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Abstract

Gamma-tocotrienol (γ-T3) is a member of the vitamin E family. Tocotrienols (T3s) are powerful antioxidants and possess anticancer, neuroprotective and
cholesterol-lowering properties. Tocotrienols inhibit the growth of various cancer cell lines without affecting normal cells. Less is known about the exact
mechanisms of action of T3s on cell death and other growth inhibitory pathways. In the present study, we demonstrate that γ-T3 induces apoptosis in MDA-MB
231 and MCF-7 breast cancer cells as evident by PARP cleavage and caspase-7 activation. Gene expression analysis of MCF-7 cells treated with γ-T3 revealed
alterations in the expression of multiple genes involved in cell growth and proliferation, cell death, cell cycle, cellular development, cellular movement and gene
expression. Further analysis of differentially modulated genes using Ingenuity Pathway Analysis software suggested modulation of canonical signal transduction
or metabolic pathways such as NRF-2-mediated oxidative stress response, TGF-β signaling and endoplasmic reticulum (ER) stress response. Analysis of
ER-stress-related proteins in MCF-7 and MDA-MB 231 cells treated with γ-T3 demonstrated activation of PERK and pIRE1α pathway to induce ER stress.
Activating transcription factor 3 (ATF3) was identified as the most up-regulated gene (16.8-fold) in response to γ-T3. Activating transcription factor 3
knockdown using siRNA suggested an essential role of ATF3 in γ-T3-induced apoptosis. In summary, we demonstrate that γ-T3 modulates ER stress signaling and
have identified ATF3 as a molecular target for γ-T3 in breast cancer cells.
© 2012 Elsevier Inc. All rights reserved.
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1. Introduction

Vitamin E includes a family of lipophilic micronutrients consisting
of four tocopherols (Ts) and four tocotrienols (T3s) (α, β, γ and δ)
that consist of a chromanol ring and a side chain. Both Ts and T3s are
found in various components of the human diet. Tocopherols are
present primarily in nuts and vegetable oils, while T3s areminor plant
constituents especially abundant in rice bran, cereal grain and palm
oil. Tocopherols and T3s are well recognized for their antioxidative
effects. In general, antioxidants are suggested to reduce cancer by
arresting free-radical-induced DNA damage. Tocopherols have been
studied in great detail for their antioxidative property and physio-
logical relevance. However, limited studies have been performed on
T3s. It is well documented that T3s possess more powerful anticancer,
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neuroprotective and cholesterol-lowering properties that are often
not exhibited by Ts [1]. The accumulation of T3s in the cells is much
greater than Ts; this might be one of the reasons that T3s have more
significant physiological effects than Ts [2]. Tocotrienols, particularly
γ-T3, suppress the activity of 3-hydroxy-3-methylglutaryl-coenzyme
A reductase, an enzyme involved in cholesterol biosynthesis in the
liver, resulting in less cholesterol being manufactured by the liver
cells and an overall reduction of plasma cholesterol levels [1,3]. γ-T3
possesses a hormone-like natriuretic function and can potentially
prevent hypertension and cardiovascular disease caused by high salt
intake [4].

Tocotrienols have been shown to inhibit the growth of various
cancer cells without affecting the growth of normal cells [5–6]. In
breast cancer cells, γ-T3s induce apoptosis irrespective of their estro-
gen response status [7–9]. Although T3s are likely to be one of the
powerful cancer chemotherapeutic/preventive agents in the human
diet, their exact mechanisms of action on cell death and other inhibi-
tory pathways are unknown. Gene expression profiling in estrogen
receptor positive, p53 wild-type MCF-7 and estrogen receptor-
negative, p53 mutant MDA-MB 231 cells treated with tocotrienol-
rich fraction (TRF) of palm oil suggested different mechanisms in the
two cell lines [10]. Lipid peroxidation is one of the mechanisms
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suggested for its antiproliferative action [11]. Other mechanisms
involvemodulation of various signaling pathways including apoptosis
by caspase-8 activation and mitochondrial dependency [12,13],
inhibition of cell proliferation [6], down-regulation of cyclins [14],
reduction in the Pl3K/PDK-1/Akt signaling and NFκb activity [15,16]
and modulation of p53, Bax/Bcl2 [17]. Estrogens are known to be
involved in breast carcinogenesis. Tocotrienols have been demon-
strated as antioxidants against the E2-epoxide-induced breast cancer
carcinogenesis, whereas α-tocopherol was found to be less effective
[18]. The effects ofγ-T3 have also been studied in other cancers such as
colon and prostate cancer where γ-T3 has been found to modulate
multiple signaling pathways and induce apoptotic cell death.
Activation of p53 has been reported in RKO human colon carcinoma
cells in response to TRF [17]. Recently, Yap and colleagues reported
the modulation of ID family proteins and mesenchymal markers in
prostate and breast cancer cells in response to γ-T3 [19,20].

In the present study, we examined the whole genome transcrip-
tion in MCF-7 breast cancer cells when exposed to γ-T3. We
demonstrate that γ-T3-induced apoptosis is associated with induc-
tion of early response genes and ER stress transcriptional response in
MCF-7 cells. We have characterized the ER stress response induced by
γ-T3 in MCF-7 and MDA-MB 231 breast cancer cells.

2. Materials and methods

2.1. Cell culture and media

Human breast cancer cells (MCF-7 and MDA-MB 231) and immortalized normal
human breast mammary MCF-10A cells were obtained from Lombardi Comprehensive
Cancer Center cell repository and grown in Dulbecco's modified Eagle medium
supplemented with 5% heat-inactivated fetal bovine serum and 25 μg/ml gentamicin
(Invitrogen, Carlsbad, CA, USA).

2.2. Chemicals, reagents and antibodies

Tocotrienols (N95% pure) were from EISAI Corporation (Woodcliff Lake, NJ, USA)
and Carotech (Edison, NJ, USA) and dissolved in dimethyl sulfoxide (DMSO). Other
reagents were obtained as: WST-1 reagent used for cytotoxicity assay and protease
inhibitor cocktail tablets (Roche Applied Science, Indianapolis, IN, USA), ECL Plus
Western blotting detection system (GE Healthcare, Piscataway, NJ, USA) and
Coomassie protein assay reagent (BioRad, Hercules, CA, USA).

The following antibodies were obtained commercially: cleaved PARP, GRP78/Bip,
Chop, PERK, cyclin D-1, p-IRE1α, IRE1α, p-eIF2α, eIF2α, β-tubulin and GAPDH anti-
bodies (Cell Signaling Technology Inc., Danvers, MA, USA); ATF 3 (ATF3), ATF6 and
p-PERK (Santa Cruz Biotechnology, Santa Cruz, CA, USA); β-actin from Sigma and ATF4
(Abcam, Cambridge, MA, USA). Secondary antibodies conjugated with horseradish
peroxidase included goat anti-mouse IgG, goat anti-rabbit IgG and rabbit anti-goat IgG
(Jackson ImmunoResearch, West Grove, PA, USA).

2.3. Cell viability and proliferation assay

Effects of T3s on cell viability and proliferation of breast cancer cells were
determined using a cell viability detection kit (4-[3-(4-iodophenyl)-2-(4-nitrophe-
nyl)-2H-5-tetrazolio]-1, 3-benzene disulfonate, WST-1) according to the manufac-
turer's instructions (Roche Applied Science, Indianapolis, IN, USA). Briefly, the cells
(MCF-10A, MCF-7 and MDA-MB 231) were seeded onto 96-well plates at a density of
3000 cells per well in six replicates and maintained overnight in 100 μl of 5% fetal-
bovine-serum-containing medium. The following day, cells were treated for 24, 48 and
72 h with different concentrations of α- and γ-T3 ranging from 10 to 40 μM made in
complete medium using six wells per treatment condition. Control cells were treated
with DMSO at a final concentration of 0.1%. At the end of each treatment after 24, 48
and 72 h, 10 μl of the WST-1 reagent was added to each well. Plates were incubated
for 2 h at 37°C and analyzed at A=450/600 using a Bio-Rad Model 680 microplate
reader. Cell viability was assessed by trypan blue dye exclusion assay.

2.4. Cell cycle analysis

The effects of γ-T3 on cell cycle were determined by flow cytometric analysis of
MCF-7 cells treated with γ-T3. The cells were treated with 40 μM of γ-T3 for 24 h in
triplicates. The floating cells were pooled with the adherent cells, washed and fixed
with 70% ethanol followed by FACS analysis. Briefly, the cells were centrifuged and
suspended in 1 ml of phosphate-buffered saline containing 50 μg/ml each of RNase A
and propidium iodide (both from Sigma-Aldrich, St. Louis, MO, USA). The stained cells
were analyzed using the FACsort (Becton Dickinson, Franklin Lakes, NJ, USA) and
Reproman computer software. The percentage of cells containing sub-G1 DNA content
was used as an index of apoptosis as described previously [21]. Gating was set to
exclude cell debris, doublets and clumps when determining cells in different stages.

2.5. RNA isolation and gene expression microarray

Gene expression pattern in MCF-7 cells treated with 40 μM γ-T3 was analyzed by
microarray studies. Four independent experiments were performed with cells grown
on different days and from different stocks. The RNA from cells treated with DMSO
control and γ-T3-treated cells was isolated using Trizol (Invitrogen) and further
purified using Qiagen RNAeasy kit. The RNA concentrations were determined spectro-
photometrically using a Beckman DU640 Spectrophotometer (Beckman Coulter, Brea,
CA, USA). RNA quality was assessed using the Agilent 2100 Bioanalyzer. High-quality
RNA was labeled and hybridized to U133A2 Affymetrix GeneChips following manu-
facturer's recommendations (Affymetrix, Santa Clara, CA, USA). Microarray data quality
was assessed using various tools including those recommended by Affymetrix. All
array data presented here passed the quality control measures. Our data analysis began
with preprocessing of the probe-level Affymetrix data (.cel files). We used RMA for
background adjustment, quantile method for normalization and a robust multiarray
average for summarization. These methods have provided better performance than
MAS 5.0 and MBEI in detecting known levels of differential expression using spike-in
Affymetrix data [22,23]. They are implemented in several statistical tools including
Bioconductor and BRB-ArrayTools (NCI, Bethesda, MD, USA).

We analyzed the preprocessed data to identify the genes that were differentially
expressed between the untreated and treated groups using random-variance model
implemented in BRB-ArrayTools. The random-variance t test is an improvement over
the standard separate t test because it permits sharing information among genes
within-class variation without assuming that all genes have the same variance [24].
The false discovery rate (FDR) was estimated using the method of Benjami and
Hochberg [25]. Probe sets were considered statistically significant if their P value was
less than .001. With this threshold, 969 probe sets were found to be statistically
significant (Pb.001 and FDRb0.023). These probe sets had a fold change N1.2. The probe
sets with N1.5-fold change were selected for analysis to identify canonical pathways,
physiological functions and interaction networks using the Ingenuity Pathway Analysis
(IPA) software (Ingenuity Systems, Redwood City, CA, USA).

2.6. Real-time reverse transcriptase polymerase chain reaction

For real-time polymerase chain reaction (PCR), complementary DNA (cDNA) was
synthesized from 1 μg of total RNA using Transcription First Strand cDNA Synthesis Kit
(Roche) following the manufacturer's instructions. The primers were purchased from
RealTimePrimers.com (Elkins Park, PA, USA). For each primer set, the melt curves were
performed to verify that the primers amplified a single product and ensure that there
were no primer dimers or amplification in the no-template controls. Three indepen-
dent experiments were performed in triplicate with RNA isolated with different cell
stocks, treatments and days.

The PCR amplification was performed with the 7300 Real-Time PCR System
(Applied Biosystems, Carlsbad, CA, USA) in 50-μl reactions using 5 μl of cDNA (50 ng of
input total RNA), 300 nM each of forward and reverse primer and 1× FastStart SYBR
Green PCR Master Mix (Roche). Expression levels of the genes of interest were
normalized to GAPDH. The QPCR cycling parameters consisted of 1 cycle of 95°C for
10 min and 40 cycles of 95°C for 15 s and 60°C for 1 min. On a given 96-well plate,
target and control normalizing genes were run in triplicate. The CT (threshold cycle of
amplification) values were determined using the 7300 Real-Time PCR System RQ Study
Software (Version 1.3.1) (Applied Biosystems). To determine fold change in expression
levels, the comparative CT method was used using the formula 2−ΔΔCT.

2.7. Western blotting

Immunoblotting was performed essentially as described previously [26]. After
24 h of treatment with γ-T3, adherent and floating cells were collected. Whole cell
extracts (total cell homogenates) were prepared by lysing of cells in radioimmune
precipitation assay buffer, and proteins were separated on a 4%–20% gradient sodium
dodecyl sulfate gel (Pierce), followed by transferring of proteins to polyvinylidene
difluoride membranes (0.45 μm, Immobilon-P, Millipore, Billerica, MA, USA). Mem-
branes were immunoblotted with the appropriate primary antibody and peroxidase-
conjugated secondary antibody. The antigen–antibody complex was determined using
the ECL detection assay (Amersham/GE Life Sciences, Piscataway, NJ, USA). EachWestern
blot was repeated at least three times. Representative Western blots are shown.

2.8. Statistical analyses

Cell proliferation experiments were performed in six replicates. Cell cycle and
reverse transcriptase (RT)-PCR experiments were performed in triplicates. Student's
t test was used to analyze treated vs. untreated cells. Results were expressed as
averages±S.D. Pb.05 was considered significant. Statistical analysis of microarray data
was performed as described above.
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3. Results

3.1. Effects of α- and γ-T3s on the proliferation of human breast
cancer cells

We compared the effects of α- and γ-T3 on the viability of MCF-7
andMDA-MB 231 cells usingWST-1 assay. Bothα- and γ-T3 inhibited
cell proliferation in a dose-dependent manner when treated with 10–
40 μM of each T3 for 24 h (Fig. 1A, B). γ-T3 exhibited a slightly better
cell growth inhibitory effect at 20–40 μM as compared with α-T3 in
both the cell lines (Pb.05). The inhibitory effect of γ-T3 on MCF-7 and
MDA-MB 231 cells was also confirmed by trypan blue dye exclusion
assay (data not shown). We concentrated our studies on γ-T3 in
subsequent experiments. Next, we compared the effects of γ-T3 on
human breast cancer (MCF-7 and MDA-MB 231) with normal breast
epithelial cells (MCF-10A). As shown in Fig. 1C, at 24 h, γ-T3 did not
inhibit the growth of MCF-10A cells, suggesting a cancer-specific
effect of γ-T3 on cell proliferation. The estrogen receptor status and
p53 status have been shown to affect the sensitivity of cancer cell
lines to various chemotherapeutic and chemopreventive compounds.
We compared the growth inhibitory effects of γ-T3 on estrogen
receptor-positive, p53 wild-type MCF-7 and estrogen receptor-
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Fig. 1. α- and γ-T3s inhibit the proliferation of MCF-7 and MDA-MB 231 breast cancer
cells without affecting the proliferation of normal immortalized mammary MCF-10A
cells. (A and B) γ-T3 is slightly more effective in inhibiting cell proliferation of both
cells lines. (C) γ-T3 inhibits cell proliferation in both MCF-7 and MDA-MB 231 cells
with similar efficacy, while no affect on the proliferation of normal immortalized
mammary MCF-10A cells was seen. (D) γ-T3 inhibits the proliferation of MCF-7 cells in
a time- and dose-dependent manner. Cells were seeded at a density of 3000 cells/well
in a 96-well plate and treated with DMSO control or different concentrations of α- and
γ-T3 for indicated time periods. Cell proliferation was determined by WST-1 assay
(Roche). A representative of 3 experiments performed in six replicates each is shown.
Pb.05 was considered significant.

Fig. 2. (A) γ-T3 treatment of MCF-7 cells causes a modest G-1 arrest. MCF-7 cells were
treated with DMSO control (white bars) or 40 μM of γ-T3 (black bars) for 24 h, and cell
cycle distribution was determined by flow cytometry (representative of three
experiments, n=3, Pb.05). (B) Effects of γ-T3 on cell cycle regulatory proteins. (C)
γ-T3 induces apoptosis in MCF-7 and MDA-MB 231 cells. Expression of cell cycle
regulatory proteins, cyclin D1, D3, CDK4 and apoptosis indicators, cleaved-PARP and
cleaved-caspase 7, was determined by immunoblotting. β-Actin and GAPDH antibodies
were used as loading control.
negative and p53 mutant MDA-MB 231 cells. γ-T3 inhibited the
growth of both cell lines in a comparable fashion, suggesting that the
growth inhibitory properties of γ-T3 are independent of the p53 or
estrogen receptor status (Fig. 1C). To further study the effects of γ-T3
in a time-dependent manner, we treated MCF-7 cells with 5–40 μMof
γ-T3 for 24, 48 and 72 h. γ-T3 inhibited the growth of MCF-7 cells in a
time- and dose-dependent manner (Fig. 1D).

3.2. Treatment with γ-T3 causes G1 arrest and induction of apoptosis

We examined the cell cycle profile of MCF-7 cells treated with
γ-T3. Twenty-four-hour treatment with 40 μM γ-T3 resulted in a
modest G1 arrest. Microarray data also revealed cell cycle regulated
genes as one of the top five categories of altered functions. To study
the modulation of cell cycle regulatory proteins, we examined the
expression of cyclin D1/D3 and CDK4 by immunoblotting. D- and
E-type cyclins and their dependent kinases CDK4/6 play essential
roles at the restriction point during G1-S transition of the cell. As
shown in Fig. 2B, the G1 arrest caused by γ-T3 treatment was asso-
ciated with down-regulation of cyclin D1/D3 and CDK4.

To determine whether γ-T3 induces apoptotic cell death, we
analyzed MCF-7 cells for PARP cleavage and cleaved caspase-7, well-
established apoptotic markers. Treatment of MCF-7 cells with γ-T3
resulted in increased cleaved PARP and caspase-7 proteins (Fig. 2B
and 2C). As shown in Fig. 2C, γ-T3 also induced apoptosis in MDA-
MB231 cells.

3.3. γ-T3 modulates multiple gene functions and signaling pathways in
MCF-7 breast cancer cells

To identify the molecular targets and signaling pathways
modulated by γ-T3, MCF-7 cells were treated with DMSO control or
40 μM of γ-T3, and gene expression changes were examined by
Affymetrix microarray analysis. Microarray data analysis identified
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527 probe sets that were differentially expressed with N1.5-fold
change (Pb.001 and FDRb.023). The complete data set for micro-
array data is available in the public database Gene Expression
Omnibus repository (accession number: GSE21946). Ingenuity
analysis of 527 probe sets selected 266 genes in various functional
categories and several canonical pathways. Further narrowing down
the differentially expressed genes with N2.0-fold change resulted in
127 probe sets that were used in further analysis. One hundred
fourteen probe sets were up-regulated and 13 were down-regulated
by N2.0-fold upon γ-T3 treatment for 24 h. The top molecular and
Fig. 3. (A) Top 10 functional categories that were modulated in 40 μM γ-T3-treated MCF-7 ce
differentially expressed genes in microarray data. Data were analyzed by IPA software. The inte
White node represents a gene that was not identified as a differentially expressed gene and i
of the genes in this network were up-regulated as indicated by fold change and upward ar
cellular functional categories identified were cellular growth and
proliferation, cell death, cell cycle, cellular development, cellular
movement and gene expression. In order to identify the biological
mechanisms involved in response to γ-T3 treatment, 127 probe sets
were further analyzed by Ingenuity, which suggested modulation of
canonical signal transduction or metabolic pathways such as NRF-2-
mediated oxidative stress response, TGF-β signaling and endoplas-
mic reticulum (ER) stress response pathway (Fig. 3). A selective list
of genes induced or repressed by γ-T3 is shown in Table 1. Activa-
tion of ER stress signaling has been demonstrated in anticancer
lls as analyzed by IPA software. (B) Network of the molecular relationship of selected
nsity of the node color indicates up-regulated (red) and down-regulated (green) genes.
s not part of our data set, but is included in the network though other genes. Majority
row.
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Table 1
Selected differentially modulated genes inMCF-7 cells after γ-T3 (40 μm) treatment for
24 h

Gene symbol Description Fold
change

ER stress
ATF3 Activating transcription factor 3 16.76104
DDIT3/CHOP/GADD153 DNA-damage-inducible transcript 3 8.294404
DNAJB9/ERDJ4 DnaJ (Hsp40) homolog, subfamily B, member 9 7.424944
HERPUD1 Homocysteine-inducible, ER-stress-inducible,

ubiquitin-like domain member 1
4.355322

PHLDA1 Pleckstrin homology-like domain,
family A, member 1

4.127389

PPP1R15A/GADD34 Protein phosphatase 1, regulatory
(inhibitor) subunit 15A

2.75497

DUSP6 Dual specificity phosphatase 6 2.609884
HSPA5 Heat shock 70-kDa protein 5

(glucose-regulated protein, 78 kDa)
2.544269

EIF2AK3/PERK Eukaryotic translation initiation
factor 2-alpha kinase 3

2.522865

Others
INHBE Inhibin, beta E 14.74111
ANG Angiogenin, ribonuclease, RNase A family, 5 5.37427
CLGN Calmegin 4.113258
ANG Angiogenin, ribonuclease, RNase A family, 5 3.72196
EGR1 Early growth response 1 3.705403
CAMTA2 Calmodulin binding transcription activator 2 3.528805
EGR1 Early growth response 1 3.466066
GDF15 Growth differentiation factor 15 3.449369
STCH Stress 70 protein chaperone,

microsome-associated, 60kDa
2.836486

HRK Harakiri, BCL2 interacting protein
(contains only BH3 domain)

2.650593

GADD45A Growth arrest and DNA-damage-inducible,
alpha

2.642888

JUN Jun oncogene 2.37199
TGIF1 TGFB-induced factor homeobox 1 2.216848
GPR87 G-protein-coupled receptor 87 2.094095
ARF4 ADP-ribosylation factor 4 2.090843
ANXA1 Annexin A1 2.019521
MYBL1 V-myb myeloblastosis viral oncogene

homolog (avian)-like 1
−2.00495

MEGF9 Multiple EGF-like-domains 9 −2.01284
SOX11 SRY (sex determining region Y)-box 11 −2.02478
RET Ret proto-oncogene −2.13753

Fig. 4. (A) Validation of four differentially expressed genes by real-time RT-PCR in
control and γ-T3 (20 and 40 μM)-treated MCF-7 cells. The transcript levels were
normalized to GAPDH gene. The data are computed as ratio of indicated genes in γ-T3-
treated cells relative to DMSO control treatments (representative of three experiments
performed in triplicate, Pb.05, mean±S.E.M. shown). (B) Validation of ATF3, BiP and
CHOP proteins in MCF-7 and MDA-MB 231 cells by Western blotting. MCF-7 cells:
shown are ATF3 and its loading control; GAPDH loading control (lower panel) for Bip
and CHOP. MDA-MB 231 cells: ATF3 blot and its loading control GAPDH; Bip and CHOP
with their loading controls β-tubulin and GAPDH, respectively.
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activities of various chemotherapeutic and chemopreventative
compounds. The microarray data analysis revealed that γ-T3 treat-
ment modulated several key components of ER stress pathway such
as DNA damage-inducible transcript 3 (DDDIT3; also known as
GADD153 or CHOP), ATF4, the chaperones HSPA5 (also known as
GRP78 or BiP) and HSP90B1 (also known as GRP94), EIF2AK3, PERK,
HERPUD1 and PHLDA1. A number of immediate early response
genes such as ATF3 (18.5-fold), Fos (2.14-fold), Jun (2.02-fold) and
Egr1 (3.86-fold) were also modulated by γ-T3. To validate the gene
expression data, we randomly selected four genes (ATF3, HERPUD1,
S100P and INHBE) with higher fold change values and analyzed
their expression in DMSO control and γ-T3-treated MCF-7 cells by
real-time RT-PCR. As shown in Fig. 4A, the selected genes were
highly induced in γ-T3-treated MCF-7 cells compared to the con-
trols. ATF3 and HERPUD1 have been implicated in ER stress. S100P
is a small calcium binding protein, and INHBE is a member of the
activin beta family. To further validate our findings at the
translational level, we examined the expression of ATF3, GRP78/
BIP and CHOP on MCF-7 cells treated with γ-T3. ATF3, GRP78/BiP
and CHOP were up-regulated in MCF-7 cells upon γ-T3 treatment
(Fig. 4B). We asked whether γ-T3 induces a similar response in
triple-negative MDA-MB 231 cells. Similar to MCF-7 cells, γ-T3
treatment increases the expression of GRP78, ATF3 and CHOP in
MDA-MB 231 cells, suggesting activation of a common pathway in
both cells lines (Fig. 4B).
3.4. γ-T3 induces ER stress and modulates multiple unfolded protein
response pathways

Gene expression data suggested modulation of multiple ER-stress-
related pathways in response to γ-T3. To further validate the gene
expression data and investigate the ER stress pathways induced by
γ-T3, we studied the expression of ER-stress-related proteins in MCF-
7 and MDA-MB 231 cells treated with γ-T3. We used tunicamycin, a
known inducer of ER stress as a control treatment. Endoplasmic
reticulum stress signaling involves specific unfolded protein response
(UPR) that is modulated by three UPR signaling pathways initiated by
PERK (PKR-like ER kinase), IRE1α/β and ATF6α/β. Treatment with
40 μM γ-T3 resulted in the activation of PERK and pIRE1α (Fig. 5) in
both MCF-7 and MDA-MB 231 cells. No significant change was
observed in the expression of ATF6. Next we analyzed the phosphor-
ylation of eukaryotic initiation factor 2α (eIF2α). Activated PERK
phosphorylates eIF2α that attenuates messenger RNA (mRNA)
translation and reduces the load of protein synthesis. Phosphorylation
of eIF2α is recognized as the most important event during ER stress.
As shown in Fig. 5, at 40 μM γ-T3, expression and phosphorylation of
eIF2αwere higher in both cell lines. Phosphorylation of eIF2α leads to
the expression of ATF4 that up-regulates multiple UPR-related genes
such as GADD153, ATF3 and GADD34. To analyze the downstream
effectors of eIF2α, we analyzed the expression of ATF4 and its
downstream targets. Treatment with 40 μM γ-T3 for 24 h induced the
expression of ATF4 in both MCF-7 and MDA-MB 231 cells consistent
with transcriptional induction of several ATF4 targets such as
GADD153/CHOP and ATF3 in MCF-7 cells. As mentioned earlier,
γ-T3 treatment did induce the expression of both CHOP and ATF3 at
both transcriptional as well as translational level.
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Fig. 5. Modulation of multiple ER stress signaling pathways by γ-T3. MCF-7 andMDA-MB 231 cells were treated with indicated concentrations of γ-T3 for 24 h. Expression of ER-stress-
related proteins was determined by Western blot analysis. GAPDH and β-tubulin antibody were used for loading control. Tunicamycin treatment was used as a positive control for
inducing ER stress signaling.
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3.5. ATF3 plays an essential role in γ-T3 induced apoptosis in MCF-7 cells

Activating transcription factor 3 is an ER-stress-related early
response gene that is highly elevated (16.8-fold) in gene expression
analysis of MCF-7 cells treated with 40 μM γ-T3 for 24 h. Activating
transcription factor 3 is a target of ATF4 and is known to be induced
by certain chemotherapeutic and chemopreventative compounds.
Also, ATF3 has been implicated in the induction of apoptosis by
curcumin in breast cancer cells [27]. We asked whether induction of
ATF3 is essential for apoptosis induced by γ-T3. MCF-7 cells were
transfected with control siRNA or ATF3 siRNA were treated with
40 μM γ-T3 for 24 h. Activating transcription factor 3 siRNA was able
to completely knock down the expression of ATF3 protein. γ-T3
treatment increased ATF3 protein levels and apoptosis in control
siRNA cells as evident by PARP cleavage. PARP cleavage was non-
detectable in ATF3 siRNA cells upon γ-T3 treatment (Fig. 6). Our
data suggest that ATF3 plays an important role in γ-T3-induced
apoptosis in human breast cancer cells.

4. Discussion

Tocotrienols have gained attention due to their powerful antican-
cer, neuroprotective and cholesterol-lowering properties not exhib-
Fig. 6. ATF3 is essential for γ-T3-induced apoptosis in MCF-7 cells. MCF-7 cells were
transfected with control siRNA or ATF3 siRNA for 24 h. The cells were treated 24 h
posttransfection with 40 μM γ-T3, and PARP cleavage and cyclin D1 were determined
by Western blotting.
ited by Ts [1]. The accumulation of T3s in the cells is much greater
than Ts; this might be one of the reasons that T3s have more
significant effects than Ts [2]. Tocotrienols inhibit the growth of
various cancer cell lines without affecting the growth of normal cells
[5,6]; our results confirmed that, at higher concentrations of γ-T3,
only the growth of breast cancer cell lines MCF-7 and MDA-MB 231 is
inhibited, while the normal breast epithelial cells, MCF-10A, remain
unaffected. Molecular mechanisms involved in the growth inhibitory
effects of γ-T3 are poorly understood. Multiple mechanisms of cell
growth inhibition by γ-T3 have been suggested including cell cycle
arrest, inhibition of NF-kB and AKT pathways, induction of mito-
chondria dependent apoptosis and reduced angiogenesis [28]. This
study was undertaken to identify molecular targets of γ-T3 by gene
expression microarray analysis. Effects of α- and γ-T3s were studied
on MCF-7 and MDA-MB 231 breast cancer cells. Both compounds
exhibited a time- and dose-dependent inhibition in the two cell lines,
with γ-T3 being slightly more effective thanα-T3. In accordance with
previous studies, we have demonstrated that γ-T3 induces apoptotic
cell death in both MCF-7 and MDA-MB 231 cell lines, suggesting that
the mechanisms involved may be independent of ER/PR/HER status
[7–9]. Tocotrienols induce cell cycle arrest in G1/S and G2/M phase
depending on the cancer cell type [29–33]. We observed a modest G1
arrest in MCF-7 cells treated with 40 μM γ-T3 along with down-
regulation of cyclin D1, its regulating kinase CDK4 and cyclin D3, the
regulating subunit of CDK4, suggesting a possible mechanism for G1
arrest. Loss of cyclin D1/CDK4 and reduced phosphorylation of Rb
have been reported in MDA-MB 231 cells treated with δ-T3 [33]. We
noticed that cyclin D1 down-regulation was more pronounced at 20
μM than 40 μM γ-T3. Further investigations are being carried out in
our laboratory to address this phenomenon. Proteasomal degradation
of cyclin D1 during cell cycle regulation has been reported and could
explain the loss of cyclin D1 [34]. Cyclin D1 loss was not dose
dependent and may be due the proteasomal inhibitory effects of γ-T3
[35]. Redundancy and compensationmechanisms have been reported
between cell cycle proteins that may also explain the modest G1
arrest when treated with 40 μM γ-T3 [36]. To further study the
molecular targets of γ-T3, we performed a genomewide gene
expression study in MCF-7 cells treated with 40 μM γ-T3. Previous
studies reporting gene expression data were performed using TRF of
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palm oil and not with the purified T3s [37]. Gene expression studies
using purified γ-T3 on breast cancer cells are likely to discover novel
targets and further validate the existing targets. Microarray data
analysis revealed the modulation of genes involved in immediate
early response and ER stress response. One of the prominent genes
that we found was ATF3 gene, which is the target gene for ATF4
involved in ER stress response. We also demonstrate that, similar to
previous studies on other chemopreventive agents, ATF3 is essential
for γ-T3-induced apoptosis in MCF-7 cells (Fig. 6). Our data support
previous observations that the effectors of ER stress such as CHOP
have been shown to be modulated by TRFs of palm oil [37]. Three
different pathways initiated by PERK (PKR-like ER kinase), IRE1α/β
and ATF6α/β have been suggested for ER stress. We investigated the
key molecules involved in the three pathways to determine the
pathway(s) that are active in γ-T3-induced apoptosis. We observed
an up-regulation of ER chaperon GRP78/Bip, ATF-4, PERK protein
kinase and type I ER transmembrane protein IRE1α in bothMCF-7 and
MDA-MB 231 cells treated with 40 μM γ-T3. These ER-stress-related
proteins were greatly diminished in MCF-7 cells at 80 μM, which may
be due to increased cell death. In response to ER stress, ER chaperone
GRP78/Bip releases the ER proteins and binds to unfolded proteins,
causing the activation of PERK. Once activated, PERK phosphorylates
eIF2α, which in turn causes the suppression of general protein
synthesis and reduces the protein load on the ER. However, this
mechanism allows up-regulated synthesis of selective proteins such
as ATF4 transcription factor that modulates other key ER stress effec-
tors such as ATF3 and CHOP to induce apoptosis, one of the possible
mechanisms in γ-T3-induced apoptosis.

IRE1α is another core component of the UPR that is induced upon
ER stress. It is an endonuclease that splices mRNA for XBP-1 tran-
scription factor transcribing genes important in protein folding and
degradation to restore the ER function. In contrast, ATF6 activation
is triggered by translocating to the Golgi where it is cleaved, re-
sulting in an active transcription factor that induces prosurvival
genes. We did not observe any ATF6 modulation in response to γ-T3
treatment. Our study suggests that γ-T3 activates at least two UPR
pathways: PERK and IRE1α. While this manuscript was in prepara-
tion, two independent groups have also demonstrated recently that
γ-T3 induces ER stress in breast cancer cells [38,39]; however,
our approach is still unique, as we studied genomewide
expression to γ-T3 treatment in MCF-7 breast cancer cells that
identified several putative novel mediators of the anticancer effect
of γ-T3 that can be exploited in future studies. Furthermore, we
demonstrated that ATF3 is an essential contributor to the
proapoptotic response of γ-T3.
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