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ABSTRACT

The poor prognosis of esophageal squamous cell carcinoma (ESCC) emphasizes
the urgent need to better understand the carcinogenesis and develop prevention
strategies. Previous studies have highlighted the potential of using Vitamin
E (tocopherols) for cancer chemoprevention, but the preventive activity of
a-Tocopherol against ESCC remains to be elucidated. Our data showed that early-stage
supplementation with a-Tocopherol significantly prevented esophageal carcinogenesis
induced by N-nitrosomethylbenzylamine (NMBA) in ESCC rat model. In the Het-
1A cell model, o-Tocopherol markedly suppressed cell proliferation, promoted cell
cycle G2-phase arrest and increased apoptosis. Gene microarray and proteins array
analysis indicated that Akt signaling was a potential target for o«-Tocopherol. We
further demonstrated that «-Tocopherol increased the expression of PPARy and its
downstream tumor suppressor PTEN. Knockdown of PPARy activated Akt signaling
transduction, whereas this process was attenuated by the presence of a-Tocopherol
and PPARy agonist Rosiglitazone. In contrast, the effect of «-Tocopherol on Akt
inhibition was not observed in established tumors, neither in cancerous cell lines which
constitutively expressed higher levels of PPARy. These results were closely correlated
with the ineffectiveness of a-Tocopherol in the late stage of ESCC carcinogenesis.
Taken together, our study suggested that a-Tocopherol may serve as a PPARy agonist
for the chemoprevention of esophageal cancer.

INTRODUCTION

Esophageal squamous cell carcinoma (ESCC),
which is the predominant histopathological form of
esophageal cancer, often results in poor prognosis due
to the limited clinical approaches available for early
diagnosis and therapeutic treatment [1, 2]. As the eighth
most common malignancy worldwide, ESCC causes

swallowing difficulty, pain, malnutrition, and lower
life quality in patients, with the five-year survival rate
around only 20% [3, 4]. The high prevalence and poor
outcome of ESCC strongly emphasize the urgent need to
better understand esophageal carcinogenesis and develop
prevention strategies against this disease.

Previous studies have highlighted the potential of
using Vitamin E (a-Tocopherol) for cancer chemoprevention
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[5]. Epidemiology studies in Linxian, an area in northern
China with high incidence of ESCC, suggested that
dietary deficiency of o-Tocopherol and selenium was
associated with higher risk of ESCC and gastric cardia
cancer [6, 7]. The nutritive intervention trial conducted in
this area revealed protective activity of the combination
of a-Tocopherol, selenium and B-carotene against gastric
cardia cancer [8]. However, several large-scale intervention
studies indicated that a-Tocopherol might be ineffective
in the prevention of prostate cancer, lung cancer, and
breast cancer [9-13]. Furthermore, some recent studies
suggested that vitamin E and analog promoted lung cancer
progression [14] and melanoma metastasis in mice [15].
The interpretation of these results may vary and the cancer
preventive activities of tocopherols are still unclear [5, 16].

Interestingly, the prevention of ESCC by combined
nutrients in Linxian trial was demonstrated after a follow
up for 10 years and only in subjects who entered the trial
at age <55 years old [17]. We speculated that the timing
of intervention might significantly affect the efficacy of
a-Tocopherol/selenium for ESCC prevention. To validate
this hypothesis, we have demonstrated that a diet that
was low in o-Tocopherol and selenium enhanced N-
nitrosomethylbenzylamine (NMBA)-induced esophageal
carcinogenesis in rats, and this process was attenuated by
dietary supplementation with a-Tocopherol and selenium
[18]. Importantly, more pronounced inhibition was observed
in the combined supplementation at the early state of
carcinogenesis [18, 19]. Though the efficacy of combination
of a-Tocopherol and selenium in ESCC prevention has
been suggested in human and animal studies, mechanism
underlying the chemopreventive activity of a-Tocopherol
has not been completely elucidated.

In this study, we are focusing our esophageal cancer
prevention study with a-Tocopherol on the early stage of
ESCC carcinogenesis. We compared the cancer preventive
effects of a-Tocopherol between initiation-stage and post-
initiation stage supplementation in an NMBA-induced
ESCC rat model. The function of a-Tocopherol on cell
proliferation, cell cycle and apoptosis was analyzed with
Het-1A cell model. Transcriptome profiling identified
that PI3K-Akt signaling pathway was suppressed by
a-Tocopherol. Akt inhibition by a-Tocopherol was found
to be closely related with the expression of PPARYy.
These new findings were further validated by in vitro
studies with normal and cancerous cell lines, as well as in
subcutaneous tumor models with athymic mice.

RESULTS

Esophageal tumorigenesis was suppressed by
dietary supplementation with a-Tocopherol at
the initiation stage and post-initiation stage

To clarify
o-Tocopherol, we

the chemopreventive activity of
determined the NMBA-induced

tumorigenesis in ESCC rat model with dietary a-Tocopherol
supplementation respectively at the initiation stage (Week
0-5) and post-initiation stage (Week 6-10). Nutrition
monitoring indicated that plasma level of a-Tocopherol
was significantly elevated by the dietary supplementation
at specific period when compared to the control animals,
and the a-Tocopherol levels promptly descended as the
intervention withdrew (Figure 1B). Tumor assay at the end
of ESCC animal experiment showed that a-Tocopherol
dramatically decreased tumor incidence (to 57.5% and 75%,
respectively) in rat esophagus (Figure 1C). Interestingly, the
initiation-stage supplementation exhibited more efficacy
to decrease the multiplicity of visible tumors than the
post-initiation supplementation. In parallel, pathological
examination also showed that more inhibition of papilloma
and carcinoma incidences was induced by the initiation-stage
supplementation, though the differences were not statistically
significant between these two groups (Figure 1D and 1E). As
for the microscopic lesions, no differences were observed
on the number of hyperplasia; however, the generation of
dysplasia was markedly suppressed by the initiation-stage
supplementation, which was significantly less than that in
post-initiation supplementation (Figure 1F). Taken together,
these data suggest that dietary supplementation with
a-Tocopherol at the early stage of ESCC can dramatically
inhibit NMBA-induced esophageal carcinogenesis in rat
model, and the initiation-stage intervention is more effective
than the later-stage intervention. Though only male rats
were used in this model, a-Tocopherol is expected to be also
protective in female animals due to the similar biological
feature for NMBA activation and a-Tocopherol metabolism
in male and female animals.

a-Tocopherol inhibited cell proliferation at
early stage of ESCC but was not effective in
established tumors

To further investigate the effect of a-Tocopherol
on ESCC pathological progression, we determined
cell proliferation in different categories of
pathological lesions in rat esophagus with in situ
BrdU immunostaining. As the esophageal epithelium
evolving from hyperplasia to carcinoma, the
proportion of proliferating cells significantly increased.
Supplementation with a-Tocopherol dramatically
repressed cell proliferation in hyperplasia, dysplasia
and papilloma; however, no significant change was
observed in carcinoma. Interestingly, a-Tocopherol
supplementation at the initiation-stage showed more
marked inhibition of cell proliferation than the
supplementation at post-initiation stage, but no difference
was observed in the advanced lesions (i.e. papilloma and
carcinoma) (Figure 2A). Therefore, we speculated that
the inhibitory effect of a-Tocopherol on cell proliferation
was more profound in the early-stage pre-malignant
lesions than in established tumors.
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In addition, we tested the effect of a-Tocopherol on
the growth of subcutaneous KYSE-150 and TE-1 tumors
with nude mice model. As expected, a-Tocopherol did
not significantly suppress the growth of subcutaneous
tumors established with KYSE-150 and TE-1 cancerous

dietary supplementation with a-Tocopherol. Furthermore,
the expression of PCNA in tumors was not significantly
decreased by a-Tocopherol, either (Figure 2C). Altogether,
a-Tocopherol is capable of inhibiting cell proliferation at
the early stage of ESCC but not effective in established
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Figure 1: Esophageal tumorigenesis was suppressed by dietary supplementation with a-Tocopherol at the initiation
stage and post-initiation stage in ESCC rat model. (A) Study design with ESCC rat model. (B) Monitor of plasma levels of
a-Tocopherol using HPLC. (C) Incidence and multiplicity of visible tumors in rat esophagus. (D) Incidence and number of microscopic
papilloma. (E) Incidence and number of carcinoma. (F) Number of histopathological hyperplasia and dysplasia. “a-T(IN)” represents
“supplementation at initiation stage” while “a-T(PI)” represents “supplementation at post-initiation stage”. Data are shown as mean +
standard deviation, 40 animals of each group were analyzed (n=40). " signifies p<0.05; ™, p<0.01; N.S. not significant.
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Figure 2: a-Tocopherol inhibited cell proliferation at early stage of ESCC but was not effective in established tumors.
(A) Cell proliferation in rat esophageal epithelium determined by immunostaining of BrdU. Proliferation index of each lesion was calculated
as the number of BrdU-positive cells divided by the total number of epithelial cells. Esophageal tissues were randomly selected from 12
rats in each group and used for analysis (n=12). (B) The tumor growth curve in subcutaneous models generated with esophageal cancer
KYSE-150 and TE-1 cells. (C) THC staining of PCNA in subcutaneous tumors. Data are shown as mean + standard deviation, " signifies
p<0.05; ™, p<0.01; N.S. not significant.
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a-Tocopherol induced cell cycle G2 arrest and
apoptosis in NMBA-treated normal esophageal
epithelial cells but was not effective in ESCC cell
lines

To confirm the inhibitory effect of a-Tocopherol
on cell proliferation at the early stage especially
initiation stage of ESCC, we investigated the impact
of a-Tocopherol on cell cycle and apoptosis with cell
models. In agreement with the results from in vivo studies,
a-Tocopherol significantly suppressed cell proliferation in
the NMBA-treated human normal esophageal epithelium
Het-1A cells, but no significant repression was observed
in the human cancerous KYSE-150 and TE-1 cells (Figure
3A).

In the Het-1A cell model, we found that the
proportion of G2/M phase cells was gradually decreased
by NMBA (0.5, 10 and 200 uM) in a dose-dependent
manner, but the NMBA-induced reduction in G2
phase was effectively equilibrated by the presence of
a-Tocopherol (50 and 100 uM) (Figure 3B and 3C),
suggesting that a-Tocopherol induces G2-phase arrest
in the Het-1A cells. In contrast, cell cycle was not
significantly altered by a-Tocopherol (25, 50 and 100
pM) in KYSE-150 and TE-1 cells (Figure 3D). Similarly,
the cell apoptotic rate was dose-dependently increased by
a-Tocopherol in the NMBA-treated Het-1A cell model
(Figure 3E and 3F). However, no significant change of
apoptosis by a-Tocopherol was observed in the KYSE-
150 and TE-1 cells (Figure 3G). These data indicate that
a-Tocopherol inhibits cell proliferation of NMBA-treated
Het-1A cells by inducing G2-phase arrest as well as by
promoting apoptosis.

a-Tocopherol inhibited ESCC initiation by
targeting Akt signaling pathway in vitro and in
vivo

To elucidate the underlying mechanisms of ESCC
inhibition by o-Tocopherol at the initiation stage, we
carried out transcriptome profiling with Het-1A cell
model. When the normal Het-1A cells underwent the
S5-week NMBA-treatment, 486 genes (red dots) were
up-regulated and 639 genes (green dots) down-regulated
(Figure 4A). Based on the differentially expressed
genes, top ten enriched pathways were identified. The
differently-expressed genes for the enriched pathways
were summarized in Supplementary Table 1. Particularly,
“PI3K-Akt signaling pathway” and “Pathways in cancer”
as the top two pathways accounted for almost 30% of total
included genes (Figure 4A and Supplementary Table 1).
It has been known that dysregulation of the PI3K-Akt
pathway is implicated in a number of human diseases
including cancer, diabetes, cardiovascular diseases and
neurological diseases. Thus, we speculated that the Akt
signaling might be a potential target for a-Tocopherol

to block ESCC initiation. With the Akt Signaling Array
assay, we observed that NMBA treatment significantly
increased the phosphorylation of Akt (Ser 473/Thr 308),
S6 ribosomal protein (Ser 235/236), PRAS40 (Thr246),
GSK-3a (Ser21), and 4E-BP1 (Thr37/46) (Figure
4B). Furthermore, the activation of these proteins was
dramatically inhibited by the presence of a-Tocopherol,
suggesting that a-Tocopherol significantly attenuated
the activation of Akt signaling pathway during ESCC
initiation induced by NMBA.

In addition, we further investigated the impact of
a-Tocopherol on the downstream molecules of Akt that
governing cell proliferation, survival and apoptosis with
Het-1A cell model. Firstly, the blockade of Akt activation
by a-Tocopherol was confirmed at various dose levels (25,
50, 100 uM) (Figure 4C). Akt-mediated phosphorylation
of mdm?2 at Ser166 was also markedly decreased by
a-Tocopherol, which prohibited the degradation of the
tumor suppressor p53. In agreement, expression of the
CDK inhibitor p21 was significantly repressed by NMBA
and then dose-dependently restored by a-Tocopherol.
Inversely, the phosphorylation of cdc2 that promotes cell
cycle G2/M transition was increased by NMBA whereas
suppressed by a-Tocopherol, which is in line with the
effect of a-Tocopherol on cell cycle arrest at G2-phase.
Finally, the expression of pro-apoptotic proteins Bad
and Bax which are suppressed by Akt activation were
consistently inhibited by NMBA treatment and effectively
rescued by a-Tocopherol (Figure 4C).

To further validate the role of a-Tocopherol in
blocking Akt activation, we determined the relevant
molecules in esophageal tissue from the ESCC rat model.
In rat esophagus epithelium, the phosphorylation of
Akt was significantly enhanced as the NMBA-induced
pathological lesion gradually progressed (Figure 5A).
Furthermore, the phosphorylation of Akt, mdm2, and
cdc2 were consistently suppressed by supplementation
with a-Tocopherol at the early stage when compared
to the NMBA group (Figure 5B). On the contrary, the
activation of p53 and p21 was facilitated by a-Tocopherol
in response to Akt repression. Also, the anti-apoptotic
protein Bcl-2 and the pro-apoptotic Bax were inversely
regulated by a-Tocopherol, which is well correlated with
the result from Het-1A cell model. Collectively, these in
vitro and in vivo data suggest that a-Tocopherol inhibits
NMBA-induced ESCC carcinogenesis by attenuating Akt
activation, resulting in the subsequent suppression of cell
growth and the promotion of apoptosis.

PPARY played an important role in the
suppression of Akt signaling by a-Tocopherol

Previous studies showed that y- and 6-Tocopherol
but not a-Tocopherol prevented mammary and prostate
cancer by activating PPARy in animal models [20, 21].
In this study, we investigated whether Akt activation in

www.impactjournals.com/oncotarget

Oncotarget



Het-1A cells

- CT
= NMBA 100uM
% NMBA 100uM +a-T 50uM "

OD value

KYSE-150 cells

- CT

# o-T 50uM
~+ a-T 100uM

OD value
N
OD value

- o-T 25uM 6

TE-1 cells

- CT

= o-T25uM

W o-T 50uM

== a-T 100uM

Time /h

cT

M 0ipG1:43.76 %
M Dip G2:13.49%
Dip 5: 42.75%

& T By

“ cnannels L2

NMBA (100uM) NMBA+a-T (50uM)

M oipG1:47.24%
W DipG2:7.67%
Dip S: 45.09%

§
Dip 5: 41.15%

b
|\,

“© YN L "
Chamnels (FL2-A) o @

@ & w
Channels (L2-4)

M 0ipG1:50.34 %
M DipG2:852%

12 24 36 43
Time /h

NMBA+a-T (100uM)

M DipG1:4324%
M DipG2:12.40%
Dip S: 44.35%

o w
Channels (FL2-4)

c Het-1A cells D KYSE-150 cells TE-1 cells
20 % m CT 100 100 m G2/M
- * _ m S
s B T 50uM s 80 g 8 = GO/G1
& B T 100uM % <
< & 60 2 60
2w : :
2 g 40 g 40
=] =2 =
8 3 20 o 20
o o
A A
& o o8 &
ATAT Y PP
g & g ¢ ¢ g
E NMBA (100uM) NMBA+a-T (50uM) NMBA+a-T (100uM)
11.6% 9.32% |D‘ 257% 225% 53.0%
: : : :
0.627% 9.32% 3.82%
sz 2] )
10 10 10
FL1-H: Annexin FITC FL1-H: Annexin FITC FL1-H: Annexin FITC FL1-H: Annexin FITC
F G
Het-1A cells KYSE-150 cells TE-1 cells
50 - 8 8
340 -~ -
S e e
< g g
T30 % g
0
] * 2 4 84
220 * 2 H
o - -
o o g.
<10 32 g2
° » $ 0
AP ANPC A ¢ W
& K K o s
& & & & ¢
& & &
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NMBA-induced esophageal carcinogenesis was inhibited
by a-Tocopherol through regulating PPARy. In ESCC
rat model, the expression of PPARy was apparently
enhanced in animals supplemented with a-Tocopherol
at the initiation stage and post-initiation stage. The
tumor suppressor gene PTEN, which is transcriptionally
activated by PPARy and acts as a major negative
regulator of the PI3K/Akt signaling, was also increased
by a-Tocopherol (Figure 6A). Importantly, the initiation-
stage supplementation resulted in more expression of
PPARY/PTEN in esophageal dysplasia when compared
with the post-initiation stage supplementation (Figure 6B).
In addition, a-Tocopherol also significantly elevated the
expression levels of PPARy and PTEN in the Het-1A cell
model (Figure 6C).

To wvalidate whether PPARy activation by
a-Tocopherol inhibits Akt signaling, the specific agonist
Rosiglitazone (RGZ) and antagonist GW9662 were used
in Het-1A cells. PPARY activation by RGZ significantly
inhibited the phosphorylation of Akt and mdm2,
whereas the downstream p53, p21, Bad and Bax were
inversely increased (Figure 6D). In contrast, PTEN and
p53 were suppressed by GW9662. On the other hand,
PPARy knockdown with siRNA markedly increased
the phosphorylation of Akt and its downstream target
molecules (PRAS40, GSK-3a, and 4E-BP1), which was
significantly inhibited by the presence of a-Tocopherol
or RGZ (Figure 6E). Similarly, the phosphorylation of
PTEN at Ser 380, which negatively regulates PTEN
stability and may impair its biological activity, was
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Figure 6: PPARYy played an important role in the suppression of Akt signaling by a-Tocopherol. (A) Western blotting
of PPARy and PTEN in rat esophagus. Two individual pooled samples from 12 rat of each group were analyzed. (B) Immunostaining of
PPARy and PTEN in rat esophagus. (C) Western blotting of PPARy and PTEN in Het-1A cells. Het-1A cells were treated with NMBA (50,
100 pM) with or without a-Tocopherol (25, 50, 100 uM) for 24h. (D) Western blotting of PPARy and Akt pathway in Het-1A cells. Het-
1A cells were treated with Rosiglitazone (RGZ, 20 uM) or GW9662 (GW, 20 uM) for 24h. (E) Proteomic array analysis on Akt signaling
pathway. Het-1A cells were transfected with si-PPARG and then treated with a-Tocopherol (50 uM) or Rosiglitazone (RGZ, 20 uM) for
24h. Data are shown as mean + standard deviation. *, p<0.05 compared with the control group; *, p<0.05 compared with the si-PPARG

group.
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increased by PPARY repression but decreased by the
presence of a-Tocopherol or RGZ. Taken together, these
data suggested that PPARy activation played a critical
role in the suppression of Akt signaling pathway by
a-Tocopherol.

a-Tocopherol was not effective in activating
PPARYy and deactivating Akt in esophageal
cancerous cells

We observed that a-Tocopherol was not effective
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vivo as well as in inducing cell cycle arrest and apoptosis
in cancerous cells, here we also determined the effect
of a-Tocopherol on PPARy-Akt pathway in cancerous
cells. In comparison with the Het-1A cells, Akt was
constitutively activated in ESCC cell lines while p53
and p2lwere significantly suppressed (Figure 7A).
Intriguingly, the basal levels of PPARy and PTEN and were
relatively higher in ESCC cell lines than in the normal
Het-1A cells. In KYSE-150 cells, a-Tocopherol showed
no impact on the PPARy-Akt signaling pathway. Though
RGZ and GW9662 slightly changed the expression of
PPARy and PTEN, but they did not significantly altered

KYSE-150 cells
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Figure 7: a-Tocopherol was not effective in activating PPARy and deactivating Akt in esophageal cancerous cells. (A)
Endogenous levels of PPARy, PTEN and Akt signaling molecules in normal cells (Het-1A) and malignant cell lines (TE-1, KYSE-150
and EC109). (B) Western blotting of PPARy and Akt pathway in KYSE-150 cells. KYSE-150 cells were treated with a-Tocopherol (25,
50, 100 pM), Rosiglitazone (RGZ, 20 pM), or GW9662 (GW, 20 pM) for 24h. (C) Immunostaining of PPARy and Akt pathway in ESCC

Subcutaneous tumors generated with KYSE-150 cells.
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Akt activation (Figure 7B). In addition, the expression
of PPARY, phospho-Akt, phospho-53, p21, and phospho-
cdc25C were not significantly altered by a-Tocopherol
in the ESCC subcutaneous model with KYSE-150 cells
(Figure 7C). Collectively, a-Tocopherol is not effective
in activating PPARY and deactivating Akt in esophageal
cancerous cells.

DISCUSSION

Though laboratory research and clinical trials have
highlighted the potential of using tocopherols in cancer
chemoprevention, the preventive activities of tocopherols
still remain controversial [5, 16]. Our previous studies
revealed that early supplementation with a-Tocopherol
and selenium had stronger preventive effect than late
supplementation on esophageal carcinogenesis [18, 19]. In
the present study, we showed that dietary supplementation
with o-Tocopherol at the initiation-stage inhibited
esophageal carcinogenesis in NMBA-induced ESCC rat
model. Further studies in different experimental systems
consistently demonstrated that PPARy-Akt signaling
pathway was regulated by a-Tocopherol and played a
critical role during the entry stage of esophageal cancer
(Figure 8).

Up to now, a number of studies have indicated the
role of vitamin E involved in signal transduction that
beyond its traditional antioxidant activity of scavenging
reactive oxygen species (ROS) and reactive nitrogen
species (RNS) [22]. Early investigation showed that
inhibition of cell proliferation by tocopherols was
correlated with the inhibition of protein kinase B (PKB/

Akt) phosphorylation at Ser473 in human mastocytoma
cell (HMC)-1 cells, whereas independent of oxidative
stress [23]. In several other cancer cell lines, such as
gastric cancer SGC-7901 cells [24], prostate cancer
DU 145 cells [25], myeloid leukemia U937 cells [26], or
colon cancer HCT116 and HT29 cells [27], similar effects
of tocopherols on Akt inhibition were observed. However,
the influence of vitamin E on Akt signaling in esophageal
cancer cells has not been systematically studied. Here,
our data demonstrated that a-Tocopherol inhibited cell
proliferation by suppressing Akt activation in ESCC
rat model and in NMBA-treated Het-1A cell model.
In particular, o-Tocopherol induced cells to undergo
cell cycle G2-phase arrest. In agreement with previous
studies, the blockade of cell cycle at G2-phase was
closely associated with increased p21/Wafl expression
and reduced levels of inactivated phospho-cdc2 (Tyr 15)
[28,29].

In addition to cell proliferation, Akt plays an
important role in apoptosis which offers a promising
target for the therapy of human ESCC [30, 31]. It was
reported that Vitamin E succinate down-regulated the
constitutively active basal levels of Akt and decreased the
phosphorylation of Akt substrates Bcl-2 associated death
receptor in esophageal cancer EC109 cells [32]. In the
Het-1A cell model, we also observed significant increase
of apoptosis and expression of pro-apoptotic proteins (Bax
and Bad) that induced by a-Tocopherol. However, little
effect of a-Tocopherol on cell proliferation, cell cycle and
apoptosis was found in the KYSE-150 and TE-1 cancer
cells. One of the explanations to the discrepancy might
be due to the analogue-specific activity of vitamin E
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Figure 8: Schematic illustration of the chemopreventive effect of a-Tocopherol at the early stage of esophageal
carcinogenesis. (1) NMBA induces Akt activation in esophageal epithelium cells, resulting in the acceleration of cell cycle and the
inhibition of apoptosis. (2) At the early stage of carcinogenesis, a-Tocopherol effectively increases the expression of PPARy and PTEN,
which attenuated the activation of Akt signaling pathway leading to cell cycle arrest and enhanced cell apoptosis. a-Tocopherol is effective
in ESCC prevention during this stage. (3) As the pathologic lesions progressed (late stage), PPARy and Akt become constitutively activated
and insensitive to a-Tocopherol. Supplementation with a-Tocopherol at this stage is not effective for ESCC prevention.
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(tocopherols, tocotrienols, succinates, etc.). For example,
v- and &-tocotrienols had potent anti-proliferative activity
and induced apoptosis through inhibition of PI3K/PKB
in pancreatic cancer cells, but tocopherols were not
able to induce the observed effects [33]. On the other
hand, in aspect of the proliferation-inhibitory effects
of tocopherols, ineffectiveness of the alpha forms of
tocopherol was frequently observed in cancer cells [27,
34]. In esophageal cancer KYSE-150 and TE-1 cells,
the effect of a-Tocopherol on cell growth in vitro and
subcutaneous tumor growth in vivo was neither detected.
The ineffectiveness of a-Tocopherol in established
tumors or cancerous cell lines might be attributed to the
constitutive Akt activation and the insensitive status to
a-Tocopherol in malignant cells. The tissue- and cell-type
selectivity of Akt activation in response to a-Tocopherol
suggests more susceptive attenuation of esophageal
carcinogenesis at the initiation stage than the later stage.
These results confirmed the time-selective activity of
a-Tocopherol in the chemoprevention of ESCC [19].
And this probably can explain that the preventive effect
of supplementation with a-Tocopherol and selenium was
only observed in subjects with mild esophageal dysplasia
[35] or at younger ages [17].

As a-Tocopherol is not likely a competitive
inhibitor for NMBA uptake or activity in esophageal cells
(Supplementary Figure 1), the molecular mechanism
underlying the time-selective effect of a-Tocopherol may
be related to the Akt-upstream factors which dynamically
change during carcinogenesis and meanwhile function
differently in physiological or pathological condition,
such as PPARy [36]. Previous studies showed that PPARy
can suppress beta-catenin levels and colon carcinogenesis
but only before damage to the APC/beta-catenin pathway,
suggesting a potentially important use for PPARy
ligands as chemopreventive agents in colon cancer [37,
38]. Increasing evidence suggests that PPARy activity
is attenuated during the transition from adenoma to
adenocarcinoma, likely explaining why PPARY agonists
are effective in blocking the early stages of tumorigenesis
while no effect is detected in advanced tumor stages [39,
40]. In addition, small clinical trials showed no beneficial
effects of conventional PPARY ligands in cancer patients
[41, 42], supporting the idea that PPARy agonists should
be used as chemopreventive agents other than therapeutic
drugs.

Recent studies demonstrated that 6- and
y-tocopherols inhibited mammary tumorigenesis by
increasing expression of PPARy and its downstream
gene PTEN, and as a result inhibiting the Akt-mediated
cell survival pathway [43, 44]. It has been established
that PTEN as the tumor suppressor is essential for
regulating the highly oncogenic pro-survival PI3K/AKT
signaling [45]. In agreement, our study demonstrated that
a-Tocopherol significantly increased the expression of
PPARy and PTEN in rat esophageal epithelium as well

as in Het-1A cells, which was inversely correlated with
Akt activation. Upregulation of PPARy expression by
a-Tocopherol might be through indirect mechanisms [22].
As a-Tocopherol shares structural similarity to the known
PPARY activator troglitazone, a-Tocopherol might bind to
and activate small amount of PPARY which in turn binds
to cis-elements in the promoter region of the PPARy gene
leading to induction of transcription and protein levels
[46]. On the other hand, a-Tocopherol might be able to
keep higher levels of PPARy possibly by preventing and/
or by postponing the degradation events regulated by the
proteasome pathway [47]. Furthermore, the knockdown
of PPARy with RNA interference and in combination
with a-Tocopherol or PPARy agonist RGZ consistently
suggested that the inhibition of Akt by a-Tocopherol was,
at least in part, dependent on PPARYy activation.

Though some small molecule agonist of PPARy
has been shown to reduce the phosphorylation of Akt
at Ser473 and exert therapeutic effects in esophageal
cancer, the relation between PPARYy protein expression
and prognosis in human ESCC still remains unclear [48].
As increased activation of the lipogenesis pathway is a
hallmark of cancer cells, PPARY is ubiquitously expressed
in many cancers and promotes lipid metabolism, glucose
homoeostasis and tumor progression. In this study, we
observed relatively higher basal level of PPARy and PTEN
in ESCC cell lines when compared with the normal Het-
1A cells. The heterogeneous expression of PPARy may
be responsible for the insusceptibility of Akt signaling to
a-Tocopherol in malignant cells (Figure 8). Further studies
on the potential role of PPARy as chemopreventive or
therapeutic target for ESCC are warranted [49].

In conclusion, this study demonstrated the tumor-
suppressive effect of a-Tocopherol and underlying
mechanism involving inhibition of Akt pathway.
We showed that early-stage supplementation with
a-Tocopherol significantly inhibited cell proliferation
and promoted apoptosis. We further demonstrated that
a-Tocopherol attenuated the activation of Akt signaling
pathway through modulating PPARy. This study suggested
that dietary supplementation with a-Tocopherol could be
served as a potential strategy for ESCC chemoprevention.

MATERIALS AND METHODS

Reagents

N-nitrosomethylbenzylamine =~ (NMBA)  was
purchased from Ash Stevens Inc. (Detroit, MI, USA).
a-Tocopherol (0-T) with purities of 95.5% was purchased
from Sigma Aldrich (St. Louis, MO, USA). in vitro studies,
a-Tocopherol was purified by flash chromatography to
purities > 99%. Primary antibodies against PCNA, PPARy,
PTEN, phospho-Akt (Ser473), phospho-mdm?2 (Ser166),
phospho-p53 (Serl5), p21 Wafl/Cipl, phospho-Bad
(Ser136), Bax, Bcl-2, phospho-cdc2, phospho-cdc25C,
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and HRP-labeled secondary antibodies were purchased
from Cell Signaling Technology (Danvers, MA, USA).
Antibodies for immunohistochemistry against phospho-
Akt, PPARY, and p53 were purchased from Merck KGaA
(Darmstadt, Germany) or LifeSpan BioSciences. Inc.
(Seattle, USA). The HRP-labeled anti-B-actin antibody
was from Sigma-Aldrich (St. Louis, MO, USA). The
PPARG-specific agonist Rosiglitazone (RGZ) and
antagonist GW9662 (GW) were purchased from Selleck
Chemicals (Houston, TX, USA).

Animal diet

Two different diets were prepared by Keaoxieli
Diet Co. (Beijing, China): the normal diet and the alpha-
Tocopherol (a-T) enriched diet. The normal diet was
produced according to AIN-93M formula which contained
80 IU/kg a-Tocopherol [50]. The a-T enriched diet was
prepared with the same formula but contained 162 U
a-Tocopherol per kg diet. The purpose was to mimic the
Vitamin E intervention in the Linxian trial [8].

ESCC rat model

The ESCC rat model was constructed according
to the method previously established in our lab [18,
19]. Six-week-old male F344 rats were purchased from
Vitalriver (Beijing, China) and randomly distributed
into four groups. Animals were housed in a controlled
environment with a 12 h light/dark cycle, and given
water ad libitum. As shown in Figure 1A, three groups
of rats were subcutaneously injected with NMBA at 0.35
mg/kg body weight 3 times per week for 5 weeks, and
maintained on the specific diets: the normal diet (group
NMBA), o-T enriched diet at the initiation stage (Week
0-5) (group NMBA+a-T(IN)), a-T enriched diet at the
post-initiation stage (Week 6-10) (group NMBA-+a-
T(PI)), respectively. The control group (group CT) were
treated with the solvent vehicle (20% DMSO/water) and
given the normal diet throughout the entire experiment
(Week 0-25). All the animals were acclimatized with the
corresponding diets for 2 weeks before NMBA treatments,
body weight and food intake was measured once a week
during the experiment. The levels of alpha-Tocopherol in
animal plasma were monitored at Week 0, 5, 10 and 25
using High-performance liquid chromatography (HPLC).
All animal experiments were followed the protocol
(#2014013) approved by the Institutional Animal Care and
Use Committee of China National Center for Food Safety
Risk Assessment (CFSA).

Tumor incidence and pathological analysis

At the end of Week 25, rats were humanely
sacrificed by pentobarbital anesthetization 2 hours after
injection of 5-bromo-2-deoxyuridine (BrdU, 50 mg/kg,
i.p.). The esophagi were excised and opened longitudinally,

and visible tumors (>1mm in diameter) were counted.
Then the esophagus was cut longitudinally, with one-half
fixed in 10% neutral buffered formalin for pathological
analysis. The other half of the esophagus was stripped of
muscle, quickly frozen in liquid nitrogen and then stored
at -80°C for later use. H&E stained sections were used for
histological diagnosis of normal, hyperplasia, dysplasia,
papilloma and carcinoma according to previous diagnostic
criteria [51].

Cell culture and treatments

The immortalized human normal esophageal
epithelium cells Het-1A (CRL-2692) were purchased
from American Type Culture Collection (ATCC, VA,
USA) and cultured in Bronchial epithelial cell basal
medium (BEGM) with all the additives (Lonza, MD,
USA). Human ESCC cells lines KYSE-150 and TE-1
were obtained from the Cell Bank of Shanghai Institutes
for Biological Sciences (Chinese Academy of Sciences,
Shanghai, China). KYSE-150 cells were cultured in
mixture medium of RPMI-1640/F12 (v/v=1:1), and TE-1
cells were cultured in RPMI-1640 medium, all mediums
were supplemented with 10% fetal bovine serum,
penicillin (100 pg/ml) and streptomycin (100 pg/ml). Cells
were seeded at concentration of 1x10%/ml in multi-well
plates for 24 h and then treated with NMBA, o-T or their
combination for certain periods of time before collecting
for analysis.

ESCC subcutaneous model

BALB/c athymic nude mice were obtained from
Vitalriver (Beijing, China) and randomized into two
groups which were respectively fed on the normal diet
(group CT), or o-T enriched diet (group o-T). To establish
the subcutaneous ESCC model, cultured KYSE-150
or TE-1 cells were collected after trypsin digestion and
resuspended with fresh medium and Matrigel Basement
Membrane Matrix (BD, Franklin Lakes, NJ, USA), and
then 10° cells in 0.1ml were subcutaneously injected into
the back of mice. Tumor volume was measured with
caliper in two perpendicular diameters of the implant and
calculated using formula Y5(a xb?), where “a” is the long
diameter and “b” is the short diameter. Tumor volume was
determined once every 5 days and recorded for 20 days
until animal sacrifice. The subcutaneous tumors were fixed
in 10% neutral buffered formalin for immunostaining.

Cell proliferation, cell cycle and apoptosis

Cells seeded in multi-well plates were treated with
NMBA (100uM), a-Tocopherol (25, 50, 100uM), or their
combination for 48-72h. Cell proliferation was determined
with Cell Counting Kit-8 (CCK-8) (Sigma). For cell cycle
analysis, cells were collected and fixed with 70% ethanol
at 4°C for 4h. After washing with cold PBS, cells were
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resuspended with 500ul of propidium iodide (PI) (Life
Technology, Oregon, USA) and incubated at 37°C in dark
for 20 minutes followed by analysis with FACSCalibur
flow cytometer (BD Biosciences, San Jose, CA, USA).
Cell apoptosis was determined with the Annexin V-FITC
Apoptosis Detection Kit (BD Biosciences, San Jose, CA,
USA) according to the instruction of manufacturer.

Transcriptome microarray

Het-1A cells were treated with NMBA (100 pM)
for 5 weeks. Total RNA was extracted from Het-1A cells
using Trizol reagent (Invitrogen, Carlsbad, CA, USA),
and purified with magnetic beads of Agencourt Ampure
(APN 000132, Beckman Coulter). The GeneChips of
Human Transcriptome Array 2.0 (Affymetrix, USA)
were used for whole-transcript expression profiling. The
genes with threshold values of fold change >1.5 or <—1.5
were designated as differentially expressed. The Database
for Annotation, Visualization and Integrated Discovery
(DAVID) was used to determine pathways and processes
of major biological significance and importance based on
the Gene Ontology (GO) annotation function and Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway
function.

Small interfering RNA (siRNA) and transfection

The Trilencer-27 human PPARG siRNA (si-
PPARG) and Trilencer-27 universal scrambled negative
control siRNA (si-CT) were purchased from OriGene
Technologies, Inc. (Rockville, MD, USA). Het-1A cells
seeded in multi-well plates were transfected with siRNA at
a 10 nM final concentration using siTran 1.0 following the
manufacturer’s protocol. After 24h, cells were treated with
a-Tocopherol (50 uM), or Rosiglitazone (RGZ, 20 pM)
for another 24h. Subsequently, cell lysates were collected
for PathScan Akt Signaling Array assay according to
the instruction provided by manufacture (Cell Signaling
Technology Inc., Danvers, MA, USA).

Western blotting

Homogenated proteins (10-40 pg) from esophageal
tissue or cell lysate were resolved on SDS-polyacrylamide
gels (NuPAGE, Invitrogen, Carlsbad, CA, USA), and
electrophoretically transferred onto Polyvinylidenefluoride
membranes. After blocking with 5% skim milk, the
membranes were incubated with specific primary
antibodies and then corresponding HRP-labeled secondary
antibodies. Membranes were developed with West Femto
Chemiluminescent substrate (Thermo, Rockford, IL, USA)
and the images were captured with Syngene GeneGnome
XRQ system (BioTek, HK, China). The relative expression
of proteins were quantified by bands area and density with
Image J software and normalized with B-actin.

Immunohistochemistry

For paraffin embedded tissue section, antigens were
unmasked in citrate buffer for 10 min at 90°C. Endogenous
peroxidase was quenched by 10 min incubation in 3%
hydrogen peroxide in PBS. After blocking with 5%
normal goat serum, the sections were incubated with
primary antibody overnight at 4°C. Then HRP-conjugated
secondary antibody (Cell signaling Technology Inc.,
Danvers, MA, USA) and diaminobenzidine (DAB) were
applied to visualize the expression and localization of
antigens. BrdU immunohistochemistry was performed
using an in-situ detection kit (BD Biosciences, Franklin
Lakes, NJ, USA) according to the instruction.

Statistical analysis

Incidences of visible tumors, microscopic papilloma
and carcinoma were compared using 2 and Fisher’s exact
test. Tumor multiplicity, numbers of histopathological
lesions, levels of protein expression were expressed as
mean + standard deviation and analyzed using one-way
Analysis of Variance (ANOVA). Turkey-Kramer test
was used for multiple comparisons. P value <0.05 were
considered statistically significant.

CONFLICTS OF INTEREST

All authors declare no conflicts of interest.

FUNDING

This work was supported by grants from the
National Natural Science Foundation of China (No.
81402679; No. 81673173).

REFERENCES

1. Stewart B, Wild C. (2014). World cancer report 2014:
International Agency for Research on Cancer.

Arnold M, Soerjomataram I, Ferlay J, Forman D. Global
incidence of oesophageal cancer by histological subtype
in 2012. Gut. 2015; 64: 381-7. https://doi.org/10.1136/
gutjnl-2014-308124.

3. DeSantis CE, Lin CC, Mariotto AB, Siegel RL, Stein
KD, Kramer JL, Alteri R, Robbins AS, Jemal A. Cancer
treatment and survivorship statistics, 2014. CA Cancer J
Clin. 2014; 64: 252-71. https://doi.org/10.3322/caac.21235.
Rustgi AK, El-Serag HB. Esophageal carcinoma. N Engl
J Med. 2014; 371: 2499-509. https://doi.org/10.1056/
NEJMc1500692.

5. Yang CS, Suh N, Kong AN. Does vitamin E prevent or
promote cancer? Cancer Prev Res (Phila). 2012; 5: 701-5.
https://doi.org/10.1158/1940-6207.CAPR-12-0045.

www.impactjournals.com/oncotarget

95927

Oncotarget



10.

11.

13.

14.

Taylor PR, Qiao YL, Abnet CC, Dawsey SM, Yang CS,
Gunter EW, Wang W, Blot WJ, Dong ZW, Mark SD.
Prospective study of serum vitamin E levels and esophageal
and gastric cancers. J Natl Cancer Inst. 2003; 95: 1414-6.

Mark SD, Qiao YL, Dawsey SM, Wu YP, Katki H, Gunter
EW, Fraumeni JF Jr, Blot W], Dong ZW, Taylor PR.
Prospective study of serum selenium levels and incident
esophageal and gastric cancers. J Natl Cancer Inst. 2000;
92: 1753-63.

Blot WJ, LiJY, Taylor PR, Guo W, Dawsey S, Wang GQ,
Yang CS, Zheng SF, Gail M, Li GY, Liu BQ, Tangrea J,
Sun YH, et al. Nutrition intervention trials in Linxian,
China: supplementation with specific vitamin/mineral
combinations, cancer incidence, and disease-specific
mortality in the general population. J Natl Cancer Inst.
1993; 85: 1483-92.

Gaziano JM, Glynn RJ, Christen WG, Kurth T, Belanger
C, MacFadyen J, Bubes V, Manson JE, Sesso HD, Buring
JE. Vitamins E and C in the prevention of prostate and total
cancer in men: the Physicians' Health Study II randomized
controlled trial. JAMA. 2009; 301: 52-62. https://doi.
org/10.1001/jama.2008.862.

Klein EA, Thompson IM Jr, Tangen CM, Crowley JJ,
Lucia MS, Goodman PJ, Minasian LM, Ford LG, Parnes
HL, Gaziano JM, Karp DD, Lieber MM, Walther PJ, et al.
Vitamin E and the risk of prostate cancer: the Selenium
and Vitamin E Cancer Prevention Trial (SELECT).
JAMA. 2011; 306: 1549-56. https://doi.org/10.1001/
jama.2011.1437.

Lippman SM, Klein EA, Goodman PJ, Lucia MS,
Thompson IM, Ford LG, Parnes HL, Minasian LM,
Gaziano JM, Hartline JA, Parsons JK, Bearden JD 3rd,
Crawford ED, et al. Effect of selenium and vitamin E on
risk of prostate cancer and other cancers: the Selenium and
Vitamin E Cancer Prevention Trial (SELECT). JAMA.
2009; 301: 39-51. https://doi.org/10.1001/jama.2008.864.
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. 2005; 294: 56-65. https://doi.org/10.1001/
jama.294.1.56.

Listed N. The effect of vitamin E and beta carotene on the
incidence of lung cancer and other cancers in male smokers.
Alpha-Tocopherol, Beta Carotene Cancer Prevention Study
Group. The effect of vitamin E and beta carotene on the
incidence of lung cancer and other cancers in male smokers.
N Engl J Med. 1994; 330: 1029.

Sayin VI, Ibrahim MX, Larsson E, Nilsson JA, Lindahl P,
Bergo MO. Antioxidants accelerate lung cancer progression
in mice. Sci Transl Med. 2014; 6: 221ral5. https://doi.
org/10.1126/scitranslmed.3007653.

. Le Gal K, Ibrahim MX, Wiel C, Sayin VI, Akula MK,

Karlsson C, Dalin MG, Akyurek LM, Lindahl P, Nilsson J,
Bergo MO. Antioxidants can increase melanoma metastasis

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

in mice. Sci Transl Med. 2015; 7: 308re8. https://doi.
org/10.1126/scitranslmed.aad3740.

Yang CS, Chen JX, Wang H, Lim J. Lessons learned from
cancer prevention studies with nutrients and non-nutritive
dietary constituents. Mol Nutr Food Res. 2016; 60: 1239-
50. https://doi.org/10.1002/mnfr.201500766.

Qiao YL, Dawsey SM, Kamangar F, Fan JH, Abnet CC,
Sun XD, Johnson LL, Gail MH, Dong ZW, Yu B, Mark SD,
Taylor PR. Total and cancer mortality after supplementation
with vitamins and minerals: follow-up of the Linxian
General Population Nutrition Intervention Trial. J Natl
Cancer Inst. 2009; 101: 507-18. https://doi.org/10.1093/
jnci/djp037.

Yang H, Fang J, Jia X, Han C, Chen X, Yang CS, Li N.
Chemopreventive effects of early-stage and late-stage
supplementation of vitamin E and selenium on esophageal
carcinogenesis in rats maintained on a low vitamin E/
selenium diet. Carcinogenesis. 2011; 32: 381-8. https://doi.
org/10.1093/carcin/bgq279.

Yang H, Jia X, Chen X, Yang CS, Li N. Time-selective
chemoprevention of vitamin E and selenium on esophageal
carcinogenesis in rats: the possible role of nuclear factor
kappaB signaling pathway. Int J Cancer. 2012; 131: 1517-
27. https://doi.org/10.1002/ijc.27423.

Lee HJ, Ju J, Paul S, So JY, Decastro A, Smolarek A, Lee
MJ, Yang CS, Newmark HL, Suh N. Mixed tocopherols
prevent mammary tumorigenesis by inhibiting estrogen
action and activating PPAR-gamma. Clin Cancer Res. 2009;
15: 4242,

Campbell SE, Musich PR, Whaley SG, Stimmel JB,
Leesnitzer LM, Dessusbabus S, Duffourc M, Stone W,
Newman RA, Yang PY. Gamma tocopherol upregulates
the expression of 15-S-HETE and induces growth arrest
through a PPAR gamma-dependent mechanism in PC-3
human prostate cancer cells. Nutr Cancer. 2009; 61: 649-62.

Zingg JM. Vitamin E: a role in signal transduction. Annu
Rev Nutr. 2015; 35: 135-73. https://doi.org/10.1146/
annurev-nutr-071714-034347.

Kempna P, Reiter E, Arock M, Azzi A, Zingg JM. Inhibition
of HMC-1 mast cell proliferation by vitamin E: involvement
of the protein kinase B pathway. J Biol Chem. 2004; 279:
50700-9. https://doi.org/10.1074/jbc.M410800200.

YuY, Hou L, Song H, Xu P, Sun Y, Wu K. Akt/AMPK/
mTOR pathway was involved in the autophagy induced
by vitamin E succinate in human gastric cancer SGC-7901
cells. Mol Cell Biochem. 2017; 424: 173-83. https://doi.
org/10.1007/s11010-016-2853-4.

Wang H, Hong J, Yang CS. delta-Tocopherol inhibits
receptor tyrosine kinase-induced AKT activation in prostate
cancer cells. Mol Carcinog. 2016; 55: 1728-38. https://doi.
org/10.1002/mc.22422.

Vejux A, Guyot S, Montange T, Riedinger JM, Kahn
E, Lizard G. Phospholipidosis and down-regulation of
the PI3-K/PDK-1/Akt signalling pathway are vitamin

WWw

.impactjournals.com/oncotarget

95928

Oncotarget



27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

E inhibitable events associated with 7-ketocholesterol-
induced apoptosis. J Nutr Biochem. 2009; 20: 45-61. https://
doi.org/10.1016/j.jnutbio.2007.12.001.

Dolfi SC, Yang Z, Lee MJ, Guan F, Hong J, Yang CS.
Inhibitory effects of different forms of tocopherols,
tocopherol phosphates, and tocopherol quinones on growth
of colon cancer cells. J Agric Food Chem. 2013; 61: 8533-
40. https://doi.org/10.1021/jf401076g.

Kuo PL, Hsu YL, Cho CY. Plumbagin induces G2-M arrest
and autophagy by inhibiting the AKT/mammalian target
of rapamycin pathway in breast cancer cells. Mol Cancer
Ther. 2006; 5: 3209-21. https://doi.org/10.1158/1535-7163.
MCT-06-0478.

Nagappan A, Lee WS, Yun JW, Lu JN, Chang SH, Jeong
JH, Kim GS, Jung JM, Hong SC. Tetraarsenic hexoxide
induces G2/M arrest, apoptosis, and autophagy via PI3K/
Akt suppression and p38 MAPK activation in SW620
human colon cancer cells. PLoS One. 2017; 12: e0174591.
https://doi.org/10.1371/journal.pone.0174591.

Li B, Li J, Xu WW, Guan XY, Qin YR, Zhang LY, Law
S, Tsao SW, Cheung AL. Suppression of esophageal tumor
growth and chemoresistance by directly targeting the PI3K/
AKT pathway. Oncotarget. 2014; 5: 11576-87. https://doi.
org/10.18632/oncotarget.2596.

Ng HY, Ko M, Yu VZ, Ip JC, Dai W, Cal S, Lung ML.
DESCI, a novel tumor suppressor, sensitizes cells to
apoptosis by downregulating the EGFR/AKT pathway in
esophageal squamous cell carcinoma. Int J Cancer. 2016;
138: 2940-51. https://doi.org/10.1002/ijc.30034.

Yang P, Zhao J, Hou L, Yang L, Wu K, Zhang L. Vitamin
E succinate induces apoptosis via the PI3K/AKT signaling
pathways in EC109 esophageal cancer cells. Mol Med Rep.
2016; 14: 1531-7. https://doi.org/10.3892/mmr.2016.5445.

Shin-Kang S, Ramsauer VP, Lightner J, Chakraborty K,
Stone W, Campbell S, Reddy SA, Krishnan K. Tocotrienols
inhibit AKT and ERK activation and suppress pancreatic
cancer cell proliferation by suppressing the ErbB2 pathway.
Free Radic Biol Med. 2011; 51: 1164-74. https://doi.
org/10.1016/j.freeradbiomed.2011.06.008.

Elisia I, Kitts DD. Different tocopherol isoforms vary in
capacity to scavenge free radicals, prevent inflammatory
response, and induce apoptosis in both adult- and fetal-
derived intestinal epithelial cells. Biofactors. 2013; 39: 663-
71. https://doi.org/10.1002/biof.1132.

Limburg PJ, Wei W, Ahnen DJ, Qiao Y, Hawk ET, Wang
G, Giffen CA, Wang G, Roth MJ, Lu N, Korn EL, Ma
Y, Caldwell KL, et al. Randomized, placebo-controlled,
esophageal squamous cell cancer chemoprevention trial of
selenomethionine and celecoxib. Gastroenterology. 2005;
129: 863-73. https://doi.org/10.1053/j.gastro.2005.06.024.

Fucci A, Colangelo T, Votino C, Pancione M, Sabatino
L, Colantuoni V. The role of peroxisome proliferator-
activated receptors in the esophageal, gastric, and colorectal
cancer. PPAR Res. 2012; 2012: 242498. https://doi.
org/10.1155/2012/242498.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

Girnun GD, Smith WM, Drori S, Sarraf P, Mueller E, Eng
C, Nambiar P, Rosenberg DW, Bronson RT, Edelmann
W, Kucherlapati R, Gonzalez FJ, Spiegelman BM. APC-
dependent suppression of colon carcinogenesis by PPARYy.
Proc Natl Acad Sci U S A. 2002; 99: 13771-6. https://doi.
org/10.1073/pnas.162480299.

Girnun GD, Spiegelman BM. PPARgamma ligands: taking
Ppart in chemoprevention. Gastroenterology. 2003; 124:
564-7.

Garcia-Bates TM, Lehmann GM, Simpson-Haidaris PJ,
Bernstein SH, Sime PJ, Phipps RP. Role of peroxisome
proliferator-activated receptor gamma and its ligands in the
treatment of hematological malignancies. PPAR Res. 2008;
2008: 834612. https://doi.org/10.1155/2008/834612.

Thompson EA. PPARgamma physiology and pathology
in gastrointestinal epithelial cells. Mol Cells. 2007; 24:
167-76.

Kulke MH, Demetri GD, Sharpless NE, Ryan DP,
Shivdasani R, Clark JS, Spiegelman BM, Kim H, Mayer RJ,
Fuchs CS. A phase II study of troglitazone, an activator of
the PPARgamma receptor, in patients with chemotherapy-
resistant metastatic colorectal cancer. Cancer J. 2002; 8:
395-9.

Smith MR, Manola J, Kaufman DS, George D, Oh WK,
Mueller E, Slovin S, Spiegelman B, Small E, Kantoff
PW. Rosiglitazone versus placebo for men with prostate
carcinoma and a rising serum prostate-specific antigen level
after radical prostatectomy and/or radiation therapy. Cancer.
2004; 101: 1569-74. https://doi.org/10.1002/cncr.20493.
Smolarek AK, So JY, Burgess B, Kong AN, Reuhl K, Lin
Y, Shih WJ, Li G, Lee MJ, Chen YK, Yang CS, Suh N.
Dietary administration of delta- and gamma-tocopherol
inhibits tumorigenesis in the animal model of estrogen
receptor-positive, but not HER-2 breast cancer. Cancer Prev
Res (Phila). 2012; 5: 1310-20. https://doi.org/10.1158/1940-
6207.CAPR-12-0263.

Das Gupta S, Sae-Tan S, Wahler J, So JY, Bak MJ, Cheng
LC, Lee MJ, Lin Y, Shih WJ, Shull JD, Safe S, Yang
CS, Suh N. Dietary gamma-tocopherol-rich mixture
inhibits estrogen-induced mammary tumorigenesis by
modulating estrogen metabolism, antioxidant response, and
PPARgamma. Cancer Prev Res (Phila). 2015; 8: 807-16.
https://doi.org/10.1158/1940-6207.CAPR-15-0154.

Salmena L, Carracedo A, Pandolfi PP. Tenets of PTEN
tumor suppression. Cell. 2008; 133: 403-14. https://doi.
org/10.1016/j.cell.2008.04.013.

SE, Stone WL, Whaley SG, Qui M
Krishnan K. Gamma (gamma) tocopherol upregulates
peroxisome proliferator (PPAR)
gamma (gamma) expression in SW 480 human colon
cancer cell lines. BMC Cancer. 2003; 3: 25. https://doi.
org/10.1186/1471-2407-3-25.

De Pascale MC, Bassi AM, Patrone V, Villacorta L, Azzi
A, Zingg JM. Increased expression of transglutaminase-1

Campbell

>

activated receptor

and PPARgamma after vitamin E treatment in human

WWw

.impactjournals.com/oncotarget

95929

Oncotarget



48.

49.

keratinocytes. Arch Biochem Biophys. 2006; 447: 97-106.
https://doi.org/10.1016/j.abb.2006.02.002.

Sawayama H, Ishimoto T, Watanabe M, Yoshida N,
Sugihara H, Kurashige J, Hirashima K, Iwatsuki M, Baba
Y, Oki E, Morita M, Shiose Y, Baba H. Small molecule
agonists of PPAR-gamma exert therapeutic effects in
esophageal cancer. Cancer Res. 2014; 74: 575-85. https://
doi.org/10.1158/0008-5472.CAN-13-1836.

Burton JD, Goldenberg DM, Blumenthal RD. Potential
of peroxisome proliferator-activated receptor gamma

50.

51.

antagonist compounds as therapeutic agents for a wide
range of cancer types. PPAR Res. 2008; 2008: 494161.
https://doi.org/10.1155/2008/494161.

Reeves PG, Nielsen FH, Fahey GC Jr. AIN-93 purified diets
for laboratory rodents: final report of the American Institute
of Nutrition ad hoc writing committee on the reformulation
of the AIN-76A rodent diet. J Nutr. 1993; 123: 1939-51.

Pozharisski KM. Pathology of tumours in laboratory

animals. Tumours of the rat. Tumours of the oesophagus.
TARC Sci Publ. 1990; 99: 109-28.

www.impactjournals.com/oncotarget

95930

Oncotarget



