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a b s t r a c t

The aim of the present study was to evaluate cell cycle regulation by scavenging H2O2 in
tumor cells. A significant arrest in the G1 phase of the cell cycle was demonstrated in
CH72-T4 carcinoma cells exposed to catalase, associated with a decrease in cyclin D1
and an increase in the CDK inhibitory protein p27KIP1. Moreover, we found a differential
intracellular distribution of p27KIP1, which remained in the nucleus after catalase treat-
ment. In vivo experiments showed an increase in nuclear levels of p27KIP1 associated with
the inhibition of tumor growth by H2O2 scavenging, confirming in vitro results. To
conclude, H2O2 scavenging may induce cell cycle arrest through the modulation of cyclin
D1 and p27KIP1 levels and nuclear localization of p27KIP1. To our knowledge, this is the first
report that demonstrates that the modulation of ROS alters the intracellular localization of
a key regulatory protein of G1/S transition.

� 2011 Elsevier Ireland Ltd. All rights reserved.
and Ltd. All rights reserved.
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1. Introduction

Reactive oxygen species (ROS) can exert different
effects according to their nature and to their intracellular
levels [1]. Particularly, exposure to moderate levels of
H2O2 can increase the growth of many types of mammalian
cells, whereas scavenging of H2O2 inhibits cell proliferation
[2–4]. However, high levels of H2O2 can induce apoptosis
[5], terminal differentiation [6] or cytotoxicity [5].

Increased levels of ROS have been associated with
numerous pathological conditions, such as: atherosclerosis
and cardiovascular diseases, autoimmune and neurodegen-
erative disorders and cancer [7]. ROS may play a role in
tumor development, both as DNA-damaging agents that
increase the mutation rate and promote oncogenic transfor-
mation [8] and also as mediators of signal transduction
pathways related to cell proliferation [2,4,9], angiogenesis
[10] and migration [11]. McCord suggested that a cell
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producing a permanent oxidative shift in the redox status
may undergo continuous proliferation that could, in turn,
be a crucial event in the appearance of the malignant pheno-
type [12]. In this sense, the production of large amounts of
ROS was reported in tumor cell lines [3,13,14] and in human
cancer cells and tissues (breast, colorectal and renal cell car-
cinoma) as compared with its non-tumoral counterpart
[3,14–16]. A correlation between the endogenous levels of
H2O2 and the degree of malignancy was demonstrated in
epithelial tumor cell lines from skin, breast [3] and bladder
[17]. In addition, many chemical carcinogens act through
free radical metabolites [18], some tumor promoters stimu-
late the production of free radicals in several cell types and
tissues [19], whereas free radical-scavengers protect against
cancer development in animal models [20] and may be che-
moprotective in humans [18,19].

Regarding the regulation of cell proliferation by ROS,
particularly H2O2, the inhibition of cell proliferation in tu-
mor cells treated with exogenous catalase or transfected
with cDNA of catalase was demonstrated [3,21]. It is well
documented that H2O2 is involved in signal transduction
pathways [22,23], e.g. increased levels of H2O2 induce
mitogenic signals, such as those related to epidermal
growth factor receptor (EGFR)/Ras/ERK1/2 pathway, and
stress-responsive signals, such as those related to JNKs
and p38 MAPK pathways [22–24].

Cell cycle progression pathways are the endpoint of sig-
naling cascades implicated in cell proliferation. Cell cycle
regulation is highly coordinated by sequential assembly
and activation of phase-specific protein kinase complexes
[25,26], formed by cyclins and cyclin-dependent kinases
(CDKs), which are also regulated by the INK4 proteins
and the CDK inhibitors (CDKIs). D-type cyclins are ex-
pressed throughout the cycle in response to mitogen stim-
ulation [26]. Cyclin D-CDK4 and cyclin E-CDK2 complexes
are required for the passage from G1 to S phase. The CDKI
p27KIP1 is a critical negative regulator of CDK2 and G1/S
cell cycle progression [26,27]. The levels of this CDKI are
high in quiescent cells, fall in response to mitogenic stim-
ulation, remain at threshold levels in proliferating cells,
and increase again when mitogens are withdrawn [26].

It has been reported that fluctuations observed in the
intracellular redox state during cell cycle progression could
link oxidative metabolic processes to cell cycle regulation
[28,29]. H2O2 fluctuations along the cell cycle were associ-
ated with the regulation of cyclin D1 expression [30]. In
contrast, removal of endogenous H2O2 by overexpression
of catalase and glutathione peroxidase induces G0/G1 ar-
rest [21] and decreases cell DNA synthesis [31]. However,
the mechanisms involved in this cell cycle regulation by
H2O2 have not been fully understood.

In the present study, cell cycle regulatory proteins anal-
ysis was performed in response to catalase treatments
in vitro and in vivo. We demonstrated that the scavenging
of H2O2 by catalase induced G1/S arrest by modulating
the levels of specific regulatory proteins of early to mid
G1 (cyclin D1) and G1/S transition (p27KIP1). Moreover,
we found a modification in the intracellular localization
of p27KIP1. This protein remained in the nucleus after cata-
lase treatment, whereas it showed cytoplasmic localization
in proliferating cells. In addition, we demonstrated an
increase of p27KIP1 in response to H2O2 scavenging in vivo
related to the inhibition of tumor growth after catalase
treatment in agreement with in vitro results.
2. Materials and methods

2.1. Cell culture and treatments

CH72-T4 cell line was kindly donated by Dr. C. Conti,
MD Anderson Cancer Center, University of Texas, USA.
CH72-T4 was obtained by four passages in vivo of CH72
cells in nude mice and CH72 cell line was originally derived
from a squamous cell carcinoma obtained by two stage
carcinogenesis in SENCAR mice [32]. Cells were grown in
Ham’s F12 medium (Invitrogen, # 21700-075) supple-
mented with 10% fetal bovine serum (FBS) (Natocor),
50 U/ml penicillin and 50 lg/ml streptomycin at 37 �C in
a 5% CO2 humidified atmosphere. Cells were regularly
tested to be mycoplasma-free.

For H2O2 scavenging experiments, cells were incubated
with complete culture medium containing 0–1000 U/ml
catalase (Sigma, C9322) for periods of 6 or 24 h. A solution
of catalase in phosphate buffered saline (PBS) sterilized by
filtration was prepared fresh just before addition to the
medium. Considering that H2O2 can diffuse across mem-
branes, the addition of catalase to the culture medium will
produce a decrease in the intracellular level of H2O2 reach-
ing a lower steady state concentration inside and outside
the cell [22,30].
2.2. Determination of ROS

The levels of intracellular ROS were determined by 20,70-
dichlorodihydro-fluorescein diacetate (DCFH-DA, Molecu-
lar Probes, D-399) assay. Cells treated with catalase for
24 h or left untreated (control) were washed twice with
PBS and incubated with 10 lM DCFH-DA in PBS at 37 �C
for 30 min, protected from light. After incubation, cells
were washed with PBS, harvested with trypsin/EDTA and
evaluated by flow cytometry (FACSCalibur, Becton Dickin-
son). Ten thousand cells were measured for each experi-
mental condition. To appraise the specificity of H2O2

determination by this technique, control cells were treated
with 1000 U/ml catalase throughout the assay, added just
before DCFH-DA incubation. Data were analyzed with
WinMDI software. Three experiments were performed
with triplicates per each experimental condition.

For microscopic detection of ROS levels, cells treated
with catalase for 24 h, left untreated or FBS starved control
cells were incubated with DCFH-DA for 15 min and ana-
lyzed under an epifluorescence microscope (Olympus
BX51). For each treatment condition, dichlorofluorescein
(DCF) and light microscopy images were serially captured
by a CCD camera (Olympus DP70) and more than 50 fields
were stored containing approximately 20 cells each. An
average of 250 cells was randomly screened per experi-
mental condition from the stored images. The mean fluo-
rescence of each cell was quantified by using the NIH
Image J software. Three independent experiments were
performed with triplicates per condition.
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2.3. Cell growth and cell cycle analysis

Cells growing in 24-well plates were treated with cata-
lase or left untreated (control) and the 3-(4,5-dimethylthia-
zol-2-y1)-2,5-diphenyltetrazolium bromide (MTT, Sigma,
M2128) growth assay [33] was performed at 24 h post-
treatment as previously described [3]. FBS starved cells were
used as control of the inhibition of cell growth. Results were
expressed as percentage of inhibition of proliferation,
referred to untreated control cells. All experiments were
performed at least three times with quadruplicate measure-
ment per condition.

Cell cycle analysis was performed by propidium iodide
(PI) staining. Subconfluent cells with or without catalase
treatment for 24 h were trypsinized, collected by centrifu-
gation, and washed with ice-cold PBS before fixing in 96%
ethanol at 4 �C. Fixed cells were resuspended in 0.2 ml
PBS containing 50 lg/ml RNase I (Sigma, R4875) and
60 lg/ml PI (Sigma, P4170). FBS starved cells were used
as control of G1 arrest. The number of cells in the different
phases of the cell cycle was determined by flow cytometry
(FACSCalibur, Becton Dickinson). Ten thousand cells were
measured per experimental condition and analyzed with
WinMDI and Cylchred software. Three experiments were
performed with triplicates per experimental condition.

2.4. Determination of cell cycle regulatory proteins by
Western blot

Cells were treated with 500 or 1000 U/ml catalase or
left untreated for 6 or 24 h. FBS starved cells were used
as control of G1 arrest. To obtain cell extracts, cells were
incubated on ice for 30 min in RIPA lysis buffer (Sigma,
R0278) containing the Halt protease and phosphatase
inhibitor cocktail (Thermo Scientific, #1861281). The pro-
tein yield was quantified by the DC Protein Assay Reagent
(BioRad, # 500-0114) based on the Lowry protocol. Sam-
ples were separated by SDS polyacrylamide (Promega)
gel electrophoresis, transferred to nitrocellulose mem-
branes (Hybond ECL Membrane, Amersham Biosciences,
GE Healthcare, RPN303D) and immunoblotted by appro-
priate antibodies.

The antibodies against cyclin D1 (C-20), cyclin E (M-20),
CDK4 (C-22), CDK2 (M-2), p27KIP1 (M-197) and actin (I-19)
were purchased from Santa Cruz Biotechnology. The
primary antibodies were detected using horseradish
peroxidase-linked donkey anti-rabbit IgG (Amersham, GE
Healthcare, NA934V) or anti-goat IgG (Santa Cruz Biotech-
nology, sc-2020) and visualized by the ECL detection sys-
tem (Amersham Biosciences, GE Healthcare, RPN2132).
Three independent experiments were performed with
duplicates per experimental condition.

2.5. Detection of cyclin D1 and p27KIP1 by
immunofluorescence

Subconfluent cell cultures grown in 60 mm dishes with
or without catalase treatment during 6 or 24 h were fixed
in 4% (w/v) paraformaldehyde in PBS for 15 min. Cells were
then washed with PBS, permeabilized with 0.5% (v/v) Tri-
ton X-100 in PBS for 15 min, washed and blocked with
5% (v/v) FBS in PBS for 30 min. Cells were incubated over-
night at 4 �C with the polyclonal anti-cyclin D1 (A-12) or
anti-p27KIP1 (M-197) antibodies (Santa Cruz Biotechnol-
ogy), 1:300 in PBS, washed and incubated with secondary
FITC-conjugated anti-mouse or anti-rabbit IgG (Sigma,
F6257 and F9887) for 1 h in the dark at room temperature.
Finally, the samples were washed, counterstained and
mounted with 1 lg/ml 40,6-diamidine-20-phenylindole
(DAPI, Sigma, D8417) in an antifade solution in the dark.
Cells were examined in an Olympus BX51 epifluorescence
microscope utilizing immersion oil with a 100� (UPlanApo
100 X/1.35 oil) objective lens. For each treatment condi-
tion, FITC and DAPI images were serially captured by a
CCD camera (Olympus DP70) and more than 50 fields
containing approximately 20 cells each were stored. A code
number was given to each image. Random sampling meth-
ods were used to select the images and all the cells in each
selected image were screened. An average of 250 cells was
evaluated per experimental condition. Total cells, positive
cells, positive cytoplasms and positive nuclei for cyclin
D1 and p27KIP1 were counted by eye by two scorers and re-
sults were crosschecked. Three independent experiments
were performed with triplicates per condition.

2.6. In vivo experiments

Six-week-old female SENCAR mice and athymic nude
(nu�/nu�) mice were obtained from the CNEA animal facil-
ity (Buenos Aires, Argentina). Animals were kept under
conventional housing conditions. Animal care and experi-
mental procedures were conducted in accordance with na-
tional and international policies. In order to evaluate the
in vivo effect of catalase treatment, two experimental tu-
mor models were used: (1) Tumors were induced in athy-
mic nude mice by injecting 1 � 106 CH72-T4 cells
subcutaneously (s.c.) in one flank. After 10 days, when tu-
mors were easily detectable (5 ± 2.1 mm3), animals were
treated with catalase during 2 weeks. (2) Tumors were in-
duced in the dorsal skin of SENCAR mice by two stage car-
cinogenesis, i.e. initiation by a single topical application of
20 nmol of DMBA (Sigma, D3254)/mouse and promotion
by multiple applications of 2 lg of TPA (Sigma, P8139)/
mouse twice weekly. When tumors appeared, after
2 months of promotion, animals were treated with cata-
lase, in addition to promotion treatment during 5 weeks.

For both experimental tumor models, catalase in PBS
was prepared fresh and sterilized by filtration just before
treatment. Catalase was injected (1 mg/g body weight)
subcutaneously under the tumors three times a week.
Since H2O2 crosses membranes, catalase in the vicinity of
the tumor will favor the decrease of both, extracellular
and intracellular levels of H2O2. Control animals were trea-
ted with PBS or with heat-inactivated catalase in PBS.
Three independent experiments were performed with five
animals per experimental condition.

2.7. Evaluation of tumor growth and cell proliferation in vivo

Tumor growth was evaluated by measuring tumor vol-
ume throughout the complete treatment. Tumor volume
for both experimental models was determined by
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measurement of the smallest and largest dimensions of tu-
mors with a caliper, twice a week. Volumes were calcu-
lated by using the equation: V = (a � b2)/2, where V is the
tumor volume, a is the larger dimension and b is the smal-
ler dimension. Tumor growth was determined for each tu-
mor by calculating the ratio Vx/Vi, where Vx is the volume at
day x and Vi is the volume of the same tumor at the first
day of treatment.

Two days after the last treatment day, mice were sacri-
ficed and tumors were removed, fixed in 10% neutral buf-
fered formalin, embedded in paraffin, cut at 5 lm and the
tissue sections were placed onto silane-coated microscope
slides and processed for histopathological examination and
immunohistochemistry.

Mitotic index was determined in tissue sections stained
with hematoxylin–eosine (H–E) under light microscopy
observation by calculating the ratio between the number
of cell in mitosis and the total number of cells counted in
ten random fields per sample at original magnification
400� with a 10 � 10 squared grid.

2.8. Detection of p27KIP1 by immunohistochemistry

Five-micrometer-tissue sections were deparaffinized
with xylene, rehydrated through a series of graded alcohols
and incubated with 1% (v/v) hydrogen peroxide in metha-
nol for inhibition of endogenous peroxidase. Microwave
antigen retrieval was performed by placing the slides in
Fig. 1. Decrease of intracellular ROS levels after catalase treatment in CH72-T4 c
fluorescence of cells treated with catalase (+CAT) or left untreated (�CAT) for 24
are expressed as mean ± SD. �p < 0.05 and ��p < 0.01 vs. control. (C) The decrease i
Control cells were incubated with catalase (+CAT) during the assay. Representat
starved control cells (FBS 0%) vs. untreated control cells (FBS 10%) (D) Represent
(E) Quantification of DCF mean fluorescence (arbitrary units), data are expresse
10 mM citrate buffer (pH 6.0) for 10 min. Tissue sections
were blocked with 1% bovine serum albumine in PBS and
incubated overnight at 4 �C with a polyclonal anti-p27KIP1

antibody (C-19, Santa Cruz Biotechnology), 1:100 in PBS,
washed and incubated with the biotin–streptavidine–per-
oxidase detection system (Super Sensitive Link-Label IHC
Detection System RTU Multilink HRP kit, Biogenex,
HK340-5K) at room temperature. A solution of 0.7 mg/ml
of 3,30-diaminobenzidine and 0.2 mg/ml of Urea–H2O2 in
60 mM Tris buffer (pH 7.6) (SIGMAFAST™ 3,30-diam-
inobenzidine tablets, Sigma, D4168) was used as chromo-
gen and peroxidase substrate to detect the staining
reaction. For negative controls, the primary antibody was
omitted and substituted for PBS. After immunostaining,
sections were counterstained with 10% hematoxylin in dis-
tilled water, dehydrated and mounted.

The immunohistochemical staining was evaluated by
means of light microscopic examination and interpreted
by two independent observers who were blinded to the
experimental protocol. The final consensus was discussed
and determined in a common session. The tumors cells
whose nuclei showed antigen expression were interpreted
as positive regardless of the staining intensity. Nuclei with
positive stained exhibited brown deposits that contrasted
with unlabeled blue, hematoxylin-stained, nuclei. Ten ran-
dom fields were measured at 400� magnification on one
section for each tumor. Approximately 250 cells were
counted in each evaluated random field.
ells determined by DCFH-DA assay. (A) Representative histograms of DCF
h. (B) DCF mean fluorescence (arbitrary units) vs. catalase (CAT) dose. Data
n intracellular ROS levels can be specifically attributed to H2O2 scavenging.
ive histograms are shown. (D–E) Intracellular ROS levels decreased in FBS
ative images of DCF fluorescence and light microscopy photomicrographs.
d as mean ± SD. �p < 0.05 and ��p < 0.01 vs. untreated control.



Fig. 2. Inhibition of CH72-T4 cell proliferation and cell cycle arrest
induced by catalase treatment. (A) Percentage of cell proliferation after
catalase (CAT) treatment for 24 h, relative to control cells, evaluated by
the MTT assay. Data are expressed as mean ± SD. (B and C) Cell cycle
analysis assessed by flow cytometry after staining with propidium iodide.
(B) Representative histograms of DNA content of cells treated with: 0–
1000 U/ml CAT during 24 h. (C) Percentage of cells in the different phases
of the cell cycle in response to CAT treatment. FBS starved cells were used
as control of G1 arrest. (h) Untreated control cells, ( ) 500 U/ml and (j)
1000 U/ml CAT and ( ) FBS starved cells. Data are expressed as
mean ± SD. �p < 0.05, ��p < 0.01 and ���p < 0.001 vs. untreated control.

62 I.L. Ibañez et al. / Cancer Letters 305 (2011) 58–68
2.9. Statistical analysis

Data are presented as mean ± SD. Significant changes
were assessed using one-way analysis of variance followed
by Tukey’s multiple comparisons test to determine signifi-
cant differences between group means. For tumor growth
analysis, when parametric tests were not possible to apply,
Friedman test for matched observations was performed
followed by Dunns multiple comparisons test. P-values
less than 0.05 were considered significant for all tests.

3. Results

3.1. Inhibition of cell proliferation induced by catalase treatment is mediated
by G1 arrest

Intracellular levels of ROS were measured by DCFH-DA assay in CH72-
T4 cells treated with catalase and a significant decrease of the mean fluo-
rescence levels of DCF was observed as a function of catalase dose (61%,
70% and 92% for cells treated with 500, 750 and 1000 U/ml, respectively)
(Fig. 1A and 1B). Control cells incubated with 1000 U/ml catalase
throughout the assay resulted in a 99% decrease of the mean fluorescence
levels of DCF (Fig. 1C), showing that the results obtained in response to
catalase treatments in our model can be specifically attributed to the
scavenging of H2O2. The determination of the intracellular levels of ROS
in FBS starved cells (Fig. 1D and E) showed significant differences in
DCF mean fluorescence (p < 0.05) vs. control untreated cells but no signif-
icant differences compared to catalase-treated cells.

The decrease in the levels of H2O2 induced by catalase treatment re-
sulted in a significant inhibition (p < 0.01) of cell proliferation (69%, 85%
and 98% for cells treated with 500, 750 and 1000 U/ml, respectively)
(Fig. 2A). To further characterize the inhibition of cell proliferation by
H2O2 scavenging, the distribution of cells in cell cycle phases was ana-
lyzed. A significant G1 cell cycle arrest (p < 0.05) was induced in CH72-
T4 cells by catalase treatment at 24 h (Fig. 2B and 2C).

3.2. G1 cell cycle arrest by H2O2 scavenging is mediated by a decrease in cyclin
D1 and an increase in p27KIP1 levels

In order to evaluate the mechanism by which the scavenging of H2O2

induced cell cycle arrest in G1 phase, the levels of the regulatory proteins
of G1/S cyclin D1, cyclin E, CDK4, CDK2 and p27KIP1 were evaluated by
western blot in cells treated with catalase. A significant decrease in cyclin
D1 levels (Fig. 3A and 3B) and a significant increase in p27KIP1 levels
(Fig. 3C and 3D) were observed in CH72-T4 cells treated with catalase
in comparison with non-treated cells. The levels of p27KIP1 increased 2
and 2.8-fold in cells treated with 1000 U/ml catalase for 6 h and 24 h
respectively (p < 0.01) (Fig. 3C and 3D).

No significant differences in cyclin E, CDK2 and CDK4 levels (p > 0.05)
were observed between cells incubated with catalase and non-treated
cells (Fig. 3A and 3B).

These results demonstrate that the modulation of two key proteins in
the regulation of the G1/S transition, cyclin D1 and p27KIP1, was involved
in the inhibition of cell proliferation by catalase treatment.

3.3. p27KIP1 is localized in the nucleus after catalase treatment

Regarding the subcellular localization of cyclin D1, the percentage of
positive CH72-T4 cells for this protein was evaluated by immunofluores-
cence in response to H2O2 scavenging during 6 or 24 h (Fig. 4). The signal
for cyclin D1 was extremely low in the nucleus of cells treated with cat-
alase and a significant decrease of the percentage of positive nuclei was
found in these cells as compared with control untreated cells (p < 0.01).
These results agree with the western blot ones. Therefore, the H2O2 scav-
enging would block the cell cycle at early G1 by avoiding the expression
of cyclin D1.

Considering that the subcellular localization of the inhibitory protein
p27KIP1 is a critical event in its regulatory activity, the effect of H2O2 scav-
enging on the localization of this protein was studied by immunofluores-
cence in CH72-T4 cells treated with catalase during 6 or 24 h. Consistent
with the western blot results, positive cells for p27KIP1 expression
increased in catalase-treated cells as compared with the untreated cells
(p < 0.05 for 500 U/ml and p < 0.01 for 1000 U/ml of catalase-treated
cells). Remarkably, this protein was localized primarily within the nu-
cleus in cells incubated with catalase (p < 0.001) in comparison with un-
treated cells, in which p27KIP1 distribution was predominantly
cytoplasmic (Fig. 5). Thus, the persistence of p27KIP1 in the nucleus in-
duced by catalase treatment would favor the inhibition of the cyclin E-
CDK2 complex, blocking the G1/S transition.
3.4. In vivo inhibition of tumor growth is induced by catalase treatment

In order to study the effect of in vivo treatment with catalase on tu-
mor growth, tumors were induced by injecting CH72-T4 cells in nude
mice or by a two stage carcinogenesis protocol as described in Section



Fig. 3. Decrease of cyclin D1 and increase of p27KIP1 levels in response to
H2O2 scavenging. The expression of G1/S regulatory proteins in CH72-T4
cells treated with catalase (CAT) for 6 and 24 h was analyzed by western blot.
FBS starved cells were used as control of G1 arrest. (A and C) Representative
immunoblot images. Actin densitometric values were used to standardize
for protein loading. (B) Relative densitometric values of cyclins and CDKs
levels. (D) Relative densitometric values of p27KIP1 levels. (B and D)
Quantification was performed by densitometric scanning with the NIH
Image J software. Results are referred to control without treatment. Data are
expressed as mean ± SD. �p < 0.05 and ��p < 0.01 vs. untreated control.
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2. Treatments with catalase resulted in a significant inhibition of tumor
growth in both experimental models (Fig. 6A), consistent with our
in vitro results. The evaluation of tumor volumes throughout the treat-
ments demonstrated a significant decrease in tumor growth in catalase
treated mice (p < 0.01) as compared with both control conditions (heat-
inactivated catalase or PBS treated mice). Moreover, no new tumors were
detected in mice treated with the two stage carcinogenesis protocol from
the onset of the catalase treatment (Fig. 6B). There were no significant dif-
ferences between non-treated and inactivated catalase-treated animals in
both experimental models.

Representative images of tissue sections of tumor specimens stained
with H–E are shown in Fig. 7A and B. The tumors of mice treated with cat-
alase in both experimental models exhibited a significant decrease in the
mitotic index as compared with both control tumors (p < 0.01) revealing
the inhibition of cell proliferation in response to H2O2 scavenging (Fig. 7C
and 7D). No significant differences in the mitotic index were obtained be-
tween non-treated and heat-inactivated catalase treated tumors in both
experimental models.

3.5. H2O2 scavenging induced an increase of nuclear p27KIP1 levels in vivo

Considering the results of in vitro experiments for p27KIP1, we ana-
lyzed the detection of this inhibitory protein by immunohistochemistry
in tissue sections of tumor specimens of mice treated with catalase,
heat-inactivated catalase or PBS. A significant increase in the percentage
of positive nuclei for p27KIP1 was observed in tumors of animals treated
with catalase (p < 0.001) as compared with both control conditions in
both experimental models (Fig. 8). Moreover, control tumors exhibited
low signal of p27KIP1 with predominant cytoplasmic localization. These
results confirmed our in vitro findings.

4. Discussion

In this study we demonstrated an increase in the levels
of the CDK inhibitory protein p27KIP1 and a modification in
its intracellular localization induced by H2O2 scavenging in
a model of squamous cell carcinoma in vitro and in vivo.
Moreover, a decrease in cyclin D1 protein levels was found
after catalase treatment. The modulation of these two key
regulatory proteins of G1/S transition, cyclin D1 and
p27KIP1, resulted in G1 arrest and the inhibition of prolifer-
ation and tumor growth.

Remarkably, high levels of p27KIP1 were found in the
nucleus after catalase treatment as compared with prolif-
erating control cells. Considering that p27KIP1 is a negative
regulator of the CDK2–cyclin E complex [26,27], the persis-
tence of this regulatory protein in the nucleus would be a
critical event in blocking the G1/S transition by scavenging
H2O2.

Laurent et al. [4] reported that the growth of normal
cells is triggered by oxidant signals directed to growth-re-
lated genes, up to a critical threshold beyond which ROS
become cytotoxic. Moreover, the constitutive levels of
endogenous ROS in tumor cells are close to that threshold.
These authors showed that the increased generation of ROS
in tumor cell lines resulted from both an elevated mito-
chondrial production and a marked decrease in the activity
of antioxidant enzymes. In agreement with these results, in
a previous report [3], we demonstrated higher levels of
H2O2 production in the carcinoma cell line CH72-T4 as
compared with a near normal cell line (PB cells) of the
same origin, concomitant with an imbalance in the antiox-
idant system, an increase in the levels of SOD and a de-
crease of H2O2-detoxifying enzymes, catalase and
glutathione peroxidase. We showed herein that catalase
treatment in CH72-T4 cells induced an arrest in the G1



Fig. 4. Nuclear decrease of cyclin D1 in CH72-T4 cells treated with catalase. Cyclin D1 was detected by immunocytofluorescence in cells treated with 500
and 1000 U/ml catalase (CAT) for 6 or 24 h or left untreated. FBS starved cells were used as control of G1 arrest. (A) Representative images of cyclin D1
immunocytofluorescence. DAPI: staining of nuclear DNA. Cyclin D1: FITC staining of cyclin D1 protein. (B) Percentage of positive cells for cyclin D1 relative
to the total number of counted cells. Data are expressed as mean ± SD. ��p < 0.01 vs. untreated control.

Fig. 5. Nuclear localization of p27KIP1 in CH72-T4 cells after H2O2 scavenging. p27KIP1 was detected by immunocytofluorescence in cells treated with 500
and 1000 U/ml catalase (CAT) for periods of 6 or 24 h or left untreated. FBS starved cells were used as control of G1 arrest. (A) Representative images of
p27KIP1 immunocytofluorescence showing the subcellular localization of the protein. DAPI: staining of nuclear DNA; p27KIP1: FITC staining of p27KIP1

protein. (B) Percentage of positive cells for p27KIP1 relative to the total number of counted cells. (C) Percentage of positive (j) nuclei and positive (h)
cytoplasms for p27KIP1relative to the total number of counted cells. (B and C) Data are expressed as mean ± SD. �p < 0.05, ��p < 0.01 and ���p < 0.001 vs.
untreated control.
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Fig. 6. In vivo inhibition of tumor growth by treatment with catalase
(1 mg/g) in nude mice inoculated with CH72-T4 cells and in SENCAR mice
exposed to a two stage carcinogenesis protocol. (A) Tumor volume was
normalized to 1 at the onset of treatment with catalase. Individual tumor
growth was monitored throughout treatment. (B) Variation in the total
number of tumors in SENCAR mice during catalase treatment expressed
as the increasing fraction of the initial number of tumors. (s) PBS control,
(h) heat-inactivated catalase and (N) catalase. Data are expressed as
mean ± SD. �p < 0.05, ��p < 0.01 and ���p < 0.001 vs. PBS control. Fig. 7. Mitotic index decrease in tumors of mice treated with catalase. (A

and C) Nude mice. (B and D) SENCAR mice. (A and B) Representative
images of tumor tissue specimens stained with H–E. Arrows indicate cells
in mitosis. (C and D) Mitotic index evaluated in tissue sections stained
with H–E of tumor specimens treated with catalase, heat-inactivated
catalase (I-CAT) or PBS. Data are expressed as mean ± SD. ��p < 0.01 vs.
PBS control.
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phase of the cell cycle. Our results accord with other re-
ports that show the association between G1 arrest and de-
creased ROS levels in other experimental conditions
[21,28,31,34,35]. This blockage of the cell cycle shown
in vitro is consistent with the inhibition of tumor growth
and the decrease in the mitotic index demonstrated in vivo.

ROS generated by cellular metabolism and by receptor
activation induced by growth factors act as secondary mes-
sengers in numerous signaling pathways governing cellu-
lar processes, including proliferation. In this sense,
growth factors trigger H2O2 production that leads to mito-
gen-activated protein kinases (MAPKs) activation [23]. This
could explain the decrease in ROS levels observed in FBS
starved cells in our model. It has been previously demon-
strated that the pathways that promote mitogenesis
through ROS converge at the level of transcription of the
cyclin D1 gene, which has been considered as a functional
marker of G0 to G1 transition [30]. Once cells are actively
cycling, ROS may encourage proliferation by maintaining
cyclin D1 levels [30], a key regulatory protein in the
growth factor-induced G1 progression. It was also found
that upon scavenging of extracellular H2O2, ERK1/2 activity
was lowered and JNK1 activity was increased [36]. More-
over, there is evidence of the requirement of sustained
ERK activity in the regulation of the continued expression
of cyclin D1 [37]. In our experimental model, we found a



Fig. 8. Increase of nuclear levels of p27KIP1 after catalase treatment in vivo. Detection of p27KIP1 by immunohistochemistry in tissue sections of tumor
specimens of nude (A and C) or SENCAR (B and D) mice treated with catalase, heat-inactivated catalase (I-CAT) or PBS. (A and B) Representative images of
p27KIP1 immunohistochemistry. (C and D) Percentage of p27KIP1 positive nuclei per total number of counted nuclei relative to PBS control. Data are
expressed as mean ± SD. ���p < 0.001 vs. PBS control.
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decrease in the levels of cyclin D1 associated with the inhi-
bition of proliferation induced by the scavenging of H2O2.
We suggest that this modulation of cyclin D1 would be
the result of the inhibition of the ERK1/2 activity, induced
by lowering the levels of extracellular H2O2. Our results are
in agreement with Menon et al. [38], who showed G1
arrest with decreased cyclin D1 protein levels in mouse
fibroblasts treated with the thiol antioxidant N-acetyl-
L-cysteine (NAC). On the other hand, sublethal doses of
exogenous H2O2 (250 lM) induce cell cycle arrest in fibro-
blasts by the down-regulation of cyclin D1 and D3 [39].
Thus, the growth inhibitory effect of both high levels of
H2O2 and H2O2 scavenging treatments would be mediated
by a decrease in cyclin D1.

Overexpression of cyclin D1 has been reported in differ-
ent types of human and experimental tumors [40,41].
Several lines of evidence indicate that cyclin D1 is involved
in the proliferative response to oncogenic Ras [42]. More-
over, the expression of cyclin D1 may be stimulated by
activated ras through MAPKs pathways [43]. In particular,
the overexpression of cyclin D1 has been described in
mouse skin tumors induced by a two stage carcinogenesis
protocol [41], which have a characteristic oncogenic muta-
tion in codon 61 of the Ha-ras gene [42]. Thus, the decrease
in cyclin D1 that we observed in CH72-T4 cells treated
with catalase could be explained by the inhibition of
H2O2-mediated signals involved in the Ras/MAPKs cascade.

Regarding the CDKs inhibitory protein p27KIP1, it plays a
critical role in cell cycle regulation by virtue of its ability to
respond to changes in the growth environment of the cell,
integrating diverse signals into a final decision between
proliferation and cell cycle exit [26,27].

The activities of p27KIP1 are controlled by its concentra-
tion, subcellular localization and phosphorylation status
[26]. This protein remains in the nucleus in quiescent cells,
but it is exported to the cytoplasm for its degradation in re-
sponse to proliferating signals [27]. In the present study,
we demonstrated the increase of this regulatory protein
after catalase treatment and a differential intracellular
localization as compared to proliferating cells. The scav-
enging of H2O2 induced the nuclear localization of
p27KIP1, whilst control proliferating cells showed mainly
cytoplasmic localization of this protein. To our knowledge,
this is the first report that shows the modulation of the
intracellular localization of p27KIP1 mediated by ROS levels
in vitro and in vivo.

It has been previously described that Ras activity is
required for the suppression of p27KIP1 levels in proliferat-
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ing cells [44]. Then, the high proliferation activity found in
CH72-T4 cells could be explained by the characteristic
activating mutation of the Ha-ras gene described in this
carcinogenesis model [42] that would be involved in low-
ering levels of p27KIP1 through signaling pathways down-
stream of Ras. Particularly, the activation of MAPKs
pathways is required for p27KIP1 down-regulation and for
G0/G1 transition [44,45]. Moreover, it has been well estab-
lished that the control of p27KIP1 levels is mostly due to the
rate of degradation [27]. MAPK (ERK1/2) activation accel-
erates p27KIP1 proteolysis by inducing the translocation of
this protein from the nucleus to the cytoplasm, followed
by its degradation [27,46]. Thus, the higher levels and the
nuclear localization of p27KIP1 that we found after catalase
treatment could be the result of the inhibition of ERK1/2
induced by H2O2 scavenging [36].

However, both the regulation of the activities and the
mechanism of p27KIP1 removal are extremely complex. This
protein may be phosphorylated at multiple sites and con-
tains at least 6–8 phosphorylatable residues; several kinases
have been reported as being responsible for these phospho-
rylations [27]. Most of these post-translational modifica-
tions are on threonine and serine residues [46]. However,
phosphorylations on tyrosine residues have recently been
reported [47,48]. A number of reports converge on PI3K/
AKT as a pivotal pathway in the regulation of p27KIP1 levels,
localization and regulatory activities of cyclin–CDKs com-
plexes [46,49–51]. Regarding the modification on tyrosine
residues, phosphorylations within the CDK-binding domain
of p27KIP1 by oncogenic tyrosine kinases were reported
[46,47,51], which impairs the CDK2 inhibitory action of
p27KIP1. It has been shown that the inhibition of protein
tyrosine phosphatases by ROS may directly trigger tyrosine
kinases activity [7]. Thus, considering that ROS have been
described as mediators of RTK/Ras, MAPKs, PI3K/AKT and
non-receptor tyrosine kinases pathways [7], the scavenging
of H2O2 would be preventing p27KIP1 degradation or nuclear
p27KIP1 export. In view of this complex regulation, further
studies are needed to determine the status of phosphoryla-
table residues of p27KIP1 after catalase treatment, to eluci-
date the mechanisms by which this protein increased its
concentration and remained in the nucleus in response to
H2O2 scavenging.

Considering that cyclin D1 may regulate the cyclin E/
CDK2 complex through its capacity to sequester CDK
inhibitors such as p27KIP1 and by preventing the inhibition
of this complex by p27KIP1 [26,27], we conclude that both
the decrease in cyclin D1 levels and the increase in the lev-
els and the nuclear localization of p27KIP1 that we found
after catalase treatment would favor the blockage of the
G1/S transition by the inhibition of the cyclin E/CDK2
complex.

Although p27KIP1 is rarely mutated or deleted in cancer,
it is frequently deregulated: p27KIP1 protein levels are re-
duced or the protein is mislocalized [46]. We suggest that
this deregulation observed in most cancers be explained by
the permanent shift in the redox status, characteristic of
cancer cells [13–17], which would in turn be responsible
for activating ROS-dependent signaling cascades involved
in the regulation of phosphorylation and degradation of
p27KIP1.
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