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Abstract Since their establishment in the early 1970s, the

nuclear changes upon apoptosis induction, such as the

condensation of chromatin, disassembly of nuclear scaffold

proteins and degradation of DNA, were, and still are,

considered as the essential steps and hallmarks of apopto-

sis. These are the characteristics of the execution phase of

apoptotic cell death. In addition, accumulating data clearly

show that some nuclear events can lead to the induction of

apoptosis. In particular, if DNA lesions resulting from

deregulation during the cell cycle or DNA damage induced

by chemotherapeutic drugs or viral infection cannot be

efficiently eliminated, apoptotic mechanisms, which enable

cellular transformation to be avoided, are activated in the

nucleus. The functional heterogeneity of the nuclear

organization allows the tight regulation of these signaling

events that involve the movement of various nuclear pro-

teins to other intracellular compartments (and vice versa) to

initiate and govern apoptosis. Here, we discuss how these

events are coordinated to execute apoptotic cell death.
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Introduction

In the seminal paper [1], discrimination of apoptosis from

necrosis was based on the changes in the nuclear mor-

phology, namely condensation of chromatin at the nuclear

periphery, disassembly of nuclear scaffold proteins, and the

formation of apoptotic bodies. As early as 1976, the first

biochemical evidence of apoptosis, the degradation of the

chromosomal DNA into oligonucleosomal-length frag-

ments after irradiation, was reported [2]. Later on, this

degradation was linked to the endonuclease activity [3] and

became a routinely used biochemical marker of apoptosis,

while apoptosis itself was suggested to be a nucleus-asso-

ciated process. Still, the exact role of nuclear events in

programmed cell death (i.e., whether they initiate apoptotic

signaling or are just involved in the resolution of this mode

of cell death) remained unknown, and the question about

its primacy was raised again only when Nuc-1, a homolog

of mammalian DNase II, that is essential for DNA degra-

dation in the nematode Caenorhabditis elegans, was found

to act downstream of CED-3 (the homolog of mammalian

caspase-3) and CED-4 (the homolog of mammalian Apaf-

1) [4], and, in some cases, only after the engulfment of

apoptotic cells by phagocytes. Furthermore, experiments

with enucleated cells (cytoplasts) showed that, in response

to various treatments, the cytoplasts underwent morpho-

logical apoptotic changes inhibited by overexpression of

the antiapoptotic protein Bcl-2 [5, 6], leading to the con-

clusion that the presence of the nucleus was required

neither for apoptotic cell death nor for the cytoprotective

effect of Bcl-2. After that, the involvement of cysteinyl

aspartate-specific proteases (caspases) in apoptotic signal-

ing was discovered and, since almost all of them are

located and activated in the cytosol [7], apoptosis was

suggested to be a cytosolic event. At the same time, other
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findings pointed out that apoptotic cell death is closely

associated to the mitochondria, and ATP produced by the

mitochondria was found to be indispensable for the nuclear

changes during its course. Finally, multiple lines of evi-

dence indicated that the other cellular organelles also

undergo dramatic rearrangements upon apoptosis induction

[8], and, at last, apoptosis was established to be a complex

process involving all cellular compartments. Now, the

extrinsic (plasma membrane death receptors) and intrinsic

(mitochondrial) pathways are regarded as the main mech-

anisms of apoptosis induction, and the others are initiated

in the nucleus, endoplasmic reticulum (ER), Golgi appa-

ratus, cytosol, lysosomes or cytoskeleton (for a recent

review, see [9]).

A myriad of triggers might initiate apoptosis, and a

number of common stimuli, such as DNA damage and

oncogene activation, arise from the nucleus, and initially

lead to the induction of the nuclear apoptotic machinery.

Then, the signal is transduced across the whole cell

engaging apoptotic mechanisms outside the nucleus. Yet,

various stress stimuli trigger apoptosis in other cellular

compartments first. However, again because of the exten-

sive crosstalk between them, a signal, regardless of its

origin, ultimately reaches the nucleus, causing distinct

morphological changes observed by Kerr et al. [1]. Here,

we argue the complexity of nuclear events that can either

initiate apoptosis or resolve apoptotic cascades. Starting

with the description of how the demolition of the nucleus

and its components are executed, we discuss the different

aspects of the role of the nucleus and its sub-compartments

in the induction of apoptotic cell death.

Caspases: the central machinery of apoptotic
cascade

The execution of apoptosis is governed by caspases that

can be broadly divided into initiator (caspase-2, -8, -9, -10)

and effector (also known as executioner; caspase-3, -6, -7)

subgroups. Caspases are expressed as inactive zymogenic

precursors (procaspases), which cleavage leads to the for-

mation of active tetrameric enzymes. Cleavage of initiator

caspases is usually augmented by assembling of high

molecular weight (HMW) protein complexes, serving as

special platforms for their activation. Subsequently, ini-

tiator caspases cleave, and thereby activate effector

caspases that results in the execution of apoptotic cell death

followed by the distinct changes in the nuclear morphology

[10].

In the extrinsic apoptotic pathway, initially, the ligand

binding activates the death domain (DD)-containing tumor

necrosis factor (TNF)-superfamily receptors, including

CD95/Fas, TNF-R1, TRAIL-R1 (DR4) and TRAIL-R2

(DR5). Then, a group of intracellular adaptor proteins, such

as Fas-associated DD (FADD) and/or TNF-R-associated

DD (TRADD) proteins, binds to the cytosolic DDs of the

death receptors. Subsequently, procaspase-8 and/or -10 are

recruited to the corresponding adaptor proteins, leading to

the formation of procaspase-8/-10 activation platforms.

The most studied of them, death-inducing signaling com-

plex (DISC), is depicted in the Fig. 1 and alternative

caspase-8 and -10 activating platforms are described in

[11].

The most common trigger of the intrinsic apoptotic

pathway is DNA damage that via a sophisticated signaling

cascade results in the activation of proapoptotic Bcl-2

family members, such as Bax and Bak, which form chan-

nels in the mitochondrial outer membrane (MOM), and

hence promote its permeabilization (MOMP) (for a

detailed review, see [12]). Apart from this, the activation of

caspase-8 or -10 also leads to MOMP through the cleavage

of Bid to a truncated form (tBid) [10]. MOMP results in the

release of multiple mitochondrial proteins, including

cytochrome c, in the cytosol. Cytosolic cytochrome c and

Apaf-1, in the presence of dATP, form a large heptameric

complex with procaspase-9, called the apoptosome

(Fig. 1). Recruitment of caspase-9 occurs via its interaction

with Apaf-1, and results in the activation of caspase-9.

Notably, the remarkably similar phenotypes of the Apaf-1-

and caspase-9-null mice suggest that the Apaf-1-based

complex is the only platform for caspase-9 activation [10].

Besides cytochrome c, a number of other proteins such as

Smac/DIABLO and HtrA2/Omi are released upon MOMP.

When in the cytosol, Smac/DIABLO and HtrA2/Omi

abrogate the function of inhibitors of apoptosis proteins

(IAPs), which inactivate caspase-9, -3 and -7 (Fig. 1).

HtrA2/Omi, after its release from the mitochondria, also

accumulates in the nucleus leading to the activation of

transcription factor p73 that, in turn, upregulates the

expression of several proapoptotic genes, including Bax

and Bak [13].

The mechanism of caspase-2 activation, another ini-

tiator caspase, is much less understood, but seems to take

place upstream of MOMP [14]. It is reported that its

activation might occur via homodimerization and subse-

quent autoproteolysis [15]. Following DNA damage,

caspase-2 can be activated in the PIDDosome, a large

multimeric complex, comprising RAIDD and C-terminal

fragments of PIDD [10] (Fig. 1). However, the signifi-

cance of this platform in vivo is questionable, since

RAIDD- and PIDD-deficient mice do not exhibit signifi-

cant phenotypes, and do not lack the activity of caspase-2

[10]. In fact, a number of alternative mechanisms of

caspase-2 activation have been suggested, and several

studies indicate that caspase-2 can also act as an execu-

tioner caspase (discussed in [16]).
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Once initiator caspases are active, they promote the

activation of effector caspases. In addition, other proteases,

such as cathepsins, calpains and granzymes, are capable of

activating executioner caspases [17] either directly by

proteolysis or indirectly by the cleavage of proapoptotic

Bcl-2 family proteins (e.g., Bid and Bax). Several studies

Fig. 1 Both extrinsic and intrinsic apoptotic signaling pathways result

in the same changes in the nuclear morphology. The extrinsic pathway

begins with the stimulation of the death receptors by their cognate

ligands that results in the assembly of initiator caspase-8/-10 activation

platforms, such as death-inducing signaling complex (DISC). Caspase-

8/-10 activation is followed by the cleavage of effector caspase-3, -6 and

-7 and, in some cases, processing of Bid: Truncated Bid (tBid)

subsequently leads to outer mitochondrial membrane permeabilization

(MOMP), thereby, engaging the intrinsic pathway. Themajor trigger of

the intrinsic pathway is DNA damage, following which MOMP is

induced via several transcriptional and non-transcriptional mecha-

nisms. MOMP results in the efflux of cytochrome c, which engages the

apoptosome formation required for the activation of caspase-9. The

mitochondrial proteins Smac/DIABLO and HtrA2/Omi promote

apoptosis by neutralizing inhibitors of apoptosis proteins (IAPs), thus

reversing their grip on caspase-3, -7, -9. In addition, in response toDNA

damage formation of PIDDosome, a platform for caspase-2 activation,

might be engaged. Initiator caspase-2 and -9, as well as -8 and -10,

propagate the apoptotic signal by direct cleavage of the effector

caspases. Effector caspases coordinate the dismantling of the nucleus.

Caspase-mediated cleavage of poly(ADP-ribose) polymerase (PARP)

prevents DNA repair and facilitates access of nucleases to the

chromatin. Then, cleavage of inhibitor of caspase-activated DNase

(ICAD) releases CAD, which enters the nucleus and catalyzes DNA

degradation. Meanwhile, DNA fragmentation is also promoted in a

caspase-independent manner by endonuclease G (EndoG) and apop-

tosis-inducing factor (AIF), which are released upon MOMP. Caspase-

dependent activation of Mst1, PKC-d and acinus stimulates chromatin

condensation. Caspase-mediated cleavage of nuclear lamins con-

tributes to nuclear fragmentation, whereas the proteolysis of the Rho

effector ROCK1 results in contraction of the actin cytoskeleton that

promotes breakdown of the nuclear envelope, as well as plasma

membrane blebbing. Eventually, the cell collapses into apoptotic

bodies, which are rapidly engulfed by phagocytic cells. Subsequently,

DNA fragments, which were kept within apoptotic bodies, are digested

by phagocytic DNase II
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also reported that the promyelocytic leukemia nuclear

bodies (PML NBs) may contribute to the regulation of

caspase activity [18–20]. Yet, the implications of these

findings have to be further examined.

Effector caspases are known to cleave more than 500

cellular proteins. In particular, caspase-3 and -7 are involved

in the processing of the majority of substrates [21], while

caspase-6 appears to function in specific physiological

contexts [22]. Effector caspases, besides the amplification of

the signal by the cleavage of initiator caspases, trigger a

cascade of proteolytic events leading to apoptotic destruc-

tion of the cell. They orchestrate the degradation of

cytoskeletal and nuclear proteins, chromatin condensation,

DNA fragmentation and plasma membrane blebbing, finally

breaking down the cell into apoptotic/pyknotic bodies,

which are rapidly phagocytized. Taken together, both ini-

tiator and effector caspases play critical roles in the induction

and execution of apoptotic cell death, promoting the fast

destruction of cellular content, and its subsequent removal

without eliciting an inflammatory response.

Apoptotic changes in the nuclear morphology

Nuclear degradation, one of the hallmarks of apoptosis

originally described by Kerr et al. [1], is a multi-step

process which has an important function of impeding the

release of potentially immunogenic nuclear proteins and

nucleic acids into the extracellular space. Since the defects

in apoptotic DNA processing predispose to diseases asso-

ciated with the accumulation of anti-DNA and anti-

nucleosomal antibodies [23, 24], the destruction of nuclear

content seems to be critical for the prevention of autoim-

mune disorders development.

Nuclear fragmentation relies on the disintegration of the

nuclear lamina and nuclear envelope collapse, and effector

caspases participate in both events. In the former one, they

directly perform the cleavage of nuclear lamins and lamin-

associated proteins. In the latter, executioner caspases activate

the Rho effector ROCK1, which drives the contraction of the

actin-myosin cytoskeleton and promotes the nuclear envelope

breakdown [25] (Fig. 1). In addition, caspases cleave compo-

nents of the nuclear pore complexes and nuclear transport

machinery that also stimulates nuclear envelope permeabi-

lization. Since a number of nuclear envelope proteins,

including lamins, lamin-associated polypeptides and nucleo-

porins, are connected to the chromatin, their cleavage triggers

changes in the chromatin conformation allowing access of

factors, which modulate chromatin condensation and degra-

dation. Importantly, the disruption of the nuclear envelope,

chromatin condensation and DNA fragmentation, all engage

either caspase-dependent or caspase-independentmechanisms.

Chromatin condensation and apoptosis

Histone modifications play an important role in the apop-

totic chromatin alterations. Generally, phosphorylation of

histones H2A, H2B, H3 and H4, and dephosphorylation of

H1 precede chromatin destruction [26]. The most studied

histone modification is the phosphorylation of H2B at

Ser14 catalyzed by the mitogen-activated protein kinases

(MAPKs) in a caspase-independent manner [27], and by

Mst1 or PKC-d kinases in a caspase-dependent manner

[28–30] (see Fig. 1). Noteworthy, Mst1 and PKC-d might

also act upstream of caspases promoting apoptotic events

upon cleavage [31, 32].

In addition, using an in vitro system, acinus, another

nuclear factor that facilitates chromatin condensation was

identified [33]. Acinus is able to induce apoptotic chro-

matin condensation after cleavage by caspase-3 without

inducing the fragmentation of DNA (Fig. 1). The stimu-

lation of PKC-d activation is considered to be connected

with acinus isoforms [30]. Although it was suggested that

all Mst1, PKC-d and acinus are involved in apoptotic

chromatin condensation [33], later, depletion of acinus was

shown not to impede chromatin destruction, but to inhibit

oligonucleosomal DNA degradation [34]. This suggests

that acinus proteins may also contribute to the activity of

apoptotic nucleases or facilitate their access to DNA.

Indeed, acinus isoforms were also found to be involved in

the pre-mRNA processing and transcriptional regulation

[35, 36], therefore, they may modulate the expression of

DNA condensation and fragmentation factors. Acinus

proteins are highly conserved between mammals and flies,

and recent studies on Drosophila have led to a new inter-

esting hypothesis, which therefore could be extended to

mammals. Thus, in Drosophila, the loss of acinus function

impedes endosomal transport and autophagosome matura-

tion, while the gain of function leads to its stimulation [37].

As acinus proteins are primarily nuclear, the mechanism by

which they modulate endocytosis and autophagy is likely

to be indirect and seems to be connected with their role in

the RNA processing and transcriptional regulation. Hence,

acinus may play a crucial role, linking together apoptosis

and autophagy. However, there are still many contradic-

tions concerning its function, which require clarification.

DNA fragmentation in apoptotic cells

During apoptosis, DNA is usually degraded in two steps.

First, the chromatin is cleaved into 50–300 kb fragments

(this step is termed HMW DNA fragmentation), then into

200 bp oligonucleosomal fragments (low molecular weight

(LMW) DNA fragmentation).
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One of the early events of apoptosis is the cleavage of

poly(ADP-ribose) polymerase (PARP), a key enzyme

involved in DNA repair (Fig. 1). Importantly, PARP pro-

teolysis not only prevents DNA repair and depletion of

NAD? (a PARP substrate), but also facilitates the access of

endonucleases to the chromatin. Accordingly, the mainte-

nance of PARP in an inactive state appears to be crucial for

both caspase-dependent and -independent DNA

degradation.

Among nucleases activated in a caspase-dependent

manner, caspase-activated DNase (CAD or DFF40) is

regarded as the major executor of DNA cleavage. In nor-

mal cells, it is inactivated by ICAD (DFF45), which acts

both as an inhibitor and indispensable chaperone of CAD

[38, 39]. Since CAD and ICAD possess nuclear localiza-

tion signals (NLSs), they were suggested to be mainly

nuclear proteins. However, there is also an alternatively

spliced isoform of ICAD, the short ICAD-S (or DFF35),

that resides in the cytoplasm because of a spliced-out NLS

[40]. According to Wang’s group, in non-apoptotic cells,

DFF exists in the nucleus as a heterodimer, composed of a

45 kD chaperone and inhibitor subunit (DFF45), and as a

40 kD latent nuclease subunit DFF40 [39]. Apoptotic

activation of caspase-3 or -7 is resulting in the cleavage of

DFF45 and subsequent release of DFF40 nuclease. DFF40

nuclease activity is further stimulated by specific chromo-

somal proteins, such as histone H1, HMGB1/2 and

topoisomerase II. On the contrary, according to Nagata’s

group, CAD is synthesized together with ICAD, which

enables the correct folding of CAD [41]. Therefore, CAD

exists as an inactive enzyme that forms a complex with

ICAD in the cytosol of proliferating cells. When cells are

induced to undergo apoptosis, caspases, in particular cas-

pase 3, cleave ICAD, allowing dissociation of the CAD/

ICAD complex and CAD translocation to the nucleus,

where it cleaves the chromosomal DNA (Fig. 1). ICAD-S

may further regulate the CAD DNase by binding to the

activated CAD. Caspase-mediated cleavage of ICAD-S is

sufficient for CAD dimerization, and facilitates its function

as a double-strand-specific DNase that cleaves DNA with

formation of oligonucleosomal DNA fragments [42].

Cytosolic localization of CAD/ICAD keeps DNase sepa-

rate from its target and protects normal cells from the

‘erroneous’ action of this enzyme.

However, knockout of CAD did not affect mouse

development and phenotype [43, 44]. Thus, later it was

found that DNase II could compensate CAD deficiency in

these animals. This nuclease is released from phagocytic

lysosomes after the engulfment of apoptotic corpses, and

degrades DNA in a caspase-independent manner [44]

(Fig. 1); though caspase activity is required for the expo-

sure of phagocytic signals (e.g., phosphatidylserine) on the

surface of apoptotic cell. Strikingly, DNase II-null mice

appear to die from severe anemia during the perinatal

period [45]. The macrophages engulf erythrocytes and

apoptotic cells, but cannot degrade DNA, and hence it

accumulates in the lysosomes and triggers innate immunity

[24, 46]. Therefore, DNase II is required for the degrada-

tion of apoptotic DNA by phagocytes. Meanwhile, further

studies showed that knockout of CAD also does not com-

pletely inhibit autonomous DNA degradation within the

cell [47], indicating that there are other nucleases con-

tributing to apoptotic DNA fragmentation. Indeed,

candidates, such as cellular endonucleases Nuc70, cyclo-

philins, DNase I, DNase X, DNase-c and DNAS1L3, were

proposed, but none of them have been shown to fulfill the

criteria for apoptotic nuclease in vivo, and their activation

manners (caspase-dependent or -independent) have not yet

been revealed.

In fact, since caspase inhibition does not fully prevent

apoptotic DNA fragmentation inside the cell [48], a sig-

nificant contribution in this process seems to be made by

non-caspase-mediated mechanisms. Accordingly, it was

shown that apoptosis-inducing factor (AIF) and endonu-

clease G (EndoG), which are simultaneously released from

the mitochondria following MOMP, translocate to the

nucleus, where they contribute to the chromatin conden-

sation and DNA fragmentation [49] (Fig. 1). Importantly,

activities of both EndoG and AIF were shown to be cas-

pase-independent [50]. EndoG is a DNase/RNase that

triggers chromatin breakdown into HMW DNA fragments,

followed by the inter- and intra-nucleosomal DNA cleav-

ages [51]. However, since EndoG-deficient mice do not

show any changes in the level of DNA degradation [52,

53], the importance of its contribution to the process is still

questionable. As mentioned above, AIF is a flavoprotein

that, upon translocation to the nucleus, triggers the con-

densation of peripheral chromatin and large-scale DNA

fragmentation, but does not induce oligonucleosomal DNA

fragmentation [54]. Since AIF does not possess endonu-

clease activity, its nuclear function most likely depends on

the cooperation with other proteins. To date, a number of

AIF partners, such as calpains, PARP-1, histone H2AX and

EndoG [55, 56], have been revealed, but unfortunately, the

accumulated data are still insufficient to establish the exact

mechanism underlying the function of AIF. Even though

the complete deficiency of AIF is embryonically lethal, it

does not result from an excess in cell number [57], sug-

gesting that this might be due to the loss of its non-

apoptotic function. Indeed, AIF is an essential cellular

oxidoreductase [58], and its inhibition, just like the inhi-

bition of EndoG, does not prevent the appearance of HMW

DNA fragments [59].

Overall, several enzymes involved in apoptotic DNA

degradation have been revealed, but all the attempts to

point out at least one enzyme crucial for the process have
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failed. Nevertheless, further studies still may unravel such

a putative key player controlling cellular DNA fragmen-

tation. It also might be that the redundancy of the DNA

degradation pathways underlines the significance of pro-

tecting surrounding cells from the release of highly

immunogenic DNA fragments. Meanwhile, phagocytosis

provides a strong backup mechanism for the digestion of

DNA released from dying cells during embryonic devel-

opment; that, however, might not be enough in the case of

massive apoptosis. Then, the autonomous cellular DNA

degradation may become critical. Hence, the redundancy

observed in the DNA degradation pathways inside the cell

serves as a reliable defender that prevents the induction of

the anti-DNA immune response and cell transformation.

From the end to the beginning: initiation
of apoptosis following DNA damage

DNA lesions constantly arise in the cell as a consequence

of stochastic errors during DNA replication and generation

of reactive oxygen species in the course of metabolism.

Moreover, DNA is the main target of genotoxic agents,

including ultraviolet light, ionizing radiation, carcinogens,

and cytotoxic drugs. The effects of these endogenous and

exogenous factors result in various DNA modifications

impeding transcription and replication. If not repaired prior

to replication, DNA damage might lead to mutations,

which accumulation will predispose the cell to malignant

transformation. Fortunately, this is normally avoided due to

the activation of nuclear apoptotic mechanisms.

Initially, DNA lesions are recognized by the system of

DNA damage response (DDR): the highly coordinated

network of factors detects the type of injury and delivers

the signal to kinases that orchestrate the cellular response.

Damage involves either one or both DNA strands. Damage

on one strand might engage the activation of base excision

repair (BER), nucleotide excision repair (NER), mismatch

repair (MMR), or single-strand break repair (SSBR).

Lesions of both DNA strands are processed through dou-

ble-strand break repair (DSBR) that includes three different

mechanisms: homologous recombination (HR), non-ho-

mologous end joining (NHEJ), and its less known

alternative, microhomology-mediated end joining (MMEJ).

Double-strand breaks (DSBs) are the most severe of

DNA lesions arising upon cell exposure to genotoxic

agents. Due to its mutagenic nature, even one unrepaired

DSB can result in cell death [60]. When a DSB occurs

during the S and G2 phases of the cell cycle, it is prefer-

entially repaired via the HR pathway (Fig. 2a). DSBs are

detected by the MRN complex composed of MRE11,

Rad50 and NBS1, and PARP-1 facilitates its recruitment

by synthesis of poly(ADP-ribose) chains in the DSB

regions [61]. MRN, in turn, promotes binding of ataxia-

telangiectasia mutated (ATM) kinase. After binding, ATM

is autoactivated and phosphorylates H2AX at Ser139 in the

DSB regions. The phosphorylated form of H2AX (cH2AX)
serves as a platform for docking of reparation and check-

point proteins, stimulating signal expansion on the DNA

molecule [61]. Subsequent binding of other mediators to

cH2AX enables the assembly of multiple DSBR players,

including additional ATM [62, 63] and MRN [64] mole-

cules. The balance between the factors recruited at the

damage site determines which of the three DSBR mecha-

nisms will be implemented. If a DSB occurs during G1, or

the balance is shifted towards NHEJ, this error-prone

Fig. 2 Transduction of DNA damage signals. a Activation of ataxia-

telangiectasia mutated (ATM), Rad3-related (ATR) and DNA–protein

kinase (DNA-PK) upon DNA damage. When a double-strand break

(DSB) occurs, it is generally repaired via the non-homologous end-

joining (NHEJ) or homologous recombination (HR) pathways. NHEJ

is engaged upon Ku70/Ku80 binding to DSBs followed by recruit-

ment and activation of DNA-PK. During HR, PARP1 binds to the

DSBs and mediates the initial recruitment of the MRE11/Rad50/

NBS1 (MRN) complex and subsequent binding and activation of

ATM. Single-strand breaks (SSBs) repair is initiated by replication

protein A (RPA), which recruits the ATR/ATR-interacting protein

(ATRIP) complex and results in ATR activation. Activation of ATM,

ATR, and DNA-PK is followed by the phosphorylation of H2AX that

amplifies the molecular signal by DNA repair protein recruitment.

b ATM, ATR, and DNA-PK can phosphorylate and activate the

transcription factor p53 either directly or by means of prior activation

of checkpoint kinases Chk1/2. Both ATM and ATR also contribute to

the activation of the p38MAPK/MK2 kinase complex. Activation of

Chk1/2 and MK2 downstream targets, as well as p53-mediated

upregulation of the Cdk2 inhibitor p21, results in transient cell cycle

arrest. Unrepaired DNA damage generally leads to permanent cell

cycle arrest (senescence) or apoptosis
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pathway of DSBR is initiated. The Ku70/80 heterodimer

detects and binds DSB ends, driving activation of DNA–

protein kinase (DNA-PK), which also amplifies the signal

induced by the phosphorylation of H2AX [61] (Fig. 2a).

During the late S- or G2-phases, in addition to ATM, and

in some cases, DNA-PK, DSBR activates ATM and Rad3-

related (ATR) kinase, the downstream ATM target [65],

which is also required for SSBR. In both DSBR and SSBR,

the recruitment and activation of ATR are facilitated by the

replication protein A (RPA) and ATR-interacting protein

(ATRIP). RPA interacts with the single-stranded DNA and

stimulates binding of ATRIP, which enables the associa-

tion of the ATR/ATRIP complex with DNA and

recruitment of several ATR mediators [61]. Along with

ATM and DNA-PK, ATR leads to the formation of cH2AX
(Fig. 2a), as well as other histone modifications implicated

in apoptosis.

If SSBs are not repaired efficiently, they might terminate

gene transcription and generate toxic DNA DSBs during

replication. To prevent the formation of DSBs, SSB repair

must be completed before DNA replication. To accomplish

this, cells should be able to detect unrepaired SSBs, and

delay the cell cycle progression to allow more time for

repair; however, to date there is no evidence supporting the

coordination of SSB repair and replication in the human

cells. Recently, it has been shown that ATM can restrict the

replication of SSB-containing DNA, and thus prevent the

formation of DSB [66] (Fig. 2a).

Once activated, ATM, ATR and DNA-PK also phos-

phorylate the checkpoint kinases Chk1 and/or Chk2, two

other central DDR kinases that are the major downstream

targets of ATR and ATM, respectively. Chk1/2, along with

the later identified complex consisting of p38MAPK and

MK2, which is also activated upon DNA damage in the

ATM- and ATR-dependent manner, controls the G1/S,

intra-S and G2/M checkpoints, and arrests the cell cycle

when DDR is initiated (reviewed in [67]) (Fig. 2b).

When the repair is accomplished successfully, the cell re-

enters the cell cycle. In the case of its failure,DDRproteins are

recruited to the break sites again with the subsequent activa-

tion of p53 [68] and/or other transcription factors, mainly p63

and p73 [69]. Their targets include the genes involved in the

DDR, cell cycle arrest, autophagy, cellular senescence and

apoptosis. Initially, their expression contributes to the delay of

the cell cycle (mainly via p21) and favors DNA repair.

However, if homeostasis is not re-established, the accumula-

tion of the p53-inducible proapoptotic products occurs, and

can lead to apoptosis. Alternatively, depending on the degree

and nature of stress, as well as on the cell-type and cellular

context, othermechanisms of cell death or cellular senescence

might be initiated (Fig. 2b).

Notably, mutations in both ATM and DNA-PK lead to

embryonic lethality in mice, suggesting that these kinases

have additional functions essential for the development

[70]. This indicates that DNA-PK also plays an important

role in checkpoint signaling, which is evident only in the

absence of ATM [71]. As for the p38MAPK/MK2 com-

plex, it is crucial for the survival of p53-deficient cells

affected by genotoxic agents [72].

p53: the key mediator in apoptosis induction

The tumor suppressor p53 has been implicated in many

important cellular processes including the DDR, cell cycle

arrest, and apoptotic cell death. Since the impairment of

p53 signaling protects cancer cells, detailed understanding

of its role in apoptosis will be extremely valuable. Indeed,

though p53-null mice are viable, they develop tumors with

virtually 100 % frequency [73]. Moreover, p53 is inacti-

vated in over 50 % of human cancers, while the

deregulation of other elements of its network accounts for

almost all remaining cases, making reactivation of the p53

pathway in tumors a prospective strategy for anti-cancer

therapy.

In the absence of stress stimuli, p53 has low activity and

a short half-life. Two critical players for its suppression

have been identified: the E3 ubiquitin ligase MDM2, and

its close homolog MDMX (MDM4). When MDM2 or

MDMX genes are knocked out in mice, the animals die in

utero due to aberrant p53-induced apoptosis, which is

completely rescued by the loss of p53 gene [74]. MDM2

binds to the p53 transcription-activating domain preventing

it from the interaction with other factors, and mediates p53

ubiquitination and subsequent proteasomal degradation (as

represented by the blue arrows in Fig. 3). Moreover,

MDM2 directly interacts with the mRNA encoding p53 and

suppresses its translation [75]. MDMX also binds to p53

preventing its activation, and promotes p53 ubiquitination

presumably forming a heterodimer with MDM2 [76]. In

addition to MDM2, other E3 ubiquitin ligases for p53 (e.g.,

COP1, PIRH2, and TRIM24) are described [77]; however,

there is no evidence to date that any of them are critical for

the regulation of p53.

In response to DNA damage and other stress factors, p53

is modified by various posttranslational modifications

(PTMs), which disrupt its interaction with MDM2 and

MDMX. This prevents p53 degradation and facilitates its

accumulation in the nucleus. PTMs implicated in p53

regulation include phosphorylation, acetylation and ubiq-

uitination. Generally, phosphorylation plays the key role in

the modulation of the p53 network, and is carried out by

more than 30 kinases (ATM, ATR, DNA-PK, and Chk1/2

being the most studied). Acetylation seems to be down-

stream of phosphorylation in p53 signaling network upon

DNA damage. At least, the most important Ser15
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phosphorylation event is required for the association of p53

with p300 and CBP acetyltransferases [78]. Their recruit-

ment results in local histone acetylation [79], and

subsequent chromatin relaxation [80], which permits the

induction of transcription. In addition, Tip60 acetyltrans-

ferase, which is also implicated in DSBR, was shown to be

essential for acetylation of p53 at Lys120, a modification

crucial for p53-mediated apoptosis [81]. Other various

aspects of the acetylation network are highlighted in a

recent review [82].

The complexity of p53 regulation by PTMs is further

enhanced by the existence of reverse mechanisms. Thus,

dephosphorylation of MDM2 and MDMX is performed by

the protein phosphatases 1 (PP1), PP2A and Wip1. The

latter is itself a transcription target of p53 and the p53/

Wip1 feedback loop leading to ATM inactivation appears

to contribute to the oscillation of p53 level in response to

DNA damage (Fig. 3). Notably, Wip1 also reverses the

activity of ATM, Chk2 and p38MAPK, and can directly

dephosphorylate cH2AX [83]. The deacetylation network

includes histone deacetylases (HDACs) that remove acetyl

groups from p53, generally suppressing its activity. Human

HDACs comprise 11 HDAC and 7 SIRT proteins [84].

Deubiquitination also plays a central role in the regulation

of p53 activity. Among at least 91 deubiquitinating

enzymes (DUBs), some proteins contribute to p53 activa-

tion, while others suppress it. One of DUBs, HAUSP (or

USP7), was shown to be indispensable for the

Fig. 3 Different routes of p53-mediated apoptotic cell death. In

response to extensive DNA damage, the interactions between p53,

MDM2 and MDMX are disrupted by posttranslational modifications

(only some phosphorylation events are shown), preventing inhibition

and proteasomal degradation of p53 (p53 is normally kept at low

levels by MDM2 and MDMX, as represented by the blue arrows).

Activated p53 upregulates proapoptotic genes (as highlighted in the

box), and represses antiapoptotic genes (not shown). As a result, p53

predominantly engages the intrinsic apoptotic pathway. In addition,

p53 transactivates MDM2 and Wip1 phosphatase, providing the

negative feedback loops that help to restrain p53 at the end of a stress

response. Non-transcriptional activities of p53, as shown on the right,

include translocation of its monoubiquitinated form to the mitochon-

dria, where, after being deubiquitinated by HAUSP, it promotes Bak/

Bax oligomerization through direct physical interaction with Bak/Bax

or by binding of antiapoptotic proteins Bcl-2, Bcl-XL and Mcl-1. On

the other hand, cytosolic p53 interacts with the sarco-ER Ca2?-

ATPase (SERCA) pumps at the endoplasmic reticulum (ER) and

mitochondrial-associated membranes (MAMs), potentiating Ca2?

influx followed by an enhanced transfer to the mitochondria. These

transcription-independent functions of p53, along with the transcrip-

tion-mediated events, prompt MOMP leading to the release of

cytochrome c and subsequent apoptosis
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development. Normally, it functions by deubiquitinating

MDM2 and MDMX, and consequently, its knockout results

in mouse embryonic lethality accompanied by high p53

levels [85]. Another DUB, USP10, directly deubiquitinates

p53 in the cytoplasm. Upon genotoxic stress, USP10 is

phosphorylated by ATM and translocates to the nucleus,

where it stabilizes p53 by deubiquitination [86]. Accord-

ingly, a vast multitude of p53 PTMs determines its ability

to respond to DNA damage, and the subsequent outcome.

Upon initial activation by PTMs, p53 forms tetrameric

complexes, which have a much higher affinity for the DNA

binding and upregulate the transcription of numerous

genes, including MDM2, COP1, PIRH2, TRIM24 and

Wip1 genes encoding p53 negative regulators. Some p53

targets, such as the most well-known Cdk inhibitor p21, are

involved in the initial cell cycle delay in response to DNA

damage. However, p21 transactivation is only transient,

since extensive DNA damage might result in apoptosis

accompanied by a low level of p21 expression [87].

Moreover, p21-knockout animals show increased levels of

apoptosis [88, 89], and p21 disruption tips the balance from

senescence to apoptosis in the cells treated with the

topoisomerase inhibitors [90], suggesting an inverse cor-

relation between apoptosis and p21 levels.

p53 apoptotic targets include members of both the

extrinsic and intrinsic apoptotic pathways [91] (Fig. 3).

The p53-mediated intrinsic apoptosis occurs upon induc-

tion of such proapoptotic genes as Bax, Puma, Noxa, Bid

and Apaf-1. The p53-induced extrinsic pathway involves

upregulation of CD95/Fas, CD95/Fas ligand and TRAIL-

R2. Caspase-2 activation can be driven by p53 through the

induction of PIDD gene [91] (Fig. 3). In addition, p53

regulates the expression of a number of microRNAs

(miRNAs), some of which exhibit proapoptotic functions

and contribute to the execution of apoptosis. Indeed, the

comparison of miRNA expression profiles in the wild-type

and p53-null MEFs revealed that p53 affects the expression

of 145 miRNAs [92].

Generally, p53 affinity for binding sites is modulated by

PTMs of its DNA-binding domain, which correlates with

the fact that over 80 % of cancer-derived p53 mutations are

located within this domain [93]. However, other aspects,

such as cofactor recruitment to p53 and its target sites, are

also critical for the regulation of p53 activity and, along

with p53 PTMs, they have a strong impact on apoptosis.

Hence, an open question remains: how exactly p53 chooses

its target genes and this has to be addressed in the future

studies.

In addition to the transcriptional activity of p53, its

transcription-independent functions also contribute to

apoptosis (Fig. 3). For instance, in response to stress

stimuli, monoubiquitinated p53 translocates to MOM,

where, after activation by HAUSP-mediated

deubiquitination [94], it physically interacts with the pro-

(Bak, Bax) and antiapoptotic (Bcl-2, Bcl-XL and Mcl-1)

members of the Bcl-2 protein family, thereby, triggering

MOMP [95]. Remarkably, cytosolic p53 has also been

shown to modulate the Ca2? transfer from the ER to

mitochondria, which is a critical step in the induction of

apoptosis. Accordingly, stress-activated p53 accumulates at

the ER and mitochondria-associated membranes (MAMs),

and directly binds to the sarco-ER Ca2?-ATPase (SERCA)

pumps, promoting Ca2? overload in the mitochondria that

drives the loss of membrane potential, and culminates in

apoptotic cell death [96, 97]. Importantly, induction of

Ca2?-dependent apoptosis critically depends on p53, and

hence cells lacking it fail to trigger Ca2?-dependent

apoptotic mechanisms upon chemotherapy treatment [97]

indicating the importance of restoring the p53/Ca2? sig-

naling for re-establishing tumor sensitivity to anti-cancer

therapies.

p53 activation upon perturbation of ribosome
biogenesis

The nucleoli seem to function as stress sensors that monitor

the strength of cellular stress and modulate the activity of

p53, determining cell fate by regulating the translocation of

nucleolar contents to the nucleoplasm. In unstressed cells,

rRNAs and a number of proteins, such as nucleostemin

(NS), nucleophosmin (NPM), nucleolin (NCL), ARF

(p14ARF in human), MYBBP1A and ribosomal proteins

(RPs), are confined to the nucleoli, and p53 level is kept

low. Following DNA damage, oncogenic stress, serum

starvation and other stimuli, ribosome biogenesis is halted,

nucleolar integrity is disrupted, and subsequently riboso-

mal (nucleolar) stress occurs. Consequently, nucleolar

rRNAs and proteins are released leading to p53 stabiliza-

tion and activation by several non-exclusive mechanisms

(see Fig. 4). First, when in the nucleoplasm, NS, NPM,

NCL, ARF and RPs (e.g., RPL5, RPL11, RPS7, RPS25,

RPL37, RPS15, RPS20, RPL26 and RPS27A) associate

with MDM2 inhibiting its E3 ubiquitin ligase activity

toward p53. Second, RPL11, RPS7, RPS25, RPL37,

RPS15, and RPS20 downregulate MDMX levels, though in

distinct ways, thereby, also promoting p53 activation [98,

99]. Third, upon export in the cytoplasm, RPL26 and

RPS27A bind to the 50-UTR of p53 mRNA increasing its

translation level. At the same time, RPL26 and RPS27A

have been reported to be ubiquitinated by MDM2 for

proteosomal degradation under non-stressed conditions,

hence, providing an additional MDM2/p53 regulatory loop

[100]. Fourth, RPS26 and MYBBP1A promote the acety-

lation of p53 and its subsequent transcriptional activity

[101, 102]. While RPS26 has been shown to act through

Role of the nucleus in apoptosis: signaling and execution 4601

123



forming a complex with p53 and p300, MYBBP1A has

been found to serve as a platform for p53 tetramerization, a

prerequisite for the efficient activity of p53 that, in turn,

provides appropriate binding sites for p300 and promotes

the acetylation of p53.

Notably, PICT1 (or GLTSCR2) has been identified as

another member of the family of nucleolar proteins that

regulate cellular p53 levels in response to ribosomal stress.

PICT1 was found to retain RPL11 in the nucleoli, thereby,

inhibiting the interaction between RPL11 and MDM2 that,

following ribosomal stress, would normally take place in

the nucleoplasm and promote the activation of p53 [103].

In contrast, later nucleoplasmic redistribution of PICT1

was shown to allow for the direct interaction between

PICT1 and p53, which stabilizes the latter [104] (Fig. 4).

Then, PICT1 was reported to bind 5S rRNA and facilitate

the formation of 5S RNP (a complex that includes RPL11

and RPL5) and its integration into the ribosome [105, 106].

In fact, 5S RNP appears to be the predominant player in

eliciting p53 response through the sequestration of MDM2,

and its formation may be the explanation of the mecha-

nisms underlying earlier observations by [103].

Noteworthy, Sloan et al. [106] have also shown that the

formation of 5S RNP is regulated by PICT1 and is essential

for the activation of p53 by ARF, another protein released

upon ribosomal stress, which can be also activated by

oncogene overexpression. Other functions of PICT1 were

also reported. For example, a recent study described PICT1

Fig. 4 Schematic representation of the ribosomal (nucleolar) stress

response. Under normal conditions, ribosome biogenesis occurs

normally and p53 activity is kept low (indicated by the blue arrows).

Following ribosomal stress, ribosome biogenesis is perturbed, and

nucleolar proteins, including rRNAs and ribosomal proteins (RPs),

are released into the nucleoplasm leading to the activation of p53. 5S

RNP, consisting of RPL5, RPL11 and 5S rRNA, seems to be the

main player in eliciting p53 response upon impairment of ribosomal

biogenesis; it acts via direct binding and inhibition of MDM2, and is

essential for the sequestration of MDM2 by ARF. Along with 5S RNP

and ARF, free rRNAs and RPs, and other nucleolar proteins [e.g.,

nucleostemin (NS), nucleophosmin (NPM) and nucleolin (NCL)] also

contribute to MDM2 inhibition by binding, while a number of RPs act

through the inhibition of MDMX or upregulation of p53 mRNA

translation (RPL26 and RPS27A). In addition, RPS26 and MYBBP1A

promote p53-mediated transcription through the facilitation of p53

acetylation by p300. The role of PICT1 remains controversial, but

since, for instance, it facilitates the formation of 5S RNP and can

directly increase p53 activity by binding, it appears to be an important

mediator of the ribosomal stress response
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as a negative regulator of NPM. In particular, PICT1 has

been found to enhance the proteasomal degradation of

NPM and decrease the transforming activity induced by

NPM overexpression [107]. Overall, PICT1 is an important

regulator of the ribosome biogenesis and ribosomal stress,

and consequently, of p53 levels. Yet, no definite conclusion

could be drawn about PICT1 functions, since most of

obtained by now results contradict to each other.

Importantly, imbalances in the production of RPs can

also result in ribosomal stress and apoptosis. In fact, RPs,

which genes are widely dispersed in the human genome,

may work as sensors for genomic instability (e.g., aneu-

ploidy) [108]. Thus, once DNA copy number changes, an

imbalance in RP expression will lead to the upregulation of

p53, in turn, resulting in the induction of apoptotic cell

death. Intriguingly, zebrafish lacking RPL11, even display

embryonic lethality due to extensive p53-mediated apop-

tosis, which is rescued by simultaneous knockdown of the

p53 gene [109]. However, in some cases RP imbalances

can down-modulate p53 levels. Thus, when the expression

of RPL5 and RPL11 is reduced, it dramatically impairs

ribosomal stress and p53-dependent apoptosis in multiple

tumor cells [98, 100]. In fact, RPs possess a diverse range

of ribosome-independent functions, and are involved in

various physiological and pathological processes. Indeed,

RPs play important role in tumorigenesis, immune signal-

ing and development that are independent of the

translational machinery. In this way, some ribosome-free

RPs possess oncogenic activity (e.g., RPS13), and some act

as oncoprotein inhibitors (e.g., RPL5, RPL11 and RPS14

that were shown to suppress c-Myc activity and regulate its

mRNA turnover) (for further details see [99]). Some

oncogenes itself (e.g., c-Myc) are associated with enhanced

RP expression. Indeed, rapidly and actively proliferating

cancer cells need more ribosome machineries compared

with the normal cells. Thus, c-Myc-promoted tumor growth

is dramatically abolished when the enhanced ribosome

biogenesis in tumor is reduced to normal [110]. Impor-

tantly, this makes cancer cells more sensitive to ribosomal

stress than normal cells, and, hence, RPs, as well as other

proteins involved in ribosome biogenesis, could be poten-

tial targets for the development of novel anti-cancer drugs.

Promyelocytic leukemia nuclear bodies as scaffolds
for p53-mediated apoptosis

The nucleus is an incredibly complex organelle, which, in

addition to the discussed above nucleoli, contains a number

of other spatially and functionally differently organized

compartments. On the one hand, the presence of such

distinct microenvironments provides necessary regulation

of cellular signaling; on the other hand, as nuclear

substructures share and exchange different components, an

extensive crosstalk exists. An important role in this inter-

play belongs to PML NBs, dynamic subnuclear structures

of 0.2–1.0 micrometer in diameter, which are implicated in

the regulation of a broad range of cellular processes,

including stress response, apoptosis, cellular senescence

and antiviral defense. In unstressed or low stress condi-

tions, PML NBs, for instance, participate in the DDR and

DNA repair, while, upon DNA damage, they might

increase in number and size and contribute to apoptosis

induction [111]. Accordingly, mice and cells deficient in

PML, the key organizer of PML NBs, are resistant to

diverse apoptotic stimuli, including genotoxic stress [112].

PML NBs, as well as the nucleoli, contribute to both p53-

dependent (Fig. 5) and -independent apoptotic pathways

(discussed below and shown in Fig. 6), serving as dynamic

scaffolds for PTMs of several transcription factors, including

p53 family members, and for the accumulation of diverse

cofactors that regulate activity of these transcriptional fac-

tors. Thus, PML directly interacts with p53 in vivo and

facilitates its PTMs; in addition, PML itself may inhibit

MDM2 by sequestering it in the nucleoli. At the same time,

PML NB stability and scaffold function also seem to be

modulated by PTMs of PML and PML NB components

[113]. Interestingly, the SUMOylation, a complicated but

highly controlled PTM, seems to be critical for its regulation.

Indeed, PML NBs are enriched with SUMOylated proteins,

including enzymes of the SUMOylation machinery. PML is

able to recruit unmodified proteins as well as SUMOylated,

and might itself act as an E3 SUMO ligase [114]. However,

other PTMs also appear to be important for the function of

PML NBs, such as phosphorylation, ubiquitination, acety-

lation and cleavage as discussed below.

The most extensively studied transcription factor

recruited in PML NBs is p53. Notably, PML itself is a p53

target gene, providing a positive feedback loop that

potentiates p53-dependent apoptosis [115] (Fig. 5). Phos-

phorylation of p53 in PML NBs can be mediated by Chk2,

CK1 and HIPK2, whereas CK1 additionally phosphorylates

MDM2 [116], and PML can promote autophosphorylation

of Chk2, thereby, enhancing its activity [117]. Intriguingly,

HIPK2 appears to function in a stress dose-dependent

manner. In normal and sublethal conditions, HIPK2 is

targeted by Siah-1, MDM2 and other E3 ubiquitin ligases

for the proteolytic degradation [118]. In lethally damaged

cells, the level of E3 ubiquitin ligases activity is critically

reduced (e.g., due to phosphorylation of Siah-1 by ATM

and ATR), and HIPK2 remains stable. Moreover, the

phosphorylation of p53 by HIPK2 severely depends on the

presence of PML, as well as Axin and DAXX, which also

interact with PML. Upon severe DNA damage, these pro-

teins, together with Tip60, form the Axin/PML/HIPK2/

p53, DAXX/Axin/HIPK2/p53 and Axin/Tip60/HIPK2/p53
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complexes that enhance HIPK2 activity [119–121]. In

addition, under lethal genotoxic stress, HIPK2 is processed

in a caspase-dependent manner, with the formation of a

hyperactive kinase, which potentiates the phosphorylation

of p53 [118]. Caspase-6, an established p53-target gene,

was found to be required for this processing, thereby, p53

can drive a feed-forward loop to potentiate activity of

HIPK2. These mechanisms stimulate HIPK2-mediated

phosphorylation of p53 that rapidly promotes its acetyla-

tion and subsequent apoptosis. Meanwhile, in response to

p53 phosphorylation, the prolyl-isomerase Pin1 that also

resides in PML NBs, induces conformational changes in

p53, additionally potentiating its acetylation, which is

generally carried out by CBP, p300 and Tip60 [122].

DAXX, mentioned as a binding partner of HIPK2,

regulates p53 function at multiple levels. In normal

conditions, DAXX binds to MDM2 and the deubiquitinase

HAUSP, and promotes the effect of HAUSP on MDM2,

thereby enhancing stability of MDM2. DNA damage leads

to the dissociation of the complex, and hence to the

degradation of MDM2 and subsequent stabilization of p53.

Released HAUSP also contributes to p53-mediated apop-

tosis by deubiquitinating p53 [122]. As discussed in the

next section, DAXX is an important player in the p53-

independent pathway. Another protein that colocalizes to

PML NBs, TRADD, may promote apoptosis in a p53-de-

pendent manner upon certain conditions [123], but further

work is necessary to determine the mechanisms of its

regulation by PML.

Overall, PML NBs seem to be important regulators of

p53 activity that constantly recruit and release a variety of

p53 regulators depending on the cellular conditions.

However, so far, the majority of studies in the field were

performed on PML IV, the isoform that is expressed at very

low levels in most cell lines [124]. Thereby the relevance

of obtained results remains obscure, and, importantly, the

fundamental issue of isoform-specific PML functions still

needs further clarifications.

p53-independent apoptosis

Given the fact that p53-mutated cells do not lose the ability

to delay the cell cycle progression and to undergo apop-

tosis, a p53 backup system exists. Like the p53 network,

this system is complex and uses several strategies. The

most studied players in non-p53-mediated apoptosis are

close p53 homologs, p63 and p73. Since p63 and p73 are

mutated in less than 1 % of human cancers, they do not

seem to be as effective at inducing apoptosis as p53, and

yet they are essential in certain physiological conditions.

While p63 is crucial in craniofacial, limb and skin devel-

opment [125] and, for its function in oocytes, is regarded as

the ‘guardian of the female germline’ [126], p73 is

important during neurogenesis [127]. Moreover, p63 and

p73 are implicated in the DDR, and their loss severely

impairs the induction of p53-dependent apoptosis [126].

In unstressed conditions, the levels of p63 and p73,

similar to p53, are kept low by E3 ubiquitin ligases;

however, not by MDM2, but mostly by ITCH ligase [128,

129]. After activation in response to stress stimuli, p63 and

p73 can transactivate a number of proapoptotic genes

(Fig. 6), many of which are p53-responsive [130]. Thus,

p63 has been shown to share with p53 such targets as Bax,

Apaf-1, CD95/Fas and TRAIL-R1/2, while p73 upregulates

Bax, Puma, Noxa and CD95/Fas [127, 131]. In addition,

p63 and p73 have their own transcriptional targets (e.g.,

TNF-R1 for p63 [130]; Bim and GRAMD4 for p73 [127,

132]). A number of microRNAs have also been shown to

Fig. 5 Regulation of p53 activity in the promyelocytic leukemia

nuclear bodies (PML NBs). In response to DNA damage, several

kinases, including Chk2 and CK1, as well as HIPK2 in lethally

damaged cells, are activated. Under unstressed or mildly stressed

conditions, HIPK2 is targeted for proteasomal degradation (the blue

arrows on the top). MDM2-mediated ubiquitination of p53 in

unstressed cells is promoted by DAXX and HAUSP, as indicated

by the blue arrows in the middle. Following DNA damage,

phosphorylation of p53 by Chk2, CK1 and HIPK2 in PML NBs

disrupts p53/MDM2 interaction. In addition, PML inhibits MDM2 by

sequestering it in the nucleoli. Moreover, upon severe genotoxic

stress, Axin, DAXX or Tip60 (not shown) might form complexes with

HIPK2 and p53, enhancing the function of HIPK2 against p53. In

turn, the phosphorylation of p53 drives its acetylation. In PML NBs,

acetylation is mainly performed by CBP, while Pin1 promotes this

event. Activated p53 induces the expression of its target genes,

including PML
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function as transcriptional targets of p63 and p73. They

appear to aid p63 and p73 in promoting growth arrest and

apoptosis [133].

While p63-dependent apoptosis is primarily modulated

by p63 transcriptional activity, p73 also engages several

transcription-independent mechanisms (reviewed in [127]).

Accordingly, cytosolic p73 also can move to the mitochon-

dria and promote MOMP. Thereby, p73 substitutes not only

transcriptional, but also transcription-independent functions

of p53 in cancer cells in which p53 is mutated or inactive.

Activation of both p63 and p73 upon DNA damage

depends on phosphorylation. The c-Abl kinase is the most

known of the upstream factors responsible for p63 and p73

phosphorylation (Fig. 6). Although multiple kinases,

including ATM, Chk2 and a downstream effector of c-Abl,

p38MAPK, show the ability to phosphorylate p63 and p73

[134, 135]. p73 activity also increases upon phosphoryla-

tion by c-Jun amino-terminal kinase (JNK), another kinase

activated by c-Abl [136], and acetylation by p300 and

pCAF [137].

While c-Abl does not directly phosphorylate p53 [138],

it does increase p53 activity through the phosphorylation of

MDM2 and MDMX [139, 140] and via function of its

downstream kinase JNK [141]. On the other hand, c-Abl

seems to be necessary for the full activation of ATM and

ATR-related pathways that, in turn, triggers p53 activity

[142]. In addition, recently, phosphorylation and stabi-

lization of HIPK2, a kinase that primes p53-mediated

apoptosis, have been shown to be promoted by c-Abl in

response to c- and ultraviolet radiation [143]. Thus, the

Fig. 6 p63, p73, FLASH and Nur77 as initiators of p53-independent

apoptosis. In response to DNA damage, c-Abl kinase is activated and

accumulated in the nucleus. Subsequently, p63 and p73 are

phosphorylated, and their targeting for proteasomal degradation by

ITCH (blue arrows) is prevented. Moreover, p73 is recruited to PML

NBs, where it is acetylated by p300 (and to the lesser extent by

pCAF), while YAP and Pin1 promote the modification. In addition,

such RPs as RPL5, RPL11 and RPS14 bind to p73 enhancing its

transcriptional activity. Activated p63 and p73 induce the expression

of several proapoptotic genes engaging the intrinsic and extrinsic

apoptotic pathways. At the same time, p73 might move to the

cytoplasm and promote MOMP independently of its transcriptional

activity (not shown). In unstressed cells, FLASH colocalizes with

Sp100 in PML NBs. Following CD95/Fas activation, FLASH

relocates to the cytosol and accumulates at the mitochondria, where

it binds caspase-8, and promotes its activation followed by Bid

cleavage. Nur77, when in the nucleus, acts as a transcription factor

that promotes the expression of prosurvival factors. In response to

stress stimuli, Nur77 translocates to the cytoplasm and reverses

antiapoptotic function of Bcl-2 promoting the formation of Bak/Bax

channels that results in MOMP. Translocation of nuclear PML to the

cytoplasm may lead to its accumulation at the ER and MAMs and

subsequent upregulation of the Ca2? transfer to the mitochondria

followed by the loss of membrane potential and apoptosis
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activation of c-Abl, along with p53-independent pathway,

stimulates p53-dependent apoptotic mechanisms.

Interestingly, in the same way as p53-mediated apop-

tosis, p73-dependent pathway is regulated by RPs (Fig. 6).

Accordingly, RPL5, RPL11 and RPS14, which have never

been shown to bind to p53, can directly bind to p73 and

circumvent its inhibition by MDM2. MDM2 was shown to

bind p73 and impede its transcriptional activity, although

without targeting it for degradation. Subsequently, p73 is

released and p73-mediated apoptosis might be engaged

[144].

Moreover, among the p53 family, PML modulates

functions not only of p53, but also of p63 and p73 [145]. In

addition, PML, being a p53-responsive gene, is a direct

transcriptional target of p73 [146] (Fig. 6). PML was

shown to bind p73 in PML NBs and promote its acetylation

by p300, meanwhile, Pin1 was found to stimulate this

PTM, and is essential for the upregulation of several

proapoptotic genes (e.g., Bax) by p73 [137]. YAP is

another critical mediator of p73 function, which localizes

in PML NBs. Following DNA damage, it binds to p73 and

prevents it from degradation by ITCH, and, at the same

time, promotes the p300-mediated acetylation of p73. In

unstressed conditions, the interaction between YAP and

p73 is negatively regulated by the Akt (PKB)-dependent

phosphorylation of YAP that results in the translocation of

YAP to the cytosol [137, 146].

Noteworthy, besides the discussed above transcription-

ally active (TA) isoforms of p63 and p73, their genes also

encode the DNp63 and DNp73 isoforms lacking the

N-terminal transcriptional domain. Generally, DNp63 and

DNp73 block activities of p53, the full-length p63 and p73,

and, as a consequence, inhibit apoptosis. In response to

DNA damage, and probably other stimuli, they appear to

be degraded. In their function, DNp63 and DNp73 resemble

p53 mutants. Indeed, it may seem that the partial depletion

of p53 cannot be worse than its complete loss, but it can,

since p53 mutants aggregate with normal p53, p63 and p73

and impede their functions [147]. In addition, p53 mutants

were shown to bind cellular proteins, as well as PML

isoform IV [148]. However, while in normal cells, p53

associates with PML only upon stress signals, in cancer

cells the interaction between mutant p53 and PML appears

to be constitutive. As a scaffold function of PML NBs

strictly depends on the ability of PML to recruit tran-

scription factors and its regulators that might prevent

proper activation of apoptosis even under severe treatment.

On the other hand, the complete absence of PML further

reduces survival of p53 mutant mice [149]. Indeed, a

reduction or a loss of PML expression is frequently

observed in tumors [150]. Therefore, combined treatment

of patients harboring a p53 mutation together with drugs

enhancing PML function could be beneficial. Meanwhile,

DNp63a isoform also was reported to interact with PML

[151], as well as with YAP, activator of p73 [152]. Truly,

even in the absence of mutant variants, final outcomes of

cellular events depend rather on the ratio between isoforms

of the p53 family proteins, than on p53, p63 and p73

activities alone, implying the importance of gene expres-

sion evaluation, while studying cell signaling.

Other proteins implicated in p53-independent apoptosis

include DAXX. Although DAXX was mentioned in the

section above as a PML NB compound, initially, it was

discovered as a cytoplasmic protein that interacts with the

CD95/Fas death receptor and engages JNK-mediated

apoptosis [153]. Later, however, DAXX was shown to

promote CD95/Fas-induced apoptosis not directly by

binding to DISC, but from the nucleus [154]. As DAXX

can suppress the expression of several antiapoptotic genes

(e.g., of the prosurvival nuclear factor-jB (NF-jB) target
genes) [155], in this manner it might modulate the induc-

tion of CD95/Fas-dependent apoptosis signaling from PML

NBs. Nevertheless, several subsequent studies also repor-

ted the translocation of DAXX to the cytoplasm in

response to different stress stimuli [156]. Though, there

was another work, which again contradicted their results

showing that endogenous DAXX has nuclear localization

both in non-stressed and stressed conditions [157]. But as

new studies describing cytoplasmic relocation of DAXX

and suggesting mechanisms of this movement are still

emerging [158]. It is still unclear whether DAXX translo-

cates to the cytoplasm in physiological conditions or not,

and hence the distribution of DAXX should be assessed

more carefully. On the other hand, not only pro-, but also

antiapoptotic roles of DAXX have been reported, and,

strikingly, either partial [159] or complete [160] DAXX

knockout in mice results in embryonic lethality accompa-

nied by extensive apoptosis. Yet, whether it is only due to

the disruption of the DAXX-mediated stimulation of

MDM2 activity against p53 in normal conditions, or

because of other antiapoptotic functions of DAXX remains

to be established. Nevertheless, despite many unanswered

questions, nuclear DAXX appears to be important for both

p53-dependent and -independent apoptotic pathways, as

well as for other cellular processes, such as chromatin

remodeling and regulation [161].

Furthermore, PML NBs were reported to contribute to

the CD95/Fas-induced apoptosis due to the interaction of

Sp100, its constitutive component, with FLASH (or CAS-

P8AP2). Initially, FLASH was proposed to bind

procaspase-8 within DISC upon the engagement of CD95/

Fas [162]. Later, however, FLASH was shown to reside in

PML NBs in unstressed conditions, and to relocate to the

cytoplasm in response to CD95/Fas stimulation. Upon its

translocation to the cytoplasm, FLASH was reported to

accumulate at the mitochondria, where it facilitates
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processing of caspase-8 that promotes the intrinsic apop-

totic pathway via the cleavage of Bid [163] (Fig. 6). A

potential mechanism for the nucleocytoplasmic shuttling of

FLASH was also suggested [158], though it involves

DAXX, which cytosolic translocation is still a matter of

debate. Later, antiapoptotic functions of FLASH have also

been proposed [164], and other reports revealed multiple

roles of FLASH. Indeed, FLASH knockout in mice is lethal

early in embryogenesis, as FLASH seems to be an essential

regulator of histone transcription and cell cycle during

embryogenesis [165]. Moreover, the impact of FLASH in

the apoptotic cell death is still questioned. In the cell,

FLASH is primarily located in histone locus bodies

(HLBs), whereas only a fraction of FLASH is detected in

PML NBs. Interestingly, a recent study suggested that

FLASH may be recruited to PML NBs predominantly for

its degradation [166].

An orphan nuclear receptor Nur77 was also shown to

localize in PML NBs. Precisely, PML interacts with the

DNA-binding domain of Nur77, and thereby represses its

transactivation activity and the expression of survival

molecules [167]. On the other hand, in response to some

apoptotic stimuli, Nur77 translocates to the mitochondria

[168], where it converts Bcl-2 function from an antiapop-

totic to a proapoptotic, and hence induces the release of

cytochrome c and caspase cascade activation [169]

(Fig. 6). Most of the apoptotic stimuli that lead to Nur77-

dependent apoptosis act through its PTMs. One of the

possible modes of Nur77 activation includes its phospho-

rylation by JNK followed by the nuclear export of Nur77,

and p38MAPK-mediated induction of Nur77 interaction

with Bcl-2 [170]. Interestingly, a recently performed

screening of a library of Nur77-targeting compounds

revealed that Nur77 also may cross into the mitochondrial

inner membrane, cause the dissipation of the mitochondrial

membrane potential, and induce autophagy [171], that

might provide an alternative way of cell death induction in

cancer therapy.

Intriguingly, PML may modulate apoptotic response

independently of its scaffold function in PML NBs. Thus,

similar to p53, although earlier, PML was shown to

translocate to MAMs and direct the regulation of Ca2?

influx from the ER to mitochondria depending on the stress

condition (Fig. 6). Accordingly, PML-null cells are pro-

tected from cell death induced by stimuli that rely on the

changes in Ca2? signaling [172]. In fact, this is likely to be

just one of many cytosolic functions of PML, however,

only a few are suggested, while the rest remains to be

unknown.

Taken together, p53-independent apoptosis, in a similar

manner to p53-mediated apoptotic pathway, appears to be

under the tight regulation of PML NBs. Thereby, PML NBs

are crucial cellular mediators that integrate a myriad of

stimuli and transfer the signal to a range of factors, among

which p53 family proteins play the central role.

Concluding remarks

Morphological and biochemical changes, including chro-

matin condensation and DNA fragmentation, for many

years were, and still are, the hallmarks of apoptosis. Since

their establishment in 1972, more than 20 years of exten-

sive studies were required to identify endonucleases that

can cleave chromatin during apoptosis; and their activity

was found to be modulated by different cellular signals that

underline their important role in both physiological and

pathological processes. Work from Wang [39] and Naga-

ta’s [41] laboratories established a missing link between

apoptotic caspases and nuclear events and described a

mechanism for disassembly of the most complex of all

biological molecules, chromatin, during apoptosis. More-

over, it became clear that some elements of this mechanism

are highly conserved between species, as one of the major

functions of apoptotic endonucleases is to eliminate

unwanted or damaged cells from the tissues to maintain

genomic stability. Thereby, the strategy of maintaining

metazoan life involves a security system in a fantastically

designed, highly efficient and tightly controlled removal kit

that is capable, not only of killing unwanted cells on cue,

but of burying the evidence, and fast.

Still, this sequence of nuclear events characterizes an

executional step of apoptotic cell death. Meanwhile,

accumulating data clearly show that some nuclear events

can have a signaling function in apoptosis. Hence, a variety

of different, potentially lethal stimuli, such as DNA dam-

age as a result of inappropriate cell division, viral infection

or exposure to ionizing radiation or chemotherapeutic

drugs, are all recognized by a set of transcription factors

and signaling molecules that initiate such adaptive reac-

tions as the cell cycle arrest, protein synthesis shutoff or

survival mechanisms of autophagy. However, if in any of

these cases damage cannot be properly eliminated by

efficient repair systems, activation of endogenously con-

trolled mechanisms will lead to cell death. As discussed

above, this can be initiated within the nucleus in a p53-

dependent or -independent manner. The mechanisms

involve a set of proteins located in the nucleus, and some of

them are translocated to other intracellular compartments

to expand the apoptotic response.

Recently, unforeseen complexities in this crosstalk have

started to emerge. Three research groups have independently

found that, depending on the severity of stimuli, proteins

released from the mitochondria not only can initiate apop-

tosis from the cytosol or upon translocation to the nucleus,

but also might cause DNA damage leading to the genomic
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instability and carcinogenesis [173–175]. These unexpected

events result from the limited MOMP accompanied by

sublethal activation of caspase-3. Although all groups have

reached the same conclusion, mechanistic details leading to

this effect were different. Liu et al. presented the evidence

that caspase-3-mediated DNA damage requires EndoG

activity, and its attenuation significantly reduced radiation-

induced DNA damage and prevented oncogenic transfor-

mation [174], suggesting EndoG as a downstream effector of

caspase-3 in this unanticipated sequence of events. On the

other hand, it was demonstrated that simultaneous caspase-

3-mediated activation of CAD and inactivation of the key

DDR pathways, which required mild proteolysis of PARP,

ATM and KAP1 [173]. Importantly, this unforeseen com-

plexity was not limited to one cell-type, tissue or apoptotic

inducer, but rather was observed for different types of cells,

tissues and inducers. However, it is still unclear whether

differences leading to the same final step (carcinogenesis)

are cell-, tissue- or treatment-specific. Thus, although the

nucleus plays an important role in both signaling and exe-

cution of apoptosis, as well as in the ‘reversible’ apoptotic

response leading to cellular transformation, it is clear that not

only nuclear events, but rather the tight communication

between all intracellular compartments is essential for

proper apoptotic response to damage.
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of apoptosis-inducing factor, caspase-activated DNase, and

inhibitor of caspase-activated DNase to the nuclear phenotype

and DNA degradation during apoptosis. J Biol Chem

280:35670–35683. doi:10.1074/jbc.M504015200

60. Jackson SP, Bartek J (2009) The DNA-damage response in

human biology and disease. Nature 461:1071–1078. doi:10.

1038/nature08467

61. Ciccia A, Elledge SJ (2010) The DNA damage response: mak-

ing it safe to play with knives. Mol Cell 40:179–204. doi:10.

1016/j.molcel.2010.09.019

62. Lou Z, Minter-Dykhouse K, Franco S et al (2006) MDC1

maintains genomic stability by participating in the amplification

of ATM-dependent DNA damage signals. Mol Cell 21:187–200.

doi:10.1016/j.molcel.2005.11.025

Role of the nucleus in apoptosis: signaling and execution 4609

123

http://dx.doi.org/10.1007/s11427-010-4015-3
http://dx.doi.org/10.1007/s11427-010-4015-3
http://dx.doi.org/10.1016/S0092-8674(03)00355-6
http://dx.doi.org/10.1016/S0092-8674(03)00355-6
http://dx.doi.org/10.1074/jbc.M010905200
http://dx.doi.org/10.1074/jbc.M010905200
http://dx.doi.org/10.1038/sj.cdd.4402214
http://dx.doi.org/10.1021/bi982854q
http://dx.doi.org/10.1021/bi982854q
http://dx.doi.org/10.1074/jbc.M005109200
http://dx.doi.org/10.1038/43678
http://dx.doi.org/10.1074/jbc.M509859200
http://dx.doi.org/10.1128/MCB.23.8.2981
http://dx.doi.org/10.1128/MCB.01199-07
http://dx.doi.org/10.1242/dev.044230
http://dx.doi.org/10.1242/dev.044230
http://dx.doi.org/10.1073/pnas.95.15.8461
http://dx.doi.org/10.1016/S0092-8674(00)80197-X
http://dx.doi.org/10.1074/jbc.M303807200
http://dx.doi.org/10.1038/34112
http://dx.doi.org/10.1074/jbc.M108461200
http://dx.doi.org/10.1074/jbc.M108461200
http://dx.doi.org/10.1073/pnas.95.21.12480
http://dx.doi.org/10.1101/gad.14.5.549
http://dx.doi.org/10.1038/sj.cdd.4401056
http://dx.doi.org/10.2492/inflammregen.29.204
http://dx.doi.org/10.2492/inflammregen.29.204
http://dx.doi.org/10.1038/35083620
http://dx.doi.org/10.1016/j.tox.2008.11.013
http://dx.doi.org/10.1038/sj.onc.1207523
http://dx.doi.org/10.1093/emboj/cdg423
http://dx.doi.org/10.1007/s10495-005-0410-9
http://dx.doi.org/10.1007/s10495-005-0410-9
http://dx.doi.org/10.1128/MCB.25.1.294-302.2005
http://dx.doi.org/10.1038/sj.cdd.4401787
http://dx.doi.org/10.1038/17135
http://dx.doi.org/10.4161/cc.9.16.12552
http://dx.doi.org/10.3892/ijo.2010.894
http://dx.doi.org/10.1038/35069004
http://dx.doi.org/10.1074/jbc.M010498200
http://dx.doi.org/10.1074/jbc.M504015200
http://dx.doi.org/10.1038/nature08467
http://dx.doi.org/10.1038/nature08467
http://dx.doi.org/10.1016/j.molcel.2010.09.019
http://dx.doi.org/10.1016/j.molcel.2010.09.019
http://dx.doi.org/10.1016/j.molcel.2005.11.025


63. Dimitrova N, De Lange T (2006) MDC1 accelerates nonho-

mologous end-joining of dysfunctional telomeres. Genes Dev

20:3238–3243. doi:10.1101/gad.1496606

64. Goldberg M, Stucki M, Falck J et al (2003) MDC1 is required

for the intra-S-phase DNA damage checkpoint. Nature

421:952–956. doi:10.1038/nature01445

65. Jazayeri A, Falck J, Lukas C et al (2006) ATM- and cell cycle-

dependent regulation of ATR in response to DNA double-strand

breaks. Nat Cell Biol 8:37–45. doi:10.1038/ncb1337

66. Khoronenkova SV, Dianov GL (2015) ATM prevents DSB

formation by coordinating SSB repair and cell cycle progres-

sion. Proc Natl Acad Sci USA 112:3997–4002. doi:10.1073/

pnas.1416031112

67. Reinhardt HC, Yaffe MB (2009) Kinases that control the cell

cycle in response to DNA damage: Chk1, Chk2, and MK2. Curr

Opin Cell Biol 21:245–255. doi:10.1016/j.ceb.2009.01.018

68. Batchelor E, Mock CS, Bhan I et al (2008) Recurrent initiation: a

mechanism for triggering p53 pulses in response to DNA damage.

Mol Cell 30:277–289. doi:10.1016/j.molcel.2008.03.016

69. Allocati N, Di Ilio C, De Laurenzi V (2012) P63/p73 in the

control of cell cycle and cell death. Exp Cell Res

318:1285–1290. doi:10.1016/j.yexcr.2012.01.023

70. Gurley KE, Kemp CJ (2001) Synthetic lethality between

mutation in Atm and DNA-PKcs during murine embryogenesis.

Curr Biol 11:191–194. doi:10.1016/S0960-9822(01)00048-3

71. Stiff T, O’Driscoll M, Rief N et al (2004) ATM and DNA-PK

function redundantly to phosphorylate H2AX after exposure to

ionizing radiation. Cancer Res 64:2390–2396. doi:10.1158/

0008-5472.CAN-03-3207

72. Reinhardt HC, Aslanian AS, Lees JA, Yaffe MB (2007) p53-

deficient cells rely on ATM- and ATR-mediated checkpoint

signaling through the p38MAPK/MK2 pathway for survival

after DNA damage. Cancer Cell 11:175–189. doi:10.1016/j.ccr.

2006.11.024

73. Donehower LA, Harvey M, Slagle BL et al (1992) Mice defi-

cient for p53 are developmentally normal but susceptible to

spontaneous tumours. Nature 356:215–221. doi:10.1038/

356215a0

74. Murray-Zmijewski F, Slee EA, Lu X (2008) A complex barcode

underlies the heterogeneous response of p53 to stress. Nat Rev

Mol Cell Biol 9:702–712. doi:10.1038/nrm2451

75. Candeias MM, Malbert-Colas L, Powell DJ et al (2008) P53

mRNA controls p53 activity by managing Mdm2 functions. Nat

Cell Biol 10:1098–1105. doi:10.1038/ncb1770

76. Huang L, Yan Z, Liao X et al (2011) The p53 inhibitors MDM2/

MDMX complex is required for control of p53 activity in vivo.

Proc Natl Acad Sci USA 108:12001–12006. doi:10.1073/pnas.

1102309108

77. Hock AK, Vousden KH (2014) The role of ubiquitin modifica-

tion in the regulation of p53. Biochim Biophys Acta

1843:137–149. doi:10.1016/j.bbamcr.2013.05.022

78. Lambert PF, Kashanchi F, Radonovich MF et al (1998) Phos-

phorylation of p53 serine 15 increases interaction with CBP.

J Biol Chem 273:33048–33053. doi:10.1074/jbc.273.49.33048

79. Hu W, Feng Z, Levine AJ (2012) The regulation of multiple p53

stress responses is mediated through MDM2. Genes Cancer

3:199–208. doi:10.1177/1947601912454734

80. Espinosa JM (2008) Mechanisms of regulatory diversity within

the p53 transcriptional network. Oncogene 27:4013–4023.

doi:10.1038/onc.2008.37

81. Tang Y, Luo J, Zhang W, Gu W (2006) Tip60-dependent

acetylation of p53 modulates the decision between cell-cycle

arrest and apoptosis. Mol Cell 24:827–839. doi:10.1016/j.

molcel.2006.11.021

82. Reed SM, Quelle DE (2015) p53 acetylation: regulation and con-

sequences. Cancers (Basel) 7:30–69. doi:10.3390/cancers7010030

83. Le Guezennec X, Bulavin DV (2010) WIP1 phosphatase at the

crossroads of cancer and aging. Trends Biochem Sci

35:109–114. doi:10.1016/j.tibs.2009.09.005

84. Ling H, Peng L, Seto E, Fukasawa K (2012) Suppression of

centrosome duplication and amplifcation by deacetylases. Cell

Cycle 11:3779–3791. doi:10.4161/cc.21985

85. Kon N, Kobayashi Y, Li M et al (2010) Inactivation of HAUSP

in vivo modulates p53 function. Oncogene 29:1270–1279.

doi:10.1038/onc.2009.427

86. Bhattacharya S, Ghosh MK (2014) Cell death and deubiquiti-

nases: perspectives in cancer. Biomed Res Int 2014:435197.

doi:10.1155/2014/435197

87. Zhang Y, Gao Y, Zhang G et al (2011) DNMT3a plays a role in

switches between doxorubicin-induced senescence and apopto-

sis of colorectal cancer cells. Int J Cancer 128:551–561. doi:10.

1002/ijc.25365
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