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BRCAT and Tip60 determine the cellular response
to ultraviolet irradiation through distinct pathways
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he histone acetyltransferase Tip60 regulates the

apoptotic response to ultraviolet (UV) irradiation.

A previously suggested mechanism for this regulation
consists of the ability of Tipé0 to coactivate transcription
by the tumor suppressor p53. In this study, we show that
Tip60 is required for the early DNA damage response
(DDR) to UV, including the phosphorylation of histone 2AX,
c-Jun N-terminal kinases (JNKs), and ataxia telangiectasia—
related substrates. In contrast, p53 was not required for
UV-induced DDR. Rather, p53 accumulation by either
knockdown of Mdm?2 or addition of an Mdm?2 inhibitor,

Introduction

UV irradiation represents a major challenge to genomic integrity
throughout the evolution of terrestrial organisms, resulting in the
development of specific mechanisms that govern the cellular re-
sponse to UV-induced DNA damage. The specific changes on
the DNA upon UV exposure are different from those induced by
+ irradiation, mostly resulting in chemical modifications of sin-
gle DNA strands such as cyclobutane pyrimidine dimers (CPDs)
and 6-4 photoproducts (Balajee and Bohr, 2000). Single-strand
breaks are mainly recognized by the heterotrimeric complex of
replication protein A (RPA; RPA1, 2, and 3; Iftode et al., 1999),
which plays important roles in DNA replication, damage repair,
and recombination (Binz et al., 2004). Mammalian cells respond
to UV by activating the kinases ataxia telangiectasia related
(ATR), checkpoint kinase 1 (Chk1), JNK1/2, and others (Latonen
and Laiho, 2005), resulting in the phosphorylation of numerous
proteins (Matsuoka et al., 2007) that include the C-terminal
part of histone H2AX (yH2AX) as well as the N-terminal and
N-terminal portions of the tumor suppressor p53. The ultimate
result of the UV response consists either of repair of the damaged
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Nutlin-3, before irradiation strongly attenuated the UV-
induced DDR and increased cell survival. This protective
effect of preaccumulated p53 was mediated, at least in
part, by the increased expression of CDKNTA/p21, sub-
sequent down-regulation of BRCAT, and impaired JNK
activation accompanied by decreased association of
replication protein A with chromatin. We conclude that
Tipé0 enables UV-induced DDR signaling even in the ab-
sence of p53, whereas preaccumulated p53 suppresses
UV-induced DDR by reducing the levels of BRCA1.

DNA or the death of the cell, frequently displaying the hallmarks of
apoptosis. JNKs are required for the UV-induced mitochrondrial
death pathway (Tournier et al., 2000) and for H2AX phosphoryla-
tion (Lu et al., 20006).

It recently became clear that the DNA damage response
(DDR) is not only a function of the frequency with which
chemical modifications occur in cellular DNA. Rather, DDR
can also be influenced by the general “vigilance” of the cell to-
ward such damage. Most notably, tumor cells tend to respond
more readily and more extensively to DNA damage than their
normal counterparts, and they often display signs of DDR even
in the absence of any exogenous DNA-damaging agent (Bartkova
et al., 2005). However, the exact mechanisms and factors that
influence the cellular sensitivity to DNA damage are largely un-
known at present.

The tumor suppressor p53 is phosphorylated and activated
in response to a variety of DNA-damaging mechanisms (Bode
and Dong, 2004). As a result, the ability of p53 to activate a
large set of promoters is enhanced unless p53 is mutated by tumor-
associated alterations in the corresponding gene. p53 can be
manipulated pharmacologically, even without inducing DNA
damage. Nutlin-3 and similar compounds activate it by disrupt-
ing the interaction of p53 with Mdm?2 (Vassilev et al., 2004).
Some of the p53 target gene products induce cell cycle arrest and/or
DNA repair, whereas others mediate programmed cell death.
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This proapoptotic activity in response to DNA damage is prob-
ably the most widely acknowledged property of p53. However,
in some situations, p5S3 can also act as a protector of cells.
For instance, we have recently found that nongenotoxic activa-
tion of p53 through blocking the p53-antagonizing ubiquitin li-
gase Mdm?2 can render cells resistant to nucleoside analogues
such as gemcitabine or cytosine-arabinoside (Ara-C; Kranz and
Dobbelstein, 2006). It is currently not known how prevalent
such prosurvival functions of p53 are.

The histone acetyltransferase Tip60 has been described as
a cofactor of p53, contributing to induction of the CDKNIA/p21
gene by p53 (Berns et al., 2004) but also enhancing proapop-
totic pS3-responsive genes (Sykes et al., 2006; Tang et al., 2006).
Interestingly, Tip60 also interacts with Mdm?2, raising the pos-
sibility that p53 and Tip60 are coregulated (Legube et al., 2002).
Tip60 contributes to the activity of various promoters (Sapountzi
et al., 2006; Squatrito et al., 2006); however, transcription-
independent functions of Tip60 have been described (e.g., its
ability to acetylate the ataxia telangiectasia mutated [ATM]
kinase [Sun et al., 2005] or its contribution to the exchange of
phosphorylated histones in Drosophila melanogaster [Kusch
et al., 2004)).

The exact role of Tip60 in response to double-stranded
DNA breaks raised the question of whether it might also con-
tribute to the UV response. Recently, it was shown that Tip60 is
indeed required for efficient UV-induced apoptosis. Importantly,
it was suggested in the same study that this contribution of
Tip60 to cell death is caused by its activity as a cofactor of p53
(Tyteca et al., 2006).

Although our data corroborate the idea of Tip60 being
necessary for UV-induced apoptosis, they suggest an unexpected
role of p53 that contradicts the previously published concept.
The function of Tip60 in UV DDR does not require p53 and
consists of the activation of DDR-induced phosphorylation
cascades. In contrast, when p53 is accumulated and activated by
blocking Mdm?2, this attenuates the early signaling response to
UV irradiation. Further delineation of the underlying mecha-
nisms implied the induction of CDKNIA/p21 as well as the sup-
pression of BRCAL levels in the attenuation of UV DDR by
p53. Moreover, BRCAL is required for the recruitment of RPA
to chromatin upon UV light exposure. Thus, preaccumulated
pS3 suppresses the early steps of UV DDR and protects rather
than eliminates UV-exposed cells.

Results

Tip60 is essential for the UV-induced DDR,
independent of p53

We first tested the impact of Tip60 knockdown on the UV
response. U20S cells (p53 wild type) were transfected with
siRNA targeting Tip60, p53, and Mdm?2 or with two different
negative control siRNAs. All knockdowns were verified by im-
munoblot analysis and/or quantitative real-time PCR (Fig. 1 A
and Fig. S1 A, available at http://www.jcb.org/cgi/content/full/
jcb.200712014/DC1). Subsequently, the cells were irradiated
with UV-C light and harvested 6 h later. Immunoblot analysis
revealed that, as expected (Tyteca et al., 2006), the removal of
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Tip60 reduced the amounts of cleaved caspase 3 and of caspase-
cleaved poly-ADP ribose polymerase (PARP; Fig. 1, A and B),
indicating that Tip60 is required for efficient UV-induced apop-
tosis. Surprisingly, however, the knockdown of p53 did not in-
fluence UV-induced caspase activity in either direction, arguing
that Tip60 knockdown does not exert its antiapoptotic effect
through the attenuation of p53 activity.

siRNA to Mdm? activated p53, as verified by the increased
levels of p53 and the p53 target gene product p21 as well as de-
creased levels of the p53-repressed genes (Lohr et al., 2003)
BRCAI and Chkl. Strikingly, the knockdown of Mdm2 and
concomitant increase in p53 activity were found to reduce rather
than increase UV-induced caspase activity. This result was ob-
tained with two independent siRNA species directed against
Mdm?2 (Fig. S2 A, available at http://www.jcb.org/cgi/content/
full/jcb.200712014/DC1). Again, this indicated that the role of
Tip60 in UV-mediated apoptosis is not based on coactivating p53.
Therefore, we investigated how Tip60 influences the upstream
DDR after exposure of cells to UV light. The phosphorylation
of histone H2AX (yH2AX), JNKs, and Chk1 (Fig. 1, A and B)
was detected by phosphospecific antibodies. The phosphory-
lations of H2AX and JNKs but not Chk1 were found to depend on
Tip60. Thus, Tip60 is required for triggering at least an impor-
tant subset of the early signaling cascade that responds to UV
rather than merely the downstream proapoptotic mechanisms.

Even more surprising, however, we observed that activa-
tion of p53 by Mdm?2 knockdown resulted in attenuated phosphory-
lation of H2AX and JNKs as well. This argues that p53 is
not only unnecessary for UV-induced apoptosis; rather, when
preactivated, it can prevent both the upstream signaling and
the downstream caspase activity in response to UV. This is
in contrast to the previously proposed concept in which Tip60
was suggested to mediate UV-induced apoptosis by increasing
DNA binding and transactivation by p53 (Tyteca et al., 2000).
UV irradiation decreased the levels of Tip60 (Fig. 1 A), but
knocking down Mdm?2 prevented this reduction of Tip60 levels
(see Discussion).

Next, we asked whether the impact of Tip60 or Mdm?2 on
the UV response results from its influence on gene expression
after irradiation. Therefore, we analyzed UV DDR while blocking
translational elongation using cycloheximide. Interestingly, the
preceding knockdown of Tip60 or Mdm?2 still attenuated the UV
response, even when the cells were incubated with cyclohexi-
mide immediately after UV irradiation (Fig. 1 C). This indicates
that the reductions of Tip60 or Mdm?2 do not confer their protec-
tive effects by changes in gene expression and protein synthesis
after UV exposure, further arguing against an essential role of
postirradiation p53-mediated transactivation in apoptosis.

To corroborate the independence of UV-induced Tip60-
mediated DDR from the presence of p53, we performed similar
assays in Saos-2 (Fig. 2 A) cells that lack p53 entirely. These
cells displayed similar H2AX phosphorylation and caspase
cleavage in response to UV, which was still inhibited by Tip60
knockdown (Fig. 2 A). Furthermore, these cells also showed
an inhibition of UV-induced JNK phosphorylation when Tip60
was removed (Fig. 2 A). As expected, siRNA to Mdm?2 did not
change the response to UV in the p53~/~ Saos-2 cells (Fig. S2 B).
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Figure 1.  Knockdown of Tip60 or Mdm2 but not p53 impairs the UV-induced DDR. (A) U20S cells were transfected with siRNAs as indicated followed by
UV irradiation with 20 J/m? 48 h later. The cells were harvested and subjected to immunoblot analysis & h after irradiation. (B) U20S cells were transfected
with siRNAs and irradiated as in A. After further incubation for the indicated periods of time, the cells were harvested and subjected to immunoblot analysis.
The asterisk indicates a nonspecific band (compare with Fig. 7 B). (C) U20S cells were treated as in A, but here, cycloheximide (CHX) or the DMSO solvent
alone was added immediately after irradiation.

To investigate the effect of Tip60 knockdown after a longer time
after irradiation, flow cytometry was performed to measure the
percentage of cells with DNA content <2N. Cells depleted of
Tip60 displayed a reduction of sub-G1 cells even 48 h after UV

irradiation (Figs. 2 B and S1 B). Together, these results indicate
that Tip60 is a critical component of the UV response but acts
on a p53-independent signaling cascade rather than merely on
the proapoptotic activity of p53. In contrast, preaccumulated
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Figure 2. Impairment of the response to UV irradiation by A
Tip60 knockdown is independent of p53. (A) Saos-2 cells were
transfected with 30 nM siRNA (siTip60#1 or sicontrol#1).
48 h later, cells were exposed to 20 J/m? UV and harvested
after the indicated time points for Western blotting. The asterisk
indicates a nonspecific band. (B) Saos-2 cells were transfected
with 30 nM of the indicated siRNAs and UV irradiated (20 J/m?)
48 h later. 48 h after UV irradiation, cells were harvested
for FACS analysis, and the percentage of sub-G1 cells was
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pS3 appears to be capable of attenuating the signals in response
to UV exposure.

Nongenotoxic pharmacological
accumulation of p53 confers resistance

to UV irradiation

To further investigate the apparent protective role of p53 upon
UV irradiation, we pretreated U20S cells with the drug candidate
Nutlin-3, a compound that specifically binds to the hydrophobic
pocket of Mdm?2, thereby disrupting the interaction of p53 and
Mdm?2 (Vassilev et al., 2004). Nutlin-3 prevents the Mdm?2-
mediated ligation of ubiquitin to p53, thereby increasing
pS3-mediated transcription. Initially, the idea behind the develop-
ment of Nutlin-3 was mainly to induce p53-dependent apoptosis
in tumor cells, and this turned out to be achievable in selected
tumor species (e.g., certain leukemias and lymphomas; Kojima
et al., 2005; Stuhmer et al., 2005; Petre et al., 2007; Sarek et al.,
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2007). However, our previous experiments revealed that Nutlin-3
induces cell cycle arrest but does not induce detectable apop-
tosis in U20S cells and several other cell species (Kranz and
Dobbelstein, 2006).

Accordingly, treatment with Nutlin-3 led to the accumula-
tion of p21 in U20S cells, which is in analogy to Mdm?2 knock-
down. However, in contrast to Mdm?2 siRNA, Nutlin-3 induced
the accumulation of Mdm?2 (Fig. 3 A) as observed previously
(Vassilev et al., 2004; Kranz and Dobbelstein, 2006), perhaps as
a result of increased p53-mediated transcription of the Mdm?2
gene. Next, the cells were UV irradiated, and their response
was assessed by immunoblot analysis at various time points af-
ter irradiation. p21 decreased upon UV irradiation, presumably
as a result of proteasomal degradation, as described previously
(Bendjennat et al., 2003). Strikingly, blocking Mdm2 by Nutlin-3
or siRNA attenuated caspase 3 and PARP cleavage as well as
the accumulation of phospho-H2AX, phospho-JNKs, and Chk1
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Figure 3. Pharmacological as well as siRNA-mediated preactivation of p53 inhibits the UV response. (A) U20S cells were transfected with 30 nM siRNA
(sicontrol#1 or siMdm?2). After 24 h, cells were treated with 8 pM Nutlin-3 or the solvent DMSO. After an additional incubation for 24 h, the cells were UV
irradiated (20 J/m?) and harvested O, 2, and 6 h after irradiation for Western blotting. The asterisk indicates a nonspecific band. (B) Quantitative real-time
PCR analysis of TP53, p21, Survivin, NOXA, and PUMA mRNA in U20S cells was performed to determine the corresponding relative mRNA levels after
transfection with 30 nM of the indicated siRNAs O, 2, and 6 h after UV irradiation (20 J/m?). Glyceraldehyde 3-phosphate dehydrogenase mRNA was
used as an internal control. Error bars represent SD.

BRCA1 AND Tir60 DETERMINE THE UV RESPONSE

201



202

(Fig. 3 A). Thus, Nutlin-3 confers protection to the UV response,
as did Mdm?2 knockdown.

We also determined whether the removal of photoproducts
in UV-irradiated U20S cells was affected by Nutlin-3. However,
pretreatment of cells with Nutlin-3 did not result in a difference
in the immunostaining intensity of CPDs or 6-4 photoproducts
at various time points after irradiation (Fig. S3, available at
http://www.jcb.org/cgi/content/full/jcb.200712014/DC1). Thus, the
antiapoptotic effect of p53 activation by Nutlin-3 before UV ir-
radiation does not appear to be based on accelerated DNA repair.
Instead, preaccumulated p53 blocks signaling in response to UV
exposure despite the unchanged rate of removing DNA lesions.

To clarify the involvement of p53 target genes in the UV
response, we determined the mRNA levels of 7P53 and some of
its target genes upon UV irradiation in cells depleted of p53 or
Mdm?2 (Fig. 3 B). The transfection of siMdm?2 alone increased
p21 mRNA and PUMA mRNA levels, whereas mRNA levels of
the p53-repressed gene Survivin decreased as expected. NOXA
mRNA levels increased upon irradiation, but this was observed
regardless of p53 or Mdm?2 knockdown, arguing that this activa-
tion is p53 independent. PUMA mRNA levels decreased upon
irradiation, again independently of the transfected siRNA. Thus,
none of the genes that responded to UV irradiation did so in a
p53-dependent manner, which is in line with our observation
that UV-induced apoptosis does not require p53 (Fig. 2).

Long-term cytotoxicity of UV irradiation

is attenuated by Nutlin-3

Next, we assessed whether the short-term reduction of caspase
activity conferred by Nutlin-3 on UV-irradiated cells is reflected
by increased long-term survival. Again, U20S cells were treated
with Nutlin-3 or only the DMSO solvent (control) 24 h before
irradiation. Subsequently, the cells were irradiated (or not) with
UV light. After an additional incubation for 24 h, the cellular DNA
content was quantified by flow cytometry. As expected, the propor-
tion of cells with a sub-G1 DNA content was high (~18%) upon
UV irradiation in DMSO-pretreated cells. However, pretreatment
with Nutlin-3 reduced this to <6%. Costaining of living cells with
propidium iodide and annexin V confirmed the proapoptotic effect
of UV light and its inhibition by Nutlin-3, as revealed by a reduced
proportion of annexin V—positive cells (Fig. 4 A). Caspase cleav-
age was also found to be reduced in the Nutlin-treated cells at this
time point (Fig. S2 C). This strongly suggests that the cell death re-
sponse to UV is still attenuated by Nutlin-3 at 24 h after irradiation.
To test the long-term outcome, clonogenic assays were performed.
After pretreatment with Nutlin-3 and/or UV light, U20S cells
were seeded for 7-10 d to form colonies, which were then stained
and counted. Again, pretreatment with Nutlin-3 strongly increased
the proportion of colonies that formed from UV-exposed cells as
compared with nonirradiated cells (Fig. 4 B). We conclude that
pretreatment of cells with the nongenotoxic p353 activator Nutlin-3
increases the long-term survival of cells upon UV irradiation.

Preactivation of p53 attenuates the UV
response in keratinocytes

Because U20S cells, despite their convenient handling and trans-
fection properties, are not derived from naturally UV-exposed
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tissue, we assessed whether keratinocytes would behave similarly
in response to Nutlin-3 and/or UV irradiation. Immortalized
keratinocytes (EPC2hTert; Fig. 5 A; Harada et al., 2003) as well
as primary normal human epidermal keratinocytes (NHEKS;
Fig. 5 B) were protected by Nutlin-3 from UV-induced phosphory-
lation of H2AX and caspase activity, similar to U20S cells.
Phospho-JNK accumulation, although occurring with different
kinetics, was also largely abolished by pretreatment with Nutlin-3
(Fig. 5 C). Furthermore, flow cytometry revealed that the same
cells accumulated in the sub-G1 fraction (indicative of cell death)
upon UV irradiation but did so to a much lesser extent when
the cells were pretreated with Nutlin-3 (Fig. 5 D). Thus, pre-
activation of p53 by Nutlin-3 protects keratinocytes against UV-
induced DDR.

p21 is required for UV protection and for
suppression of BRCA1 levels by p53
p21, the cyclin-dependent kinase inhibitor and product of the
CDKNIA gene, has been reported to confer protection against
apoptosis in various settings (Roninson, 2002). On the other
hand, the expression of CDKNIA/p21 is strongly enhanced by
p53. Therefore, we tested whether the increased amounts of p21
in cells that were pretreated with Nutlin-3 might be required for
UV protection. In parallel to treatment with Nutlin-3 and/or UV
irradiation, U20S cells were transfected with siRNA to knock
down p21 or with control siRNA. As shown in Fig. 6 A, the
knockdown of p21 largely abolished the preventive effect of
Nutlin-3 on UV-induced PARP and caspase cleavage, indicating
that the induction of p21 is essential for the prevention of UV-
induced apoptosis by p53 activation. However, loss of p21
somewhat impaired caspase activation in response to UV treat-
ment when Nutlin-3 was absent, arguing that a minimum amount
of p21 is required for apoptosis despite the protective effect of
larger amounts. Such dose-dependent opposite roles of CDK in-
hibitors have been described previously (Di Cunto et al., 1998;
Denicourt and Dowdy, 2004). In any case, long-term assays did
not show a significant difference in UV-surviving colonies when
p21 was knocked down, as detailed at the end of this section.

In addition to caspase cleavage, we observed that knock-
down of p21 to some degree permitted JNK and H2AX phos-
phorylation even in the presence of Nutlin-3, at least at 6 h after
irradiation (Fig. 6 A). Thus, p21 appears to be not only respon-
sible for attenuating the apoptotic response but also for reduc-
tion in the primary DNA damage—induced signaling cascade.

To understand how p21 suppresses UV DDR, we took
into account that the repression of E2F/NF-Y-responsive genes
(such as Stathmin, Survivin, Cdc25c, Chkl, and BRCAI) by p53
depends on p21 (Lohr et al., 2003). Indeed, we observed that the
DDR mediator BRCA1, but not a functionally related gene pro-
duct, 53BP1, was suppressed in its levels by Nutlin-3. However,
BRCAL suppression was fully abolished by siRNA targeting
p21 (Fig. 6 A). siRNA to Mdm?2 also reduced the levels of
BRCAI1 (Fig. 1, A and B). These observations raised the possi-
bility that p53 attenuates the response to UV irradiation through
the suppression of BRCAI by p21.

To understand the importance of p21 and p53 for long-term
survival, we performed clonogenic assays after knocking down
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Figure 4. Nutlin-3 enhances long-term survival upon UV irradiation. (A) U20S cells were treated with 8 pM Nutlin-3 or the solvent DMSO. After 24 h,
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by further incubation with Nutlin-3 or DMSO for another period of 24 h. Thereafter, the drug was removed, and the medium was replaced. After 7 (no UV;
10 J/m?) or 10 d (20 J/m?), emerging colonies were stained with crystal violet. The results represent the percentage of surviving colonies and are shown
as the means from three independent experiments with their corresponding SEM (error bars).
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Figure 5. Nutlin-3 treatment inhibits the UV response in keratinocytes. (A-C) Immortalized keratinocytes (EPC2hTERT; A and C) and NHEKs (B) were
pretreated with Nutlin-3, UV irradiated affer 24 h as indicated, harvested at the indicated time points, and subjected to immunoblot analysis as described
in Fig. 2 A. (D) EPC2hTERT cells or NHEKs were treated with 8 pM Nutlin-3 or DMSO for 24 h and UV irradiated. The cell cycle profile was determined
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staining. The results represent the percentage
of surviving colonies and are shown as the
means from three independent experiments
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p21 or p53 followed by treatment with Nutlin and/or UV ir-
radiation (Fig. 6 B). Only control-transfected cells pretreated with
Nutlin-3 but not Nutlin-treated cells transfected with siRNA to
p21 or p53 showed a significant increase in the proportion of sur-
viving colonies compared with their DMSO-treated counterparts.
Thus, p53 and p21 are necessary for UV protection by Nutlin-3.

BRCA1 is required for the cellular
response to UV-induced DNA damage

To assess the role of BRCA1 in the response to UV, we tested three
different siRNAs to BRCA1 concerning their efficiency in U20S

sip53-DMSO  sip53-Nutlin-3  sip21-DMSO  sip21-Nutlin-3

cells (Fig. S4 A, available at http://www.jcb.org/cgi/content/full/
jcb.200712014/DC1). We achieved a reduction to 20-30% of the
original mRNA levels, which was comparable with Nutlin-3—
treated cells. The knockdown of BRCA1 largely abolished the
phosphorylation of JNK and H2AX upon UV irradiation as well
as the cleavage of PARP and caspase 3 (Figs. 7 A and S4 B). When
BRCA1 was eliminated, the addition of Nutlin-3 had little
additional effect on phospho-JNK and phospho-H2AX levels
(Fig. 7 A). This suggests that BRCA1 elimination is part of the
pathway (epistatic) induced by p53 to attenuate UV DDR. Of note,
BRCAT1 levels were reduced upon UV irradiation, even without
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previous knockdown, perhaps as part of a mechanism that provides
a negative feedback on the UV response (Andres et al., 1998).

To identify downstream transmitters of BRCA1, we also
eliminated the JNKs. As expected from a previous study (Lu
et al., 2006), the knockdown of JNK1 or JNK2 each attenuated
the UV response in a manner analogous to the knockdown of
BRCAL (Fig. 7 B), suggesting that the requirement of BRCA1 in
UV DDR is at least partially based on its contribution to JNK
activation. In contrast, the phosphorylation of Chk1 was neither
affected by BRCAL1 nor by JNK levels (Fig. 7, A and B), and
knocking down Chkl1 did not attenuate the apoptotic response
to UV (Fig. S4 C), which is in agreement with an earlier study
(Niida et al., 2005). Thus, it appears that Chk1 is not a positive
contributor to UV DDR in the system under study despite its
known role in p53 phosphorylation (Shieh et al., 2000) and despite
the ability of preactivated p53 to repress the levels of phosphorylated
and total Chk1 in a p21-dependent fashion, as shown in Figs. 6 A
and 7 A as well as in our previous study (Lohr et al., 2003).

To analyze the protective effect of removing BRCALI or
JNK1/2 at a later time point, we harvested the transfected cells
24 h after UV irradiation for flow cytometry (Fig. 7 C). Upon
transfection with siRNAs targeting BRCA1 as well as JNK2 and
Mdm?2, a reduced proportion of cells was found in the sub-G1
fraction compared with two different control siRNAs. Unlike
the knockdown of Mdm?2, neither the removal of BRCA1 nor
that of Tip60 or JNK1/2 induced a detectable shift in cell cycle
distribution, as determined by DNA content analysis and by
BrdU incorporation (Fig. S5, A and B; available at http:/www
Jjeb.org/cgi/content/full/jcb.200712014/DC1). Also, eliminating
BRCAL did not detectably alter the levels of p21 (Fig. 7 A),
in contrast to a recent study that described an inhibitory effect
of BRCA1 on p21 expression (Moisan and Gaudreau, 2006).
This suggests that the inhibitory effects of the siRNAs to BRCAL1
and Tip60 on DDR do not represent a result of cell cycle regu-
lation (see Discussion). To assess long-term survival, we again
performed clonogenic assays, revealing that reduction of JNK1
or JNK2, like that of Mdm?2, also resulted in an increased pro-
portion of colonies upon UV treatment (Fig. 7 D). Curiously,
BRCAL1 knockdown largely abolished the formation of colonies
both in unirradiated and UV-treated cells (unpublished data), per-
haps reflecting the role of BRCA1 in the maintenance of genomic
stability. In agreement, BRCA1-deficient cells were reported to
contain lagging chromosomes, indicating defects in DNA de-
catenation and chromosome segregation (Lou et al., 2005).
In conclusion, the removal of JNKs and, at least on the short
term, that of BRCAL is sufficient to confer a similar protection
against UV irradiation as the preactivation of p53 by Nutlin-3.
Thus, the suppression of BRCA1 and phospho-JNK1/2 repre-
sents at least one, and possibly the major, contribution of p53 to
attenuation of the cellular response to UV-induced damage.

Reductions in Mdm2 or BRCA1 impair
RPA loading and the phosphorylation of
ATR substrates, whereas knockdown of
Tip60 only inhibits the latter

Association of the RPA complex with single-stranded DNA is
required for the recruitment of ATR/ATR-interacting protein to
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the sites of DNA damage, leading to activation of the DDR
(Zou and Elledge, 2003). Upon DNA damage by UV irradia-
tion, RPA2 becomes highly phosphorylated (Binz et al., 2004).
To investigate the early UV response, we analyzed the levels
and phosphorylation of RPAs upon UV irradiation (Fig. 8 A),
and we isolated chromatin from U20S cells after the same
treatment (Fig. 8 B). RPA levels were not detectably affected
by UV light. However, as reported before, RPA1 and RPA2
were recruited onto the chromatin, and RPA2 was phosphory-
lated, as determined by staining with a phospho-specific anti-
body. Some Tip60 was also present in the chromatin-associated
unsoluble fraction, perhaps reflecting its association with his-
tones (Fig. 8 B). To investigate the influence of Tip60, Mdm?2,
and BRCA1 on RPA loading and phosphorylation, cells were
transfected with the corresponding siRNAs, and chromatin was
extracted 4 h after irradiation. Depleting cells of Tip60 did not
detectably affect RPA loading (Fig. 8 B) or RPA phosphoryla-
tion (Fig. 8, A and B). Analogous results were obtained in the
p53-deficient cell line Saos-2 (unpublished data). In contrast,
cells transfected with siRNA to Mdm?2 or BRCAI1 showed
decreased RPA loading and RPA2 phosphorylation upon UV
irradiation. We conclude that a reduction in Mdm2 and/or
BRCAL levels prevents one of the earliest known steps in the
UV response (i.e., loading of RPA onto chromatin). Mdm?2
knockdown might also elicit this effect by cell cycle arrest, but
in the case of BRCAL, it appears that its elimination interferes
with RPA phosphorylation and chromatin loading despite on-
going DNA replication (Fig. S5 B).

Tip60 levels were reduced upon UV irradiation but were
retained in whole cell extracts of siBRCA1- and siMdm?2-
transfected cells upon UV exposure (Figs. 1 A and 8 A). This re-
duction appears to occur through a combination of enhanced
degradation and reduced RNA levels (unpublished data).

The ATR kinase is generally considered as the primary
mediator of the UV-induced DDR. Therefore, we investigated
the impact of Tip60, Mdm2, and BRCA1 on the phosphory-
lation of ATR substrates. U20S cells were transfected with con-
trol siRNAs or siRNAs targeting Tip60, Mdm2, BRCA1, and
ATR. Cells were harvested 4 h after UV irradiation (Fig. 8 C).
In sicontrol-transfected cells, UV irradiation induced the appear-
ance of several epitopes corresponding to ATR/ATM substrates
that are phosphorylated at specific S*/T*Q sites (Stokes et al.,
2007). As expected, siRNA to ATR abrogated the phosphory-
lation of a substantial portion of proteins, confirming the speci-
ficity of the antibody for ATR substrates. Strikingly, Tip60
knockdown also abolished the occurrence of the majority of
ATR/ATM substrate epitopes in U20S cells (Fig. 8 C) and Saos-2
cells that lack p53 (Fig. 8 D), strongly suggesting a crucial
and p53-independent role of Tip60 in the activation of ATR.
However, Tip60 knockdown did not alter total ATR protein levels.
Similar to Tip60 knockdown, Mdm2 and BRCA1 knockdown
also decreased the phosphorylation of ATR/ATM substrates,
albeit to different extents for different protein substrates (Fig. 8 C).
Thus, reductions in Mdm2, BRCA1, and Tip60 each appear to
interfere with the phosphorylation of ATR substrates, although
only the Mdm2—-p53—-p21/BRCA1 pathway affects the loading
of RPA onto chromatin.
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Figure 7. Knockdown of BRCAT1, JNK1, or JNK2 impairs the DDR upon UV irradiation. (A and B) U20S cells were transfected with 30 nM siRNAs target-
ing BRCAT (A) or JNKs (B) and were processed as described in Fig. 5 A. Asterisks indicate nonspecific bands that were not eliminated by JNK siRNAs.
Note that Nutlin-3 strongly reduced BRCA1 levels, apparently as a function of p21 induction (compare with Fig. 6 A). (C) U20S cells were transfected with
30 nM of the indicated siRNAs. After 48 h, the cells were UV irradiated (20 J/m?) or not irradiated, and the proportion of the sub-G1 fraction (M1) was
determined by flow cytometry 24 h later. (D) U20S cells were transfected with 30 nM siRNAs and treated as described in Fig. 5 A. Emerging colonies
were counted, and statistical analysis was performed as described in Fig. 6 B. The results represent the percentage of surviving colonies and are shown as
the means from three independent experiments with their corresponding SEM (error bars).
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Discussion

In an attempt to identify the mechanisms by which Tip60 con-
tributes to UV-induced apoptosis, we were surprised to find p53
completely dispensible for this response. On the contrary, pre-
accumulated p53 efficiently prevented the signaling and apop-
totic response to UV irradiation. At least one of the underlying
mechanisms appears to consist of the induction of p21, with
subsequent suppression of the DDR mediator BRCA1. BRCA1
enables the loading of RPA onto chromatin and the phosphory-
lation of some ATR substrates upon UV irradiation. Tip60, on
the other hand, is not required for RPA loading, but it does me-
diate ATR substrate phosphorylation. Both Tip60 and BRCA1
function as mediators of JNK activation. This model is summa-
rized in Fig. 9.

Tip60 as an upstream component of

UV DDR

In a previous study, the role of Tip60 in response to UV ir-
radiation was attributed to its role as a cofactor of p53-induced
transcription (Tyteca et al., 2006). In contrast to such a model,
our results show that the knockdown of p53 does not affect the
UV response under circumstances in which a reduction of Tip60
largely eliminates UV-induced apoptosis. Moreover, knocking
down Tip60 diminishes the UV response even in cells that lack
p53 entirely. These findings make it clear that the role of Tip60
in the UV response is independent of p53. Instead, we observed
that Tip60 is required for the phosphorylation of factors in-
volved in the DNA damage—induced signaling cascade, such as
H2AX, INK1/2, and ATR substrates. Thus, Tip60 is required
for the upstream UV-induced DDR mechanisms.

Tip60 was previously implicated in the activation of tran-
scription by p53. Initially, its major role was seen in the activa-
tion of CDKNIA/p21 (Berns et al., 2004; Legube et al., 2004).
However, in more recent studies, Tip60 was found to be mainly
required for the activation of proapoptotic genes through the
acetylation of pS3 (Sykes et al., 2006; Tang et al., 2006). Our siRNA
studies revealed that the impact of different Tip60-targeted
siRNAs on p21 levels varied (unpublished data), whereas their
impact on Tip60 levels and on the UV response remained con-
stant, suggesting some caution about the previously suggested
role of Tip60 in CDKNIA/p21 expression. In any case, our results
strongly suggest that the role of Tip60 in the UV response does
not depend on its putative impact on p53.

We found that Tip60 plays an important role in early
phosphorylation of the JNKs after UV irradiation, as siRNA to
Tip60 consistently decreased the levels of phospho-JNK1 and
-JNK2 independently of p53 status (Figs. 1 B and 2 A). We spec-
ulate that the interaction of Tip60 with MEKK1, one of the up-
stream kinases of JNK in the UV response, might enable JNK
phosphorylation (Zhu et al., 2006; Song and Lee, 2007).

Mdm2

Nutlin-3 —Il

p53

v

p21

L

BRCA1

‘.
/v RPA Ioacing

uv Yy . ATR phospho-H2AX
A | INK apoptosis
Tip60

Figure 9. p53 and Tip60 each modulate the response to UV irradiation.
A schematic model is provided to summarize the pathways that enhance or
inhibit the UV-induced DDR. Arrows indicate activation, and bars represent
inhibition. p53 activity leads to a reduction in BRCA1 levels. BRCAT but
not Tip60 triggers the recruitment of RPA on chromatin, contributing to ATR
and JNK activation. Tip60 also mediates the activation of ATR and JNK, but
without affecting RPA recruitment. ATR and JNK activity trigger histone 2AX
phosphorylation and apoptosis.

A role of Tip60 in the regulation of phospho-H2AX was
previously described in the Drosophila system (Kusch et al.,
2004). There, however, Tip60 was found to promote the removal
of phospho-H2AX from DNA lesions, not its accumulation.
Possibly, Tip60 is required for the dynamics of phospho-H2AX
in mammalian cells as well, but with an opposite net effect.
Along this line, it has been previously found that Tip60 binds,
acetylates, and activates the ATM kinase (Sun et al., 2005; Jiang
et al., 2006). ATM is induced by DNA double-strand breaks,
typically resulting from v irradiation but not primarily from UV
irradiation. Furthermore, Tip60 is involved in the repair of DNA
double-strand breaks (Murr et al., 2006) and is required to acti-
vate ATM by pl14ARF (Eymin et al., 2006). On the other hand,
Tip60 was found to be capable of interacting with the FATC do-
main of ATR (Jiang et al., 2006) and enhancing ATR phosphory-
lation (Cheng et al., 2008), which is compatible with our
observations that suggest ATR regulation by Tip60 (Fig. 8).
In addition, Tip60 may modulate the DDR through its impact on
gene expression. Tip60 represents a cofactor for numerous tran-
scription factors (Sapountzi et al., 2006; Squatrito et al., 2006),
and its knockdown is therefore likely to affect the transcription
of many genes. Although the impact of Tip60 on postirradiation
protein synthesis does not appear to be required for its effect on

immunoblot analysis of the indicated proteins. (B) U20S cells were transfected and UV irradiated as in A. Subsequently, the chromatin-associated insoluble
fraction was extracted 4 h after irradiation (see Materials and methods), and proteins were analyzed by Western blotting. (C) U20S cells were transfected
with 30 nM siRNAs as indicated. After 48 h, they were UV irradiated (20 J/m?) and harvested 4 h later for Western blot analysis of phosphorylated
ATR/ATM substrates. (D) Saos-2 cells were treated as in C and harvested at the indicated time points after irradiation. Arrows indicate ATR/ATM substrates

that were phosphorylated by UV irradiation.
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DDR (Fig. 1 C), the removal of Tip60 may still affect DDR
through altered gene product composition that already occurs
before the onset of DNA damage.

Mdm?2 has been reported to mediate the ubiquitination of
Tip60 (Legube et al., 2002). Indeed, we observed a reduction of
Tip60 in response to UV, and this was actually prevented by
knocking down Mdm?2. However, siRNA to BRCA1 abolished
Tip60 reduction with similar efficiency (Fig. 8 A). Moreover,
Nutlin-3 strongly augmented Mdm?2 but did not affect Tip60
levels in nonirradiated cells (Fig. 3 A), although the binding site
on Mdm?2 for Nutlin-3 (and p53) does not appear to overlap
with the Tip60-binding site (Legube et al., 2004). Therefore, we
propose that Mdm?2 contributes to Tip60 degradation indirectly,
preventing BRCA1 repression through p53 and thereby en-
abling the UV response.

Suppression of BRCA1 levels by p53
and p21
We propose that enhanced p21 levels inhibit UV DDR, at least
in part, by repressing BRCAI expression. In agreement with
this, a previous study suggested that p400 is required for
UV DDR and that p400 knockdown leads to an inhibition of UVC-
induced apoptosis while increasing p21 (Tyteca et al., 2006).
On the other hand, it is of interest to note that in response to UV
irradiation, the amounts of p21 are reduced by several mecha-
nisms including proteasomal degradation (Bendjennat et al.,
2003). Moreover, the transcription of CDKNIA/p21 is only
poorly induced by p53 under such circumstances, presumably
as a result of the recruitment of a transcriptionally inactive me-
diator complex to its promotor (Donner et al., 2007). The re-
pression of p21 levels upon UV exposure may ensure a death
response when the DNA damage is too severe to be repaired.
It was suggested that p53 might interfere with JNK by di-
rect physical interaction (Lo et al., 2004). In contrast, we found
the protective effect of Nutlin-3 to strictly depend on p21 induc-
tion (Fig. 6 A), strongly suggesting that the activity of p53 as a
transcription factor is required for its ability to attenuate the
UV DDR. The antiapoptotic effect of p21 may partially be caused
by reduced DNA replication, possibly preventing cells that carry
single-strand breaks from entering S phase and undergoing rep-
lication catastrophe-induced apoptosis. Importantly, however,
reduction of the BRCAL levels by siRNA did not alter the cell
cycle distribution but nevertheless conferred protection against
UV-induced apoptosis. Thus, the reduction in BRCA1 levels
alone is sufficient for UV protection, but additional mechanisms
such as cell cycle arrest or interaction with apoptosis signal-
regulating kinase 1 (ASK1; Huang et al., 2003) may further con-
tribute to the ability of p21 to attenuate the UV response.
Several genes, including BRCA I, can be negatively regu-
lated rather than induced by p53. We have previously shown
that this negative regulation requires the induction of CDKNI1A/
p21, possibly through the inhibition of cyclin-dependent ki-
nases, the hypophosphorylation of Rb pocket proteins, and the
negative regulation of E2F-induced transcription (Lohr et al.,
2003). In agreement with this, BRCAI was found to be induced
by E2F-1 (Wang et al., 2000) and repressed by E2F-6 (Yang
et al., 2007). On top of this, p5S3-repressed genes were found to
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accumulate a complex of NF-Y and p53 on their promoters
(Imbriano et al., 2005), and the same may also be true for BRCA1
(Ceribelli et al., 2006).

The role of BRCAL in response to UV exposure was par-
tially explored in previous studies, with controversial results.
BRCAL is capable of interacting with ATR, resulting in BRCA1
phosphorylation in response to UV irradiation (Tibbetts et al.,
2000). This phosphorylation event was found to be required for
the activation of caspase-3 under similar conditions (Martin and
Ouchi, 2005). Indeed, BRCA1 may activate caspases by bind-
ing the X-linked inhibitor of apoptosis protein (XIAP) in a
phosphorylation-dependent manner (Martin and Ouchi, 2005).
Vice versa, it was reported that caspases activate BRCA1 by spe-
cific cleavage (Zhan et al., 2002). The results shown here imply
that BRCA1 may not only act as a proapoptotic transmitter of
ATR signaling but also as an upstream regulator of RPA recruit-
ment and ATR substrate phosphorylation (Fig. 8). Moreover, our
data suggest that the knockdown of BRCA1 impairs activation
of the JNK pathway in response to UV irradiation. In support of
this, BRCA1 may promote JNK activation and apoptosis through
GADDA45 expression (Harkin et al., 1999). More directly, how-
ever, it has been shown that BRCA1 interacts with MEKK3, an
upstream regulator of the JNK pathway, and this interaction was
found to be required for JNK activation (Gilmore et al., 2004).

We observed that depletion of Mdm2 or BRCA1 de-
creased RPA loading on the chromatin and RPA2 phosphory-
lation upon UV exposure (Fig. 8, A and B). In the case of siRNA
to Mdm?2, cell cycle arrest may contribute to this effect because
RPA is known to be active during DNA replication (Szuts et al.,
2003). In the case of BRCA1, however, this explanation does
not apply (Fig. S5 B, available at http://www.jcb.org/cgi/
content/full/jcb.200712014/DC1). Rather, it seems that BRCA1
largely contributes to recruitment of the RPA complex to dam-
aged DNA, possibly allowing efficient ATR activation.

The question remains why the knockdown of BRCA1 re-
sulted in reduced rather than increased colony formation, whereas
Mdm?2 knockdown or Nutlin-3 also reduced BRCA1 levels
but still had the opposite effect on colony numbers (Fig. 7 D).
Perhaps the elimination of BRCALI is only tolerated when
the cells are arrested in the G1 or G2 phases of the cell cycle.
This model is supported by the notion that BRCA1 is required
for chromosomal decatenation during DNA replication and
cell division (Lou et al., 2005). Furthermore, cells transfected
with siRNA targeting the BRCA1/BARD-heterodimer complex
displayed defective chromosome segregation and malformed
nuclei, supporting its requirement for accurate assembly of the
mitotic spindle (Joukov et al., 2006). Other prosurvival activities
of BRCA1 include its contribution to recombination repair while
being recruited to nuclear foci upon UV exposure (Dunn et al.,
2006; Wang, 2007). Furthermore, BRCA1 has been demonstrated
to ubiquitinate RPBS8, an RNA polymerase subunit, contributing
to cell survival after UV irradiation (Wu et al., 2007).

p53 as a survival factor

A protective role of p53 for DNA-damaged cells is somewhat
counterintuitive, at least at first glance, because p53 has long
been known for its ability to induce apoptosis in response to



genotoxic stress. However, previous data suggest that p53 can
actually act as a survival factor, at least under specific circum-
stances. For instance, the presence of p53 enhances the survival
of retinal cells upon UV irradiation during Drosophila develop-
ment (Jassim et al., 2003). Moreover, in mammals, the protec-
tive tan response to UV was recently found to depend on p53 in
a paracrine fashion through the induction of proopiomelano-
cortin (Cui et al., 2007). Our findings point out an even more
direct role of p53 in the protection of cells in that it attenuates
the upstream signaling cascades in response to UV irradiation.
We speculate that this might be of particular advantage during
the adaptation to repeated sunlight exposure. In such a scenario,
the activation of p53 by a nonlethal first exposure might render
cells resistant to subsequent, more extensive irradiation.

These findings and considerations suggest that p53 is
promoting cell survival in some instances, especially in UV-
exposed tissues. Thus, even in tumor cells, mutating or inactivat-
ing p53 might not necessarily prevent cell death. In accordance
with this, p53 mutations are rarely found in primary malignant
melanoma but appear to be more prevalent in metastases of this
tumor species (i.e., in cells that are no longer exposed to UV
light; Hussein et al., 2003). Along the same line, not all human
papillomaviruses encode E6 proteins that efficiently mediate
the ubiquitination and degradation of p53, such as the types 16
and 18 associated with cervical carcinomas. In contrast, the E6
proteins from skin wart—associated papillomaviruses leave p53
intact (Storey, 2002), possibly because UV-exposed warts sur-
vive more easily when p53 remains functional.

Cellular vigilance to DNA damage subject
to pharmacological manipulation

Irradiation with UV light is frequently used to treat dermato-
logical disorders (e.g., psoriasis). Depending on the desired out-
come (destruction or proliferation of cells), it might be beneficial
to manipulate p53 activity before irradiation. Both activation
and inhibition of p53 have been achieved through drug can-
didates such as Nutlin-3 (Vassilev et al., 2004) and pifithrin
(Komarov et al., 1999), respectively. According to our study,
it might become a useful therapeutic strategy to combine UV
irradiation with the manipulation of p53. Earlier work from our
group already suggested that Nutlin-3 or similar activators of
p53 might help to protect normal cells from the cytotoxic effects
of nucleoside analogues (Kranz and Dobbelstein, 2006). It is
becoming increasingly clear that the DDR in general not only
depends on the extent of DNA damage itself and is not only de-
termined by the direct executors of the DDR-induced signaling
cascades; rather, DDR can be tuned to different levels, depend-
ing on the vigilance toward genotoxicity required by individual
cells. Manipulating this level of vigilance may enhance the effi-
cacy and/or reduce the side effects of genotoxic cancer therapy.

Materials and methods

Cell culture, transfection, and irradiation

U20S and Saos-2 cells were maintained in DME. Media were supple-
mented with 10% FBS. Immortalized keratinocytes (EPC2-hTERT; a gift from
O.G. Opitz, Department of Medicine, University of Freiburg, Freiburg,
Germany; Harada et al., 2003) were maintained in serum-free media sup-

plemented with 0.2 ng/ml EGF and 25 pg/ml bovine pituitary extract
(all from Invitrogen). NHEKs were obtained from PromoCell and were grown
in keratinocyte growth medium 2 with supplements. Nutlin-3 (Qbiogene)
was dissolved in DMSO and stored at —20°C as a stock solution of
25 mg/ml (43 mM). Cells were treated with 8 yM Nutlin-3 or its solvent
DMSO alone. All siRNA duplexes, including siRNA control #1 and siRNA
control #2, were purchased from Ambion (with the exception of the siRNA
to p21, which was purchased from Santa Cruz Biotechnology, Inc.) and
are described in Table S1 (available at http://www.jcb.org/cgi/content/
full /jcb.200712014/DC1). For siRNA transfection, cells were incubated
with 30 or 100 nM siRNA and Lipofectamine 2000 (Invitrogen). UV-C
irradiation was administered using a UV cross-linker (Hoefer).

Immunoblots and chromatin isolation

Whole cell extracts were prepared by lysing the cells in urea buffer (8 M
urea, 0.1 M NaH,PO,, and 10 mM Tris-HCI, pH 7.5). Chromatin isolation
was performed as described previously (Liu et al., 2007). Proteins were ana-
lyzed by Western blotting. The antibodies to p21/cip1/waf1 (Ab-1), BRCA1
(Ab-1), PARP (Ab-2), p53 (Ab-6 and Ab-2), RPAT (Ab-1), and RPA2 (Ab-2)
were purchased from EMD; those to -actin (AC-15), Nucleolin, Chk1, and
PCNA (PC-10) were purchased from Abcam; the antibody to y-H2AX was
obtained from Millipore; the antibody to S4/8P RPA2 was purchased from
Bethyl Laboratories; the antibody to Ku-70 was obtained from Santa Cruz
Biotechnology, Inc.; and antibodies to cleaved caspase 3 (5A1), JNK,
53BP1, S317P Chk1, T183P/Y185P JNK, and S/T-ATM/ATR substrates
were purchased from Cell Signaling Technology. The monoclonal mouse
antibody 2A9 against Mdm2 and the polyclonal rabbit antibody to Tip60
were gifts from AJ. Levine (The Cancer Institute of New Jersey, New Bruns-
wick, NJ) and B. Amati (Department of Experimental Oncology, European
Institute of Oncology, Milan, ltaly), respectively. Primary antibodies were de-
tected by chemiluminescence (Thermo Fisher Scientific) using a peroxidase-
coupled secondary antibody (Jackson ImmunoResearch Laboratories).

Flow cytometric analysis

After the treatment, adherent and floating cells were pooled and processed
for flow cytometry as described previously (Kranz and Dobbelstein, 2006).
The intensity of staining was determined for 10,000 cells in each assay
using the FACScan Flow Cytometry system (Becton Dickinson). The sub-
diploid population (M1) was calculated to reflect the proportion of apoptotic
cells. For annexin V staining, the cells were treated and harvested by tryp-
sination, incubated with FITC-conjugated annexin V (Abcam), and counter-
stained with propidium iodide. Thereafter, the samples were analyzed by
flow cytometry for the presence of viable (double negative for annexin V
and propidium iodide), early apoptotic (only annexin V positive), and late
apoptotic cells (double positive for annexin V and propidium iodide).

Clonogenic survival assays

500 cells per plate were seeded in triplicates and treated with Nutlin-3/
DMSO after 24 h for an additional period of 24 h. Then, the cells were
UV irradiated and further incubated with Nutlin-3/DMSO. 24 h after ir-
radiation, the medium was replaced by drug-free medium. 7-10 d later,
the emerging colonies were fixed, stained with crystal violet, and counted.
For other clonogenic assays, cells were transfected with the indicated
siRNAs. After 48 h, the cells were UV irradiated and trypsinized, and a
constant percentage of the cells in each sample was seeded in 3.5<m
wells in triplicate. After 7-10 d, the emerging colonies were fixed, stained
with crystal violet, and counted. The ratio of surviving colonies was calcu-
lated as the number of colonies after UV versus the number of colonies
without UV. Results presented indicate the means from three different ex-
periments with their corresponding SEMs.

Statistics
For statistical analysis, the t test for two samples, assuming equal variances,
was used.

RT-PCR analysis

Total RNA was extracted using TRIZOL (Invitrogen) followed by reverse
transcription with the First Strand cDNA Synthesis kit (Roche). Quantitative
realtime PCR was performed with a realtime PCR system (7300; Applied
Biosystems) using the 2x Sybr green PCR Master Mix with AmpliTag-
gold-polymerase (Applied Biosystems). All samples were analyzed in tripli-
cate. The data were analyzed with the 7300 system software (Applied
Biosystems) using glyceraldehyde 3-phosphate dehydrogenase as an inter-
nal control. All primers are listed in Table S2 (available at http://www.jcb
.org/cgi/content/full/jcb.200712014/DC1).

BRCA1 AND TiPr60 DETERMINE THE UV RESPONSE ¢ Kranz et al.

211



212

Immunofluorescence

Cells were grown on chamber slides (Thermo Fisher Scientific), treated with
Nutlin-3, and UV irradiated. After different time points, the cells were fixed
with 4% PFA in PBS and permeabilized with 0.2% Triton X-100 in PBS, and
the DNA was denatured by incubation with 2 M HCl for 30 min at room tem-
perature. After extensive washing with PBS, unspecific binding was blocked
by incubation with 10% FBS in PBS. The cells were incubated with primary
antibodies staining CPDs and 6-4 photoproducts (both were obtained from
Medical and Biological Laboratories) followed by an incubation with Alexa-
Fluor594-conjugated anti-mouse IgG antibody (Invitrogen). DNA was counter-
stained with DAPI followed by mounting with Fluoprep (bioMérieux).
The samples were viewed with a fluorescence microscope (Bx51; Olympus)
with a 20x UPlanFI NA 0.5 objective lens (Olympus) equipped with standard
fluorescence filters. Images were obtained with a camera (DP-70; Olympus)
using DP controller software (Olympus) and the same exposure times for
each sample. Thereafter, the images were processed using Photoshop 8.0
(version 8.0; Adobe), applying the same settings for each sample.

BrdU staining

Cells were treated with 50 ypM BrdU for 1 h, trypsinized, and fixed with
70% ethanol. The DNA was denatured by incubation with 2 M HCl for
30 min at 37°C. Thereafter, the cells were extensively washed with PBS
and incubated for 1 h with anti-BrdU antibody (Abcam) and for 30 min with
AlexaFluor488-conjugated anti-mouse IgG antibody (Invitrogen). The cells
were stained with propidium iodide and analyzed by flow cytometry.

Online supplemental material

Fig. S1 shows that the efficient knockdown of Tipé0 inhibits UV-induced
apoptosis. Fig. S2 shows that Mdm2 knockdown inhibits the DDR upon UV
irradiation by preactivating p53, whereas the depletion of Tip60 inhibits
the UV response independently of p53. Fig. S3 shows that Nutlin has
no detectable impact on the induction and removal of UV-induced photo-
products. Fig. S4 shows that efficient knockdown of BRCAT using different
siRNAs impairs the UV response, whereas Chk1 knockdown does not influ-
ence the DDR upon UV irradiation. Fig. S5 shows that knockdown of Mdm2
but not BRCA1 or other gene products induces cell cycle arrest. Table S1
and Table S2 present the siRNA sequences and RT-PCR primer sequences
used in this study, respectively. Online supplemental material is available at
http://www.jcb.org/cgi/content/full/jcb.200712014/DC1.

We thank W. Vach for help with statistical analysis, O.G. Opitz for hEPC2-
hTERT cells, and AJ. Levine and B. Amati for antibodies.

Our work was supported by the Wilhelm Sander Stifung, the European
Union sixth Framework Program (Infegrated Project Active p53), the German
Research Foundation, German Cancer Aid/Dr. Mildred Scheel Stiftung, the
Statens Sundhedsvidenskabelige Forskningsréd of Denmark, the Danish Can-
cer Society, the Fonden til laegevidenskabens Fremme, the Novonordisk fon-
den, and the Fonde som bestyres af overleegeradets legatudvalg.

Submitted: 4 December 2007
Accepted: 11 June 2008

References

Andres, J.L., S. Fan, G.J. Turkel, J.A. Wang, N.F. Twu, R.Q. Yuan, K. Lamszus,
1.D. Goldberg, and E.M. Rosen. 1998. Regulation of BRCA1 and BRCA2
expression in human breast cancer cells by DNA-damaging agents.
Oncogene. 16:2229-2241.

Balajee, A.S., and V.A. Bohr. 2000. Genomic heterogeneity of nucleotide exci-
sion repair. Gene. 250:15-30.

Bartkova, J., Z. Horejsi, K. Koed, A. Kramer, F. Tort, K. Zieger, P. Guldberg, M.
Sehested, J.M. Nesland, C. Lukas, et al. 2005. DNA damage response
as a candidate anti-cancer barrier in early human tumorigenesis. Nature.
434:864-870.

Bendjennat, M., J. Boulaire, T. Jascur, H. Brickner, V. Barbier, A. Sarasin,
A. Fotedar, and R. Fotedar. 2003. UV irradiation triggers ubiquitin-
dependent degradation of p21(WAF1) to promote DNA repair. Cell.
114:599-610.

Berns, K., EXM. Hijmans, J. Mullenders, T.R. Brummelkamp, A. Velds, M.
Heimerikx, R.M. Kerkhoven, M. Madiredjo, W. Nijkamp, B. Weigelt,
et al. 2004. A large-scale RNAi screen in human cells identifies new com-
ponents of the p53 pathway. Nature. 428:431-437.

Binz, S.K., AM. Sheehan, and M.S. Wold. 2004. Replication protein A
phosphorylation and the cellular response to DNA damage. DNA Repair
(Amst.). 3:1015-1024.

JCB « VOLUME 182 « NUMBER 1 « 2008

Bode, A.M., and Z. Dong. 2004. Post-translational modification of p53 in
tumorigenesis. Nat. Rev. Cancer. 4:793-805.

Ceribelli, M., M. Alcalay, M.A. Vigano, and R. Mantovani. 2006. Repression of new
p53 targets revealed by ChIP on chip experiments. Cell Cycle. 5:1102-1110.

Cheng, Z., Y. Ke, X. Ding, F. Wang, H. Wang, K. Ahmed, Z. Liu, Y. Xu,
F. Aikhionbare, H. Yan, et al. 2008. Functional characterization of
TIP60 sumoylation in UV-irradiated DNA damage response. Oncogene.
27:931-941.

Cui, R., H.R. Widlund, E. Feige, J.Y. Lin, D.L. Wilensky, V.E. Igras, J. D’Orazio,
C.Y. Fung, C.F. Schanbacher, S.R. Granter, and D.E. Fisher. 2007.
Central role of p53 in the suntan response and pathologic hyperpigmentation.
Cell. 128:853-864.

Denicourt, C., and S.F. Dowdy. 2004. Cip/Kip proteins: more than just CDKs
inhibitors. Genes Dev. 18:851-855.

Di Cunto, F., G. Topley, E. Calautti, J. Hsiao, L. Ong, P.K. Seth, and G.P. Dotto.
1998. Inhibitory function of p21Cipl/WAFI in differentiation of pri-
mary mouse keratinocytes independent of cell cycle control. Science.
280:1069-1072.

Donner, A.J., S. Szostek, .M. Hoover, and J.M. Espinosa. 2007. CDKS is a
stimulus-specific positive coregulator of p53 target genes. Mol. Cell.
27:121-133.

Dunn, J., M. Potter, A. Rees, and T.M. Runger. 2006. Activation of the Fanconi
anemia/BRCA pathway and recombination repair in the cellular response
to solar ultraviolet light. Cancer Res. 66:11140-11147.

Eymin, B., P. Claverie, C. Salon, C. Leduc, E. Col, E. Brambilla, S. Khochbin,
and S. Gazzeri. 2006. p14ARF activates a Tip60-dependent and p53-
independent ATM/ATR/CHK pathway in response to genotoxic stress.
Mol. Cell. Biol. 26:4339-4350.

Gilmore, PM., N. McCabe, J.E. Quinn, R.D. Kennedy, J.J. Gorski, H.N.
Andrews, S. McWilliams, M. Carty, PB. Mullan, W.P. Duprex, et al.
2004. BRCAL interacts with and is required for paclitaxel-induced acti-
vation of mitogen-activated protein kinase kinase kinase 3. Cancer Res.
64:4148-4154.

Harada, H., H. Nakagawa, K. Oyama, M. Takaoka, C.D. Andl, B. Jacobmeier, A.
von Werder, G.H. Enders, O.G. Opitz, and A K. Rustgi. 2003. Telomerase
induces immortalization of human esophageal keratinocytes without
p16INK4a inactivation. Mol. Cancer Res. 1:729-738.

Harkin, D.P., JM. Bean, D. Miklos, Y.H. Song, V.B. Truong, C. Englert, F.C.
Christians, L.W. Ellisen, S. Maheswaran, J.D. Oliner, and D.A. Haber.
1999. Induction of GADD45 and JNK/SAPK-dependent apoptosis fol-
lowing inducible expression of BRCAI. Cell. 97:575-586.

Huang, S., L. Shu, M.B. Dilling, J. Easton, F.C. Harwood, H. Ichijo, and
P.J. Houghton. 2003. Sustained activation of the JNK cascade and
rapamycin-induced apoptosis are suppressed by p53/p21(Cipl). Mol. Cell.
11:1491-1501.

Hussein, M.R., A K. Haemel, and G.S. Wood. 2003. p53-related pathways and the
molecular pathogenesis of melanoma. Eur. J. Cancer Prev. 12:93-100.

Iftode, C., Y. Daniely, and J.A. Borowiec. 1999. Replication protein A (RPA):
the eukaryotic SSB. Crit. Rev. Biochem. Mol. Biol. 34:141-180.

Imbriano, C., A. Gurtner, F. Cocchiarella, S. Di Agostino, V. Basile, M. Gostissa,
M. Dobbelstein, G. Del Sal, G. Piaggio, and R. Mantovani. 2005. Direct
P53 transcriptional repression: in vivo analysis of CCAAT-containing G2/M
promoters. Mol. Cell. Biol. 25:3737-3751.

Jassim, O.W., J.L. Fink, and R.L. Cagan. 2003. Dmp53 protects the Drosophila
retina during a developmentally regulated DNA damage response. EMBO J.
22:5622-5632.

Jiang, X., Y. Sun, S. Chen, K. Roy, and B.D. Price. 2006. The FATC domains
of PIKK proteins are functionally equivalent and participate in the
Tip60-dependent activation of DNA-PKcs and ATM. J. Biol. Chem.
281:15741-15746.

Joukov, V., A.C. Groen, T. Prokorova, R. Gerson, E. White, A. Rodriguez, J.C.
Walter, and D.M. Livingston. 2006. The BRCA1/BARDI heterodimer
modulates ran-dependent mitotic spindle assembly. Cell. 127:539-552.

Kojima, K., M. Konopleva, I.J. Samudio, M. Shikami, M. Cabreira-Hansen, T.
McQueen, V. Ruvolo, T. Tsao, Z. Zeng, L.T. Vassilev, and M. Andreeff.
2005. MDM?2 antagonists induce p53-dependent apoptosis in AML:
implications for leukemia therapy. Blood. 106:3150-3159.

Komarov, P.G., E.A. Komarova, R.V. Kondratov, K. Christov-Tselkov, J.S.
Coon, M.V. Chernov, and A.V. Gudkov. 1999. A chemical inhibitor of
p53 that protects mice from the side effects of cancer therapy. Science.
285:1733-1737.

Kranz, D., and M. Dobbelstein. 2006. Nongenotoxic p53 activation protects cells
against S-phase-specific chemotherapy. Cancer Res. 66:10274-10280.

Kusch, T., L. Florens, W.H. Macdonald, S.K. Swanson, R.L. Glaser, J.R. Yates
III, S.M. Abmayr, M.P. Washburn, and J.L. Workman. 2004. Acetylation
by Tip60 is required for selective histone variant exchange at DNA lesions.
Science. 306:2084-2087.



Latonen, L., and M. Laiho. 2005. Cellular UV damage responses—functions of
tumor suppressor pS3. Biochim. Biophys. Acta. 1755:71-89.

Legube, G., L.K. Linares, C. Lemercier, M. Scheffner, S. Khochbin, and D.
Trouche. 2002. Tip60 is targeted to proteasome-mediated degradation by
Mdm?2 and accumulates after UV irradiation. EMBO J. 21:1704-1712.

Legube, G., L K. Linares, S. Tyteca, C. Caron, M. Scheffner, M. Chevillard-
Briet, and D. Trouche. 2004. Role of the histone acetyl transferase Tip60
in the p53 pathway. J. Biol. Chem. 279:44825-44833.

Liu, E., A.Y. Lee, T. Chiba, E. Olson, P. Sun, and X. Wu. 2007. The ATR-
mediated S phase checkpoint prevents rereplication in mammalian cells
when licensing control is disrupted. J. Cell Biol. 179:643-657.

Lo, PK., S.Z. Huang, H.C. Chen, and EF. Wang. 2004. The prosurvival activ-
ity of p53 protects cells from UV-induced apoptosis by inhibiting c-Jun
NH2-terminal kinase activity and mitochondrial death signaling. Cancer
Res. 64:8736-8745.

Lohr, K., C. Moritz, A. Contente, and M. Dobbelstein. 2003. p21/CDKN1A
mediates negative regulation of transcription by p53. J. Biol. Chem.
278:32507-32516.

Lou, Z., K. Minter-Dykhouse, and J. Chen. 2005. BRCAI1 participates in DNA
decatenation. Nat. Struct. Mol. Biol. 12:589-593.

Lu, C., F. Zhu, Y.Y. Cho, F. Tang, T. Zykova, W.Y. Ma, A.M. Bode, and Z. Dong.
2006. Cell apoptosis: requirement of H2AX in DNA ladder formation,
but not for the activation of caspase-3. Mol. Cell. 23:121-132.

Martin, S.A., and T. Ouchi. 2005. BRCA1 phosphorylation regulates caspase-3
activation in UV-induced apoptosis. Cancer Res. 65:10657-10662.

Matsuoka, S., B.A. Ballif, A. Smogorzewska, E.R. McDonald III, K.E. Hurov,
J. Luo, C.E. Bakalarski, Z. Zhao, N. Solimini, Y. Lerenthal, et al. 2007.
ATM and ATR substrate analysis reveals extensive protein networks re-
sponsive to DNA damage. Science. 316:1160-1166.

Moisan, A., and L. Gaudreau. 2006. The BRCA1 COOH-terminal region acts as an
RNA polymerase II carboxyl-terminal domain kinase inhibitor that mod-
ulates p21 WAF1/CIP1 expression. J. Biol. Chem. 281:21119-21130.

Murr, R., J.I. Loizou, Y.G. Yang, C. Cuenin, H. Li, Z.Q. Wang, and Z. Herceg.
2006. Histone acetylation by Trrap-Tip60 modulates loading of repair pro-
teins and repair of DNA double-strand breaks. Nat. Cell Biol. 8:91-99.

Niida, H., S. Tsuge, Y. Katsuno, A. Konishi, N. Takeda, and M. Nakanishi. 2005.
Depletion of Chkl leads to premature activation of Cdc2-cyclin B and
mitotic catastrophe. J. Biol. Chem. 280:39246-39252.

Petre, C.E., S.H. Sin, and D.P. Dittmer. 2007. Functional p53 signaling in
Kaposi’s sarcoma-associated herpesvirus lymphomas: implications for
therapy. J. Virol. 81:1912-1922.

Roninson, I.B. 2002. Oncogenic functions of tumour suppressor p21(Waf1/Cip1/
Sdil): association with cell senescence and tumour-promoting activities
of stromal fibroblasts. Cancer Lett. 179:1-14.

Sapountzi, V., LR. Logan, and C.N. Robson. 2006. Cellular functions of TIP60.
Int. J. Biochem. Cell Biol. 38:1496-1509.

Sarek, G., S. Kurki, J. Enback, G. Iotzova, J. Haas, P. Laakkonen, M. Laiho, and
P.M. Ojala. 2007. Reactivation of the p53 pathway as a treatment modal-
ity for KSHV-induced lymphomas. J. Clin. Invest. 117:1019-1028.

Shieh, S.Y., J. Ahn, K. Tamai, Y. Taya, and C. Prives. 2000. The human homologs
of checkpoint kinases Chk1 and Cds1 (Chk2) phosphorylate p53 at mul-
tiple DNA damage-inducible sites. Genes Dev. 14:289-300.

Song, J.J., and Y.J. Lee. 2007. Differential activation of the JNK signal pathway
by UV irradiation and glucose deprivation. Cell. Signal. 19:563-572.

Squatrito, M., C. Gorrini, and B. Amati. 2006. Tip60 in DNA damage re-
sponse and growth control: many tricks in one HAT. Trends Cell Biol.
16:433-442.

Stokes, M.P.,, J. Rush, J. Macneill, J.M. Ren, K. Sprott, J. Nardone, V. Yang,
S.A. Beausoleil, S.P. Gygi, M. Livingstone, et al. 2007. Profiling of
UV-induced ATM/ATR signaling pathways. Proc. Natl. Acad. Sci. USA.
104:19855-19860.

Storey, A. 2002. Papillomaviruses: death-defying acts in skin cancer. Trends
Mol. Med. 8:417-421.

Stuhmer, T., M. Chatterjee, M. Hildebrandt, P. Herrmann, H. Gollasch, C.
Gerecke, S. Theurich, L. Cigliano, R.A. Manz, P.T. Daniel, et al. 2005.
Nongenotoxic activation of the p53 pathway as a therapeutic strategy for
multiple myeloma. Blood. 106:3609-3617.

Sun, Y., X. Jiang, S. Chen, N. Fernandes, and B.D. Price. 2005. A role for the
Tip60 histone acetyltransferase in the acetylation and activation of ATM.
Proc. Natl. Acad. Sci. USA. 102:13182-13187.

Sykes, S.M., H.S. Mellert, M.A. Holbert, K. Li, R. Marmorstein, W.S. Lane, and
S.B. McMahon. 2006. Acetylation of the p53 DNA-binding domain reg-
ulates apoptosis induction. Mol. Cell. 24:841-851.

Szuts, D., L. Kitching, C. Christov, A. Budd, S. Peak-Chew, and T. Krude. 2003.

RPA is an initiation factor for human chromosomal DNA replication.
Nucleic Acids Res. 31:1725-1734.

Tang, Y., J. Luo, W. Zhang, and W. Gu. 2006. Tip60-dependent acetylation of
p53 modulates the decision between cell-cycle arrest and apoptosis. Mol.
Cell. 24:827-839.

Tibbetts, R.S., D. Cortez, K.M. Brumbaugh, R. Scully, D. Livingston, S.J.
Elledge, and R.T. Abraham. 2000. Functional interactions between
BRCAL and the checkpoint kinase ATR during genotoxic stress. Genes
Dev. 14:2989-3002.

Tournier, C., P. Hess, D.D. Yang, J. Xu, T.K. Turner, A. Nimnual, D. Bar-Sagi,
S.N. Jones, R.A. Flavell, and R.J. Davis. 2000. Requirement of JNK for
stress-induced activation of the cytochrome c-mediated death pathway.
Science. 288:870-874.

Tyteca, S., M. Vandromme, G. Legube, M. Chevillard-Briet, and D. Trouche.
2006. Tip60 and p400 are both required for UV-induced apoptosis but play
antagonistic roles in cell cycle progression. EMBO J. 25:1680-1689.

Vassilev, L.T., B.T. Vu, B. Graves, D. Carvajal, F. Podlaski, Z. Filipovic, N.
Kong, U. Kammlott, C. Lukacs, C. Klein, et al. 2004. In vivo activation
of the p53 pathway by small-molecule antagonists of MDM2. Science.
303:844-848.

Wang, A., R. Schneider-Broussard, A.P. Kumar, M.C. MacLeod, and D.G.
Johnson. 2000. Regulation of BRCA1 expression by the Rb-E2F pathway.
J. Biol. Chem. 275:4532-4536.

Wang, W. 2007. Emergence of a DNA-damage response network consisting of
Fanconi anaemia and BRCA proteins. Nat. Rev. Genet. 8:735-748.

Wu, W., H. Nishikawa, R. Hayami, K. Sato, A. Honda, S. Aratani, T. Nakajima,
M. Fukuda, and T. Ohta. 2007. BRCA1 ubiquitinates RPB8 in response
to DNA damage. Cancer Res. 67:951-958.

Yang, W.W., Z.H. Wang, Y. Zhu, and H.T. Yang. 2007. E2F6 negatively regu-
lates ultraviolet-induced apoptosis via modulation of BRCA1. Cell Death
Differ. 14:807-817.

Zhan, Q., S. Jin, B. Ng, J. Plisket, S. Shangary, A. Rathi, K.D. Brown, and R.
Baskaran. 2002. Caspase-3 mediated cleavage of BRCA1 during UV-induced
apoptosis. Oncogene. 21:5335-5345.

Zhu, P., S.H. Baek, E'M. Bourk, K.A. Ohgi, I. Garcia-Bassets, H. Sanjo, S.
Akira, PF. Kotol, C.K. Glass, M.G. Rosenfeld, and D.W. Rose. 2006.
Macrophage/cancer cell interactions mediate hormone resistance by a
nuclear receptor derepression pathway. Cell. 124:615-629.

Zou, L., and S.J. Elledge. 2003. Sensing DNA damage through ATRIP recogni-
tion of RPA-ssDNA complexes. Science. 300:1542-1548.

BRCA1 AND TiPr60 DETERMINE THE UV RESPONSE ¢ Kranz et al.

213





