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Mouse embryo fibroblasts deficient for the c-Jun proto-oncogene (c-Jun™'~ MEF) undergo p53-dependent
premature senescence in conventional culture. This phenotype becomes evident only after several cell divisions,
suggesting that senescence may result from exposure to unknown environmental factors. Here, we show that
c-Jun™'~ MEF can proliferate successfully in low oxygen (3% 0O,), indicating that premature senescence under
conventional culture conditions is a consequence of hyperoxic stress. c-Jun™'~ MEF exhibit higher basal levels
of DNA damage compared to normal fibroblasts in high but not low oxygen, implying that senescence results
from chronic accumulation of spontaneous DNA damage. This accumulation may be attributable, at least in
part, to inefficient repair, since DNA damage induced by v ionizing radiation and H,O, persists for longer in
c-Jun™'~ MEF than in wild-type MEF. Unexpectedly, p53 expression, phosphorylation, and transcriptional
activity are largely unaffected by oxygen exposure, indicating that the accumulation of spontaneous DNA
damage does not result in chronic activation of p53 as judged by conventional criteria. Finally, we find that
c-Jun associates with nuclear foci containing yYH2AX and ATM following irradiation, suggesting a potential

role for c-Jun in DNA repair processes per se.

c-Jun was originally identified as the normal cellular coun-
terpart of the viral Jun (v-Jun) oncoprotein (23). It is the
prototypical member of the Jun family of proteins that form
stable homo- or heterodimeric complexes with Fos family
members which bind to AP-1 DNA recognition elements.
Studies with mouse knockout models have demonstrated that
c-Jun is required for cell proliferation. c-Jun-deficient mouse
embryo fibroblast cultures (c-Jun~’~ MEF) show marked pro-
liferation defects and undergo premature senescence in vitro
(19, 31, 37). Genetic evidence demonstrates that these growth
defects are dependent on p53, since simultaneous deletion of
p53 rescues the growth defect of c-Jun™'~ MEF in vitro (31).
These studies imply that the c-Jun and p53 pathways are func-
tionally linked, although the molecular nature of the cross talk
between them is incompletely understood. Two alternative
mechanisms have been proposed; in the first c-Jun negatively
regulates p53 expression (31) or function (32), while in the
second c-Jun is required to sustain expression of cyclin D1
(37). These models are mechanistically quite distinct, since
they invoke either an intrinsic defect in mitogenic signaling
processes or inappropriate activation of a negative cell cycle
regulator which is normally induced only under conditions of
damage or stress as the proximal cause of premature senes-
cence, respectively.

The senescence phenotype of c-Jun™'~ MEF becomes ap-
parent after only a short time in culture (19, 31, 37), suggesting
that this growth arrest may be due to environmental stress. The
major environmental stress encountered by cells in culture is
exposure to hyperoxia. Under normal physiological conditions
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in the embryo, cells in vivo are exposed to a maximum of 5%
oxygen, in contrast to the 21% oxygen that cells experience
when placed in conventional atmospheric culture. Further ev-
idence that in vitro culture generates genotoxic stress is the
finding that mouse fibroblasts isolated from day 14 gestation
embryos express p53, whereas cells in the corresponding day 14
embryos do not show any detectable p53 expression (15).
These observations led to the hypothesis that hyperoxia
might limit life span in mouse cells as a consequence of DNA
damage accumulation. Recently, this concept has been sub-
stantiated in a report demonstrating that hyperoxia and DNA
damage induced by oxidative stress are major determinants of
proliferative capacity in mouse cells (26). It seems likely that
significant background levels of hyperoxia-induced DNA dam-
age are continually offset by active repair processes during
atmospheric culture, since MEF that lack DNA damage sen-
sors, such as ATM, sustain high levels of chromosomal break-
age (33). Furthermore, MEF deficient for a number genes
involved in signaling and/or repairing DNA damage also dis-
play premature senescence in vitro, indicating that the effects
of culture hypoxia can be exacerbated by defects in DNA
repair processes. Examples include cells deficient for ATM,
Brcal, Husl, Ku80, and DNA ligase IV (7, 10, 24, 36, 39).
Given the similarities between the senescence phenotype of
c-Jun™/~ MEF and MEF with defects in either DNA damage
recognition or repair, we hypothesized that irreversible growth
arrest in cells lacking c-Jun might be attributable to more rapid
accumulation of DNA damage under hyperoxic culture condi-
tions. Here, we show that c-Jun-deficient MEF can proliferate
successfully under low oxygen conditions and that the growth
arrest observed in conventional culture is associated with spon-
taneous DNA damage accumulation. We also show that DNA
damage induced by ionizing radiation (IR) or hydrogen per-
oxide (H,0O,) persists for longer than normal in cells lacking
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c-Jun, suggestive of diminished DNA repair capacity. Finally,
we found that c-Jun itself can associate with sites of DNA
damage, as judged by colocalization with nuclear foci contain-
ing YH2AX and ATM.

MATERIALS AND METHODS

MEF isolation and culture. MEF were isolated from day 10.5 gestation em-
bryos, washed in phosphate-buffered saline, and disaggregated with an 18-gauge
needle. Following three washes in Dulbecco’s modified Eagle medium (DMEM),
the suspension was plated in a 60-mm dish in DMEM containing 15% fetal calf
serum. MEF were isolated at 37°C and 5% CO, in either 3 or 21% oxygen. After
24 h cells were trypsinized and replated to enrich for fibroblasts in DMEM
containing 10% fetal calf serum. Until the genotypes were confirmed, each
embryo was cultured separately. After 2 days, cells with an identical genotype
were pooled and designated passage 1 MEF. For long-term growth experiments
cells were passaged every 3 days and mean population doublings (MPD) were
calculated by counting cell numbers. A total of 10° cells (or all available if less
than 10° in the case of senescent cultures) were reseeded at each subculture.
Established cell lines were generated by serial passage in either 3 or 21% O,,
using a 3T3-like protocol.

Retroviral infection. pBabe and pBabe c-Jun vectors were used to produce
retrovirus in the Phoenix/Eco packaging cell line. pBabe c-Jun S63/73A and
pBabe D284-286 were kind gifts of R. Wisdom, and pBabe Tam67-GFP was a
kind gift of R. Hennigan; they have been described elsewhere (18, 37). Prolif-
erating passage 1 MEF were incubated in viral supernatant in the presence of 5
pg of Polybrene/ml overnight to permit infection followed by selection in me-
dium containing hygromycin (50 pg/ml).

Western blotting. Whole-cell extracts were prepared from cultures as de-
scribed previously (22). Extracts were separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and analyzed by Western blot-
ting as described previously (6). The antisera used for Western blotting were as
follows: anti-p53 (Santa Cruz pAB240), anti-Ser15 phosphorylated p53 (Cell
Signaling #9284), anti-p21 (Santa Cruz C-19), anti-c-Jun (Becton Dickinson
610327), anti-Erk (Sigma M5670), anti-cyclin D1 (Santa Cruz sc-200044), anti-
cyclin D2 (Neomarkers Ab-3), anti-cyclin D3 (Santa Cruz sc-6283), anti-cyclin E
(Santa Cruz sc-481), anti-cyclin A (Santa Cruz sc-596), and anti-Cdk2 (Santa
Cruz sc-163).

Reporter assays. The pGL3-Mdm2 or pGL3-p21 firefly luciferase reporter
construct was transfected into MEF in combination with a renilla luciferase
construct (pPRL-SV40) (Promega). Cells were transfected overnight with 5 pg of
DNA and harvested 48 h later. Cells were lysed, and firefly and renilla luciferase
activities were measured with a luminometer. Firefly luciferase activities were
normalized to both renilla activity (transfection efficiency) and protein concen-
tration.

Flow cytometry. For DNA content analysis, trypsinized cultures were fixed in
70% ethanol prior to staining with propidium iodide and analysis using a Becton-
Dickinson FACScan flow cytometer.

Comet assays. A Trevigen comet assay kit was used to perform both neutral
and alkali denaturing comet assays following the manufacturer’s instructions.
Where cells were cultured under low oxygen conditions, buffers and cells were
flushed with nitrogen until cells were immobilized in agarose and lysed to prevent
oxidative damage during manipulation following transfer from low oxygen. Sam-
ples were stained with SYBR green prior to analysis by fluorescence microscopy.
One hundred cells were scored per sample.

Immunocytochemistry. Cells were cultured on glass coverslips at 3% O, for
24 h prior to fixation in 3.7% formaldehyde as described previously (2). The
antibodies used were as follows: anti-c-Jun (Becton Dickinson 610327), anti-
H2AX pSer 139 (Upstate #07-164), and anti-ATM (Santa Cruz H248). All
primary and secondary antibodies were used at a 1/100 dilution.

RESULTS

Premature senescence of c-Jun~—'~ MEF is due to hyperoxic
stress. To test the hypothesis that exposure to hyperoxia might
be a factor in the premature senescence of c-Jun '~ MEF, we
prepared cells from c-Jun™/~ and wild-type (WT) embryos,
divided each culture into two, and cultured one half under
normal (21% O,) conditions and the second under low oxygen
(3% O,) conditions. We observed that culture in high or low
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oxygen had little effect on the long-term proliferative capacity
of the WT MEF (Fig. 1a,) although cells cultured in 21% O,
exhibited characteristic biphasic growth kinetics (Fig. 1a)
which we believe represents crisis followed by the emergence
of an immortal clone(s) (26). As described previously (19, 31,
37), c-Jun~’~ MEF proliferation was negligible in 21% O,
with little or no increase in cell number after approximately 2
weeks (Fig. 1a). Strikingly, however, sister cultures maintained
in 3% O, multiplied vigorously (Fig. 1a), clearly demonstrating
that c-Jun~/~ MEF are capable of proliferation under appro-
priate conditions. To confirm that the effects of oxygen tension
were due solely to the absence of c-Jun, we restored c-Jun
expression in c-Jun~/~ MEF by retroviral transduction (see
Fig. 4 for details) and found that the proliferative capacity of
the reconstituted cells under hyperoxic conditions was similar
to that of WT MEF (data not shown).

To determine if c-Jun~/~ MEF cultured at 3% O, remained
susceptible to growth inhibition by culture at 21% O,, we
transferred cells cultured at 3% O, for 90 days to 21% O, and
monitored the growth of the “reverted” cells. WT MEF were
not greatly affected by switching from 3 to 21% O,; if anything,
they grew marginally more rapidly at 21% O, (Fig. 1b). In
contrast, c-Jun~/~ MEF cultured at 3% O, slowed in growth
after transfer to 21% O, (Fig. 1b), although this effect was not
so acute as that observed for MEF exposed to 21% O, imme-
diately after explantation (Fig. 1a). The reason for this is not
known; however, these results are consistent with those of
Parrinello et al. (26), who also observed relative resistance to
hyperoxia-induced growth arrest after extensive passage of WT
MEF under low oxygen conditions.

Although low-oxygen culture overcame the acute growth
arrest normally observed with hyperoxia, c-Jun '~ MEF still
displayed a mild proliferation defect. After 90 days in culture,
WT MEF had undergone approximately 15 additional cumu-
lative population doublings compared to ¢-Jun~'~ MEF (Fig.
la and b). Despite this, these results demonstrate that
c-Jun™/~ MEF are not inherently incapable of proliferation
and that the acute growth arrest which normally occurs under
conventional culture conditions (19, 31, 37) is a specific con-
sequence of hyperoxic stress.

Premature senescence of c-Jun~/~ MEF is not associated
with increased p53 expression or function. Growth arrest un-
der hyperoxic conditions might be explained by a defect in the
expression of one or more rate-limiting cell cycle components
required for G,/S progression; however, by Western blotting
we observed that the levels of cyclins D1, D2, D3, E, A, and
Cdk2 were similar in early-passage WT and Jun—/~ MEF cul-
tured at 21% O, (Fig. 1c). Previous studies, however, have
established that premature senescence of c-Jun™/~ MEF can
be overcome when p53 is deleted, implying a functional link
between Jun and p53 (31). To determine whether the growth
arrest observed at 21% O, was associated with increased p53
expression or function, WT and c-Jun™'~ MEF were initially
isolated in 3% O,, cultured at either 3 or 21% O, for up to 3
weeks, and analyzed for p53 expression. This revealed that
culture at 21% O, did not result in a significant increase in p53
expression or in the product of a p53 target gene, p21/CIP1, in
c-Jun™/~ MEF compared to WT MEF under conditions where
growth arrest was evident (Fig. 2a). To address the possibility
that p53 might nevertheless be activated via posttranslational
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FIG. 1. Premature senescence associated with c-Jun deficiency can
be rescued by culture at low oxygen. (a) WT (filled circles) and
c-Jun™/~ (filled squares) MEF were cultured at either 21% oxygen
(grey symbols) or 3% oxygen (black symbols) continuously for 70 days
(24 passages). Cells were split every 3 days, and the total numbers of
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modification, we examined the levels of serine 15 phosphory-
lation of p53 (S15p), a modification induced in response to
certain forms of DNA damage (34). We did not observe any
large or consistent increase in the level of p53 S15p in either
c-Jun™'~ or WT MEF cultured at 21% O,, indicating that
changes in p53 expression or phosphorylation are unlikely to
be solely responsible for the premature growth arrest observed
in primary c-Jun '~ MEF.

To determine whether p53 function was altered in c-Jun™/~
MEF, we analyzed the transcriptional activity of two gene
promoters whose activity is dependent on p53, Mdm2 and
p21/CIP1. Since the Mdm2 gene promoter is also known to be
regulated by AP-1 (29), a version of the promoter containing a
mutated AP-1 binding site (21) was used to eliminate any
potential complication arising from the c-jun genotype. As
shown in Fig. 2b, the Mdm?2 and p21 promoters were less active
in ¢-Jun™/~ MEF than in WT MEF, demonstrating that p53
transcriptional activity was, if anything, diminished rather than
elevated in the absence of c-Jun.

To investigate whether p53 protein could be induced in
response to damage and signal to its downstream targets, we
treated early-passage WT and c-Jun~/~ primary (1°) MEF with
UV irradiation. This revealed that p53 levels were induced
approximately twofold in both cell types following UV irradi-
ation while p21 expression, although only very weakly induced,
was again similar in both cell backgrounds (Fig. 2c). Taken
together, these results demonstrate that neither p53 expression
nor function is significantly elevated in primary c-Jun~/~ MEF,
implying that if c-Jun loss affects p53 function then it does so
in a manner which cannot be detected as fluctuations in ex-
pression, phosphorylation, or transcriptional activity.

The results described here are at variance with previous
reports which concluded that either p53 expression (31) or
function (32) was elevated in the absence of c-Jun. The major
difference between these studies and those reported here is
that the previous studies predominantly examined established
cell lines. To determine whether this could account for the
differences, we established 3T3-like cell lines from our primary
cultures and analyzed p53 and p21 levels. As shown in Fig. 2d,
c-Jun-deficient 3T3-like cell lines display modestly elevated
basal levels of p53 and its downstream target p21/CIP1 com-
pared to their WT counterparts. Similar results were obtained
with three independently derived cell lines. These results imply
that modulation of p53 expression as a result of c-Jun loss is
observed only after cells have acquired indefinite proliferative
capacity.

cells were counted and mean population doublings (MPD) were de-
termined. Following isolation at 3% oxygen, cells were grown until 2 X
10° cells of each genotype were available (approximately 3 to 4 days),
and then 1 X 10° cells of each genotype were plated at either high or
low oxygen and assigned an MPD of 0. (b) WT (filled circles) and
c-Jun™'~ (filled squares) MEF cultured at low oxygen were split into
two aliquots after 90 days of culture; one flask was subsequently pas-
saged at 21% oxygen (grey symbols), and the other was passaged at 3%
oxygen (black symbols). Cells were split every 3 days, and the total
numbers of cells were counted and MPD were determined. (c) West-
ern blotting analysis of cyclin D1, D2, D3, E, A, Cdk2, and c-Jun
expression in cell extracts prepared from early-passage WT and
c-Jun™/~ MEF cultured in 21% O,.
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FIG. 2. c-Jun deficiency does not alter p53 modification or function. (a) Early-passage c-Jun™/~ and WT MEF were cultured at either 3 or 21%
oxygen, and samples were harvested for protein analysis at days 3, 10, and 17 (i.e., passage 2 [P2], P4, and P6). Whole-cell extracts were prepared
and analyzed by SDS-PAGE and Western blotting for p53, Serl5p pS3, p21, and Erk expression. Band intensities were quantified by laser
densitometry, and relative expression levels were calculated in arbitrary units (shown below the corresponding bands), using ERK values to correct
for variations in protein loading. (b) Mdm?2 and p21 luciferase constructs were transfected into early-passage WT and c-Jun~/~ MEF cultured at
21% O,, and luciferase activity was measured 48 h later. Results represent the means of three independent transfections * standard errors of the
means. (c) Early-passage 1° MEF (c) and late passage 3T3-like cell lines generated from these cultures (d) were cultured in 21% O, and either
not treated or treated with 80 J of UV/m?. Cells were harvested 8 h following UV treatment, and whole-cell extracts were prepared. Following
SDS-PAGE analysis, membranes were probed for either p53 or p21 expression. Relative expression levels were quantified and calculated in
arbitrary units (shown below the corresponding bands) as for panel a, using a nonspecific band (NS) to correct for variations in protein loading.
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FIG. 3. Lack of c-Jun results in an accumulation in G,/M. Early-passage c-Jun~/~ and WT MEF were cultured at either 3 or 21% oxygen over
a 17-day period as described in the legend to Fig. 2a. Subconfluent cultures of cells were harvested at days 3, 10, and 17 (i.e., P2, P4, and P6) and
fixed prior to being stained with propidium iodide. DNA content was analyzed by flow cytometry. The open arrow indicates enrichment of G,/M

cells in c-Jun™' cultures after 17 days of culture.

Growth arrest in c-Jun~'~ MEF is associated with accumu-

lation of cells in G,/M. To determine whether changes in cell
cycle control accompany the decline in growth of c-Jun™/~
MEF, we compared the cell cycle profiles of early-passage
MEEF cultured for up to 3 weeks at either 21 or 3% O,. The cell
cycle distributions of WT MEF cultured at 21 and 3% O, were
extremely similar and did not change significantly over time
(Fig. 3, lower panels). In contrast, c-Jun '~ MEF cultured at
21% O, displayed a gradual increase in the proportion of
G,/M cells with time compared to cells maintained at 3% O,
(Fig. 3). Cells with defects in mitogenic signaling processes are
generally considered to accumulate in the G, phase of the cell
cycle, whereas arrest in the G,/M phase of the cell cycle is
frequently indicative of a DNA damage response (1). These
results demonstrate that premature senescence induced by hy-
peroxic stress in c-Jun~/~ MEF was associated with accumu-
lation in the G,/M phase of the cell cycle, suggesting that arrest
might be associated with higher levels of endogenous DNA
damage.

Lack of c-Jun results in accumulation of spontaneous DNA
damage. Hyperoxic culture conditions can result in oxidative
damage to DNA (14). To determine whether the growth arrest
of c-Jun™’~ MEF was associated with accumulation of oxida-
tive DNA damage, we analyzed the levels of endogenous DNA
damage on a single-cell basis using a denaturing comet assay
(16). As shown in Fig. 4a, cells were scored as containing either
no detectable DNA damage (no tail), low levels of DNA dam-
age (small tails), or high levels of DNA damage (large tails).

WT MEF show very little endogenous DNA damage regard-
less of oxygen exposure during culture (Fig. 4a). This was also
true for c-Jun™'~ MEF cultured at 3% O,; however, c-Jun-
deficient cells cultured at 21% O, for 4 days contained a high
proportion of cells with damaged DNA (Fig. 4a). This was
specifically attributable to the absence of c-Jun, since ectopic
expression of c-Jun at close to physiological levels in deficient
cells by retroviral infection (Fig. 4b) restored the low basal
level of DNA damage seen in WT MEF during hyperoxic
culture (Fig. 4a, far right columns). These results demonstrate
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FIG. 4. c-Jun deficiency results in increased levels of spontaneous DNA damage. (a) c-Jun™/~ MEF, c-Jun /'~ MEF reconstituted with ectopic
c-Jun, and WT MEF were cultured at either 3 or 21% oxygen for 4 days prior to analysis. For control purposes the WT and c-Jun~/~ MEF were
infected with the same empty retroviral vector (pBabe) used to express ectopic c-Jun in the reconstituted cells. A denaturing comet assay was

performed, and DNA was stained and examined by fluorescence microscopy. (b) Western blotting analysis of c-Jun expression levels in the cell
cultures used for panel a.
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that under culture conditions where cell growth was blocked,
c-Jun deficiency is associated with the accumulation of DNA
damage.

To determine what type of damage we were detecting, a
comet assay was performed under neutral conditions to detect
double-strand breaks. We observed no similar excess of spon-
taneous endogenous double-strand breaks in c-Jun '~ MEF at
21% O, under these conditions (data not shown), suggesting
that the damage observed under denaturing conditions was
most likely due to single-strand breaks generated by alkali-
labile abasic sites or incomplete excision repair.

Prolonged persistence of induced DNA damage in the ab-
sence of c-Jun. To investigate whether the increased levels of
spontaneous DNA damage in c-Jun™’~ MEF was a conse-
quence of more rapid DNA damage accumulation or a delay or
defect in the rate of DNA repair, we used a neutral comet
assay to detect the generation and repair of induced DNA
damage in cells cultured at 3% O, following exposure to IR.
Shortly after exposure to 4 Gy of IR, essentially all cells con-
tained high levels of damage, signified by large comet tails,
regardless of genotype (Fig. 5a). Six hours after irradiation,
however, DNA damage had been substantially repaired in both
WT and c-Jun-reconstituted cultures as judged by the reap-
pearance of a large proportion of cells lacking tails (Fig. 5a).
Cultures of c-Jun~/~ MEF, by contrast, did not contain any
cells without tails at 6 h, although some repair had evidently
occurred, as judged by a reduction in the proportion of large
tails and an increase in the proportion of small tails (Fig. 5a).
The persistence of irradiation-induced damage in c-Jun™/~
MEF was also associated with a prolonged G,/M arrest, as
documented by flow cytometry and more robust activation of
the DNA damage-activated Chkl protein kinase (data not
shown). Oxidative damage induced by H,O, treatment was
also found to persist for longer in c-Jun '~ MEF compared to
WT and reconstituted MEF (Fig. 5b).

We also investigated whether the DNA binding and/or tran-
scriptional activation capacity of c-Jun affected the level of
DNA damage by reconstituting c-Jun™/~ cells with mutant
forms of c-Jun deficient for one or both functions. To this end,
we used retroviral vectors to transduce c-Jun™/~ MEF with
c-Jun mutants lacking either a functional DNA binding domain
(c-Jun D284-286) or transactivation domain (Tam67-GFP
[green fluorescent protein]) or in which the regulatory Jun
N-terminal kinase (JNK) phosphorylation sites within the
transactivation domain had been replaced with nonphosphor-
ylatable alanine residues (c-Jun S63/73A). Expression of the
mutant c-Jun D284-286 and c-Jun S63/73A proteins was con-
firmed by Western blotting (Fig. 6a). Tam67-GFP was not
reactive with the anti-c-Jun antiserum used; however, its pres-
ence in the transduced cells was confirmed by fluorescence
microscopy (data not shown).

As shown in Fig. 6b, comet analysis revealed that c-Jun™/~
MEEF reconstituted with all three mutants exhibited higher
basal levels of DNA damage when cultured in 21% O, than
cells expressing ectopic wild-type c-Jun. Furthermore, irradia-
tion-induced damage persisted in cells expressing c-Jun D284-
286 and Tam67-GFP in 3% O, as long as in cells completely
deficient for c-Jun, although c-Jun S63/73A appeared to be
intermediate between WT and c-Jun~'~ MEF (Fig. 6¢).
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c-Jun co-localizes with yYH2AX and ATM at sites of DNA
damage. The Brcal (8) and c-Myc (5) transcription factors
have been shown to interact directly with components of the
DNA repair machinery. To determine if this might also be true
for c-Jun, we irradiated cells and examined whether c-Jun
localized to sites of induced DNA damage. Irradiation rapidly
induces phosphorylation of H2AX on serine 139 to generate
vYH2AX, which subsequently accumulates in discrete foci at
sites of DNA damage (3). We therefore examined the forma-
tion of yH2AX foci in WT and c-Jun™/~ MEF following IR
treatment and compared the distribution of these structures
with the distribution of c-Jun by immunocytochemistry.

As shown in Fig. 7a, irradiation induced a marked increase
in YH2AX staining in WT MEF cultured in 21% O,, and
strikingly, c-Jun was found to colocalize with a significant pro-
portion of the yH2AX foci shortly after DNA damage (Fig.
7a). Limited colocalization was also observed between c-Jun
and the smaller number of YH2AX foci present in unirradiated
cells (Fig. 7a). yH2AX staining also increased in c-Jun™/~
MEF cultured in 21% O, after irradiation, although the basal
level appeared to be somewhat higher, as would be expected in
cells bearing higher levels of spontancous DNA damage (Fig.
7b). c-Jun~/~ MEF, however, were completely devoid of c-Jun
staining, thereby validating the specificity of the anti-c-Jun
antibody (Fig. 7b).

H2AX is known to be phosphorylated by the ATM protein
kinase following DNA damage (3); therefore, we also com-
pared the subcellular localization of c-Jun and ATM. ATM was
also observed in discrete foci following irradiation in both WT
and c-Jun~/~ MEF (data not shown), and again c-Jun was
observed to colocalize with ATM in a portion of these struc-
tures in WT cells following damage (Fig. 7c). The close asso-
ciation of c-Jun with structures containing components of
DNA damage recognition or repair pathways raises the possi-
bility that c- Jun could affect such processes directly.

DISCUSSION

Previous studies have shown that ¢-Jun~/~ MEF undergo
premature senescence in culture which is dependent on p53
(31, 32), although the underlying mechanism remained unre-
solved. Similarities between the senescence phenotype of
c-Jun™/~ MEF and MEF deficient for genes involved in DNA
damage pathways suggested that growth arrest in c-Jun/~
MEF might be attributable to DNA damage accumulation. To
test this, we cultured c-Jun~/~ MEF under conditions which
limit oxidative DNA damage, the major environmental insult
cells experience during conventional culture (15). As we have
shown, protecting cells from hyperoxia alleviated premature
senescence, thereby demonstrating that c-Jun~/~ MEF are
capable of proliferation under specific conditions. When we
examined the phenotype of senescent c-Jun™'~ MEF in detail
we found that growth arrest was associated with, and we be-
lieve attributable to, elevated levels of spontaneous DNA dam-
age.

Our results are consistent with a recent report which dem-
onstrates that normal mouse cell senescence occurs as a con-
sequence of the accumulation of DNA damage resulting from
hyperoxic culture conditions (26). This study also established
that premature senescence resulting from deletion of the DNA
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FIG. 5. Prolonged persistence of DNA damage induced by IR and H,O, in c-Jun-deficient MEF. (a) A neutral comet assay was performed on
c-Jun™/~ MEF, c-Jun™/~ cells reconstituted with ectopic c-Jun, and WT MEF cultured at 3% O,. Cells were treated with 4Gy of IR to induce
double-strand breaks and harvested immediately or left for 6 h to repair damage prior to analysis. Cells were scored as having no tail, small tails,
or large tails, and results were plotted as the percentage of cells in each group. The results are representative of three independent experiments.
(b) Denaturing comet analysis of c-Jun~/~ MEF, c-Jun~/~ MEF reconstituted with ectopic c-Jun, and WT MEF treated with 100 uM H,O, for
15 min. Cells were either harvested immediately or washed and incubated in fresh medium for 3 h to allow repair prior to analysis.

repair protein DNA-PKcs can be overcome by culture in 3%
O,, indicating that diminished repair can exacerbate oxygen-
dependent premature senescence, presumably by accelerating
the rate at which oxidative damage accumulates during hyper-

oxic culture. Since DNA damage leads to multiple checkpoint-
mediated cell cycle arrests (25), one might expect senescent
MEF to arrest at both the G,/S and G,/M transitions of the cell
cycle. Consistent with this prediction, we observed accumula-
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FIG. 6. Restoration of normal DNA damage levels requires functional c-Jun DNA binding and transactivation domains. (a) WT and c-Jun™/~
MEF were transduced with an empty retroviral vector (pBabe) or a vector encoding either c-Jun, c-Jun mutant D284-286 or S63/73A, or
Tam67-GFP. Protein extracts were prepared from selected cultures and analyzed by Western blotting for expression of endogenous and ectopic

c-Jun proteins. (b) WT or c-Jun™/~

MEF reconstituted with c-Jun or the indicated mutants were cultured in 21% O, for 7 days, after which the

cells were harvested and analyzed for basal levels of DNA damage using a denaturing comet assay and scored by fluorescence microscopy. (¢) WT
or c-Jun~/~ MEF reconstituted with c-Jun or the indicated mutants cultured in 3% O, were irradiated with 4 Gy of IR, after which the cells were
either harvested immediately or left for 6 h to allow repair prior to analysis. Cells were analyzed for DNA damage using a neutral comet assay and

scored by fluorescence microscopy.

tion of G,/M-arrested cells in our senescent cultures of
c-Jun™/~ MEF, and very recently Wada et al. have also re-
ported G,/M arrest in senescent cultures of MEF deficient for
either c-Jun or the upstream JNK pathway regulator MKK7
(35). These findings are unexpected, since G,/M arrest was not

detected in earlier studies of c-Jun-deficient cells, which in-
stead documented arrest primarily in the G,/S phase of the cell
cycle (31, 37). Although the reasons for this apparent discrep-
ancy are not completely clear, G,/M-arrested cells constitute
only a subpopulation of the senescent cultures (Fig. 3) (35),
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which may have been obscured as a result of variations in cell
culture conditions and/or other experimental methodologies in
these earlier studies.

The absence of any obvious relationship between DNA dam-
age accumulation and activation of p53 was also unexpected.
Previous reports have demonstrated that growth arrest of
c-Jun™/~ MEF was dependent on p53, and since c-Jun /~
MEF accumulate DNA damage it might be anticipated that
this would activate p53. However, we analyzed p53 expression,
phosphorylation, and transcriptional activity and observed no
evidence of activation in early-passage 1° c-Jun™'~ MEF, sug-
gesting that if c-Jun deficiency modifies p53 function it does so
in a manner that cannot be detected by conventional criteria.
Historically, p53 function has generally been studied following
acute insults which result in high levels of DNA damage. We,
in contrast, have examined spontaneously occurring DNA
damage resulting from chronic exposure to hyperoxia.
c-Jun~/~ MEF presumably undergo senescence after a certain

threshold of spontaneous oxidative damage has accumulated;
however, this is evidently not sufficient to trigger a conven-
tional p53 response. Our observations, however, do not ex-
clude the possibility that low-level chronic oxidative damage
modulates p53 activity in a manner distinct from acute DNA
damage. In fact, this seems likely and furthermore can provide
an alternative explanation for the previously documented ge-
netic interaction between c-Jun and p53 in senescence (31).
One potential mechanism that could account for the accu-
mulation of DNA damage in c-Jun™'~ MEF would be if c-Jun
was required for the expression of genes that protect cells from
DNA damage or are required for efficient DNA repair. We
considered the possibility that c-Jun might regulate genes in-
volved in redox homeostasis, since imbalances in reactive ox-
ygen species production and removal could lead to elevated
levels of DNA damage. However, using a redox-sensitive indi-
cator dye (CM-H,DCF-DA), we found no significant differ-
ence in intracellular redox potential between WT and c-Jun™/~
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FIG. 7. c-Jun colocalizes to sites of DNA damage. WT and c-Jun~/~ MEF cultured in 21% O, for 4 days were treated with 4 Gy of IR and left
for 30 min. Cells were then fixed and stained with anti-phosphorylated H2AX (yH2AX; green) and anti-c-Jun (red) antibodies (a and b) or WT
MEF were stained with anti-ATM (green) or anti-Jun (red) antibodies (c). Images were analyzed and merged by confocal microscopy and are

representative of the majority of cells in the cultures.

MEF, suggesting that excess reactive oxygen species produc-
tion is unlikely to be a major cause of DNA damage accumu-
lation (data not shown).

The prolonged persistence of DNA damage induced by IR
or H,0, in c-Jun™/~ MEF is however strongly suggestive of a
defect in DNA repair. Recently, the c-Myc proto-oncogene has
been shown to play a role in regulating the expression of two
genes involved in DNA repair: the human Werner syndrome
protein gene (WRN gene) (13) and, more recently, the Nbsl
gene (5). Furthermore, a number of studies have implicated

the JNK signaling pathway acting via c-Jun or the related
transcription factor ATF2 in modulation of DNA repair and/or
cell survival in response to various forms of genotoxic damage
(17, 27, 28). Consistent with these observations, we found that
mutant forms of c-Jun which are deficient for DNA binding or
transactivation or which were nonresponsive to JNK regulation
were unable to restore normal regulation of basal or induced
DNA damage in c-Jun™/~ MEF. c-Jun is involved in regulating
the activity of many individual gene promoters through AP-1
response elements, and although there is limited evidence that
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some of these might influence DNA repair (12, 28, 30), a direct
link between specific c-Jun target genes and repair processes
remains to be established.

Alternatively, it is also conceivable that c-Jun might have a
direct role in DNA repair processes per se. The finding that
c-Jun, like ATM and yH2AX, localizes to sites of DNA dam-
age is broadly consistent with this idea. Furthermore c-Jun is
known to interact physically or functionally with two proteins
involved in DNA repair: redox factor 1 (Ref-1; also known as
APEX), an endonuclease specific for abasic sites (38), and
thymine DNA glycosylase (4), both of which are involved in
base excision repair (BER). BER is responsible for the repair
of modified lesions on DNA, including those produced by
oxidative damage (14). We investigated whether c-Jun™/~
MEF displayed deficiencies in BER by using in vitro assays;
however, extracts from c-Jun~/~ MEF were as active as those
from WT MEF in the recognition and excision of oxidatively
modified bases from DNA (data not shown).

Precedents exist for interactions between other transcription
factors and components of the repair machinery, particularly in
the context of transcription-coupled repair (20). Transcrip-
tional activators may stimulate DNA repair at sites of active
transcription either by facilitating access through chromatin
remodeling or by directly recruiting repair proteins to actively
transcribed genes (11). c-Jun binds to a DNA recognition se-
quence common to many gene promoters and theoretically
could promote transcription-coupled repair by either of these
mechanisms. Such a relatively subtle role could explain why
c-Jun™/~ MEF are capable of a low level of repair and why the
repair defect can be tolerated under permissive conditions. In
low oxygen, where damage is presumably minimal, c-Jun™/~
MEF may be able to repair at a rate which is compatible with
proliferation, but when switched to a more damaging hyperoxic
environment, the cells may be unable to prevent the accumu-
lation of unrepaired lesions in essential genes.

Each of these scenarios could be reconciled with the current
data; however, further studies including direct measurement of
repair capacity per se will be required to determine conclu-
sively whether c-Jun regulates DNA repair, and if so, to un-
derstand the molecular mechanism. The present study never-
theless demonstrates a novel and previously unrecognized role
for c-Jun in sustaining cell proliferation by limiting the geno-
toxic consequences of hyperoxic culture.

Mutations which impair the recognition or repair of DNA
damage frequently predispose to cancer, and therefore loss, as
opposed to gain, of c-Jun function might conceivably promote
neoplasia through accumulation of genetic damage. Although
we are not aware of any specific evidence to support this
scenario, it is intriguing that certain other AP-1 family pro-
teins, such as JunB and c-Fos, have been implicated in tumor
suppression (9). Further work will be required to establish if
these other AP-1 proteins share c-Jun’s capacity to protect
cells from genotoxic stress, and if so, to determine whether this
function can influence carcinogenesis.
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