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Abstract: Our genomes are subject to potentially deleterious alterations resulting from endogenous
sources (e.g., cellular metabolism, routine errors in DNA replication and recombination), exogenous
sources (e.g., radiation, chemical agents), and medical diagnostic and treatment applications. Genome
integrity and cellular homeostasis are maintained through an intricate network of pathways that serve
to recognize the DNA damage, activate cell cycle checkpoints and facilitate DNA repair, or eliminate
highly injured cells from the proliferating population. The wild-type p53 tumor suppressor and
its downstream effector p21WAF1 (p21) are key regulators of these responses. Although extensively
studied for its ability to control cell cycle progression, p21 has emerged as a multifunctional protein
capable of downregulating p53, suppressing apoptosis, and orchestrating prolonged growth arrest
through stress-induced premature senescence. Studies with solid tumors and solid tumor-derived cell
lines have revealed that such growth-arrested cancer cells remain viable, secrete growth-promoting
factors, and can give rise to progeny with stem-cell-like properties. This article provides an overview
of the mechanisms by which p53 signaling suppresses apoptosis following genotoxic stress, facilitating
repair of genomic injury under physiological conditions but having the potential to promote tumor
regrowth in response to cancer chemotherapy.

Keywords: chemical genotoxic agents; p53 signaling; p21WAF1 (CDKN1A); DNAJB9; multinucleated
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1. Introduction

Our cells are continuously exposed to potentially deleterious genotoxic events from both
endogenous and exogenous sources that jeopardize genome integrity. The plethora of DNA lesions
include DNA strand breaks and base alterations induced by ionizing radiation and chemical agents that
generate reactive oxygen species, DNA alkylation and formation of abasic sites induced by alkylating
agents, bulky DNA lesions induced by ultraviolet light (UV), DNA interstrand crosslinks induced
by bifunctional alkylating agents and platinum drugs, and DNA-protein crosslinks arising from a
wide range of chemicals, such as chemotherapeutic drugs and formaldehyde [1–4]. Constitutively
available DNA repair processes deal with low levels of genomic injury and assist in ameliorating the
detrimental effects of such agents. An increase in DNA damage above a threshold level activates the
DNA damage surveillance network, which involves multiple signaling pathways that protect against
genomic instability and restrict aberrant cell growth in response to genotoxic stress [5]. The wild-type
p53 tumor suppressor functions at the hub of this network [6,7].

In the mid 1990s it was proposed that the principal role of p53 in determining cell fate following
genotoxic stress is to either promote survival by activating cell cycle checkpoints and facilitating
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DNA repair or induce apoptotic cell death. This two-armed model of the DNA damage surveillance
network—namely, repair and survive, or die through apoptosis—provided the impetus for extensive
research directed towards modulating p53 in an attempt to improve the outcome of conventional
cancer therapies. However, it soon became clear that p53’s function extends beyond canonical cell cycle
and apoptotic signaling, and impacts additional diverse biological processes including senescence
and metabolism [8,9]. Murine cancer models have been employed to investigate the impact of p53
activation in the response of oncogene-driven cancers. As pointed out by Stegh [9], “confirming
important roles of p53 in cancer suppression, these studies showed that reactivation of p53 in established tumors
can temporarily stop tumor growth; the precise cellular mechanism is cancer type-specific, as lymphomas die
by apoptosis, whereas p53 restoration in sarcomas and liver carcinomas leads to growth arrest and senescence.
p53-driven apoptosis and senescence responses associated with temporary p53 reactivation led to prolonged
survival. Although cancer remission was not permanent, and p53-resistant tumors emerged . . . ” The promises,
challenges and perils of targeting p53 in cancer therapy have been extensively discussed [8–10].

A growing body of evidence suggests that the primary response triggered by moderate, clinically
relevant doses of cancer therapeutic agents is a sustained proliferation block and not apoptosis in most
human cell types (e.g., dermal fibroblasts, solid tumor-derived cells) [6,11], with activation of p53
signaling suppressing (rather than promoting) apoptosis [12–14]. Such growth-arrested cells remain
viable for long times (months) post-treatment, secrete a myriad of biologically active factors, and can
give rise to progeny exhibiting stem-cell-like properties.

Herein we briefly review the mechanisms by which wild-type p53 suppresses apoptosis following
genotoxic stress, focusing on the roles played by DNAJ homolog subfamily B member 9 (DNAJB9)
and p21WAF1 (p21; also called CDKN1A). In addition, we discuss the significance of p53-mediated
protection against apoptosis under physiological conditions, and the dark side of this function of p53
in the context of cancer chemotherapy.

2. Biological Outputs Orchestrated by Wild-Type p53

2.1. p53 Functions

Wild-type p53 is a multifunctional tumor suppressor capable of activating transient cell cycle
checkpoints, accelerating DNA repair processes including nucleotide excision repair and rejoining
of DNA double strand-breaks (DSBs), and eliminating highly injured cells from the proliferating
population by inducing stress-induced premature senescence (SIPS) or apoptotic cell death [6]. p53
exerts these effects both directly, through protein–protein interaction (e.g., interacting with key
mediators of DNA repair and apoptosis [6,15]), and indirectly by transcriptionally activating p21
and other key players in the DNA damage surveillance network [6,16].

SIPS is a sustained growth arrested state resembling replicative senescence, a hallmark of
mammalian cell aging [17]. Both events are characterized by the acquisition of flattened and enlarged
cell morphology and expression of the marker senescence associated β-galactosidase (SA-β-gal) in cells
that retain viability and exhibit metabolic activity. Unlike replicative senescence, which is triggered by
erosion and dysfunction of telomeres, SIPS is induced by DNA damage and other types of genotoxic
stress but is not dependent on telomere status and telomerase function [17]. Both events are largely
(but not always) dependent on wild-type p53 signaling in general, and sustained nuclear accumulation
of p21 in particular.

SIPS, triggered by DNA-damaging agents, is a prominent response of normal human fibroblasts
and solid tumor-derived cell lines that express wild-type p53 [6]. In addition, Li–Fraumeni syndrome
fibroblasts [18] and some lung carcinoma cell lines [19] that lack wild-type p53 function also exhibit
a high degree of SIPS in response to genotoxic stress (ionizing radiation). SIPS in p53-deficient cells
correlated with induction of p16INK4A (p16) but not of p21, leading us to propose that p16 might
function in a redundant pathway of senescence (both replicative senescence and SIPS), triggering this
process only in the absence of wild-type p53 activity [18]. Interestingly, p16 has been reported to be
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repressed in a p53-dependent manner. Hernández-Vargas et al. [20], for example, reported that p53
transcriptionally activates the helix-loop-helix transcriptional regulator protein Id1, a well-known
repressor of p16INK4A [21,22]. In addition, Leong et al. [23] demonstrated that p53 downregulates p16
through Id1-independent mechanisms.

2.2. p53 Regulation in the Absence of Genotoxic Stress

In normal, unstressed cells, the wild-type p53 protein undergoes rapid turnover and is thus
maintained at low steady state levels that restrict its function [6,7]. Turnover of p53 is controlled by
several ubiquitin ligases, some of which are regulated in a p53-dependent manner. MDM2 (murine
double minute-2 homologue; also known as HDM2 in human) is the most intensively studied regulator
of p53 stability and function. In the absence of DNA damage, MDM2 binds to the N-terminal region
of p53 and inhibits its activity by blocking p53-mediated transactivation, exporting p53 from the
nucleus to the cytoplasm, and promoting the proteasomal degradation of p53. MDM2-mediated
mono-ubiquitination of p53 triggers its cytoplasmic sequestration, whereas poly-ubiquitination results
in p53 degradation.

2.3. p53 Regulation Following Genotoxic Stress

Recent studies have revealed that a threshold level of genotoxic stress must be reached to trigger
the DNA damage surveillance network [5]. This response is initiated by rapid stabilization of p53, its
nuclear accumulation, and activation of its transcriptional and biological functions [24]. Stabilization
and activation of p53 is largely a consequence of phosphorylation of the molecule on different residues,
which can be mediated by various protein kinases, including ATM (ataxia telangiectasia mutated),
ATR (ATM and RAD3-related), checkpoint kinase 1 (CHK1), checkpoint kinase 2 (CHK2), and p38
mitogen-activated protein kinase (MAPK) [25–28]. In response to DNA damage, phosphorylation of
p53 on Ser20 and of MDM2 on Ser395, mediated by kinases such as ATM, interrupts the p53–MDM2
interaction, resulting in p53 accumulation, subcellular shuttling and activation [7].

Rapid activation of the DNA damage surveillance network in response to genotoxic stress must
be followed by restoration of the cell to its pre-stress state to allow the maintenance of cell homeostasis
and resumption of normal growth. This critical function is largely accomplished by WIP1 (wild-type
p53-induced phosphatase 1), a p53-regulated type 2C serine/threonine phosphatase [29].

2.4. p53 Dynamics Following Genotoxic Stress

The mechanism by which a single tumor suppressor, p53, orchestrates complex responses to
DNA damage has been the subject of extensive research. Much attention has been focused on the
function of p53 and its downstream programs at relatively short times (within hours) after genotoxic
insult. In 2004, Lahav and associates [30] reported studies with the MCF7 breast carcinoma cell
line demonstrating that the temporal dynamics of p53 following DNA damage constitutes another
potential level of regulation for different biological outcomes. Immunoblot and single-cell observation
methods revealed that p53 levels rise and fall in a wavelike or “pulsed” manner in response to DNA
double-strand breaks induced by ionizing radiation. Both MDM2 [30] and WIP1 [31] were shown to
contribute to the negative regulation of p53 at various p53 waves. These observations led the authors to
propose a model in which the initial p53 waves would allow the cells to activate cell cycle checkpoints
to facilitate repair, and the subsequent waves to determine cell fate.

These ground-breaking discoveries provided an impetus for a number of studies involving
mathematical simulations that were designed to uncover the basis for the “digital” p53 response and
the biological consequences of different p53 waves. As discussed previously [6,32], most such studies
assumed that the ultimate cell fate might reflect apoptosis, even in MCF7 cells which are relatively
insensitive to undergoing apoptosis consequent to therapeutic exposures [33–35]. Purvis et al. [36],
however, determined the predominant cell fate resulting from p53 dynamics post-irradiation and
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showed this to be SIPS in MCF7 cells. We have reported a similar outcome with the A172 malignant
glioma cell line [32].

Advances and perspectives regarding the dynamics and mathematical models of p53 signaling in
response to different types of DNA damage, together with insight into the biological functions of such
dynamics, have been extensively reviewed [32,37] and will not be considered further.

2.5. A Threshold Mechanism Determines the Choice Between p53-Mediated Growth Arrest versus Apoptosis

The biological output of p53 signaling in response to genotoxic stress in terms of sustained growth
arrest or apoptotic cell death depends on several factors, including the amount and type of genotoxic
insult and the genetic background of the cells [38–40]. As extensively discussed recently [6,32], in
most human cell types (e.g., non-cancerous skin fibroblast strains and solid tumor-derived cell lines),
exposure to moderate doses of genotoxic agents (e.g., ionizing radiation, UV, chemotherapeutic drugs)
promotes a high degree of SIPS but only marginal (if any) apoptosis. Moderate doses refer to those that
are typically used in the in vitro colony formation assay and are relevant to in vivo therapeutic studies
with animal models. Exposure to extremely high doses of such agents, resulting in <1% clonogenic
survival, triggers apoptosis in a significant proportion (~50%) of the cells. (The importance of the
apoptotic threshold for exposure to cancer chemotherapeutic agents will be considered in Section 5.1.)

Recently, Kracikova et al. [41] determined the influence of p53 expression levels on biological
outcomes in the absence of genotoxic stress. These authors used two approaches to achieve conditions
where the only variable is the level of p53: (i) an inducible system with human epithelial cells
that allows tight regulation of p53 expression; and (ii) human cancer cells treated with the p53
activator nutlin-3. Both approaches demonstrated that low and high p53 expression triggered growth
arrest and apoptosis, respectively. Consistent with these observations, real-time PCR, microarray
and ChIP analyses showed that p53 binds to and transcriptionally activates both pro-arrest and
pro-apoptotic target genes proportionally to its expression levels. However, low levels of p53 pro-arrest
proteins initiated the growth-arrested response, whereas low levels of pro-apoptotic proteins failed
to trigger apoptosis. The authors concluded that their observations “suggest a mechanism whereby
the biological outcome of p53 activation is determined by different cellular thresholds for arrest and apoptosis.
Lowering the apoptotic threshold was sufficient to switch the p53 cell fate from arrest to apoptosis, which has
important implications for the effectiveness of p53-based cancer therapy.” Growth arrest in these experiments
was judged from accumulation of cells in the G0/G1 phase of the cell cycle [41]. In other studies,
nutlin-3-triggered activation of p53 signaling was shown to result in marginal apoptosis but a high
degree of growth arrest through SIPS in p53 wild-type cancer cells [42–45].

2.6. Anti-Apoptotic Property of p53 Signaling under Physiological Conditions

Under some conditions, p53 is known to activate apoptotic signaling (but not necessarily cell
death) both directly, through its proline-rich region, and indirectly by inducing the expression of
pro-apoptotic proteins such a BAX (BCL-2-associated X protein), PUMA (p53 upregulated modulator of
apoptosis) and NOXA (the Latin word for damage) [6,46]. Simultaneously, under the same conditions,
p53 also transcriptionally activates a host of anti-apoptotic proteins, including p21, 14-3-3δ, WIP1 and
DNAJB9 [6,46,47]. Thus, in most cell types (e.g., cells derived from solid tumors), activation of p53
signaling not only fails to promote apoptotic cell death (i.e., cell demise), it actually protects against
this response. As extensively discussed by Jänicke et al. [46], the anti-apoptotic and transient growth
inhibitory properties of p53 “are surely essential for normal development and maintenance of a healthy
organism, but may easily turn into the dark side of the tumor suppressor p53 contributing to tumorigenesis.”
In their article, which was published in 2008 [46], these authors considered approximately 40
p53-regulated proteins that exhibit anti-apoptotic properties. Below we will limit our discussion
to DNAJB9 and p21, both of which participate in a negative regulatory loop with p53 (Figure 1).
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2.7. p53–DNAJB9 Regulatory Loop: Impact on Apoptosis

DNAJB9 (DNAJ homolog subfamily B member 9) functions in many cellular processes by
regulating the ATPase activities of the 70 kDa heat shock proteins (Hsp70s). Recently, Lee et al. [47]
identified DNAJB9 as a transcriptional target of p53 in human cancer cell lines. Employing
Western and Northern blot analyses, p53-dependent expression of DNAJB9 was demonstrated
in both overexpression studies with EJ-p53, a human bladder carcinoma cell line that expresses
p53 under the control of a tetracycline-regulated promoter, and with p53 wild-type cancer cell
lines (e.g., SKNSH neuroblastoma) after treatment with doxorubicin and other chemotherapeutic
agents. Immunofluorescence experiments demonstrated that DNAJB9 co-localizes with p53 in both
the cytoplasm and nucleus after genotoxic stress. DNAJB9 depletion and overexpression studies
demonstrated that this p53-regulated protein inhibits the pro-apoptotic function of p53 through a
physical interaction. Thus, DNABJ9 suppresses apoptosis in response to chemotherapeutic agents by
forming a negative regulatory loop with p53.Int. J. Mol. Sci. 2017, 18, 928 5 of 19 
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Figure 1. A partial schematic of the DNA damage surveillance network illustrating the importance of
negative regulation of p53 by p21, DNAJ homolog subfamily B member 9 (DNAJB9), and wild-type
p53-induced phosphatase 1 (WIP1) in suppressing apoptosis as discussed in this article. Arrows
indicate stimulation and T-shaped lines indicate inhibition. Multiple functions of p21 in the DNA
damage surveillance network are indicated.

2.8. Multiple Functions of p21: Downregulating p53 and More

The p21 protein was discovered by different groups in the early 1990s and was variously called
WAF1 (for wild-type p53-activated fragment 1), CIP1 (for CDK-interacting protein 1), and SDI1 (for
senescent cell-derived inhibitor 1) [48,49]. It has been extensively studied for its ability to influence cell
cycle progression by inhibiting the activity of cyclin/cyclin dependent kinase (CDK) complexes (e.g.,
CDK1, 2 and 4). In 2002, Javelaud and Besançon [50] reported an additional function for p21 in the
DNA damage surveillance network. Disruption of p21 expression in HCT116 colorectal carcinoma
cells, either by gene targeting or gene silencing by using antisense oligonucleotides, resulted in
an increase in p53 steady-state levels in the absence of genotoxic treatment. Elevated expression
of p53 in p21-depleted HCT116 cells correlated with high expression of p14ARF, the product of an
alternative transcript of the INK4A locus, which is known to promote p53 stability through binding
to its negative regulator, MDM2 [51,52]. In addition, elevated expression of p53 in p21-depleted cells
resulted in marked sensitivity to chemotherapeutic drug-induced cytotoxicity through activation of
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the mitochondrial pathway of apoptosis. Thus, p21 may indirectly participate in the regulation of
p53 protein stability through preventing p14ARF-mediated MDM2 breakdown, resulting in marked
resistance towards stress-induced apoptosis.

Since then, numerous reports have established the broad-acting functions of p21 beyond its
influence on the cell cycle. For example, we recently demonstrated that one mechanism by which
p21 exerts its inhibitory effects on p53 and apoptosis is through regulating WIP1, an oncogenic
phosphatase that inactivates p53 and its upstream kinases [53]. Other groups have demonstrated that
the anti-apoptotic property of p21 also relies on its ability to inhibit the activity of proteins directly
involved in the induction of apoptosis, including the caspase cascade, stress-activated protein kinases
(SAPKs) and apoptosis signal-regulating kinase 1 (ASK1) [54–56], and to control transcription, resulting
in downregulation of pro-apoptotic genes [56] and upregulation of genes that encode secreted factors
with anti-apoptotic activities [55,56].

It is noteworthy that in a review article published in 2012 [32], we suggested that p21 might
function as a positive regulator of p53 in the DNA damage surveillance network. This notion was
based on a report suggesting that loss of p21 in the HCT116 cell line led to cytoplasmic sequestration
of p53 and inhibition of its transcriptional activity [57]. This observation, however, was not confirmed
by us [53] and others [58]. On the contrary, we found that loss of p21 in this cell line results in robust
accumulation of p53, and that p53 molecules are phosphorylated (e.g., on Ser15) and accumulated in
the nucleus even in the absence of exogenous stress [53]. Accordingly, we and others have concluded
that p21 downregulates p53, at least in the HCT116 colon carcinoma [50,53,58,59], MCF7 breast
carcinoma [53], and HT1080 fibrosarcoma [59] cell lines.

In addition to its strong anti-apoptotic properties, p21 also plays a key role in orchestrating the
complex SIPS program in cells expressing wild-type p53 [6,60]. Studies with cancer cell lines treated
with chemotherapeutic agents demonstrated that p21 forms a positive regulatory loop with ATM and
that this interaction is essential for the maintenance of the growth-arrested response, a hallmark of
SIPS [32,61]; pharmacological targeting of either p21 or ATM triggers apoptosis of growth-arrested
cancer cells [61].

Some authors use the term “arrest” without clearly distinguishing between transient G1/S
checkpoint activation and SIPS. As discussed recently [6], these two responses are uncoupled, at
least in human skin fibroblast strains and solid tumor-derived cell lines. In these cell types, G1/S
checkpoint activation following exposure to DNA-damaging agents is an early event required to
provide time for the repair of genomic injury before resumption of the cell cycle, whereas SIPS is
manifested at late times (several days) post-treatment. Multiple factors contribute to the regulation of
SIPS, including p21-mediated expression of a battery of genes involved in growth arrest, senescence,
and aging, coupled with p21-mediated downregulation of numerous genes that control mitosis [17,55].

To summarize, the pivotal role of p21 in determining cell fate in response to genotoxic stress is not
only through activating the G1/S cell cycle checkpoint, but also through controlling gene expression,
suppressing apoptosis by acting at different levels of the death cascade, and promoting growth arrest
through SIPS.

3. Activation of Apoptotic Signaling Does Not Always Lead to Cell Death: Impact on
Chemosensitivity Assessment

It is now widely accepted that transcriptional activation of pro-apoptotic proteins (e.g., PUMA,
NOXA, BAX) might not inevitably lead to cell death as a result of concomitant activation of a host
of anti-apoptotic proteins that maintain p53 under the apoptotic threshold level (e.g., MDM2, p21,
WIP1, DNAJB9) [6,47], sequester pro-apoptotic factors such as BAX (e.g., 14-3-3δ) [62–66], and inhibit
ASK1 and the caspase cascade (e.g., p21) [6]. Similarly, while caspase 3 functions as a key apoptosis
executioner under some conditions, such as in the development and maintenance of the hematopoietic
system, under other conditions it reveals its dark side by promoting tumor growth [67–77]. For these
and several other reasons, the Nomenclature Committee on Cell Death (NCCD) has cautioned the
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scientific community about the use/misuse of terminologies and concepts in the area of cell death
research. Notably, in their 2009 article, the NCCD pointed out that bona fide “dead cells” would be
different from “dying cells” that have not crossed the point of no return and have not concluded their
demise [78]. It is worth noting that radiosensitivity and chemosensitivity, assessed by the widely-used
multi-well plate colorimetric assays, which determine the inhibition of cell growth (resulting from
the combined impact of checkpoint activation, growth inhibition and cytotoxicity), have often been
misinterpreted to reflect loss of viability and hence cell death.

Recently we reviewed the current knowledge on responses induced by ionizing radiation that can
lead to cancer cell death or survival depending on the context [11]. These include activation of caspases
(e.g., caspase 3), growth arrest through SIPS, and creation of polyploid/multinucleated giant cells
(hereafter called MNGCs) (also see Figure 2). Such potentially pro-survival responses are triggered not
only by ionizing radiation, but also by chemotherapeutic drugs [74,79–84] and hypoxia [72,85–89].

Caspase 3 is extensively studied for its role in the execution phase of apoptosis [90]. Accordingly,
the activated (cleaved) form of caspase 3 has often been used as a molecular marker of apoptosis.
Paradoxically, in recent years caspase 3 has also been demonstrated to function as a survival factor,
promoting the growth of tumor-repopulating cells [68–77]. This pro-survival effect of caspase 3 has
been attributed to secretion of prostaglandin E2 (PGE2) [70,72,74]. The caspase 3-PGE2 survival
pathway is triggered by various stimuli, including ionizing radiation [70,74], chemotherapeutic
drugs [72,74] and hypoxia [72]. Interestingly, the biological outcome associated with caspase 3
activation is in part dependent on p21 (reviewed in [32]). Thus, p21-mediated inhibition of caspase 3
activity results in suppression of apoptosis in response to genotoxic stress. On the other hand, caspase
3-mediated cleavage of p21 generates a 15 kDa fragment of p21 that appears to positively regulate
apoptosis by forming a complex with active caspase 3. It is currently unknown whether p21 might
play a role in the regulation of the caspase 3-PGE2 survival pathway.
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Figure 2. Examples of genotoxic stress-induced responses associated with cancer cell death or survival
depending on context: Activation of caspase 3, induction of stress-induced premature senescence
(SIPS), and creation of multinucleated giant cells (MNGCs). SIPS is a genetically-controlled process,
mediated by p21 or p16, depending on the p53 status of the cells [6,11]. MNGCs can be created through
different routes, including endoreduplication (replication of chromosomes without subsequent cell
division) and homotypic cell fusions [11].

Whether caspase 3 plays a role in growth-arrested cancer cells also remains to be elucidated.
However, it is well known that cancer cells undergoing SIPS remain viable and acquire the ability
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to secrete factors that can promote proliferation and invasiveness in cell culture models and tumor
development in vivo [91,92]. This so-called “senescence-associated secretory phenotype” (SASP)
includes several families of soluble and insoluble factors that can affect surrounding cells by activating
various cell surface receptors and corresponding signal transduction pathways [91,92].

While some authors consider SASP to be the “dark” side of senescence [91–96], others have
proposed that induction of senescence (SIPS) might be advantageous for cancer treatment [97–101].
As pointed out by Maier et al. [101], although “accumulation of senescent cancer cells leads to an increased
secretion of inflammatory cytokines, which might cause age-related pathologies, like secondary cancers, in the
long term, the primary aim of cancer treatment leading to a longer overall survival should always take preference.
Thus, the hypothetical possibility that senescent cells may be dormant with an intrinsic capability to reawaken
years after the treatment is of secondary concern, similar to the risk of inducing second cancers.” However, aside
from SASP, there is now compelling evidence that cancer cells undergoing SIPS can themselves give
rise to stem-cell-like progeny, thereby contributing to cancer relapse following therapy [11,102,103].

Like cells undergoing SIPS, MNGCs also remain viable and secrete cell-growth promoting
factors [11]. This property of MNGCs was first reported over 60 years ago for HeLa cervical
carcinoma cells exposed to ionizing radiation [104–106]. HeLa cells harbor wild-type alleles of
TP53, but are infected with human papillomavirus (HPV) 18, the E6 protein of which disables
the p53–p21 axis [107]. This observation prompted Puck and Marcus to develop the feeder layer
clonogenic assay, in which a “lawn” of heavily-irradiated feeder cells (which encompass MNGCs)
is inoculated into a culture dish to promote the growth of test cells given graded doses of genotoxic
agents [105]. Recently, we demonstrated that exposure of a panel of p53-deficient or p21-deficient
solid tumor-derived cell lines to moderate doses of ionizing radiation (e.g., 8 Gy) results in the
development of MNGCs that remain adherent to the culture dish, retain viability, metabolize
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide (MTT), and exhibit DNA synthesis
for long times (e.g., three weeks) post-irradiation [108].

Collectively, these observations underscore the importance of distinguishing between dead cells
and growth arrested cells that might be mistakenly scored as “dead” in the colony formation and
other cell-based radiosensitivity/chemosensitivity assays. As pointed out recently [108], the creation
of viable growth arrested cells (e.g., MNGCs) complicates the interpretation of data obtained with
multi-well plate colorimetric tests routinely used in anti-cancer drug-screening endeavors.

4. Extrapolating Results Obtained in Overexpression Studies to Clinically Relevant Conditions

The preceding discussion raises a fundamental question with respect to p53 regulation and
function. As discussed by Uversky [7], p53 undergoes extensive post-translational modifications (e.g.,
phosphorylation, acetylation) that are critical for its stabilization and activation. Such modifications
result in accumulation of p53 in the nucleus and the formation of p53 tetramers, which then bind to
the promoters of target genes and trigger their expression. Genotoxic stress activates factors such as
ATM and ATR that initiate the DNA damage surveillance network by mediating p53 posttranslational
modifications (also see Figure 1). Despite the wealth of knowledge regarding the importance of
genotoxic stress (e.g., DNA damage) in activating the p53-mediated transcriptional program, this same
transcriptional program has also been reported to be activated by ectopic expression of wild-type p53
without exposure to exogenous stress [41]. Does this indicate that stress-triggered p53 posttranslational
modifications are not needed for activation of its transcriptional program, which appears to be highly
unlikely, or does p53 overexpression by itself create a non-physiological condition that it is sufficient
to trigger the stress response?

It is important to note that many reports suggesting a positive role for wild-type p53 in triggering
apoptosis, either with or without exposure to genotoxic agents, involved overexpression experiments
with a variety of transformed/malignant cell types (e.g., T-cell leukemia cell lines). In addition,
many authors did not follow the NCCD recommendations to distinguish between “dying cells” (i.e.,
exhibiting transient activation of a death-related biochemical pathway) and cells that are irreversibly
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committed to die. Taken together with the observations of Kracikova et al. [41] described above
(Section 2.5.), demonstrating that different expression levels of exogenous p53 yield different outcomes
(G1 arrest versus apoptotic signaling), caution should be exercised in extrapolating results obtained in
overexpression studies to clinically relevant conditions (e.g., cancer chemotherapy) particularly when
it pertains to p53-directed cancer cell death.

5. Fate of Growth-Arrested Cancer Cells

5.1. Clinically Relevant Doses of Chemotherapeutic Agents Predominantly Trigger Cancer Cell Dormancy
Rather Than Cell Death

Studies with some cell types (e.g., solid tumor-derived cell lines) have shown that many (if not all)
chemotherapeutic agents predominantly trigger growth arrest but not cell death when administered at
clinically achievable concentrations [11]. Below, we mainly focus on cisplatin and solid tumors.

Berndtsson et al. [79] examined numerous articles, published between 2002 and 2005, which
reported apoptosis after cisplatin treatment in a wide range of cell lines. The mean cisplatin
concentration used to induce apoptosis was 52 µM; when examined, concentrations below 20 µM did
not induce apoptosis but triggered growth arrest [79]. These and more recent studies have reported
IC50 values (50% inhibiting concentrations) of >40 µM and <2 µM for induction of apoptosis and
growth arrest by cisplatin, respectively [11]. We have observed a similar trend with a panel of cancer
cell lines expressing wild-type p53 (HCT116, A549, MCF7), mutant p53 (MDA-MD-231, SUM159) or
no p53 (HCT116 p53 knockout). In all cell lines, a 3-day incubation with 10 µM cisplatin resulted in
growth inhibition of all cells (IC50 values ranging from 0.5 to 2 µM), but did not induce cytotoxicity
when evaluated by the vital dye (trypan blue) exclusion and other assays (data not shown).

The finding that very high concentrations of cisplatin are required to induce apoptosis in solid
tumor-derived cell lines is not surprising given that this effect has been reported to primarily reflect
cisplatin-induced injury to mitochondria rather than to nuclear DNA [79]. This raises the important
question as to whether high, apoptosis-triggering concentrations of cisplatin are relevant for in vivo
studies and, by inference, for treating cancer patients. Puig et al. [82] have addressed this question
using a rat colon carcinoma cell line grown both in vitro and in vivo. Treatment of animals with
cisplatin concentrations corresponding to those which induced apoptosis in the cell-based (tissue
culture) experiments caused major toxic side effects on the gastrointestinal tract, bone marrow and
kidney. When administered at tolerated concentrations (corresponding to ≤10 µM in cell culture
experiments), cisplatin induced tumor cell dormancy (through SIPS and multinucleation) but did not
kill tumor cells.

5.2. Hypoxia and the Creation of MNGCs

Hypoxia is one of the most important pathological features of solid tumors, and represents a major
obstacle in cancer therapy [109,110]. Hypoxia constitutes a physiological selective pressure promoting
tumor aggressiveness, which is largely associated with the maintenance and formation of cancer
stem cells, promoting their phenotype and tumorigenesis. Many of the cellular responses to hypoxia
are controlled by the transcription factor hypoxia-inducible factor-1 (HIF-1), which is a heterodimer
composed of α and β subunits. HIF-1α contains two oxygen dependent degradation domains. Under
normoxic conditions these domains are continuously hydroxylated by prolyl hydroxylases, resulting
in HIF-1α degradation. Hypoxic conditions result in stabilization of HIF-1α. Stabilized HIF-1α
accumulates in the nucleus where it binds to HIF-1β subunit, forming a transcription factor capable of
activating the expression of numerous target genes, including those involved in energy production,
angiogenesis, and metabolic adaptation to hypoxia [109,111].

Cobalt chloride (CoCl2) is used as a hypoxia mimicking agent when administered under normoxic
conditions. CoCl2 stabilizes HIF-1α by inhibiting prolyl hydroxylase enzymes [112–114]. Several
reports have demonstrated that treatment of human cancer cells with CoCl2 induces the formation of
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MNGCs through endoreduplication and/or cell fusion. MNGCs exhibit resistance to genotoxic agents
(e.g., doxorubicin [115]) and give rise to tumor repopulating progeny through splitting, budding, or
burst-like mechanisms (see also Section 5.3). CoCl2-triggered creation of MNGCs and emergence of
their proliferating progeny has been reported for ovarian [88,116], breast [87] and colon [83] carcinoma
cells. Studies with cancer cell lines as well as tumor tissues from cancer patients have identified several
factors that appear to promote the survival of MNGCs and control their fate. These include the cell
cycle regulatory proteins cyclin E, S-phase kinase-associated protein 2 (SKP2), and stathmin [88], as
well as the epithelial–mesenchymal transition (EMT)-related proteins E-cadherin, N-cadherin, and
vimentin [87].

5.3. Genome Reduction and Neosis of MNGCs

The observation that MNGCs created in response to genotoxic stress (ionizing radiation) remain
viable and secrete cell growth-promoting factors was reported over half a century ago [104–106].
This seminal discovery was largely overlooked and with time the induction of massive genetic
anomalies seen in MNGCs was often assumed to be associated with cell death through mitotic
catastrophe. In 2000, Erenpreisa et al. [117] and Illidge et al. [118] reported that MNGCs that
develop in heavily irradiated p53-deficient human cell cultures undergo a complex breakdown
and sub-nuclear reorganization, ultimately giving rise to rapidly propagating daughter cells. The
authors proposed that the development of MNGCs might represent a unique mechanism of “repair”
enabling p53-deficient cancer cells to maintain proliferative capacity despite experiencing extensive
genomic instability [117,118]. These initial experiments involved a Burkitt’s lymphoma cell line. The
creation of MNGCs capable of generating proliferating daughter cells has now been reported from
different laboratories for various cell types in response to a wide range of genotoxic agents, including
chemotherapeutic drugs. This so-called “endopolyploidy-stemness” route of cancer-cell survival
consequent to therapeutic exposure has also been documented with short-term (2–3 weeks) cultures of
primary human breast cancer specimens [119].

One mechanism of depolyploidization of MNGCs is through genome reduction division (reviewed
in [120]). In this process, MNGCs first undergo a ploidy cycle, which is regulated by key mediators of
mitosis (e.g., aurora B kinase), meiosis (e.g., MOS), and self-renewal (e.g., OCT4), ultimately giving
rise to a para-diploid progeny, containing a near-diploid number of chromosomes, that exhibit mitotic
propagation. In 2004, Sundaram et al. [121] reported an alternative mechanism of genome reduction
in MNGCs. Computerized video time-lapse microscopy revealed that, although MNGCs may cease
to divide, each giant cell might produce numerous (50 or more) small cells with low cytoplasmic
content (karyoplasts) via the nuclear budding process of “neosis” that resembles the parasexual mode
of somatic reduction division of simple organisms like fungi. The resultant budding daughter cells
begin to divide by mitosis and transiently display stem cell properties, and subsequently experience a
complex life cycle eventually leading to the development of highly metastatic and therapy resistant
descendants. This parasexual mode of somatic reduction division of MNGCs (neosis) has been reported
from different laboratories for human ovarian [88,116], breast [87] and colon carcinoma cell lines [83]
as well as other biological systems [122–128].

5.4. Is SIPS Reversible?

The creation of MNGCs and their proliferating daughter cells appears to be a general feature of
cells that lack wild-type p53 function. Under some conditions, p53-proficient cells that undergo SIPS
can also follow the polyploidy stemness route [11]. As an example, doxorubicin treatment of HCT116
colon carcinoma cell cultures resulted in growth-arrested cells that were positive in the SA-β-gal assay,
but with time these same cells became polyploid and generated growing progeny [129]. In the same
study, MCF7 breast cancer cells also exhibited growth arrest coupled with SA-β-gal staining following
doxorubicin treatment, but this response was not accompanied by polyploidy and generation of
proliferating progeny [129]. Although the basis for reversibility of SIPS in some contexts is not known,
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it is interesting to note that HCT116 cells are caspase 3 proficient, whereas MCF7 cells do not express
caspase 3.

6. Targeting Growth-Arrested Cancer Cells as a Potential Therapeutic Strategy

The importance of MNGCs in the failure of cancer therapy has been largely overlooked. In
part, this may be because the creation of such cells has been considered to be rare and also
multinucleation has often been assumed to reflect death through “mitotic catastrophe” or other
mechanisms. As discussed in this article, when administered at clinically relevant doses, cancer
chemotherapeutic agents trigger a high proportion of MNGCs in solid tumor-derived cell lines
(especially those lacking wild-type p53 function) that remain viable and can give rise to tumor
repopulating progeny. Shockingly, only a single multinucleated giant cancer cell has been shown to
be sufficient to cause metastatic disease when grafted under the skin of an animal [115]. Cancer cells
undergoing SIPS in response to chemotherapeutic agents can also escape from the growth-arrested
state and give rise to tumor-repopulating progeny.

Accordingly, targeting growth-arrested cancer cells might represent an effective therapeutic
strategy. To this end, Crescenzi et al. [61] reported that downregulating either ATM or p21 in
cancer cells that have undergone SIPS in response to chemotherapeutic drugs results in their demise.
For targeting MNGCs for destruction, different approaches have been reported to be effective. These
include viral infection [104] and treatment with pharmacological inhibitors of different members of
the BCL-XL/BCL-2 pathway [130]. In addition, we have recently demonstrated that the apoptosis
activators sodium salicylate (an inhibitor of the p38 MAPK) or dichloroacetate (a modulator of glucose
metabolism) also kill MNGCs under conditions that have little or no effect on parental (mono-nucleated)
cells [108]. The results of these proof-of-principle in vitro experiments are encouraging and warrant
further studies with animal models.

7. Mutational Signatures in Human Cancers

The aforementioned reports concluding that the creation of MNGCs following chemotherapy
might represent a survival mechanism for cancer cells involved studies not only with cultured cells
and animal models, but also with patient specimens. Other studies, however, also reporting extensive
experimental and clinical data, have concluded that this response might reflect a favorable therapeutic
outcome (e.g., [131]). Similarly, the conclusions that SIPS might represent a favorable [97–101] or
unfavorable [97–103] therapeutic outcomes have also been based on extensive experimental/clinical
data. Such apparently conflicting observations might not be entirely unexpected when considering the
distinct mutational types in aging and cancer.

The advent of next-generation sequencing technologies has enabled large-scale sequencing of
all protein-coding exons (whole-exome sequencing) or even whole cancer genomes (whole-genome
sequencing) in a single experiment [132–138]. These sequencing efforts have enabled the identification
of many thousands of mutations per cancer which provided sufficient power to detect different
mutational patterns or “signatures.” Each biological perturbation or “mutational process” (e.g., tobacco
smoke, sunlight exposure, deamination of DNA bases) is shown to leave a characteristic “mark” or
mutational signature on the cancer genome (reviewed in [135]) (Figure 3).

Each mutational signature is defined by: (i) the type of genomic injury that has occurred as a
result of a diversity of exogenous and endogenous genotoxic stresses; (ii) the integrity of DNA repair
and other aspects of the DNA damage surveillance network that were successively activated; and
(iii) the strength and duration of exposure to each mutational process. Additionally, as pointed out by
Helleday et al. [135], “cancers are likely to comprise different cell populations (that is, subclonal populations),
which can be variably exposed to each mutational process; this promotes the complexity of the final landscape of
somatic mutations in a cancer genome. The final “mutational portrait,” which is obtained after a cancer has been
removed by surgery and then sequenced, is therefore a composite of multiple mutational signatures.”
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Thus, as previously anticipated, these large-scale sequencing technologies coupled with
bioinformatic and computational tools for deciphering the “scars” (signatures) of mutational processes
have demonstrated significant variability in the mutation landscape in cancers of the same histological
type. Application of such approaches might similarly unfold the molecular basis for the fate of
growth-arrested cancer cells in terms of death versus survival. This might in turn set the stage for
designing novel therapeutic strategies for specifically targeting growth-arrested cancer cells before
they will have the opportunity to generate tumor-repopulating progeny.Int. J. Mol. Sci. 2017, 18, 928 12 of 19 
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Figure 3. Cartoon showing mutational processes that can “scar” the genome during different periods
of a person’s life span. The various mutations found in a tumor are grouped into “driver” mutations,
which are ongoing and confer selective cancer phenotypes, and “historic” (or passenger) mutations
which are far more numerous and hitchhike with driver mutations, but do not appear to be causative
of cancer development. For details concerning ionizing radiation and other stimuli, consult [138]
and [132–135], respectively. Adapted from Helleday et al. [135].

8. Conclusions

Inhibition of cell growth is an important response to genotoxic stress, either under physiological
conditions or in cancer therapy. This response is fundamental for the maintenance of genomic stability
and cellular homeostasis under physiological conditions. On the other hand, stress-induced growth
arrest in cancer cells—reflecting either SIPS (predominantly in p53 wild-type cells) or the creation
of MNGCs (predominantly in p53-deficient cells)—can provide a “survival” mechanism, ultimately
resulting in the emergence of cancer repopulating progeny. Selective targeting of growth-arrested
cancer cells (e.g., MNGCs) could represent a promising strategy for improving the outcome of
conventional chemotherapy.
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Abbreviations

UV Ultraviolet light
DSBs DNA double-strand breaks
SA-β-gal Senescence-associated β-galactosidase
SIPS Stress-induced premature senescence
DNAJB9 DNAJ homolog subfamily B member 9
MDM2 Murine double minute-2 homologue
ATM Ataxia telangiectasia mutated
ATR ATM and RAD3-related
CHK Checkpoint kinase
WIP1 Wild-type p53-induced phosphatase 1
BAX BCL-2-associated X protein
PUMA p53 upregulated modulator of apoptosis
WAF1 Wild-type p53-activated fragment 1
CIP1 CDK-interacting protein 1
SDI1 Senescent cell-derived inhibitor 1
CDK Cyclin dependent kinase
SAPK Stress-activated protein kinase
ASK1 Apoptosis signal-regulating kinase 1
HPV Human papillomavirus
PGE2 Prostaglandin E2
SASP Senescence-associated secretory phenotype
SKP2 S-phase kinase-associated protein 2
EMT Epithelial-mesenchymal transition
MTT 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide
IC50 Inhibiting concentration, 50%
NCCD Nomenclature Committee on Cell Death

References

1. De Bont, R.; van Larebeke, N. Endogenous DNA damage in humans: A review of quantitative data.
Mutagenesis 2004, 19, 169–185. [CrossRef] [PubMed]

2. Hou, L.; Zhang, X.; Wang, D.; Baccarelli, A. Environmental chemical exposures and human epigenetics.
Int. J. Epidemiol. 2012, 41, 79–105. [CrossRef] [PubMed]

3. Coelho, M.M.V.; Matos, T.R.; Apetato, M. The dark side of the light: Mechanisms of photocarcinogenesis.
Clin. Dermatol. 2016, 34, 563–570. [CrossRef] [PubMed]

4. Lai, Y.; Yu, R.; Hartwell, H.J.; Moeller, B.C.; Bodnar, W.M.; Swenberg, J.A. Measurement of endogenous
versus exogenous formaldehyde-induced DNA-protein crosslinks in animal tissues by stable isotope labeling
and ultrasensitive mass spectrometry. Cancer Res. 2016, 76, 2652–2661. [CrossRef] [PubMed]

5. Saintigny, Y.; Chevalier, F.; Bravard, A.; Dardillac, E.; Laurent, D.; Hem, S.; Dépagne, J.; Radicella, J.P.;
Lopez, B.S. A threshold of endogenous stress is required to engage cellular response to protect against
mutagenesis. Sci. Rep. 2016, 6, 29412. [CrossRef] [PubMed]

6. Mirzayans, R.; Andrais, B.; Scott, A.; Wang, Y.W.; Murray, D. Ionizing radiation-induced responses in human
cells with differing TP53 status. Int. J. Mol. Sci. 2013, 14, 22409–22435. [CrossRef] [PubMed]

7. Uversky, V.N. p53 proteoforms and intrinsic disorder: An illustration of the protein structure-function
continuum concept. Int. J. Mol. Sci. 2016, 17, 1874. [CrossRef] [PubMed]

8. Vousden, K.H.; Prives, C. Blinded by the light: The growing complexity of p53. Cell 2009, 137, 413–431.
[CrossRef] [PubMed]

9. Stegh, A.H. Targeting the p53 signaling pathway in cancer therapy—The promises, challenges, and perils.
Expert Opin. Ther. Targets 2012, 16, 67–83. [CrossRef] [PubMed]

10. Desilet, N.; Campbell, T.N.; Choy, F.Y.M. p53-based anti-cancer therapies: An empty promise? Curr. Issues
Mol. Biol. 2010, 12, 143–146. [PubMed]

http://dx.doi.org/10.1093/mutage/geh025
http://www.ncbi.nlm.nih.gov/pubmed/15123782
http://dx.doi.org/10.1093/ije/dyr154
http://www.ncbi.nlm.nih.gov/pubmed/22253299
http://dx.doi.org/10.1016/j.clindermatol.2016.05.022
http://www.ncbi.nlm.nih.gov/pubmed/27638434
http://dx.doi.org/10.1158/0008-5472.CAN-15-2527
http://www.ncbi.nlm.nih.gov/pubmed/26984759
http://dx.doi.org/10.1038/srep29412
http://www.ncbi.nlm.nih.gov/pubmed/27406380
http://dx.doi.org/10.3390/ijms141122409
http://www.ncbi.nlm.nih.gov/pubmed/24232458
http://dx.doi.org/10.3390/ijms17111874
http://www.ncbi.nlm.nih.gov/pubmed/27834926
http://dx.doi.org/10.1016/j.cell.2009.04.037
http://www.ncbi.nlm.nih.gov/pubmed/19410540
http://dx.doi.org/10.1517/14728222.2011.643299
http://www.ncbi.nlm.nih.gov/pubmed/22239435
http://www.ncbi.nlm.nih.gov/pubmed/19918091


Int. J. Mol. Sci. 2017, 18, 928 14 of 20

11. Mirzayans, R.; Andrais, B.; Kumar, P.; Murray, D. The growing complexity of cancer cell response to
DNA-damaging agents: Caspase 3 mediates cell death or survival? Int. J. Mol. Sci. 2016, 17, 708. [CrossRef]
[PubMed]

12. Zuco, V.; Zunino, F. Cyclic pifithrin-α sensitizes wild type p53 tumor cells to antimicrotubule agent-induced
apoptosis. Neoplasia 2008, 10, 587–596. [CrossRef] [PubMed]

13. Amin, A.R.; Thakur, V.S.; Gupta, K.; Jackson, M.W.; Harada, H.; Agarwal, M.K.; Shin, D.M.; Wald, D.N.;
Agarwal, M.L. Restoration of p53 functions protects cells from concanavalin a-induced apoptosis.
Mol. Cancer Ther. 2010, 9, 471–479. [CrossRef] [PubMed]

14. Waye, S.; Naeem, A.; Choudhry, M.U.; Parasido, E.; Tricoli, L.; Sivakumar, A.; Mikhaiel, J.P.; Yenugonda, V.;
Rodriguez, O.C.; Karam, S.D.; et al. The p53 tumor suppressor protein protects against chemotherapeutic
stress and apoptosis in human medulloblastoma cells. Aging 2015, 7, 854–868. [CrossRef] [PubMed]

15. Sengupta, S.; Harris, C.C. p53: Traffic cop at the crossroads of DNA repair and recombination. Nat. Rev. Mol.
Cell Biol. 2005, 6, 44–55. [CrossRef] [PubMed]

16. Levine, A.J.; Hu, W.; Feng, Z. The p53 pathway: What questions remain to be explored? Cell Death Differ.
2006, 13, 1027–1036. [CrossRef] [PubMed]

17. Roninson, I.B. Tumor cell senescence in cancer treatment. Cancer Res. 2003, 63, 2705–2715. [PubMed]
18. Mirzayans, R.; Andrais, B.; Scott, A.; Paterson, M.C.; Murray, D. Single-cell analysis of p16INK4a and p21WAF1

expression suggests distinct mechanisms of senescence in normal human and Li-Fraumeni Syndrome
fibroblasts. J. Cell. Physiol. 2010, 223, 57–67. [PubMed]

19. Wang, M.; Morsbach, F.; Sander, D.; Gheorghiu, L.; Nanda, A.; Benes, C.; Kriegs, M.; Krause, M.; Dikomey, E.;
Baumann, M.; et al. EGF receptor inhibition radiosensitizes NSCLC cells by inducing senescence in cells
sustaining DNA double-strand breaks. Cancer Res. 2011, 71, 6261–6269. [CrossRef] [PubMed]

20. Hernández-Vargas, H.; Ballestar, E.; Carmona-Saez, P.; von Kobbe, C.; Bañón-Rodriguez, I.; Esteller, M.;
Moreno-Bueno, G.; Palacios, J. Transcriptional profiling of MCF7 breast cancer cells in response to
5-Fluorouracil: Relationship with cell cycle changes and apoptosis, and identification of novel targets
of p53. Int. J. Cancer 2006, 119, 1164–1175. [CrossRef] [PubMed]

21. Alani, R.M.; Young, A.Z.; Shifflett, C.B. Id1 regulation of cellular senescence through transcriptional
repression of p16/Ink4a. Proc. Natl. Acad. Sci. USA 2001, 98, 7812–7816. [CrossRef] [PubMed]

22. Polsky, D.; Young, A.Z.; Busam, K.J.; Alani, R.M. The transcriptional repressor of p16/Ink4a, Id1, is
up-regulated in early melanomas. Cancer Res. 2001, 61, 6008–6011. [PubMed]

23. Leong, W.F.; Chau, J.F.L.; Li, B. p53 deficiency leads to compensatory up-regulation of p16INK4a.
Mol. Cancer Res. 2009, 7, 354–360. [CrossRef] [PubMed]

24. Ljungman, M. Dial 9-1-1 for p53: Mechanisms of p53 activation by cellular stress. Neoplasia 2000, 2, 208–225.
[CrossRef] [PubMed]

25. Efeyan, A.; Serrano, M. p53: Guardian of the genome and policeman of the oncogenes. Cell Cycle 2007, 6,
1006–1010. [CrossRef] [PubMed]

26. Bulavin, D.V.; Saito, S.; Hollander, M.C.; Sakaguchi, K.; Anderson, C.W.; Appella, E.; Fornace, A.J., Jr.
Phosphorylation of human p53 by p38 kinase coordinates N-terminal phosphorylation and apoptosis in
response to UV radiation. EMBO J. 1999, 18, 6845–6854. [CrossRef] [PubMed]

27. Huang, C.; Ma, W.Y.; Maxiner, A.; Sun, Y.; Dong, Z. p38 kinase mediates UV-induced phosphorylation of p53
protein at serine 389. J. Biol. Chem. 1999, 274, 12229–12235. [CrossRef] [PubMed]

28. Sanchez-Prieto, R.; Rojas, J.M.; Taya, Y.; Gutkind, J.S. A role for the p38 mitogen-activated protein kinase
pathway in the transcriptional activation of p53 on genotoxic stress by chemotherapeutic agents. Cancer Res.
2000, 60, 2464–2472. [PubMed]

29. Lu, X.; Nguyen, T.A.; Moon, S.H.; Darlington, Y.; Sommer, M.; Donehower, L.A. The type 2C
phosphatase Wip1: An oncogenic regulator of tumor suppressor and DNA damage response pathways.
Cancer Metastasis Rev. 2008, 27, 123–135. [CrossRef] [PubMed]

30. Lahav, G.; Rosenfeld, N.; Sigal, A.; Geva-Zatorsky, N.; Levine, A.J.; Elowitz, M.B.; Alon, U. Dynamics of the
p53-MDM2 feedback loop in individual cells. Nat. Genet. 2004, 36, 147–150. [CrossRef] [PubMed]

31. Batchelor, E.; Mock, C.S.; Bhan, I.; Loewer, A.; Lahav, G. Recurrent initiation: A mechanism for triggering
p53 pulses in response to DNA damage. Mol. Cell 2008, 9, 277–289. [CrossRef] [PubMed]

http://dx.doi.org/10.3390/ijms17050708
http://www.ncbi.nlm.nih.gov/pubmed/27187358
http://dx.doi.org/10.1593/neo.08262
http://www.ncbi.nlm.nih.gov/pubmed/18516295
http://dx.doi.org/10.1158/1535-7163.MCT-09-0732
http://www.ncbi.nlm.nih.gov/pubmed/20124456
http://dx.doi.org/10.18632/aging.100831
http://www.ncbi.nlm.nih.gov/pubmed/26540407
http://dx.doi.org/10.1038/nrm1546
http://www.ncbi.nlm.nih.gov/pubmed/15688066
http://dx.doi.org/10.1038/sj.cdd.4401910
http://www.ncbi.nlm.nih.gov/pubmed/16557269
http://www.ncbi.nlm.nih.gov/pubmed/12782571
http://www.ncbi.nlm.nih.gov/pubmed/20039273
http://dx.doi.org/10.1158/0008-5472.CAN-11-0213
http://www.ncbi.nlm.nih.gov/pubmed/21852385
http://dx.doi.org/10.1002/ijc.21938
http://www.ncbi.nlm.nih.gov/pubmed/16557594
http://dx.doi.org/10.1073/pnas.141235398
http://www.ncbi.nlm.nih.gov/pubmed/11427735
http://www.ncbi.nlm.nih.gov/pubmed/11507043
http://dx.doi.org/10.1158/1541-7786.MCR-08-0373
http://www.ncbi.nlm.nih.gov/pubmed/19240179
http://dx.doi.org/10.1038/sj.neo.7900073
http://www.ncbi.nlm.nih.gov/pubmed/10935507
http://dx.doi.org/10.4161/cc.6.9.4211
http://www.ncbi.nlm.nih.gov/pubmed/17457049
http://dx.doi.org/10.1093/emboj/18.23.6845
http://www.ncbi.nlm.nih.gov/pubmed/10581258
http://dx.doi.org/10.1074/jbc.274.18.12229
http://www.ncbi.nlm.nih.gov/pubmed/10212189
http://www.ncbi.nlm.nih.gov/pubmed/10811125
http://dx.doi.org/10.1007/s10555-008-9127-x
http://www.ncbi.nlm.nih.gov/pubmed/18265945
http://dx.doi.org/10.1038/ng1293
http://www.ncbi.nlm.nih.gov/pubmed/14730303
http://dx.doi.org/10.1016/j.molcel.2008.03.016
http://www.ncbi.nlm.nih.gov/pubmed/18471974


Int. J. Mol. Sci. 2017, 18, 928 15 of 20

32. Mirzayans, R.; Andrais, B.; Scott, A.; Murray, D. New insights into p53 signaling and cancer-cell response
to DNA damage: Implications for cancer therapy. J. Biomed. Biotechnol. 2012, 2012, 170325. [CrossRef]
[PubMed]

33. Yang, X.H.; Sladek, T.L.; Liu, X.; Butler, B.R.; Froelich, C.J.; Thor, A.D. Reconstitution of caspase 3 sensitizes
MCF-7 breast cancer cells to doxorubicin- and etoposide-induced apoptosis. Cancer Res. 2001, 61, 348–354.
[PubMed]

34. Jänicke, R.U. MCF-7 breast carcinoma cells do not express caspase-3. Breast. Cancer Res. Treat. 2009, 117,
219–221. [CrossRef] [PubMed]

35. Essmann, F.; Engels, I.H.; Totzke, G.; Schulze-Osthoff, K.; Jänicke, R.U. Apoptosis resistance of MCF-7 breast
carcinoma cells to ionizing radiation is independent of p53 and cell cycle control but caused by the lack of
caspase-3 and a caffeine-inhibitable event. Cancer Res. 2004, 64, 7065–7072. [CrossRef] [PubMed]

36. Purvis, J.E.; Karhohs, K.W.; Mock, C.; Batchelor, E.; Loewer, A.; Lahav, G. p53 dynamics control cell fate.
Science 2012, 336, 1440–1444. [CrossRef] [PubMed]

37. Sun, T.; Cui, J. Dynamics of p53 in response to DNA damage: Mathematical modeling and perspective.
Prog. Biophys. Mol. Biol. 2015, 119, 175–182. [CrossRef] [PubMed]

38. Jin, S.; Levine, A.J. The p53 functional circuit. J. Cell Sci. 2001, 114, 4139–4140. [PubMed]
39. Haupt, S.; Berger, M.; Goldberg, Z.; Haupt, Y. Apoptosis—The p53 network. J. Cell Sci. 2003, 116, 4077–4085.

[CrossRef] [PubMed]
40. Oren, M. Decision making by p53: Life, death and cancer. Cell Death Differ. 2003, 10, 431–442. [CrossRef]

[PubMed]
41. Kracikova, M.; Akiril, G.; George, A.; Sachidanandam, R.; Aaronson, S.A. A threshold mechanism mediates

p53 cell fate decision between growth arrest and apoptosis. Cell Death Differ. 2013, 20, 576–588. [CrossRef]
[PubMed]

42. Schug, T.T. Awakening p53 in senescent cells using nutlin-3. Aging 2009, 1, 842–844. [CrossRef] [PubMed]
43. Shen, H.; Maki, C.G. Persistent p21 expression after nutlin-3a removal is associated with senescence-like

arrest in 4N cells. J. Biol. Chem. 2010, 285, 23105–23114. [CrossRef] [PubMed]
44. Arya, A.K.; El-Fert, A.; Devling, T.; Eccles, R.M.; Aslam, M.A.; Rubbi, C.P.; Vlatković, N.; Fenwick, J.;

Lloyd, B.H.; Sibson, D.R.; et al. Nutlin-3, the small-molecule inhibitor of MDM2, promotes senescence
and radiosensitises laryngeal carcinoma cells harbouring wild-type p53. Br. J. Cancer 2010, 103, 186–195.
[CrossRef] [PubMed]
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induction in renal carcinoma cells by Nutlin-3: A potential therapeutic strategy based on MDM2 antagonism.
Cancer Lett. 2014, 353, 211–219. [CrossRef] [PubMed]

46. Jänicke, R.U.; Sohn, D.; Schulze-Osthoff, K. The dark side of a tumor suppressor: Anti-apoptotic p53.
Cell Death Differ. 2008, 15, 959–976. [CrossRef] [PubMed]

47. Lee, H.J.; Kim, J.M.; Kim, K.H.; Heo, J.I.; Kwak, S.J.; Han, J.A. Genotoxic stress/p53-induced DNAJB9 inhibits
the pro-apoptotic function of p53. Cell Death Differ. 2015, 22, 86–95. [CrossRef] [PubMed]

48. Mirzayans, R.; Murray, D. Cellular Senescence: Implications for Cancer Therap, 1st ed.; Nova Science Publishers:
New York, NY, USA, 2009; pp. 1–130.

49. Warfel, N.A.; El-Deiry, W.S. p21WAF1 and tumourigenesis: 20 years after. Curr. Opin. Oncol. 2013, 25, 52–58.
[CrossRef] [PubMed]

50. Javelaud, D.; Besançon, F. Inactivation of p21WAF1 sensitizes cells to apoptosis via an increase of both p14ARF

and p53 levels and an alteration of the Bax/BCL-2 ratio. J. Biol. Chem. 2002, 277, 37849–37954. [CrossRef]
[PubMed]

51. Zhang, Y.; Xiong, Y.; Yarbrough, W.G. ARF promotes MDM2 degradation and stabilizes p53: ARF-INK4a
locus deletion impairs both the Rb and p53 tumor suppression pathways. Cell 1998, 92, 725–734. [CrossRef]

52. Honda, R.; Yasuda, H. Association of p19 (ARF) with MDM2 inhibits ubiquitin ligase activity of MDM2 for
tumor suppressor p53. EMBO J. 1999, 18, 22–27. [CrossRef] [PubMed]

53. Mirzayans, R.; Andrais, B.; Scott, A.; Wang, Y.W.; Weiss, R.H.; Murray, D. Spontaneous γH2AX foci in
human solid tumor-derived cell lines in relation to p21WAF1 and WIP1 expression. Int. J. Mol. Sci. 2015, 16,
11609–11628. [CrossRef] [PubMed]

http://dx.doi.org/10.1155/2012/170325
http://www.ncbi.nlm.nih.gov/pubmed/22911014
http://www.ncbi.nlm.nih.gov/pubmed/11196185
http://dx.doi.org/10.1007/s10549-008-0217-9
http://www.ncbi.nlm.nih.gov/pubmed/18853248
http://dx.doi.org/10.1158/0008-5472.CAN-04-1082
http://www.ncbi.nlm.nih.gov/pubmed/15466201
http://dx.doi.org/10.1126/science.1218351
http://www.ncbi.nlm.nih.gov/pubmed/22700930
http://dx.doi.org/10.1016/j.pbiomolbio.2015.08.017
http://www.ncbi.nlm.nih.gov/pubmed/26278643
http://www.ncbi.nlm.nih.gov/pubmed/11739646
http://dx.doi.org/10.1242/jcs.00739
http://www.ncbi.nlm.nih.gov/pubmed/12972501
http://dx.doi.org/10.1038/sj.cdd.4401183
http://www.ncbi.nlm.nih.gov/pubmed/12719720
http://dx.doi.org/10.1038/cdd.2012.155
http://www.ncbi.nlm.nih.gov/pubmed/23306555
http://dx.doi.org/10.18632/aging.100094
http://www.ncbi.nlm.nih.gov/pubmed/20157556
http://dx.doi.org/10.1074/jbc.M110.124990
http://www.ncbi.nlm.nih.gov/pubmed/20489208
http://dx.doi.org/10.1038/sj.bjc.6605739
http://www.ncbi.nlm.nih.gov/pubmed/20588277
http://dx.doi.org/10.1016/j.canlet.2014.07.024
http://www.ncbi.nlm.nih.gov/pubmed/25067787
http://dx.doi.org/10.1038/cdd.2008.33
http://www.ncbi.nlm.nih.gov/pubmed/18356920
http://dx.doi.org/10.1038/cdd.2014.116
http://www.ncbi.nlm.nih.gov/pubmed/25146923
http://dx.doi.org/10.1097/CCO.0b013e32835b639e
http://www.ncbi.nlm.nih.gov/pubmed/23159848
http://dx.doi.org/10.1074/jbc.M204497200
http://www.ncbi.nlm.nih.gov/pubmed/12151395
http://dx.doi.org/10.1016/S0092-8674(00)81401-4
http://dx.doi.org/10.1093/emboj/18.1.22
http://www.ncbi.nlm.nih.gov/pubmed/9878046
http://dx.doi.org/10.3390/ijms160511609
http://www.ncbi.nlm.nih.gov/pubmed/26006237


Int. J. Mol. Sci. 2017, 18, 928 16 of 20

54. Sohn, D.; Essmann, F.; Schulze-Osthoff, K.; Jänicke, R.U. p21 blocks irradiation-induced apoptosis
downstream of mitochondria by inhibition of cyclin-dependent kinase-mediated caspase-9 activation.
Cancer Res. 2006, 66, 11254–11262. [CrossRef] [PubMed]

55. Roninson, I.B. Oncogenic functions of tumour suppressor p21 (Waf1/Cip1/Sdi1): Association with cell
senescence and tumour-promoting activities of stromal fibroblasts. Cancer Lett. 2002, 179, 1–14. [CrossRef]

56. Dotto, G.P. p21WAF1/Cip1: More than a break to the cell cycle? Biochim. Biophys. Acta 2000, 1471, M43–M56.
[CrossRef]

57. Pang, L.Y.; Scott, M.; Hayward, R.L.; Mohammed, H.; Whitelaw, C.B.; Smith, G.C.; Hupp, T.R. p21WAF1 is
component of a positive feedback loop that maintains the p53 transcriptional program. Cell Cycle 2011, 10,
932–950. [CrossRef] [PubMed]

58. Hill, R.; Leidal, A.M.; Madureira, P.A.; Gillis, L.D.; Waisman, D.M.; Chiu, A.; Lee, P.W. Chromium-mediated
apoptosis: Involvement of DNA-dependent protein kinase (DNA-PK) and differential induction of p53
target genes. DNA Repair 2008, 7, 1484–1499. [CrossRef] [PubMed]

59. Broude, E.V.; Demidenko, Z.N.; Vivo, C.; Swift, M.E.; Davis, B.M.; Blagosklonny, M.V.; Roninson, I.B. p21
(CDKN1A) is a negative regulator of p53 stability. Cell Cycle 2007, 6, 1468–1471. [CrossRef] [PubMed]

60. Murray, D.; Mirzayans, R. Role of therapy-induced cellular senescence in tumor cells and its modification in
radiotherapy; the good, the bad and the ugly. J. Nucl. Med. Radiat. Ther. 2013, 6, 018.

61. Crescenzi, E.; Palumbo, G.; de Boer, J.; Brady, H.J. Ataxia telangiectasia mutated and p21CIP1 modulate cell
survival of drug-induced senescent tumor cells: Implications for chemotherapy. Clin. Cancer Res. 2008, 14,
1877–1887. [CrossRef] [PubMed]

62. Samuel, T.; Weber, H.O.; Rauch, P.; Verdoodt, B.; Eppe, J.T.; McShea, A.; Hermeking, H.; Funk, J.O. The G2/M
regulator 14-3-3δ prevents apoptosis through sequestration of Bax. J. Biol. Chem. 2001, 276, 45201–45206.
[CrossRef] [PubMed]

63. Nomura, M.; Shimizu, S.; Sugiyama, T.; Narita, M.; Ito, T.; Matsuda, H.; Tsujimoto, Y. 14-3-3δ interacts
directly with and negatively regulates pro-apoptotic Bax. J. Biol. Chem. 2003, 278, 2058–2065. [CrossRef]
[PubMed]

64. Datta, S.R.; Katsov, A.; Hu, L.; Petros, A.; Fesik, S.W.; Yaffe, M.B.; Greenberg, M.E. 14-3-3 proteins and
survival kinases cooperate to inactivate BAD by BH3 domain phosphorylation. Mol. Cell 2000, 6, 41–51.
[CrossRef]

65. Chiang, C.W.; Harris, G.; Ellig, C.; Masters, S.C.; Subramanian, R.; Shenolikar, S.; Wadzinski, B.E.; Yang, E.
Protein phosphatase 2A activates the proapoptotic function of BAD in interleukin-3-dependent lymphoid
cells by a mechanism requiring 14-3-3 dissociation. Blood 2001, 97, 1289–1297. [CrossRef] [PubMed]

66. Subramanian, R.R.; Masters, S.C.; Zhang, H.; Fu, H. Functional conservation of 14-3-3 isoforms in inhibiting
bad-induced apoptosis. Exp. Cell Res. 2001, 271, 142–151. [CrossRef] [PubMed]

67. Ichim, G.; Tait, S.W.G. A fate worse than death: Apoptosis as an oncogenic process. Nat. Rev. Cancer 2016, 16,
539–548. [CrossRef] [PubMed]

68. Li, F.; He, Z.; Shen, J.; Huang, Q.; Li, W.; Liu, X.; He, Y.; Wolf, F.; Li, C.Y. Apoptotic caspases regulate induction
of iPSCs from human fibroblasts. Cell Stem Cell 2010, 7, 508–520. [CrossRef] [PubMed]

69. Li, F.; Huang, Q.; Chen, J.; Peng, Y.; Roop, D.R.; Bedford, J.S.; Li, C.Y. Apoptotic cells activate the “phoenix
rising” pathway to promote wound healing and tissue regeneration. Sci. Signal. 2010, 3, ra13. [CrossRef]
[PubMed]

70. Huang, Q.; Li, F.; Liu, X.; Li, W.; Shi, W.; Liu, F.F.; O’Sullivan, B.; He, Z.; Peng, Y.; Tan, A.C.; et al. Caspase
3-mediated stimulation of tumor cell repopulation during cancer radiotherapy. Nat. Med. 2011, 17, 860–866.
[CrossRef] [PubMed]

71. Boland, K.; Flanagan, L.; Prehn, J.H. Paracrine control of tissue regeneration and cell proliferation by
caspase-3. Cell Death Dis. 2013, 4, e725. [CrossRef] [PubMed]

72. Mao, P.; Smith, L.; Xie, W.; Wang, M. Dying endothelial cells stimulate proliferation of malignant glioma
cells via a caspase 3-mediated pathway. Oncol. Lett. 2013, 5, 1615–1620. [PubMed]

73. Liu, Y.R.; Sun, B.; Zhao, X.L.; Gu, Q.; Liu, Z.Y.; Dong, X.Y.; Che, N.; Mo, J. Basal caspase-3 activity promotes
migration, invasion, and vasculogenic mimicry formation of melanoma cells. Melanoma Res. 2013, 23,
243–253. [CrossRef] [PubMed]

74. Donato, A.L.; Huang, Q.; Liu, X.; Li, F.; Zimmerman, M.A.; Li, C.Y. Caspase 3 promotes surviving melanoma
tumor cell growth after cytotoxic therapy. J. Invest. Dermatol. 2014, 134, 1686–1692. [CrossRef] [PubMed]

http://dx.doi.org/10.1158/0008-5472.CAN-06-1569
http://www.ncbi.nlm.nih.gov/pubmed/17145870
http://dx.doi.org/10.1016/S0304-3835(01)00847-3
http://dx.doi.org/10.1016/S0304-419X(00)00019-6
http://dx.doi.org/10.4161/cc.10.6.15012
http://www.ncbi.nlm.nih.gov/pubmed/21368573
http://dx.doi.org/10.1016/j.dnarep.2008.05.007
http://www.ncbi.nlm.nih.gov/pubmed/18602874
http://dx.doi.org/10.4161/cc.6.12.4313
http://www.ncbi.nlm.nih.gov/pubmed/17585201
http://dx.doi.org/10.1158/1078-0432.CCR-07-4298
http://www.ncbi.nlm.nih.gov/pubmed/18347191
http://dx.doi.org/10.1074/jbc.M106427200
http://www.ncbi.nlm.nih.gov/pubmed/11574543
http://dx.doi.org/10.1074/jbc.M207880200
http://www.ncbi.nlm.nih.gov/pubmed/12426317
http://dx.doi.org/10.1016/S1097-2765(05)00012-2
http://dx.doi.org/10.1182/blood.V97.5.1289
http://www.ncbi.nlm.nih.gov/pubmed/11222372
http://dx.doi.org/10.1006/excr.2001.5376
http://www.ncbi.nlm.nih.gov/pubmed/11697890
http://dx.doi.org/10.1038/nrc.2016.58
http://www.ncbi.nlm.nih.gov/pubmed/27364482
http://dx.doi.org/10.1016/j.stem.2010.09.003
http://www.ncbi.nlm.nih.gov/pubmed/20887956
http://dx.doi.org/10.1126/scisignal.2000634
http://www.ncbi.nlm.nih.gov/pubmed/20179271
http://dx.doi.org/10.1038/nm.2385
http://www.ncbi.nlm.nih.gov/pubmed/21725296
http://dx.doi.org/10.1038/cddis.2013.250
http://www.ncbi.nlm.nih.gov/pubmed/23846227
http://www.ncbi.nlm.nih.gov/pubmed/23760767
http://dx.doi.org/10.1097/CMR.0b013e3283625498
http://www.ncbi.nlm.nih.gov/pubmed/23695439
http://dx.doi.org/10.1038/jid.2014.18
http://www.ncbi.nlm.nih.gov/pubmed/24434746


Int. J. Mol. Sci. 2017, 18, 928 17 of 20

75. Cheng, J.; Tian, L.; Ma, J.; Gong, Y.; Zhang, Z.; Chen, Z.; Xu, B.; Xiong, H.; Li, H.; Huang, Q. Dying tumor
cells stimulate proliferation of living tumor cells via caspase-dependent protein kinase C-δ activation in
pancreatic ductal adenocarcinoma. Mol. Oncol. 2015, 9, 105–114. [CrossRef] [PubMed]

76. Liu, X.; He, Y.; Li, F.; Huang, Q.; Kato, T.A.; Hall, R.P.; Li, C.Y. Caspase-3 promotes genetic instability and
carcinogenesis. Mol. Cell 2015, 58, 284–296. [CrossRef] [PubMed]

77. Feng, X.; Yu, Y.; He, S.; Cheng, J.; Gong, Y.; Zhang, Z.; Yang, X.; Xu, B.; Liu, X.; Li, C.Y.; et al. Dying glioma
cells establish a proangiogenic microenvironment through a caspase 3 dependent mechanism. Cancer Lett.
2017, 385, 12–20. [CrossRef] [PubMed]

78. Kroemer, G.; Galluzzi, L.; Vandenabeele, P.; Abrams, J.; Alnemri, E.S.; Baehrecke, E.H.; Blagosklonny, M.V.;
El-Deiry, W.S.; Golstein, P.; Green, D.R.; et al. Classification of cell death: Recommendations of the
Nomenclature Committee on Cell Death 2009. Cell Death Differ. 2009, 16, 3–11. [CrossRef] [PubMed]

79. Berndtsson, M.; Hägg, M.; Panaretakis, T.; Havelka, A.M.; Shoshan, M.C.; Linder, S. Acute apoptosis by
cisplatin requires induction of reactive oxygen species but is not associated with damage to nuclear DNA.
Int. J. Cancer 2007, 120, 175–180. [CrossRef] [PubMed]

80. Lee, S.L.; Hong, S.W.; Shin, J.S.; Kim, J.S.; Ko, S.G.; Hong, N.J.; Kim, D.J.; Lee, W.J.; Jin, D.H.; Lee, M.S.
p34SEI-1 inhibits doxorubicin-induced senescence through a pathway mediated by protein kinase C-δ and
c-Jun-NH2-kinase 1 activation in human breast cancer MCF7 cells. Mol. Cancer Res. 2009, 7, 1845–1853.
[CrossRef] [PubMed]

81. Sliwinska, M.A.; Mosieniak, G.; Wolanin, K.; Babik, A.; Piwocka, K.; Magalska, A.; Szczepanowska, J.;
Fronk, J.; Sikora, E. Induction of senescence with doxorubicin leads to increased genomic instability of
HCT116 cells. Mech. Ageing Dev. 2009, 130, 24–32. [CrossRef] [PubMed]

82. Puig, P.E.; Guilly, M.N.; Bouchot, A.; Droin, N.; Cathelin, D.; Bouyer, F.; Favier, L.; Ghiringhelli, F.;
Kroemer, G.; Solary, E.; et al. Tumor cells can escape DNA-damaging cisplatin through DNA
endoreduplication and reversible polyploidy. Cell Biol. Int. 2008, 32, 1031–1043. [CrossRef] [PubMed]

83. Zhang, S.; Zhang, D.; Yang, Z.; Zhang, X. Tumor budding, micropapillary pattern, and polyploidy giant
cancer cells in colorectal cancer: Current status and future prospects. Stem Cells Int. 2016, 2016, 4810734.
[CrossRef] [PubMed]

84. Niu, N.; Zhang, J.; Zhang, N.; Mercado-Uribe, I.; Tao, F.; Han, Z.; Pathak, S.; Multani, A.S.; Kuang, J.; Yao, J.;
et al. Linking genomic reorganization to tumor initiation via the giant cell cycle. Oncogenesis 2016, 5, e281.
[CrossRef] [PubMed]

85. Mo, J.; Sun, B.; Zhao, X.; Gu, Q.; Dong, X.; Liu, Z.; Ma, Y.; Zhao, N.; Tang, R.; Liu, Y.; et al. Hypoxia-induced
senescence contributes to the regulation of microenvironment in melanomas. Pathol. Res. Pract. 2013, 209,
640–647. [CrossRef] [PubMed]

86. Wang, W.; Wang, D.; Li, H. Initiation of premature senescence by BCL-2 in hypoxic condition. Int. J. Clin.
Exp. Pathol. 2014, 7, 2446–2453. [PubMed]

87. Fei, F.; Zhang, D.; Yang, Z.; Wang, S.; Wang, X.; Wu, Z.; Wu, Q.; Zhang, S. The number of polyploid
giant cancer cells and epithelial-mesenchymal transition-related proteins are associated with invasion and
metastasis in human breast cancer. J. Exp. Clin. Cancer Res. 2015, 34, 158. [CrossRef] [PubMed]

88. Lv, H.; Shi, Y.; Zhang, L.; Zhang, D.; Liu, G.; Yang, Z.; Li, Y.; Fei, F.; Zhang, S. Polyploid giant cancer cells
with budding and the expression of cyclin E, S-phase kinase-associated protein 2, stathmin associated with
the grading and metastasis in serous ovarian tumor. BMC Cancer 2014, 14, 576. [CrossRef] [PubMed]

89. Zhang, S.; Mercado-Uribe, I.; Hanash, S.; Liu, J. iTRAQ-based proteomic analysis of polyploid giant cancer
cells and budding progeny cells reveals several distinct pathways for ovarian cancer development. PLoS ONE
2013, 8, e80120. [CrossRef] [PubMed]

90. Zhivotovsky, B.; Kroemer, G. Apoptosis and genomic instability. Nat. Rev. Mol. Cell Biol. 2004, 5, 752–762.
[CrossRef] [PubMed]

91. Coppé, J.P.; Desprez, P.Y.; Krtolica, A.; Campisi, J. The senescence-associated secretory phenotype: The dark
side of tumor suppression. Annu. Rev. Pathol. 2010, 5, 99–118. [CrossRef] [PubMed]

92. Davalos, A.R.; Coppé, J.P.; Campisi, J.; Desprez, P.Y. Senescent cells as a source of inflammatory factors for
tumor progression. Cancer Metastasis Rev. 2010, 29, 273–283. [CrossRef] [PubMed]

93. Sikora, E.; Mosieniak, G.; Sliwinska, M.A. Morphological and functional characteristic of senescent cancer
cells. Curr. Drug Targets 2016, 17, 377–387. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.molonc.2014.07.024
http://www.ncbi.nlm.nih.gov/pubmed/25156550
http://dx.doi.org/10.1016/j.molcel.2015.03.003
http://www.ncbi.nlm.nih.gov/pubmed/25866249
http://dx.doi.org/10.1016/j.canlet.2016.10.042
http://www.ncbi.nlm.nih.gov/pubmed/27826040
http://dx.doi.org/10.1038/cdd.2008.150
http://www.ncbi.nlm.nih.gov/pubmed/18846107
http://dx.doi.org/10.1002/ijc.22132
http://www.ncbi.nlm.nih.gov/pubmed/17044026
http://dx.doi.org/10.1158/1541-7786.MCR-09-0086
http://www.ncbi.nlm.nih.gov/pubmed/19903772
http://dx.doi.org/10.1016/j.mad.2008.04.011
http://www.ncbi.nlm.nih.gov/pubmed/18538372
http://dx.doi.org/10.1016/j.cellbi.2008.04.021
http://www.ncbi.nlm.nih.gov/pubmed/18550395
http://dx.doi.org/10.1155/2016/4810734
http://www.ncbi.nlm.nih.gov/pubmed/27843459
http://dx.doi.org/10.1038/oncsis.2016.75
http://www.ncbi.nlm.nih.gov/pubmed/27991913
http://dx.doi.org/10.1016/j.prp.2013.07.004
http://www.ncbi.nlm.nih.gov/pubmed/23938031
http://www.ncbi.nlm.nih.gov/pubmed/24966955
http://dx.doi.org/10.1186/s13046-015-0277-8
http://www.ncbi.nlm.nih.gov/pubmed/26702618
http://dx.doi.org/10.1186/1471-2407-14-576
http://www.ncbi.nlm.nih.gov/pubmed/25106448
http://dx.doi.org/10.1371/journal.pone.0080120
http://www.ncbi.nlm.nih.gov/pubmed/24348907
http://dx.doi.org/10.1038/nrm1443
http://www.ncbi.nlm.nih.gov/pubmed/15340382
http://dx.doi.org/10.1146/annurev-pathol-121808-102144
http://www.ncbi.nlm.nih.gov/pubmed/20078217
http://dx.doi.org/10.1007/s10555-010-9220-9
http://www.ncbi.nlm.nih.gov/pubmed/20390322
http://dx.doi.org/10.2174/1389450116666151019094724
http://www.ncbi.nlm.nih.gov/pubmed/26477465


Int. J. Mol. Sci. 2017, 18, 928 18 of 20

94. Castro-Vega, L.J.; Jouravleva, K.; Ortiz-Montero, P.; Liu, W.Y.; Galeano, J.L.; Romero, M.; Popova, T.;
Bacchetti, S.; Vernot, J.P.; Londoño-Vallejo, A. The senescent microenvironment promotes the emergence of
heterogeneous cancer stem-like cells. Carcinogenesis 2015, 36, 1180–1192. [CrossRef] [PubMed]

95. Cantor, D.J.; David, G. SIN3B, the SASP, and pancreatic cancer. Mol. Cell. Oncol. 2014, 1, e969167. [CrossRef]
[PubMed]

96. Suzuki, M.; Boothman, D.A. Stress-induced premature senescence (SIPS)—Influence of SIPS on radiotherapy.
J. Radiat. Res. 2008, 49, 105–112. [CrossRef] [PubMed]

97. Muscat, A.; Popovski, D.; Jayasekara, W.S.; Rossello, F.J.; Ferguson, M.; Marini, K.D.; Alamgeer, M.;
Algar, E.M.; Downie, P.; Watkins, D.N.; et al. Low-dose histone deacetylase inhibitor treatment leads
to tumor growth arrest and multi-lineage differentiation of malignant rhabdoid tumors. Clin. Cancer Res.
2016, 22, 3560–3570. [CrossRef] [PubMed]

98. Foerster, F.; Chen, T.; Altmann, K.H.; Vollmar, A.M. Actin-binding doliculide causes premature senescence in
p53 wild type cells. Bioorg. Med. Chem. 2016, 24, 123–129. [CrossRef] [PubMed]

99. Chen, W.S.; Yu, Y.C.; Lee, Y.J.; Chen, J.H.; Hsu, H.Y.; Chiu, S.J. Depletion of securin induces senescence after
irradiation and enhances radiosensitivity in human cancer cells regardless of functional p53 expression.
Int. J. Radiat. Oncol. Biol. Phys. 2010, 77, 566–574. [CrossRef] [PubMed]

100. Fitzgerald, A.L.; Osman, A.A.; Xie, T.X.; Patel, A.; Skinner, H.; Sandulache, V.; Myers, J.N. Reactive oxygen
species and p21Waf1/Cip1 are both essential for p53-mediated senescence of head and neck cancer cells.
Cell Death Dis. 2015, 6, e1678. [CrossRef] [PubMed]

101. Maier, P.; Hartmann, L.; Wenz, F.; Herskind, C. Cellular pathways in response to ionizing radiation and their
targetability for tumor radiosensitization. Int. J. Mol. Sci. 2016, 17, 102. [CrossRef] [PubMed]

102. Leikam, C.; Hufnagel, A.L.; Otto, C.; Murphy, D.J.; Mühling, B.; Kneitz, S.; Nanda, I.; Schmid, M.;
Wagner, T.U.; Haferkamp, S.; et al. In vitro evidence for senescent multinucleated melanocytes as a source
for tumor-initiating cells. Cell Death Dis. 2015, 6, e1711. [CrossRef] [PubMed]

103. Wang, Q.; Wu, P.C.; Dong, D.Z.; Ivanova, I.; Chu, E.; Zeliadt, S.; Vesselle, H.; Wu, D.Y. Polyploidy road to
therapy-induced cellular senescence and escape. Int. J. Cancer 2013, 132, 1505–1515. [CrossRef] [PubMed]

104. Puck, T.T.; Marcus, P.I. Action of X-rays on mammalian cells. J. Exp. Med. 1956, 103, 653–666. [CrossRef]
[PubMed]

105. Puck, T.T.; Marcus, P.I. A rapid method for viable cell titration and clonal production with HeLa cells in
tissue culture: The use of X-irradiated cells to supply conditioning factors. Proc. Natl. Acad. Sci. USA 1955,
41, 432–437. [CrossRef] [PubMed]

106. Puck, T.T.; Marcus, P.I.; Cieciura, S.J. Clonal growth of mammalian cells in vitro; growth characteristics of
colonies from single HeLa cells with and without a feeder layer. J. Exp. Med. 1956, 103, 273–283. [CrossRef]
[PubMed]

107. Narisawa-Saito, M.; Kiyono, T. Basic mechanisms of high-risk human papillomavirus-induced carcinogenesis:
Roles of E6 and E7 proteins. Cancer Sci. 2007, 98, 1505–1511. [CrossRef] [PubMed]

108. Mirzayans, R.; Andrais, B.; Scott, A.; Wang, Y.W.; Kumar, P.; Murray, D. Multinucleated giant cancer cells
produced in response to ionizing radiation retain viability and replicate their genome. Int. J. Mol. Sci. 2017,
18, 360. [CrossRef] [PubMed]

109. Kizaka-Kondoh, S.; Inoue, M.; Harada, H.; Hiraoka, M. Tumor hypoxia: A target for selective cancer therapy.
Cancer Sci. 2003, 94, 1021–1028. [CrossRef] [PubMed]

110. Muz, B.; de la Puente, P.; Azab, F.; Azab, A.K. The role of hypoxia in cancer progression, angiogenesis,
metastasis, and resistance to therapy. Hypoxia 2015, 3, 83–92. [CrossRef] [PubMed]

111. Aragonés, J.; Fraisl, P.; Baes, M.; Carmeliet, P. Oxygen sensors at the crossroad of metabolism. Cell Metab.
2009, 9, 11–22. [CrossRef] [PubMed]

112. Ho, V.T.; Bunn, H.F. Effects of transition metals on the expression of the erythropoietin gene: Further evidence
that the oxygen sensor is a heme protein. Biochem. Biophys. Res. Commun. 1996, 223, 175–180. [CrossRef]
[PubMed]

113. Piret, J.P.; Mottet, D.; Raes, M.; Michiels, C. CoCl2, a chemical inducer of hypoxia-inducible factor-1, and
hypoxia reduce apoptotic cell death in hepatoma cell line HepG2. Ann. N. Y. Acad. Sci. 2002, 973, 443–447.
[CrossRef] [PubMed]

http://dx.doi.org/10.1093/carcin/bgv101
http://www.ncbi.nlm.nih.gov/pubmed/26168819
http://dx.doi.org/10.4161/23723548.2014.969167
http://www.ncbi.nlm.nih.gov/pubmed/27308374
http://dx.doi.org/10.1269/jrr.07081
http://www.ncbi.nlm.nih.gov/pubmed/18219184
http://dx.doi.org/10.1158/1078-0432.CCR-15-2260
http://www.ncbi.nlm.nih.gov/pubmed/26920892
http://dx.doi.org/10.1016/j.bmc.2015.11.042
http://www.ncbi.nlm.nih.gov/pubmed/26692350
http://dx.doi.org/10.1016/j.ijrobp.2009.12.013
http://www.ncbi.nlm.nih.gov/pubmed/20457353
http://dx.doi.org/10.1038/cddis.2015.44
http://www.ncbi.nlm.nih.gov/pubmed/25766317
http://dx.doi.org/10.3390/ijms17010102
http://www.ncbi.nlm.nih.gov/pubmed/26784176
http://dx.doi.org/10.1038/cddis.2015.71
http://www.ncbi.nlm.nih.gov/pubmed/25837487
http://dx.doi.org/10.1002/ijc.27810
http://www.ncbi.nlm.nih.gov/pubmed/22945332
http://dx.doi.org/10.1084/jem.103.5.653
http://www.ncbi.nlm.nih.gov/pubmed/13319584
http://dx.doi.org/10.1073/pnas.41.7.432
http://www.ncbi.nlm.nih.gov/pubmed/16589695
http://dx.doi.org/10.1084/jem.103.2.273
http://www.ncbi.nlm.nih.gov/pubmed/13286432
http://dx.doi.org/10.1111/j.1349-7006.2007.00546.x
http://www.ncbi.nlm.nih.gov/pubmed/17645777
http://dx.doi.org/10.3390/ijms18020360
http://www.ncbi.nlm.nih.gov/pubmed/28208747
http://dx.doi.org/10.1111/j.1349-7006.2003.tb01395.x
http://www.ncbi.nlm.nih.gov/pubmed/14662015
http://dx.doi.org/10.2147/HP.S93413
http://www.ncbi.nlm.nih.gov/pubmed/27774485
http://dx.doi.org/10.1016/j.cmet.2008.10.001
http://www.ncbi.nlm.nih.gov/pubmed/19117543
http://dx.doi.org/10.1006/bbrc.1996.0865
http://www.ncbi.nlm.nih.gov/pubmed/8660366
http://dx.doi.org/10.1111/j.1749-6632.2002.tb04680.x
http://www.ncbi.nlm.nih.gov/pubmed/12485908


Int. J. Mol. Sci. 2017, 18, 928 19 of 20

114. Piret, J.P.; Lecocq, C.; Toffoli, S.; Ninane, N.; Raes, M.; Michiels, C. Hypoxia and CoCl2 protect HepG2
cells against serum deprivation- and t-BHP-induced apoptosis: A possible anti-apoptotic role for HIF-1.
Exp. Cell Res. 2004, 295, 340–349. [CrossRef] [PubMed]

115. Weihua, Z.; Lin, Q.; Ramoth, A.J.; Fan, D.; Fidler, I.J. Formation of solid tumors by a single multinucleated
cancer cell. Cancer 2011, 117, 4092–4099. [CrossRef] [PubMed]

116. Zhang, S.; Mercado-Uribe, I.; Xing, Z.; Sun, B.; Kuang, J.; Liu, J. Generation of cancer stem-like cells through
the formation of polyploid giant cancer cells. Oncogene 2014, 33, 116–128. [CrossRef] [PubMed]

117. Erenpreisa, J.A.; Cragg, M.S.; Fringes, B.; Sharakhov, I.; Illidge, T.M. Release of mitotic descendants by giant
cells from irradiated Burkitt’s lymphoma cell lines. Cell Biol. Int. 2000, 24, 635–648. [CrossRef] [PubMed]

118. Illidge, T.M.; Cragg, M.S.; Fringes, B.; Olive, P.; Erenpresia, J.A. Polyploid giant cells provide a survival
mechanism of p53 mutant cells after DNA damage. Cell Biol. Int. 2000, 24, 621–633. [CrossRef] [PubMed]

119. Lagadec, C.; Vlashi, E.; Della Donna, L.; Dekmezian, C.; Pajonk, F. Radiation-induced reprogramming of
breast cancer cells. Stem Cells 2012, 30, 833–844. [CrossRef] [PubMed]

120. Erenpreisa, J.; Cragg, M.S. MOS, aneuploidy and the ploidy cycle of cancer cells. Oncogene 2010, 29, 5447–5451.
[CrossRef] [PubMed]

121. Sundaram, M.; Guernsey, D.L.; Rajaraman, M.M.; Rajaraman, R. Neosis: A novel type of cell division in
cancer. Cancer Biol. Ther. 2004, 3, 207–218. [CrossRef] [PubMed]

122. Walen, K.H. Spontaneous cell transformation: Karyoplasts derived from multinucleated cells produce new
cell growth in senescent human epithelial cell cultures. In Vitro Cell Dev. Biol. Anim. 2004, 40, 150–158.
[CrossRef]

123. Navolanic, P.M.; Akula, S.M.; McCubrey, J.A. Neosis and its potential role in cancer development and
chemoresistance. Cancer Biol. Ther. 2004, 3, 219–320. [CrossRef] [PubMed]

124. Rajaraman, R.; Rajaraman, M.M.; Rajaraman, S.R.; Guernsey, R.L. Neosis—A paradigm of self-renewal in
cancer. Cell Biol. Int. 2005, 29, 1084–1097. [CrossRef] [PubMed]

125. Walen, K.H. Budded karyoplasts from multinucleated fibroblast cells contain centrosomes and change their
morphology to mitotic cells. Cell Biol. Int. 2005, 29, 1057–1065. [CrossRef] [PubMed]

126. Rajaraman, R.; Guernsey, D.L.; Rajaraman, M.M.; Rajaraman, S.R. Stem cells, senescence, neosis and
self-renewal in cancer. Cell Biol. Int. 2006, 29, 1084–1097. [CrossRef] [PubMed]

127. Jiang, Q.; Zhang, Q.; Wang, S.; Xie, S.; Fang, W.; Liu, Z.; Liu, J.; Yao, K. A fraction of CD133+ CNE2 cells is
made of giant cancer cells with morphological evidence of asymmetric mitosis. J. Cancer 2015, 6, 1236–1244.
[CrossRef] [PubMed]

128. Esmatabadi, M.J.; Bakhshinejad, B.; Motlagh, F.M.; Babashah, S.; Sadeghizadeh, M. Therapeutic resistance
and cancer recurrence mechanisms: Unfolding the story of tumour coming back. J. Biosci. 2016, 41, 497–506.
[CrossRef] [PubMed]

129. Mosieniak, G.; Sliwinska, M.A.; Alster, O.; Strzeszewska, A.; Sunderland, P.; Piechota, M.; Was, H.; Sikora, E.
Polyploidy formation in doxorubicin-treated cancer cells can favor escape from senescence. Neoplasia 2015,
17, 882–893. [CrossRef] [PubMed]

130. Shah, O.J.; Lin, X.; Li, L.; Huang, X.; Li, J.; Anderson, M.G.; Tang, H.; Rodriguez, L.E.; Warder, S.E.;
McLoughlin, S.; et al. BCL-XL represents a druggable molecular vulnerability during aurora B
inhibitor-mediated polyploidization. Proc. Natl. Acad. Sci. USA 2010, 107, 12634–12639. [CrossRef]
[PubMed]

131. Martin, S.K.; Pu, H.; Penticuff, J.C.; Cao, Z.; Horbinski, C.; Kyprianou, N. Multinucleation and
mesenchymal-to-epithelial transition alleviate resistance to combined cabazitaxel and antiandrogen therapy
in advanced prostate cancer. Cancer Res. 2016, 76, 912–926. [CrossRef] [PubMed]

132. Nik-Zainal, S.; Alexandrov, L.B.; Wedge, D.C.; van Loo, P.; Greenman, C.D.; Raine, K.; Jones, D.; Hinton, J.;
Marshall, J.; Stebbings, L.A.; et al. Mutational processes molding the genomes of 21 breast cancers. Cell 2012,
149, 979–993. [CrossRef] [PubMed]

133. Alexandrov, L.B.; Nik-Zainal, S.; Wedge, D.C.; Aparicio, S.A.; Behjati, S.; Biankin, A.V.; Bignell, G.R.; Bolli, N.;
Borg, A.; Børresen-Dale, A.L.; et al. Signatures of mutational processes in human cancer. Nature 2013, 500,
415–421. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.yexcr.2004.01.024
http://www.ncbi.nlm.nih.gov/pubmed/15093734
http://dx.doi.org/10.1002/cncr.26021
http://www.ncbi.nlm.nih.gov/pubmed/21365635
http://dx.doi.org/10.1038/onc.2013.96
http://www.ncbi.nlm.nih.gov/pubmed/23524583
http://dx.doi.org/10.1006/cbir.2000.0558
http://www.ncbi.nlm.nih.gov/pubmed/10964453
http://dx.doi.org/10.1006/cbir.2000.0557
http://www.ncbi.nlm.nih.gov/pubmed/10964452
http://dx.doi.org/10.1002/stem.1058
http://www.ncbi.nlm.nih.gov/pubmed/22489015
http://dx.doi.org/10.1038/onc.2010.310
http://www.ncbi.nlm.nih.gov/pubmed/20676137
http://dx.doi.org/10.4161/cbt.3.2.663
http://www.ncbi.nlm.nih.gov/pubmed/14726689
http://dx.doi.org/10.1290/1543-706X(2004)40&lt;150:SCTKDF&gt;2.0.CO;2
http://dx.doi.org/10.4161/cbt.3.2.750
http://www.ncbi.nlm.nih.gov/pubmed/14752274
http://dx.doi.org/10.1016/j.cellbi.2005.10.003
http://www.ncbi.nlm.nih.gov/pubmed/16316756
http://dx.doi.org/10.1016/j.cellbi.2005.10.016
http://www.ncbi.nlm.nih.gov/pubmed/16316754
http://dx.doi.org/10.1016/j.cellbi.2005.10.003
http://www.ncbi.nlm.nih.gov/pubmed/16316756
http://dx.doi.org/10.7150/jca.12626
http://www.ncbi.nlm.nih.gov/pubmed/26535065
http://dx.doi.org/10.1007/s12038-016-9624-y
http://www.ncbi.nlm.nih.gov/pubmed/27581940
http://dx.doi.org/10.1016/j.neo.2015.11.008
http://www.ncbi.nlm.nih.gov/pubmed/26696370
http://dx.doi.org/10.1073/pnas.0913615107
http://www.ncbi.nlm.nih.gov/pubmed/20616035
http://dx.doi.org/10.1158/0008-5472.CAN-15-2078
http://www.ncbi.nlm.nih.gov/pubmed/26645563
http://dx.doi.org/10.1016/j.cell.2012.04.024
http://www.ncbi.nlm.nih.gov/pubmed/22608084
http://dx.doi.org/10.1038/nature12477
http://www.ncbi.nlm.nih.gov/pubmed/23945592


Int. J. Mol. Sci. 2017, 18, 928 20 of 20

134. Alexandrov, L.B.; Nik-Zainal, S.; Wedge, D.C.; Campbell, P.J.; Stratton, M.R. Deciphering signatures of
mutational processes operative in human cancer. Cell Rep. 2013, 3, 246–259. [CrossRef] [PubMed]

135. Helleday, T.; Eshtad, S.; Nik-Zainal, S. Mechanisms underlying mutational signatures in human cancers.
Nat. Rev. Genet. 2014, 15, 585–598. [CrossRef] [PubMed]

136. Alexandrov, L.B.; Jones, P.H.; Wedge, D.C.; Sale, J.E.; Campbell, P.J.; Nik-Zainal, S.; Stratton, M.R. Clock-like
mutational processes in human somatic cells. Nat. Genet. 2015, 47, 1402–1407. [CrossRef] [PubMed]

137. Fox, E.J.; Salk, J.J.; Loeb, L.A. Exploring the implications of distinct mutational signatures and mutation rates
in aging and cancer. Genome Med. 2016, 8, 30. [CrossRef] [PubMed]

138. Behjati, S.; Gundem, G.; Wedge, D.C.; Roberts, N.D.; Tarpey, P.S.; Cooke, S.L.; van Loo, P.; Alexandrov, L.B.;
Ramakrishna, M.; Davies, H.; et al. Mutational signatures of ionizing radiation in second malignancies.
Nat. Commun. 2016, 7, 12605. [CrossRef] [PubMed]

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.celrep.2012.12.008
http://www.ncbi.nlm.nih.gov/pubmed/23318258
http://dx.doi.org/10.1038/nrg3729
http://www.ncbi.nlm.nih.gov/pubmed/24981601
http://dx.doi.org/10.1038/ng.3441
http://www.ncbi.nlm.nih.gov/pubmed/26551669
http://dx.doi.org/10.1186/s13073-016-0286-z
http://www.ncbi.nlm.nih.gov/pubmed/26987311
http://dx.doi.org/10.1038/ncomms12605
http://www.ncbi.nlm.nih.gov/pubmed/27615322
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Biological Outputs Orchestrated by Wild-Type p53 
	p53 Functions 
	p53 Regulation in the Absence of Genotoxic Stress 
	p53 Regulation Following Genotoxic Stress 
	p53 Dynamics Following Genotoxic Stress 
	A Threshold Mechanism Determines the Choice Between p53-Mediated Growth Arrest versus Apoptosis 
	Anti-Apoptotic Property of p53 Signaling under Physiological Conditions 
	p53–DNAJB9 Regulatory Loop: Impact on Apoptosis 
	Multiple Functions of p21: Downregulating p53 and More 

	Activation of Apoptotic Signaling Does Not Always Lead to Cell Death: Impact on Chemosensitivity Assessment 
	Extrapolating Results Obtained in Overexpression Studies to Clinically Relevant Conditions 
	Fate of Growth-Arrested Cancer Cells 
	Clinically Relevant Doses of Chemotherapeutic Agents Predominantly Trigger Cancer Cell Dormancy Rather Than Cell Death 
	Hypoxia and the Creation of MNGCs 
	Genome Reduction and Neosis of MNGCs 
	Is SIPS Reversible? 

	Targeting Growth-Arrested Cancer Cells as a Potential Therapeutic Strategy 
	Mutational Signatures in Human Cancers 
	Conclusions 

