribution of cell cycle was examined using flow cytometry. Briefly, cells were harvested by trypsinisation, fixed in
70% ethanol at 4oC for overnight, and then resuspended in
PBS containing 0.2 mg/ml of RNase A and incubated for 1
h at 37oC. DNA was stained with propidium iodide (40μg/ml)
for 30 min. And cells were then examined by FACS Calibur
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(Becton Dickinson, Mountain View, CA, USA).
5. Western blotting

For Western blotting, the MDA-MB-231 cells were cultured
as described above and treated with 10μg/ml δ-Tocotrienol,
and then harvested after 2, 6, 12 or 24 h. The harvested cells
were collected by centrifugation, lysed with ice-cold RIPA
buffer (20 mM Tris-Hcl (pH 7.5), 150 mM NaCl, 1 mM
Na2EDTA, 1 mM EGTA, 1% NP-40, 1% sodium deoxycholate, 2.5 mM sodium pyrophosphate, 1 mM β-glycerophosphate, 1 mM Na3VO4, 1μg/ml leupeptin and added 1
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mM PMSF) (Cell Signaling Technology Inc., Beverly, MA,
USA). After incubation on ice for 30 min, the insoluble
materials were removed by centrifugation at 14,000 rpm for
20 min. The protein content of the cell lysates were determined
by a Protein Quantification Kit (CBB solution) (Dojindo
Molecular Technologies, Inc., MD, USA) with bovine serum
albumin (BSA) as standard. An aliquots from each sample (50
μg of protein) was boiled with sample buffer for 5 min, and
then resolved by 12% SDS-polyacrylamide gel electrophoresis
(SDS-PAGE). The protein were electrotransferred to a nitrocellulose membrane (Whatman GmbH, Germany) and then
blocked in TBST buffer (400 mM Tris, 3 M Sodium chloride,
27 mM Potassium chloride, 0.5% Tween-20) containing 5%
o
Skim Milk powder for overnight at 4 C. The blots were probed
with the primary antibodies (anti-CDK4, anti-CDK6,
INK4B
anti-p15
, anti-cyclinD3, anti-p-SMAD3, anti-SMAD4,
anti-Cdc25A and anti-β-actin) for overnight and then washed
three times with TBST, followed by incubation for 1 hr with
anti-rabbit IgG or anti-mouse IgG conjugated with HRP. The
blots were washed in TBST and visualized by using enhanced
chemiluminescent (ECL) detection solutions (Pierce, IL, USA).

RESULTS AND DISCUSSION

Fig. 2. Cell viability was examined by WST-8 assay after
treatment of 1∼11μg/ml δ-Tocotrienol on MDA-MB-231
human breast cancer cells and HEK293 (normal human
epidermal kidney cell line) for 24 h.

δ-Tocotrienol-induced cell growth arrest was accompanied
by decrease in cell viability at the concentration of 10μg/ml
dose (IC50). However, treatment with 1∼8μg/ml δ-Tocotrienol had minimal effect on the viability of the

Fig. 3. MDA-MB-231 cells were
treated with 8, 10 and 12μg/ml
δ-Tocotrienol for 24 h. Morphology of cells were visualized by an
inverted microscope. Magnification, (A) ×100 and (B) ×400.

130 Cancer Prevention Research Vol. 15, No. 2, 2010

MDA-MB-231 cells, which suggested that extensive death of
the MDA-MB-231 cells was occurring only at the higher dose
(Fig. 2). While observing under the inverted microscope, cell
population was dramatically reduced at the concentration of 10
μg/ml of δ-Tocotrienol (Fig. 3A). When compared with
control, most of the cells were shrinked and some cells were
floated on the medium while treating with 10 and 12μg/ml
of δ-Tocotrienol (Fig. 3B).
To study the δ-Tocotrienol induced growth inhibition and
cell cycle arrest of MDA-MB-231 cells, 10 μg/ml of δ-Tocotrienol treated as time dependent manner (2, 6, 12 and 24
h). G1 to S phase arrest was clearly observed at 2 h and 6
h, when subjected to FACS analysis (Fig. 4).
In order to confirm the flow cytometry results, expression
level of cyclinD3, CDK4 and CDK6 were checked at different
INK4B
time intervals. Upregulation of p15
was observed at 6 h
after treatment. The level of CDK4, CDK6 and CyclinD3 were
reduced when compared with control (Fig. 5A).
Treatment of δ-Tocotrienol on MDA-MB-231 cells resulted
in gradually increasing phosphorylation of SMAD3 and
SMAD4 as time dependent manner. Maximum phosphorylation
event was observed at 12 and 24 h samples. TGF-RI

phosphorylates the transcription factor SMAD3, which binds to
Co-SMAD (SMAD4). This phosphorylated complex of SMAD3
INK4B
as in TGF
and SMAD4 induced the expression of p15
signaling pathway, led to reduction in Cdc25A expression (Fig.
5B). Members of the TGFβ superfamily signal by sequentially
binding to two TGFβ receptors (TGFβ-R) that are transmembrane protein serine/threonine kinases; binding of TGFβ
15)
ligand to TGFβ-RII activates TGFβ-RIand its substrates,
the receptor-regulated SMAD proteins (R-SMADs). Upon
phosphorylation, the latter bind co-SMAD4 and translocate to
the nucleus where they form a transcriptionally active complex
after association with DNA-binding partner. This complex
binds to promoter elements of target genes whose functions
16∼18)
include regulation of the cell cycle and differentiation.
Isomers of tocotrienols have been shown earlier that
inhibition of cancer cell proliferation promoting cell cycle arrest
25)
and decrease in angiogenesis. Recent report suggests that γTocotrienol inhibits the androgen-independent prostate cancer
(Pca) cell proliferation by modulating pro-survival (Id-1, Id-3,
26)
EGFR and NF-κB) and pro-apoptotic (JNK) pathways.
The present study demonstrated δ-Tocotrienol inhibited the
phosphorylation of retinoblastoma protein (Rb) by time

Fig. 4. Cell cycle analysis by flow cytometry. Control and treated cells were incubated with δ-Tocotrienol at IC50 (25μM) for
indicated time and then subjected to FACS analysis. Note that the G1 population appears after treatment for 2 and 6 h.
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Fig. 5. Expression levels of regulator proteins involved in G1/2 phase of cell cycle. (A) IC50 (25μM) of δ-T3 (δ-Tocotrienol)
INK4B
inhibits activation of the critical molecules (CDK4, CDK6 and Cyclin D3) and modulate the ratio between the amounts of p15
and CDKs at different treat times. (B) IC50 (25μM) of δ-T3 activates phosphorylation of SMAD3 and suppresses Cdc25A
expression on MDA-MB-231 cells.

dependent manner in human MDA-MB-231 cell line. Rb is
an archetypal tumor suppressor and regulator of cell cycle,
which controls the progression of late G1 phase, thereby enter
27,28)
into the S-phase to complete the cell cycle.
Down
regulation of CDK4 and CDK6 inhibits cell cycle arrest and
CDK4 combined with cyclinD, responsible for Rb phospho12)
rylation (Ser 780, Ser 807/811 and Thr 826). In the
hypophosphorylated state, Rb inhibits the activity of E2F
family transcription factors, which are associated with cell cycle
29)
regulation.
The present study is the first report on δ-Tocotrienol
mediated inhibition of G1/S phase of cell cycle in MDAINK4B
MB-231. Together with the upregulation of p15
, δTocotrienol caused the phosphorylation of SMAD3 and induce
the expression of SMAD4 as in TGF-β beta signaling pathway.

CONCLUSION
Understanding the regulatory mechanism of controlling cell
cycle progression and cell growth could play a critical role in
the development of new agents that can prevent and treat
cancer. The cell proliferation assay demonstrated that exposure
of the MDA-MB-231 cells to δ-Tocotrienol (25μM) resulted
in a time-dependent inhibition of cell growth. The upregulation
INK4B
of p15
inhibited CDK4, CDK6 and CylcinD3, which is
responsible for the phosphorylation of retinoblastoma protein

Fig. 6. Proposed δ-Tocotrienol induced arrest of G1/S phase
in MDA-MB-231 cells. Arrows are indicated up/down-regulated
expression levels of proteins.

(Rb). The upregulation of phosphorylated SMAD3 and SMAD4
transcription factors can induce the expression of p15INK4B.
Consequently G1/S phase inhibition of cell cycle in human
MDA-MB-231 breast cancer cells by δ-Tocotrienol was
associated with TGF-β signaling mediated p15INK4B,
phospho-SMAD3 and SMAD4 (Fig. 6).
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