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Abstract Upon massive DNA damage cells fail to
undergo productive DNA repair and trigger the cell death
response. Resistance to cell death is linked to cellular
transformation and carcinogenesis as well as radio- and
chemoresistance, making the underlying signaling path-
ways a promising target for therapeutic intervention.
Diverse DNA damage-induced cell death pathways are
operative in mammalian cells and finally culminate in the
induction of programmed cell death via activation of
apoptosis or necroptosis. These signaling routes affect
nuclear, mitochondria- and plasma membrane-associated
key molecules to activate the apoptotic or necroptotic
response. In this review, we highlight the main signaling
pathways, molecular players and mechanisms guiding the
DNA damage-induced cell death response.
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DDR DNA damage response

DSB Double-strand break

YH2AX H2AX phosphorylated at Ser139

HIPK2 Homeodomain-interacting protein kinase 2

IR Ionizing radiation

MLKL  Mixed-lineage kinase like

MOMP  Mitochondrial outer membrane permeabilization
PIDD p53-induced death domain containing protein
PML Promyelocytic leukemia

RIPK3  Receptor-interacting protein kinase 3

Siah-1 Seven in absentia homologue 1

SSB Single-strand break

uv Ultraviolet
Yapl Yes-associated protein 1

Introduction

The cells of an organism are constantly exposed to DNA
damage caused by various intrinsic and extrinsic sources.
Metabolic by-products such as reactive oxygen species
(ROS) stemming from the mitochondrial respiratory chain
are presumably the most frequent intrinsic source of DNA
damage. Naturally occurring DNA damage counts for up to
200,000 lesions per cell per day [1]. Extrinsic or environ-
mental sources of DNA damage include ultraviolet (UV)
light, ionizing radiation (IR) and exposure to genotoxic
agents such as chemotherapeutic drugs. For example, UV
light from the sun can induce up to 100,000 DNA lesions
per cell per day (mainly pyrimidine dimers and 6—4 pho-
toproducts) [2, 3]. Given the constant challenge of DNA
lesions, cells had to evolve a molecular toolbox to appro-
priately handle the damage. This toolbox has been coined
DNA damage response (DDR) and is a complex signaling
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network composed of versatile sensing, signal transduction
and execution systems. Mildly damaged cells may repair
the DNA lesions and recover. However, if the damage is
irreparable, cells can ultimately trigger the cell death
response to eliminate damaged, potentially threatening
cells. To do so, mammalian cells have evolved a number of
signaling pathways and mechanisms to engage the DNA
damage-induced cell death response. Before we will turn to
molecular players, pathways and mechanisms of the DNA
damage-induced cell death response, we need to set the
stage and to briefly discuss the physiological and patho-
physiological impact of the DDR, which is linked to
balanced or rather unbalanced DNA damage-induced cell
death.

Physiology/pathophysiology of the DNA damage
response: cancer, aging, immunodeficiency
and neurodegeneration

In the light of the high numbers of DNA lesions which
accumulate in a cell per day [3], it is not surprising that the
deregulation of the DDR is linked to pathophysiology and
disease. Indeed, an impaired DDR is associated with a number
of clinically relevant diseases including premature aging,
tissue dysfunction, immunodeficiency, neurodegenerative

DNA damage tissue damage
Genc?r_ne (e.g. fibrosis)
stability )
RFRFRGRE N :

) euro- o
=,  Prevention ¢ degenerative Q
=y of y Y / | diseases 3
£ transformation 4+—- DNA < o]
= 7 damage Z
g | response @
= . 4 o
o ) A/ / \ Cancer o

Tumor formation 8
suppression

‘ Adaptive immune ‘
system
(B- and T-cells)

Fig. 1 Role of the DNA damage response in physiology and
pathophysiology. The cells in our body are constantly damaged by
various intrinsic and extrinsic sources. To repair the caused DNA
damage, the cells have evolved a sophisticated repair mechanism
termed the DNA damage response (DDR). Proper DNA repair is
essential for genome stability, prevention of transformation and tumor
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disorders and cancer formation (Fig. 1) [4-6]. In this contexta
well-balanced cell death response system is of fundamental
importance. Whereas neurodegeneration and immunodefi-
ciency are linked to an increased, unscheduled death of
neurons or lymphocytes, respectively, cancer has been inter-
connected to a defective cell death response and to survival of
DNA-damaged cells that display genomic instability.

Mutations or genetic deletions of central regulators of
the DDR, such as the DNA damage checkpoint kinases
ATM and ATR, cause complex disorders and disease
syndromes in mice and man [4]. Many of these syndromes
display phenotypes of premature aging, neurological
abnormalities, growth defects, immunological defects and
increased cancer susceptibility—highlighting the signifi-
cance of the DDR in physiology and pathophysiology [4,
7]. As a consequence, tissue-specific modulation of the
DDR appears to be a promising approach for the treatment
of these diseases, which are a major problem in our aging
societies.

In general, the DDR lies at the heart of cancer biology.
This is illustrated by a major dichotomy: on the one hand,
DNA damage is the main driving force towards genomic
instability and thus plays a causative role in carcinogenesis;
on the other hand, targeted local (radiotherapy) or systemic
(chemotherapy) induction of DNA damage is currently the
most widely exploited and effective therapeutic principle in
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suppression. This physiological operating DDR is opposed by a
defective DNA damage response. If the DDR is not functioning
correctly, the DNA damage cannot be resolved and leads to severe
phenotypes, such as cancer formation, neurodegenerative diseases and
premature aging
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cancer treatment. Concerning development of cancer, it has
been demonstrated that the DDR is inactivated in early pre-
cancerous lesions, illustrating a critical barrier function in
counteracting cellular transformation and the development
of neoplastic lesions [8]. If DNA damage is not correctly
repaired or stays unrepaired, the resulting DNA scars can
harbor mutations or may lead to chromosomal aberrations
including deletions and insertions, which can foster geno-
mic instability, cellular transformation and ultimately
cancer development.

In regard to cancer treatment, a large number of
chemotherapeutic drugs used as first-line therapeutics, such
as Adriamycin/Doxorubicin, Etoposide, Camptothecin,
Bleomycin and Cisplatin, are well-known inducers of DNA
damage and potently activate the DDR [6]. The desired
biological response upon administration of these DNA-
damaging therapies is the activation of apoptosis and the
destruction of the cancer cells. However, sustained induc-
tion of the apoptotic response during therapy is frequently
limited by cancer cell resistance to DNA-damaging ther-
apy. In addition, adverse toxicity to healthy tissue is
observed with numerous chemotherapeutic drugs. For
example, major collateral damage includes nephrotoxicity
and neurotoxicity for platinum anticancer drugs and car-
diotoxicity for Doxorubicin/Adriamycin [9, 10]. To
optimize cancer treatment options and to overcome cancer
cell resistance and toxic side effects, it is of clinical rele-
vance to understand the reasons underlying both cancer cell
resistance to therapy and tissue-specific toxicity. For this
purpose, detailed and in-depth knowledge of the signaling
pathways, the molecules involved, potential cross-talk
between the different pathways and the underlying
molecular mechanisms of the DNA damage-induced cell
death response is mandatory.

In this review, we aim at providing an overview on the
most prominent pathways, molecular players and mecha-
nisms guiding the DNA damage-induced cell death
response. For a more detailed introduction into the DNA
damage response and DNA repair, we recommend some
recent reviews on this topic [11-13].

The DNA damage response

To set the stage for explaining and discussing the pathways
and mechanisms cells use to activate the cell death
response after DNA damage, we first need to provide a
short introduction into the DDR and the principles of how
cells sense and respond to DNA damage.

The cells of our body are continuously confronted with a
large number of DNA lesions, which are generated by
intrinsic (e.g., reactive oxygen species) and extrinsic
sources (e.g., by ionizing radiation, ultraviolet radiation).

In addition to DNA damage-induced lesions, the cells have
to deal with spontaneous lesions, such as AP (apurinic/
apyrimidinic) sites or the deamination of bases. To keep
our genome stable and secure cellular homeostasis, it is
essential for the cells to counteract DNA damage by acti-
vating the DDR which finally coordinates cell fate decision
making. The DDR in damaged somatic cells can lead to
cellular responses like cell cycle arrest, DNA repair, cel-
lular senescence or apoptosis (Fig. 2). For adult stem cells,
an additional cell fate option has been observed, which is
the activation of a terminal differentiation program [14].
While the cellular senescence response permanently arrests
the cell cycle of the damaged cell and thus blocks prolif-
eration, the cell death response facilitates destruction and
removal of the damaged cell. Since senescent cells are not
passive but actively secrete pro-inflammatory cytokines,
and since cellular senescence can be overrun [15], senes-
cent cells pose a constant source of danger to the organism.
Therefore, induction of cell death appears to be the safest
response to finally inactivate severely damaged cells.

The cellular DDR is a hierarchically organized response
system in the shape of a kinase cascade which can be
divided into three different steps: (a) DNA damage sensing,
(b) DNA damage signaling and (c) activation of an
appropriate cellular response.

DNA damage is sensed by specialized, multimeric
sensor protein complexes, which are directly recruited to
the site of the DNA lesion. Since DNA damage comes in
different flavors, such as DNA double-strand breaks
(DSBs), single-strand breaks (SSBs) or DNA adducts by
base alkylation, various sensor complexes have evolved to
facilitate the recognition of these qualitative different
lesions (Fig. 3). All these sensor complexes recruit and
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Fig. 2 DNA damage-induced cell fate decisions. DNA damage is
directly linked to the fate of a cell. It is essential for the proper
function and survival of an organism to counteract and clear the
caused damage. Therefore, the DNA damage response (DDR) lies at
the center of the cell fate decision making process. In the course of the
DDR, the DNA damage is sensed and its severity classified. The DDR
distinguishes between repairable and non-repairable damage and
coordinates different cellular outcomes like transient cell cycle arrest
and DNA repair, cell death, senescence or differentiation
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Fig. 3 DNA damage recognition and DNA damage checkpoint
kinase activation. Different types of DNA damage can be caused
after genotoxic stress, such as a DNA double-strand breaks (DSBs),
b single-strand breaks (SSBs) or ¢ DNA adducts by base alkylation.
Dependent on the type, the DNA damage is recognized by different
sensor protein complexes that initiate the activation of the DNA
damage response and recruit the apical kinases ATM, ATR and DNA-
PKcs. These proteins are all members of the PI3K-like protein kinase
family. The Mrel1-Rad50-Nbsl (MRN) sensor complex and the

activate master DNA damage-responsive Ser/Thr kinases,
which belong to the family of PI3 (phosphatidylinositide
3-kinases)-like kinases and are placed at the apex of the
DNA damage signaling cascade. DSBs are sensed by the
heterotrimeric Mrel1/Rad50/NBS1 (MRN) complex [16].
The MRN complex is recruited to DSBs and serves as an
activation platform for the DNA damage checkpoint kinase
ATM (Ataxia telangiectasia mutated). The inactive ATM
dimers get recruited to DSBs, undergo auto-phosphoryla-
tion at Ser residue 1981 and convert to active monomers
[7]. In turn, ATM phosphorylates histone variant H2AX at
Ser residue 139 (YH2AX) in the proximal region to the
DNA break. Phosphorylation of H2AX allows the DNA
damage signal to spread along the chromatin. YH2AX
directly binds DNA damage mediators such as MDCI1
(Mediator of DNA damage Checkpoint protein 1) and
NBS1 (also termed Nibrin) which further enhance ATM
binding and increase H2AX phosphorylation in a positive
feedback loop. Activated ATM phosphorylates a huge set
of cellular substrates and thereby spreads the damage sig-
nal into numerous cellular pathways and processes—
shifting the damaged cell into an alarm mode [17].

ATM plays a major role in coordinating DNA repair and
it has been shown that ATM is directly involved in DSB
repair by homologous recombination (HR) [18]. ATM
phosphorylates and removes its substrate protein KAP1
(KRAB-associated protein-1) from the heterochromatin
environment of the DNA lesion and enables the recruit-
ment of HR proteins such as MRE11 and CtIP (CtBP-
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Ku70-Ku80 heterodimer recognize double-strand breaks and recruit
the apical kinases ATM or DNA-PKcs. Single-strand breaks are
recognized by the RPA-ATRIP complex, which recruits the check-
point kinase ATR. First, RPA binds ATRIP and the 9-1-1 checkpoint
clamp is loaded at the 5’ primer junction. Finally, TOPBP1 is
recruited and activates ATR. ATR can also be recruited to sites of
DNA adducts by base alkylation. A direct interaction between ATR—
ATRIP and MutS-MutL can promote the activation of ATR
independently of RPA and single-stranded DNA breaks

interacting protein) [18, 19]. In turn, 3’ single-stranded
nucleotide overhangs are created, RPA (replication protein
A) is loaded and the RADS51 nucleofilament is formed [18].
ATM is not only involved in the initiation of HR, but also
at later time points after the formation of the RADS5I1
nucleofilament [20]. Thus, ATM plays a major role in
DNA repair by facilitating HR, a highly accurate way to
repair DSBs that uses the intact sister chromatid as a
template. For readers interested in a more detailed
description of ATM in DNA repair coordination, we rec-
ommend a number of recent reviews [11, 12].

DSBs also activate another DNA damage-responsive
kinase, the catalytic subunit (cs) of DNA-PK (DNA-acti-
vated protein kinase). DNA-PKcg is recruited to sites of
DNA breaks by the Ku70/Ku80 sensor complex, which
binds free DNA ends, and is subsequently activated. DNA-
PK plays a critical role in coordinating a highly efficient
and fast mechanism to repair DSBs, the so-called non-ho-
mologous end-joining (NHEJ) pathway. In contrast to the
HR pathway, NHEJ is more error-prone since the ends of
the DNA breaks are directly ligated without the need for a
homologous template. More details on the function of
DNA-PK can be obtained in a recent review [21].

When cells encounter SSBs or replication errors, a third
kinase belonging to the same family as ATM and DNA-PK
is activated, termed ATR (ATM and Rad3-related). ATR
activation includes site-specific autophosphorylation and
requires the adaptor protein ATRIP, which recruits ATR to
single-stranded DNA (ssDNA) [22]. First, the ssDNA is
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detected by RPA (replication protein A). In a second step,
ATRIP directly binds to RPA-coated ssDNA and conse-
quently recruits ATR to sites of DNA damage. However,
the localization of the ATR-ATRIP complex to sites of
DNA damage is not sufficient to fully activate ATR. The
kinase activity of ATR has to be activated by TopBPl1
(topoisomerase II binding protein 1). Subsequently, active
ATR triggers a cell cycle checkpoint by phosphorylation
and activation of Chkl (Checkpoint kinase 1). This results
in an arrest of the cells at the G2/M phase by inhibiting the
CyclinB-CDKI1 activity via the Cdc25 phosphatase [22]. In
consequence, the arrested cells have time to repair the
damage.

Although ATR is mainly activated in response to
replication stress and single-strand breaks, it gets also
activated in response to IR damage, which predominantly
induces DSBs [23]. Thus, IR activates both ATM and
ATR, and activation of ATM occurs irrespective of the cell
cycle phase, whereas ATR is mainly activated in S and G2
phase [23]. Cross-talk between both kinases occurs during
5'-end resection, and ATM is required for the recruitment
of ATR- to RPA-coated single-stranded overhangs [23,
24]. In the classical model, the apical master kinases ATM
and ATR act on different types of DNA breaks: ATM is
activated in response to double-strand breaks, whereas
ATR acts in response to single-strand breaks. However,
several studies demonstrate that there is cross-talk between
the pathways and that both ATM and ATR are involved in
repair of DSBs.

Taken together, different types of DNA damage get
sensed by specific sensor complexes and result in the
activation of the DDR master kinases ATM, DNA-PK and
ATR, respectively. The signal is transduced further
downstream by a kinase cascade. Activation of ATM
results in the activation of the downstream kinase Chk2
(checkpoint protein 2), and ATR results in the activation of
Chk1 (checkpoint protein 1). In turn, these kinases stabilize
effector proteins like p53 or Cdc25 by phosphorylation.
Finally, target genes which coordinate cell cycle arrest,
DNA repair, apoptosis and senescence are activated.

DNA damage-induced programmed cell death:
apoptosis vs. necroptosis

Apoptosis

In general, cells can trigger apoptosis and necroptosis in
response to DNA damage, but apoptosis appears to be
the prevailing form of cell death. Apoptotic cell death
can not only occur during normal developmental and
maintenance processes of cell populations, but also as a
cellular response to DNA damage. As already mentioned,

the pathway is strongly regulated. The key molecules of
the apoptotic pathway will be described in the following
sections.

A characteristic of apoptotic signaling pathways is the
activation of caspases. Caspases are aspartate-specific
cysteine proteases with mainly two functions: the pro-
cessing and activation of pro-inflammatory cytokines and
the cleavage of various proteins during apoptosis. Caspases
which are involved in apoptosis can be divided into ini-
tiator caspases (Caspase-2, -8, -9 and -10) and effector
caspases (Caspase-3, -6 and -7). Within a cell, all caspases
are present as inactive zymogens. The procaspases are
activated through proteolytic cleavage after a specific
internal aspartate residue. The initiator caspases are acti-
vated through autocatalytic interchain cleavage at high
molecular weight adaptor complexes such as the apopto-
some, the death-inducing signaling complex (DISC) or the
PIDDosome [25-27].

Mitochondria play a critical role in apoptosis execution
and intrinsic stimuli such as metabolic, replicative or
genotoxic stress result in the induction of the intrinsic,
mitochondrial apoptotic pathway. The key initiators of the
intrinsic pathway belong to the B cell lymphoma-2 (BCL-
2) family of proteins such as PUMA, BAX and NOXA.
Members of the BCL-2 family of proteins contain one to
four BCL-2 homology (BH) domains and are able to reg-
ulate the release of mitochondrial cytochrome c. There are
three subfamilies: the anti-apoptotic BCL-2 subfamily, the
pro-apoptotic BAX-like subfamily and the BH3-only sub-
family. The members of the pro-apoptotic BAX-like
subfamily contain three BH domains (BH1, BH2 and BH3)
and promote apoptosis by the formation of pores in the
mitochondrial outer membrane. BAX, BAK and BOK
belong to the aforementioned subfamily. The pro-apoptotic
BH3-only subfamily is more diverse and just contains one
BH3 domain. It has eight members: BID, BAM, BIM, BIK,
BMF, NOXA, PUMA and HRK. The most prominent
members are NOXA, PUMA and BID, which are tran-
scriptionally upregulated by p53 following DNA damage
[28, 29].

Exposure to stress results in the induction of BH3-only
proteins which in turn neutralize the pro-survival proteins
of the BCL-2 subfamily. The BH3-only proteins can bind
to the pro-survival BCL-2 family members via their BH3
domains with high affinity. Individual BH3-only proteins
have varying affinities for different pro-survival proteins.
Whereas BIM, tBID (the cleaved, active form of BID) and
PUMA can bind to all pro-survival proteins, BAD and
NOXA are more selective. BAD only binds to BCL-2,
BCL-X; and BCL-W with high affinity, and NOXA only to
MCL1 and Al. Efficient apoptosis requires the neutral-
ization of all pro-survival BCL-2 family members within a
cell.
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The activation of the pro-apoptotic BAX and BAK is
still not fully understood. The ‘direct activation’ model
suggests that certain BH3-only proteins such as BIM, tBID
and PUMA bind to BAX and BAK transiently, thereby
triggering their conformational change and subsequent
oligomerization. In contrast to this ‘hit and run’ model, the
‘indirect activation’ model suggests that the BH3-only
proteins simply bind to the pro-survival BCL-2 members
and prevent them from inactivating BAX or BAK. Acti-
vated BAX and/or BAK oligomerize and form pores in the
mitochondrial outer membrane which leads to its perme-
abilization. ~The  mitochondrial outer membrane
permeabilization (MOMP) enables the release of cyto-
chrome ¢ and the pro-apoptotic SMAC/DIABLO from the
mitochondrial intermembrane space into the cytosol.
Release of cytochrome c¢ from mitochondria after MOMP
triggers in concert with APAF-1, Caspase-9 and ATP the
formation of a macromolecular complex, the so-called
apoptosome. The initiator Caspase-9 gets activated, which
in turn cleaves, processes and thereby activates the exe-
cutioner caspases: Caspase-3, -6 and -7 [30, 31]. In
addition, SMAC/DIABLO, which is released from the
inner mitochondrial membrane space, contributes to Cas-
pase-9 activation by inhibiting IAPs (inhibitors of
apoptosis), which function as Caspase-9 antagonists [30].

In contrast to the intrinsic apoptotic pathway, the
extrinsic pathway is receptor mediated and involves death
receptors that belong to the tumor necrosis factor receptor
(TNFR) superfamily [32]. Members of the TNF receptor
family are characterized by cysteine-rich extracellular
domains. The death receptors additionally share a cyto-
plasmic ‘death domain’ (DD) which is important for the
transmission of the death signal from the cell surface to the
intracellular signaling pathways. The best known death
receptors are CD95 (APO1/Fas), TNF receptor 1 (TNF-R1,
CD120a), TNF-R2 (CD120b), TNF-related apoptosis-in-
ducing ligand-receptor 1 (TRAIL-R1/DR4) and TRAIL-R2
(DR5), DR3 (TRAMP/APO3/WSL-1/LARD) or DR6.
After binding of death ligands such as CD95L (APOI1L/
FASL) or APO2L/TRAIL, the death receptors assemble a
so-called death-inducing signaling complex (DISC).
Ligand binding results in receptor trimerization and clus-
tering of the cytoplasmic death domains. The trimeric
receptors serve as a docking platform and recruit adaptor
molecules such as Fas-associated protein with death
domains (FADD) for CD95 or TNF receptor-associated
protein with death domains (TRADD) for TNF-R1/TNF-
R2. The assembled complex provides a scaffold for the
recruitment of the procaspases-8 or -10. The procaspases
are recruited to the activated receptor to form the DISC.
The procaspases oligomerize at the DISC and are activated
by self-cleavage. Subsequently, Caspase-8 or Caspase-10
activates downstream effector caspases such as Caspase-3.
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Fig. 4 DNA damage-induced necroptosis signaling. The necroptotic »
response is induced by death receptors. The classical necroptosis
death receptor is TNFR1 which gets stimulated by TNF and forms a
large macromolecular complex with TRADD, RIPK1, cIAP2, cIAPS5,
TRAF2 and TRAFS. This complex is also referred to as complex L
The essential necroptotic protein RIPK1 gets poly-ubiquitinated by
cIAPs and leads to TAKI-TAB 2-TAB 3 complex formation. This
leads to the assembly of IKK and canonical NF-kB activation. In a
further step, RIPKI1 gets de-ubiquitinated and complex I gets
destabilized. Subsequently, RIPK1 can form a complex together with
TRADD, FADD, cFLIP and pro-caspase-8 (complex II). RIPK1 gets
de-activated and apoptosis is induced via caspase-8. In the absence of
cIAPs, RIPK1 cannot get de-ubiquitinated. The absence of cIAPS
leads to a non-canonical activation of the NF-kB pathway via NIK.
Together with FADD, cFLIP and pro-caspase-8, RIPK1 can still form
a complex II. This complex is called Ripoptosome and leads to
apoptosis via activation of caspase-8. However, if caspase-8 is
blocked, RIPK1 and RIPK3 interact and associate in microfilament-
like structures, the so-called necrosome. RIPK1 and RIPK3 get
activated via frans- and auto-phosphorylation, which finally leads to
MLKL recruitment and necroptosis. A RIPK3-dependent necroptosis
pathway is also activated in response to treatment with DNA-
damaging chemotherapeutic drugs (as Doxorubicin). The exact
mechanisms of signal transduction involved are currently unclear

Caspase-3 in turn activates Caspases-6 and -7 to initiate
apoptosis. Members of this receptor family, in particular
TNF-R1, do not exclusively transmit an apoptotic signal,
but also inflammatory ones through activation of the tran-
scription factors NF-xB and AP-1. Interestingly, under
specific conditions death receptors can also activate pro-
grammed necrosis, termed necroptosis [33].

Necroptosis

Necroptosis is a form of regulated necrosis. Its morpho-
logical phenotype resembles that of necrosis and is
characterized by plasma membrane rupture, cell swelling
and spill-out of the cellular content in the extracellular
space [31, 34, 35]. The term necroptosis (a mixture of
necrosis and apoptosis) has been coined by Vandenabeele
et al., to differentiate between the process of unregulated
necrosis and the ordered, programmed form of necrosis
[36]. In contrast to apoptosis, necroptotic cell death is
characterized by the lack of caspase activation and the
requirement of RIPK1 and RIPK3 (receptor-interacting
protein kinase 1 and 3) [37, 38]. Necroptosis can be acti-
vated by death receptor ligands, such as TNF-a, the death
ligand FasL or Apo2L/TRAIL [37, 39]. To trigger
necroptosis in human cells under laboratory conditions,
caspase activation, and hence apoptosis—needs to be
blocked. Accordingly, one needs to apply an inhibitor of
apoptosis (IAP) antagonist (SMAC/DIABLO mimetic) and
the pan-caspase inhibitor zZVAD to block the apoptotic
death receptor pathway [38].

Since the classical necroptosis model system is the
ubiquitously expressed cytokine receptor TNFR1 (TNF
receptor 1), the necroptotic pathway will be exemplarily
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death domain (DD), and in turn recruits RIPK1, cIAPI,

ligases of the cIAP family [40]. This post-translational
modification of RIPK1 allows for the recruitment of TAK1
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(transforming growth factor-B-activated kinase 1) in com-
plex with TAB 2 or TAB 3 (TAKI1 binding protein 2 or 3),
which leads to the assembly of the IKK (inhibitor of NF-kB
kinase) complex and subsequent activation of the NF-xB
pathway [41]. NF-«B finally triggers the expression of pro-
inflammatory cytokines. Consecutively, the Lys63-linked
polyubiquitination is removed from RIPK1 via CYLD
(cylindromatosis) and complex I is destabilized [42].
RIPK1 can dissociate from the complex and interact with
TRADD, FADD (Fas-associated death domain), pro-cas-
pase-8 and FLIP (FLICE-like inhibitory protein) to form the
so-called complex II [43]. The long isoforms of FLIP,
FLIP;, and pro-caspase-8 form a heterodimeric caspase
which cleaves RIPK1, RIPK3 and CYLD. This leads to
necroptosis inhibition and cell death via the apoptotic
pathway. A similar complex can also form in the absence of
cIAPs. When cIAPs are blocked, RIPK1 does not get poly-
ubiquitinated and NF-xB is activated by a non-canonical
pathway via the upregulation of NIK (NF-kB-inducing
kinase) [44, 45]. In the absence of cIAPS, a complex II
without TRADD can form. This complex is called Ripop-
tosome and consists of RIPK1, RIP3, FADD, FLIP; and
pro-Caspase-8 [43]. As before, RIPK1 and RIPK3 get
inactivated and apoptosis is induced by caspase-8. How-
ever, if Caspase-8 is inhibited and kept inactive, the RHIM
domains (RIP homotypic interaction motif) of RIPK1 and
RIPK3 associate in a microfilament-like structures termed
necrosome [36]. Subsequently, programmed cell death by
necroptosis is initiated via the trans- and auto-phosphory-
lation of RIPK1 and RIPK3 and the recruitment of MLKL
(mixed lineage kinase domain-like) [38].

The process of necroptosis relies on the activation of the
Ser/Thr protein kinase RIPK3, which phosphorylates the
pseudokinase MLKL at several residues (human: Thr357
and Ser358; mouse: Ser345, Ser347, Thr349) and thereby
facilitates its plasma membrane targeting, membrane rup-
ture, cell swelling and death [46-48]. In contrast to
apoptosis, mitochondria do not contribute to the execution
of necroptosis. The necroptotic activity of RIPK3 can be
activated by three different upstream activators—either by
the aforementioned RIPK1, by DAI (DNA-dependent
activator of interferon) or TRIF (toll-like receptor-inter-
acting factor). All of these proteins contain the RHIM
domain [38, 49, 50]. Necroptosis induces a strong inflam-
matory response due to the spill-out of the cell content,
whereas apoptosis usually does not. The cell content of
apoptotic cells is kept engulfed by the plasma membrane in
so-called apoptotic bodies, which are cleared by phago-
cytosis [31, 51]. Mice with knockout in RIPK3 or MLKL
are viable and develop normally, but show defects in
clearing certain viral infections. This is in line with the
view that necroptosis is not relevant during development
but is critical for pathogen defense.
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Interestingly, necroptosis is also induced upon treatment
with chemotherapeutic drugs [52]. How cells decide
between both modes of cell death in response to DNA
damage remains largely unclear. However, the essential
necroptosis activator RIPK3 appears to be frequently lost
in cancer cell [52], which prevents necroptosis induction.
We will discuss this interesting finding in the section on
“DNA damage-induced necroptosis” latter in our
review.SS

Molecular players and pathways of the DNA
damage-induced cell death response

In principle cells can respond to DNA damage using dif-
ferent strategies including DNA repair, induction of
cellular senescence or cell death. Both apoptosis and
necroptosis are ultimate cellular decisions, which result in
the physical loss of the damaged cells. Because of the
irreversibility of these processes, it is reasonable that such
cellular decisions are tightly controlled to prevent a pre-
mature activation, which could lead to loss of homeostasis,
tissue damage or even organ failure and death. On the other
hand, the decision needs to be that robust to avoid frequent
bypass of damaged cells, which would increase the risk of
genomic instability and cancer. In the following section we
will describe the main pathways and mechanisms that have
evolved to switch on the cell death response upon DNA
damage. Cells have the choice between different signaling
pathways to induce the cell death program in response to
severe DNA damage. The cellular origin (cell specificity)
plays at least partially a role in the decision which pathway
is finally selected. However, it still remains unclear whe-
ther these pathways act in parallel and to which extent
cross-talk occurs between them.

In response to DNA damage a set of apoptotic signaling
routes can be stimulated, including the ATM/ATR-
HIPK2-p53, the ATM-PIDD—Caspase-2, the ATM-c-
ABL-Yapl-p73 and c-Abl-HIPK2—p53 signaling axes. In
addition, DNA damage has also been linked to the RIPK3-
MLKL pathway of necroptosis. In the following we will
discuss the most prominent signaling pathways in more
detail. For readers interested in more details of how
specific DNA lesions and repair mechanisms are coupled to
the DNA damage response and cell death machinery we
recommend a recent review [53].

The tumor suppressor p53
The most prominent regulator of DNA damage-induced

cell death is presumably p53, which is linked to numerous
cell death pathways (Figs. 5, 6). It is a well-known tumor
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suppressor frequently mutated or deleted in human cancers
[54, 55]. pS3 is activated in response to a wide range of
cellular stress, including DNA damage—and acts as tran-
scription factor, which binds to a broad set of target gene
promoters (for detailed review see [56]). p53 binds to
promoter regions of its target genes via so-called response
elements (REs). However, the affinity of p53 for its REs
differs between target genes. Interestingly, it has been
found that the transactivation potential of p53 is higher
towards cell cycle arrest genes than towards pro-apoptotic
genes [57]. pS3 target genes that are involved in cell cycle
arrest contain robust REs, which are frequently evolu-
tionary conserved [58]. In contrast, p53 REs of pro-
apoptotic genes like BAX, CD95/Fas and pS3AIP1 are less
conserved across species and even appear to be primate
specific, indicating that the p53 response has substantially
changed during evolution [59]. Comparison between p53
REs of cell cycle arrest and pro-apoptotic genes by a
computational approach revealed that REs of cell cycle
arrest genes are exposed on the nucleosomal surface
whereas many sites of pro-apoptotic genes are found buried
inside the nucleosome [60]. This suggests that REs of cell
cycle arrest genes are conserved and easily accessible for
p53, while most REs of pro-apoptotic target genes are less
conserved and less accessible for p53 binding.

The target genes which are regulated by p53 guide cell
fate decision-making towards different responses including
cell cycle arrest and DNA repair, cell death, autophagy and
cellular senescence [61, 62]. How p53 selects between its
different target genes is still not fully understood, although
there is good evidence that posttranslational modifications
play a key role. Beside its function as transcription factor in
the cell nucleus, p53 can also act in the cytoplasm, inde-
pendently of its transcriptional function—and directly
stimulate the mitochondrial cell death route by activating
the pro-apoptotic proteins BAK and BAX. It targets BAX
to the outer mitochondrial membrane, leading to MOMP,
cytochrome c release and apoptosis induction [63—65]. The
cytoplasmic role of p53 appears to be in particular
important in cells which show high sensitivity to p53-in-
duced apoptosis such as lymphocytes.

DNA damage-induced activation of p53 is regulated at
the level of its post-translational modifications. Normal
proliferating cells have only very little p53 due to its pro-
teasomal degradation, which is facilitated by complex
formation with different E3 ubiquitin ligases, the most
prominent being Mdm?2, which tags pS3 with ubiquitin and
thereby targets it for degradation [66]. The DNA damage-
responsive kinases ATM and ATR and their downstream
mediators Chk2 and Chk1 phosphorylate p53 at Serl5 and
Ser20, respectively [67]. This leads to dissociation of
Mdm2 and results in p53 stabilization and enables the
binding to its target gene promoters.

Besides its well-documented function in apoptosis
induction, p53 has also been reported to initiate necrosis in
response to oxidative stress by H,O, treatment. P53 has
been shown to accumulate in mitochondria and trigger the
opening of the mitochondrial permeability transition pore
(PTP), a water and solute channel placed at the contact
points of the inner and outer mitochondrial membrane [68,
69]—Dby interaction with its essential regulator, the prolyl
isomerase Cyclophilin D [68, 69]. Whether this activity of
p53 is also regulated by its post-translational modifications
remains to be studied. In the past years, the pS3 pathway
received a lot of attention and numerous seminal findings
paved the way to our current understanding on the mech-
anisms by which p53 is activated/inactivated, and how it
selects its different target gene sets upon genotoxic stress.
To guide the DNA damage response towards cell death in
damaged tumor cells, it remains of fundamental impor-
tance to reveal molecular insight in the mechanisms by
which p53 discriminates between its apoptotic and non-
apoptotic target genes.

P53 Ser46 phosphorylation: the deadly phospho-
mark on p53

A central finding for our current understanding of the DNA
damage-induced p53 response was the identification of the
p53 Serine 46 phosphorylation site and its specific linkage
to pro-apoptotic pS53 target gene expression [70].
Remarkably, p53 Ser46 phosphorylation is strictly linked
to lethal, non-repairable DNA damage and can be stimu-
lated by different treatments such as IR, UV and by DNA-
damaging chemotherapeutic drugs such as Cisplatin and
Adriamycin/Doxorubicin [70-76]. pS3 phosphorylation at
Ser46 is found in conjunction with Serl5 and Ser20
phosphorylation of p53, since the kinases phosphorylating
Serl5 (ATM, ATR) and Ser20 (Chkl1, Chk2) are activated
also in response to lethal damage (Fig. 6). p53 Ser46
phosphorylation apparently controls a number of apoptotic
target genes including pS3AIP1, pS3DINP1, PUMA and
Noxa [70, 77-79].

Which kinases phosphorylate p53 at the Ser46 residue?
HIPK?2 has been identified as the first p53 Ser46 kinase [71,
72]. Later additional kinases including DYRK2, ATM,
PKCo6 and AMPK were linked to p53 Ser46 phosphoryla-
tion under genotoxic and energetic stress conditions [74,
80-82]. HIPK?2 is the best understood p53 Ser46 kinase and
mediates this phosphorylation in response to a variety of
DNA damage-inducing stimuli, including the aforemen-
tioned UV, IR, Cisplatin and Doxorubicin/Adriamycin—to
trigger apoptotic target gene expression and apoptosis [83].
Along these lines, defective p53 Ser46 phosphorylation
was found to account for apoptosis resistance in oral
squamous cell carcinoma cells [78]. Ser46 phosphorylation

@ Springer



2838

S. Matt, T. G. Hofmann

Vs

nucleus

pro-apoptotic target g'ene
transcription

pro-apoptotic

BHC-only f I
proteins 00 o
SMAC © e
CD95
DIABLO B CD95L
)
/ . =
SYtochrome c release
/ “3 DISC
\% apoptosome -
CaspD— @

Casp®) — :
A tosi
-—» poptosis )

~

of p53 is also a recognition signal for the phospho-specific
prolyl isomerase Pinl, which mediates changes in p53
conformation and plays an important role in assisting
transactivation of apoptotic p53 target genes [84—87].
Interestingly, p53 Ser46 phosphorylation has also been
linked to the neurotoxicity of mutant huntingtin protein,
which causes the fatal neurodegenerative disorder Hunt-
ington disease [88]. Inhibition of HIPK2, ATM and PKCd
prevented the apoptotic effects of mutant huntingtin in
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neuronal cells, indicating a pathophysiological function of
this deadly phospho-mark [88].

Recent reports demonstrated that Ser46-phosphorylated
p53 also acts in a transcription independent fashion in the
cytosol upon DNA damage (Fig. 6). HIPK2-mediated p53
Ser46 phosphorylation initiates phosphorylation-dependent
binding of the cis/trans isomerase Pinl, which potentiates
mitochondrial targeting of p53 and apoptosis [89]. More-
over, Pinl-mediated isomerization of phospho-Ser46 p53
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«Fig. 5 DNA damage-induced apoptosis signaling pathways. After
genotoxic stress, the DNA damage response gets activated. Cells can
sense sites of DNA breaks by sensor protein complexes (Mrell—
Rad50-Nbsl and RPA-ATRIP) which recruit and activate the
checkpoint kinases ATM and ATR. The apical kinases get activated
by phosphorylation and the signal is transduced further downstream
by a kinase cascade including Chkl, Chk2, HIPK2 and cAbl-YAPI.
These kinases stabilize the tumor suppressors p53 and p73 by
phosphorylation. Finally, p53/p73 target genes which coordinate
DNA repair, apoptosis and senescence are transcribed. Amongst these
target genes are the pro-apoptotic BHC-only proteins BAX, BAK,
PUMA and NOXA. They get activated and translocated from the
nucleus to the cytoplasm. Once in the cytoplasm, the pro-apoptotic
BHC-only proteins inhibit the anti-apoptotic family members BCL2
and BCL-XL. Furthermore, BAX and BAK oligomerize at the
mitochondrial outer membrane and form pores which lead to
mitochondrial outer membrane permeabilization (MOMP) and sub-
sequent cytochrome ¢ and SMAC/DIABLO release. These events
trigger the formation of the so-called apoptosome, a platform for the
activation of pro-caspase 9. Caspase-9 in turn activates the execu-
tioner caspases Caspase 3, 6 and 7 which finally leads to apoptosis.
Another platform for caspase activation can be directly activated by
the checkpoint kinase ATM. ATM phosphorylates PIDD which can
bind to RAIDD and pro-caspase-2 to form the so-called PIDDosome.
The activated caspase-2 subsequently signals to the mitochondrion.
The mitochondrial pathways leading to apoptosis are also termed the
intrinsic pathway. A third possibility for caspase activation is via the
extrinsic, receptor-mediated pathway. After the binding of death
ligands to the respective death receptors (e.g., CD95/Fas or TNFR),
the so-called death-inducing signaling complex (DISC) assembles.
The assembled complex provides a platform for the activation of pro-
Caspase-8 or -10. They get activated by self-cleavage and finally
activate the effector caspases to induce apoptosis

provokes BAX activation and targeting into the mito-
chondrial outer membrane leading to MOMP and
transcription-independent apoptosis induction [90].

Regulation of the p53 Ser46 kinase HIPK?2

HIPK2 is a nuclear body-associated enzyme and an
important regulator of stress signaling and the DNA dam-
age response [91-96]. The kinase is largely regulated by
posttranslational modifications including SUMOylation,
phosphorylation, acetylation and ubiquitination [91, 97—
100]. Unstressed cells keep HIPK?2 inactive through inter-
action and targeted proteolysis by the E3 ubiquitin ligases
Siah-1, Siah-2 and WSB-1 [92, 101-103]. After DNA
damage, ATM and ATR kinases phosphorylate Siah-1 and
dissociate the HIPK2-Siah1l complex and thereby mediate
HIPK?2 stabilization (Fig. 5) [101]. Also Zyxin, a protein
known to regulate cell migration, mediates HIPK2 stabi-
lization after Doxorubicin treatment, presumably through
its interaction with Siah-1 and Siah-2 [104]. Specific acti-
vation of HIPK?2 in response to DNA damage requires site-
specific autophosphorylation at Ser880/Thr882 [76]. This
phospho-mark is recognized by the Pinl isomerase, which
changes the conformation of HIPK2 and profoundly con-
tributes to its stabilization [76]. The apoptotic function of

activated HIPK?2 can be further boosted by caspase-medi-
ated cleavage, which removes a C terminal autoinhibitory
domain and stimulates its kinase activity [105].

During cellular recovery from DNA damage, HIPK?2 is
rapidly degraded by Siah-1 [101]. Interference with HIPK2
degradation by depletion of Siah-1 results in the induction
of apoptosis in response to a sublethal UV dose. Interest-
ingly, no increase in p53 Ser46 phosphorylation is detected
under these conditions, but instead increased HIPK2-me-
diated CtBP degradation [101]. CtBP has been identified as
an HIPK2 phospho-target, which is targeted for degrada-
tion upon Ser322 phosphorylation and triggers a p53-
independent cell death route via HIPK2 upon UV damage
[106].

HIPK2 is also a target of oncogenic signaling. For
instance, the cell growth-inducing non-receptor Tyr kinase
c-Src phosphorylates HIPK2 at numerous Tyr residues and
targets HIPK?2 into the cytoplasm resulting in inhibition of
Doxorubicin-induced p53 Ser46 phosphorylation and
apoptosis [107]. In addition, the E6 protein of human
papillomavirus 23 (HPV23), a cutaneous papilloma-in-
ducing virus, interacts with HIPK2 and interferes with p53
Ser46 phosphorylation [108]. This anti-apoptotic mecha-
nism might be important for the proliferation-inducing
capacity of this papillomavirus. Taken together, the acti-
vation of the p53 Ser46 kinase HIPK2 is tightly regulated
and governed by the DNA damage checkpoint kinases
ATM and ATR.

The c-Abl-HIPK2-p53 axis

Recently, HIPK2 was shown to be regulated by tyrosine
phosphorylation through the non-receptor tyrosine kinase
c-Abl (Fig. 5) [109]. It is already well established that
c-Abl is involved in apoptotic DNA damage signaling to
p73; however, any contribution of c-Abl in the p53
response remained largely unclear. It has been shown that
c-Abl and HIPK2 form a complex in vitro and in vivo,
which results in phosphorylation of HIPK2 at a number of
Tyr residues, including Tyr360 next to its activation loop.
Interestingly, the c-Abl-HIPK?2 interaction is already pre-
sent in the absence of DNA damage, suggesting a role for
c-Abl in balancing HIPK2 steady-state levels. c-Abl
increases the stability of HIPK2 by interfering with its
degradation by Siah-1 [101] and finally leading to HIPK2-
mediated p53 Ser46 phosphorylation and apoptosis. Phar-
macological inhibition of c-Abl with STI5S71 (Imatinib)
resulted in a profound reduction of HIPK? stabilization and
p53 Serd46 phosphorylation after IR and UV treatment
[109], indicating that c-Abl is critical to activate the
apoptotic function of endogenous HIPK2. To which extent
the effects of c-Abl are controlled by c-Abl-mediated Tyr
phosphorylation remains to be revealed in the future.
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Fig. 6 p53 Serine 46 phosphorylation: the deadly phosphorylation
mark on p53. Upon DNA damage, a kinase cascade is activated which
modifies p53 via phosphorylation of several serine residues. These
post-translational modifications finally lead to p53-dependent pro-
apoptotic target gene transcription. P53 is modified by the checkpoint
kinases ATM, ATR and HIPK2. The apical kinases ATM and ATR
are recruited to sites of DNA breaks and get activated via
phosphorylation. Both ATM and ATR can directly phosphorylate
p53 at Serine residue 15 and indirectly via Chk2 and Chkl at Serine
residue 20. After DNA damage, a third checkpoint kinase is activated,
HIPK2. HIPK2 phosphorylates p53 at Serine residue 46 exclusively
after severe, non-repairable damage. The post-translational

The ATM/ATR-HIPK2-pS53 axis

Checkpoint kinase ATM, and also ATR, plays an essential
role in DNA damage-induced HIPK?2 activation (Fig. 5). In
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modification of Serine 46 thus serves as an pro-apoptotic mark on
p53. Subsequently, the pro-apoptotic p53 target genes BAX, PUMA,
NOXA and p53AIP1 are transcribed. These pro-apoptotic factors
finally activate the cell death pathway via the mitochondrial, intrinsic
pathway. However, p53 can also act in a transcription-independent
mode. HIPK2-mediated phosphorylation of Serine residue 46 initiates
the binding of Pinl to p53. Binding of Pinl leads to the targeting of
p53 to the mitochondrion, BAX activation and mitochondrial outer
membrane permeabilization (MOMP). These events finally trigger the
apoptosis response. pS3 can activate apoptosis both in an indirect,
transcription-mediated manner and directly in the cytosol at the
mitochondrial membrane

undamaged cells, HIPK2 is an unstable protein due to
constant ubiquitination by the E3 ubiquitin ligase Siah-1
and consequent proteasomal degradation. In response to
DNA damage-inducing treatments (IR, UV,
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chemotherapeutic drugs) HIPK2 protein levels increase in
an ATM- and ATR-dependent fashion due to improved
protein stability [73, 101]. Mechanistically, ATM and ATR
can phosphorylate Siah-1 at Ser19 and thereby weaken the
HIPK?2-Siah-1 complex, resulting in HIPK?2 stabilization.
As soon as the ATM/ATR signaling is silenced (for
example, by the ATM/ATR-inhibitor caffeine), HIPK2 gets
rapidly destabilized, demonstrating the critical role of
ATM/ATR activity. Similar, upon recovery from weak
DNA damage, HIPK2 levels drop rapidly, which is in line
with terminated ATM/ATR checkpoint signaling after
successful DNA repair [101]. In addition, the Pinl iso-
merase is also essential for HIPK2 stabilization, since it
specifically binds to the activated, autophosphorylated
HIPK?2 isoform and mediates its stabilization through
introducing a conformational change [76]. Of note, HIPK2
stabilization can be found after sublethal and lethal DNA
damage likewise, but Ser46 phosphorylation occurs
exclusively after lethal damage when the ATM/ATR
checkpoints stay activated [101]. This argues that critical
factors for the assembly of a functional HIPK2-Ser46
kinase complex are not available or excluded from the
complex after sublethal damage. One such factor might be
pS3DINP1/TP53INP1, which is induced upon high-dose
DNA damage and interacts with p53 and HIPK2 in PML-
NBs [110]. However, the important question whether
pS3DINP1/TPS3INPI1 plays a direct role in HIPK2-medi-
ated p53 Ser46 phosphorylation remains to be answered.

The HIPK2-Axin-p53 axis

Beside its well-established role in Wnt/B-catenin signaling,
Axin was shown to play a role in the regulation of p53
Ser46 phosphorylation and cell death upon UV damage, as
well. Axin forms a complex with p53 as well as HIPK2,
and overexpressed Axin stimulates p53 Ser46 phosphory-
lation [111]. Somewhat unexpected, the endogenous
HIPK2-Axin—p53 complex was found in the absence of
any DNA damage, and it remains to be addressed how this
complex may be altered in response to UV damage, when
p53 Serd6 phosphorylation is evident. This suggests that
the p53—Axin—HIPK?2 complex is already pre-assembled in
cells and presumably requires an activation signal upon UV
damage to assist in HIPK2-controlled p53 phosphorylation.
The later point remains to be tested. In addition, Daxx,
which also binds HIPK2 [112], interacts with the p53—
Axin—-HIPK2 complex and takes part in p53 Ser46 phos-
phorylation and apoptosis activation upon UV treatment
[113]. Daxx was also found to be associated with Axin in
the absence of any UV treatment and the important ques-
tion whether UV damage has an impact on this complex
remains to be clarified. Finally, it was proposed that the
HIPK2-Axin—p53 complex is kept silent by the E3

ubiquitin ligase Pirh2 in a ligase-independent adaptor
mechanism by competing with HIPK2 in the complex.
Upon UV or Doxorubicin treatment Tip60 is targeted in an
ATM/ATR-dependent fashion and removes Pirh2 from the
Axin complex and allows for the incorporation of HIPK2
and thereby p53 Ser46 phosphorylation [114]. The under-
lying molecular mechanisms for the exchange of Pirh2 and
Tip60 and the subsequent recruitment of HIPK?2 into the
Axin complex are currently unclear. Likewise, it will be
interesting to determine the physiological significance of
the pre-formed HIPK2-Axin—p53 complexes observed in
cells [111].

The ATM-Chk2-FOXO3a-p53 axis

Forkhead box-O (FOXO) transcription factors fulfill
important functions in cell proliferation, cell differentia-
tion, development and cell survival. One of the most
intriguing roles of the FOXO members is probably their
function in aging and life span regulation. The FOXO
transcription factors are either regulated by post-transla-
tional modifications or protein—protein interactions. In a
recent study, FOXO3 has been shown to be directly
involved in apoptosis. It has been demonstrated that
FOXO3 shuttles from the cytoplasm to the nucleus after
DNA damage and gets recruited to sites of DNA breaks. At
the so-called DNA damage foci, FOXO3 co-localizes with
the DNA damage marker protein YH2AX, the activated
kinase ATM and phosphorylated p53. Furthermore, it has
been shown that FOXO3 forms a complex with ATM and
regulates the autophosphorylation of ATM at Ser1981 and
its activation upon DNA damage [82, 83]. FOXO3 interacts
with the ATM—-Chk2-p53 complex, which is essential for
DNA damage-induced apoptosis induction. It is suggested
that FOXO3 regulates the chromatin retention of the
ATM-Chk2-p53 complex through a mechanism that is
currently unknown [115]. It also remains unclear how
FOXO3 itself gets recruited to the sites of DNA breaks, and
whether the DNA binding domain of FOXO3 may be
involved in its role at DNA damage foci—or whether this
represents a transcription and DNA binding-independent
FOXO3 function.

The p53-XAF1-HIPK2 axis

The X-linked inhibitor of apoptosis (XIAP)-associated
factor 1 (XAF1) is involved in apoptosis signaling by both
antagonizing the anti-Caspase activity and the anti-apop-
totic activity of XIAP [116, 117]. In a more recent report,
XAF1 has been directly linked to p53 and the apoptotic
switch of p53 signaling. XAF1 has been shown to be a
direct transcriptional target of pS3 by chromatin immuno-
precipitation assay [118]. Wild-type pS3 downregulates
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XAF1 on both mRNA and protein level. In contrast,
overexpression of XAF1 leads to the activation of wild-
type p53, its nuclear accumulation and its increased tran-
scriptional activity towards pro-apoptotic target genes—
suggesting for a p5S3-XAF1 feedback loop. In a further
report, the underlying mechanism has been deciphered in
detail. XAF1 has been found to be a competitor of the E3
ubiquitin ligase MDM2 in binding to p53 [119]. However,
XAF1 not only disrupts the p5S3—-MDM?2 regulatory feed-
back loop, but also the HIPK2-targeting function of Siah-2
which results in stabilization of HIPK2. In turn, stabilized
HIPK?2 promotes p53 phosphorylation at Ser46 upon DNA
damage and shifts the cell fate towards apoptotic cell death
[119]. Moreover, in the same study XAF1 has been
described to activate the zinc finger protein 313 (ZNF313)
leading to ubiquitination and degradation of the cell cycle
regulator p21, and thus further shifting the cell fate towards
apoptosis [119]. Together, XAF1 promotes the genotoxic
stress-induced cell death response through numerous
activities.

p53Ser46—~AREG-miR-15

As mentioned before, the affinity for p53 for its target
genes changes upon genotoxic stress, and especially the
phosphorylation of p53 at Ser46 by HIPK2 or the DYRK2
kinase after a lethal dose of DNA damage shifts cell fate
towards apoptosis. In a recent report, it has been shown
that the post-translational modification of p53 specifically
changes its target gene affinity and indirectly affects
microRNA biogenesis [120]. Taira et al. could show that
p53 phosphorylated at Serd6 selectively binds to the
promoter region of amphiregulin (AREG) and induces its
expression upon DNA damage. Consequently, AREG
shuttles to the nucleus under DNA damage conditions and
interacts with the DEAD-box RNA helicase p68 (DDXS5).
DDXS5 is one of the components of the Drosha complex
which is important for microRNA processing. The group
could demonstrate that AREG specifically regulates the
processing of pri-miR-15 and the production of miR-15
[120]. In previous studies, it was found that pre-miR-15 is
increased after DNA damage and targets the anti-apop-
totic BCL-2, thus promoting the apoptotic response [121,
122].

This study could show that p53 indirectly regulates
miRNA production in response to DNA damage via reg-
ulation of the Drosha complex by AREG. However, there
are still open questions and it is not clear, how AREG
localizes into the nucleus. Moreover, miR-15 is not the
only microRNA which gets regulated by p53 in response to
DNA damage. Other microRNAs, such as miR-34a, get
transactivated by p53 and are involved in apoptosis, as well
[123, 124]. Furthermore, other key players of the DDR
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have been shown to be involved in microRNA biogenesis,
such as ATM which phosphorylates KH-type splicing
regulatory protein (KSRP), enhancing its interactions with
pri-miRNAs [125]. There is evidence that microRNA
metabolism is dysregulated in tumors, and that microRNA
levels are decreased [126, 127]. Thus, the regulation of
microRNA processing seems to be a critical step for DNA
damage-induced apoptosis and tumor inhibition. For a
more detailed overview on the growing cell death regula-
tory microRNA network some review papers to this topic
are recommended [128, 129].

p53, PML nuclear bodies (PML-NBs) and DNA
damage-induced cell death

PML nuclear bodies (PML-NBs), are multi-protein
domains responsive to different kinds of stress including
DNA damage [130]. PML-NBs play an important role in
the DNA damage-induced cell death response by p53 and
p73. Upon DNA damage, p53 is recruited along with
HIPK?2 by a specific PML isoform to PML-NBs and HIPK2
mediates p53 Ser46 phosphorylation in association with
PML nuclear bodies (PML-NBs) [71, 72, 95]. Numerous
additional p53 and p73 regulating enzymes including CBP,
Chk2, ATM, ATR are found at PML-NBs under specific
conditions [131-133] and also p53 acetylation was linked
to PML-NB-associated CBP/p300 [134, 135]. Since there
are numerous reviews on the role of PML-NBs in apoptosis
regulation, we recommend these to those readers interested
in the role of PML-NBs in apoptosis and DDR regulation
in more detail [83, 131, 132, 136].

Although it is now known for quite a while that p53 reg-
ulators meet at PML-NBs and regulate p53 function, it
remained until recently unclear if cross-talk between p53
regulators takes place at PML-NBs, and whether this shapes
cell fate decision-making upon DNA damage. Indeed, cross-
talk between the p53 activator HIPK2 and the p53-inhibiting
deacetylase SIRT1 upon Adriamycin/Doxorubicin treatment
was observed [137]. HIPK2 forms a complex with SIRT1
upon DNA damage and specifically phosphorylates SIRT1 at
Ser682 upon lethal DNA damage, but not in response to
cytostatic DNA damage. In addition, Ser682 phosphorylated
SIRT1 co-localizes with HIPK2 at PML-NBs, and SIRT1
Ser682 phosphorylation upon DNA damage requires PML
expression, as depletion of PML by RNA interference inhi-
bits SIRTI1 Ser682 phosphorylation. Mechanistically,
Ser682 phosphorylation dissociates AROS, an activator of
SIRT1, from SIRTI1 and inhibits SIRT1 activity, which is
reflected by increased p53 acetylation and apoptotic target
gene expression [137]. Thus, SIRT1 Ser682 is, beyond p53
Ser46, a second HIPK2-mediated phospho-site linked to
lethal DNA damage, and based on cross-talk of SIRT1 and
HIPK?2 at PML-NBs. It will be interesting to see in the future
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whether additional cross-talk between p53 regulatory
enzymes takes place at PML-NBs.

The tumor suppressor p73

A further key molecule controlling DNA damage-induced
cell death is the transcription factor p73, a protein showing
a very similar modular organization to p53. Comparable to
pS53, p73 is an unstable protein which is expressed in a
variety of isoforms, with p73a being the most widely
studied [138]. In unstressed cells, p73 is degraded by the
proteasome, which is facilitated by interaction with the E3
ubiquitin ligase Itch [139-141]. In response to genotoxic
stress, the destabilization of Itch mediates the accumulation
of p73 upon numerous kinds of genotoxic stress stimuli
(IR, UV, Doxorubicin, Cisplatin) [138, 141]. p73 transac-
tivates many apoptotic target genes which are also known
to be targeted by pS3—including PUMA and Noxa, and
induces apoptosis through inducing MOMP [139, 140,
142]. Similar to p53, p73 activity is regulated through
association with PML-NBs [143]. For a more detailed
overview on p73 function and regulation, we recommend a
number of recent reviews [131, 144, 145]. In the following,
we will discuss the most prominent DNA damage-induced
cell death pathways involving p73.

The ATM-cAbl-YAP1-p73 axis

The apoptotic activity of p73 in response to cisplatin-in-
duced and IR-mediated DNA damage was found to be
regulated by interaction with and phosphorylation by c-Abl
kinase (Fig. 5) [146, 147]. In absence of DNA damage,
c-Abl is retained in the cytoplasm through interaction with
14-3-3C protein. Upon Doxorubicin treatment, JNK (c-Jun
N-terminal kinase) phosphorylates 14-3-3(, and thereby
triggers the release and nuclear translocation of c-Abl
[148]. In the cell nucleus the non-receptor tyrosine kinase
c-Abl is activated upon DNA damage directly by the ATM
checkpoint kinase, which phosphorylates c-Abl at Ser465
[149, 150]. Posttranslational modifications—in particular
phosphorylation at Tyr99 by c-Abl and acetylation by the
acetyltransferase p300—activate the cell death-inducing
activity of p73 [151]. Accordingly, both c-Abl and ATM
were found to cooperate in response to DNA damage
during nervous system development [152]. c-Abl also
phosphorylates a key co-activator protein of p73, YAPI
(Yes-Associated Protein 1). Yapl is phosphorylated at
Tyr357 after IR and Cisplatin treatment, which guides its
co-activator function away from the proliferation-driving
TEAD transcription factors towards p73 to potentiate the
transcription of apoptotic target genes [153]. In addition,
YAPI can also protect p73 from Itch-mediated proteolysis

and potentiates p73 activity independent of Tyr357 phos-
phorylation [154]. Taken together, c-Abl exerts important
functions in DNA damage-induced apoptosis through
controlling p73 activity.

The ATM-NEMO/IKKYy-RIPK1 axis

Following DNA damage, ATM can activate the NF-xB
pathway to promote cell survival [155] [156, 157]. How-
ever, in response to severe damage, ATM and NEMO/
IKK-y (NF-xB essential modulator)-dependent NF-kB
activation can lead to caspase-8 activation and subsequent
apoptosis by the extrinsic pathway [158].

For NF-kB activation following genotoxic stress, post-
translational modification of NEMO/IKK-y is required.
NEMO is sumoylated at lysine residues 277 and 309 by the
SUMO E3 ligase PIASy/PIAS4 (protein inhibitor of acti-
vated STAT y) and phosphorylated at Serine 85 by
activated ATM [157, 159-161]. Both post-translational
modifications are a prerequisite for the monoubiquitination
of NEMO at lysine residues 277 and 309 by cellular
inhibitor of apoptosis-1 (cIAP1) [162]. Whether the
sumoylation and subsequent ubiquitination can co-exist is
unclear. The proposed mechanism involves a transient
sumoylation followed by the phosphorylation and
monoubiquitination of NEMO. The ubiquitination pro-
motes the nuclear export of NEMO to facilitate
downstream signal transduction and the activation of the
NF-xB pathway. Interestingly NEMO can distribute a
small proportion of ATM to the cytoplasm [161], where it
activates an additional kinase, TAK1 (transforming growth
factor B-activated kinase-1), which has been shown to be
required for NF-xB activation after DNA damage [162,
163]. TAKI requires further activation either by polyu-
biquitination of ELKS (a protein rich in glutamate, leucine,
lysine, and serine) by auto-ubiquitination of TRAF6
(TNFR-associated factor 6) or by RIPKI1 ubiquitination
[164-166].

A recent report [158] has revealed that DNA damage
signaling via the ATM-NEMO-RIPKI1 signaling axis
serves as a cell fate switch and drive cells into apoptosis.
NF-«B signaling is both activated after low and high doses
of DNA damage and leads to a TNFa—TNFRI1 signaling
loop. After a sustained lethal dose of DNA damage, this
feed-forward loop is further triggered and excessive pro-
duction of TNFa leads to a second wave of NF-kB activity
and the phosphorylation of RIPK1 [158]. In turn, the for-
mation of a NEMO-RIPK1 complex stimulates JNK (c-Jun
N-terminal kinase) phosphorylation, which leads to the
production of the pro-inflammatory cytokine IL-8. These
events finally lead to recruitment of FADD to the complex.
FADD serves as a docking for the initiator caspase-8.
Caspase-8 gets activated at this complex and triggers
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apoptosis via the extrinsic pathway. The RIPK1-NEMO-
FADD-caspase-8 complex is similar to the aforementioned
Ripoptosome.

The piddosome: a nuclear caspase 2 activation
platform

One of the characteristics of the apoptotic process is the
sequential activation of caspases. It has been shown that
the initiator caspases get activated at large macromolecular
scaffold structures, such as the apoptosome, which acti-
vates caspase-9, or the DISC (death-induced signaling
complex), which activates caspases-8 and 10. A third
caspase-activating platform is the PIDDosome [167].
Remarkably, the PIDDosome is localized to the cell
nucleus. The PIDDosome is a high molecular weight
complex and consists of PIDD (p53-induced death domain
protein), RAIDD (receptor-interacting protein-associated
Ich-1/CED homologous protein with DD) and the initiator
caspase-2 (Fig. 5) [167]. Caspase-2 is a tumor suppressor
and is important for p53-independent, mitochondrial
apoptosis signaling, and siRNA-mediated knockdown of
caspase-2 inhibits the induction of apoptosis by various
DNA damaging drugs [168, 169]. Similar effects have been
observed with MEFs from caspase-2 deficient mice [170,
171]. Loss of caspase-2 also leads to an acceleration of
tumor onset in a mouse lymphoma model. However, the
effects of caspase-2 on tumorigenesis seem to be inde-
pendent of its activation at the PIDDosome and its pro-
apoptotic activity [172]. Interestingly, caspase-2 KO MEFs
escape cellular senescence in culture and show signs of
high genomic instability such as the accumulation of
micronuclei [173].

PIDD has been suggested as a molecular switch between
cell survival and cell death following DNA damage. PIDD
signals towards apoptosis in connection with RAIDD and
caspase-2, whereas binding to RIPK1 leads to NF-xB
signaling and cell survival [174]. The pro-apoptotic
PIDDosome assembly upon DNA damage is initiated via
phosphorylation of the PIDD death domain (DD) by the
checkpoint kinase ATM in Chkl-inhibited cells. The post-
translational modification allows for recruitment of RAIDD
and complex assembly [175]. However, there is evidence
from knockout mouse models that DNA damage-induced
caspase-2 activation does also function in RAIDD ™~ and
PIDD /'~ cells, demonstrating that the PIDDosome is not
required for DNA damage-induced caspase-2 activation
in vivo [172, 176]. Indeed, loss of Caspase-2, but not
Piddl, reduced the cell death response after y-irradiation in
mouse embryonic fibroblasts [176]. In a more recent study,
the same group investigated the effect of Raidd in a mouse
lymphoma model. It was known before that loss of
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Caspase-2 in the En-Myc mouse lymphoma model leads to
an acceleration of tumor onset, whereas loss of Piddl
delays tumor onset. Interestingly, Raidd deficiency showed
no modulatory effect on the development of radiation-in-
duced thymic Iymphomas, demonstrating that the
PIDDosome scaffold protein RAIDD is dispensable for
Caspase-2 activation in this tumor model [172]. What in
detail accounts for these conflicting results in mice and in
human cancer cells remains to be determined in the future.
Taken together, the PIDDosome is a versatile protein
complex consisting of different signaling molecules, but
exclusively assembly of PIDD-RAIDD-caspase-2 com-
plex initiates cell death signaling after DNA damage [26].

DNA damage-induced necroptosis

Treatment with DNA-damaging chemotherapeutic drugs
does not solely engage the apoptotic response but can also
activate necroptosis. Two recent studies provide evidence
that the expression of the essential necroptosis activator
RIPK3 is lost in numerous cancer cells including hepato-
cellular carcinoma, breast carcinoma, glioblastoma and
melanoma [52, 177]. Interestingly, in the hematopoietic
cell lines investigated only 20 % showed a loss of RIPK3
expression, in contrast to broad loss of RIPK3 in about
80 % of non-hematopoietic cell lines [52]. In virtually all
cells with lost RIPK3 expression, the addition of an inhi-
bitor of DNA methylation reconstituted the expression of
RIPK3 mRNA and protein, demonstrating that RIPK3 is a
target of epigenetic silencing [52]. Remarkably, DNA
hypomethylation using 5-azacytidine (5-AD) specifically
sensitized RIPK3-silenced cells, but not the RIPK3-ex-
pressing counterparts, to chemotherapeutic drugs including
Doxorubicin, Etoposide, Cisplatin or Camptothecin and
facilitated MLKL phosphorylation and necroptotic cell
death (Fig. 4) [52]. The authors also confirmed this effect
in vivo in a mouse xenograft model. In addition, using
immunohistochemistry, the authors demonstrate that
RIPK3 is downregulated in numerous breast cancer spec-
imens [52]. However, the fascinating question by which
molecular mechanisms these diverse DNA-damaging
(Etoposide, Doxorubicin) and mitosis-arresting drugs
(Taxanes) engage the necrosome remains to be elucidated
in the future. Interestingly, since prolonged mitotic arrest
has been shown to trigger a telomere-derived DNA damage
response [178], it appears possible that DNA damage
checkpoint kinases might be involved in sending a damage
signal to the necrosome. In summary, necroptosis appears
to be suppressed in numerous tumor cell lines and in breast
cancer due to lost RIPK3 expression. Reconstitution of
RIPK3 expression sensitizes these cells to necroptotic cell
death upon treatment with various chemotherapeutic drugs,
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making the necrosome an attractive target in cancer
treatment.

Perspective

In the past years major progress has been made to our
understanding of the underlying mechanisms of DNA
damage-induced cell death responses. Numerous signaling
pathways, molecules and mechanisms involved have been
identified and studied. Despite of this gain of knowledge,
there are still essential questions to be answered in the
future to reveal a more detailed understanding.

For example, how do cells decide between the utiliza-
tion of these different cell death signaling routes? The
simplest explanation would be that key molecules of a
given cell death route are expressed in a cell type-specific
fashion or get lost in cancer cells. However, this apparently
applies only to a limited number of key players such as p53
and RIPK3, which are lost or inactivated to a significant
extent in cancer cells. Thus, it may be a promising strategy
to identify the cell death pathways, which in principle
remain functional in cancer cells under the given settings,
to guide and assist full activation of these pathways by the
means of suited drugs.

The development of more efficient and safer anticancer
drugs is one of the major goals in cancer research. Up to
now, first-line therapy for many cancer entities is classical
DNA damage-inducing therapies, such as IR and
chemotherapeutic drugs as Cisplatin, Doxorubicin or
Etoposide. The harmed cancer cells react by activating the
DDR, ideally culminating in the removal of the tumor
cells by apoptosis. Limitations arise from acquired resis-
tance of cancer cells to the administered drug and from
toxic side effects on specific tissues of the patient treated.
Over the last years, drugs based on small molecule inhi-
bitors and on hydrocarbon-stapled peptides have been
designed to specifically target central players of the DDR
including p53, Chkl and Chk2 [179, 180]. First results
appear promising although on-target side effects need to
be further reduced. It will be interesting to see how these
drugs perform in combination with DNA-damaging
treatments.

A further important question requiring more scientific
attention is if and how the different death signaling cas-
cades do cross-talk with each other. Since for instance
ATM is at the apex of many DNA damage-induced cell
death signaling pathways, it remains to be studied if and
how these pathways branch downstream of ATM and may
converge again at central nodes downstream. The identi-
fication of the key molecules mediating cross-talk,
branching and signal integration would provide promising
targets for the design of small molecules and/or

hydrocarbon-stapled peptides to potentiate or to limit the
activity/function of these signaling hubs.

How many different cell death routes are operative in a
given (cancer) cell (line) and which routes are the most
broadly engaged ones in response to DNA damaging drug
treatment or radiation therapy? Such knowledge will be
essential to define new target proteins in the respective
pathways and to design and develop pharmacological
molecules. With the knowledge of the relevant death
pathways operative in the given cancer cell or cancer tis-
sue, combinations of drugs and inhibitors that potentiate
this pathways could be designed and analyzed for their
efficacy in cancer cell killing.

Results from death receptor signaling studies indicate
that caspase activation during apoptosis inhibits the acti-
vation of necroptosis. Do these findings also apply to the
DNA damage-induced signaling pathways? This could
mean that DNA damage-induced apoptosis and necroptosis
are mutually exclusive in a DNA-damaged cancer cells.
Then, it would be likely that cancer cells showing only
limited caspase activation, which is insufficient to trigger
apoptosis, might suppress necroptotic death and thus
mediate cancer cell survival. If this is true, we need to
consider novel strategies in cancer cell killing, such as
transient inhibition of caspases by caspase inhibitors to re-
activate the necroptotic machinery.

Finally, much of our current knowledge on DNA dam-
age-induced cell death routes is obtained from the use of
cancer cell lines. This knowledge needs to be transferred to
organismic model systems to understand the in vivo rele-
vance of these pathways and mechanisms in cancer cell
killing.

Taken together, despite the accumulating wealth of
knowledge, we still need to fill major knowledge gaps in
order to enable a targeted manipulation of the DNA dam-
age-induced cell death response in cancer.
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