Chapter 7
The DNA Damage Response Mediates
Apoptosis and Tumor Suppression

Katherine Baran, Diego Rodriguez, and Douglas Green

Abstract Cells encounter stress on a daily basis that can damage their DNA and
promote malignant transformation, yet the latter rarely occurs. The DNA damage
response (DDR) is a highly coordinated signaling pathway that functions to detect
and repair DNA damage in cells, inhibiting transformation. However, when DNA
damage is so severe that it cannot be repaired, the DDR promotes apoptosis, thus
preventing the propagation of abnormal cells. The tumor suppressor protein, p53, is
one of the most essential molecules keeping DNA damage in check. Here, we dis-
cuss the signaling cascades that activate pS53 upon DNA damage and the molecular
mechanisms that mediate pS3-dependent and -independent apoptosis. Moreover, we
discuss the signals that trigger the DDR during malignant propagation and the
importance of DNA damage-mediated apoptosis in preventing tumorigenesis.
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7.1 DNA Damage Induced Cell Death

This chapter is aimed at understanding the molecular processes that drive cell death
in response to DNA damage. We briefly explore the DNA damage response (DDR)
pathway, and how cells translate DNA damage signals into appropriate biological
outcomes. The mechanism by which the tumor suppressor, p53, induces apoptosis
in response to DNA damage is identified, as are other p53-independent pathways.
Finally the role of DNA-damage induced apoptosis in the prevention of cancer is
explored.
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7.2 The DNA Damage Response

Every day, cells encounter numerous stresses and toxins that damage DNA, yet these
cells rarely become tumorigenic. This is primarily due to the DDR which functions
to detect and repair DNA damage in cells, to arrest the cell cycle, and to remove the
cells if the damage cannot be repaired, through senescence or apoptosis [1-4].

DNA lesions can be generated through normal physiological processes such as
DNA replication which can result in DNA mismatches and DNA double-strand
breaks (DSB) as well as free oxygen radicals generated as a result of cellular metab-
olism [5, 6]. In addition, DNA can also be damaged by exposure to environmental
stresses such as ultraviolet (UV) light and ionizing radiation (IR) [7]. Lesions are
repaired through repair mechanisms such as homologous recombination (HR), non-
homologous end joining (NHEJ), or mismatch repair (MMR) [8]. During the pro-
cess, cells undergo cycle arrest to allow time for optimal repair and to prevent the
damage from being passed on to future generations [8]. Should the extent of DNA
damage be too severe, the cells undergo permanent arrest (senescence) or death
(apoptosis). A tightly coordinated molecular signaling cascade determines these
cellular responses (Fig. 7.1). This section will focus primarily of the signaling
events of the DDR.

The signal transduction pathway of the DDR is controlled by the PI(3)K
(phosphatidyl-inositol-3-OH kinase)-related kinases (PIKKs): ATM (ataxia telangi-
ectasia mutated) and ATR (ATM- and Rad3-related) [9]. ATM kinase is induced
after DNA damage, whereas ATR kinase is induced as a result of stalled replication
forks during DNA replication [10, 11]. Here we will discuss the three different
stages in the ATM/ATR-dependent signal transduction cascade: (1) Identification of
DNA damage results in the activation of the ATM /ATR kinases and their recruit-
ment to the site of damage. (2) Checkpoint mediator proteins enhance ATM/ATR
kinase function. (3) ATM/ATR-phosphorylated effector proteins mediate cellular
responses to damage.

Sensing DNA damage: In unstressed cells ATM kinase activity is low since the pro-
tein exists as an inactive dimer, blocking the active kinase domain [12]. DNA dam-
age-induced DSBs mediate a conformational change in ATM, resulting in its
auto-phosphorylation and dissociation of the dimer complex to an active mono-
meric form [12]. Recently, a complex of the proteins Mrel1-Rad50-Nbs1 (MRN)
has been shown to act as a sensor of DSBs, aiding in the recruitment of ATM to the
site of DNA damage [13]. ATR does not require a conformational change to mediate
its kinase activity. Instead ATR remains inactive through its association with ATR
interacting protein (ATRIP), and becomes activated when recruited to the site of a
stalled replication fork through its interaction with the single-strand DNA-binding
protein, replication protein A (RPA) [14, 15]. Once activated and recruited to the
site of DNA damage, ATM and ATR can phosphorylate their relative substrates,
which include hundreds of proteins [16]. Effective ATM/ATR function is dependent
on checkpoint mediator proteins, which create a scaffold for amplification of kinase
function.
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Fig. 7.1 The DNA Damage Response (DDR): DNA stress in the form of double-strand breaks
(DSB) or stalled replication forks trigger ATM and ATR kinases. DNA lesions promote the
auto-phosphorylation of ATM and a shift from an inactive dimer to active monomer. ATM is
recruited to the site of damage by MRN complex (Mrel1-Rad50-Nbs1). A complex between ATR
and ATRIP renders ATR inactive, and it is activated through RPA recruitment to the site of a stalled
replication fork. The kinase activities of ATM and ATR are amplified in DNA damage associated
foci formed by the phosphorylation of H2AX. This scaffold promotes the recruitment of check-
point mediator proteins that amplify the kinase activity of ATM (Mdcl, pS3BP1 and Brcal) and
ATR (Claspin, RSR, and the 9-1-1 complex). Active ATM and ATR phosphorylate numerous tar-
get proteins; the most commonly recognized are Chk1, Chk2, and p53 that function in regulating
the cell cycle and inducing apoptosis or senescence. ATM and ATR can also phosphorylate other
proteins that mediate apoptosis in a p53-independent manner

Checkpoint mediator proteins enhance the kinase activity of ATM/ATR: The variant
histone, H2AX, is phosphorylated at the site of DNA damage by ATM and ATR,
creating a scaffold for the recruitment and binding of numerous checkpoint media-
tor proteins, resulting in the formation of DNA damage associated foci [17, 18].
The exact function of these damage-associated foci are unclear, but they may serve
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to enhance the signal transduction pathway [19]. Instead, phosphorylated H2AX
and the associated damage foci are most commonly used to identify cells with dam-
aged DNA. The ATM-related mediator proteins include: Mdcl (mediator of DNA
damage checkpoint 1), p5S3BP1 (p53 binding protein 1), and Bracl (breast cancer
type 1 susceptibility protein) [20-25]. ATR-related mediator Claspin, RSR (RAD17-
containing complex), and the 9-1-1-complex (RAD9-RADI1-HUS1) all serve to
amplify ATR kinase activity in DNA-damage foci [26-29]. Cells lacking mediator
proteins show defective DDR and cancer susceptibility, indicating their importance
for propagating ATM/ATR kinase activity [2].

Effector proteins mediate the cellular response to DNA damage: More than 700
proteins are phosphorylated in an ATM/ATR-dependent manner; however, the
checkpoint-transducer serine/threonine kinases, Chk2 and Chkl1, are by far the most
prominent downstream targets of ATM and ATR respectively [16, 30]. The major
function of Chk1 and Chk?2 is to induce cell cycle arrest at the G1-S, S, and G2-M
phases of the cell cycle by inhibiting the CDC25 (cell division cycle) family of
phosphatases (CDC25a, CDC25b, and CDC25¢) that normally activate the cyclin-
dependent kinases (CDKs) [2, 31]. Chkl and Chk2 also mediate the regulation of
various proteins directly involved in DNA repair through transcriptional and post-
translational mechanisms. Thus, these two very important functions of the Chk pro-
teins facilitate DNA repair in a rapid and efficient manner. Another key target of
both ATM and Chk2 is the tumor suppressor protein, pS3 and its negative regulator
MDM?2 (murine double minute) [32, 33]. pS3 functions as a transcription factor that
mediates the expression of proteins involved in cell cycle arrest, senescence, and
apoptosis (Fig. 7.3) [34, 35]. Expression of p21/WAFI is induced by p53, and this
cyclin-dependent kinase inhibitor 1 (or CDK-interacting protein 1) functions to
mediate G1 cell cycle arrest by binding to and inhibiting the activity of cyclins [36].
This process takes longer, but aids in maintaining the G1 arrest initiated by CDC25
inhibition, further facilitating DNA repair. If the damage to the DNA is irreparable,
cells can undergo permanent cell cycle arrest (senescence) or apoptosis. P53 can
facilitate these responses, but other p53-independent yet ATM-modulated proteins
can also be involved.

7.3 Death in the Absence of DNA Damage

Interestingly, although most chemotherapeutic agents induce a DDR and apoptosis
in tumor cells, cisplatin can also induce apoptosis independently of DNA damage.
In this context, cisplatin induces endoplasmic reticulum (ER) stress-mediated apop-
tosis [37, 38]. Moreover, Poly(ADP-ribose) polymerase (PARP) proteins which
detect single-strand DNA breaks and recruit repair machineries, may also promote
an ER stress response independently of DNA [39, 40]. ER stress promotes an accu-
mulation of unfolded proteins, inducing the unfolded protein response (UPR) [41].
The UPR is a complex and dynamic network of signaling pathways that function to
maintain cellular homeostasis by reducing the levels of unfolded proteins. If ER
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stress is prolonged the UPR triggers apoptosis. Below, we will focus primarily on
cellular responses to DNA damage per se.

The role of p53-dependent and independent mechanisms of apoptosis in response
to DNA damage will be discussed in the section below.

7.4 DNA-Damage Mediated Apoptosis

Apoptosis is an active cell death process that functions during normal development
and cellular homeostasis and is important in tumor suppression, maintaining host
defense to pathogens, and the response to cellular stress [42]. A family of cysteine
proteases called caspases orchestrates apoptosis, and a subset of these, the execu-
tioner caspases, cleaves hundreds of substrate proteins, resulting in cell shrinkage,
chromatin condensation, and membrane blebbing [43, 44].

Caspases can be activated by several pathways of apoptosis; the best character-
ized of these are the death receptor pathway and the mitochondrial pathway of
apoptosis. Although the exact molecular signals are not entirely clear, DNA damage
can trigger both of these pathways of apoptosis through p53-dependent and inde-
pendent means. This section will focus on the molecular pathways of p53-dependent
and -independent apoptosis induced by the DDR.

The death receptor pathway of apoptosis: This is a tightly regulated signal transduc-
tion pathway that is mediated by a subset of the tumor necrosis factor receptor
(TNFR) super family, the death receptors [45]. Signals to die are generated once
membrane-bound death receptors such as TNFR1, CD95 (Fas), and TRAIL-R are
recognized by their specific death ligands (TNF, CD95L, TRAIL) [46]. Trimerization
of the receptor follows, with accompanying recruitment of adaptor molecules such
as Fas associated death domain (FADD) through a DD-DD homotypic interaction
[47]. Adaptor molecules recruit the initiator caspases (8 and 10) through their shared
death effector domains (DED), thus forming the death inducing signaling complex
(DISC) [48, 49]. The DISC functions to activate the initiator capsases through their
respective dimerization and intramolecular cleavage [50]. Once active, initiator cas-
pases cleave and activate the executioner caspases (3 and 7) as well as BID, which
stimulates the mitochondrial cell death pathway (Fig. 7.2) [44].

The mitochondrial pathway of apoptosis: This pathway is defined by the permeabi-
lization of mitochondria and release of proteins, including cytochrome c, from the
inner mitochondrial space (IMS) into the cytosol [51, 52]. Cytochrome ¢ binds to
and triggers the oligomerization of apoptotic protease activating factor-1 (APAF-1)
[53, 54]. This provides a signaling platform called the apoptosome for the activation
of the initiator caspase-9 and consequent executioner caspases-3 and -7 [55, 56].
The BCL-2 (B cell CLL/lymphona-2) family consists of both pro- and anti-apoptotic
proteins that regulate the integrity of the outer mitochondrial membrane (OMM)
[57, 58]. The anti-apoptotic proteins such as BCL-2, BCL-xL (BCL-2-related gene,
long isoform), MCL-1 (myeloid cell leukemia 1), and A1 (BCL-2 related gene Al)
are generally localized on the OMM to promote membrane integrity by inhibiting
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Fig. 7.2 The Death Receptor and Mitochondrial pathways of Apoptosis: DNA damage triggers
the death receptor and mitochondrial apoptotic pathways. Death ligands that bind to their respec-
tive receptors trigger the recruitment of adaptor molecules (FADD), and subsequent recruitment
and activation of caspases to mediate apoptosis. Activated caspases can also cleave Bid to promote
the mitochondrial pathway of apoptosis. This pathway is defined by mitochondrial outer mem-
brane permeabilization (MOMP) and is regulated by the BCL-2 proteins. Pro-apoptotic proteins
such as BID or BIM promote BAX or BAK homo oligomerization in the mitochondrial membrane,
whereas anti-apoptotic proteins such as BCL-2 and BCL-xL inhibit this process. De-repressor
proteins BAD, PUMA or NOXA bind the anti-apoptotic proteins and reduce the threshold for
BAX/BAK activation. MOMP results in cytochrome c release into the cytosol, which promotes
APAF-1 oligomerization, caspase activation, and apoptosis

the pro-apoptotic family members [59]. The pro-apoptotic proteins consist of two
groups that promote cell death. Upon activation, the effector proteins BAX (BCL-2
associated x proteins) and BAK (BCL-2 antagonist killer 1), homo-oligomerize and
cause mitochondrial outer membrane permeabilization (MOMP) [60, 61]. The BH3-
only “direct activator” pro-apoptotic proteins, such as BID or BIM, function to
directly activate BAX or BAK [58, 62, 63]. In contrast, the BH3-only “de-repressor
or sensitizer” pro-apoptotic proteins such as Bad, PUMA (p53-upregulated modula-
tor of apoptosis), and NOXA bind to anti-apoptotic proteins and lower the threshold
required for BAX or BAK activation [58, 64]. Thus, the specific interactions between
the pro- and anti-apoptotic proteins directly mediate MOMP (Fig. 7.2).
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7.5 p53-Dependendent Pathways of Apoptosis
in Response to DNA Damage

p53 has been termed “guardian of the genome” because it prevents the malignant
transformation of cells by inducing a variety of cellular effects such as cell cycle
arrest, senescence, and apoptosis (Fig. 7.3) [65, 66]. P53 loss predisposes the host
to a variety of spontaneous and induced tumors [67]. Moreover, tumor cells rou-
tinely induce p53 instability and loss with more than 50 % of tumors lacking p53
function [68]. This highlights the importance of p53 as a tumor suppressor protein.
P53 is a transcription factor whose targets are largely responsible for these effects.

In unstressed cells, p53 levels remain low due to its constant degradation through
the ubiquitin—proteasome pathway. MDM?2 is an E3 ubiquitin ligase that regulates
p53 levels via ubiquitylation [69]. MDMX/MDM4 (murine double minute x/4) is
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Fig. 7.3 DNA damage induced p53 promotes apoptosis in a transcription-dependent and -inde-
pendent manner. In unstressed cells p53 levels are low due to its interaction with MDM2 where
MDM2 polyubiquitylates pS3, promoting its proteasomal degradation. Upon DNA damage resi-
dues within p53 and MDM2 are posttranslationally modified generating a fully functional, stabi-
lized p53 protein. P53 binds to the promoter regions and transactivates numerous genes that control
the cell cycle, senescence, and apoptosis. P53 can have transcription-independent functions in the
cytosol and act analogously to a pro-apoptotic BH3 only protein by promoting MOMP
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Fig. 7.4 DNA damage results in posttranslational modifications of p53 and its negative regulators,
MDM?2 and MDMX, to promote apoptosis: After DNA damage the N-terminus of p53 is phos-
phorylated by ATM, ATR, CHK1, and CHK2 at different serine residues. This serves to inhibit the
interaction of p53 with its negative regulators MDM2 and MDMX and promote its transcription
function. MDM2 and MDMX are also phosphorylated by ATM resulting in the stabilization of p53
levels through its inability to be exported to the cytosol and polyubiquitylated at its C-terminus.
Upon DNA damage, residues in the C-terminus of p53 that are normally ubiquitylated by MDM?2
are now acetylated, sumoylated, or neddylated to induce sequence-specific DNA binding and pro-
mote p53-dependent apoptosis. Acetylation of lysines (K120/K164) in the DBD of p53 can poten-
tiate the apoptotic function of p53 after DNA damage

also an E3 ubiquitin ligase, and an additional negative regulator of p53, although
this function is not via p53 ubiquitylation but through MDM2 stabilization [70].
MDM2 is a transcriptional target of pS3, and thus controls its protein level by a
simple feedback loop (Fig. 7.3) [71, 72]. Upon DNA damage, pS3 becomes active
in two ways: the inhibition of the interaction of p53 with its negative regulators, and
through various posttranslational modifications that promote its transcription func-
tion (Fig. 7.4) [32, 35]. The specific regulation of p53 function will be discussed in
greater detail below. Stabilized and active p53 binds to the promoter region of
numerous pro-apoptotic target genes of the mitochondrial cell death pathway such
as BAX, PUMA, NOXA, and BID and represses the expression of both BCL-2 and
BCL-xL [35, 73]. P53 also mediates the expression of CD95 and TRAIL-R1, to
facilitate the death receptor pathway of apoptosis (Fig. 7.3) [35, 73].

In addition to its transcription function, studies have shown that pS3 can mediate
death through transcription-independent means (Fig. 7.3) [34, 74, 75]. In this setting,
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p53 functions analogously to a BH3-only pro-apoptotic member of the BCL-2
family, although the exact mechanism by which it mediates MOMP remains unclear.
Cytosolic p53 can directly activate and oligomerize BAX [76, 77]. Additionally,
mitochondrially localized p53 can promote BAK oligomerization to induce MOMP
and cytochrome c release [78, 79]. Other studies suggest that cytosolic p53 can bind
and neutralize the anti-apoptotic function of BCL-2 and BCL-xL, promoting MOMP
in an indirect manner [80, 81]. Further studies suggest that the cytoplasmic function
of p53 may also require its transcription function [82]. BCL-xL binds and inhibits
cytosolic p53, which can only be released by PUMA [83]. PUMA-BCL-xL binding
promotes pS3 release and subsequent MOMP via BAX oligomerization, due to a
very precise interaction between a tryptophan residue near the PUMA BH3 region
(W71) and a histidine residue within the BCL-2 groove of BCL-xL (H113). The
biological significance of cytoplasmic p53-mediated death remains unknown.
Experimental evidence suggesting a role in tumor suppression is still lacking, but
remains a very interesting topic to be investigated. The exact mechanism by which
transcription-independent p53 is regulated by DNA damage is also unclear and will
be discussed in detail below.

7.6 The Regulation of p53 Levels in Response
to DNA Damage

One of the most interesting topics regarding p53 function is how the cell determines
whether to undergo repair, cell cycle arrest, senescence, or apoptosis in response to
DNA damage. There is some suggestion that the strength and duration of the dam-
age signal is important, as is the tissue type or compartment undergoing stress.
However, what is probably the clearest requirement for a differential pS3 response
are the posttranslational modifications of various residues within the protein.

P53 is a 393-amino-acid protein (390 in mouse) consisting of distinct functional
domains (Fig. 7.4) [84]. The N-terminus contains the transactivation domain (TAD)
where transcription co-activators p300 and CBP (CREB-binding protein) bind to
promote the transcription function of p53 [85]. MDM?2 and MDMX also bind in this
region to regulate p53 levels [69, 86]. A proline-rich domain, of unclear function,
follows this region [87]. The core region of p53 consists of its DNA-binding domain
(DBD) and is also the region in which many cancer-associated mutations are found
[88]. The tetramerization/oligomerization (OG) domain promotes oligomerization
and the C-terminal region is the regulatory domain that can be either ubiquitylated
to mediate proteasomal degradation of p53 or undergo a variety of posttranslational
modifications such as acetylation, phosphorylation, neddylation, sumoylation, and
methylation to regulate the cellular function of p53 [86, 89, 90].

N-terminal p53 regulation: N-terminal phosphorylation is necessary to inhibit
MDM2 binding and promote p53 stabilization [91-93]. Following DNA damage,
ATM, ATR, Chkl, and Chk2 all contribute to phosphorylate a number of serine and
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threonine residues in the N-terminus (Fig. 7.4) [33, 94, 95]. It remains unclear
whether an individual kinase is responsible for phosphorylating one or more resi-
dues upon DNA damage, or whether numerous kinases are required. It also remains
unclear whether one or more residues must be phosphorylated to inhibit MDM?2
interaction. A knockin mouse containing individual phosphorylation mutants S18A
(human S15) and S23A (human S20) or combined S18/23A mutations was gener-
ated to address this question. Individual mutations showed little difference in p53
stabilization upon DNA damage in numerous tissues [96, 97]. However, p53 was
unable to be stabilized in response to DNA damage in the combined S18/23A
mutant mouse [98]. Although there are other serine residues that are phosphorylated
in the N-terminal region upon DNA damage, their specific function in vivo remains
unclear. It is possible that in addition to stabilizing p53, N-terminal phosphorylation
may be important for the recruitment and binding of transcription co-factors to
specific gene promoter regions, thus influencing cellular response to stress.

Modification of MDM?2 and MDMX by ATM stabilizes p53: DNA damage induced
kinases stabilize p53 not only through modification of p53 residues, but also
through posttranslational modification of residues within the negative regulators,
MDM?2 and MDMX (Fig. 7.4). Numerous residues near the C-terminal RING
domain of HDM2 are modified by ATM in vitro including; S395, T419, S425, and
S429 [99]. A knockin mouse containing an S394A (S395 human) mutation, dem-
onstrated that phosphorylation of this residue is important for p53 stabilization
after DNA damage in vivo [100]. This mechanism of p53 stabilization remains
unclear; some experiments suggest that S395 phosphorylation prevents the nuclear
export of p53 and its subsequent ubiquitylation and degradation, while other exper-
iments suggest that ring domain oligomerization is inhibited, thus inhibiting the
ubiquitylation function of MDM?2 [101, 102]. Interestingly another study proposed
that ATM-dependent phosphorylation of MDM2 switches its function from a nega-
tive to positive regulator of p53 by binding p53 mRNA and promoting the transla-
tion of p53 [103].

Recently ATM has also been shown to decrease the levels of the deubiquitylation
enzyme USP7/HAUSP (Ubiquitin-specific-processing protease 7/herpesvirus-
associated ubiquitin-specific protease) [104]. Since MDM?2 levels are determined
through self-ubiquitylation, diminished USP7 can stabilize p53 [105, 106]. It has
long been thought that MDM?2 regulates the levels of MDMX through ubiquity-
lation; however, it is becoming more apparent that DNA damage induced kinases
can also directly modify residues within the C-terminal region of MDMX, thus
inhibiting its function and promoting p53 stabilization. MDMX can be phosphory-
lated by ATM and Chk2 kinase on S342, S367 and S403, enhancing its specificity
for MDM2-mediated binding and degradation [107, 108]. Other E3 ligases such as
COP-1 (constitutive photomorphogenetic 1), Pirh2 (p53-induced RING-H2 pro-
tein), and HUWE1 (HECT-domain ubiquitin ligase) can mediate low p53 levels
through ubiquitylation [109-111]. DNA damage can also regulate these proteins
and stabilize p53; for instance ATM can phosphorylate COP-1 on S387 and stimulate
its rapid degradation [109].
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C-terminal p53 regulation: The C-terminal domain of p53 contains numerous lysine
residues that are heavily modified upon DNA damage through acetylation,
sumoylation, methylation, and neddylation (Fig. 7.4). In non-stressed cells, the
lysine residues in this region are constantly ubiquitylated by MDM2 to promote p53
degradation [69, 86]. In stressed cells, modification of these same residues may help
to promote sequence-specific DNA binding, thus influencing the cellular response to
stress [90]. However, recent studies using p53 knockin mice where 6 or 7 of the
extreme C-terminal lysines were modified, showed little difference in p53 stability or
response to stress [112, 113]. This suggests that perhaps other residues in the DNA-
binding site (K120 or K164) can contribute to p53 stability and function [114, 115].
Either way, the exact role of C-terminal modifications after DNA damage in
mediating p53 cellular effects remains unclear. Perhaps the most interesting new
development in this area of research pertains to the idea that p53 is bound to DNA
and fully active in the absence of DNA damage and is held in a “repressed state” by
it negative regulators MDM2/MDMX [116]. This idea is based on the observation
that MDM2 and MDMX deficient mice are embryonic lethal due to p53-mediated
death and this lethality can be rescued upon p53 deletion [117-119]. Furthermore,
a knockin mouse, p53%, that retains DNA-binding potential but cannot interact with
its negative regulators MDM2/MDMX is also embryonic lethal [120]. The various
posttranslational modifications that are required to release pS3 from this repressed
state are currently being elucidated.

Posttranslational modifications of p53 that mediate its transcription-independent
function: The posttranslational modifications of p53 that mediate its cytosolic func-
tion remain unclear. MDM2 and the E3 ligase MSL2 (male specific lethal 2) are
both proposed to monoubiquitylate p5S3 to promote mitochondrial localization
[121-123]. These E3 ligases do not directly shuttle p53 to the mitochondria; instead
this function is performed by the mitochondrial chaperone, Tid1 [124]. Once local-
ized to the mitochondrial membrane, HAUSP deubiquitylates p53 to promote
MOMP [125]. A recent study has identified that K351 mutation in p53 cannot be
monoubiquitylated by MDM2 or MSL2 and cannot be localized to the mitochon-
dria, suggesting that this is the critical residue for modification and subsequent cyto-
plasmic p53 function [126]. Furthermore, MDM2-mediated monoubiquitylation
can promote other modifications of the p53 C-terminal lysine residues, such as
sumoylation of K386 by PIASy (protein inhibitor of activated STAT protein gamma)
[101]. These modifications not only expose the pS3 nuclear export signal (NES) but
also release MDM2, further promoting nuclear export. The acetylation of K120 by
Tip60/hMOF histone acetyl transferases (HATs) in the p53 DNA-binding domain
may promote transcription-independent cell death by displacing Mcl-1 from BAK
[127]. However, another study proposed that acetylation of C-terminal K320/K373/
K382 mediates p53 binding to the DNA repair protein, Ku, thus inhibiting its inter-
action with BAX and inducing cell death [128]. Many tumors exhibit p53 mutations
within the DNA-binding domain resulting in a transcription-deficient p53.
Identifying the mechanism by which DNA damage induces and promotes p53
nuclear export and cytoplasmic/mitochondrial function may be of great value for
future neoplastic therapeutics.
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7.7 p53-Independendent Pathways of Apoptosis
in Response to DNA Damage

Although p53 clearly plays an important role in mediating death in response to
DNA damage, there are many other proteins that can promote the mitochondrial and
death receptor apoptotic pathways in the absence of p53. This is particularly impor-
tant during tumor therapy since many tumors have mutated or nonfunctional p53.
Some of these proteins will be discussed below.

p63 and p73: These proteins are part of the p53 family of transcription factors and
they share similar homology, and some transcriptional targets and functions with
p53 [129]. Following DNA damage all three family members have the potential to
mediate cell cycle arrest and apoptosis [129]. Therefore, it is probable that in
response to DNA damage p63 and p73 can compensate for lack of p53 function and
mediate death in some settings. Similar to p53, p63 and p73 contain an N-terminal
TAD, a central DBD and an OG domain. Unlike p53, they contain a sterile alpha
motif (SAM) in their C-terminal regions that promotes protein binding. Two differ-
ent promoters at the N-terminus of the gene generate two different isoforms;
Transcriptional activator (TA)-containing isoform (TAp63 and TAp73) and
N-terminal truncated isoform (ANp63 and ANp73) [130]. Alternative splicing at
the C-terminus gives further rise to numerous isoforms of p63 and p73 [130]. TAp63
and TAp73 mediate their cellular effects primarily through transcription-dependent
means, whereas ANp63 and ANp73 function as dominant negative proteins since
they can bind to the promoter binding sites but are unable to transactivate gene
expression [131]. Like p53, levels of TAp63 and TAp73 increase upon DNA dam-
age and their transactivation function is mediated primarily by posttranslational
modifications, although the exact nature and regulation of these modifications still
remain to be fully elucidated [132—134]. p63 and p73 transactivate and/or increase
the expression of BAX, PUMA, NOXA, BAD, APAFI1, caspase-3, -8, and -9, CD95,
TNFR, and TRAIL-R1 to influence cell death pathways [135—137]. In addition, a
transcription-independent function has been attributed to p73, but not p63. Full
length TAp73 or a caspase-cleaved p73 fragment were found localized to the mito-
chondria, and mediated apoptosis [138, 139]. Interestingly, purified p73 could also
induce MOMP on isolated mitochondrial fractions [138]. This function of p73 is
still quite controversial and requires further validation in vivo.

TAp63-induced death may be tissue specific since TAp63 is expressed strongly
in oocytes and mice deficient for TAp63 were resistant to DNA damage mediated
oocyte death [140]. In response to DNA damage, TAp63 induced primordial follicle
oocyte death through the induction of PUMA and NOXA [141]. Therefore, p63
may play an important role in female reproduction and oocyte maintenance inde-
pendently of p53 function.

p63 and p73 may also display tumor suppressor functions. Mice heterozygous
for both proteins display spontaneous tumor formation at a rate that is only slightly
longer than that seen with p53 heterozygous mice [142]. Furthermore, mice lacking
only the TAp73 isoforms displayed a high incidence of spontaneous tumor forma-
tion [143]. Unlike p53, however, p63 and p73 are rarely mutated in cancers, but the
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N-terminal truncated version of both proteins is very commonly over-expressed
[144]. These results all indicate a role in tumor suppression for p63 and p73.

NF-xB transcription factor is induced by DNA damage: NF-xB (nuclear factor
kappa-light-chain-enhancer of activated B cells) mediates a large array of biological
processes such as immune regulation and cellular growth but it can also be activated
upon DNA damage to promote apoptosis [145-148]. NF-kB is a dimeric transcrip-
tion factor that belongs to the Rel family of proteins that consists of RelA (p65),
c-Rel, or RelB as one half, and p5S0 (NFKB1) or p52 (NFKB2) as the other [149].
NF-kB is inactive in the cytoplasm by virtue of its interaction with inhibitory kB
proteins, such as IkBa. The IkB kinase complex (IKK) is made up of three proteins;
two catalytically active kinases IKKa and IKKf and the regulatory IKKy (NEMO)
protein that functions to phosphorylate IkBa, inducing its ubiquitylation and subse-
quent proteasomal degradation, thus allowing the now unbound NF-kB to translo-
cate to the nucleus and mediate is transcription function (Fig. 7.5) [150, 151].

NF-kB can be activated through one of two pathways, the canonical or nonca-
nonical pathways [149]. Here we will briefly discuss the canonical pathway, since
NF-xB activation by DNA damage converges with the canonical pathway of NF-kB
activation at the point of IKK activation and Ikp degradation [148, 149].

Bacterial or viral infections or pro-inflammatory cytokines such as TNFa engage
the TNFRI1, triggering the recruitment of TRADD (TNF receptor associated death
domain), FADD, and RIP1 (receptor interacting protein 1) all through their respec-
tive death domains (DD). TRADD also binds the E3 ubiquitin ligase, TRAF2 (TNF
receptor associated factor 2) that subsequently binds the cellular inhibitors of apop-
tosis 1 and 2 (cIAP1 and cIAP2). Together, this group of proteins makes the core of
the TNFR1 signaling complex, also called complex-I. RIP1 ubiquitylation by cIAP1
recruits the kinase TAK1 (transforming growth factor B-activated kinase 1), which
phosphorylates IKKp, activating the IKK complex, resulting in the degradation of
IxBa and an active NF-xB, composed mainly of p50/p65 dimers.

The exact mechanism by which nuclear ATM can activate a complex localized in
the cytoplasm is unclear, but IKK-independent functions of NEMO may provide the
key to this conundrum [152]. Posttranslational modifications of NEMO mediate its
role in transducing DNA damage signals. NEMO is firstly SUMOylated by PIASY-1
(protein inhibitor of activated STAT protein gamma) to promote its nuclear localiza-
tion and is subsequently phosphorylated by ATM on serine 85 [153, 154]. NEMO is
then monoubiquitylated by cIAP1 and exported to the cytoplasm along with a frac-
tion of ATM, upon which TAK1 becomes phosphorylated, thus activating IKK
[155-157]. Nuclear translocated NF-kB transcribes genes involved in cell survival
such as the anti-apoptotic genes, cIAP1&2, XIAP, FLIP;, BCL-2, A1, and BCL-xL,
presumably to allow the cells time to mediate DNA repair [150, 151, 158]. In some
cases NF-kB can induce the expression of genes to promote cell death, such as
CDI95L in T cells exposed to stress [159].

DNA damage can promote cell death through the formation of two cytoplasmi-
cally localized protein complexes, complex-II and the ripoptosome (Fig. 7.5). TNF-
mediated signaling induces the formation of complex-II. This complex consists of
RIP1, FADD, caspase-8, and FLIP; and forms secondary to the membrane-associated
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Fig. 7.5 DNA damage promotes NF-kB mediated apoptosis: DNA damage results in ATM phos-
phorylation of nuclear localized NEMO. The ATM/NEMO complex is subsequently translocated
to the cytosol resulting in TAK1 phosphorylation and activation. TAK1 phosphorylates IKK
resulting in IkB degradation and NF-kB activation. Persistent DNA damage promotes an NF-xB
mediated TNFa feed-forward loop, resulting in conversion of complex I to the apoptotic complex
II. DNA damage reduces the levels of IAPs, promoting the formation of a ripoptosome complex

that promotes either apoptosis or programmed necrosis
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complex-I, hours after initial TNF ligation to the TNF-R1 [160]. The molecular
mechanism for transition from complex-I to complex-II remains unclear, but a
recent study suggests that that strength and duration of DNA damage promotes
apoptosis through a TNFa-feed forward mechanism [161]. Low levels of DNA
damage induced ATM-dependent NF-xB induction of pro-survival genes, includ-
ing the expression of TNFa. Newly synthesized TNFa engaged TNFR1 resulting
in the formation of complex-II. Here, RIP1 is autophosphorylated resulting in
FADD recruitment and caspase 8 activation and apoptosis [161]. Another study has
identified the formation NEMO, RIP1, and PIDD (p53-induced death domain)
complex upon DNA damage. PIDD promotes NF-kB activation through NEMO
sumoylation and ubiquitylation [162]. Caspase-2 can also bind PIDD to form the
“PIDDosome” and induce apoptosis [163]. Whether or not a feed forward mecha-
nism of caspase-2 dependent apoptotic signaling can also exist remains unclear,
but caspase-2 deficient cells show aberrant death after DNA damage, suggesting
that maybe it does [164].

DNA damage can also mediate death independently of TNF signaling through
the down regulation of cIAP1, cIAP2, and XIAP [165, 166]. In the absence of IAPs
a spontaneous complex is formed in the cytosol called the ripoptosome that can
induce both apoptotic and programmed necrotic cell death pathways [166]. The
ripoptosome is made up of RIP1/FADD/caspase-8 with additional association of
FLIP, and RIP3. The ripoptosome requires the kinase activity of RIP1 and is nega-
tively regulated by the IAP’s through the ubiquitin-mediated proteasomal degrada-
tion of RIP1 [166]. Although FLIP, is also a negative regulator of the ripoptosome,
DNA damage can significantly decrease the levels of FLIP; in a cell [167]. Since
FLIP can form heterodimers with caspase 8 and inhibit both apoptosis and pro-
grammed necrosis, decreased FLIP levels allow both caspase 8 homodimerization
and RIP1/RIP3 association to induce apoptosis and necrosis, respectively, upon
DNA damage and ripoptosome formation [168, 169].

This form of cell death may be extremely important in cancer therapy since it
was shown to kill tumor cells that were resistant to apoptosis [166].

7.8 DNA Damage Response and p53-Mediated Apoptosis
in the Prevention of Tumorigenesis

Aberrant proliferation is a feature commonly seen in tumor cells and is the
combined result of active oncogenes and dysfunctional tumor suppressor genes
[170]. p53-mediated apoptosis is one the most important mechanisms by which
cells prevent oncogene dependent malignant transformation [171, 172]. The DDR
pathway is crucial to control initial damage signals to the DNA that can induce
genomic instability, but importantly, there is evidence that the DDR is also induced
by oncogenic transformation of a cell, thus preventing propagation of early malig-
nant cells.
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In this section we discuss the signals that trigger the DDR during malignant
propagation and the importance of the DDR in preventing tumorigenesis. Finally
we will determine whether tumor-suppression by p53 is mediated through the DDR
pathway or whether ARF (alternate reading frame of the INK4a/ARF locus)-
dependent mechanisms are preferentially utilized.

Oncogene-mediated DDR: The idea that the DDR acts as a barrier against genomic
instability and cancer development came about after histochemical observations in
very early neoplastic lung, colon, bladder, and skin tissue. Pre-neoplastic tissue was
associated with DNA damage foci and high levels of apoptosis and senescence
[173, 174]. Markers of an active DDR, such as phosphorylated H2AX, accumula-
tion of p53BP foci and Chk2 phosphorylation were visible in pre-neoplastic and
neoplastic tissue but not in normal tissue [173, 175]. Thus, DNA damage check-
points could be activated in response to oncogenes during the early stages of malig-
nant progression to promote apoptosis.

The mechanism by which oncogenes promote the DDR in these precancerous
tissues remains unclear. Oncogenes promote cellular hyper-proliferation that is
accompanied by DNA hyper-replication, resulting in replication stress [176].
Oncogene expressing cells displayed high cyclin E levels, DNA hyper-replication,
increased numbers of active replicons, increased replication fork instability and
LOH in common fragile sites [175, 177, 178]. These DNA damage signals pro-
moted a specific ATR/Chk1 response with ATR and RPA found to be co-localized
in H2AX foci in cells [15, 173].

Another mechanism by which oncogenes can trigger a DDR is through telomere
erosion [179, 180]. Telomeres are repetitive nucleotide sequences that protect the
very ends of chromosomes from instability. Neoplastic cells exhibit telomere erosion
and unless lengthened by telomerase, are recognized as DSBs, promoting a DDR
[181]. The shelterin complex caps telomeres for further chromosomal protection and
facilitates telomerase function. Oncogene-induced mutations in this complex or
telomerase can also contribute to telomere erosion and promote a DDR [180, 182].

Although it still remains unclear exactly how the DDR is induced in tumor cells,
DNA damage dependent signaling pathways seem to be a crucial factor in inhibiting
tumorigenesis.

DDR suppresses tumorigenesis: Mutations in DNA-damage responses allow the
continued cell growth and proliferation of cells with damaged DNA and genomic
alterations, thus enhancing the propensity for oncogenic transformation [183]. This
is evident in cells over-expressing oncogenic Ras. Cells lacking ATM or Chk2 did
not stop proliferating, were more susceptible to transformation, and formed tumors
in recipient mice, whereas DDR competent cells arrested [178].

The importance of the DDR in preventing malignancy is further highlighted in
mouse genetic models and human conditions in which proteins of the DDR are
nonfunctional. Patients displaying defects in genes that mediate NHEJ and HR
repair have syndromes such as LIG4 syndrome and FANCD1 (Fanconi Anemia)
and a predisposition to developing lymphoma and leukemia [184, 185]. By the same
token, genetic defects in proteins that mediate DNA damage signaling pathways
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also predispose individuals to tumors. Patients with mutated ATM have a disorder
called ataxia telangiectasia (AT) [186]. These patients are sensitive to y-irradiation
(IR) and are predisposed to developing leukemias and lymphomas. Furthermore,
mutations in genes that encode downstream targets of ATM also predispose patients
to cancers, such as Mrell (A-T like disorder, ATLD), NBSI (Nijmegen breakage
syndrome, NBS), Brcal and Brca2 (familial breast, ovarian carcinoma syndrome),
Chk2 and p53 (Li—Fraumeni syndrome) [187—-192]. In contrast, patients with an
ATR mutation (Seckel syndrome) are not predisposed to cancer but display dwarf-
ism, developmental delay, and microencephaly [193]. Similarly, mouse models of a
defective DDR also show susceptibility to tumor development. Mice lacking ATM
are born viable but are strongly predisposed to developing T cell lymphoma at 2—4
months of age [194]. Mice lacking the checkpoint mediator proteins H2AX and
pS3BP1 are also predisposed to spontaneous tumor development [195, 196].

DNA damage as an effective therapy against cancer: It may seem paradoxical that
the initiation of tumorigenesis may be due to a defective DDR, yet the most com-
mon therapy used to treat malignancies involves chemotherapeutic drugs that induce
DNA damage. Tumor cells usually have defective repair pathways and proliferate
much faster than nonmalignant cells, making them more susceptible to treatment
[197]. Without a fully functional repair process, DNA damage preferentially pro-
motes apoptosis. Since effective DNA repair can promote resistance to therapy,
inhibitors of DNA repair are currently being explored in the clinic as treatment
against cancers resistant to traditional chemotherapy [198, 199].

Another reason why tumor cells may respond to better to chemotherapy is
because they are “primed to die” [200]. Most normal cells that encounter unregu-
lated oncogene expression induce an apoptotic response, but some cells survive and
grow because they express high levels of anti-apoptotic proteins such as BCL-2
[201]. Importantly, the anti-apoptotic proteins in these cells are occupied with pro-
apoptotic proteins such as BIM [202, 203]. These tumor cells are therefore “primed”
for death with pro-apoptotic molecules and are more sensitive to conventional che-
motherapy that tips the balance of this fragile equilibrium towards cell death [204].

Is the tumor suppressor function of p53 due solely to the DNA damage response?
Tumorigenesis in animals lacking a functional DDR may be primarily due to a lack
of p53 function. Cells deficient for ATM generally show an inability to stabilize and
induce p53-mediated cellular effects after IR, suggesting the importance of ATM-
mediated p53 effects in tumor suppression [205]. Furthermore p53 knock in mice
that are unable to be stabilized and activated by ATM (combined S18/23A muta-
tions in p53) develop late-onset B cell lymphomas [98, 206]. However, these lym-
phomas do not develop at the same rate and intensity as is seen with p53 knockout
(KO) mice. This suggests that other mechanisms are still mediating p53 activation
and function.

Oncogene-mediated hyper-proliferation signals can also stabilize p53 through
ARF (p14ARF in human and p19ARF in mouse), and this occurs in a DNA dam-
age-independent manner [207]. ARF is transcribed through the alternate reading
frame of the INK4a/ARF locus, which also encodes p16INK4a, a cyclin-dependent
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kinase inhibitor. ARF stabilizes p53 by direct binding and sequestration of its nega-
tive regulator MDM?2 [208]. Mice lacking ARF are prone to developing tumors, and
tumors that have high levels of ARF have silenced p53, whereas tumors that retain
WT p53 function have nonfunctional ARF [209, 210]. Furthermore, mice null for
both p53 and ATM show dramatic acceleration of tumor formation relative to mice
deficient for one gene only, thus indicating an alternative mechanism of p53 induc-
tion in tumors [211].

Elegant studies performed in knock in mice containing a p53 estrogen receptor
fusion protein (pS3ERTam) that can restore p53 function upon 4-hydroxytamoxifen
(40OHT) administration, have supported the idea that p53-dependent tumor suppres-
sion is attributed to ARF and not the DDR [212, 213]. In this model, p53 was
required to prohibit radiation-induced lymphoma; however, the time of p53 restora-
tion after the acute radiation response determined its tumor-suppressor function
[213]. When p53 was restored in mice before IR, the mice displayed all the features
of an effective DDR coinciding with high levels of apoptosis, but this did not pre-
vent lymphoma development. However, when p53 was restored after the acute DDR
was cleared, a significant delay in lymphomagenesis was observed. This effect was
lost in an ARF null background, suggesting that ARF engaged the tumor suppressor
function of p53 in response to the outgrowth of malignant cells after IR [213].

Furthermore, mice that contain an additional copy of the p53 gene (p535+er)
show a superior response to DNA damage inducing high levels of apoptosis and are
highly resistant to tumors [214]. These mice do not confer protection against tumor
development the absence of ARF.

It is possible however that the tumor suppressor function of p53 stabilized
through DNA damage or ARF is not mutually exclusive. ARF-deficient cells are
unable to mount an effective DDR and ARF levels can be increased upon DNA
damage [215]. Therefore, additional studies are require to further elucidate the
mechanism by which p53 can mediate its tumor-suppressor capabilities.

p33-mediated apoptosis in tumor suppression: The apoptotic function of p53 is pri-
marily mediated through PUMA and NOXA. Mice deficient for PUMA have thy-
mocytes that are highly resistant to IR, yet mice do not develop spontaneous tumors
[216, 217]. However, in an Ep-MYC model of lymphomagenesis, PUMA defi-
ciently accelerated tumor formation [218]. NOXA-deficient mice also show a defect
in DNA damage induced apoptosis, although this is specific for mouse embryonic
fibroblasts (MEFs) and not thymocytes [217]. They are also resistant to spontaneous
tumor formation and fail to accelerate Ep-MYC tumorigenesis [219]. Mice lacking
both PUMA and NOXA phenocopy mice deficient for PUMA alone and are resis-
tant to tumors [220].

Mice deficient for pS3-target genes that mediate the death receptor cell death
pathway such as TRAIL-R1 and CD95 are also not prone to spontaneous tumors, but
may accelerate tumorigenesis under some conditions [221, 222]. These experiments
suggest that there may be a redundancy for p53-mediated apoptosis for tumor sup-
pression and that the cell cycle arrest or senescent functions of p53 can compensate
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in the absence of apoptosis and mediate tumor suppression. Mice deficient for p21
are generally not tumor prone, but p21 deficiency can accelerate tumorigenesis in
some settings [223, 224]. Importantly, however, mice lacking PUMA, NOXA, and
p21 display no spontaneous tumor formation although these studies have not been
performed in the presence of a cellular stress [225]. This study indicates that the
tumor suppressor function of p53 is not dependent on apoptosis or cell cycle arrest.
Mice that contain mutations within the TAD of p53 are unable to mediate apoptosis
or cell cycle arrest in response to DNA damage. However, pS3 with a mutated TAD
maintains some transactivation function and can mediate the expression of genes
involved in senescence. Importantly, the expression of these genes is enough to
mediate tumor suppression in these mice [225, 226]. Another study generated mice
with mutations in the lysines of the DBD of p53. In this scenario, pS3 was unable to
express proteins involved in apoptosis, cell cycle arrest or senescence, yet these
mice were also resistant to tumors [227]. A metabolic function of p53 was proposed
to be tumor-suppressive in this model, representing a very interesting theme that is
being explored in the p53 field at present [228].

It remains unclear why some tumor cells respond to DNA damage by mediating
p53 dependent-apoptosis, senescence, or even metabolic effects. Whether it depends
on the type or strength of DNA damage, or the tissue type, or the posttranslational
modifications of p53 is unknown but requires further identification [229].

7.9 DNA Damage Response Promotes pS3-Mediated Cell
Competition in HSCs and May Promote Tumorigenesis

Recent evidence suggests that the DDR can not only mediate a cellular response to
stress, such apoptosis or cell cycle arrest, but can also regulate the self-renewal and
differentiation function of stem cells in a p53-dependent manner. DNA damage
mediated cellular effects and DNA damage mediated stem cell effects represent two
independent functions of p53 that may have opposing roles in the development of
cancer. Here we will discuss how a DDR can mediate a form of cellular competition
in the hematopoietic compartment by regulating HSC population. We will also dis-
cuss the contribution that the modified stem cell compartment may have in cancer
progression.

Cell competition describes the clonal survival of developmentally identical cells
in a compartment that has been exposed to a type of stress, such as DNA damage
[230]. The “fittest” cells survive the stress and repopulate the cellular compartment.
For example, when bone marrow was combined in equal measures from IR and
non-IR mice and injected into lethally irradiated mice, the non-irradiated HSCs
repopulated the bone marrow and therefore represent the fittest population [231]. In
short, undamaged cells outcompete the damaged counterparts.

Reports suggest that DDR mediated cellular competition in the hematopoietic
compartment is pS3-dependent [231, 232]. HSCs with lower p53 levels displayed
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greater self-renewal capacity and outcompete high p53 expressing HSCs after DNA
damage. Cell competition is distinct from the p53-mediated DDR, since cells
become out-competed at a much later time point after all the DNA damage has been
cleared. The outcompeted cells in this scenario did not die by apoptosis but instead
saw decreased proliferative capacity and a senescent phenotype, whereas the fitter
cells showed better proliferation. Since high levels of DNA damage can deplete
stem cell number, lower levels of p53 may be beneficial for long-term stem cell
survival. However, increased self-renewal in stem cells is also associated in tumors
[233]. Moreover, HSCs with mutated p53 also displayed lower levels of p53 and
better competition and this may also contribute to the outgrowth of cells that con-
tribute to malignancy [234, 235].

Another report proposed that survival of HSCs after DNA damage was depen-
dent on ATM-mediated phosphorylation of BID [236]. ATM-dependent phosphory-
lation of BID at residues S61 and S78 resulted in cell cycle arrest in the S and G2
phase suggesting that BID may have a pro-survival function in response to low
levels of DNA damage [237, 238]. Phosphorylated BID was unable to localize to
the mitochondria and promote oxidative stress and apoptosis, thus maintaining the
quiescence of HSCs [236].

Therefore, although the DDR may be crucial to inhibit cancer progression and
induce tumor suppression in tissues, it may however promote the survival of tumor-
initiating stem cells that repopulate the organism [239]. A clearer understanding of
the mechanisms by which p53 contributes to cell competition in the hematopoietic
compartment in response to DNA damage is necessary.

7.10 Concluding Remarks

We have discussed the many ways by which the DDR can trigger both mitochon-
drial and death receptor cell death pathways in a pS3-dependent and -independent
manner. The kinases of the DDR mediate detailed posttranslational modifications of
p53 and its negative regulators to promote its transcription-dependent and -indepen-
dent functions. DNA damage kinases can also modulate other pathways to induce
apoptosis in a pS3-independent manner. This represents an important “backup” for
tumor suppression when p53 is deleted or dysfunctional. Although p53-mediated
apoptosis is crucial for the prevention of tumorigenesis, whether this is induced
through the DDR or ARF-dependent means is still unclear. Interestingly, the apop-
totic effects of p53 may not be solely responsible for tumor suppression after DNA
damage—senescence or even metabolic effects may play a part, thus presenting a
redundancy in mechanism of p53-dependent tumor suppression. Finally, DNA dam-
age mediated tumor suppression in cells may actually promote cellular competition
in the hematopoietic compartment and induce the differentiation of stem cells to a
more malignant phenotype.
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