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Following genotoxic stress, cells acti-
vate a complex, kinase-based signal-
ing network to arrest the cell cycle and
initiate DNA repair or apoptosis. The
tumor suppressor p53 lies at the heart of
this DNA damage response. p53 medi-
ates the transactivation of both cell cycle-
regulating and pro-apoptotic clusters of
target genes. However, it remains incom-
pletely understood which signaling mol-
ecules dictate the choice between these
two opposing p53-dependent cellular
outcomes. Over recent years, numer-
ous regulatory mechanisms impacting
on the cellular outcome of p53 signal-
ing have been described. However, no
single dominant mechanism has thus
far been identified to regulate the cel-
lular choice between p53-driven apop-
tosis or senescence. The transcriptional
regulator AATF has recently emerged
as a novel factor impacting on the cellu-
lar outcome of the p53 response. Upon
genotoxic stress, cytoplasmic pools of
MRLC-bound AATF are phosphorylated
through the p38MAPK/MK2 check-
point kinase complex. This AATF phos-
phorylation results in the disruption of
cytoplasmic MRLC3:AATF complexes
followed by rapid nuclear localization of
AATE. Once in the nucleus, AATF binds
to the PUMA, BAX and BAK promot-
ers to repress the DNA damage-induced
expression of these pro-apoptotic p53 tar-
get genes. Depletion of AATF in tumor
cells results in a dramatically enhanced
response to DNA damaging chemo-
therapeutics, both in vitro and in vivo.
Furthermore, focal copy number gains at
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the AATF locus in neuroblastoma corre-
late with adverse prognosis and reduced
overall survival in this typically p53-pro-
ficient malignancy. These data identify
the p38/MK2/AATF signaling path-
way as a critical repressor of p53-driven
apoptosis in tumor cells and implicate
this signaling cascade as a novel target
for chemotherapy-sensitizing therapeutic
efforts.

The Tumor Suppressor p53
Serves as a Critical Signaling
Hub to Determine Cell Fate
in Response to Genotoxic Stress

In response to genotoxic stress, cells acti-
vate a complex signaling network to pro-
tect genomic stability through mounting
a transient or permanent cell cycle arrest,
activation of the DNA repair machin-
ery or the induction of apoptotic cell
death, if the extent of DNA damage is
beyond repair capacity.® This signal-
ing network is collectively referred to as
the DNA damage response (DDR). The
DDR has traditionally been divided into
two major kinase branches operating
through the upstream kinases ATM and
ATR, together with their respective effec-
tor kinases Chk2 and Chkl1.** In recent
years, numerous reports have pointed to
an important role for p38MAPK and its
downstream substrate mitogen-activated
protein kinase-activated protein kinase-2
(MAPKAP-kinase-2/MK2) as a third
checkpoint effector kinase complex oper-
ating downstream of ATM and ATR
and parallel to ChkI.>*' p38MAPK
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and MK2 are components of a general
stress kinase pathway that is activated in
response to a variety of stimuli, includ-
ing inflammatory signals, oxidative stress,
heat shock, hyperosmolar stress and DNA
damage." Specifically, in response to geno-
toxic stress, the p38MAPK/MK2 signal-
ing complex appears to be recruited into
the DDR network through the canonical
DDR kinases ATM and ATR to maintain
prolonged cell cycle checkpoints.®?

One of the major downstream targets
of the DDR network is the tumor sup-
pressor p53. Upon DNA damage-depen-
dent phosphorylation by ATM, ATR,
DNA-PKcs, Chkl, Chk2, MK2 and
others, p53 becomes stabilized to ulti-
mately act as a transcription factor.!>!?
This phosphorylation at N-terminal sites
close to the MDM2-binding region is
thought to reduce ubiquitin-dependent
degradation, allowing tetramerization
and accumulation in the nucleus, where
p53 signaling contributes to two dis-
tinct cellular responses:'>' p53 promotes
apoptosis in response to genotoxic stress
through the transactivation of a set of tar-
get genes, such as PUMA, NOXA, BAX,
BAK and DR5.°'8 On the other hand,
p53-mediated transcriptional activation
of CDKNIA, GADD45A or RPRM pro-
motes the induction of a stable cell cycle
checkpoint arrest, which serves a protec-
tive function by allowing time for the
repair of genotoxic lesions.”?' In addi-
tion to nuclear accumulation, p53 has also
been shown to be recruited to mitochon-
dria in response to genotoxic stress.”** In
a recent study, Trinh et al. could show that
Tid1 directly interacted with p53 through
its DnaJ domain. Furthermore, RNAi-
mediated Tidl depletion led to a failure
of p53 accumulation at mitochondria and
resistance to apoptosis under hypoxic or
genotoxic stresses.”? At first glance, both
cell cycle-regulating and apoptotic cellu-
lar outcomes of p53 signaling appear to
have evolved to repress the uncontrolled
proliferation of incipient cancer cells car-
rying severely damaged genomic material.
However, these diverse p53-mediated cel-
lular responses pose a difficult challenge
for the treatment of p53-proficient tumors
in the clinical setting. While p53 is clearly
a potent therapeutic target due to its abil-
ity to induce the apoptotic demise of
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tumor cells, p53-mediated cell cycle arrest
might counteract these beneficial effects
by allowing the tumor cells time to repair
genotoxic lesions set by DNA damaging
therapeutics. Which molecular cues dic-
tate the cellular decision between a pro-
tective p53-mediated cell cycle arrest and
p53-driven apoptosis remains a matter
of active debate to date.”” It also remains
somewhat unclear to what extent known
p53-target genes contribute to apoptosis
and senescence. For example, recent data
from Kuribayashi et al. suggest that the
intrinsic p53-dependent apoptotic path-
way mediated through Puma may rely on
extrinsic signals relayed through DR5 to
promote cell death in a cell- and tissue-
dependent manner following DNA dam-
age.” The cell type in which p53 activation
occurs clearly is a major determinant of
the functional outcome of p53 signaling.
Such a cell type-specific effect of DNA
damage-driven p53 activation is apparent
in thymocytes, which typically undergo
apoptosis, while fibroblasts rather initi-
ate cellular senescence when exposed to
genotoxic stress.”*? These different effects
may reflect the biological function, where
thymocytes are rapidly turned over, while
fibroblasts function as scaffolds in connec-
tive tissues, requiring physical integrity.
However, no single dominant mechanism
has thus far been identified to regulate the
cellular choice between p53-driven apop-
tosis or senescence. Instead, numerous
regulatory mechanisms involving selective
DNA binding of p53 to its target gene pro-
moters, selective transactivation of p53-
bound target genes, differential stability of
p53-dependent transcripts and differential
responses depending on p53 posttransla-
tional modifications or cellular signal-
ing network state have been reported to
mediate cell fate decisions in response to
p53 activation.”*?¢ For instance, ASPP1
and -2, apoptosis-stimulating proteins of
p53, bind to conserved contact residues
in p53 via their C termini and selectively
promote p53-driven apoptosis by direct-
ing the binding of p53 to the promoters
of the pro-apoptotic p53 target genes BAX
and PIG3 but not those of CDKNIA or
MDM?2.** The hematopoietic zinc-finger
(HZF) is a known p53 co-factor that
has been suggested to be a regulator of
the functional outcome of p53 signaling.
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EXTRAVIEW

HZF is transactivated by p53, and its gene
product forms a complex with the p53
DNA-binding domain. It has recently
been shown that HZF promotes binding
of p53 to the promoters of the cell cycle-
regulatory target genes CDKNIA and
14-3-30, while it prevents p53 binding to
the promoters of the pro-apoptotic target
genes BAX, PERP and NOXA.” Thus,
HZF promotes p53-driven cell cycle arrest
over apoptosis, which is underscored by
the observation that murine embryonic
fibroblasts (MEFs) derived from HZF’"
mice show impaired cell cycle arrest and
enhanced apoptosis in response to DNA
damage.?” Furthermore, posttranslational
modifications of p53 itself have been sug-
gested to impact on the functional out-
come of p53 signaling. Phosphorylation of
p53 on Ser-46 through HIPK2 has been
reported to be critical for the p53-medi-
ated transactivation of the pro-apoptotic
p53 target genes p53AIPI, PIG3, NOXA,
BAX, PUMA and KILLER/DR5.%%3

Hill et al. recently showed that the
NHE] kinase DNA-PKcs is recruited to
the CDKNIA promoter, where it forms
a protein complex with p53 under pro-
apoptotic  conditions.”  Intriguingly,
DNA-PKcs-associated ~ p53  displays
post-translational modifications that are
distinct from those under pro-arrest con-
ditions, ultimately ablating CDKNIA
transcription and promoting apoptosis.
DNA-PKcs inhibition prevented DNA-
PKes binding to p53 on the CDKNIA
promoter, restoring CDKNIA transcrip-
tion, and significantly reduced apoptosis.®”
These data demonstrate that DNA-PKcs
negatively regulates CDKINIA expression
by directly interacting with the CDKNIA
transcription machinery via p53, direct-
ing the p53 response toward apoptosis.
Although the above-mentioned reports
suggest that binding selectivity of p53 is
the primary determinant that regulates
the cellular decision between pro- or anti-
apoptotic outcome of p53 signaling, oth-
ers have reported that the pattern of p53
occupancy does not differ significantly
between different p53-activating stimuli,
leading to distinct biological outcomes.***
These observations suggest that target
gene regulation is not necessarily achieved
through selectivity of p53 binding. In fact,
human genes are typically targeted by
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numerous transcription factors. For exam-
ple, Myc represses CDKNIA transcription
via binding to and repression of Mizl, a
zinc-finger transcription factor that binds
to the CDKNIA promoter, thus prevent-
ing p53-driven CDKNIA expression.”
Intriguingly, Myc does not significantly
repress p53-driven PUMA, BAX or PIG3
expression.” Hence, Myc selectively shifts
the p53 response toward an apoptotic out-
come. These data are in keeping with a
recent report from Carr-Wilkinson et al.
showing that MYCN-amplified neuroblas-
toma cell lines carrying wild type 7753
fail to undergo ionizing radiation-induced
G, arrest and instead undergo p53-depen-
dent apoptosis.®® A similar apoptosis-pro-
moting role has recently been reported
for ATM.**%° When Jiang and colleagues
depleted p53-proficient MEFs of ATM,
they found these cells to be exquisitely
resistant to DNA damage-induced apop-
tosis when compared with their ATM-
proficient counterparts.**“° This failure to
properly induce apoptosis was the result
of an impaired transactivation of the
p53 target genes PUMA and NOXA.
Intriguingly, DNA damage-induced p53
phosphorylation on Ser-23 (correspond-
ing to human Ser-20), a residue known to
be phosphorylated by ATM, ATR, DNA-
PKcs and others, appeared to be largely
unaffected in ATM-depleted MEFs,
compared with their ATM-proficient
controls. In contrast, no difference in the
DNA damage-dependent induction of
the cell cycle-regulating p53 target genes
CDKNIA and GADD45A was observed
when ATM-proficient and ATM-depleted
MEFs were analyzed.*# These data indi-
cate that ATM is critical for the induc-
tion of p53-driven apoptosis. However,
ATM-mediated phosphorylation of p53
appears to be dispensable for this process.
There appear to be additional pathways
that impact on the functional outcome of
p53 signaling. Blagosklonny and cowork-
ers recently showed that nutlin-3a (a small
molecule that activates p53 without caus-
ing DNA damage) induces quiescence in
certain cell lines.! Further investigation
into the molecular mechanisms revealed
that nutlin-3a caused quiescence by
actively suppressing the senescence pro-
gram.*>* Interestingly, in these cells nut-

lin-3a inhibited mTOR signaling, which
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is known to be involved in the senescence
program. The group went on to show that
shRNA-mediated knockdown of TSC2,
a negative regulator of mTOR, partially
converted quiescence into senescence in
these nutlin-arrested cells. In keeping with
these findings, nutlin-3a failed to inhibit
mTOR in melanoma cell lines and MEFs,
which both readily undergo senescence in
response to p53 activation. Furthermore,
the mTOR inhibitor rapamycin converted
nutlin-3a-induced senescence into qui-
escence in these senescence-prone cells.
It could further be shown that a cell
cycle arrest in the presence of hyperac-
tive mTOR leads to cellular senescence.*
While cell cycle withdrawal at high levels
of p53 is associated with mTOR repres-
sion, leading to the induction of reversible
quiescence instead of senescence. Super-
induction of p53 by either nutlin-3a or
high concentrations of the anthracycline
drug doxorubicin prevented the induc-
tion of senescence that had been observed
with low doses of doxorubicin, converting
it into quiescence. This observation might
rationalize that in order to cause senes-
cence, DNA damaging drugs should be
used at low concentrations, which arrest
cell cycle but do not induce p53 at levels
sufficient to suppress mMTOR.* Thus, the
activation status of the mTOR pathway
appears to, at least partially, determine the
choice between senescence and quiescence
in p53-arrested cells.

The MK2 Substrate AATF Acts
as a Phosphorylation-Dependent
Molecular Modulator to Repress

p53-Driven Apoptosis

Apoptosis-antagonizing transcription
factor (AATF) is a conserved RNA Pol
II-binding protein involved in transcrip-
tional regulation of gene expression that
has been shown to be a substrate of the
canonical DNA damage response kinases
ATM/ATR and Chkl and -2 This
phosphorylation appears to be critical for
the DNA damage-induced stabilization
of AATE® Much of our current under-
standing of the role of AATF within
the DDR stems from genetic gain- and
loss-of-function experiments. For exam-
ple, inducible AATF overexpression in
NIH3T?3 cells has been shown to promote
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cell cycle progression, mainly through an
accelerated S-phase entry.* Exogenously
expressed AATF has been shown to com-
pete with HDACI for binding to Rb/
E2F complexes. Replacement of HDACI
with AATF relieved the transcriptional
repression of E2F target genes, ultimately
promoting enhanced S-phase entry.
In contrast, overexpression of AATF in
NIH3T3-, HEK293- and p53-proficient
HCT116 cells resulted in an enhanced
G,/M arrest in response to doxorubi-
cin exposure.® Hopker and colleagues
recently reported data corroborating these
observations, showing an enhanced sta-
bility of DNA damage-induced cell cycle
checkpoints upon overexpression of exog-
enous AATF.” These observations suggest
that the effects of AATF overexpression
depend at least partially on the activation
status of the DDR network with AATF
promoting cell cycle progression in the
absence of DNA damage and enforcing a
cell cycle arrest in response to genotoxic
stress. These contrasting effects of AATF
signaling correlate with distinct promoter
binding of AATF in the different scenar-
ios. In cycling, non-damaged cells, AATF
has been shown to bind to the promoters
of the E2F target genes CCNAI, DHFR
and 7K1 This promoter usage changes
upon the infliction of genotoxic stress,
where AATF has been shown to dissociate
from the CCNAI, DHFR and TKI pro-
moters.” However, AATF promoter occu-
pancy on pro-apoptotic p53 target genes
has not been evaluated in this study.
AATF depletion has previously been
shown to enhance the cytotoxic effects of
doxorubicin.” Furthermore, when analyz-
ing the relative survival of 7P53** and
TP53" HCT116 cells, Bruno et al. docu-
mented an apoptosis-repressing effect of
AATF overexpression that was specific
to 7P53"* cells.* However, the molecu-
lar details of this phenotypic observation
remained largely enigmatic. Recently,
published data hint at the regulation of
apoptotic processes as a critical mecha-
nism for AATF-mediated chemotherapy
resistance.” Using gain- and loss-of-func-
tion genetics, Fanciulli and colleagues
showed that AATF overexpression results
in the induction of antiapoptotic XIAP,
even in the absence of genotoxic stress.

Furthermore, AATF depletion prevented
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Figure 1. AATF acts as a phosphorylation-dependent molecular switch to dictate the functional outcome of p53 activation in response to genotoxic

stress. Depicted is a simplified schematic overview of the regulatory imposed on the p53 response through the p38MAPK/MK2/AATF signal transduc-
tion cascade. Following genotoxic stress, the canonical DNA damage response kinases ATM and ATR are activated. Through yet uncharacterized mech-
anisms, ATM and ATR mediate activation of p38MAPK ultimately leading to MK2 activation. Active p38MAPK/MK2 complexes subsequently translocate
from the nucleus into the cytoplasm in a Crm1-dependent process. Once in the cytosolic subcellular compartment, MK2 phosphorylates AATF on Thr-
366, leading to a disruption of AATF:MRLC complexes and subsequent nuclear translocation of AATF. In addition to MK2-mediated phosphorylation on
Thr-366, AATF is also directly phosphorylated by the canonical DDR kinases ATM/ATR, Chk1 and Chk2. These phosphorylation events likely occur in the
nucleus. Nuclear AATF specifically engages the promoter regions of the pro-apoptotic p53 target genes PUMA, BAX and BAK leading to transcriptional

checkpoints.

repression of these genes. In contrast, AATF does not appear to bind to the promoters of the cell cycle-regulating p53 target genes CDKN1A, RPRM or
GADD45A. Thus, the overall outcome of nuclear AATF activity is a repression of p53-driven apoptosis and a promotion of p53-dependent cell cycle

the doxorubicin-induced expression of
XIAP#® However, the mechanisms regu-
lating AATF-mediated transcriptional
control remained largely unclear.

In a very recent paper, Hopker et al.
shed some light on the molecular nuts
and bolts of AATF-mediated repression
of p53-dependent apoptosis. Using a
library vs. library phospho-proteomics
screening approach, they identified a cyto-
plasmic protein complex consisting of
myosin regulatory light chain (MRLC)
and AATF. Further experiments revealed
that this protein complex was disrupted
upon DNA damage-induced phosphory-
lation of AATF on Thr-366, and that this
dissociation from MRLC led to the sub-
sequent nuclear accumulation of AATF.
Intriguingly, the peptide sequence span-
ning Thr-366 was an ideal match for
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the substrate motif selected by the DNA
damage checkpoint effector kinases Chkl,
Chk2 and MK2.7% Further investigation
aimed at the identification of the DNA
damage-responsive  kinase responsible
for AATF phosphorylation showed that
treatment of cells with hyperosmotic
solutions resulted in a similar disruption
of the MRLC:AATF complex than that
observed after genotoxic treatment with
UV irradiation or adriamycin. Osmotic
stress is known to be a strong stimulus for
MK2 activation, with little or no effect on
Chkl or Chk2.%° Furthermore, MK2
was capable of directly phosphorylating
AATF in vitro. Lastly, MK2/3 double-
knockout MEFs failed to show nuclear
enrichment of AATF following genotoxic
stress, strongly suggesting that MK2 is the
checkpoint kinase responsible for AATF
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phosphorylation in response to DNA
damage. In further experiments, Hopker
and colleagues were able to confirm the
data previously reported by Bruno et al.,
showing that AATF depletion results
in significantly increased apoptosis of
p53-proficient cells following DNA dam-
aging chemotherapy both in vitro and in
vivo. Using chromatin immunoprecipita-
tion experiments, it could be shown that
AATF specifically engages the promoter
regions of the pro-apoptotic p53 target
genes PUMA, BAX and BAK in response
to UV-induced genotoxic stress. In marked
contrast, no increase in AATF binding
to the promoter regions of the cell cycle-
regulating p53 target genes CDKNIA,
RPRM and GADD45A could be docu-
mented in UV-exposed cells. When these
experiments were repeated in MK2/3
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double-knockout MEFs, the authors failed
to see any UV-induced AATF binding to
the PUMA, BAX and BAK promoters,
strongly suggesting that MK2 is necessary
to allow AATF engagement of at least a
subset of its target promoters.”’ Binding of
AATF to the promoter regions of PUMA,
BAX and BAK correlated with signifi-
cantly reduced expression of the protein
products of these genes, both in vitro and
in vivo. Thus, AATF emerges as a phos-
phorylation-dependent molecular regula-
tor of the p53 response acting to repress
p53-driven apoptosis in response to geno-
toxic damage. Intriguingly, a primarily
nuclear signal emanating from damaged
genomic material appears to be relayed
into the cytoplasm through MK2 in order
to mobilize AATF, which, in turn, acts as
a potent modifier of the p53 response in
the nucleus (Fig. 1).
Based on the
observations, one might predict that
p53-proficient dis-
play an enrichment of nuclear AATE,

above-mentioned

human tumors
as this might serve as a critical barrier
against p53-driven apoptosis. In con-
trast, p53-defective tumors might not
show such a behavior, as nuclear AATF
localization is likely not to be selected
for in the absence of functional p53. To
directly test this hypothesis in a relevant
human tumor entity, Hoépker and col-
leagues went on to examine a large cohort
of endometrial cancer specimens. The
group could demonstrate that nuclear
AATF enrichment indeed appears to be
selected for in p53-proficient tumors,
while p53-defective lesions showed sig-
nificantly less nuclear AATF staining.
Furthermore, using genomic profiling of
a large cohort of neuroblastoma samples,
the authors were able to identify a sub-
stantial number of cases in which focal
copy number gains at the AATF locus
could be detected. Importantly, the
cancer genes most frequently altered in
adult neoplastic disease, such as 7P53,
CDKN2A or RAS, are rarely aberrant in
neuroblastoma. Specifically, inactivating
TP53 mutations are extremely rare in
primary neuroblastomas.” The samples
examined by Hopker et al. were obtained
at diagnosis prior to any cytotoxic treat-
ment and are thus highly likely to contain
wild type 7P53. AATF amplification, as
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determined by array-CGH, was shown to
correlate with increased AATF mRNA
expression. Furthermore, copy number
gains at the AATF locus and increased
AATF mRNA abundance were associated
with significantly reduced event-free and
overall survival in these neuroblastoma
patients. Collectively, these data strongly
suggest that AATF is genomically altered
in human tumors, and that increased
AATF expression levels are associated
with poor prognosis and reduced survival
in (p53-proficient) neuroblastomas.

Concluding Remarks
and Future Challenges

The molecular regulation of p53-gov-
erned cell fate decisions is highly complex
and only partially understood.'*'%33>2
Over recent years, AATF has emerged
as an additional regulator of the p53
response.®” AATF has been shown to
repress p53-driven apoptosis in response
to genotoxic stress.”” This AATF-
dependent repression of the apoptotic
arm of the p53 response requires the
MK2-dependent mobilization of cyto-
plasmic MRLC-bound AATF pools.”
Once liberated, AATF translocates to the
nucleus, where it specifically engages the
promoter regions of pro-apoptotic p53
target genes to repress the expression of
their respective gene products, thus selec-
tively repressing p53-dependent apopto-
sis.¥” However, many questions regarding
this novel p53-regulating pathway remain
unanswered today. For instance, it is not
clear how exactly the reduced expres-
sion of Puma, Bax and Bak observed
upon AATF binding to their promoter
regions is brought about. As AATF does
not contain any DNA-binding domains,
it is intriguing to speculate that AATF
acts as a co-repressor, requiring the pres-
ence of additional DNA-binding proteins
to exert its postulated repressive function
on the PUMA, BAX and BAK promoters.
Although AATF-mediated transcriptional
repression is a very attractive hypoth-
esis given the above-mentioned data, it
remains formally unclear whether the
reduced abundance of Puma, Bax and Bak
protein is the result of reduced transcrip-
tion, for example brought about through
the recruitment of polycomb group
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proteins, posttranscriptional or even
posttranslational mechanisms. Another
interesting, yet unanswered, question per-
tains to a potential competition between
AATF and p53 on the promoters of pro-
apoptotic p53 target genes. Does AATF
repel p53 from these genomic regions to
prevent p53-mediated transactivation of
PUMA, BAX and BAK? One aspect worth
further study in this regard is the deter-
mination of the mode of AATF binding
to its target promoters. Does AATF recog-
nize a distinct sequence motif? Is it strictly
dependent on one or more different DNA-
binding proteins to help its recruitment to
the DNA?

It was shown that AATF recruitment
into the nuclear compartment critically
hinges on MK2 activity. However, pre-
vious studies demonstrated that phos-
phorylation of AATF by the canonical
checkpoint kinases ATM/ATR, Chkl and
-2 was important for AATF protein stabi-
lization and involved in the control of cell
cycle progression.” Thus, the relative con-
tribution of these phosphorylation events
to the apoptosis-repressing role of AATF
remains somewhat unclear and should
be elucidated in future experiments. It is
tempting to speculate that cytoplasmic
MK2-phosphorylation that triggers the
translocation of AATF to the nucleus is a
prerequisite for subsequent nuclear hyper-
phosphorylation of AATF by the nuclear
kinases ATM/ATR, Chkl and Chk2.
Lastly, the strong correlation between
focal copy number gains at the AATF
locus with reduced survival in neuroblas-
toma patients, together with the promi-
nent chemotherapy-sensitizing effects of
AATF-depletion in vivo, recommend tar-
geting the p38MAPK/MK2/AATF path-
way as a novel therapeutic strategy for the
treatment of p53-proficient malignancies.
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