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Catalase expression in MCF-7 breast cancer cells is mainly controlled
by PI3K/Akt/mTor signaling pathway
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A B S T R A C T

Catalase is an antioxidant enzyme that catalyzes mainly the transformation of hydrogen peroxide into

water and oxygen. Although catalase is frequently down-regulated in tumors the underlying mechanism

remains unclear. Few transcription factors have been reported to directly bind the human catalase

promoter. Among them FoxO3a has been proposed as a positive regulator of catalase expression.

Therefore, we decided to study the role of the transcription factor FoxO3a and the phosphatidylinositol-3

kinase (PI3K) signaling pathway, which regulates FoxO3a, in the expression of catalase. To this end, we

developed an experimental model of mammary breast MCF-7 cancer cells that acquire resistance to

oxidative stress, the so-called Resox cells, in which catalase is overexpressed as compared with MCF-7

parental cell line. In Resox cells, Akt expression is decreased but its phosphorylation is enhanced when

compared with MCF-7 cells. A similar profile is observed for FoxO3a, with less total protein but more

phosphorylated FoxO3a in Resox cells, correlating with its higher Akt activity. The modulation of FoxO3a

expression by knockdown and overexpression strategies did not affect catalase expression, neither in

MCF-7 nor in Resox cells. Inhibition of PI3K and mTOR by LY295002 and rapamycin, respectively,

decreases the phosphorylation of downstream targets (i.e. GSK3b and p70S6K) and leads to an increase

of catalase expression only in MCF-7 but not in Resox cells. In conclusion, FoxO3a does not appear to play

a critical role in the regulation of catalase expression in both cancer cells. Only MCF-7 cells are sensitive

and dependent on PI3K/Akt/mTOR signaling.

� 2014 Elsevier Inc. All rights reserved.
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1. Introduction

Catalase is an antioxidant enzyme transforming hydrogen
peroxide into water and oxygen [1]. Besides its classical activity,
catalase can decompose peroxynitrite [2–4], oxidize nitric oxide to
nitrogen dioxide [5], and exhibits peroxidase [6] as well as oxidase
activity [7]. It is widely expressed in human tissues and plays an
essential role in cell defense against oxidative stress. It has been
shown that overexpressing catalase in cancer cells enhances
resistance against an oxidative stress and decreases cancer growth
rate [8]. A decrease in catalase activity is frequently associated
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with diseases and a large body of evidence shows that in cancer,
the level of the catalase protein is generally decreased [9–21]. Few
transcription factors are known to regulate human catalase in
physiologic and pathologic processes, among them Sp1/NF-Y,
PPARg, Oct-1 and a member of the Forkhead transcription factors,
FoxM1 [22–25]. In addition, the protein kinase B (PKB/Akt)/
Forkhead Box (Foxo) transcription factors pathway is a well-known
regulator of the mitochondrial superoxide dismutase (MnSOD) and
catalase expression, principally in rodents [26–28]. Indeed, FoxO3a
modulates catalase expression by binding directly to the rat
promoter [29]. The transcription factor FoxO3a has also been cited
as a positive regulator of catalase expression in a variety of stress
conditions. For example, moderate increase of FoxO3a expression in
cardiomyocytes has anti-aging and oxidative stress-protective
effects, which are partially due to increased catalase protein levels
[30]. It has also been observed that myocytes from diabetic mice are
characterized by an increased catalase expression when compared
to myocytes from non-diabetic mice. This phenotype is explained by
an increase of FoxO3a protein level, which correlates with catalase
expression [31].

The regulation of FoxO3a is post-translationally controlled by
the Akt/PKB signaling pathway [32]. Indeed, the serine/threonine
kinase Akt phosphorylates FoxO3a, which is consequently
excluded from the nucleus and degraded by the ubiquitin
proteasome system. Moreover, suppressing Akt/PKB activity in
mesangial cells and lung cancer cell lines modulates the catalase
expression [33,34].

The transcription factor FoxO3a acts with co-activators as PGC-
1a and the histone deacetylase Sirt1. For instance, Sirt1 is able to
deacetylate PGC-1a and FoxO3a, thereby modulating the expres-
sion of catalase and other antioxidant enzymes such as mitochon-
drial superoxide dismutase [35–37].

A major role of the Akt/PKB signaling pathway has been evoked
in cancer due to the high Akt activity that likely transduces a
survival signal [38]. Since Akt/PKB activity is directly regulating
FoxO3a [32] and because the latter may play a positive role in the
regulation of catalase expression [30;31], the aim of this work was
to investigate if the Akt/FoxO3a pathway may be involved in
catalase down-regulation in cancer cells.

Both protein expression levels and protein phosphorylation
status were determined and compared in two cancer cell lines: MCF-
7 (a human breast cancer cell line) and the so-called Resox cells [39].
These latter cells were obtained after continuous exposure of MCF-7
cells to an oxidative stress. During the resistance acquisition against
this stress, a strong overexpression of catalase was observed.

2. Materials and methods

2.1. Cell culture and chemicals

The breast cancer cell line Resox was established from wild-
type MCF-7 control cells. Conditions of the selection of these cells
were previously described [39]. MCF-7 cells were purchased from
ATCC (Manassas, USA) and were maintained in DMEM supple-
mented with 10% fetal calf serum, in the presence of penicillin
(100 U/ml) and streptomycin (100 mg/ml) from Gibco (Grand
Island, NY, USA). Cultures were maintained at a density of
5 � 104 cells/cm2. The medium was changed at 48–72 h intervals.
All cultures were maintained at 37 8C in 95% air/5% CO2 with 100%
humidity. Inhibitors LY294002 and rapamycin were purchased
from Millipore (Merck KGaA, Darmstadt, Germany).

2.2. Immunoblotting

At the indicated times, cells were washed twice with ice-cold
PBS and then resuspended in a RIPA lysis buffer in the presence of
proteases (Protease Inhibitor Cocktail, Sigma, St Louis, MO, USA)
and phosphatases inhibitors (Phosphatase Inhibitor Cocktail,
Calbiochem, Merck KGaA, Darmstadt, Germany). Samples were
kept on ice for 5 min and then sonicated on ice at 100 W for 15 s
with a Labsonic U sonicator (B Braun Biotech International,
Melsungen, Germany). Sonicated samples were collected and
stored at �80 8C. Equal amounts of proteins (20–30 mg) were
subjected to SDS-PAGE (8–10% separating gel) followed by
electroblot to nitrocellulose membranes. The membranes were
blocked for 1 h in TBS buffer (pH 7.4) containing 5% powdered milk
protein and then incubated overnight at 4 8C with the appropriate
antibody. Rabbit polyclonal antibody against catalase (AB1212),
phospho-FoxO3a Ser253 (06-953), FoxO3a (07-702) and mouse
monoclonal antibody against Akt (05-591) were obtained from
Millipore (Merck KGaA, Darmstadt, Germany); mouse antibody
against b-actin (ab6276) was from Abcam (Cambridge, UK); rabbit
antibodies against Sirt1 (sc-15404) and Lamin B1 (sc-20682) were
from Santa-Cruz Biotechnology (Santa Cruz, CA, USA); rabbit
antibodies against p70S6K (9202), phospho-p70S6K Thr389
(9234), Gsk3b (9315), phospho-Gsk3b Ser9 (9323) and phos-
pho-Akt Thr308 (9275) were purchased from Cell Signalling
Technology (Beverly, MA, USA). The antibody against Akt
recognizes the three Akt isoforms (mainly Akt 1 and Akt 2) and
the antibody against p70S6K recognizes both p70 and p85
isoforms. Membranes were washed five times with TBS containing
0.1% Tween-20 (Sigma, St Louis, MO, USA) and incubated for
60 min with a dilution of secondary antibody coupled to
horseradish peroxidase. Protein bands were then detected by
chemiluminescence using the ECL detection kit (Pierce, Rockford,
IL, USA). When appropriate, bands obtained from Western blot
analysis were quantified, using ImageJ software (http://rsb.info.-
nih.gov/ij/).

2.3. Akt/PKB activity measurement

300 mg of protein extract were incubated for 2 h at 4 8C with
agitation in a final volume of 0.5 ml of buffer (50 mM HEPES pH7.5,
50 mM KF, 1 mM KPi, 5 mM EDTA, 5 mM EGTA, 5 mM b-
mercaptoethanol, 0.1% (v/v) Triton X-100, 1 mM vanadate and
protease/phosphatase inhibitor (Roche Applied Science Diagnos-
tics, Mannheim, Germany)) and 1 mg of anti-PH domain of PKB/Akt
antibody (05-591, Millipore) coupled to 20 ml of protein A-
Sepharose. The immune complexes were washed three times with
buffer containing 50 mM Tris–HCl pH 7.5, 1 mM EDTA, 1 mM
EGTA, 50 mM NaF, 10 mM sodium b-glycerophosphate, 5 mM
sodium pyrophosphate, 0.1% (v/v) b-mercaptoethanol, 0.1% (w/v)
Triton X-100, and 0.5 M NaCl and twice with buffer containing
50 mM Tris–HCl pH 7.5, 0.03% (w/v) Brij-35, 0.1 mM EGTA, and
0.1% (v/v) b-mercaptoethanol. The beads were then resuspended
in 20 ml of PKB assay buffer containing MOPS 50 mM pH7, EDTA
2.5 mM, magnesium acetate 50 mM, b-mercapto-ethanol 0.5%
with 0.2 mM peptide substrate and 0.1 mM [g-32P]ATP-Mg
(specific radioactivity 1000 cpm/pmol) for 20 min at 30 8C with
continuous agitation [40]. Protein content of supernatants was
determined by BCA method with bovine serum albumin used as a
standard. Akt activities were represented in picomol of incorpo-
rated phosphates per min and per milligram of total proteins (total
specific activity) or normalized by the intensity of Akt/PKB bands
revealed by immunoblotting (which can be considered as the level
of Akt activation). All the chemicals were purchased from Sigma (St
Louis, MO, USA).

2.4. Nuclear extraction

Cells were grown at a density of 1 � 106 cells/ml, trypsinized
and centrifuged at 800 � g for 6 min. Cell pellet was resuspended
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Fig. 1. Catalase is more expressed in Resox cells, which are characterized by a higher Akt activity and less FoxO3a protein levels. (A) Catalase expression and expression of

proteins involved in Akt/PKB pathway, as measured by western blotting in MCF-7 and Resox cells. (B-C) The density of the bands of total proteins, phosphoproteins and the

ratio phospho/total protein were calculated from the immunoblotting analyses, as indicated under Section 2. White bars (&) represent MCF-7 cells and black bars (&)

represent Resox cells. Data are means � SEM, from three separate experiments. *p-value < 0.05, **p-value < 0.01, ***p-value < 0.001.

C. Glorieux et al. / Biochemical Pharmacology 89 (2014) 217–223 219
in 200 ml of hypotonic solution (Hepes-KOH 10 mM; MgCl2 2 mM;
EDTA 0.1 mM; KCl 10 mM; NP40 0.5%; DTT 1 mM; at pH 7.9).
Samples were incubated 10 min on ice and vortexed every 2 min
for 10 s, and then centrifuged during 1 min at 13,000 � g and at
4 8C. Supernatants contain cytoplasmic proteins and the cell pellet
was resuspended with 60 ml of hypertonic solution (Hepes-KOH
50 mM; MgCl2 2 mM; EDTA 0.1 mM; KCl 50 mM; NaCl 400 mM;
glycerol 10%; DTT 1 mM; at pH 7.9). Samples were incubated for
30 min on ice and vortexed every 10 min for 10 s. Thereafter, they
BA
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Fig. 2. Total specific activity and level of Akt activation measured in MCF-7 and Resox c

Methods. The enzyme activity is represented by pmoles of incorporated phosphates per 

calculated from immunoblotting analyses (level of Akt activation). Data are means � S
were centrifuged for 15 min at 13,000 � g at 4 8C, and then
supernatant, corresponding to nuclear proteins, was collected. All
the chemicals were purchased from Sigma (St Louis, MO, USA).

2.5. siRNA transfection and FoxO3a overexpression

Dharmafect reagent 1 was used for transfection of siRNAs
against human FoxO3a (ON-TARGET plus SMART pool siRNA) into
MCF-7 and Resox cells according to protocols provided by
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Fig. 3. Influence of FoxO3a on catalase regulation in MCF-7 and Resox breast cancer cells. (A) Cytoplasmic and nuclear expression of phospho-FoxO3a and FoxO3a were

measured by Western blotting. Cytoplasmic and nuclear fractions were characterized by the presence of Lamin B1 in nuclear fractions and b-actin in cytoplasmic fractions.

(B) Cells were transfected with a specific siRNA against FoxO3a and a control siRNA for 72 h. FoxO3a, catalase and b-actin protein levels were analyzed by Western blotting.

(C) Cells were transfected with plasmid pcDNA3 coding for active triple mutant human FoxO3a (FoxO3aTM). Protein extracts were collected 4 days (D4) or 5 days (D5) after

the transfection. FoxO3a, catalase and b-actin protein levels were analyzed by Western blotting.
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Dharmacon (Lafayette, CO, USA). Transfection was performed on
cells at 50% confluence for 24 h, with a 0.1 mM siRNA solution. The
cells were then washed with PBS and cultured with complete
medium. Samples were collected 72 h after the transfection and
both FoxO3a and catalase protein levels were analyzed by Western
blotting.

MCF-7 and Resox cells were transfected with 1 mg of plasmid
pcDNA3 coding a triple mutant active FoxO3a (mutations T32A,
S253A and S315A) (Addgene catalog number 10709) [27] using
Xtremegene HP transfection reagent from Roche Applied Science
Fig. 4. Catalase level is increased by LY294002 in MCF-7 but not in Resox cells. (A) Catala

by western blotting in MCF-7 and Resox cells after 48 h of incubation with 5 mM of LY2

immunoblotting analyses. White bars (&) represent cells incubated with complete med

are means � SEM, from three separate experiments. **p-value < 0.01.
Diagnostics (Mannheim, Germany). Samples were collected 96 and
120 h after the transfection and both FoxO3a and catalase protein
levels were analyzed by western blotting.

2.6. Data analyses

All experiments were performed at least 3 times. Data were
analyzed using an unpaired t-test, performed with GraphPad Prism
software (GraphPad Software, San Diego, CA, USA). The level of
significance was set at p < 0.05.
se expression and expression of proteins involved in Akt/PKB pathway, as measured

94002 (LY). (B) The density of catalase and b-actin bands was calculated from the

ium and black bars (&) represent cells incubated with the inhibitor LY294002. Data



Fig. 5. Catalase level is increased by rapamycin in MCF-7 but not in Resox cells. (A) Catalase expression and expression of proteins involved in mTOR pathway measured by

western blotting in MCF-7 and Resox cells after 48 h of incubation with 50 nM of rapamycin (Rapa). (B) The density of catalase and b-actin bands was calculated from the

immunoblotting analyses. White bars (&) represent cells incubated with complete medium and black bars (&) represent cells incubated with the inhibitor rapamycin. Data

are means � SEM, from three separate experiments. *p-value < 0.05.
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3. Results and discussion

3.1. Analysis of the phosphatidylinositol-3 kinase signaling pathway

in MCF-7 and Resox cells

Fig. 1A shows the relative amount and the phosphorylation
state of several proteins, including catalase, Akt, FoxO3a and SIRT1,
in the two cancer cell lines. Catalase was more expressed in Resox
cells as compared to the parental cell line MCF-7 breast cancer cells
(Fig. 1A, B). Indeed, the protein levels of catalase in Resox cells were
about 3-times higher than in MCF-7 cells. Resox cells were also
characterized by a different expression and phosphorylation state
of Akt/PKB. Indeed, Akt/PKB was less expressed but more
phosphorylated in these cells (Fig. 1A–C).

This resulted in a similar total Akt/PKB activity but a higher
level of activation state (Fig. 2A, B). The increase in Akt/PKB
signaling activity was further confirmed by the increase in
phosphorylation state of the Akt/PKB downstream targets
p70S6K and GSK3b (Fig. 1A–C). These observations correlated
PI3K AKT

FoxO3aSer 253

Thr 389

AKT

FoxO3a

mTOR

p70S6K

FoxO3aSirt1

PP

P

Fig. 6. PI3K/Akt/mTor signaling pathway represses
with the data obtained for catalase expression because the Akt/PKB
signaling pathway is supposed to inhibit catalase expression by
decreasing FoxO3a protein [30,31]. However, although FoxO3a was
more phosphorylated in Resox cells, the total FoxO3a protein level
was similar in both cell lines (Fig. 1A–C).

Interestingly, the expression of Sirt1, a histone deacetylase
known to regulate catalase expression in association with FoxO3a,
was not altered in Resox cells (Fig. 1A, B).

3.2. Impact of FoxO3a for catalase expression in MCF-7 and Resox cells

Although FoxO3a is less expressed in Resox cells, we raised the
question as to whether there was a difference in the translocation
of the transcription factor into the nucleus. Resox cells were
characterized by an increased level of phosphorylated FoxO3a,
which remains in the cytoplasm, whereas MCF-7 cells were
characterized by a preference for nuclear localization of FoxO3a
(Fig. 3A). To conclude about the role of FoxO3a on catalase
expression, we knocked-down FoxO3a expression by using specific
Thr 308 GSK 3β Ser 9P

Catalase

 catalase expression in cancer cells (scheme).
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siRNA (with an efficacy of 85% decrease in expression) or,
alternatively, we increased FoxO3a activity by overexpressing
(4.5-fold) an active form of the protein (Fig. 3B, C). Surprisingly,
none of these modifications of FoxO3a expression did alter catalase
expression in both cell lines, suggesting that FoxO3a does not play
a major role in the regulation of catalase in these experimental
models.

3.3. PI3 K and mTOR pharmacological inhibitors increase the level of

catalase protein in MCF-7 cells but not in Resox cells

FoxO3a did not seem to be implicated in catalase expression in
the breast cancer cell lines used. Nevertheless, a concomitant
increase in the expression of both FoxO3a and catalase has been
reported in hepatoma cells [41] and vascular smooth muscle cells
[42], by using LY294002, a PI3K pharmacological inhibitor.
Therefore, we decided to modulate the PI3K/Akt pathway by
using this inhibitor. Indeed, this inhibitor provoked a decrease in
the phosphorylation state of FoxO3a, p70S6K and GSK3b, three
downstream targets of Akt/PKB in both cell lines (Fig. 4A). As
expected, increased levels of FoxO3a were observed in cells
incubated with LY294002 but surprisingly, this inhibitor only
increased the expression of catalase in MCF-7 cells and not in Resox
cells (Fig. 4A, B). In agreement with previous results (Fig. 3B, C),
increased levels of FoxO3a should not be involved in the regulation
of catalase expression.

Since LY294002 has been shown to directly inhibit the kinase
mTOR, we also studied the effects of rapamycin, an inhibitor of
mTOR, a protein kinase located between Akt/PKB and p70S6K [43].
The capacity of rapamycin to inhibit mTOR was confirmed by the
dephosphorylation of p70S6K (Fig. 5A). As for LY294002, rapamy-
cin increased the expression of catalase in MCF-7 but not in Resox
cells (Fig. 5A, B).

Interestingly, inhibitors of PI3K and mTOR proteins were able to
increase catalase expression in MCF-7 but not in Resox cells, even
though MCF-7 cells show a lower Akt activity than Resox cells.
Hence Resox cells may become resistant to oxidative stress by
preventing the PI3K pathway from repressing catalase expression.
We do not have an explanation for such a difference but it is
tempting to speculate that PI3K/Akt/mTOR signaling pathway
might activate a factor (likely a protein repressor) which would be
only present in MCF-7 cells.

In conclusion, as depicted in the scheme (Fig. 6), the regulation
of catalase expression in MCF-7 cells is dependent on PI3K/Akt/
mTOR while FoxO3a is not playing a critical role.
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