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Upregulation of pERK and c-JUN by γ-tocotrienol
and not α-tocopherol are essential to the differential
effect on apoptosis in prostate cancer cells.
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Abstract
Background: α-tocopherol (AT) and γ-tocotrienol (GT3) are vitamin E isoforms considered to have
potential chemopreventive properties. AT has been widely studied in vitro and in clinical trials with mixed
results. The latest clinical study (SELECT trial) tested AT in prostate cancer patients, determined that AT
provided no bene�t, and could promote cancer. Conversely, GT3 has shown antineoplastic properties in
several in vitro studies, with no clinical studies published to date. GT3 causes apoptosis via upregulation
of the JNK pathway; however, inhibition results in a partial block of cell death. We compared side by side
the mechanistic differences in these cells in response to AT and GT3.

Methods: The effects of GT3 and AT were studied on androgen sensitive LNCaP and androgen
independent PC-3 prostate cancer cells. Their cytotoxic effects were analyzed via MTT and con�rmed by
metabolic assays measuring ATP. Cellular pathways were studied by immunoblot. Quantitative analysis
and the determination of relationships between cell signaling events were analyzed for both agents
tested. Non-cancerous prostate RWPE-1 cells were also included as a control. 

Results: The RAF/RAS/ERK pathway was signi�cantly activated by GT3 in LNCaP and PC-3 cells but not
by AT. This activation is essential for the apoptotic affect by GT3 as demonstrated the complete
inhibition of apoptosis by MEK1 inhibitor U0126. Phospho-c-JUN was upregulated by GT3 but not AT. No
changes were observed on AKT for either agent, and no release of cytochrome c into the cytoplasm was
detected.  Caspases 9 and 3 were e�ciently activated by GT3 on both cell lines irrespective of androgen
sensitivity, but not in cells dosed with AT. Cell viability of non-cancerous RWPE-1 cells was affected
neither by GT3 nor AT.

Conclusions:

c-JUN is a recognized master regulator of apoptosis as shown previously in prostate cancer. However, the
mechanism of action of GT3 in these cells also include a signi�cant activation of ERK which is essential
for the apoptotic effect of GT3. The activation of both, ERK and c-JUN, is required for apoptosis and may
suggest a relevant step in ensuring circumvention of mechanisms of resistance related to the constitutive
activation of MEK1.  

Background
Prostate cancer is the most common malignancy in males, accounting for 19% of new cancer cases in
males and 29,430 deaths in 2018 [1]. Most forms are either curable using local interventions, or indolent
requiring timely surveillance. However, some forms are aggressive and metastasize to bones and other
organs, leading to early morbidity and mortality [2]. Epidemiological studies suggest that disease
progression may be associated to environmental factors and lifestyle, with a speci�c emphasis on diet
[3]. Thus, prostate cancer prevalence and behavior makes it an ideal target for chemoprevention, or the
use of chemical agents to disrupt progression of the disease to invasive cancer [4]. Among potential
antineoplastic agents, antioxidants are known to exert protective mechanisms on healthy cells that may
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prevent disease progression.  Vitamin E is an antioxidant, abundant in certain nuts, whole grains, and
vegetables. It is an essential lipid-soluble vitamin composed of eight isoforms, four tocopherols and four
tocotrienols (α, β, δ, and γ for each of these). Among these isoforms, α-tocopherol (AT) has the highest
bioavailability [5] and its properties have been evaluated in clinical studies. Indeed, AT was the earliest
isoform to be considered as a potential agent in prostate cancer prevention in male smokers in a study.
However, AT was used as a  synthetic all-racemic-alpha tocopheryl acetate (rac-ATA) form with very
promising bene�cial results [6] thus gaining the acceptance of this synthetic molecule. Rac-ATA was used
recently in the Selenium, Vitamin E and Prostate Cancer Chemoprevention Trial (SELECT), with very
different outcomes [7]; it was concluded that this synthetic form of AT alone or in combination with
selenium has no chemo preventive properties, and in fact could promote prostate cancer. The SELECT
trial was not the �rst clinical study that showed a lack of antineoplastic effects by AT, in fact it con�rmed
the results obtained in the Women Health Study, which used a natural source of AT in cancers of the lung,
breast and colon [8]. Conversely, an extensive number of research studies in vitro and in animal models
suggest that tocotrienols have important antineoplastic effects in cancers of the breast, liver, pancreas,
and prostate, but no clinical studies have evaluated their potential therapeutic use. Among the
tocotrienols, γ-tocotrienol (GT3) has been studied in cancers of the breast, pancreas and prostate [9],
where it has shown that it inhibits cell proliferation and cell invasion via chemotherapy sensitization, and
by suppressing EGFR, NF-κB, and Id proteins, and activating the JNK signaling pathway and caspases 9
and 3. While these studies suggest GT3 as a potential chemopreventive agent that may be useful as an
adjunctive treatment option for some forms of prostate cancer, the role of the RAF/RAS/ERK MAPK
pathway and the relationship with other signaling cascades has not been clearly established. Here we
present the speci�c mechanistic differences between AT and GT3 in both androgen-sensitive and
androgen-independent prostate cancer cells and its multipronged effect on crucial cell signaling
pathways affecting proliferation and survival.

Methods
Cell lines and culture conditions

The androgen independent PC-3 prostate cancer cell line, derived from a bone metastasis of a grade IV
human prostatic adenocarcinoma displaying epithelial morphology, and the androgen sensitive LNCaP
prostate cancer cells, derived from a left supraclavicular lymph node of human prostate carcinoma, were
purchased from the American Type Culture Collection (Manassas, VA), and maintained as recommended
by the supplier. Brie�y, the cells were grown in RPMI1640 supplemented with 10% FBS, and
penicillin/streptomycin (Life Technologies, Grand Island, NY). RWPE-1 primary prostate epithelial cells
were purchased from Lonza Bioscience (Basel, Switzerland) and grown as instructed, in keratinocyte SFM
medium supplemented with growth factors (Fisher Scienti�c, Waltham, MA). For cytotoxicity and
metabolism activity assays, the cells were seeded on 96 well plates at a density of 5x103 cells/well. For
immunoblotting experiments, the cells were seeded on 60 mm plates at a density of at 5x105 cells/cm2.

Reagents                                                                                                                                  
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GT3 (98% pure), was purchased from Cayman Chemical (Ann Arbor, MI).The concentration of GT3 in
ethanol was determined using an HP-8542A diode array spectrophotometer with the following maximum
wavelengths (λmax) and molar extinction coe�cients (ε): GT3 λmax 298 nm,

ε = 4230. AT (97% pure) was purchased from Tama Biochemical (Tokyo, Japan), its concentration was
determined in the same fashion as for GT3.

MTT assay

LNCaP, PC-3, and RWPE-1 cells were dosed with GT3 or AT at concentrations of 10, 20, 40, 60, and 80 µM.
After treatment, 3-(4, 5-methylthiazol-2-yl)-2, 5-diphenyl-tetrazolium bromide (MTT) was added and
incubated for 3 hours (Invitrogen, Carlsbad, CA). Formazan products were solubilized with acidi�ed SDS
overnight. Optical density was measured at 570 nm using a Spectramax Plus spectrophotometer
(Molecular Devices, Sunnyvale, CA, USA). All experiments were done at least three times.

Cell viability assay by measuring the presence of ATP

Cells on tissue culture 96 well plates were treated with either GT3 or AT in concentrations of 10, 20, 40, 60,
and 80 µM; dissolution vehicle was ethanol. Following 6, 12 and 24 hours of treatment, cells were allowed
to come to room temperature before adding 100 µL/well of CellTiter Glo® reagent from Promega
(Madison, WI, USA) that measures ATP via a luciferase reaction. Luminescence indicative of the presence
of ATP was measured on a luminometer (Promega).

Western blot analysis

LNCaP, PC-3, and RWPE-1 cells were treated with indicated concentrations of GT3, AT, or vehicle as a
control for 6 or 12 hours. Harvested cells were lysed with RIPA Buffer (150 mM NaCl, 1% sodium
deoxycholate, 1% Triton, 0.1% SDS, 10mM Tris, 100µM sodium orthovanadate, 50mM sodium �uoride)
containing phosphatase and protease inhibitors (Sigma, St. Louis, MO). The protein concentrations of the
cell lysates were determined by the BCA protein assay (Cytoskeleton, Denver, CO).The samples were run
in SDS-PAGE and blotted onto nitrocellulose or PVDF membranes (Pall Life Sciences, Ann Arbor, MI).
Blotted membranes were processed according to recommended protocols for each antibody against total
and phosphorylated forms of ERK (9101 and 9102), c-JUN (9165 and 9164), BAD (5284), and
mitochondrial marker COX IV, clone 3E11(Cell Signaling, Danvers, MA, USA). Antibodies against AKT,
clone SK703 (EMD Millipore, Billerica, MA), cytochrome C clone 7H8.2C12 (BD Biosciences, San Jose,
CA), and actin from Sigma (St. Louis, MO). Caspase activation was analyzed with anti- cleaved caspase
3, and cleaved caspase 9 from Cell Signaling (clones 5A1E, D2D4), Abcam and R&D systems. The signal
of primary monoclonal or polyclonal antibodies was detected using a�nity–puri�ed secondary
antibodies with no cross-reactivity with other species, coupled to peroxidase (Pierce and Promega,
Fitchburg, WI, USA) and analyzed by a chemiluminescent system. The intensities of the bands on x-ray
�lm were estimated by digitizing the image using Image J, and were compared against a control.
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Statistical analysis

Data are represented as the mean ± SE. Comparisons were done relative to the control, and analyses were
run by Student's t test when comparing against a control, or ANOVA followed by Bonferroni test when
comparing two treatment groups. p < 0.05, p< 0.01 and p< 0.001 indicate statistical signi�cance.
(GraphPad Prism 7, La Jolla, CA). The data are shown with error bars representing standard deviation.

Results
GT3 inhibits cell viability in a time and dose dependent manner in androgen-sensitive LNCaP and
androgen-independent PC-3 prostate cancer cells, but not AT. Recent �ndings indicate that AT may
promote proliferation of prostate cancer cells [7]. Conversely, it has been reported that GT3 may cause
apoptosis on prostate cancer cells [9]. To test whether these effects are sustained and time dependent
LNCaP and PC-3 prostate cancer cells were dosed with either GT3 or AT at concentrations ranging from 5
- 80μM. MTT and cell viability assays detecting the presence of ATP were run at six and twelve hours
after dosing. Both assays revealed similar trends; the results shown in Figure 1 are of MTT data.  At six
hours, LNCaP (Figure 1A) and PC3 (Figure 1B) cells dosed with AT show a constant trend towards
sustaining cell viability and slight increase in proliferation at 80μM. The effect of GT3 at lower
concentrations is similar to that of AT. However, a downward trend is apparent at concentrations above
40 μM suggesting loss of cell viability and inhibition of metabolic activity. The MTT and metabolic
activity assays at twelve hours after dosing show that the effects observed at six hours continue their
trend, with a signi�cantly larger difference in the effect of AT and GT3 on both cell lines at concentrations
above 40μM (Figure 1C and 1D). Previous studies on prostate, have reported no inhibition of cell viability
on normal cells. This observation is con�rmed via MTT and metabolic activity assays on non-cancerous
prostate cells RWPE-1 after dosing with AT or GT3 (Figure 1E). 

Activation of both, ERK and c-JUN are observed in LNCaP and PC3 cells after treatment with GT3 but not
AT. It has been reported that GT3 activates the c-JUN N-terminal kinase JNK signaling pathway in
prostate cancer cells, with the subsequent phosphorylation of c-JUN [9]. In this study, it was shown that
the addition of a speci�c JNK inhibitor was able to block partially the activity of the protein, suggesting a
potential additional source of activation by GT3. Since ERK1/2 can phosphorylate c-JUN[10] we decided
to probe the phosphorylation status of these proteins via immunoblot after dosing LNCaP and PC3 cells
with GT3 or AT. Analysis of LNCaP cells show a 1.98 fold increase in the levels of  the phosphorylated
form of ERK after dosing with 80μM of GT3 as compared to the control (Figure 2A). Phospho-c-JUN
follows a similar trend, and its levels increase 1.45 and 1.32 fold after dosing with 60 and 80μM of GT3
(Figure 2C). Conversely, in cells dosed with AT, the phosphorylated form of ERK is signi�cantly lower (-
22.68%) at 80μM, and a dramatic decrease (-68%) for phospho-c-JUN (Figures 2B and 2D). There is no
change in the levels of ERK and cJUN as evidenced after normalization with β-actin (Figure S1,
supplemental data). As in LNCaP cells, a similar trend is observed in PC3 cells. The expression levels of
phospho-ERK show a signi�cant fold increase of 3.71, 4.57, and 5.29 after dosing with GT3 at
concentrations of 40, 60 and 80μM respectively (Figure 3A).  The levels of the phosphorylated form of c-
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JUN show an appreciable fold increase of 1.50 and 1.69 at 60 and 80μM, respectively.  (Figure 3C). In the
case of AT, there is no signi�cant change in these proteins after dosing (Figures 3B and 3D). There is no
change in the levels of ERK and cJUN as a result of treatment of PC3 cells with GT3 or AT, as evidenced
after normalization with β-actin (Figure S2, supplemental data). 

Neither GT3 nor AT has an effect on the expression levels of the activated form of AKT on LNCaP and
PC3 cells. To test whether GT3 or AT have an effect on cell survival via the PI3K pathway, we determined
the expression levels of the phosphorylated form of AKT at serine 473, a survival marker. LNCaP (Figures
2E and 2F) and PC3 cells (Figures 3E and 3F) dosed with GT3 or AT showed no signi�cant changes on
the expression levels of phospho-AKT as compared to the control, within the concentration range tested.
There is no change in the levels of AKT in LNCaP and PC3 cells treated with GT3 or AT as evidenced after
normalization with β-actin (Figures S1, and S2 supplemental data). In the case of non-cancerous prostate
cells RWPE-1, there is no signi�cant change on the activated forms of ERK (Figure 4B), c-JUN (Figures 4C
and 4D), or AKT (Figures 4E and 4F) after treatment with GT3 or AT, except for phospho-ERK after
treatment with GT3 80μM, which shows a fold increase of 3.08 (Figure 4A).

There is also no change in ERK, c-JUN, and AKT after treatment of these cells with GT3 or AT (Figure S3,
supplemental data).  

There is no signi�cant change in the activated form of BAD in LNCaP and PC3 cells dosed with GT3 or
AT. The loss of phosphorylation of BAD allows it to bind BCL-XL and BCL2 and exert its apoptotic effect
[11]. There are two phosphorylation sites on BAD, serine 136 and serine 112. It has been reported that the
phosphorylation of serine 136 is dependent on phospho-AKT [12]. We have shown above that there is no
change in this protein, and we were unable to detect phospho BAD serine 136 under the described
experimental conditions (results not shown). The phosphorylation of BAD at serine 112 requires the
activation of the RAF/RAS/ERK pathway[13] and changes may be detectable if the targeted pathway
includes mitochondrial involvement. LNCaP and PC3 cells dosed with GT3 show no signi�cant change
on the expression levels of phospho-BAD at serine 112 (Figures 5A and 5E). When LnCaP and PC3 cells
are dosed with AT, a downward trend in the expression levels of this activated form is observed.
Statistical analysis of at least three assays show signi�cant decrease ( ≈56% and 38% ) for PC3 when
the cells are dosed with 60 and 80μM of AT, respectively (Figure 5F, but not for LNCaP cells (Figure 5B). 

There is no evidence of release of cytochrome c into the cytoplasm in LNCaP and PC3 cells dosed with
GT3 or AT. To test whether the intrinsic pathway of apoptosis is activated by GT3 or AT, we analyzed the
levels of cytochrome c in the cytoplasm and the mitochondrial fraction after dosing LNCaP and PC3 and
found no signi�cant change as compared to the control for either GT3 (Figures 5C and 5G) or AT (Figures
5D and 5H). We used COX IV as a mitochondrial marker to con�rm the validity of the fractions obtained. 

GT3 activates caspases 9 and 3 in LNCaP and PC3 cells but not AT. The MTT and metabolic assays
above had shown the inhibition of cell viability of LNCaP and PC3 cells by GT3. To test whether caspases
9 and 3 were involved in this process, we dosed the cells with GT3 or AT at the indicated concentrations.
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GT3 caused cleavage of caspases 9 above concentrations of 60μM in both LNCaP and PC3 cells (Figures
6A and 6E). Caspase 3 activation is observed above 60 and 80 μM in LNCaP and PC3 cells respectively
(Figures 6C and 6G). Conversely, AT causes no detectable effects on caspase 9 after dosing LNCaP and
PC3 cells as shown in �gures 6B and 6F. Similarly, cleaved caspase 3 is undetectable in these cells when
dosed with AT (Figures 6D and 6H). The observed results are in agreement with caspase activation by
GT3 in prostate cancer cells reported previously [9]. 

The activation of the RAF/RAS/ERK pathway is essential for the inhibition of cell viability of prostate cells
by GT3. To determine whether the observed activation of the ERK MAPK pathway is relevant to the effect
on cell viability of prostate cancer cells by GT3, we used the MEK inhibitor U0126. As shown on Figures
7A and 7B, treating LNCaP and PC3 cells with U0126 completely precludes the cytotoxic effect of GT3,
suggesting that the phosphorylation of ERK is required for causing apoptosis in these cells.  Non-
cancerous prostate RWPE-1 cells treated with inhibitor U0126 and GT3 show no difference to cells dosed
with GT3 alone (Figure 7C).  

The effect of the inhibitor U0126 on ERK phosphorylation was con�rmed by immunoblot of LNCaP cells
treated as described. As expected, the co-treatment of the inhibitor and GT3 show also inhibition of the
phosphorylation of ERK (Figure S4, supplemental data).

Discussion
In vitro studies have shown that inhibition of cell viability of prostate cancer cells by GT3 is the result of a
multipronged effect that involves the activation of the JNK pathway and suppression of NF-κB via
downregulation of EGFR and Id-1. This causes the activation of caspases 9, 8, 7, 3 and PARP cleavage
[9]. Activated c-JUN at serine 73 is one of the components of transcription factor AP-1, involved in
processes conducive to oncogenesis and cancer progression [14] as well as the initiation of apoptosis.
The type of effect observed is cell dependent and is dictated by the characteristics of the molecules
activating AP-1. Apoptosis can be initiated via the activation of both, the JNK and ERK pathways, with the
subsequent formation AP-1 and caspase cleavage [15]. It has been reported that GT3 treatment of
prostate cancer LNCaP and PC3 cells causes upregulation of activated JNK and its target c-JUN via the
downregulation of Id-3 and upregulation of MKK4. However, the use of a SP600125, a speci�c JNK
inhibitor, causes a partial block of the downstream phosphorylation of c-JUN, suggesting an additional
source of activation. Here we have shown a signi�cant upregulation of phospho-ERK, reported to be
required for triggering apoptosis, thus circumventing mechanisms of resistance associated with
constitutive activation of MEK1 [16]. Apoptotic effects involving the activation of both, c-JUN and ERK
have been previously observed in LNCaP and PC3 prostate cancer cells treated with isothiocyanates,
compounds present in cruciferous vegetables [15].  Our studies with inhibitor U0126, suggest that the
phosphorylation of ERK is essential for the activation of caspases 9 and 3 and subsequent apoptosis of
LNCaP and PC3 cells treated with GT3. However, apoptosis also requires the presence of activated c-JUN
as demonstrated by the effect of AT on these cells, where the sole presence of upregulated phospho-ERK
will not initiate apoptosis. Thus, the inhibition of cell viability by GT3 in prostate cancer cells requires the
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presence of the phosphorylated forms of ERK and c-JUN. Our results also exclude the involvement of the
intrinsic pathway of apoptosis and the subsequent release of cytochrome c from the mitochondria. This
process is initiated by the loss of phosphorylation of BAD at serine 112 or 136. Phospho-ERK is
responsible for the activation of BAD at serine 112, whereas activated AKT at serine 473 is responsible
for the activation of serine 136.  We observed no change in phospho-AKT at serine 473, and were unable
to detect phosphorylated BAD at serine 136. Additionally, there were no changes on the levels of activated
BAD at serine 112 or on the levels of cytochrome c in the mitochondria. The concentrations of vitamin E
isoforms used in this study are in agreement with numerous previous studies and are based on
pharmacokinetic reports. Previously determined levels show that circulating vitamin E concentrations
range from 3 to 20μM giving credence to our treatment concentrations as physiologically relevant [17-19].

Conclusions
The signi�cant upregulation of activated c-JUN in GT3-mediated cell death is consistent with prior
studies [9].  However, c-JUN can be phosphorylated by kinases other than JNK, which may allow GT3 to
evade prostate cancer cell resistance [20].  Prostate cancer cells treated with GT3 display increased
expression of activated ERK which can in turn activate apoptosis regardless of androgen sensitivity. The
relevance of the involvement of these two pathways in the apoptotic process has been previously
observed before in prostate cancer cells treated with isothiocyanates [15]. Caspase activation by GT3 and
subsequent apoptosis is consistent with prior studies [21, 22]. AKT is an important target in prostate
cancer therapy and modulates BAD [23, 24], c-JUN [25] and ERK [26]. However, neither the
phosphorylation of AKT at serine 473 nor the expression levels of the protein are affected by GT3 under
the conditions studied. Sustained activation of the ERK pathway is thought to be one of the mechanisms
behind pro-apoptotic effects of cancer drugs [27]. In fact, the phosphorylated forms of ERK and c-JUN
can trigger apoptosis without involvement of AKT[15].

Abbreviations
GT3: γ-tocotrienol; AT: α-tocopherol; ERK: extracellular-signal-regulated kinase; JNK: c-Jun N-terminal
kinase; SELECT trial: selenium and vitamin E cancer prevention trial; EGFR: epidermal growth factor
receptor; MTT: (3-[4,5-Dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide; PVDF: polyvinylidene
di�uoride; BAD: Bcl-2 agonist of cell death; BCL-XL: B-cell lymphoma-extra-large; SDS: sodium dodecyl
sulfate; SDS-PAGE: sodium dodecyl sulfate–polyacrylamide gel electrophoresis;

Declarations
Ethics approval and consent to participate

Not applicable (this manuscript does not report or involved the use of any animal or human data or
tissue.



Page 9/19

Consent for publication

Not applicable.

Availability of data and materials

All data analyzed during this study are included in this published article. The datasets generated and/or
analyzed during the current study are available from the corresponding author on reasonable request.

Competing interests

The authors declare that they have no competing interests.

Funding

This research was supported in part by several grant sponsors: Alpha Omega Alpha Postgraduate Award,
Fraternal Order of Eagles (3141), and Paul Dishner Chair of Excellence in Medicine Funding, East
Tennessee State University. In addition, our laboratory received endowment funds from the National
Institutes of Health (NIH) grant C06RR0306551. The content is solely the responsibility of the authors and
does not necessarily represent the o�cial views of the NIH.

Authors contributions

CM, and RM, were responsible for experimental design, data analysis, and writing of the manuscript. JL
was responsible for data collection and analysis, and writing of various parts of the manuscript. WS, KK,
and VEP were responsible for conceptualization of the work, experimental design, data interpretation,
writing of the manuscript. All authors are responsible for revising the written draft. 

Acknowledgements

We would like to thank W.H. Leong and David Ho at Carotech, Inc. (Edison, NJ, USA),for their generous
supply of tocotrienols.

References
1. Siegel RL, Miller KD, Jemal A: Cancer statistics, 2018. CA Cancer J Clin 2018, 68(1):7-30.

2. Cancer Genome Atlas Research N: The Molecular Taxonomy of Primary Prostate Cancer. Cell 2015,
163(4):1011-1025.

3. Fair WR, Fleshner NE, Heston W: Cancer of the prostate: a nutritional disease? Urology 1997,
50(6):840-848.

4. Tsao AS, Kim ES, Hong WK: Chemoprevention of cancer. CA Cancer J Clin 2004, 54(3):150-180.

5. Kayden HJ, Traber MG: Absorption, lipoprotein transport, and regulation of plasma concentrations of
vitamin E in humans. J Lipid Res 1993, 34(3):343-358.



Page 10/19

�. The alpha-tocopherol, beta-carotene lung cancer prevention study: design, methods, participant
characteristics, and compliance. The ATBC Cancer Prevention Study Group. Ann Epidemiol 1994,
4(1):1-10.

7. Klein EA, Thompson IM, Jr., Tangen CM, Crowley JJ, Lucia MS, Goodman PJ, Minasian LM, Ford LG,
Parnes HL, Gaziano JM et al: Vitamin E and the risk of prostate cancer: the Selenium and Vitamin E
Cancer Prevention Trial (SELECT). JAMA 2011, 306(14):1549-1556.

�. Lee IM, Cook NR, Gaziano JM, Gordon D, Ridker PM, Manson JE, Hennekens CH, Buring JE: Vitamin E
in the primary prevention of cardiovascular disease and cancer: the Women's Health Study: a
randomized controlled trial. JAMA : the journal of the American Medical Association 2005, 294(1):56-
65.

9. Yap WN, Chang PN, Han HY, Lee DT, Ling MT, Wong YC, Yap YL: Gamma-tocotrienol suppresses
prostate cancer cell proliferation and invasion through multiple-signalling pathways. Br J Cancer
2008, 99(11):1832-1841.

10. Morton S, Davis RJ, McLaren A, Cohen P: A reinvestigation of the multisite phosphorylation of the
transcription factor c-Jun. EMBO J 2003, 22(15):3876-3886.

11. Yang E, Zha J, Jockel J, Boise LH, Thompson CB, Korsmeyer SJ: Bad, a heterodimeric partner for Bcl-
XL and Bcl-2, displaces Bax and promotes cell death. Cell 1995, 80(2):285-291.

12. Datta SR, Dudek H, Tao X, Masters S, Fu H, Gotoh Y, Greenberg ME: Akt phosphorylation of BAD
couples survival signals to the cell-intrinsic death machinery. Cell 1997, 91(2):231-241.

13. Fang X, Yu S, Eder A, Mao M, Bast RC, Jr., Boyd D, Mills GB: Regulation of BAD phosphorylation at
serine 112 by the Ras-mitogen-activated protein kinase pathway. Oncogene 1999, 18(48):6635-6640.

14. Hsu TC, Young MR, Cmarik J, Colburn NH: Activator protein 1 (AP-1)- and nuclear factor kappaB (NF-
kappaB)-dependent transcriptional events in carcinogenesis. Free Radic Biol Med 2000, 28(9):1338-
1348.

15. Xu C, Shen G, Yuan X, Kim JH, Gopalkrishnan A, Keum YS, Nair S, Kong AN: ERK and JNK signaling
pathways are involved in the regulation of activator protein 1 and cell death elicited by three
isothiocyanates in human prostate cancer PC-3 cells. Carcinogenesis 2006, 27(3):437-445.

1�. Ballif BA, Blenis J: Molecular mechanisms mediating mammalian mitogen-activated protein kinase
(MAPK) kinase (MEK)-MAPK cell survival signals. Cell Growth Differ 2001, 12(8):397-408.

17. Khosla P, Patel V, Whinter JM, Khanna S, Rakhkovskaya M, Roy S, Sen CK: Postprandial levels of the
natural vitamin E tocotrienol in human circulation. Antioxid Redox Signal 2006, 8(5-6):1059-1068.

1�. Ford ES, Schleicher RL, Mokdad AH, Ajani UA, Liu S: Distribution of serum concentrations of alpha-
tocopherol and gamma-tocopherol in the US population. Am J Clin Nutr 2006, 84(2):375-383.

19. Kelly FJ, Lee R, Mudway IS: Inter- and intra-individual vitamin E uptake in healthy subjects is highly
repeatable across a wide supplementation dose range. Ann N Y Acad Sci 2004, 1031:22-39.

20. Deng Z, Sui G, Rosa PM, Zhao W: Radiation-induced c-Jun activation depends on MEK1-ERK1/2
signaling pathway in microglial cells. PLoS One 2012, 7(5):e36739.



Page 11/19

21. Constantinou C, Hyatt JA, Vraka PS, Papas A, Papas KA, Neophytou C, Hadjivassiliou V, Constantinou
AI: Induction of caspase-independent programmed cell death by vitamin E natural homologs and
synthetic derivatives. Nutr Cancer 2009, 61(6):864-874.

22. Barve A, Khor TO, Reuhl K, Reddy B, Newmark H, Kong AN: Mixed tocotrienols inhibit prostate
carcinogenesis in TRAMP mice. Nutr Cancer 2010, 62(6):789-794.

23. Lahiry L, Saha B, Chakraborty J, Adhikary A, Mohanty S, Hossain DM, Banerjee S, Das K, Sa G, Das T:
Thea�avins target Fas/caspase-8 and Akt/pBad pathways to induce apoptosis in p53-mutated
human breast cancer cells. Carcinogenesis 2010, 31(2):259-268.

24. Winter PS, Sarosiek KA, Lin KH, Meggendorfer M, Schnittger S, Letai A, Wood KC: RAS signaling
promotes resistance to JAK inhibitors by suppressing BAD-mediated apoptosis. Sci Signal 2014,
7(357):ra122.

25. Vivanco I, Palaskas N, Tran C, Finn SP, Getz G, Kennedy NJ, Jiao J, Rose J, Xie W, Loda M et al:
Identi�cation of the JNK signaling pathway as a functional target of the tumor suppressor PTEN.
Cancer Cell 2007, 11(6):555-569.

2�. Carver BS, Chapinski C, Wongvipat J, Hieronymus H, Chen Y, Chandarlapaty S, Arora VK, Le C,
Koutcher J, Scher H et al: Reciprocal feedback regulation of PI3K and androgen receptor signaling in
PTEN-de�cient prostate cancer. Cancer Cell 2011, 19(5):575-586.

27. Lee ER, Kim JY, Kang YJ, Ahn JY, Kim JH, Kim BW, Choi HY, Jeong MY, Cho SG: Interplay between
PI3K/Akt and MAPK signaling pathways in DNA-damaging drug-induced apoptosis. Biochim Biophys
Acta 2006, 1763(9):958-968.

Figures



Page 12/19

Figure 1

Effect of AT and GT3 on prostate cancer cells. A and B: LNCaP and PC-3 were treated with AT or GT3 at
doses ranging from 10 to 80µM. After six hours of treatment, cell viability was determined via MTT. C, D
and E: LNCaP, PC-3, and non-tumorigenic RWPE-1 cells underwent the same treatment as described above
for 12 hours. All graphs shown correspond to data obtained by analysis of metabolic activity from at
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least three independent experiments. For quanti�cation spectrophotometric data were calculated as
percentages of the value for the untreated cells (100%) ± standard deviations n=3, *p<0.05, **p<0.01.

Figure 2

Involvement of the pERK, pc-JUN and pAKT in the response to treatment with GT3 or AT of LNCaP
prostate cancer cells. A, C, and E: LNCaP cells were grown on 6-wellplates and treated with GT3 for six
hours at doses ranging from 10 to 80μM. Immmunoblots from SDS total extracts were obtained using
antibodies against total and phosphorylated forms of ERK (A) (C) c-JUN, and (E) AKT. B, D, and F:
Similarly, LNCaP cells treated with AT for six hours at the same dose range as described above.
Immunoblots from total SDS extracts using antibodies against the total and phosphorylated forms of
ERK (B), c-JUN (D) and AKT (F) are shown above. The membranes were reprobed for β-actin as a loading
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control. The results presented are representative of three separate experiments. The values are averages ±
standard deviations from three independent experiments;*p<0.05, **p<0.01.

Figure 3

Involvement of the pERK, pc-JUN and pAKT in the response to treatment with GT3 or AT of PC3 prostate
cancer cells. A, C, and E: PC3 cells were grown on 6-well plates and treated with GT3 in the same manner
as described above. Immunoblots were obtained from SDS total extracts by using antibodies against the
total and phosphorylated forms of ERK (A), c-JUN (C), and AKT (E). B, D, and F: Immunoblots of SDS total
extracts obtained from PC3 cells treated with AT as described above, were obtained using antibodies
against the phosphorylated and total forms of ERK (B) c-JUN (D), and AKT (F). Cells that were treated
with neither GT3 nor AT, only with dissolution vehicle, were run as controls for each experiment. The
membranes were reprobed for β-actin as a loading control. The results presented are representative of
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three separate experiments. The values are averages ± standard deviations from three independent
experiments;*p<0.05.

Figure 4

GT3 and AT have a similar effect on non-tumerigenic prostate cells. A and B: RWPE-1 cells grown on 6-
wellplates and treated with (A) GT3 or (B) AT for six hours at doses ranging from 10 to 80μM were
analyzed by immunoblot using antibodies against the total and phosphorylated forms of ERK. C and D:
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RWPE-1 cells were treated as described above, and analyzed via immunoblot. SDS total extracts of (C)
GT3 or (D) AT treated cells were probed using antibodies against total and activated c-JUN. E and F: The
expression levels of total and activated AKT were analyzed via immunoblot in RWPE-1 cells treated with
(E) GT3 or (F) AT. The membranes were reprobed for β-actin as al loading control. The values are
averages ± standard deviations from at least three independent experiments; *p<0.05.

Figure 5

Effect on mitochondrial function of GT3 and AT on prostate cancer cells. A and B: LNCaP cells grown on
6-well plates and treated with (A) GT3 or (B) AT for six hours at doses ranging from 10 to 80μM were
analyzed by immunoblot of SDS total extracts using antibodies against pBAD serine 112. C and D:
Cytoplasmic (CF) and mitochondrial fractions (MF) were obtained from LNCaP cells treated with (C) GT3
or (D) AT as described above, and analyzed for the presence of cytochrome C by immunoblot. COX IV
was used as a mitochondrial marker. E and F: PC3 cells were grown on 6-well plates and dosed as
described above with (E) GT3 or (F) AT. The SDS total extracts were analyzed for the presence of pBAD
serine 112 via immunoblot. G and H: PC3 cells dosed with (G) GT3 or (H) AT as described above were
processed to obtain cytoplasmic (CF) and mitochondrial fractions (MF) and probed for the presence of
cytochrome C and mitochondrial marker COX IV via immunoblot. The values of each analyzed protein
were normalized to β-actin. The values are averages ± standard deviations from at least three
independent experiments,*p<0.05.
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Figure 6

Apoptotic effect of GT3 and AT on prostate cancer cells. A, B, C, and D: SDS total extracts of LNCaP cells
treated with (A and C) GT3 or (B and D) AT at doses ranging from 10 to 80μM were by immunoblot
analyzed for the presence of cleaved caspase 9 (A and B) and caspase 3 (C and D). E, F, G, and H: In the
same manner as described above, PC3 cells treated with (E and G) GT3 or (F and H) AT, were processed
for immunoblot analysis with antibodies against cleaved caspases 9 and 3. The values of each analyzed
protein were normalized to β-actin. The values are averages ± standard deviations from at least three
independent experiments; *p<0.05.
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Figure 7

Effect of GT3 and AT on prostate cancer cells in the presence of inhibitor U0126. A, B and C: Prostate
cancer cells (A) LNCaP, (B) PC-3, and (C) non-tumorigenic RWPE-1 cells were grown in 96-well plates. Two
plates were used per cell line; plate one was pre-treated with inhibitor U0126 for one hour, after which,
plates one and two were dosed for 24 hours with GT3 at 0, 20, 40 and 80 µM. Cell viability was analyzed
by MTT or metabolic assays. For quanti�cation spectrophotometric data were calculated as percentages
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of the value for the untreated cells (100%) ± standard deviations from at least three independent
experiments, *p<0.05, ***p<0.001. Statistical analysis using ANOVA and Bonferroni test indicates a
signi�cant difference between cells treated with and without inhibitor.
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