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RelA/p65 functions to maintain cellular senescence
by regulating genomic stability and DNA repair
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Nuclear factor (NF)-kB is a positive regulator of tumour
development and progression, but how it functions in normal
cells leading to oncogenesis is not clear. As cellular senescence
has proven to be an intrinsic tumour suppressor mechanism that
cells must overcome to establish deregulated growth, we used
primary fibroblasts to follow NF-kB function in cells transitioning
from senescence to subsequent immortalization. Our findings
show that RelA/p65~/~ murine fibroblasts immortalize at
considerably faster rates than RelA/p65+/+ cells. The ability of
RelA/p65—/~ fibroblasts to escape senescence earlier is due to
their genomic instability, characterized by high frequencies of
DNA mutations, gene deletions and gross chromosomal trans-
locations. This increase in genomic instability is closely related
to a compromised DNA repair that occurs in both murine
RelA/p65—/ fibroblasts and tissues. Significantly, these results
can also be duplicated in human fibroblasts lacking NF-xB.
Altogether, our findings present a fresh perspective on the role of
NF-kB as a tumour suppressor, which acts in pre-neoplastic cells
to maintain cellular senescence by promoting DNA repair and
genomic stability.
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INTRODUCTION
Nuclear factor (NF)-xB proteins are expressed in nearly all
mammalian cells and function in vertebrates as dimers of five
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subunits: RelA or p65, c-Rel, RelB, p50 and p52. NF-xB is
activated by many stimuli, including cytokines, oxidative stress,
oncogenes and DNA damage (Hayden & Ghosh, 2004; Janssens &
Tschopp, 2006; Wu & Miyamoto, 2007). This activation occurs
through 1kB kinase phosphorylation of kB, leading to proteasome-
dependent degradation of kB and subsequent nuclear localization
of p50/p65 (Hayden & Ghosh, 2004). Besides its functions in
immune cells, a lot of evidence supports the fact that NF-kB
participates in human disease. With respect to cancer, studies
show that oncogenes, viral proteins and chromosomal alterations
all contribute to deregulated NF-kB, which functions to promote
cellular proliferation, angiogenesis and anti-apoptosis (Karin et al,
2002; Hayden & Ghosh, 2004; Courtois & Gilmore, 2006).
However, compared with these pro-oncogenic activities, con-
siderably less information is available about how NF-xB functions
in pre-neoplastic cells before the initiation of oncogenesis.

Normal cells have limited proliferation potential and undergo
cellular senescence in response to DNA damage, telomere
attrition or oncogenic stress (Campisi & d’Adda di Fagagna,
2007). Senescence is a major obstacle that cells must overcome to
gain uncontrolled proliferation (Braig et al, 2005; Chen et al,
2005), and loss of tumour suppressor activity facilitates the exit
from senescence, thus increasing the likelihood of tumour
development (Beausejour et al, 2003; Christophorou et al,
2006). To examine NF-xB in the initial stages of oncogenesis,
we used mouse and human fibroblast senescence models.
Our findings reveal an unexpected tumour suppressor activity
for NF-kB, which functions in DNA repair to preserve genome
integrity and the senescent state.

RESULTS AND DISCUSSION

Mouse embryonic fibroblasts (MEF) were extracted from p65+/+
or p65~~ null embryos and subsequently analysed by a 3T3
protocol. Results showed that cells proliferated and entered
senescence with comparable rates, as measured by cell counting,
bromodeoxyuridine incorporation and senescence-associated
B-galactosidase staining (supplementary Fig STA-E online).
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Fig 11p65~/~ MEFs immortalize at a faster rate than wild type cells. (A,B) 3T3 analysis of p65+/* and p65—~ MEFs. Graph indicates the passage
numbers at which C57BL/6 (A; n=17 pairs) or BALB/c (B; n=3 pairs) MEFs entered senescence and became immortalized. Arrowheads indicate
passage numbers at which MEFs immortalize. (C) Immortalization of p65+/* MEFs expressing pBabepuro vector (V) or pBabelkBa-SR (SR)

by a 3T3 protocol (n=3). (D) Immortalization of p65~/~ MEFs expressing pBabepuro vector (V) or pBabep65 (p65) (n=3). (E,F) p50+/+

or p50~/~ (E) and Bcl-3*/+ or Bcl-37/~ (F) MEFs were prepared and passaged by a 3T3 protocol. MEF, mouse embryonic fibroblast.

However, unlike p65+/+ cells, which remained senescent for at
least 8-10 passages, p65~'~ cells escaped senescence after as little
as three passages (Fig 1A). Out of 17 pairs examined, 15 p65~/~
lines immortalized 4-15 passages earlier than their p65+/+
littermates. This early immortalization was independent of genetic
background or the 3T3 protocol, as similar results were observed
in p65~/~ MEFs isolated from BALB/c mice, or passaged by a 3T9
method (Fig 1B; supplementary Fig ST1F online). To confirm that
this phenotype was nevertheless dependent on NF-xB, MEFs were
stably infected with a retrovirus expressing the lkBo-SR (super
repressor) inhibitor of NF-kB (supplementary Fig S2A online).
In comparison with vector cells, IkBa-SR fibroblasts immortalized
at an accelerated rate (Fig 1C). Moreover, reconstitution of p65 in
p65~'~ MEFs re-established a delay in immortalization (Fig 1D;
supplementary Fig S2B online). This phenomenon seemed specific
for p65 as p50*/* and p50~/~ MEFs immortalized at comparable
rates (Fig 1E), and MEFs null for the Bcl-3 oncogene—which forms
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a transcriptional complex with p50 homodimers—required addi-
tional passages to undergo immortalization (Fig 1F). Altogether,
these data indicate that p65 is required for maintaining a
senescent state.

The evolution from normal to cancerous cells involves
dynamic changes in the genome (Hanahan & Weinberg, 2000).
To investigate the possibility that early immortalization of p65~/~
MEFs might result from genetic alterations, chromosome counting
was carried out on metaphase-arrested immortalized cells. Results
showed that p65~/~ MEFs contained a substantially higher number
of chromosomes (Fig 2A). To see whether these genetic changes
were a consequence of immortalization, chromosome counting
was repeated in primary cells. Even as early as P4 when more than
90% of p65+/* cells are diploid, nearly 40% of p65~~ cells
showed tetraploid chromosomes, and in a small, but significant
portion of p65~~ cells (~5%, P<0.05), numbers reached
noteworthy levels of 160-400 chromosomes per metaphase

EMBO reports VOL 10 | NO 112009 1273
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Fig 2| p65 functions to regulate genomic stability. (A,B) Chromosomes were counted in (A) immortalized and (B) primary p65+/* and p65~/~ MEFs
from metaphase-arrested cells. (C,D) SKY of immortalized p65+/* and p65~~ cells at P42. (E,F) LacZ genomic stability assays (n=3) from primary
p65+/* and p65~/~ MEFs (P6, P9, P12, P15, P<0.02). (G) Quantitative RT-PCR of incorporated LacZ genes. (H) Early passage p65+/+ and p65—/—
MEFs were stably infected with pBabepuro-LacZ. The LacZ gene was amplified from DNA isolated from MEFs at indicated passages using high-fidelity
PCR and then cloned into pBluescript SK +. Data show the percentage of white bacterial colonies grown on X-GAL LB agar plates. LB, Luria-Bertani;
MEF, mouse embryonic fibroblast; RT-PCR, real-time PCR; SKY, spectrum karyotyping.

(Fig 2B; supplementary Fig S3A online). Spectrum karyotyping
(SKY) was also carried out on immortalized MEFs to examine
whether aneuploidy was accompanied with gross chromosome
alterations. Out of 23 p65~/~ metaphases studied, all contained
>3 chromosome translocations, whereas 21 out of 23 had =6
chromosome translocations with total loss of chromosome Y
(Fig 2C,D; supplementary Fig S3B online). By contrast, only 1-2
translocations occurred in 16 out of 30 metaphases in p65+/+
cells, with 2 out of 30 cases showing the loss of chromosome Y.
Furthermore, marker chromosomes that act as important indica-
tors of genomic instability were only seen in p65~/~ cells
(supplementary Fig S3B,C online). These results suggested strongly
that p65 functions as a regulator of genomic stability.

To quantitatively measure the differences in DNA integrity
between p65+/+ and p65~/~ MEFs, we devised a LacZ genomic
stability assay, in which the early loss of retroviral integrated LacZ
expression indicates an unstable genome. Under these conditions,
we observed that only 5% of p65~/~ MEFs retained LacZ staining
by P15, compared with 40% of p65+/+ cells (Fig 2EF). To
determine whether these differences were due to LacZ deletion,
genomic DNA was isolated and LacZ copy numbers were
measured by quantitative real-time PCR (RT-PCR). We found that
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in late passages (P12-P19), LacZ gene copies were markedly
decreased in p65~~ compared with p65+/+ cells (Fig 2G),
suggesting that gene deletion is enhanced in cells lacking p65.
Given that this difference was not evident in earlier passages when
LacZ staining was clearly reduced (Fig 2F, P6-P9, P<0.02), we
investigated whether decreases in LacZ expression might also
result from silencing mutations. Our results indicated that,
although both p65+/+ and p65~~ MEFs acquired mutations,
the rate of these mutations was significantly higher in cells lacking
p65 (Fig 2H, P<0.005). Taken together, these results infer that
p65 functions in primary cells to maintain cellular senescence by
regulating genomic stability.

Next, we investigated the mechanism by which p65 controls
genomic stability. As DNA damage results from intrinsic and
extrinsic factors that cause mutations and chromosomal aberra-
tions in mammalian cells (Sancar et al, 2004), we considered that
the absence of p65 might increase the level of reactive oxygen
species leading to enhanced DNA damage. However, no
differences in endogenous H,O, or oxidative DNA damage were
found between p65+/+ and p65~/~ MEFs (data not shown and
supplementary Fig S4A,B online). Consequently, as increased
abnormal chromosomal structures in p65~/~ cells resembled the
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Fig 3| p65~/~ MEFs and tissues show defects in DNA repair. (A) P4-P6 MEFs were subjected to 8 Gy of IR. Whole-cell extracts were prepared

at indicated time points and western blots were probed for y-H2AX. (B) P4-P6 MEFs were treated with IR and recovery from DNA damage was
analysed by using y-H2AX immunofluorescence. (C) Basal levels of DNA damage in primary MEFs was analysed by y-H2AX immunoflourescence.
(D) Quantification of DNA-damage-positive nuclei in proliferating (P4) and senescent (P11) cells. Nuclei containing five or more brightly stained
v-H2AX foci were considered as positive. (E,F) Frozen sections from TNF-o;p65/+ or TNF-0;p65~~ livers and colons were stained for y-H2AX.
For each analysis, data are representative of three independent experiments. For quantitative analysis, data were derived from a minimum of

100 nuclei (D). Inserts represent y-H2AX foci at x 1,000 magnification (C,E,F). Cells or sections were counterstained with Hoechst to visualize

nuclei (C,EF). IR, y-irradiation; MEF, mouse embryonic fibroblast.

conditions of defective DNA repair (Gollin, 2005), such as in
Fanconi anaemia (D’Andrea & Grompe, 2003), Bloom syndrome
(German, 1993) and hereditary breast cancer syndromes (Scully &
Livingston, 2000), we explored the potential link between p65 and
DNA repair. Primary MEFs were, therefore, irradiated with graded
doses of y-rays and probed for y-H2AX, a sensitive marker for the
quantification of DNA damage and repair processes (Sedelnikova
et al, 2002). Immunoblotting showed that y-H2AX induction at
30min was comparable between p65*/* and p65~~ cells,
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showing that p65 is not involved in ataxia telangiectasia mutated
(ATM) activation of H2AX (supplementary Fig S5A online).
However, whereas y-H2AX decreased after 2 h of DNA damage
in p65+/+ cells, this signal persisted for 12 h in cells lacking p65
(Fig 3A), indicating that the recovery from DNA damage was
compromised in p65~~ cells. Furthermore, immunostaining
clearly showed that y-H2AX foci persist in p65~/~ nuclei after
DNA damage (Fig 3B). This delayed recovery from DNA damage
seemed to involve the DNA repair machinery, as the activation of

EMBO reports VOL 10 | NO 112009 1275
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ATM and breast cancer 1 (BRCAT1) also persisted in irradiated
p65~"~ cells (supplementary Fig S5C,D online). This regulation
was not limited to irradiation as similar y-H2AX results were seen
in p65~/~ cells treated with doxorubicin (supplementary Fig S5B
online). Furthermore, accumulation of y-H2AX occurred in
proliferating (P4) and senescent (P11) MEFs, indicating that the
DNA damage repair process is active in cells exposed to reactive
oxygen stress under normal culture conditions. Significantly, this
accumulation of damage foci was approximately three times
higher in p65~"~ MEFs compared with wild-type cells (Fig 3C,D;
P4: P<0.0005; P11: P<0.005). To determine whether this
regulation was relevant in vivo, y-H2AX was monitored in tissues
from p65+/+ and p65~/~ mice—maintained in a tumour necrosis
factor-o—~ background to rescue embryonic lethality (Doi et al,
1999). Consistent with MEFs, appreciably greater y-H2AX-positive
nuclei were seen in many p65~/~ tissues, including liver, colon,
spleen and kidney (Fig 3E,F; supplementary Fig S6A,B online).
We reasoned that this basal y-H2AX in vivo could be caused by
inefficient repair of DNA damage derived from basal metabolite
intermediates. Moreover, DNA repair was also visibly delayed
in p65~/~ tissues after sub-lethally irradiating p65~~ mice
(supplementary Fig S6C,D online). These results strongly
suggested that y-H2AX signals persist in p65~~ tissues due to
inefficient DNA repair.

MEFs senesce because of cumulative oxidative DNA damage in
normal culture conditions (20% O,), but can evade premature
senescence when grown in physiological oxygen conditions
(3% Oy; Parrinello et al, 2003). If inefficient DNA repair caused
the early immortalization of p65~~ MEFs, then predictably
eliminating the DNA damage that occurs in a 20% O, condition
would also eliminate the need for repair, and thereby rescue the
early immortalization phenotype. To test this prediction, we
switched cells from a 20% to 3% O, condition, which effectively
reduced the damage index from 1.8 to 0.3 in both p65+/+
and p65~~ MEFs (Fig 4A). When cells were then forced into
senescence with 8Gy of y-ray and maintained in 3% O,
(supplementary Fig S7 online), all six pairs of p65+/* and p65~~
MEFs failed to become immortalized, even after 35 passages
(>90 days; Fig 4B). However, when senescent MEFs cultured
in 3% O, were switched back to 20% O,, three out of four
p65~/~ MEF lines became immortalized, whereas none out of
four p65+/+ lines were able to escape senescence (Fig 4C).
From these results, we concluded that defective DNA repair in
p65—= MEFs is likely to lead to accumulating genetic changes
that facilitate the early exit from senescence.

Finally, we tested the relevance of our findings by repeating our
analyses in human cells. Unlike MEFs, human cells are resistant to
oxidative stress under 20% O, culture conditions and only
undergo replicative senescence by telomere attrition (Sherr &
DePinho, 2000). Thus, spontaneous immortalization is not seen in
these cells without the reconstitution of mechanisms to maintain
telomere length (Kiyono et al, 1998). Consistent with this idea,
IkBa-SR expression in primary foreskin fibroblasts (HFs) was not
sufficient for cells to escape senescence (data not shown). Thus,
we repeated the experiment by sequentially expressing human
telomerase reverse transcriptase (TERT) and IkBa-SR (supple-
mentary Fig S8A,B online). Under these conditions, both vector
(HF-TERT/V) and lxBa-SR (HF-TERT/SR) cells bypassed senes-
cence and maintained their replicative potential for more than
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Fig 4| Early immortalization of p65~/~ MEFs is dependent on continuous
DNA damage. (A) Oxidative DNA damage in p65+/* and p65~/~ cells
cultured under 20% O, or 3% O, was analysed by FLARE comet assay.
Tail length and percentage of tail DNA contents were calculated using
Cometscore software (TriTek Corporation). DNA damage index was
derived from three independent experiments, with at least 50 nuclei
counted per experiment. (B) p65+/* and p65~/~ cells were cultured by
a 3T3 method after IR-induced senescence under 3% O,. Data represent
experiments from six pairs of primary MEFs. (C) 3T3 analysis (n=3)
of p65+/F or p65~/~ MEFs after cells were induced to senesce with

IR and switched from 3% to 20% O,. Arrowhead indicates the passage
at which cells were irradiated. IR, y-irradiation; MEF, mouse embryonic
fibroblast.

100 passages (data not shown). To induce senescence, cells were
damaged for ten consecutive days with an empirically derived
dose of H,O, (supplementary information online). Similarly to
p65+/* and p65~/~ MEFs cultured in 3% O, after irradiation,
both HF-TERT/V and HF-TERT/SR cells grown in 20% O, remained
senescent for more than 50 weeks after the removal of H,O, (supple-
mentary Fig S8C online), owing to their resistance to oxidative
stress. However, persistent intermittent treatment of senescent cells
with H,O, to produce repetitive DNA damage caused HF-TERT/SR,
but not HF-TERT/V cells, to immortalize after only 16-20 weeks
(Fig 5A). Significantly, out of four pairs of HF lines tested from
two independent experiments, three HF-TERT/SR lines escaped
senescence, of which two became permanently immortalized
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in a total of eight independent lines (supplementary Fig S8D online).
Cells were treated with 400 uM H,O, for 10 days to induce cellular
senescence and subsequently immortalized by using intermittent H,0,
treatment. Cell numbers were determined on a weekly basis for 50 weeks.
(B) Karyotyping results of immortalized HF from line HF-TERT/SR1-1.
Chromosomes 1 and 9 are shown to indicate the unbalanced
translocation event, whereas chromosome 8 is shown as a reference.
Arrowheads indicate break points. (C) Western blot of y-H2AX in
proliferating (P35) HF-TERT/V and HF-TERT/SR cells following IR
similar to that described in Fig 3A. (D) Expression levels of y-H2AX

at indicated time points in (C) were quantified by NIH image software
from three independent experiments. HF, human fibroblast; IR, y-irradiation;
NIH, National Institutes of Health; SR, super repressor; TERT, telomerase
reverse transcriptase.

(Fig 5A; supplementary Fig S8D online), whereas none out of
four HF-TERT/V lines overcame senescence. In addition, HF-TERT/V
cells maintained normal chromosome structures even after one
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year of continued passaging (P104). By contrast, HF-TERT/SR-
immortalized cells contained a distinct t(1; 9) (p31.2; q34.3)
chromosomal translocation (Fig 5B; supplementary Fig S8E
online). Interestingly, the 9g34 region contains multiple tumour
suppressor and tumour promoter genes, deletions, insertions or
chromosomal translocations of which are linked with many human
malignancies (supplementary Table 1 online). In addition, we also
found that HF-TERT/SR cells showed a delayed recovery from DNA
damage (Fig 5C,D). These results corroborate our findings in rodent
cells that NF-kB maintains cellular senescence by regulating DNA
repair and genome stability.

Taken together, our study adds to the current understanding of
the biological function of NF-«B in cellular senescence. Previous
studies carried out in human keratinocytes showed that forced
expression of c-Rel was sufficient to induce senescence through
an oxidative-stress-related mechanism (Bernard et al, 2004).
Recent findings also support that the deacetylase silent mating
type information regulation 2 homologue 6 (S. cerevisiae), inhibits
senescence through direct repression of p65 (Kawahara et al,
2009). Furthermore, skin cells devoid of NF-«kB activity were
shown to exhibit deregulated growth correlating with impaired
cell-cycle control (Seitz et al, 1998; Zhang et al, 2005). Although
we were not able to observe overt changes in the cell cycle due to
the absence of p65, our data showing that damaged p65~/~ MEFs
and human fibroblasts lacking NF-kB activity prematurely exit
from senescence is consistent with the idea that NF-kB functions
as a positive modulator of cellular senescence. How NF-xB
contributes to senescence might be related to cell types that
distinguish whether NF-kB initiates senescence, as seen in
keratinocytes, or acts further downstream in DNA repair to
maintain the senescent state.

As senescence is considered to be a major barrier for
tumour development, our findings further reveal that NF-xB has
a tumour suppressor activity relevant in the initial phases of
oncogenesis. This idea is in agreement with several studies
showing that disruption of NF-xB in vivo can stimulate tumour
development (Dajee et al, 2003; Maeda et al, 2005; Luedde et al,
2007). Although not investigated, it would be interesting to
determine in these respective models whether deletion of NF-«xB
might also give way to increased DNA damage as a result of
compromised repair, thus leading to accumulated mutations and
eventual tumour development. In the light of the overwhelming
amount of evidence supporting the pro-oncogenic role of NF-kB,
we favour the view (Perkins & Gilmore, 2006) that NF-xB has both
tumour suppressor and tumour promoter functions, and how these
functions manifest themselves during tumour development greatly
depends on the genetic and epigenetic make-up of the cell. In pre-
neoplastic cells undergoing stress-induced senescence, NF-kB
would function as a tumour suppressor by contributing to DNA
repair and genomic stability thus, maintaining cells in a senescent
state. However, on acquiring sufficient genetic changes, activated
oncogenes might tip the balance of NF-xB towards a tumour-
promoting function that mediates cell survival, anti-differentiation
and proliferation to facilitate the development and progression
of tumours.

METHODS
Cell culture and 3T3 analysis. MEFs were isolated at day 13.5
post-coitus and cultured with Dulbecco’s modified Eagle’s
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medium-H plus 10% fetal bovine serum. Immortalization of
primary MEFs was carried out by trypsinizing and replating
3 x 10° (3T3 protocol) cells per 6 cm dish every three days.

LacZ genomic stability assay. Early passage primary MEFs were
infected with pBabe—LacZ retrovirus. Cells were selected for three
passages with 2 ug/ml puromycin and divided into three dishes for
continuous passage without selection. From each passage, several
cells were cultured overnight in duplicate and subsequently
stained for B-GAL. For LacZ mutational analysis, infected cells
were cultured under constant selection. DNA was extracted and
the LacZ gene was amplified using PfuUltra (Stratagene, La Jolla,
CA, USA) with primers listed in supplementary Table S2 online.
The amplified LacZ gene was then cloned into pBluescript SK +
in reverse orientation to the endogenous LacZ gene and trans-
formed into bacteria Escherichia coli, DH50. LB agar plates were
prepared by spreading 40l of 20mg/ml X-GAL and 40ul of
100 mM isopropy!-B-D-thiogalactopyranoside.

Supplementary information is available at EMBO reports online
(http://www.emboreports.org).
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