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Genetic Deletion of Nrf2 Promotes Immortalization and
Decreases Life Span of Murine Embryonic Fibroblasts
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Nuclear factor E2-related factor-2 (Nrf2) transcription factor is one of the main regulators of intracellular redox balance
and a sensor of oxidative and electrophilic stress. Low Nrf2 activity is usually associated with carcinogenesis, but Nrf2 is
also considered as an oncogene because it increases survival of transformed cells. Because intracellular redox balance
alterations are involved in both senescence and tumorigenesis, we investigated the impact of Nrf2 genetic deletion on
cellular immortalization and life span of murine embryonic fibroblasts. We report that Nrf2 genetic deletion promotes
immortalization due to an early loss of p53-dependent gene expression. However, compared with control cells, immortal-
ized Nrf2—/— murine embryonic fibroblasts exhibited decreased growth, lower cyclin E levels, and impaired expression
of NQO1 and cytochrome bs reductase. Moreover, SirT1 was also significantly reduced in immortalized Nrf2—/— murine
embryonic fibroblasts, and these cells exhibited shorter life span. Our results underscore the dual role of Nrf2 in protec-

tion against carcinogenesis and in the delay of cellular aging.
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OST primary mammalian cells have a limited ability

to proliferate in tissue culture, a property known as
the Hayflick limit (1). After a variable number of cell divi-
sions, primary cells will undergo a form of growth arrest in
the G; phase of the cell cycle and become refractory to
further growth factor stimulation. In this state of growth
arrest, referred to as senescence, cells adopt a typical large
and flat morphology and express a number of senescence-
associated (SA) markers, such as SA-acid B-galactosidase,
p53, p19ARF and p21€P, Induction of senescence differs
between human and mouse cells. In vitro propagation of
primary human cells is associated with erosion of the
telomeres, leading to DNA damage-like antiproliferative
signals when telomeres become critically short. On the
other hand, senescence in cultured rodent fibroblasts is mostly
a response to reactive oxygen species (ROS)-mediated
DNA damage. With continuous culture, clones of immor-
tal cells arise, a process characterized by the loss of p53
function (2—4).

Accumulating lines of evidence now indicate that senes-
cence also takes place in vivo, suggesting important impli-
cations for tumor development (5,6). In fact, it is now
believed that senescence is part of a fail-safe mechanism that
protects cells from oncogenic transformation (7-11). Consis-
tent with the loss of p53 expression during immortalization

of cultured cells in vitro (3), a decline of p53 function
could explain the increased incidence of cancer with aging
in vivo (12).

Nuclear factor E2-related factor-2 (Nrf2) (13,14) is a ba-
sic leucine zipper (bZIP) transcription factor, which serves
as cellular sensor of oxidative and electrophilic stress gen-
erated from endogenous reactions and exogenous chemi-
cals, xenobiotics, drugs, ultraviolet, and ionizing radiations.
Upon its activation and stabilization, Nrf2 rapidly translo-
cates to the nucleus where it activates its target genes by
binding to the antioxidant response element, a common
regulatory element found in the 5'-flanking regions of genes
coding for antioxidant and detoxification enzymes. Nrf2-
mediated signaling is thus critical for regulation of intracel-
lular redox balance, particularly under stress conditions
(15-18).

Nrf2 signaling has been suggested to abate the conse-
quences of oxidative stress, including aging-associated dis-
eases like neurodegeneration, chronic inflammation, and
cancer in rodents and humans. Moreover, constitutive acti-
vation of Nrf2 signaling has a prolongevity effect in Dro-
sophila males (19,20). Using a cellular model, it has been
shown recently that Nrf2 has a declined function in senes-
cence of human fibroblasts, its silencing leading to premature
senescence. Treatment with an Nrf2 inducer resulted in the
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enhanced survival of cells following oxidative stress,
whereas continuous treatment led to lifespan extension of
human fibroblasts (21). Interestingly, Nrf2-dependent sig-
naling has been also recognized as a major determinant of
cellular stress resistance in long-lived mice (22). Moreover,
Nrf2 activation has been related with the extension of life
span observed in glutathione transferase mGSTA4-null
mice (23).

To date, no study has addressed the putative role of Nrf2
in senescence and immortalization of murine embryonic fi-
broblasts (MEFs). Our results show that the lack of Nrf2
promoted the immortalization of MEFs due to an early loss
of p53 and p53-dependent gene expression, but cells lack-
ing Nrf2 exhibited shorter life span, likely due to their en-
hanced genomic instability. Our results can give us new
insights to explain why Nrf2 deficiency is associated with
tumorigenesis and aging.

METHODS

Unless otherwise indicated, all chemicals were purchased
from Sigma (Madrid, Spain). Colonies of wild-type (Wt) and
Nrf2—/— mice in an Institute of Cancer Research background
were maintained at the Laboratory of Experimental Geron-
tology (National Institute of Aging, National Institutes of
Health, Baltimore, MD). Mice were cared for in accordance
to National Institutes of Health ACUC guidelines.

MEFs Preparation and Culture

MEFs were obtained from fetuses at Day 13 postco-
itum. Pregnant female mice were be killed by cervical
dislocation, and the uterus was dissected, rapidly washed
in 70% ethanol, and then in Hank’s saline solution. Each
embryo was separated from its placenta and surrounding
membranes, brain, and dark red organs were also sepa-
rated. After washing, embryos were finely minced and
cells were then suspended in 1-2 mL of Trypsin—-EDTA
per embryo. Non-disaggregated tissue was eliminated,
and the cellular suspension was washed with 2 volumes
of fresh culture medium. After centrifugation, the cell
pellet was suspended in Dulbecco’s modified essential
medium supplemented with 10% bovine serum, 10,000
U/mL penicillin, 10 mg/mL streptomycin, 25 pg/mL
amphotericin B, 2 mM L-glutamine, and 0.2% glucose
(MEFs medium), and cells from each embryo were plated
in 10-cm diameter dishes (Passage 0). The medium was
changed after 24 hours, being fibroblasts the only cells
capable to adhere to the culture surface. Cellular conflu-
ence was obtained after few days. Cells were then frozen
and maintained under liquid nitrogen until used for the
different determinations.

After thawing, cells were cultured in MEFs medium at
37°C in a humidified atmosphere of 5% CO, and 95% air.
Passages of cell cultures were carried out according to the
procedure of Todaro and Green (4) for obtaining the 3T3

cell line. Primary fibroblasts were cultured in 75-cm? bot-
tles at 4,000 viable cells/cm?. Passages were performed
each 3 days, avoiding cell confluence. After each passage,
cells were detached from culture plates and the number of
viable cells counted with a hemocytometer. The number of
doublings for each passage was calculated from the formula
log(Nf/Ni)/log2, where Nf is the final number of cells after
the passage and Ni is the initial number of viable cells
seeded. Viability of cells was estimated by the trypan blue-
exclusion assay after separation of cells from culture dishes
using a Trypsin—EDTA detaching solution.

SA B-galactosidase staining

SA PB-galactosidase staining was used as a positive
marker of senescence and negative marker of immortaliza-
tion. Briefly, cells were cultured in six-well plates, washed
with sterile phosphate-buffered saline, and then fixed in 2%
formaldehyde/0.2% glutaraldehyde and incubated with
staining solution (1 mg/mL X-Gal, 5 mM Kj;[Fe(CN)], 5
mM Ku[Fe(CN)g].3H,0, 2 mM MgCl,, and 150 mM NaCl
in 40 mM citric acid/sodium phosphate, pH 6.0) for 4-6
hours at 37°C. Cells were then observed under a phase-
contrast microscope and photographed. Quantification of
positively stained cells was carried out on micrographs
taken at a 200x magnification.

Preparation of Cell Extracts

Cells were separated from culture dishes using Trypsin—
EDTA. Subsequent extraction procedures were carried out
at 4°C. MEFs were disrupted by homogenization in RIPA
buffer (Tris—HCI 50 mM, pH 8; NaCl 150 mM; 0.5% de-
oxycholate; 0.1% sodium dodecyl sulfate; 1 mM dithioth-
reitol [DTT]; 1% Triton X-100; and 20 pug/uL of each of
the following protease inhibitors: chymostatin, leupeptin,
antipain, and pepstatin A [CLAP]). For extraction, about
10 x 10° cells were centrifuged at 500g for 5 minutes, washed
with phosphate-buffered saline, and centrifuged again un-
der the same conditions. The cell pellet was resuspended in
250 uL of RIPA buffer, and after a gentle agitation for 15
seconds, the suspension was centrifuged at 10,000g for 15
minutes. The supernatant was saved for determination of
protein expression by Western blot (see below).

Preparation of Cytosolic and Membranous Fractions

All extraction procedures were carried out at 4°C. For
preparation of membranous fractions, 2 to 10 x 106 cells were
recovered by centrifugation at 500g for 5 minutes and washed
with cold 130 mM Tris—HCl (pH 7.6), containing 1 mM EDTA,
0.1 mM DTT, and 1 mM phenylmethylsulfonyl fluoride. Cells
were centrifuged again and resuspended in 1 mL of hypo-
tonic lysis buffer (10 mM Tris—HCl [pH 7.6], containing 1
mM EDTA, 0.1 mM DTT, 1 mM phenylmethylsulfonyl
fluoride, and 20 pg/mL CLAP). Homogenization of cells
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Table 1. Electrophoresis and Western Blot Conditions for the Different Proteins Analyzed in this Study

Polyacrylamide

Antigen Protein Sample (1g) Concentration (%) Primary Antibody Dilution Source

p53 100 15.0 Monoclonal mouse IgG 1:500 Oncogene (Cambridge, MA)
p21 50 15.0 Polyclonal rabbit IgG 1:600 Santa Cruz (Santa Cruz, CA)
Cyclin E 50 10.0 Polyclonal rabbit IgG 1:200 Santa Cruz

Cyclin A 20 10.0 Polyclonal rabbit IgG 1:200 Santa Cruz

Sirtl 50 7.5 Polyclonal rabbit IgG 1:200 Santa Cruz

bsR 40 12.5 Polyclonal rabbit IgG 1:1,000 Navarro and colleagues (25)

was carried out for 5 minutes with the aid of a Teflon-glass
Potter. After disruption of cells, the concentration of the lysis
buffer was risen to 100 mM Tris by adding enough volume
of 250 mM Tris buffer (pH 7.6), containing | mM EDTA, 0.1
mM DTT, 1 mM phenylmethylsulfonyl fluoride, and 20 ng/
mL CLAP. Unbroken cells and debris were separated by
centrifugation at 500g for 5 minutes, and the supernatant was
saved. Cytosolic fractions were separated from membranous
material by ultracentrifugation at 100,000g for 30 minutes.

Determination of NQOI Activity

NQOTL activity in cytosolic fractions was measured from the
dicoumarol-inhibitable NADH and menadione-dependent
reduction of cytochome c. Assays were carried at 37°C with
constant gentle stirring. The assay mixture (1 mL) con-
tained 70 pg of cytosolic protein in 50 mM Tris—HCI (pH
7.5), 0.08% Triton X-100, 0.5 mM NADH, 10 uM menadi-
one, and 77 puM cytochrome c. Assays were carried out ei-
ther in the absence or in the presence of 10 uM dicoumarol,
and absorbance was recorded at 550 nm in a Beckman DU-
640 UV-vis spectrophotometer. NQOI1 activity was calcu-
lated from the difference in reaction rates obtained with and
without dicoumarol. An extinction coefficient of 18.5 mM/
cm was used in calculations of specific activities (24). Pro-
tein measurements were carried out by the Bradford method.

Electrophoretic Separation of Proteins and
Immunodetection

Levels of p53, p21€™, cyclin E, cyclin A, and SirT1 were
determined in whole extracts (see Preparation of Cell Ex-
tracts section), whereas NADH—cytochrome bs reductase
(bsR) was measured in membranous fractions (see Prepara-
tion of Cytosolic and Membranous Fractions section).
The amount of sample used for each determination was
previously optimized to allow for quantification in the
linear range (see Table 1).

The required amount of sample was mixed with concen-
trated sodium dodecyl sulfate—DTT loading buffer (final
concentration, 10% sucrose, 2 mM EDTA, 1.5% [wt/vol]
sodium dodecyl sulfate, 20 mM DTT, 0.01% [wt/vol] bro-
mophenol blue, and 60 mM Tris—HCI [pH 6.8]) and then
boiled for 5 minutes, except in the case of bsR in which sam-
ples were not boiled but heated at 40°C for 15 minutes to

avoid aggregation of this membrane protein. After the boil-
ing/heating step, samples were separated by sodium dodecyl
sulfate—polyacrylamide gel electrophoresis (see Table 1 for
specific conditions) and blotted onto nitrocellulose sheets.

Blots were stained with Ponceau S for visualization of
protein lanes and verification of equal protein loading and
then stained with the corresponding primary antibodies
(Table 1). In the case of bsR, we used a secondary anti-rabbit
IgG coupled to alkaline phosphatase, binding sites being
revealed by colorimetric developing of alkaline phosphatase
activity on the blots. For the rest of proteins studied, we
used goat secondary anti-rabbit (or anti-mouse for p53)
antibodies coupled to horseradish peroxidase, at a dilution
of 1:2,000. In these cases, developing of images was performed
by enhanced chemiluminescence (ECL Plus; Amersham
Bioscience, Uppsala, Sweden).

Photographic films obtained after ECL autoradiography
and blots revealed for alkaline phosphatase were scanned in
a Bio-Rad GS800 densitometer to obtain digital images for
quantification of intensity reaction using Quantity One soft-
ware (Bio-Rad, Hercules, CA). Data obtained from quanti-
fication of stained bands (in arbitrary units) were normalized
to that of the corresponding lane stained with Ponceau S to
correct for minor differences in protein loading between
samples because we have proven previously that this method
offers linear results in a wide range of protein load (26),
whereas immunostaining of an abundant protein such as actin
as loading control yields unreliable results at the protein
loads required for detection of low-abundance proteins (27).

Statistical Analysis

Data shown in this article are means £ SDs from at least
three different determinations. Significant differences be-
tween means were assessed using Student’s 7 test. Differ-
ences were considered significant with p < .05. Data were
analyzed using Graphpad InStat (Graphpad Software Inc.,
San Diego, CA).

RESULTS

The Nrf2 Status Affects Senescence of MEFs
First, we studied the normal pattern of senescence and
immortalization establishment in our cultures of Wt MEFs.



250 JODAR ET AL.

A
3.5
w
g 31
-232.5-
s
g 151
wn
g 1-
g 05-
S
E 0
g-o.s
£ -
=
-1.5_

o
g

-
o

Stained cells (%)
5 8

P8

P24 P12 P24

Nrf2-/-

Figure 1. (A) Number of doublings per passage of wild-type (Wt) and Nrf2—/— murine embryonic fibroblasts (MEFs). Cells were cultured according to a 3T3
protocol. After each passage, cells were detached from culture plates and counted. Data are means + SDs of measures taken at least in triplicate. A decline of Wt MEFs
growth was observed between Passages 6 and 8. Cells resumed growth from Passage 9. Immortalization of Nrf2—/— was observed earlier (from Passage 5). (B) Se-
nescence-associated (SA)-B-galactosidase staining. Wt cells harvested from passages with decreased cell growth were positive for SA--galactosidase, and the stain-
ing was lost in cells obtained from later passages, as an indicative of cellular immortalization. However, SA-B-galactosidase staining was still observed in
immortalized Nrf2—/— MEFs. (C) Quantification of the number of cells positively stained for SA-f-galactosidase activity. About 150 cells in three different fields
were counted. Differences between Wt and Nrf2—/— MEFs at P assage 24 were statistically different with p < .0001.

As depicted in Figure 1A, during the first four passages, the
growth of Wt MEFs was stabilized at about 1 doubling per
passage. Then, the ability of cells to grow declined and be-
came minimal at Passages 6-8. The existence of senescent
cells at these passages was confirmed by their flattened
structure and a positive staining for SA-B-galactosidase

(Figure 1B and C). From Passage 8, growth rates increased
again, reaching values of about 3 doublings at Passage 20, in-
dicating the emergence of immortalized clones (Figure 1A).
For our study, cells from passages more than 15 were
considered immortalized. In accordance, they were negative in
the SA-B-galactosidase test (Figure 1B and C). Occurrence
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of MEFs senescence between Passages 5 and 9 and immor-
talization at passages more than 15 is in accordance with
previous results obtained by other authors with the same
cell type (6,11,28).

We then studied the growth of Nrf2—/— MEFs as a func-
tion of cell passage and found that, after a worse response to
thawing resulting in decreased growth at Passage 1, the
cells quickly resumed their ability to growth at Passage 2
and the establishment of immortalized clones was readily
observed after Passage 3. However, cells still retained some
of the features of senescent MEFs, such as SA-f3-galactosi-
dase staining, despite their ability to growth at rates of 2-3
populations doublings per passage. Strikingly, some SA-f3-
galactosidase staining was still observed in Nrf2—/— MEFs
harvested at passages more than 20, although Wt MEFs
were completely negative (Figure 1B and C).

An increase of p53 levels and p53-dependent gene ex-
pression is considered the hallmark of MEFs senescence.
Furthermore, it is firmly established that MEFs immortali-
zation is mainly due to a loss of p53 function (2,3). Thus,
we decided to study how the lack of Nrf2 affected expres-
sion of p53 and p21€™, one of the main targets of p53-
dependent gene expression, which determines the cessation
of cell growth. As depicted in Figure 2A, compared with
young cells (Passage 4), levels of p53 increased signifi-
cantly in cells obtained from Passage 9, and as expected,
expression of p53 was almost completely lost in immortal-
ized cells. Expression of p21¢™® was also maximal in senes-
cent cells, and its levels decreased in immortalized MEFs
(Figure 2B). When we studied the levels of p53 and p21€P
in Nrf2—/- cells, we found that they had very low levels of
p53 at all passages, and p21® was also considerably de-
creased compared with control cells (Figures 2A and B).
These results support that the early loss of p53 function
might be mechanistically linked to an early immortalization
of Nrf2—/— MEFs.

Taken together, our observations support that ablation
of Nrf2 gene expression results in the promotion of cell
immortalization and the surpassing of senescence in
MEFs.

Immortalized Nrf2—/— MEFs Have Reduced Growth Rate
and Decreased Cyclin E Levels

Next, we compared growth rates of Wt and Nrf2—/—
MEFs obtained from passages more than 20. As shown in
Figure 3, growth rate of immortalized Nrf2—/— MEFs
showed a slight but statistically significant decrease
when compared with Wt cells. In accordance with the
observed decrease of cell growth, levels of cyclin E,
which regulates G, to S transition, were also significantly
lower in Nrf2—/— cells (Figure 4A). However, cyclin A,
which regulates the triggering of the S-phase and enter-
ing into mitosis, was unchanged in cells lacking Nrf2
(Figure 4B).
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Figure 2. p53 and p21 levels. Cell extracts were prepared from wild-type (Wt)
or Nrf2—/— murine embryonic fibroblasts (MEFs) obtained from the passages de-
picted in the figure and then probed for p53 (A) or p21 (B) by immunoblot. Results
from a representative blot are shown for each case. Genetic deletion of Nrf2 resulted
in the early loss of p53 and p21, the main hallmarks of MEFs immortalization.

Nrf2—/— MEFs Display Defective Induction of
Extramitochondrial Quinone Reductases
NAD(P)H:quinone oxidoreductase 1 is one of the best-
characterized targets of Nrf2-mediated gene expression
(29). To our knowledge, no study has addressed putative
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Figure 3. Genetic deletion of Nrf2 decreases growth of immortalized murine
embryonic fibroblasts (MEFs). The figure depicts the mean values of doublings
number per passage. Data from all passages between 20 and 43 were used for
calculations. Wild-type (Wt) MEFs, n = 142; Nrf2—/— MEFs, n = 94. Differences
between Wt and Nrf2—/— MEFs were statistically different with p <.0001.
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Figure 4. Cyclin E and A levels. Cell extracts were prepared from immortal-
ized wild-type (Wt) or Nrf2—/— murine embryonic fibroblasts and then probed
by immunoblot for cyclin levels. (A) Cyclin E. Both Wt and Nrf2—/— cells were
obtained from Passage 27. (B) Cyclin A. Wt cells were obtained from Passage
29, whereas Nrf2—/— cells were obtained from Passage 28. For each antibody, the
immunostained band was quantified with Quantity one software (Bio-Rad), and
the results normalized to the density of the corresponding lane stained with Pon-
ceau S. Results from representative blots are shown. Genetic deletion of Nrf2
resulted in a significant decrease of the levels of cyclin E but not of cyclin A.

changes of NQOI activity in young, senescent, or immor-
talized MEFs. Thus, we measured NQO/ activity as a func-
tion of cell passage in Wt and Nrf2—/— MEFs. As depicted
in Figure 5A, NQO1 activity was dramatically induced in
Wt MEFs obtained from Passages 10-15, that is, when the
growth of immortalized clones was being established. On
the other hand, NQO1 activity in Nrf2—/— MEFs was fairly
low and constant with the cell passages.

NADH-cytochrome bs reductase (bsR) is another en-
zyme that plays a role in maintaining the levels of antioxi-
dant hydroquinones in extramitochondrial membranes. This
antioxidant system in the plasma membrane has been ob-
served to participate in the healthy aging induced by calorie
restriction (30,31). We show here that, for all passages
tested, levels of bsR were significantly decreased in Nrf2—/—
compared with Wt MEFs (Figure 5B).

Nrf2—/— MEFs Display Shorter Life Span

MEFs accumulate cellular damage with continuous cul-
ture, mostly due to their exposition to higher oxygen condi-
tions (32,33). Thus, we decided to study the ability to grow
in long-term cultures of MEFs. Given the general defect of
Nrf2—/- cells in eliciting an antioxidant response (29), we
found it interesting to compare life span of Wt MEFs with
that of Nrf2—/— cells. As shown is Figure 6, Wt MEFs grew
steadily until Passage 62 at a rate of more than 3 population
doublings per passage. However, a proliferation limit for
these primary MEFs was observed at 64 passages, from
which the culture could not be continued. Interestingly,
Nrf2—/— cells had a considerably shorter life span, and the
culture could not be recovered beyond Passage 54.

DNA damage response is activated in MEFs undergoing
replicative senescence and following spontaneous immor-
talization (34). Because immortalized MEFs are character-
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Figure 5. NQO1 and bsR levels. (A) Cytosolic fractions were obtained from
wild-type (Wt) or Nrf2—/— murine embryonic fibroblasts (MEFs) obtained from
the indicated passages and then assayed for NQO1 enzymatic activity. A sig-
nificant increase of NQOI1 activity was observed in Wt MEFs from Passages
10 to 15, at the beginning of cellular immortalization. On the other hand, as
expected, NQO1 activity remained low in Nrf2—/— cells at any passage. Data are
means + SDs of measures taken in triplicate. (B) Membranous fractions were
obtained from Wt or Nrf2—/— MEFs obtained from the indicated passages. Pro-
teins were separated by sodium dodecyl sulfate—polyacrylamide gel electropho-
resis and blotted onto nitrocellulose. Blots were then probed for bsR with a
specific antiserum. The immunostained 34-kDa band was quantified with Quan-
tity one software (Bio-Rad), and the results normalized to the density of the
corresponding lane stained with Ponceau S. Results from a representative blot
are shown.

ized by the loss of p53 and p53-dependent gene expression
(see above), we wanted to study how the lack of Nrf2 af-
fected levels of SirT1, a histone deacetylase, which plays a
major role in the maintenance of genomic stability (35). As
shown in Figure 7, the profile of SirT1 expression was de-
pendent on the culture passage. In Wt MEFs, SirT1 levels
were minimal in young cells but then increased significantly
with culture immortalization. When SirT1 levels were mea-
sured in Nrf2—/— MEFs we found that, compared with passage-
matched controls, SirT1 was significantly elevated during
the first passages of the culture but not at late passages. In
this case, immortalized Nrf2—/— MEFs had significantly
lower levels of SirT1 than their Wt counterparts, supporting
that Nrf2—/— might accumulate more DNA damage with
continuous culture, which, in turn, would result in shorter
life span.
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a 3T3 protocol. After each passage cells were detached from culture plates and counted. Data are means £ SDs of measures taken in triplicate. Genetic deletion of

Nrf2 resulted in a significant shortening of cellular life span.

DiscussioN

Changes in the intracellular redox balance are involved
both in the cessation of growth that accompanies senes-
cence and in the uncontrolled cell growth associated with
tumorigenesis (36). MEFs senescence is mostly a response
to ROS-mediated DNA damage (2,3). However, senes-
cence is not a stable condition, but MEFs cultures invari-
ably resume proliferation because of the spontaneous
outgrowth of mutant clones bearing aberrant numbers of
chromosomes and DNA lesions (34). Thus, replicative
senescence and spontaneous immortalization of cells could
be viewed as two faces of the same phenomenon because
DNA lesions elicit a DNA damage response, which halts
cell growth, but further genetic alterations result in sponta-
neous immortalization.
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Figure 7. SirT1 levels. Cell extracts were prepared from murine embryonic
fibroblasts obtained from the passages depicted in the figure and then probed for
SirT1 by immunoblot. The immunostained band was quantified with Quantity
one software (Bio-Rad), and the results normalized to the density of the corre-
sponding lane stained with Ponceau S. Results from a representative blot are
shown. Whereas SirT1 levels were higher in Nrf2—/— cells at passages less than
9, genetic deletion of Nrf2 resulted in a significant decrease of SirT1 levels in
late passage immortalized cells.

Because Nrf2 is critical for regulation of intracellular re-
dox balance, particularly under stress conditions (15,29,37),
we decided to investigate the impact of Nrf2 genetic dele-
tion on MEFs immortalization and life span. Interestingly,
we observed that Nrf2—/— MEFs were prone to immortal-
ization due to an early loss of p53 and p53-dependent gene
expression. Although Nrf2—/— cells underwent a rapid im-
mortalization, we found a slight but statistically significant
decrease of growth in Nrf2—/— MEFs, which correlated with
a decreased of cyclin E levels. In addition, Nrf2—/— MEFs
displayed shorter life span when compared with their Wt
counterparts. Strikingly, positive staining for SA-3-galacto-
sidase was still observed in Nrf2—/— MEFs obtained from
passages more than 20, with Wt MEFs being completely
negative. These results could indicate that the lack of Nrf2
expression could affect the physiology of the lysosomal
compartment. Besides being a basic transcription factor re-
sponsible for the regulation of the cellular antioxidant re-
sponse, Nrf2 also regulates the expression of several
proteasome subunits in mice (21). The possibility exists that
a deficiency in proteosomal degradation in Nrf2—/— cells
could be compensated, at least partially, by induction of ly-
sosomal hydrolytic enzymes, which could explain the in-
crease of SA-B-galactosidase staining in proliferating cells.

Our observation that Nrf2—/— MEFs rapidly undergo im-
mortalization is in accordance with their defects in antioxi-
dant protection and their greater genetic instability. NQOI1
activity was dramatically induced in Wt MEFs obtained
from Passages 10-15, that is, when the growth of immortal-
ized clones was being established, and bsR levels were also
lower in Nrf2—/— MEFs. Deficient induction of NQO1 and
other antioxidant and detoxification enzymes due to the
lack of Nrf2 might give rise to the occurrence of clones with
augmented oxidative stress and genetic damage, resulting in
rapid immortalization of the cells. The lack of Nrf2 also led
to oxidative stress and DNA lesions in primary alveolar
Type II epithelial cells isolated from Nrf2—/— mice, with
an impairment of cell cycle progression (38). The cellular
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context is very important in defining the impact of Nrf2 de-
ficiency on the growth of primary normal cells. Renal epi-
thelial cells isolated from Nrf2—/— mice could proliferate,
although at slower rate than the controls, and these cells
showed less oxidative stress than pulmonary Type II cells
(38). Of note, Reddy and colleagues (39) reported that, un-
like alveolar Type II epithelial cells isolated from Nrf2—/—
animals (with decreased growth compared with the
controls), MEFs isolated from the same animals prolifer-
ated even more rapidly than their Wt counterparts. Although
no information was given by these authors about the pas-
sage from which these Nrf2—/— MEFs were obtained, their
results would be in accordance with our observation that
Nrf2—/— cells grew faster at Passages 5-10 and exhibited
decreased p53-dependent gene expression than passage-
matched controls (see Figure 1).

Pleiotropic and cell-specific effects of Nrf2 genetic dele-
tion could be explained, at least partially, on the basis of the
role played by Nrf2-regulated enzymes in decreasing ROS
levels because responses elicited by ROS in cells are diverse
and include growth stimulation, transient or permanent
growth arrest, senescence, apoptosis or necrosis, depending
on the intensity and duration of the stimulus, the specific
site where ROS are generated and the cell type (36). In nor-
mal MEFs, ROS are mitogenic at moderate levels, promot-
ing G to S transition (40,41). In accordance with a role for
Nrf2-regulated ROS levels in promoting cell proliferation,
Nrf2 overexpression suppresses growth of primary cultures
of smooth muscle cells (42).

The fact that the lack of Nrf2 renders cells prone to im-
mortalization may be relevant to understand the role of Nrf2
in carcinogenesis. It has been recently reported that the loss
of Nrf2 leads to increased oxidative stress and DNA dam-
age in the initiation of cellular transformation in prostate
cancer (43). There are many examples showing that low lev-
els of Nrf2 activity predispose cells to chemical carcinogen-
esis, which has been generally interpreted on the basis of
poor detoxification in Nrf2-deficient or null animals, and
upregulation of Nrf2-mediated signaling has been shown to
protect against different types of cancer (44—46). Interest-
ingly, Nrf2—/— animals are not protected by calorie restric-
tion against carcinogenesis (47).

Although Nrf2—/— MEFs were prone to immortalization,
they also showed shorter life span in long-term cultures, in-
dicating that the function of Nrf2 is needed for maintaining
cell viability after long exposures to environmental stress-
ors. We found that SirT1 levels increased significantly with
culture immortalization in Wt MEFs. In the case of Nrf2—/—
ME-Fs, SirT1 was significantly elevated during the first pas-
sages of the culture, which is in accordance with the earlier
immortalization of these cells. However, elevated expres-
sion of SirT1 was not maintained in MEFs obtained from
late passages, but SirT1 was significantly decreased in
Nrf2—/— cells. SirT1 represses repetitive DNA and a func-
tionally diverse set of genes across the mouse genome. In

response to DNA damage, SirT1 dissociates from these loci
and relocalizes to DNA breaks to promote repair. Increased
SirT1 expression promotes survival in a mouse model of
genomic instability and suppresses age-dependent tran-
scriptional changes (35). Thus, decreased SirT1 levels in
the immortalized MEFs (which completely lack p53) may
result in genetic instability, which leads to shorter life span.
Our results also agree with a recent report showing that
Nrf2 has a declined function in senescence of human fibro-
blasts, its silencing leading to premature senescence. In this
in vitro model, treatment with an Nrf2 inducer resulted in
the enhanced survival of human fibroblasts following oxi-
dative stress, whereas continuous treatment led to lifespan
extension of the cells (21). Interestingly, Nrf2-dependent
signaling has been also recognized as a major determinant
of cellular stress resistance in long-lived mice (22) and as a
factor contributing to lifespan extension in mGSTA4-null
mice (23).

Nrf2 also plays a prominent role protecting normal cells
from ROS-induced apoptosis (48). Because cultured MEFs
are continually exposed to the deleterious effect of ROS, an
increase of cell death is expected in MEFs lacking Nrf2,
which could contribute to their shorter life span. On the
other hand, alterations in intracellular redox balance in
MEFs from different passages could also contribute to dif-
ferences in cell survival associated to the Nrf2 status. In this
way, excessive ROS may promote damage and shorten life
span. However, it must be also taken into account that, at
moderate levels, ROS are mitogenic for the MEFs, and a
decrease of ROS levels has been also associated with the
cessation of growth in this cell type (40,41). These aspects
deserve further experimentation.

The role played by Nrf2 in maintaining long-term viabil-
ity of the MEFs may be also relevant for cancer. In this way,
upregulation of Nrf2 has been also observed in some can-
cers, such as human lung adenocarcinoma, where increased
constitutive levels of Nrf2 (and its targets heme oxigenase-1
and peroxiredoxin) protect cancer cells against apoptosis
(49-52). Several recent studies have demonstrated elevated
levels of ROS and antioxidant gene expression in human
cancer cell lines and have indicated that suppression of an-
tioxidant gene expression can block cancer cell growth
(53,54). In accordance to these observations, it has been
suggested that Nrf2 may act as a proto-oncogene and target-
ing Nrf2 activity by inhibitors may have a therapeutic value
(38). However, according to our results, and those from oth-
ers (see above), a point of caution should be taken in this
regard because the impact of Nrf2 on cell transformation
(like a double-edged sword) is cell lineage specific and de-
pends on the cellular context. In this way, Nrf2 is also con-
sidered as a prominent target for drug discovery, and
Nrf2-activating agents are in clinical trials for cancer che-
moprevention (19). The results shown in our article are a
clear example of the dual role of Nrf2 inhibiting cellular
transformation and aging.
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