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The apical damage kinase, ATR, is activated by replication stress (RS) both in response to DNA damage and during
normal S-phase. Loss of function studies indicates that ATR acts to stabilize replication forks, block cell cycle
progression and promote replication restart. Although checkpoint failure and replication fork collapse can result in cell
death, no direct cytotoxic pathway downstream of ATR has previously been described. Here, we show that ATR directly
reduces survival by inducing phosphorylation of the p50 (NF-kB1, p105) subunit of NF-kB and moreover, that this
response is necessary for genome maintenance independent of checkpoint activity. Cell free and in vivo studies
demonstrate that RS induces phosphorylation of p50 in an ATR-dependent but DNA damage-independent manner that
acts to modulate NF-kB activity without affecting p50/p65 nuclear translocation. This response, evident in human and
murine cells, occurs not only in response to exogenous RS but also during the unperturbed S-phase. Functionally, the
p50 response results in inhibition of anti-apoptotic gene expression that acts to sensitize cells to DNA strand breaks
independent of damage repair. Ultimately, loss of this pathway causes genomic instability due to the accumulation of
chromosomal breaks. Together, the data indicate that during S-phase ATR acts via p50 to ensure that cells with
elevated levels of replication-associated DNA damage are eliminated.

Introduction

During the normal cell cycle, endogenous or acquired impedi-
ments to DNA replication result in the appearance of stretches of
single-stranded DNA, or single-strand/double-strand DNA junc-
tions, that are the basic substrate of replication stress (RS).1,2 To
modulate the genotoxic effects of RS, cells induce a checkpoint
response coordinated by the apical damage kinase, ATR.3 ATR is
activated following the co-localization of a series of proteins
including the critical co-activator, topoisomerase-binding pro-
tein-1 (TopBP1), a protein that contains an activation domain
that is able to induce ATR on its own.4,5 Although the ATR
response attenuates the amount of DNA double-strand breaks
(DSBs) that accumulate as a result of RS,6 low levels of strand
breaks are often tolerated, possibly because DSB repair is ineffi-
cient below a certain threshold.7 In order to prevent the propaga-
tion of such potentially harmful damage, multi-cellular species

activate a variety of pathways that eliminate cells with raised lev-
els of DNA damage.

The transcription factor NF-kB plays a pivotal role in modu-
lating the response to DNA damage.8 While genotoxic stress acti-
vates NF-kB by a well-described mechanism involving DNA
DSBs and ATM,9 the response of NF-kB to ATR and RS is
poorly understood. Preliminary data suggest that ATR can
inhibit NF-kB,10,11 yet the full mechanism and physiological
role of this pathway is unclear. NF-kB proteins are composed of
5 subunits: p50 (NF-kB1, p105), p52 (NF-kB2, p100), p65
(relA), c-rel, and relB that bind to DNA as dimers and are
retained in the cytoplasm through interaction with inhibitor-kB
(IkB) proteins.12 Although the NF-kB system is generally
regarded as a stimulus-induced transcription factor, significant
levels of DNA bound NF-kB dimers are found in resting cells.
The most abundant form of DNA bound NF-kB in unstimu-
lated cells consists of the p50/p65 heterodimer. Interestingly,
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during the unperturbed cell cycle, a complex exchange of NF-kB
dimers and subunit post-translational modifications occur,13 sug-
gesting that NF-kB proteins likely play a fundamental role in the
basal homeostatic process.

We recently reported that certain DNA damaging agents
inhibit NF-kB by inducing Chk1-mediated phosphorylation of
p50 Ser329.14 Given the association between ATR/Chk1 and
RS, we set out to examine the role of p50 in response to RS. Our
results demonstrate that ATR inhibits NF-kB and induces p50
phosphorylation in response to RS. Moreover, this pathway is
induced during S-phase and acts to maintain cellular genome sta-
bility by facilitating elimination of damaged cells.

Results

Replication stress inhibits NF-kB DNA binding in an ATR-
and p50-dependent manner

To examine NF-kB in the setting of RS, cells were adminis-
tered the ribonucleotide reductase inhibitor, hydroxyurea (Hu),
and NF-kB examined by gel shift assay. As previously reported,10

Hu activates NF-kB in ATMC/C cells (Fig. 1A). However, in the
absence of ATM, we note that Hu not only fails to induce but
actually inhibits NF-kB within about 1 hour of treatment
(Fig. 1A; Fig. S1A). Supershift analysis demonstrates that the
NF-kB dimer in these cells is comprised of p50 and p65
(Fig. S1B). While anti-p50 and anti-p65 antibodies do not result
in a discernable supershifted band, they break up the NF-kB-
DNA complex, an observation not seen with a non-specific
control antibody. In addition, in the absence of ATM, other gen-
otoxic agents that induce RS, including aphidicolin and etopo-
side, also inhibit NF-kB (Fig. S1C). Inhibition of NF-kB by RS
is blocked by caffeine, a general ATM/ATR inhibitor (data not
shown). Therefore, to examine whether ATR specifically is
involved in the inhibition of NF-kB, ATR was depleted using
siRNA. Loss of ATR blocks the ability of Hu to inhibit NF-kB
(Fig. 1B). Moreover, siRNA studies also demonstrate that p50 is
required for inhibition of NF-kB by RS (Fig. 1B). Importantly,
the inhibition of NF-kB is independent of changes in either
IkBa protein level or nuclear p50 and p65 levels (Fig. 1C) sug-
gesting that RS and ATR specifically affect NF-kB DNA binding
and not nuclear translocation. Consistent with the ability of RS
to activate Chk1, a previously identified p50 S329 kinase,14 Hu
induces S329-phosphorylation with kinetics similar to the inhibi-
tion of NF-kB DNA binding (Fig. 1C). The inhibition of DNA
binding by Hu is reflected by a decrease in NF-kB transcriptional
activity, as measured using a reporter bearing 3 repeats of the
immunoglobulin k-light chain kB-site, a finding also noted to be
ATR- and p50-dependent (Fig. 1D).

As chemotherapeutics like Hu have pleotropic effects and also
induce DNA DSBs, we next sought to examine NF-kB in
response to a non-chemotherapeutic model of RS. Synthetic poly
(dA)70-poly(dT)70 oligonucleotides (TA oligos) that form the
minimal replicative intermediates previously used to study RS
signaling in Xenopus and mammalian cell extracts15,16 were
obtained and used in vitro. Nuclear extracts were isolated from

U87 human glioma cells that have stably-suppressed endogenous
p105,14 the parental protein of p50. Extracts were supplemented
with purified p50WT or p50S329A, a mutant that cannot be phos-
phorylated by Chk1. As initially noted using these oligos,15,16

TA but not monomeric poly(dT)70 oligonucleotides (T oligos)
activate Chk1 by phosphorylation (Fig. 2A). Moreover, consis-
tent with the findings using Hu, we find that TA oligos both
induce p50 S329 phosphorylation and inhibit NF-kB binding in
a p50-S329-dependent fashion (Fig. 2A). These responses are
abrogated by caffeine and the Chk1 inhibitor, G€o6976, but not
by IkK inhibition (Fig. 2A). In these cells, the NF-kB dimer is
comprised of p50/p65 as shown by supershift analysis
(Fig. S2A). The requirement of ATR for inhibition of NF-kB by
TA oligos is demonstrated using extracts from cells expressing
wildtype, or kinase-dead, ATR,17 and the role of Chk1 is shown
using G€o6976 (Fig. 2B). In addition, studies using living,
immortal Nfkb1¡/¡ MEFs stably expressing p50WT or p50S329A

transfected with the oligos recapitulate the cell-free experiments
(Fig. S2B) and also demonstrate that TA oligos inhibit NF-kB
transcriptional activity in a manner dependent on p50 S329
(Fig. S2C). Importantly, the p50S329A mutant binds DNA
(Fig. S2D), and hetero-dimerizes with p65 as efficiently as
p50WT (Fig. S2E). Consistent with the latter observation, the pri-
mary NF-kB dimer in stable Nfkb1¡/¡ MEFs expressing p50WT

or p50S329A is made of p50/p65 (Fig. S2F). These results support
the findings with pharmacological RS-inducing agents and indi-
cate that RS inhibits NF-kB in an ATR-dependent manner.

ATR inhibits NF-kB activity in the absence of DNA damage
While TA oligos simulate replication forks and activate ATR,

these oligos can also induce ATM and have primarily been used
for in vitro studies.18 Therefore, to more specifically induce ATR
and examine NF-kB in vivo, a tamoxifen (TAM)-inducible sys-
tem that incorporates the activation domain of TopBP1 fused to
the estrogen receptor (TopBP1ER) was used.5 Importantly, this
system allows ATR induction in the absence of DNA DSBs and
without activation of ATM.5 Exposure of 293T cells stably
expressing TopBP1ER to TAM leads to activation (phosphoryla-
tion) of ATR within 30 minutes (Fig. 3A). This response subse-
quently results in p50 S329 phosphorylation and inhibition of
NF-kB binding, both of which occur in an ATR- and Chk1-
dependent manner as demonstrated using ATR-specific siRNA
and Chk1 inhibitor (Fig. 3A; Fig. S3A). Again, the basal, NF-kB
dimer present in these cells is comprised of p50 and p65, as dem-
onstrated by supershift analysis (Fig. S3B). Neither TAM in the
absence of TopBP1ER nor TopBP1ER alone result in inhibition
of NF-kB (Fig. S3C). Exposure to TAM also leads to inhibition
of NF-kB transcriptional activity in a manner dependent upon
ATR and p50 (Fig. 3B). Subsequently, to examine the role of
S329 in this pathway, Nfkb1¡/¡ MEFs stably expressing p50WT

or p50S329A were infected with a retrovirus expressing Top-
BP1ER. Administration of TAM to these cells leads to inhibition
of NF-kB DNA binding, and transcriptional activity, specifically
in a p50 S329-dependent manner (Fig. 3C; Fig. S3D). To exam-
ine whether the effect on NF-kB is reflected by a change in
endogenous gene expression, we examined the NF-kB-regulated
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anti-apoptotic gene, BCLXL, whose
inhibition is required for cytotoxicity by
S-phase specific alkylating agents.19 As
we previously noted, this gene has p50/
p65 heterodimers bound to its promoter
at baseline.14,20 In both human and
murine cells, ATR induced by Top-
BP1ER leads to a decrease in BCLXL
expression, a finding that is specifically
dependent on p50 S329 (Fig. 3D; Fig.
S3E). Of note, TAM inhibits NF-kB
trans-activity in the absence of p65, as
seen using P65¡/¡ MEFs (Fig. S3F).
Also, BCLXL mRNA expression can still
be inhibited by ATR in human cells
depleted of p65 with si-RNA
(Fig. S3G). Interestingly, despite inhibi-
tion of NF-kB activity and Bclxl mRNA
expression, activation of ATR in the
absence of additional DNA damage does
not affect overall clonal survival
(Fig. S3H).

In sum, the data generated using both
in vivo and cell free systems, demon-
strate that the ATR response to RS leads
to inhibition of NF-kB p50/p65 DNA
binding and NF-kB transcriptional
activity that is dependent on p50-S329.

p50 S329 phosphorylation occurs
during S-phase and enables inhibition
of NF-kB

ATR is activated during the unper-
turbed S-phase,21,22 therefore, we
examined whether NF-kB and p50 are
also modified at this time. U87 gli-
oma cells were synchronized at G2/M
using nocodazole and nuclear extracts
isolated at the indicated times follow-
ing release (Fig. 4A). Maximal p50
S329-phosphorylation occurs when the greatest percentage of
cells are in S-phase, identified by FACS analysis and cyclin E
expression to be approximately 12 hours after release from
synchronization (Fig. 4A). Moreover, EMSA reveals that it is
during this phase that NF-kB DNA binding is at its lowest
level (Fig. 4A, lower blot). As we previously noted, in these
glioma cells NF-kB dimers are comprised of p50 and p65.14

Similarly, following synchronization of cells at G1 by double
thymidine block, NF-kB DNA binding is also noted to nadir
during S-phase, indicating that the NF-kB changes are not
merely a consequence of the synchronization method
(Fig. 4B). Moreover, the reduced DNA binding during
S-phase is Chk1- and caffeine-dependent (Fig. 4B). Consis-
tent with the finding that ATR inhibits BCLXL expression,
S-phase-dependent p50 phosphorylation and reduced DNA
binding is mirrored by a decrease in p50 recruitment to the

BCLXL promoter at this time (Fig. 4C). Furthermore,
BCLXL mRNA expression is also attenuated at this time
(Fig. 4D), ultimately leading to a modest but reproducible
decrease in Bclxl protein expression in late S-phase (Figs. 4A
and E). To investigate the role of p50 S329 in the cell cycle-
dependent regulation of NF-kB, Nfkb1¡/¡ MEFs stably
expressing p50WT or p50S329A were synchronized by thymi-
dine block and examined following release. As with human
cells, p50 phosphorylation and the nadir of NF-kB DNA
binding occur specifically during S-phase (Fig. 4F), findings
that are blocked by mutation of S329. Similarly, the S-phase-
dependent decrease in Bclxl mRNA expression is blocked by
S329 mutation (Fig. S4A). Together, these results demon-
strate that p50 is phosphorylated during S-phase resulting in
an S329-dependent decrease in NF-kB DNA binding and
Bclxl expression.

Figure 1. RS inhibits NF-kB in an ATR- and p50-dependent manner. (A) Human ATM¡/¡ and ATMC/C

cells were treated with Hu (2 mM) and EMSA performed after isolation of nuclear extracts. Competi-
tion was performed with specific (SC) and non-specific (NS) cold DNA. (B) NF-kB EMSA (upper) and
immunoblot (IB, lower) using nuclear extract from ATM¡/¡ cells transfected with the indicated siRNA
and treated with Hu (2 mM, 4 hrs). (C) IB in nuclear and cytoplasmic fractions from ATM¡/¡ cells
treated with Hu (2 mM) (p-p50: anti-phospho-S329-p50 antibody). (D) NF-kB-dependent luciferase
assay in ATM¡/¡ cells transfected with siRNA and treated with vehicle or 2 mM Hu (4 hrs). Data show
mean value relative to renilla, normalized to control, § SD of triplicate samples. *P < 0.05 relative to
untreated.

568 Volume 14 Issue 4Cell Cycle



p50 phosphorylation during S-phase sensitizes cells to DNA
strand breaks independent of damage repair

It was previously noted that p50 signaling sensitizes cells to cyto-
toxicity in response to DNA damaging agents.14 We therefore
examined whether this pathway also acts downstream of ATR to
modulate survival during the cell cycle. First, Nfkb1¡/¡ MEFs
expressing TopBP1ER and either p50WT or p50S329A were exposed
to TAM, to induce ATR signaling, and also to 0.5 Gy ionizing radi-
ation (IR), to induce low levels of DNA strand breaks. As Top-
BP1ER activation does not induce appreciable levels of DNA
damage,5 IR delivery can be used to induce strand breaks at a spe-
cific time. IR was administered either 8 hours before or after expo-
sure to TAM. Importantly, activation of ATR for 8 hours is
sufficient to induce p50-signaling but does not alter cell survival
(Fig. 3; Fig. S3F). A decrease in survival is noted when the p50 is
activated prior to IR, compared to the reverse, and specifically in
cells expressing p50WT but not p50S329A (Fig. 5A) suggesting that
p50 phosphorylation sensitizes cells to DNA strand breaks. To
examine whether p50 phosphorylation in S-phase mediates a simi-
lar effect, Nfkb1¡/¡ MEFs stably expressing p50WT or p50S329A

were synchronized by thymidine block and then treated at the indi-
cated time following release with low dose IR. Despite the minor
levels of damage induced by 0.5 Gy IR, a significant decrease in sur-
viving fraction is noted in cells expressing p50WT and specifically at
the time when p50 is phosphorylated (Fig. 5B). Together, these
results indicate that p50 phosphorylation in response to ATR sensi-
tizes cells to DNA damage during S-phase.

Although the data suggest that the mechanism of sensitization
to strand breaks occurs via ATR/p50-induced inhibition of

anti-apoptotic gene expression, it is possi-
ble that the ATR-mediated checkpoint or
damage repair response also contribute to
modulating survival. However, the obser-
vation that Nfkb1¡/¡ MEFs stably
expressing p50 constructs cycle at similar
rates (Fig. 5B, inset) and have similar
percentages of cells in S-phase (Fig. 5C)
indicates that p50 phosphorylation does
not affect the replication checkpoint.
With regard to strand break repair,
homologous recombination (HR), the
major DSB repair pathway associated
with replication,23 is unaffected by
either loss or mutation of p50 (Fig. 5D;
Fig. S4B). In addition, the finding that
IR induces similar levels of breaks in
p50WT and p50S329A-expressing cells
(Fig. S4C), suggests that p50 phosphory-
lation does not affect other pathways that
act to repair DSBs. Taken together, these
data indicate that in response to ATR,
p50 sensitizes cells to DNA strand breaks
by a mechanism independent of check-
point or damage repair and that this
pathway is functional during S-phase.

Phosphorylation of p50 is necessary for maintaining genome
stability

If cell cycle-dependent p50 phosphorylation plays a physio-
logical role in sensitizing to damage, then loss of this response in
proliferating cells would be expected to result in damage accumu-
lation. To examine this hypothesis, freshly isolated primary
Nfkb1¡/¡ MEFs were infected with p50 constructs and DNA
DSB levels assessed following serial passage by analysis of
g-H2AX focus formation. The percentage of g-H2AX-positive
cells rises with increasing passage and expression of p50WT signif-
icantly reduces the increase relative to empty vector (Fig. 6A; Fig.
S5). The observation that cells expressing p50S329A have higher
endogenous g-H2AX foci than p50WT cells indicates that p50
phosphorylation is necessary to attenuate spontaneous replication
associated damage build up. Given the well-described association
between DNA damage accumulation and senescence,24 we exam-
ined senescence in serially passaged primary MEFs. Nfkb1¡/¡

MEFs expressing p50S329A have a significantly higher level of
b-galactosidase staining at late passage than isogenic cells express-
ing p50WT (Fig. 6B). These data suggest that p50 phosphoryla-
tion is required to maintain genomic stability. To directly
examine genome integrity, metaphase spreads were studied in
MEFs infected with the p50 constructs. Despite initially having
equivalent levels of DNA breaks and gaps, primary Nfkb1¡/¡

MEFs expressing p50WT accumulate significantly less breaks and
gaps than p50S329A-expressing cells following serial passage
(Fig. 6C). These findings demonstrate that p50 phosphorylation
is necessary to attenuate spontaneous DNA damage accumula-
tion and to maintain genomic integrity.

Figure 2. Oligonucleotide mimetics of RS inhibit NF-kB DNA binding in a p50 S329-dependent man-
ner. (A) Nuclear extract (NE) isolated from U87-sh-p105 cells were supplemented with bacterially
expressed p50WT or p50S329A (or no p50). IB (upper) or EMSA (lower) was performed following stimu-
lation of extract with TA or T oligos under kinase conditions. Extracts were supplemented with caf-
caffeine (0.5 mM); G€o- G€o6976 (1 mM) or BM-BMS-345541 (IKK inhibitor) (1 mM) where shown. p-
Chk1: anti-phospho-Ser345 Chk1. Specific (SC) and non-specific (NS) competitor. * Non-specific band
present in nuclear extract. (B) NE was isolated from vehicle or TNFa-stimulated (10 ng/ml, 30 min)
U2OS cells stably expressing tet-on wild-type ATR (ATRWT) or kinase-dead ATR (ATRKD) 48 hrs after
stimulation with 1 mg/ml doxycycline. EMSA was performed after incubation of extract with TA or T
oligos (or vehicle). EMSA was also run following treatment of cells with TMZ (100 mM, 16 hrs, lanes 4
and 9). Controls were also performed in the presence of G€o- G€o6976, in the absence of ATP or with
cold competitors as shown. *Non-specific band.
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Discussion

In this report, we demonstrate that
RS, induced either pharmacologically or
by oligonucleotide fork mimetics, causes
phosphorylation of p50 and inhibition
NF-kB activity. This response is shown
to require the damage kinase ATR and,
in contrast to the activation of NF-kB
by DNA DSBs, is independent of ATM.
A previous report noted a propensity of
ATR to block NF-kB and suggested that
ATR acts in opposition to ATM to
block NF-kB nuclear translocation by
inhibiting inhibitor-kB kinase (IkK).10

While our work also shows that ATR
inhibits NF-kB, we demonstrate that
ATR acts on nuclear p50-containing
NF-kB dimers to modulate NF-kB
activity independent of IkBa. Interest-
ingly, in response to p14ARF, ATR was
also reported to inhibit NF-kB activity
in an IkBa-independent fashion by
inducing phosphorylation of p65
T505.11 Although we note that inhibi-
tion of NF-kB activity by ATR can
occur even in the absence of p65, given
that c-rel cross-compensates when p65 is
lost,25 it is likely that in the physiological
setting p65-dependent signaling is also
required for the ATR response. Taken
together, these previous studies and ours
indicate that the ATR pathway incorpo-
rates several mechanisms to modulate
NF-kB signaling and moreover, that this
occurs in a promoter-specific manner.
Most importantly, these studies arrive at
the same conclusion, namely, that the
functional role of the NF-kB response to
ATR acts to decrease survival and pro-
mote cell death (Fig. 7).

Our data indicate that the p50-mediated response to ATR,
while not sufficient on its own to induce cytotoxicity, facilitates
loss of survival by enabling inhibition of anti-apoptotic gene
expression. These findings, coupled with the observation that
ATR is activated and p50 phosphorylated during replication,
suggest that p50 acts during S-phase to facilitate death of dam-
aged cells. Consistent with this hypothesis, we note that loss of
the p50 signaling due to S329 mutation, results in an increase in
the accumulation of cells with DNA breaks. These data suggest a
model in which ATR activation during S-phase induces a path-
way separate from the checkpoint that acts on p50 to modulate
NF-kB activity and facilitate cell elimination (Fig. 7). In the
presence of normal p50 signaling, cells that acquire elevated levels
of DNA strand breaks (i.e. levels that are harmful to the genome)
are removed from the population. In the absence of p50, the

cytotoxic threshold is raised resulting in DNA damage tolerance
and genomic instability. Importantly, if replication-associated
damage is adequately addressed, then p50-mediated signaling has
no deleterious effects and the cell continues to cycle. This last
point is emphasized by the observation that the p50 response,
involving a decrease in Bclxl expression, while significant, is small
and not great enough in magnitude to affect survival in the
absence of additional damage.

It is recognized that during S-phase ATR functions to stabilize
replication forks and coordinate the checkpoint response to
ensure faithful DNA replication prior to mitosis.3,26 However, if
the overall role of ATR is to maintain genomic stability,27 it is
likely that this master-regulator of the RS response would directly
modulate survival in the event that replication-induced damage is
not adequately repaired. Such a direct ATR-induced cytotoxic
pathway, independent of the checkpoint, has not been previously

Figure 3. ATR inhibits NF-kB activity independent of DNA damage. (A) 293T cells stably expressing
TopBP1ER were transfected with the indicated siRNA and stimulated with TAM (500 nM). IB and EMSA
(NF-kB and Oct1) were performed on nuclear extracts isolated at the indicated time. p-ATR (anti-phos-
pho-Ser428 ATR). (B) NF-kB-dependent luciferase assay in 293T-TopBP1ER cells expressing the indi-
cated siRNA following stimulation with TAM (8 hrs). *P < 0.01. (C) Nfkb1¡/¡ MEFs stably expressing
p50WT or p50S329A were infected with TopBP1ER and stimulated with TAM (500 nM). EMSA was per-
formed on nuclear extracts using the indicated probe. IB shows equal p50 expression in cells. (D)
qPCR of Bclxl and Bax mRNA expression in cells from (C) following stimulation with TAM (8 hrs). Data
show mean normalized value, § SEM of triplicate samples from 3 experiments. *P < 0.05 relative to
untreated.
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Figure 4. p50 is phosphorylated and NF-kB binding inhibited during S-phase. (A) U87 glioma cells were released from nocodazole synchronization,
nuclear lysates isolated and IB performed on lysate or following IP. NF-kB EMSA (lower blot) was also performed. Cell cycle phase at the corresponding
time following release is shown above. Asynchronous (A). (B) U87 cells were released from thymidine block and EMSA performed following isolation of
nuclear lysates. Cells were pre-incubated with caffeine (0.5 mM) and G€o6976 (1 mM) where shown. (C) qChIP in U87 cells at the indicated phase following
thymidine release. Data show enrichment of p50 relative to IgG, histone H1 and input, § SEM of 3 separate experiments. *P< 0.03 relative to A. (D) qPCR
of BCLXL mRNA in U87 cells at the indicated phase. Mean § SEM of triplicate samples from 3 separate experiments. *P < 0.05 relative to G1. (E) IB with
anti-Bclxl antibody in U87 cells following release from thymidine. (F) Nfkb1¡/¡MEFs stably expressing p50WT or p50S329A were released from thymidine
block, nuclear lysates isolated and IB performed on lysate or following IP. NF-kB EMSA (lower blot) was performed using the same samples. Se- early S-
phase. Images are representative of 2 or 3 separate experiments.
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reported firstly because ATR is an
essential gene that plays a dominant
role in modulating the checkpoint,28-31

as do downstream mediators of cyto-
toxicity, such as p53;32 and secondly
because yeast, the organism in which
much of the information on ATR/
Mec1 has been obtained,33-35 is unicel-
lular and lacks NF-kB.

Given the imperfect nature of DSB
repair,36 even a slight rise in DNA
DSB levels can lead to increased muta-
tion formation and tissue dysfunction.
The p50/NF-kB response to RS can be
considered a pathway that addresses the
minor levels of damage encountered
during replication. p50 is ideally situ-
ated to modulate the response to RS
not only because it is found in virtually
all tissues, but also because it consti-
tutes a primary DNA-bound NF-kB
subunit that is present at baseline.
Importantly, as DNA-bound p50 can
be modified quickly, in comparison to
latent NF-kB pools that must first
translocate to the nucleus, it can rela-
tively rapidly mediate signaling during
replication. Although NF-kB is best
known as a stimulus-induced transcrip-
tion factor, the presence of basal
activity suggests that NF-kB also con-
tributes to more routine cellular pro-
cesses. Consistent with a role in
regulating low endogenous damage lev-
els, loss of p50/Nfkb1 does not lead to
overwhelming damage accumulation or
embryonic lethality;37 however, loss of
this subunit does result in chronic dis-
ease as demonstrated by the propensity
of Nfkb1¡/¡ mice to develop prema-
ture age-related findings (see refs.
38¡ 40 and unpublished data, BY).

In summary, we propose that p50-
signaling acts as a fail-safe mechanism
by which ATR ensures that cells with raised levels of DNA dam-
age do not survive. Ultimately, this response functions in multi-
cellular species to maintain overall organismal health at the
expense of individual cellular integrity.

Materials and Methods

Antibodies, reagents and plasmids
Cellular lysates were subjected to SDS-PAGE and western

blotting performed as described.20 The antibodies used include:
anti-p50 (Santa Cruz, sc7178 and sc8414); anti-phospho-S329-

p50 (YenZym Antibodies, San Francisco, CA);14 anti-ATR and
anti-phospho-S428-ATR (Cell Signaling, 2790 and 2853,
respectively); anti-p65 (Santa Cruz, sc-8008); anti-IkBa (Cell
Signaling, 9242); anti-Flag (Cell Signaling, 2368); anti-Chk1
and anti-phospho-S345-Chk1 (Cell Signaling, 2345 and 2341s,
respectively); anti-histone 1 (Santa Cruz; sc-8030); anti-Gapdh
(Santa Cruz, sc-137179); anti-Bclxl (Cell Signaling, 2762); anti-
cyclin E (Santa Cruz, sc-198); anti-phospho-S140-H2AX (Cell
Signaling, 9718). Hydroxyurea, tamoxifen, caffeine, G€o6976,
BMS-345541, TNFa, etoposide, thymidine, nocodazole, aphidi-
colin and cyclohexamide were obtained from Sigma. TMZ was
obtained from the Drug Synthesis and Chemistry Branch,

Figure 5. p50 phosphorylation in response to ATR sensitizes cells to DNA strand breaks. (A and B) Clo-
nogenic assays. (A) Nfkb1¡/¡MEFs expressing TopBP1ER and the p50 vector shown were exposed to
0.5 Gy IR and TAM, in the order indicated, separated by 8 hrs. Inset: IB showing p50 expression. Data is
normalized to IR alone, § SEM of duplicate samples from 3 experiments (TAM alone does not alter sur-
vival). *P < 0.02. (B) Thymidine synchronized Nfkb1¡/¡MEFs stably expressing p50WT or p50S329A were
exposed to 0.5 Gy IR at indicated time following release. A- asynchronous cells. IB of nuclear lysates
(upper) and FACS analysis (left) from the same experiment is shown (anti-p50 IB in asynchronous
shows equal p50 expression). *P < 0.02, relative to p50S329A. (C) FACS analysis of BrdU labeling in asyn-
chronous Nfkb1¡/¡MEFs expressing empty vector, p50WT or p50S329A. Mean § SD of triplicate samples
from 3 experiments shown. n � 105 cells per group. (D) HR assay in Nfkb1¡/¡MEFs stably expressing
empty vector (EV), p50WT or p50S329A following co-transfection with DR-GFP and either control vector
(CAG) or pC+ASce (SceI). Data show value § SD of triplicate samples (n D 3000¡ 5000 cells per
group).
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Developmental Therapeutics Program, National Cancer Insti-
tute, NIH. TMZ was dissolved in DMSO (final concentration
<0.1% v/v). The TopBP1ER construct was a generous gift from
Dr. Oscar Fernandez-Capetillo.

To create p50 retroviral constructs, p50 was liberated from
pcDNA3.1-p50 previously described,20 by digesting with PmeI
and XhoI and ligated into the BglII site of pMSCV-MigR1 con-
taining an IRES-GFP insert. The QuikChange Lightning Site

Directed Mutagenesis Kit (Stratagene)
was used to create individual site
mutants in the MigR1-p50 backbone.

Cells, RNA interference
and retroviral infection

Experiments were performed using
the following cell lines: HEK293T,
U87, human ATM¡/¡and the corre-
sponding isogenic ATMC/C controls,
tet-on ATRKD-expressing U2OS,
immortal Nfkb1C/C, Nfkb1¡/¡ and
P65¡/¡ MEFs, and primary Nfkb1C/C

and Nfkb1¡/¡ MEFs, cultured as previ-
ously described.20 Primary Nfkb1C/C

and Nfkb1¡/¡ MEFs were harvested at
embryonic day 13.5. Stable re-expres-
sion of p50 isoforms was performed in
Nfkb1¡/¡ MEFs as previously
described,20 or using retroviral infection.
Stable 293T-TopBP1ER cells were con-
structed by selecting in puromycin fol-
lowing transfection with TopBP1ER.
ATMC/C and ATM¡/¡ cells were pur-
chased from Coriell Cell Repositories.
The following siRNA constructs were
obtained from Dharmacon: p50 (sense:
GUCACUCUAACGUAUGCAAUU),
ATR (M003202-05) and scrambled
control (sense: CCUACGCCAC-
CAAUUUCGUUU). Cells were trans-
fected with siRNA using TransIT-TKO
(Mirus) 24 hours prior to treatment or
harvest for IB. U87 cells stably express-
ing sh-RNA targeting the C-terminal of
p105, or control sequence, were previ-
ously described.14

For retroviral production, the pan-
tropic platinum-GP retroviral packaging
cell line (PlatGP) was transfected with
retroviral vector containing various
MigR1-p50 isoforms or TopBP1ER

using XtremeGENE transfection
reagent (Roche). Target cells were then
spinoculated with the virus/polybrene-
containing supernatant. After infection,
colonies were either sorted by FACS or
selected in medium containing 0.5 mg/

mL puromycin. Studies using Nfkb1¡/¡ MEFs expressing p50
mutants represent data from at least 2 separate clones.

Poly(dA) 70-poly(dT) 70 oligos
TA oligos were obtained from IDT as poly(dA)70 and poly

(dT)70 and pre-annealed prior to use. Studies in extracts were
performed based on previous descriptions.15,16 Briefly, nuclear
extracts from immortal Nfkb1¡/¡ MEFs were supplemented

Figure 6. p50 S329 is necessary to maintain genome stability. (A–C) Primary Nfkb1¡/¡MEFs were
infected at passage 1 with the indicated p50 construct and analyses made after serial passage. Experi-
ments were performed using at least 3 separate MEF isolations/ infections expressing equivalent lev-
els of p50. (A) gH2AX foci. *P < 0.001 relative to p50WT-expressing cells. Inset: IB with anti-p50. Data
from (A and B) show mean § SD (n � 150 cells). (B) b-gal staining. *P < 0.005. (C) Spontaneous
breaks and gaps. n D 25 metaphase spreads per sample. Data show mean § SEM. *P < 0.005 relative
to p50WT-expressing cells. Representative metaphase spreads shown (right). Arrows indicate chromo-
somal gaps/breaks. P6 cells expressing p50S329A have multiple/severe breaks.
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with the indicated bacterially expressed
p50 protein, purified as previously
described,14 and incubated with either
single-stranded poly(dA)70, or double-
stranded poly(dA)70-poly(dT)70 oligonu-
cleotides (25 pM) in kinase reaction
buffer (50 mM Tris-HCl pH 7.5, 1 mM
DTT, 10 mM MgCl2, 10 mM
MnCl2,0.2 mM ATP) at 30�C for
1 hour. Reactions were then used for
EMSA and immunoblotting. For in vivo
studies, cells were transfected, using oli-
gofectamine (Invitrogen), with the indi-
cated concentration of oligo and EMSA
or luciferase assay performed.

Synchronization and cell cycle
analysis

Cell cycle analysis was made by evalu-
ation of DNA content following incuba-
tion with propidium iodide (PI) as
previously described.41 For G2/M syn-
chronization, cells were treated with
40 ng/ml nocodazole for 16 hours and
then released. For thymidine synchroni-
zation, cells were grown in the presence
of 2 mM thymidine (Sigma) for
16 hours, released for 8 hours into
medium without thymidine and then re-
incubated for 16 hours in thymidine.
Harvested cells were then analyzed for
cell cycle progression as above. For clo-
nogenic assays in synchronized cells, cells were treated at the indi-
cated time following release from thymidine block with 0.5 Gy
IR. BrdU labeling was performed by pre-labeling cells with
10 mM BrdU for 60 minutes. Cells were then fixed and permea-
bilized according to the manufacturers’ instructions (Cell Signal-
ing). Flow cytometric analysis was performed after staining with
anti-BrdU antibody (Santa Cruz, sc-32323).

Immunoprecipitation
Cells were treated as indicated and nuclear extracts prepared.

IP was performed in buffer: [50 mM Tris (pH 8.), 125 mM
NaCl, 1% Nonidet P-40 (NP-40), 10% glycerol and 2 mM
EDTA] supplemented with 1 mM phenylmethylsulfonyl fluo-
ride (PMSF). Extracts were pre-cleared with protein A/G conju-
gated Sepharose beads (GE Healthcare) and IP performed with
the indicated antibodies and beads. Antigen-antibody complexes
were precipitated with protein G beads and immunoblot per-
formed following SDS-PAGE.

Luciferase reporter assay
Transfection was normalized using renilla reniformis and lucif-

erase assay performed with the indicated NF-kB firefly reporter
construct as previously described.20 Data is plotted as firefly/
renilla (F/R) relative luciferase. For luciferase assays with oligo

substrates, cells were initially transfected with Ig-kB luciferase/
renilla and 24 hours later treated with the indicated amount of
oligo substrate in the presence of Oligofectamine (Invitrogen).
Luciferase activity was quantified 6 hours after oligo administra-
tion. Assays were performed in triplicate at least thrice unless oth-
erwise indicated.

Real time/quantitative reverse transcriptase (RT)-PCR
Total RNA was isolated from cells following treatment. The Pro-

toscript M-MuLV Taq RT-PCR Kit (New England Biolabs) with
poly-T primers was used for reverse transcriptase reaction. Tran-
scripts were quantified using SYBR Green PCR (Bio-Rad), and nor-
malized to Gapdh (mouse and human: sense 50-
CTTCACCACCATGGAGAAGGC-30, antisense 50-GGCATG-
GACTGTGGTCATGAG-30). Primers included Bclxl (human:
sense, 50-GGTGAGTCGGATCGCAGC-30; antisense, 50-
CAGCGGTTGAAGCGTTCC-30; mouse: 50-TTTGAATCCGC-
CACCATGTCTCAGAGCAACCGGGAGCTG-30; antisense, 50-
TTTCTCGAGCTTTCCGACTGAAGAGTGAGCCCA-30), Bax
(sense, 50-CCAGGATGCGTCCACCAAGAAG-30, antisense,
50-GGAGTCCGTGTCCACGTCAGC-30). Data are averages of�
3 independent experiments, each in triplicate.

Figure 7. Model demonstrating role of p50 in the ATR-mediated response to RS. In this model, RS-
induced ATR signaling leads to phosphorylation of nuclear p50 resulting in promoter-specific modu-
lation of NF-kB (p50/p65) binding. This pathway, activated in parallel to the ATR-mediated check-
point response, leads to attenuation of anti-apoptotic Bclxl expression. ATR signaling also modulates
NF-kB activity by inhibiting the IkK complex and by inducing phosphorylation of p65. Together, the
NF-kB-dependent response to ATR promotes cell death. Loss of p50 signaling leads to an elevation
in the threshold for cell death resulting in survival of cells harboring higher levels of DNA strand
breaks.
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Quantitative chromatin immunoprecipitation (qChIP)
Cells were left untreated or treated as indicated and IP per-

formed with anti-p50, anti-Histone H1 or anti-mouse IgG to
control for nonspecific binding. qPCR was performed with the
BCLXL promoter specific primers: sense, 50-GCACCACCTA-
CATTCAAATCC-30 and antisense, 50-CGATGGAGGAG-
GAAGCAAGC-30. Amplification was performed as described
above and quantification of the change in DNA enrichment for
each IP condition was determined relative to input DNA as pre-
viously described.14

Electrophoretic mobility shift assays (EMSA)
EMSA was performed following nuclear fraction isolation, or

with purified protein, including treatment and supershift analysis
as previously described.14 A double-stranded oligonucleotide (50-
TCGAGTTAGATGGGGACTTTCCAGGCAC-30) (IDT)
containing the decameric kB-consensus sequence (underlined)
was end labeled with [g-32P] ATP and used as a probe. Reaction
mixtures were incubated at room temperature for 20 min prior
to resolving on a 5% polyacrylamide gel (0.5x TBE) at »10 V/
cm for 2–4 hours at 4�C and assayed by autoradiography and
PhosphorImager analysis (Molecular Dynamics). EMSA are rep-
resentative of at least 3 independent experiments.

Clonogenic assays
Cells were plated and allowed to attach overnight. Following

treatment, colony formation assay was performed as previously
described.14 The surviving fraction was calculated based on the
plating efficiency of untreated cells.

gH2AX focus formation
Cells cultured on glass coverslips were fixed in 4% paraformal-

dehyde. Following permeabilization, cells were immunostained
with phospho-S140-H2AX (Cell Signaling, 9718) and nuclei
counterstained with 1 mg/ml 4’,6-diamidino-2-phenylindole
(DAPI) solution. Slides were imaged on a Zeiss microscope and
the percentage of cells positive for gH2AX foci quantified in at
least 200 cells per group.

Senescence associated (SA)-b-galactosidase staining
Primary MEFs at the indicated passage were plated onto

35 mm glass bottom plates (MatTek Corporation, Ashland,
MA, USA) and at 60% confluency were fixed with formaldehyde
for 20 minutes at 4�C. SA-b-galactosidase staining was per-
formed in the standard fashion. Cells were incubated overnight
with freshly made staining solution and the percentage of cells
positive for SA-b-gal was calculated from a total of 200 cells per
plate. Experiments were repeated in triplicate.

Metaphase spreads
Total breaks, gaps or constrictions on chromosomes were

quantified on metaphase spreads stained by Giemsa (Sigma)
essentially as previously described42 but without aphidicolin pre-
treatment to obtain a homogeneous staining of chromosomes.

Analysis of samples was made in a blinded fashion by 2 indepen-
dent observers.

Single-cell gel electrophoresis (comet) assay
Alkaline comet assay was performed as described previously.43

Nuclei were visualized on a Zeiss microscope and images ana-
lyzed with ImageJ (NIH). DNA damage was quantified for 50
cells by determining the percentage of the cellular DNA within
the tail using Comet Score (TriTek).

Homologous recombination analysis
The assay was performed essentially as described.44 HEK293

cells stably expressing the recombination substrate, DR-GFP,
were a generous gift from Dr. from Phillip Connell and were
grown to 70% confluence prior to transfection with p50 or
scrambled siRNA. Cells were grown in complete growth medium
for 24 hours and then re-transfected with the I-SceI expression
vector, pCbASce, or the control vector, pCAGGS. Cells were
incubated for an additional 24 hours in normal medium and
then analyzed with a Becton-Dickinson FACScan. Alternatively,
Nfkb1¡/¡ MEFs stably expressing p50WT, p50S329A or empty
vector were co-transfected with the pHR-DR-GFP reporter vec-
tor and either pCbASce or pCAGGS. Cells were grown in com-
plete growth medium for 24 hours in normal medium and then
analyzed with a Becton-Dickinson FACScan. For HR analysis,
live cells were collected based on size/complexity and propidium
iodide (PtdIns) exclusion and the fraction of live cells exhibiting
GFP positivity displayed § SEM of triplicate samples repeated.

Statistical analysis
Statistical analyses were performed using a 2-tailed Student’s

t-test.
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