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Significance of p27 " as potential biomarker for intracellular oxidative status
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Abstract

Our previous proteomic study demonstrated that oxidative stress and antioxidant delphinidin regulated the cellular level of p27™" (referred to
as p27) as well as some heat shock proteins in human colon cancer HT 29 cells. Current study was conducted to validate and confirm the regulation
of these proteins using both in vitro and in vivo systems. The level of p27 was decreased by hydrogen peroxide in a dose-dependent manner in
human colon carcinoma HCT 116 (p53-positive) cells while it was increased upon exposure to hydrogen peroxide in HT 29 (p53-negative) cells.
However, high concentration of hydrogen peroxide (100 uM) downregulated p27 in both cell lines, but delphindin, one of antioxidative anthocyanins,
enhanced the level of p27 suppressed by 100 pM hydrogen peroxide. ICR mice were injected with varying concentrations of hydrogen peroxide,
delphinidin and both. Western blot analysis for the mouse large intestinal tissue showed that the expression of p27 was upregulated by 25 mg/kg
BW hydrogen peroxide. To investigate the association of p27 regulation with hypoxia-inducible factor 1-beta (HIF-1B), the level of p27 was analyzed
in wild-type mouse hepatoma hepalclc7 and Aryl Hydrocarbon Nuclear Translocator (arnt, HIF-1B)-defective mutant BPRcl1 cells in the absence
and presence of hydrogen peroxide and delphinidin. While the level of p27 was responsive to hydrogen peroxide and delphinidin, it remained unchanged
in BPRcl, suggesting that the regulation of p27 requires functional HIF-1B. We also found that hydrogen peroxide and delphinidin affected PI3K/Akt/mTOR
signaling pathway which is one of upstream regulators of HIFs. In conclusion, hydrogen peroxide and antioxidant delphinidin seem to regulate
intracellular level of p27 through regulating HIF-1 level which is, in turn, governed by its upstream regulators comprising of PI3K/Akt/mTOR signaling
pathway. The results should also encourage further study for the potential of p27 as a biomarker for intracellular oxidative or antioxidant status.
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Introduction signaling cascades and their chemical modification by oxidative

agents are, in most cases, not yet well understood [3].

Oxidative stress is caused by an imbalance between the
production of reactive oxygen species and biological systems
ability to readily detoxify the reactive intermediates [1,2]. The
imbalance may be a consequence of reduced antioxidant capacity
caused by disturbances in dietary intake, production and
distribution of antioxidants, or an overabundance of reactive
oxygen species (ROS) from an environmental or behavioral
stressor, including tissue pathology. Oxidative stress has been
implicated in a growing list of human diseases, including colon
pathologies such as cancer.

Numerous physiological functions are controlled by redox-
responsive signaling pathways. These cases of redox regulation
typically involve the regulated production of nitric oxide (NO)
or ROS by nitric oxide synthase (NOS) or NAD(P)H oxidase,
respectively, and the effects of these compounds on specific
signaling cascades. The redox-sensitive target molecules of these

Our previous study using proteomic approach demonstrated
that p27kip ' (hereafter referred to as p27) and some heat shock
proteins such as glucose regulated protein 78 (GRP78) and
HSP105 were regulated by oxidative stress and antioxidant in
human colon cancer cells [4]. p27 has been reported to prevent
Cdk4 from adding phosphate residues to its principal substrate,
the retinoblastoma (pRb) protein. The increased level of p27
protein typically causes cells to arrest at the G1 phase of the
cell cycle. Likewise, p27 is able to bind other Cdk proteins when
complexed to cyclin subunits such as cyclin E/cdk2 and cyclin
Alcdk2 [5,6]. The expression of p27 has been reported to be
regulated by hypoxia-inducible factor 1a (HIF-1a), which, in
turn, is governed by PI3K/Akt/mTOR signaling pathway [6,7].
Accordingly, we attempted to confirm the hypoxia-inducible
factor (HIF)-mediated regulation of p27 level by oxidative stress
or antioxidant. We were also interested in studying the possibility
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of p27 as a biomarker for oxidative status in the living things.
Our study suggests that p27 might be a useful biomarker for
intracellular oxidative status and its expression is differentially
controlled in human colon carcinoma HT 29 (p53-negative) and
HCT 116 (p53-positive). Furthermore, the regulation of its
expression not only requires functional HIF-13 but also is
governed by PI3K/Akt/mTOR signaling pathway.

Materials and Methods

Cell culture and conditions

Mouse hepatoma hepalclc7 cell and its mutant BPRcl
(lacking HIF-1B) cells [8] were purchased from American Type
Culture Collection (ATCC, Manassas, VA, USA), and the human
colon cancer cell lines (HCT 116 and HT 29) were purchased
from the Korean Cell Line Bank (Seoul, Korea). Mouse hepatoma
cells and human colon cancer cells were cultured in a-MEM
and RPMI containing 10% FBS, respectively, and grown at 37°C
under a 5% CO,-95% air atmosphere.

Preparation of cell extracts and western blot

After cells were exposed to samples for 12 and 24 h, culture
medium was removed and washed with 5 ml PBS twice. Adherent
cells were collected into an eppendorf tube (2 ml) using 1 ml
of 0.25 M sucrose solution, sonicated and centrifuged at 10,500
xg for 15 min. The supernatant was used for immunoblot assay

[4].

Animal experiment

Healthy male ICR mice weighing 20-22 g were obtained from
DaeHan Biolink Co., Ltd. (Seoul, Korea). The animal room was
maintained under controlled conditions of 22-26°C and light-dark
periods of 12 h, with free access to commercial diet and water.
Thirty five mice were randomly assigned to five treatment groups
and were acclimatized for 1 week before treatment. Mice were
administered with hydrogen peroxide at dosages of 25 and 50
mg/kg body weight (BW) and delphinidin at 20 mg/kg BW thrice
a week. The control group was administered with the same
volume of 0.1% saline. All thirty five animals were sacrificed
after 7 days of exposure. Large intestinal tissues from the mice
were immediately scraped to collect epithelia, frozen in liquid
nitrogen and stored in a -70°C deep freezer for immunoblot assay.
Large intestinal epithelia were homogenized in 300 ml lysis
buffer (0.5% NP40, 1% Triton X-100, 1% protease inhibitor, 150
mM NaCl and 10 mM Tris, pH 7.4) and centrifuged at 15,000
xg for 30 min. Protein concentration was measured using
Bradford method (Bio-Rad, Hercules, CA, USA) for equal
loading in Western blot. The experimental protocol was approved
by the committee on Animal Care and Research Ethics of

Kyungpook National University.

Statistical analysis

Statistical significance of data was tested by analysis of
variance, followed by Duncan’s multiple range test, using SPSS
software (SPSS Inc., Chicago, IL). P <0.05 was considered to
be statistically significant.

Results

Regulation of expression of p27 by hydrogen peroxide and
delphinidin

The level of p27 protein was decreased upon exposure to
hydrogen peroxide in a dose-dependent manner in human colon
carcinoma HCT 116 and HT 29 cell lines although the
upregulation of p27 by hydrogen peroxide was more pronounced
in HCT 116 cells carrying wild type p53. In particular, p27
expression suppressed by hydrogen peroxide was restored to
untreated control level by cotreatment with delphinidin (Fig. 1
and 2). Delphinidin had a limited effect on p27 expression
although it enhanced the level of p27 in the presence of 100
uM H;O».. More specifically, the level of p27 was increased upon
exposure to 25 1M delphinidin in HCT 116 cells but remained
unchanged in HT 29 cells treated with delphinidin.

The similar regulation pattern has been observed in mouse
large intestine tissues. That is, p27 expression was significantly
reduced by hydrogen peroxide (50 mg/kg BW) and restored to
control level by injection with 20 mg/kg delphinidin (Fig. 3).
Similar to those observed in cultured cells, delphinidin did not
change the level of p27 in large intestinal tissue in the absence
of hydrogen peroxide.
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Fig. 1. Change in the expression of cell cycle inhibitor, p27°" in HCT 116 cells
treated with hydrogen peroxide and delphinidin for 12 h. Human colon carcinoma
HCT 116 cells (wid type p53) were exposed to various doses of HO, and
delphinidin for 12 h, followed by determination of ;327“m level by Western blot, Data
are representative of three independent experiments as mean + SD. Values on bars
not sharing a common superscript significantly differ from each other (£<0.05),
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Fig. 2. Change in the expression of cell cycle inhibitor, p27k‘p1 in HT 29 cells
treated with hydrogen peroxide and delphinidin for 12 h. Human colon carcinoma
HT 29 cells (nonfunctional p53) were exposed to various doses of H,O, and
delphinidin for 12 h, followed by determination of p27k‘p1 level by Western blot, Data
are representative of three independent experiments as mean + SD. Values on bars
not sharing a common superscript significantly differ from each other (P<0.05),
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Fig. 3. Modulation of p27**' protein expression in large intestinal tissue of mice
treated with delphinidin and hydrogen peroxide. ICR mice were injected with
varying doses of H,O, and delphinidin three times for a week, and epithelia of large
intestine were collected and analyzed for p27"“” level, Data are representative of
three independent experiments as mean = SD, Values on bars not sharing a
common superscript significantly differ from each other (P<0,05),

Role of hypoxia-inducible factor in p27 regulation

In order to investigate whether the regulation of p27 level by
oxidative stress and antioxidant is mediated by hypoxia-inducible
factor(s), the levels of p27 were analyzed in the presence of
varying concentrations of H,O, and delphinidin in wild type
mouse hepatoma hepalclc7 cells and its mutant BPRcl cells
with defective HIF-13 which is essential for HIF-mediated
transcriptional regulation. Interestingly enough, while wild type
hepalclc7 cells containing functional HIF-13 were responsive
to treatment with hydrogen peroxide or delphinidin, BPRcl
defective in HIF-13 was not responsive to either hydrogen
peroxide or delphinidin (Fig. 4). The amplitude of fluctuation
in p27 level in hepalclc7 cells was much larger than in BPRcl
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Fig. 4. Effect of hydrogen peroxide and delphinidin on the level of p27"‘p1 in

wild type hepalcic? (A) and HIF-13-deficient BPRc1 (B) cells. Mouse hepatoma
hepaicic? (HIF-18-positive) and its mutant BPRc1 (HIF-1 2-negative) were treated
with various doses of delphinidin in the presence of 100 #M H.O», followed by
the determination of p27k‘m level, Data are representative of three independent
experiments as mean + SD, Values on bars not sharing a common superscript
significantly differ from each other (P<0.05),
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Fig. 5. The levels of PI3K (A), Akt (B), mTOR (C) and their phosphorylated
forms in HCT 116 cells treated with delphinidin and hydrogen peroxide. Human
colon carcinoma HCT 116 cells were exposed to various doses of delphinidin in
the presence of 100 #M HxO», followed by the determination of PI3K, Akt, mTOR
and their phosphorylation,

cells (Fig. 4), suggesting involvement of HIF-13 in p27
regulation.

Delphinidin and hydrogen peroxide affect PI3K/Akt/mTOR
signaling pathway

Gathering all the results from our experiment and other studies,
we hypothesized that one of the possible route that HIF-1 might
be regulated into is the PI3K/AKT/mTOR signaling pathway. We,
therefore, investigated the expression levels and phosphorylation
of major proteins in the pathway using HCT 116 human colon
cancer cell line. In the cells treated with different concentrations
of delphinidin and hydrogen peroxide, the levels of p-mTOR,
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p-AKT and p-PI3K were reduced by delphinidin while they were
not affected by hydrogen peroxide (Fig. 5).

Discussion

Oxidative stress has been implicated in an enormous variety
of physiological and pathological processes, including aging,
cancer, diabetes, atherosclerosis, neurological disorders, autoimmune
diseases such as arthritis [9,10]. ROS have been found to induce
many types of DNA damage. In the face of the deleterious effects
of oxidative stress, aerobic organisms have developed a wide
array of different mechanisms to maintain genomic stability.
These mechanisms include constitutive and inducible antioxidants,
oxidant defense enzymes such as catalase and superoxide dismutase
(SOD), DNA repair enzymes, and mechanisms of genomic surveil-
lance, such as cell cycle checkpoint systems. Our preliminary
study demonstrated that oxidative stress such as exposure to HO,
treatment modulated the level of p27, which is Cdk inhibitor
(CDKI) protein.

The CDKI p27 inhibits the kinase activity of cyclin—cdk
complexes, particularly cyclin E-cdk2 and cyclin D—cdk4 activity,
resulting in cell cycle arrest [11]. Regulation of p27 by mitogenic
stimuli involves p27 transcription, translation, stability, and
localization, and results in release of the cyclin—cdk complexes.
Cyclin D-cdk4 then phosphorylates the retinoblastoma protein
pRB, which attenuates repression of the mitogenic E2F transcription
factor, resulting in Gl-to-S progression [12]. It is a matter of
debate whether the induction of p27 by hypoxia is HIF-la
-dependent [13-17].

Although p27 was shown to be induced by hypoxia in several
studies, the present study demonstrated that the mode of p27
regulation by oxidative stress is complex. For instance, the level
of p27 was decreased by hydrogen peroxide but increased by
delphinidin in wild type human colon cancer cell (HCT 116).
In HT 29 cells, p27 was slightly upregulated upon exposure to
hydrogen peroxide at the concentrations of 25 and 50 yuM like
other reports [14,15,17]. The discrepancy in p27 regulation by
hydrogen peroxide between two cell lines suggests that p27
regulation could be affected by the function of p53. Common
downregulation of p27 in both cells exposed to the highest
concentration of HO, (100 M) and p53-independent upregulation
by delphinidin suggest the existence of other mechanisms
independent of p53 in regulating p27 level [13].

It has been reported that p27 level is associated with HIF-1,
a transcription factor, which is critical to cell survival under
hypoxic conditions [12-17]. HIF-1 is composed of the O,- and
growth factor-regulated HIF-1a subunit, and the constitutively
expressed HIF-1B subunit (aryl hydrocarbon receptor nuclear
translocator, ARNT), both of which belong to the basic-
helix-loop-helix (bHLH)-PAS (PER, ARNT, SIM) protein family
[18-21]. The data also supported that p27 regulation is closely
related to HIF-1 as mouse hepatoma cells (BPRcl) with defective

HIF-103 was resistant to hydrogen peroxide and delphinidin while
wild type hepalclc7 cells were responsive to them (Fig. 4).

The PI3K-Akt pathway is also intricately linked to HIF-1
regulation, not only by inducing HIF-1a translation in response
to growth factors but also through the regulation of HIF-la
protein degradation [22]. In particular, oxidative stress was also
known to stabilize HIF-1a and increase its intracellular level by
similar mechanism to hypoxia [23-25].

Thus findings made so far support hypothesis that oxidative
stress and antioxidant regulate p27 by affecting PI3K-Akt
signaling pathway which, in turn, regulates HIF-1. In fact, we
found that delphinidin at 25 uM or higher inhibited phosphoryla-
tion of PI3K and Akt in the presence of 100 uM H,O, without
affecting the levels of the kinases. Phosphorylation of mTOR
was also inhibited by 50 puM delphinidin. Taken together,
antioxidants like delphinidin might prevent from carcinogenesis
by modulating HIF-1 and PI3K/Akt signaling pathway while
ROS such as H,O, act in the opposite way. Furthermore, p27
deserves further study as a biomarker for antioxidant potential.
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