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Abstract
Abnormalities in cell cycle progression provide unlimited replicative potential to cancer cells, and
therefore targeting of key cell cycle regulators could be a sound cancer chemopreventive strategy.
Earlier, we found that grape seed extract (GSE) increases Cip/p21 protein level and inhibits
growth and induces apoptosis in human colon carcinoma HT29 cells both in vitro and in vivo.
However, the mechanism of GSE-induced p21 up-regulation and its role in biological efficacy of
GSE are not known, which were investigated here. GSE treatment of HT29 cells resulted in a
strong dose- and time-dependent phosphorylation of ERK1/2, consistent with p21 induction. The
inhibition of sustained ERK1/2 activation by GSE using pharmacological inhibitors abrogated
GSE-induced p21 up-regulation. Furthermore, pre-treatment of cells with N-acetylcysteine
inhibited GSE-induced ERK1/2 phosphorylation as well as p21 up-regulation, suggesting the
involvement of GSE-induced oxidative stress as an upstream event. Consistent with this, GSE also
decreased intracellular level of reduced glutathione. Next, we determined whether GSE-induced
signaling regulates p21 expression at transcriptional and/or translational levels. GSE was found to
increase the stability of p21 message with resultant increase in p21 protein level, but it did not
alter the protein stability to a great extent. Importantly, knock-down of p21 abrogated GSE-
induced G1 arrest suggesting that p21 induction by GSE is essential for its G1 arrest effect.
Together, our results for the first time identify a central role of p21 induction and associated
mechanism in GSE-induced cell cycle arrest in HT29 cells.
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INTRODUCTION
Cancer is a disease, where cells undergo unrestricted proliferation as compared to tightly
regulated one in normal cells. In normal cells, precisely controlled transit through various
phases of cell cycle is achieved by concerted action of various cyclins, cyclin-dependent
kinases (CDKs) and CDK inhibitors (CDKIs) [1]. The regulatory mechanisms which
involve activation/inactivation of CDKs through their binding with either cyclins or CDKIs
are orchestrated by the alterations in the intracellular pool of these molecules [2].
Accordingly, the intracellular levels of these molecules fluctuate with the transit through
different phases of the cell cycle. The fluctuation in the intracellular levels of these
molecules is achieved at multiple levels such as transcription, post-transcription, translation
and post-translation [2]. For most of the molecules, different mechanisms could operate
inside the cell to achieve the required levels.

CDKIs are important in regulating cell cycle progression through different phases. There are
two families of CDKIs: INK4 and Cip/Kip. The INK4 family includes p16INK4a,
p15INK4b, p18INK4c and p19INK4d, and the Cip/Kip family includes p21/Cip1, p27/
Kip1, and p57/Kip2. INK4 family members specifically modulate the activity of G1 phase
CDKs, while Cip/Kip family members exhibit broader binding affinity towards various
CDKs and can modulate activities of cyclin D-, E-, A-, and B-CDK complexes [1]. Cip/Kip
family plays a central role as tumor suppressors, in addition to regulation of transcription,
apoptosis and migration [3]. p21/Cip1, known as universal cell cycle regulator, can play a
dual role as positive as well as negative regulator of cell cycle progression [4]. Basal levels
of p21 are required for assembly of cyclin D and CDK4 or CDK6 complexes, resulting in
the nuclear accumulation of these complexes required for G1 to S phase progression [5].
However, elevated levels of p21 can inhibit the activities of CDK4 and CDK6 by binding
with CDK/cyclin complexes and inhibiting CDK activity by disrupting the ATP-binding
pocket of the CDK subunit thereby causing cell cycle arrest [6]. P21 can also attenuate cell
growth by inhibiting proliferating cell nuclear antigen (PCNA), a replication protein which
acts as a processivity factor for DNA polymerase, via protein-protein interaction [7].
Overexpression of p21 induces cellular senescence, whereas its inactivation in senescent
cells leads to reentry of cells in S phase suggesting its role in cellular senescence [8,9].
Further, p21 plays divergent roles in regulation of cell death; on one hand, it inhibits
apoptosis and on the other hand, it has an ability to promote signal transduction leading to
apoptosis [10]. It is also involved in p53-mediated transcriptional repression of certain genes
such as survivin [11].

P21 is a transcriptional target of p53; however, it can also be regulated at transcriptional
level by p53-independent mechanisms as observed during terminal differentiation and
senescence [12]. The promoter region of p21 gene has binding sites for various transcription
factors, such as p53, Sp1, Stat1 and SREBP [13,14]. It is also regulated by translational,
post-translational and epigenetic mechanisms [15-17]. Unlike p53, mutations in p21 are
uncommon; however, polymorphism in p21 gene has been reported in certain tumor types
[18-20]. In ulcerative colitis-related colorectal carcinomas, p21 is down-regulated and linked
with p53 mutation [21]. Low levels of p21 are seen in colorectal carcinoma patient samples
and are implicated in metastasis of colorectal carcinomas [22]. Several studies have reported
its up-regulation in chemopreventive efficacy of many natural agents [23-25]. In our
previous study, grape seed extract (GSE), which has a high content of proanthocyanidins,
induced p21 levels in HT29 cells under both in vitro and in vivo conditions; however, its role
in biological effects of GSE is not known [26]. Also, the mechanisms of p21 induction by
GSE are not known, nevertheless, HT29 cells harbors p53 mutation and thus suggests that
either p53 independent transcriptional or other post-transcriptional mechanisms may be
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involved. The present study was conducted to delineate the molecular mechanisms of GSE-
induced up-regulation of p21 and to establish its role in its biological efficacy in HT29 cells.

MATERIALS AND METHODS
Reagents

Cycloheximide (CHX), N-acetyl-L-cysteine (NAC), dimethylsulfoxide (DMSO) and
actinomycin D (Act D) were procured from Sigma-Aldrich Chemical Company (St. Louis,
MO). Trizol reagent and 2’, 7’-dichlorofluorescin diacetate (DCFDA) were procured from
Invitrogen Corporation (Carlsbad, CA). PD98059 and U0126 were procured from Alexis
Biochemicals (San Diego, CA). Dual Luciferase Reporter assay kit and phRL-TK vector
were procured from Promega (Madison, WI). GSE was obtained as gift in bulk to avoid
batch to batch variation from Kikkoman Corporation, Noda City, Japan. GSE was stored in
the dark at 4°C under moisture free conditions to increase its shelf life. The stability of GSE
was also monitored by running in-house HPLC analysis every six months. In addition,
stability data provided by the company indicates that GSE is stable up to 6 months in the
accelerated stability study conducted at 45°C.

Cell culture and treatments for western blot analysis
HT29 cells were obtained from the American Type Culture Collection and were cultured in
DMEM medium containing 10% FBS and 100 U/ml of streptomycin and penicillin at 37°C
and 5% CO2. HT29 cells in this study were used between passage numbers 10-30. HT29
cells at 60-70% confluence were treated with GSE (25-100 μg/ml) in DMSO or DMSO
alone in complete DMEM medium for 12-24 h. The final concentration of DMSO was 0.1%
in all the treatment groups and corresponding controls. In the studies, where cells were to be
treated with specific inhibitor together with GSE, inhibitor was added 15-30 min (depending
on inhibitors as detailed in figure legends) prior to the treatment with GSE. After desired
treatments, the cells were harvested by brief trypsinization enough to dislodge cells followed
by centrifugation to get cells in pellet form. Three washings with ice-cold PBS were given to
cell pellets, and total cell lysates were prepared in non-denaturing lysis buffer as described
previously [26]. Protein concentration of the samples was estimated using Biorad DC
protein assay kit (Bio-Rad Laboratories, Philadelphia, PA) by Lowry's method.

Western immunoblot analysis
Total cell lysates (30-80 μg protein) were resolved by SDS-PAGE on 8, 12 or 16%
Trisglycine gels. Separated proteins were transferred onto nitrocellulose membrane by
western blotting. After blocking in 5% skimmed milk in TBST for 1 h, membranes were
probed with primary antibodies against desired molecules over night at 4°C followed by
peroxidase-conjugated appropriate secondary antibodies for 1 h at room temperature. Protein
bands were visualized by enhanced chemiluminescence detection system (GE Healthcare
Life Sciences, Pittsburgh, PA).

Cycloheximide/Actinomycin D chase experiment
HT29 cells were plated to 60-70% confluency overnight and treated with DMSO alone
(control) or GSE in DMSO (100 μg/ml) for 12 h. Subsequently, both control and treated
cells were incubated with DMEM complete medium containing 10 μg/ml of CHX for 0-6 h
in CHX chase experiment. In Act D chase experiment, at the end of 12 h treatment period,
control and treated cells were incubated with DMEM complete medium containing 2.5 μg/
ml of Act D for 0-4 h. Total cell lysates were prepared at different treatment intervals in
non-denaturing lysis buffer as described above. Lysates were analyzed for p21 and ß-actin
expression by western immunoblotting.
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Quantitative real-time PCR
Total RNA was isolated using Trizol Reagent (Invitrogen Corporation, Carlsbad, CA). The
mRNA levels for p21 were quantified by real-time quantitative RT-PCR using ABI PRISM
7700 at the Molecular Biology Core Facility of the University of Colorado Cancer Center.
The primers used were 5’TGGAGACTCTCAGGGTCGAAA3’ and
5’CGGCGTTTGGAGTGGTAGAA3’ for p21. The final quantity of p21 mRNA in each
sample is reported after normalization with the corresponding 18S rRNA level (PE ABI, P/N
4308310).

Transient transfection for luciferase assay
For transient tranfections, HT29 cells were plated overnight to achieve 50% confluence.
P21-promoter luciferase construct was prepared following the method of Xiao et al [27].
Cells were then transfected with p21-promoter luciferase construct (1 μg) and were co-
transfected with phRL-TK (0.5 μg) as loading control using mirus transfection reagent
(Mirus Corporation, Madison, WI). After 24 h of transfection, cells were treated with GSE
(100 μg/ml) for 12 h. Luciferase and renilla luciferase activities were measured using
Promega Dual Luciferase assay kit. Transfection efficiency was normalized using renilla
luciferase activity.

Measurement of intracellular reduced glutathione levels
The intracellular reduced glutathione levels were measured using ApoGSH Glutathione
colorimetric detection kit from BioVision Inc. (Mountain View, CA). Briefly, HT29 cells
were treated with GSE (100 μg/ml) for 6 h. Cells were harvested and counted using
hemocytometer. Harvested cells were processed and intracellular levels of reduced
glutathione were measured as per manufacturer's instructions provided with the kit by
measuring the absorbance at 405 nm using a microtiter plate reader. The standard curve was
also generated using the GSH standard provided with the kit.

Measurement of intracellular reactive oxygen species (ROS)
To assay for intracellular ROS generation by GSE, HT29 cells were plated in 24 wells
cluster plate overnight under standard culture conditions. Following day, the cells were
incubated with DMEM medium with 1% FBS containing 100 μM DCFDA (freshly
prepared) for 30 min in dark. Cells were then washed with Krebs-Ringer Bicarbonate (KRB)
buffer thoroughly and treated with either DMSO (0.1%) alone or GSE (100 μg/ml) in KRB
buffer in dark. The increase in fluorescence was measured at excitation wavelength of 485
nm and emission wavelength of 538 nm using a fluorescent plate reader. The background
fluorescence of GSE (100 μg/ml) itself in the absence of DCFDA was also adjusted.

Generation of stable cell line with p21 knock-down for cell cycle phase distribution and
apoptosis assays

We generated stable HT29 cell line via retroviral transduction of short hairpin RNA for
Cip1/p21 (Shp21) following method as described in our recent studies [28]. Stable cell line
of HT29 carrying pSUPER-RETRO empty vector (EV) was also generated in the similar
manner. These HT29 cell variants were treated with GSE for 12 and 24 h, and analyzed for
cell cycle phase distribution by saponin/propidium iodide (PI) and for apoptosis by annexin
V/PI staining using flow cytometry as described earlier [26].

Statistical Analysis
Statistical analysis of data was performed using Sigma Stat 3.5 software (Jandel Scientific,
San Rafael, CA, USA). Data is represented as mean ± SD. Statistical significance of
difference between control and treated samples was performed by conducting student's
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unpaired t-test and difference was considered statistically significant at P<0.05.
Densitometric analysis of immunoblots was done using Scion Image program (NIH), and
results are shown based on relative densities compared with control.

RESULTS
GSE induces sustained activation of ERK1/2 with concomitant increase in p21 protein
expression

GSE is a complex mixture of polyphenols. The detailed chemical analysis of GSE (used in
the present study) has been conducted by Research and Development division of Kikkoman
Corporation, Japan, which reported that GSE contains proanthocyanidins (89.3%),
monomeric flavonols (6.6%), moisture (2.24%), protein (1.06% ) and ash (0.8%) [29]. Our
group further identified gallic acid and 3, 3’-di-O-gallate ester of procyanidin dimer B2 as
active constituents of GSE with potential anti-cancer efficacy in prostate cancer by
conducting biological activity guided fractionation [30]. Therefore, there is a lot of interest
in finding the mechanistic basis of the chemopreventive potential of this extract and/or its
constituents depending up on the thrust of the program. The present study was conducted to
find the mechanistic basis of anti-cancer efficacy of GSE against human colorectal
carcinoma. In our previous study, we observed that GSE up-regulates the levels of p21 in
HT29 cells in vitro and in vivo [26]. Herein, we wanted to elucidate the molecular
mechanisms of GSE-induced up-regulation in expression of p21 protein in HT29 cells.
Consistent with our previous study [26], GSE (25-100 μg/ml) treatment to HT29 cells for 12
and 24 h resulted in an increase in p21 protein expression in a concentration- and time-
dependent manner (Figure 1A). We also observed that the increase in p21 protein expression
was accompanied with an increase in the phosphorylation of ERK1/2 without any change in
the total levels of ERK1/2. The effects were sustained till 24 h after the GSE treatment
(Figure 1A). Since, a similar pattern was observed between activation of ERK1/2 and up-
regulation of p21 protein expression after the GSE treatment, next we evaluated the kinetics
of ERK1/2 activation following treatment with 100 μg/ml concentration of GSE. The time
kinetics data revealed that activation of ERK1/2 could be observed as early as 30 min
whereas the increase in p21 level was observed at 1 h post-GSE treatment that showed an
increase in the levels with time (Figure 1B). Thus, ERK1/2 activation that sustained
temporally precedes the increase in p21 protein expression (Figure 1B). Further, we did not
observe activation of JNK1/2 and p38 after GSE treatment in these cells (data not shown).

GSE-induced up-regulation of p21 protein levels occurs through ERK1/2 activation via
reactive oxygen species dependent mechanism

To evaluate whether ERK1/2 activation is involved in p21 up-regulation, HT29 cells were
pre-treated with two structurally unrelated chemical MEK inhibitors, either U0126 or
PD98059 followed by GSE treatment. We observed that inhibition of MEK activity by these
inhibitors resulted in the inhibition of ERK1/2 phosphorylation and abrogation of the p21
protein induction by GSE (Figure 2A). Together, these findings suggested that GSE induces
the activation of MEK/ERK1/2 pathways, and this activation is required for the up-
regulation of p21 expression.

To confirm whether the production of intracellular reactive oxygen species (ROS) by GSE
drives the activation of ERK1/2, HT29 cells were pre-treated with NAC (50 mM) for 30 min
prior to GSE treatment. Pre-treatment with NAC resulted in inhibition of GSE-induced
ERK1/2 activation and loss of GSE-induced increase in p21 protein expression (Figure 2B).
To further confirm whether GSE indeed causes oxidative stress in HT29 cells, we measured
the intracellular levels of reduced glutathione. Reduced glutathione is an important
intracellular anti-oxidant involved in maintaining intracellular reduction-oxidation balance
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[31]. As shown in Fig. 2C, treatment of HT29 cells with GSE (100 μg/ml) for 6 h resulted in
a significant decrease (25%; P<0.01) in the intracellular levels of reduced glutathione as
compared to control cells. Further, pre-treatment of HT29 cells with 50mM NAC abrogated
GSE-induced decrease in the intracellular levels of reduced glutathione (Figure 2C). These
results suggest that GSE causes intracellular ROS generation which might be responsible for
decrease in the reduced glutathione levels. To confirm this possibility, we estimated ROS
generation by measuring the increase in DCFDA fluorescence with GSE treatment. We
observed that treatment of HT29 cells with 100 μg/ml GSE for 1 h resulted in almost 1.5
fold increase in DCFDA fluorescence as compared to DMSO treated controls (Figure 2D).

Inhibition of mRNA and protein synthesis blocks the up-regulation of p21 by GSE
The up-regulation in p21 protein levels can occur at transcriptional, translational and/or
post-translational levels [14,15]. To explore the mechanism of GSE-induced p21 up-
regulation, we pretreated the cells with either Act D or CHX prior to GSE treatment. The
increase in p21 protein expression by GSE was abrogated by pre-treatment with Act D or
CHX suggesting the involvement of both transcriptional and translational mechanism in its
up-regulation (Figure 3). To study whether increase in p21 protein expression occurred at
transcriptional levels, first we measured the expression of p21 mRNA by quantitative real
time PCR after GSE treatment. The time kinetics of p21 mRNA expression showed that the
increase could be seen as early as 1 h that becomes statistically significant by 3 h and
increased up to 2.7 folds by 6 h, and thereafter slightly declined at 12 h (Figure 4A). This
may be probably due to increased cytotoxic effect of GSE at later time points. We next
studied the effect of GSE treatment on p21 promoter activity using p21 promoter reporter
construct; however, no statistically significant change in the promoter activity was observed
between control and GSE treated HT29 cells (Figure 4B). These results suggested that GSE
caused increase in the expression of p21 protein is not due to transcriptional up regulation.
Further, we conducted Act D chase experiment and found that the rate of decay of p21
protein which is an indirect measure of mRNA levels was slower in GSE-treated cells as
compared to control cells, thereby implying that GSE increases the stability of p21 mRNA
(Figure 4C). Densitometric analysis of the bands revealed that expression of p21 protein was
reduced to 25% after 4 h in controls, whereas it remained unaltered in GSE-treated cells
(Figure 4C). In CHX chase experiment, the decay kinetics of p21 protein in GSE-treated and
control cells did not show any considerable difference. The half-life of p21 protein was ~298
min in GSE-treated cells as compared to ~258 min in control (Figure 5). From these results,
it is clear that GSE affects the stability of p21 protein only modestly, and thus rule out the
possibility of major involvement of post-translational mechanisms such as ubiquitination
and proteasomal degradation in its p21 up-regulation. Together, these findings suggest that
GSE increases the stability of p21 mRNA and thus probably increases its translational
efficiency resulting in up-regulation of p21 protein level.

GSE-induced G1 arrest of HT29 cells is mediated in part by up-regulation of p21 protein
expression

Consistent with our previous study [25], treatment of HT29 cells with GSE (100 μg/ml)
caused G1 as well as G2/M arrest at 12 h but at 24 h, it showed only predominant G1 arrest
(Figure 6A). Since, p21 regulates the G1-S and G2-M transition by regulating the activity of
participating CDKs; we next assessed the role of p21 up-regulation in GSE-induced cell
cycle arrest. Using HT29 stable p21 knock-down (Shp21) cells and corresponding stable cell
line carrying empty vector (EV) (Figure 6B), we observed that knockdown of p21 resulted
in abrogation of G1 arrest but not the G2/M arrest caused by GSE treatment (100 μg/ml) at
12 h (Figure 6C). GSE induced significant G1 arrest in EV cells (47% in control versus 54%
in GSE-treated cells; P<0.001) whereas, in Shp21 cells, GSE almost completely lost its
effect on G1 arrest (43% in control versus 46% in GSE-treated cells) after 12 h of treatment
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time with no action on G2/M arrest (24% in control versus 25% in GSE-treated cells; Figure
6C). Further, on prolonging the GSE treatment time to 24 h, G1 cells population increased
from 47% in control to 72% with GSE treatment in EV cells. However, in Shp21 cells, GSE-
induced G1 arrest was significantly (P<0.05) reversed (48% in control versus 64% in GSE-
treated Shp21 cells (Figure 6D) without any considerable effect on G2/M population.

We also studied the role of GSE-induced p21 up-regulation in GSE-induced apoptosis of
HT29 cells, by using EV and Shp21 cell variants of HT29 cells. We found that GSE induced
significant apoptotic death in EV cells (11% in control versus 43% in GSE-treated EV cells;
P<0.001) as well as in Shp21 cells (9% in control Shp21 cells versus 51% in GSE treated
Shp21 cells; P<0.05) after 12 h of treatment (Figure 6E). After normalizing both controls, it
showed a relative increase of ~19% apoptotic cells by GSE in p21 knock-down condition.
However, after 24 h, this relative increase in apoptotic cells by GSE in p21 knock-down
condition was almost completely lost (Figure 6E).

DISCUSSION
The central findings in the present study are: (a) GSE up-regulates p21 expression via ROS-
mediated ERK1/2 activation in human colon carcinoma HT29 cells; (b) GSE does not affect
transcriptional or post-translational mechanisms but modulates post-transcriptional and
translational mechanisms for the up-regulation of p21 expression; (c) GSE-induced p21
level, in part, mediates GSE-induced G1 arrest; and (d) GSE-induced p21 expression
moderately suppresses apoptosis during early time point, however, it is not a sustained
action.

We observed a sustained activation of ERK1/2 as well as p21 up-regulation after GSE
treatment of HT29 cells. Activation of ERK1/2 usually occurs in response to proliferative
signals [32,33]; however, it has been recognized that sustained activation of ERK1/2 can
lead to cell cycle arrest [34,35]. In our study with MEK inhibitors, we found that sustained
activation of ERK1/2 is required for p21 up-regulation through some yet unknown
mechanisms, as blockade of ERK1/2 by chemical inhibitors almost completely abrogated
the induction in p21 levels by GSE. Next, we investigated the mechanism of GSE-induced
activation of ERK1/2. There are reports that oxidative stress can induce MAPK signaling
[36]. Therefore, we anticipated that changes in intracellular redox conditions by GSE could
be pertinent to MAPK activation. As anticipated, the pre-treatment of cells with NAC, a
precursor of reduced glutathione, completely abrogated the activation of ERK1/2 as well as
up-regulation of p21 levels. This is supported by our previous study wherein GSE was found
to enhance ROS levels in prostate cancer cells [37]. Therefore, it is likely that ROS
production by GSE might be resulting in oxidative stress in cells. We also observed a
decreased level of intracellular reduced glutathione upon GSE treatment in HT29 cells; this
observation further supports the generation of intracellular oxidative stress by GSE. Another
study has reported the involvement of ROS-dependent mechanism in p21 up regulation in
which diethylmaleate induced p21 mRNA levels in Hela cells by p53-independent but
oxidative stress-mediated mechanisms [38]. Diethylmaleate creates oxidative stress by
depleting intracellular glutathione levels. Since, NAC pre-treatment abrogated GSE-induced
activation of ERK1/2; there is also a possibility that GSE-induced oxidative stress might
inactivate MAPK specific phosphatases resulting in sustained activation of ERK1/2.
However, additional studies are required to explore the existence of this possibility.

P21 is an endogenous CDKI with broad specificity for CDKs [39]. In addition to its
prominent role in affecting cell cycle arrest, it is also involved in multiple other cellular
processes such as apoptosis, senescence and differentiation [40-42]. The cellular levels of
p21 can be regulated by different mechanisms involving both transcriptional and post-
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transcriptional mechanisms [11-16,43-45]. In the present study, a modest increase in p21
mRNA levels was observed by GSE which must be occurring through a p53-independent
mechanism, as HT29 cells carry mutation in p53 gene. Further, GSE treatment showed a
marginal but non significant increase in the promoter activity of p21. These observations
suggested that up-regulation of p21 by GSE does not occur at transcriptional level;
therefore, the possibility of involvement of post-transcriptional/ translational mechanisms
was also explored.

Post-translational mechanisms such as ubiquitination or phosphorylation followed by
proteasomal degradation play an important role in controlling the turn over rate of many
proteins [43-46]. In case of p21, ubiquitination followed by proteasomal degradation is one
such mechanism affecting the overall stability of this protein [46]. Inhibition of this pathway
results in increased stability of the p21.To study the involvement of such mechanisms in
GSE-induced up-regulation in p21 protein levels; we conducted CHX chase experiment, in
which GSE showed a marginal effect on the half-life of p21. These observations suggest that
post translational mechanisms do not contribute significantly in increasing the stability/
levels of p21 protein by GSE.

In addition to transcriptional and post-translational mechanisms, the post-transcriptional
mechanisms regulating the levels of p21 have been observed under different experimental
conditions. The message for p21 has been shown to be stabilized through binding of either
HuR or poly(C)-binding protein at 3’ UTR region in human MDA-MB468 breast cancer
cells upon EGF treatment [47]. Similarly, post-transcriptional modifications were involved
in increasing the stability of mRNA in short wavelength UVC-induced and p53-dependent
up-regulation of p21 protein [48]. To study the involvement of such mechanisms, we
conducted actinomycin D chase experiment. Our results showed that the levels of p21
protein, which indirectly represents the mRNA levels were relatively higher in comparison
to untreated cells at all the time points studied, thereby indirectly implying that there is an
increased stabilization of the p21 mRNA in GSE-treated cells. Thus, GSE may be stabilizing
p21 mRNA levels by post-transcriptional mechanisms with concomitant increase in its
mRNA levels with a resultant increase in translation efficiency leading to overall increase in
p21 protein levels.

In an effort to explore the biological implications of robust up-regulation of p21 levels by
GSE, HT29 cells were stably knocked-down for p21, and cell cycle phase distribution and
apoptosis were analyzed. Knock-down of p21 resulted in abrogation of primarily G1 arrest
with no impact on transient G2/M arrest caused by GSE treatment. This suggests that up-
regulation of p21 by GSE is primarily involved in causing arrest at G1 phase. Additionally,
knock-down of p21 resulted in marginal increase in apoptosis by GSE at early time point (12
h), and this effect diminished by 24 h of GSE treatment, suggesting that p21 does not play
any major role in GSE-induced apoptosis of HT29 cells. It has been reported that the cellular
response switches from cell cycle arrest to apoptosis in event of selective degradation or
transcriptional repression of p21 [49,50]. However, in the present study, GSE increased both
apoptosis as well as p21 level, and knockdown of p21 has marginal effect on GSE-induced
apoptosis. Thus, further studies are needed to identify the molecule/s targeted by GSE for
apoptosis induction in HT29 cells.

Taken together, these results demonstrate that GSE causes oxidative stress in HT29 cells
that mediates the activation of MEK/ERK pathway for up-regulation of p21 levels. Up-
regulation in p21 levels by GSE involves post-transcriptional stabilization of p21 mRNA
with concomitant increase in translation of the message. GSE-induced p21 level is required
for G1 arrest and has only marginal effect on apoptosis caused by GSE in HT29 cells. Thus,
the findings of this study suggest that GSE could be a potential chemopreventive agent due
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to its ability to regulate the growth of colorectal cancer HT29 cells via targeting of p21/
Cip1, a critical regulator of cell cycle progression.
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Abbreviations

Act D actinomycin D

CDK cyclin-dependent kinase

CDKI cyclin-dependent kinase inhibitor

CHX cycloheximide

DMSO dimethylsulfoxide

ERK1/2 extracellular signal regulated kinase 1/2

MAPK mitogen activated protein kinase

MEK MAP kinase kinase

NAC N-acetyl-L-cysteine

p21 Cip1/p21

GSE grape seed extract

ROS reactive oxygen species

SDS-PAGE sodium dodecyl sulfate polyacrylamide gel electrophoresis
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Figure 1.
GSE induces sustained activation of ERK1/2 and up regulation in p21 levels. HT29 cells
were plated overnight and treated either with A) GSE (25-100 μg/ml for 12 and 24 h or B)
GSE (100 μg/ml) for 30 min-12 h. At the end of treatment times, total cell lysates were
prepared and analyzed by western blotting for p21, phospho-ERK1/2 and total ERK1/2
levels. GSE, grape seed extract.
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Figure 2.
GSE induces p21 protein levels through ERK1/2 activation via a ROS-dependent
mechanism. HT29 cells were A) pre-treated with MEK inhibitors; U0126 (10 μM) or
PD98059 (25 μM) for 15 min followed by GSE (100 μg/ml) for 12 h or B) pre-treated with
NAC (50 mM) for 30 min followed by GSE (100 μg/ml) for 12 h. At the end of treatment
intervals, total cell lysates were prepared and analyzed by western blotting for phospho-
ERK1/2, ERK1/2 and p21 levels. C) HT29 cells with or without pre-treatment with NAC
(50 mM) for 30 min were treated with either DMSO (0.1%) or GSE (100 μg/ml) for 6 h.
Cells were harvested and processed for estimation of reduced glutathione levels using
ApoGSH glutathione colorimetric detection kit. D) HT29 cells with or without pre-treatment
with DCFDA (100 μM) for 30 min were treated with either DMSO (0.1%) or GSE (100 μg/
ml) for 1 h in dark. The intensity of fluorescence was measured using fluorescent plate
reader. The data shown are mean ± SD of three independent samples. GSE, grape seed
extract; NAC, N-acetyl-L- cysteine.
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Figure 3.
Inhibition of mRNA and protein synthesis blocks the up-regulation of p21 by GSE. HT29
cells were pretreated with either Act D (2.5 μg/ml) or cycloheximide (10 μg/ml) and then
treated with GSE (100 μg/ml) for 12 h. At the end of treatment time, total cell lysates were
prepared and analyzed by western blotting for p21 levels. GSE, grape seed extract; Act D,
actinomycin D.

Kaur et al. Page 14

Mol Carcinog. Author manuscript; available in PMC 2012 July 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4.
GSE increase p21 levels by stabilizing mRNA levels. A) HT29 cells were treated with GSE
(100 μg/ml) for 0-12 h. Total RNA was extracted using Trizol reagent. Levels of p21 mRNA
were measured by quantitative RT-PCR. The data shown are mean ± SD of three
independent samples. Experiment was repeated twice. #, P<0.01; $, P<0.001. B) Cells were
transiently transfected with full-length firefly luciferase-p21 promoter construct as well as
phRL-TK reporter construct, and treated with either DMSO alone or GSE (100 μg/ml) for 6
h and assayed for luciferase activity. C) Cells were treated with either DMSO alone or GSE
(100 μg/ml) for 6 h and then were treated with 2.5 μg/ml of Act D for 0-4 h. At the end of
various treatment intervals, total cell lysates were prepared and analyzed by western blotting
for p21 and β-actin. GSE, grape seed extract. AU; arbitrary densitometric units after
normalization with ß-actin as loading control.
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Figure 5.
GSE moderately affects the stability of p21 protein levels. HT29 cells were treated with
either DMSO alone or GSE (100 μg/ml) for 6 h and then were treated with 10 μg/ml of
cycloheximide for 0-6 h. At the end of various treatment intervals, total cell lysates were
prepared and A) analyzed by western blotting for p21 and β-actin. B) the total levels of p21
were quantified in terms of densitometric units and expressed as percentage of p21 protein
levels at time 0h. Log10 of the percent values for p21 levels was plotted against time and the
t1/2 values shown in each case were calculated as the time corresponding to the log10 of
50%. GSE, grape seed extract.
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Figure 6.
Knockdown of p21 abrogates GSE induced G1 arrest in HT29 cells. HT29 cell and its
variants (stably transfected with empty vector, EV and short hairpin to p21, Shp21) were
treated with or without 100 μg/ml of GSE for 12-24 h and cell cycle phase distribution (A, C
and D) was determined as detailed in Materials and Methods. B) Levels of p21 expression in
EV and Shp21 cells treated with or without GSE (100 μg/ml) for 12 h were measured by
western blotting. E) HT29 cell line variants treated essentially as mentioned above were
stained with annexin-V/PI cells using Vybrant Apoptosis Assay Kit 2 and analyzed with
flow cytometer and presented as percent apoptotic death. The data shown are mean ± SD of
three independent samples. GSE, grape seed extract.
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