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Two sides of the Myc-induced DNA damage
response: from tumor suppression to tumor
maintenance
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Abstract

Activation of oncogenes is generally associated with the induction of DNA damage response (DDR) signaling,
which acts as a barrier to tumor progression. In this review we will present an overview of the DDR associated
with oncogenic activation of Myc, with special focus on two opposite and paradoxical aspects of this response: (1)
the role of the Myc-induced DDR in tumor suppression; (2) its role in dampening Myc-induced replication stress,
thereby protecting the viability of prospective cancer cells. These opposing effects on cancer progression are
controlled by two different branches of DDR signaling, respectively ATM/CHK2 and ATR/CHK1. Indeed, while ATM
activity constitutes a barrier to malignant transformation, full activation of ATR and CHK1 is essential for tumor
maintenance, providing important opportunities for therapeutic intervention. Thus, the Myc-induced DDR acts as a
double-edged sword in tumor progression.
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Review
c-MYC
c-MYC (henceforth MYC) is an immediate-early serum
response gene essential for embryonic development, cel-
lular proliferation and survival, and a cellular proto-onco-
gene that is frequently up-regulated in cancer. The Myc
protein is a basic Helix-Loop-Helix Leucine Zipper
(bHLHZip) transcription factor, which forms transcrip-
tionally active dimers with another bHLHZip protein
called Max [1,2]. Dimerization with Max endows Myc
with sequence specific DNA binding ability, preferentially
to sites containing the E-box sequence CACGTG. The
transactivation properties of this complex are carried out
by the N-terminal portion of Myc [3]. Myc is a multi-
functional transcription factor able to regulate cell cycle,
growth, metabolism, differentiation, apoptosis, transfor-
mation, genomic instability, and angiogenesis. Recently,
transcription independent functions of Myc have been
proposed particularly concerning the role of Myc in regu-
lating pre-replication complexes assembly onto DNA

replication origins [4]. While low Myc levels are neces-
sary and sufficient for cellular viability and proliferation,
pathological activation of this proto-oncogene has been
linked to over-expression and gain of function mutations
[5-7]. Pathological over-expression is frequently achieved
by transcriptional up-regulation due to chromosomal
translocation leading to promoter rearrangement [8-12],
gene amplification [13,14] or by virus mediated inser-
tional mutagenesis [15,16]. In prostate and breast can-
cers, a significant fraction of tumors demonstrate
amplification of an otherwise unrearranged c-MYC locus
(Pietilainen et al., 1995; Bubendorf et al., 1999; Sato et al.,
1999; Naidu et al., 2002). In contrast, the Myc mRNA
and protein over-expression that is observed in 70-80%
of colon carcinomas (Smith and Goh, 1996) results from
aberrant transcriptional control of the MYC locus invol-
ving mutations in APC-b-catenin-TCF-4 pathway mem-
bers (Barker et al., 2000). Similarly, in Human acute
T-cell lymphoblastic leukemias and lymphomas (T-ALL)
gain-of-function mutants of Notch1 ensure robust tran-
scriptional activation of MYC [17]. Besides, during tumor
progression the Myc protein is often stabilized, either
because it acquires specific point mutations [18] or
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because Myc turnover is regulated by oncogenic path-
ways such as RAS [19] or AKT [20].

Myc activation elicits cell intrinsic tumor suppressive
mechanisms
1. The ARF/MDM2/p53 pathway
A direct consequence of Myc over-expression is a
hyper-proliferative response, which is generally counter-
balanced by the activation of intrinsic tumor suppressive
mechanisms that effectively restrain clonal expansion of
pre-cancerous cells. These mechanisms often arise as
intracellular responses to stress situations directly
induced by Myc. The best characterized arm of Myc-
induced tumor suppression relies on the ARF/MDM2/
p53 pathway, which results in the activation of a p53
dependent apoptotic response [21-23] (Figure 1). This
pathway is controlled by ARF, a nucleolar protein,
encoded by the INK4a/ARF locus, that is able to bind
MDM2, a ubiquitin ligase that in turns ubiquitylates p53

and dooms it for proteasomal degradation. Thus this
pathway is epistatically regulated by ARF levels: in nor-
mal conditions ARF is undetectable, while upon Myc-
induced oncogenic stress its locus is transcriptionally
activated, resulting in p53 stabilization and activation.
Mouse model have been instrumental to the genetic dis-
section of the ARF/MDM2/p53 pathway and the charac-
terization of the p53 effector functions required for
tumor suppression, which, especially in hematopoietic
malignancies rely largely, but not exclusively [24], on
p53 dependent apoptosis [25,26].
2. The myc-induced DNA damage response
The ARF/MDM2/p53 pathway is not the only tumor
suppressive tool available to cell for restraining the onco-
genic activities of Myc. More recently, the DNA damage
response (DDR) has also been shown to act as an ARF-
independent hurdle that limits aberrant cell division in
early tumorigenesis [27-29]. Although it is still not com-
pletely clear what type of physical alterations are induced
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Figure 1 Myc induced tumor suppressive pathways. Outline of the p53 dependent pathways involved in Myc induced tumor suppression.
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at the DNA level, several observations have led to sur-
mise that at least two types of DNA damage can be asso-
ciated with Myc overexpression. First, the production of
reactive oxygen species (ROS), which have been shown
to increase in experimental conditions where Myc is
deregulated, can increase oxidative damage [30]. Indeed,
the accumulation of ROS-associated oxidative damage
coincided with transient MYC activation in human fibro-
blasts cultured in vitro in low serum (0.05%) and/or
ambient oxygen tension [31]. To this end, it is worth
mentioning that while anti-oxidants can reduce the Myc-
induced DDR, their anti-tumoral activity has been mainly
ascribed to their ability to affect the HIF1a pathway [32].
Another possible source of Myc-induced DNA damage is
replication stress, a term used to define the generation of
aberrant DNA replication intermediates which lead to
the accumulation of DDR markers at sites of active DNA
replication. The Myc-induced DDR accounts for the
genomic and chromosomal instability frequently asso-
ciated with Myc hyper-activation. Indeed, a number of
chromosomal abnormalities including translocations,
dicentric chromosomes and tetraploidy have been
observed upon Myc overexpression [33]. Recent work
has allowed the charting of the relevant pathways regulat-
ing Myc-induced DDR, leading to the identification of
ATM [27,28,34], WIP1 [35] and TIP60 [29] as mediators
of this response (Figure 1). ATM encodes a phosphatidy-
linositol-3-kinase-like protein kinase which is the apical
kinase responsible for the activation of DDR following
DNA double strand breaks (DSBs) accumulation. It phos-
phorylates and activates numerous substrates upon DNA
damage, such as the diffusible kinase CHK2, which is
required for proper cellular amplification of the DSBs
induced DDR, and the p53 protein, the key effector of
the DDR. Once phosphorylated, p53 escapes the deadly
embrace of MDM2, ensuring a prolonged G2 arrest, the
induction of DNA repair and, depending on the extent of
DNA damage and on the cell type, stimulating either
apoptosis or senescence [36]. Circumstantial evidence
suggested a link between Myc and ATM, since ATM-/-

thymic lymphomas developing in mice ATM-/- are fre-
quently characterized by extra copies of chromosome 15,
where the c-myc gene maps [37]. Also, oncogenic Myc
activation has been associated with ATM inactivation in
different human tumors, including B-cell lymphomas
[38]. More direct evidence comes from a number of
genetics studies in mouse models of Myc-induced tumor-
igenesis, such as the Eμ-myc transgenic mouse, which is
predisposed to develop B-cell tumors with high pene-
trance [39]. In this genetic background, both DDR and
apoptosis induced by Myc were reduced upon ATM loss,
while tumorigenesis was markedly accelerated. Of rele-
vance, ATM loss did not abolish the strong selective
pressure to inactivate p53 or ARF, highlighting that ATM

controls p53 independently from ARF [27,34]. The role
of ATM in regulating Myc-induced tumor suppressive
DDR, was also confirmed in a mouse model of skin can-
cer suggesting that the relevance of this pathway in sup-
pressing Myc-induced tumors suppression is not
restricted to hematological malignancies, but extends to
solid tumors [28]. These results were extended by the
genetic analysis of mice lacking WIP1 a protein phospha-
tase that negatively regulates ATM, with loss of WIP1
protecting against Eμ-Myc induced lymphomas [35].
WIP1 loss, not only abolished the genetic pressure for
ARF loss of heterozygosity in tumors that developed in
Eμ-myc;ARF-/+;WIP1-/- mice, but also prevented tumor
development in Eμ-myc;ARF-/- mice. Yet, tumor suppres-
sive responses were still completely dependent on p53.
Thus the lack of WIP1 potentiates p53 dependent tumor
suppression to a level sufficient to protect B-cells from
Myc-induced lymphomagenesis, even in the absence of
functional p19ARF. The enhanced tumor suppression
conveyed by WIP1 loss was only partially bypassed by
ATM loss, arguing for a more pleiotropic effect of WIP1
compared to ATM. Similar results were reported for the
haploinsufficient tumor suppressor TIP60 [29], a histone
acetyl transferase (HAT) that has been implicated in the
regulation of the DDR via activation of ATM [40] and of
DNA repair through the catalytic subunit of the NuA4
complex, a multifunctional complex with HAT and chro-
matin remodeling activities. The NuA4-Tip60 complex is
recruited to DSBs, where it acetylates histones H2AX
and H4, facilitating both turnover of H2AX and modify-
ing chromatin architecture to allow DSB repair [41-43].
In the Eμ-myc transgenic mouse, TIP60 is a haploinsuffi-
cient tumor suppressor required for an efficient Myc-
induced DDR. Loss of one TIP60 allele blunted ATM
activation, p53 phosphorylation on Serine 18 and H2AX
phosphorylation, resulting in a dramatic acceleration of
tumorigenesis, while the activation of the ARF-p53
tumor suppressor pathway or the resulting apoptotic
responses were unaffected. The occurrence of TIP60
mutations in human tumors and its parallel loss of
expression in advanced stages of different cancer types
suggested that mechanism of tumor suppression
described in animal models are also relevant in human
pathologies [29].

Therapeutic implications of the evasion of DDR
dependent tumor suppressive responses
The existence of tumor suppressive pathways evoked by
the DNA damage response and their obligatory inactiva-
tion during tumor progression may have important ther-
apeutic implications since some tumors may accumulate
mutations in the DDR pathways in order to escape
tumor suppression. These DDR defective tumors will be
refractory to all the therapeutic regimens that require a
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functional DDR response, like for example many stan-
dard chemotherapy protocols [34]. On the other hand,
tumors that are defective in some effector functions of
the DDR may offer the opportunity for pharmacological
targeting of specific branches of the DDR that are other-
wise compensated in normal cells and tissues. This con-
cept of synthetic lethality has been exploited for the
rationale use of Poly (ADP-ribose) polymerase (PARP)
inhibitors which generate replication dependent DNA
double-strand breaks (DSBs) that are irreparable in
BRCA1/2 defective cells thus effectively killing tumors
[44]. Another example is represented by DDR check-
point defective cells, which may be more sensitive to
DNA repair inhibitors. In fact, CHK2 inactivation,
which may be selected for during Myc-induced tumor
progression may render cells more prone to DNA repair
inhibition as shown in the case of Myc-induced tumors,
where CHK2 loss shows a synergistic lethal response in
combination with DNA repair inhibitors such as PARP
inhibitors [45]. Also, mutations accumulated in DDR
pathways during tumor development reduce the options
available to a cell to respond to DNA damage thereby
potentially exposing tumor cells to the inhibition of
pathways that may be otherwise be compensated in nor-
mal cell. This concept is exemplified by the observation
that ATM deficient cells are sensitized to the chemical
and genetic inhibition of the ATR/CHK1 pathways,
although in vivo validation of this concept in preclinical
models is missing [46].

The concept of oncogene induced replicative stress (OI-
RS)
Oncogene induced replication stress has been recently
recognized has a major component of the oncogenic
stress response. Although still poorly characterized in
terms of mechanism, replication stress is often asso-
ciated with oncogene induced DDR (OI-DDR) [47].
Oncogenes such as Ras are capable of mounting strong
proliferative responses that are frequently associated
with elevated DDR activation. This association is parti-
cularly strong at the early stages of tumor progression
in line with the hypothesis that OI-DDR represents a
tumor suppressive response [47]. Several evidences lead
to surmise that a strong component of the DDR activa-
tion relies on DNA damage triggered by replication
stress [48,49]. First of all OI-DDR can be mimicked by
over-expression of key regulators of the cell cycle
machinery, such as cyclin E, whose activity peaks at the
beginning of S-phase and in many systems contributes
to S-phase progression, Cdc6 which is involved in repli-
cation origin licensing, the Cdc25 phosphatase, a posi-
tive regulator of all the cyclin/CDK complexes that are
activated during S-phase, or E2F1. Second, in cellular
models, over-expression of oncogenes leads to the

accumulation of a DDR that depends on progression
through S-phase: if DNA synthesis is pharmacologically
blocked, then DDR activation is blunted. In addition,
fragile sites, which represent genomics sites known to
be prone to accumulate mutations during DNA replica-
tion, are hot spots for DNA mutations upon oncogene
induced replication stress. Finally, the observation that
H2AX phosphorylation and PCNA co-localize with sin-
gle stranded DNA strongly suggest that a primary
source of OI-DNA damage is generated at replication
forks. All these evidences collectively suggest that OI-
DDR is largely due to replicative stress.

Myc ensures proliferative advantage by coping with
replicative stress
As observed with many oncogenes, Myc over-expression
brings about a certain level of replication stress documen-
ted by the generation of DDR markers in S-phase cells that
co-localize with active replication forks. Yet, contrary to
other oncogenes, Myc activation provides long-term prolif-
erative advantage, thus suggesting that the anti-proliferative
effects triggered by RS and DDR may be mitigated by Myc
itself. In fact several evidence that will be presented below
suggest that while unrestricted activation of Myc can gen-
erate replication stress, Myc also controls several pathways
that actively restrain the extent of replication stress to
allow proficient cellular proliferation (Figure 2).
1. Myc-induced DNA replication
The ability of Myc to promote cellular proliferation
stems from its ability, as a transcription factor, to
directly control the expression of a large number of cel-
lular pathways implicated in S-phase progression [50].
In addition, rather unexpectedly, Myc itself can localize
onto sites of active DNA replication suggesting a more
direct role of Myc in controlling S-phase progression
possibly by directly participating in licensing or assem-
bly of (pre)-replicative complexes [4]. Alternatively, the
pervasive Myc binding to the genome, especially when
over-expressed, and its strong transcriptional activity
may contribute to the activation of latent replication ori-
gin by making them more accessible to replication fac-
tors. Therefore we can envision Myc promoting S-phase
either by transcriptionally regulating the cell cycle
machinery, the nucleotide biosynthetic pathways and by
directly affecting the number of active replication forks.
2. How is myc-induced DDR activated during DNA
replication?
We propose three alternative explanations, not necessa-
rily mutually exclusive, as to how DDR is activated dur-
ing S-phase in cells expressing elevated Myc levels. The
first possibility is that the increased number of active
origins and the increased global S-phase progression
rate may raise the level of DNA damage physiologically
accumulated during DNA synthesis. Alternative, the
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strong and pervasive Myc-induced transcriptional activ-
ity may generate the physical clashing of the RNA poly-
merase along with the DNA replication machinery
thereby causing replication fork collapse and consequent
activation of a DDR. Indeed, the co-localization of Myc,
replication complexes and DDR factors onto DNA dur-
ing S-phase, may be an indication that this situation
happens in vivo. Lastly, DNA damage may be generated
because of fork instability due to metabolic starvation,
since despite Myc’s ability to boost purine and pirimi-
dine metabolism [51], this may not completely satisfy
the high demand of nucleotides needed during hyper-
proliferative S-phase.
3. Myc overexpressing cells balance replication stress with
S-phase progression
Despite evidences of a replication stress response in Myc
over-expressing cells, a number of observations suggest
that indeed elevated levels of Myc trigger also compensa-
tory responses able to effectively reduce, but not comple-
tely eliminate, the consequences of replication stress.
Here we provide some examples.
WRN helicase The first example is represented by WRN,
a gene encoding a RecQ DNA helicase, which is found

mutated in Werner Syndrome, a disease characterized by
cellular senescence, increased chromosomal instability
characterized by frequent chromatid breaks, and acceler-
ated aging [52]. The WRN helicase resolves topologically
unfavorable DNA structures that form during S-phase,
such as those arising at stalled replication forks, therefore
representing a bona fide factor endowed with anti-repli-
cation stress activity [53]. MYC exacerbates this function
of WRN, since its over-expression in WRN-/- fibroblasts
leads to excessive accumulation of DNA damage at sites
of newly replicated DNA [54]. This elevated DNA
damage triggers the activation of the ATR-CHK1 path-
way, resulting in a strong anti-proliferative, senescent
response. Since WRN is a transcriptional target of MYC,
up-regulation of the WRN gene represents a feed-for-
ward mechanism to limit MYC-associated replication
stress thus allowing continued cellular proliferation [55].
Grandori and coworkers also addressed the role of WRN
in Myc associated cancer in xenografts experiments using
a non-small cell lung carcinoma cell line expressing high
levels of Myc (A549, NSCLC) where WRN was silenced
by RNA knock-down. They also used a classic genetic
approach breeding a cohort of Myc transgenics for

Myc 

Figure 2 How Myc deals with intrinsic replication stress. Schematic representation of the pathways engaged by Myc to counteract intrinsic
replicative stress responses that would limit clonal expansion of (pre)-cancerous cells.
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Eμ-myc with mice carrying a germline mutation of WRN
(WrnΔhel/Δhel). In both cases tumor growth was signifi-
cantly delayed, and as predicted, WRN loss of function in
the context of robust Myc activation led to the elevation
of a DNA damage response resulting in cellular senes-
cence and tumor necrosis [56].
Nucleotide synthesis Another trick Myc may pull off to
counteract replication stress is increasing the rate of
nucleotide synthesis. As already discussed, oncogenes
are able enforce cell proliferation leading to replication
perturbation, DNA damage accumulation and genome
instability. This replication stress is at least in part due
to the high rate of DNA synthesis which is not properly
fuelled by the biosynthetic pathways that provide purine

and pyrimidine nucleotides. In in-vitro experiments, an
exogenous supply of nucleosides was shown to rescue
replication stress, to decrease replication-induced DNA
damage, and to reduce transformation of cells expres-
sing viral or cellular oncogenes [57]. Shortage of intra-
cellular nucleotides not only affects replication dynamics
but can also modulate origin firing and licensing.
Indeed, under chronic exposure to a low-nucleotide
pool, cells have been shown to compensate for DNA
replication stress by increasing origin density during G1.
Recently, it was demonstrated that c-Myc is an impor-
tant regulator of nucleotide biosynthesis and that its
expression elevates nucleotide levels and cell prolifera-
tion [51,58]. This was experimentally validated, since
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Figure 3 Dual nature of Myc induced DDR. Tumor promoting DDR: Myc engages the replication checkpoint pathway (ATR/CHK1) to allow
robust cellular proliferation and avoid cytotoxic DNA damage accumulation. Tumor suppressive DDR: Myc induced DNA damage response
triggers tumor suppressive pathways that act as a barrier to malignant transformation.
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replication stress induced by oncogenes such as cyclin E
was significantly rescued by co-expression of c-Myc.
Thus, the Myc-induced increase in nucleotide pool size
can be regarded as an effective mechanism to rescue
cells experiencing replication stress and to prevent DNA
damage accumulation during S-phase.
The ATR/CHK1 pathway Another pathway that is con-
trolled by Myc and is involved in the replication stress
response is the ATR/CHK1 pathway. This pathway is
activated by Replication Protein A (RPA)-coated single
stranded DNA (ssDNA), which can be produced during
replication stress, DSBs resection, repair of DNA base
adducts or DNA crosslinks [59,60]. The most common
signal for ATR activation probably involves intrinsic
replication stress in every S-phase and perhaps regulation
of specific aspects of DNA replication such as origin fir-
ing or nucleotide production. As such, the ATR kinase
and CHK1, are essential genes whose homozygous germ-
line mutation compromises cellular viability and embryo-
nic development [61-63]. The ATR gene encodes a large
ATM-related protein kinase, which is recruited at sites of
ssDNA along with ATRIP and is activated by the pre-
sence of accessory factors such as Claspin and TopBP1.
Homozygous mutations affecting the splicing of the ATR
mRNA have been identified in patients with the rare
Seckel syndrome, a disease characterized by microce-
phaly and growth retardation. A mouse model recapitu-
lating this mutation (ATRs/s) has confirmed its causality
in determining the etiology of the disease, since ATRs/s

mice displayed accelerated aging, microcephaly, growth
retardation and pervasive replication stress during
embryonic development [64]. The other key component
of this pathway is CHK1, a soluble checkpoint kinase
activated directly by ATR, which contributes to the trans-
duction of the DDR signals to activate effector functions
of the pathway, such as the S and the G2 checkpoint.
Other essential properties of CHK1 reside in its ability to
regulate replication fork progression, regulation of
nucleotide synthesis and anti-apoptotic activity [59,60].
Recent evidences have shown that the ATR/CHK1 path-
way has a gatekeeping function essential to restrain repli-
cation stress in cells with activated oncogenes. In fact
elevated levels of Myc sensitize a variety of cell types to
chemical inhibition of either CHK1 or ATR, by exacer-
bating a strong DDR that triggers a potent apoptotic
response [65-70].

Exploiting replication stress to design novel anti-cancer
therapies
The observation that Myc restrains intrinsic replicative
stress responses by activating specific pathways has rele-
vant implications from a therapeutic standpoint and
holds the promise of prospective clinical applications.
Indeed emerging evidences from recent in vivo studies

suggest a potential anticancer effect achieved by specific
targeting of the ATR/CHK1 pathway [65-70] or the
WRN helicase [56]. Genetic experiments in mouse mod-
els of Myc-induced tumorigenesis such as Eμ-myc
crossed with the ATRs/s hypomorphic mutant unveiled a
profound role of ATR in preventing inherent replication
stress. In particular, a homozygous ATRs/s background
resulted in complete protection against lymphomagenesis
[65]. A corollary of this synthetic interaction was the
observation that, in ATRs/s animals, even non lymphoid
tissues with mild elevation of Myc levels (due to the lea-
kiness of the Eμ-myc transgene during development)
showed a pervasive RS that resulted in accelerated sys-
temic aging and reduced life span. Consistent with the
above results, systemic administration of the CHK1 inhi-
bitor UCN01 in mice bearing fully blown lymphomas
triggered a potent DDR response, cell cycle arrest and
widespread apoptosis. Continuous administration of
UCN01, or other CHK1 inhibitors, was able to cause fast
regression of established lymphomas, thus indicating the
therapeutic efficacy of targeting the ATR/CHK1 pathway.
Unfortunately, the low solubility of available ATR inhibi-
tors has so far limited their assessment in preclinical
mouse models. These observations were confirmed by
Nilsson and coworkers in a different mouse model of
Myc-induced lymphomas [66]. Also, a functional RNAi
screen in neuroblastoma cell lines that over-express N-
Myc has recently led to the identification of CHK1 as a
potentially therapeutic target [70]. In this study, sensitiv-
ity to CHK1 inhibition or knock-down positively corre-
lated with N-Myc protein levels. Also, while CHK1
inhibition had little effect in primary non-transformed
cells, the same cells modified to express high levels of N-
Myc were highly sensitive to the treatment. Thus, CHK1
inhibition strategies represent a promising therapeutic
option for the treatment of Myc-associated tumors.

Concluding remarks
We have here discussed two opposing functions of Myc-
induced DDR, which are relevant during pathological
activation of Myc. First, the DDR exerts a tumor suppres-
sive response that involves ATM, TIP60 and WIP1,
resulting in the activation of p53. This effect of the DDR
thus relies on p53 in order to restrains tumor develop-
ment. As such, this represents the classical concept of
OI-DDR generally associated with oncogene activation.
The second function of the Myc-induced DDR involves
the ATR/CHK1 pathway and has a completely different
biological consequence, since it is part of the proto-onco-
genic program that is activated in Myc overexpressing
cells. This tumor promoting DDR, activated to support
rather than suppress tumor development, acts to keep in
a latent state tumor suppressive responses that would be
otherwise toxic to cancer cells. This is one example of a
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number of cellular programs that are required to dampen
tumor suppressive responses: others are represented by
the need for cancer cells to have high levels/activity of
specific Cyclin/Cdk complexes [71-74]. This rewiring of
(pre)-cancerous cells to suppress tumor suppressive
responses makes them addicted to the activity of specific
pathways that are otherwise redundant in normal cells,
thus opening up new therapeutic opportunities.

Abbreviations
MYC: c-MYC; DDR: DNA damage response; OI: oncogene induced; OI-DDR:
oncogene induced DNA damage response; OI-RS: oncogene induced
replication stress; DSBs: DNA double-strand breaks; ssDNA: single stranded
DNA; PARP: Poly (ADP-ribose) polymerase.

Acknowledgements
Work in the Amati lab is supported by the EU-FP7 Program grants
EuroSyStem and MODHEP, by an Advanced Investigator Grant from the
European Research Council (ERC), and grants from the Association for
International Cancer Research (AICR), the Italian health ministry and the
Italian Association for Cancer Research (AIRC).

Author details
1Center for Genomic Science of IIT@SEMM, Istituto Italiano di Tecnologia
(IIT), Via Adamello 16, 20139 Milan, Italy. 2Department of Experimental
Oncology, European Institute of Oncology (IEO), at the IFOM-IEO Campus,
Via Adamello 16, 20139 Milan, Italy.

Authors’ contributions
SC and BA wrote the manuscript together. Both authors read and approved
the final manuscript.

Competing interests
The authors declare that they have no competing interests.

Received: 19 February 2012 Accepted: 28 February 2012
Published: 28 February 2012

References
1. Blackwood EM, Eisenman RN: Max: a helix-loop-helix zipper protein that

forms a sequence-specific DNA-binding complex with Myc. Science 1991,
251:1211-1217.

2. Amati B, Dalton S, Brooks MW, Littlewood TD, Evan GI, Land H:
Transcriptional activation by the human c-Myc oncoprotein in yeast
requires interaction with Max. Nature 1992, 359:423-426.

3. Kato GJ, Barrett J, Villa-Garcia M, Dang CV: An amino-terminal c-myc
domain required for neoplastic transformation activates transcription.
Mol Cell Biol 1990, 10:5914-5920.

4. Dominguez-Sola D, Ying CY, Grandori C, Ruggiero L, Chen B, Li M,
Galloway DA, Gu W, Gautier J, Dalla-Favera R: Non-transcriptional control
of DNA replication by c-Myc. Nature 2007, 448:445-451.

5. Bhatia K, Huppi K, Spangler G, Siwarski D, Iyer R, Magrath I: Point mutations
in the c-Myc transactivation domain are common in Burkitt’s lymphoma
and mouse plasmacytomas. Nat Genet 1993, 5:56-61.

6. Henriksson M, Bakardjiev A, Klein G, Luscher B: Phosphorylation sites
mapping in the N-terminal domain of c-myc modulate its transforming
potential. Oncogene 1993, 8:3199-3209.

7. Pulverer BJ, Fisher C, Vousden K, Littlewood T, Evan G, Woodgett JR: Site-
specific modulation of c-Myc cotransformation by residues
phosphorylated in vivo. Oncogene 1994, 9:59-70.

8. Shen-Ong GL, Keath EJ, Piccoli SP, Cole MD: Novel myc oncogene RNA
from abortive immunoglobulin-gene recombination in mouse
plasmacytomas. Cell 1982, 31:443-452.

9. Crews S, Barth R, Hood L, Prehn J, Calame K: Mouse c-myc oncogene is
located on chromosome 15 and translocated to chromosome 12 in
plasmacytomas. Science 1982, 218:1319-1321.

10. Dalla-Favera R, Bregni M, Erikson J, Patterson D, Gallo RC, Croce CM: Human
c-myc onc gene is located on the region of chromosome 8 that is
translocated in Burkitt lymphoma cells. Proc Natl Acad Sci USA 1982,
79:7824-7827.

11. Neel BG, Jhanwar SC, Chaganti RS, Hayward WS: Two human c-onc genes
are located on the long arm of chromosome 8. Proc Natl Acad Sci USA
1982, 79:7842-7846.

12. Taub R, Kirsch I, Morton C, Lenoir G, Swan D, Tronick S, Aaronson S,
Leder P: Translocation of the c-myc gene into the immunoglobulin
heavy chain locus in human Burkitt lymphoma and murine
plasmacytoma cells. Proc Natl Acad Sci USA 1982, 79:7837-7841.

13. Dalla-Favera R, Wong-Staal F, Gallo RC: Onc gene amplification in
promyelocytic leukaemia cell line HL-60 and primary leukaemic cells of
the same patient. Nature 1982, 299:61-63.

14. Collins S, Groudine M: Amplification of endogenous myc-related DNA
sequences in a human myeloid leukaemia cell line. Nature 1982,
298:679-681.

15. Payne GS, Courtneidge SA, Crittenden LB, Fadly AM, Bishop JM, Varmus HE:
Analysis of avian leukosis virus DNA and RNA in bursal tumours: viral
gene expression is not required for maintenance of the tumor state. Cell
1981, 23:311-322.

16. Hayward WS, Neel BG, Astrin SM: Activation of a cellular onc gene by
promoter insertion in ALV-induced lymphoid leukosis. Nature 1981,
290:475-480.

17. Weng AP, Millholland JM, Yashiro-Ohtani Y, Arcangeli ML, Lau A, Wai C, Del
Bianco C, Rodriguez CG, Sai H, Tobias J, et al: c-Myc is an important direct
target of Notch1 in T-cell acute lymphoblastic leukemia/lymphoma.
Genes Dev 2006, 20:2096-2109.

18. Gregory MA, Hann SR: c-Myc proteolysis by the ubiquitin-proteasome
pathway: stabilization of c-Myc in Burkitt’s lymphoma cells. Mol Cell Biol
2000, 20:2423-2435.

19. Sears R, Leone G, DeGregori J, Nevins JR: Ras enhances Myc protein
stability. Mol Cell 1999, 3:169-179.

20. Sears R, Nuckolls F, Haura E, Taya Y, Tamai K, Nevins JR: Multiple Ras-
dependent phosphorylation pathways regulate Myc protein stability.
Genes Dev 2000, 14:2501-2514.

21. Eischen CM, Weber JD, Roussel MF, Sherr CJ, Cleveland JL: Disruption of
the ARF-Mdm2-p53 tumor suppressor pathway in Myc-induced
lymphomagenesis. Genes Dev 1999, 13:2658-2669.

22. Zindy F, Eischen CM, Randle DH, Kamijo T, Cleveland JL, Sherr CJ,
Roussel MF: Myc signaling via the ARF tumor suppressor regulates p53-
dependent apoptosis and immortalization. Genes Dev 1998, 12:2424-2433.

23. Lowe SW, Cepero E, Evan G: Intrinsic tumour suppression. Nature 2004,
432:307-315.

24. Post SM, Quintas-Cardama A, Terzian T, Smith C, Eischen CM, Lozano G:
p53-dependent senescence delays Emu-myc-induced B-cell
lymphomagenesis. Oncogene 2009, 29:1260-1269.

25. Hemann MT, Bric A, Teruya-Feldstein J, Herbst A, Nilsson JA, Cordon-
Cardo C, Cleveland JL, Tansey WP, Lowe SW: Evasion of the p53 tumour
surveillance network by tumour-derived MYC mutants. Nature 2005,
436:807-811.

26. Schmitt CA, Fridman JS, Yang M, Baranov E, Hoffman RM, Lowe SW:
Dissecting p53 tumor suppressor functions in vivo. Cancer Cell 2002,
1:289-298.

27. Maclean KH, Kastan MB, Cleveland JL: Atm deficiency affects both
apoptosis and proliferation to augment Myc-induced lymphomagenesis.
Mol Cancer Res 2007, 5:705-711.

28. Pusapati RV, Rounbehler RJ, Hong S, Powers JT, Yan M, Kiguchi K,
McArthur MJ, Wong PK, Johnson DG: ATM promotes apoptosis and
suppresses tumorigenesis in response to Myc. Proc Natl Acad Sci USA
2006, 103:1446-1451.

29. Gorrini C, Squatrito M, Luise C, Syed N, Perna D, Wark L, Martinato F,
Sardella D, Verrecchia A, Bennett S, et al: Tip60 is a haplo-insufficient
tumour suppressor required for an oncogene-induced DNA damage
response. Nature 2007, 448:1063-1067.

30. Vafa O, Wade M, Kern S, Beeche M, Pandita TK, Hampton GM, Wahl GM: c-
Myc can induce DNA damage, increase reactive oxygen species, and
mitigate p53 function: a mechanism for oncogene-induced genetic
instability. Mol Cell 2002, 9:1031-1044.

Campaner and Amati Cell Division 2012, 7:6
http://www.celldiv.com/content/7/1/6

Page 8 of 10

http://www.ncbi.nlm.nih.gov/pubmed/2006410?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/2006410?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/1406955?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/1406955?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/2233723?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/2233723?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17597761?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17597761?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8220424?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8220424?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8220424?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8247524?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8247524?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8247524?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8302604?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8302604?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8302604?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/6819085?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/6819085?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/6819085?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7146913?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7146913?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7146913?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/6961453?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/6961453?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/6961453?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/6961456?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/6961456?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/6818551?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/6818551?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/6818551?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/6955596?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/6955596?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/6955596?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/6285209?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/6285209?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/6258797?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/6258797?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/6261142?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/6261142?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16847353?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16847353?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10713166?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10713166?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10078200?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10078200?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11018017?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11018017?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10541552?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10541552?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10541552?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9694806?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9694806?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15549092?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19935700?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19935700?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16094360?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16094360?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12086865?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17634425?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17634425?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16432227?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16432227?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17728759?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17728759?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17728759?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12049739?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12049739?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12049739?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12049739?dopt=Abstract


31. Ray S, Atkuri KR, Deb-Basu D, Adler AS, Chang HY, Herzenberg LA,
Felsher DW: MYC can induce DNA breaks in vivo and in vitro
independent of reactive oxygen species. Cancer Res 2006, 66:6598-6605.

32. Gao P, Zhang H, Dinavahi R, Li F, Xiang Y, Raman V, Bhujwalla ZM,
Felsher DW, Cheng L, Pevsner J, et al: HIF-dependent antitumorigenic
effect of antioxidants in vivo. Cancer Cell 2007, 12:230-238.

33. Felsher DW, Bishop JM: Transient excess of MYC activity can elicit
genomic instability and tumorigenesis. Proc Natl Acad Sci USA 1999,
96:3940-3944.

34. Reimann M, Loddenkemper C, Rudolph C, Schildhauer I, Teichmann B,
Stein H, Schlegelberger B, Dorken B, Schmitt CA: The Myc-evoked DNA
damage response accounts for treatment resistance in primary
lymphomas in vivo. Blood 2007, 110:2996-3004.

35. Shreeram S, Hee WK, Demidov ON, Kek C, Yamaguchi H, Fornace AJ Jr:
Anderson CW, Appella E, Bulavin DV: Regulation of ATM/p53-dependent
suppression of myc-induced lymphomas by Wip1 phosphatase. J Exp
Med 2006, 203:2793-2799.

36. Harper JW, Elledge SJ: The DNA damage response: ten years after. Mol
Cell 2007, 28:739-745.

37. Liyanage M, Weaver Z, Barlow C, Coleman A, Pankratz DG, Anderson S,
Wynshaw-Boris A, Ried T: Abnormal rearrangement within the alpha/delta
T-cell receptor locus in lymphomas from Atm-deficient mice. Blood 2000,
96:1940-1946.

38. Korz C, Pscherer A, Benner A, Mertens D, Schaffner C, Leupolt E, Dohner H,
Stilgenbauer S, Lichter P: Evidence for distinct pathomechanisms in B-cell
chronic lymphocytic leukemia and mantle cell lymphoma by
quantitative expression analysis of cell cycle and apoptosis-associated
genes. Blood 2002, 99:4554-4561.

39. Adams JM, Harris AW, Pinkert CA, Corcoran LM, Alexander WS, Cory S,
Palmiter RD, Brinster RL: The c-myc oncogene driven by immunoglobulin
enhancers induces lymphoid malignancy in transgenic mice. Nature
1985, 318:533-538.

40. Sun Y, Jiang X, Chen S, Fernandes N, Price BD: A role for the Tip60 histone
acetyltransferase in the acetylation and activation of ATM. Proc Natl Acad
Sci USA 2005, 102:13182-13187.

41. van Attikum H, Gasser SM: Crosstalk between histone modifications
during the DNA damage response. Trends Cell Biol 2009, 19:207-217.

42. Squatrito M, Gorrini C, Amati B: Tip60 in DNA damage response and
growth control: many tricks in one HAT. Trends Cell Biol 2006, 16:433-442.

43. Kusch T, Florens L, Macdonald WH, Swanson SK, Glaser RL, Yates JR:
Abmayr SM, Washburn MP, Workman JL: Acetylation by Tip60 is
required for selective histone variant exchange at DNA lesions. Science
2004, 306:2084-2087.

44. Bryant HE, Schultz N, Thomas HD, Parker KM, Flower D, Lopez E, Kyle S,
Meuth M, Curtin NJ, Helleday T: Specific killing of BRCA2-deficient
tumours with inhibitors of poly(ADP-ribose) polymerase. Nature 2005,
434:913-917.

45. Hoglund A, Stromvall K, Li Y, Forshell LP, Nilsson JA: Chk2 deficiency in
Myc overexpressing lymphoma cells elicits a synergistic lethal response
in combination with PARP inhibition. Cell Cycle 2011, 10:3598-3607.

46. Reaper PM, Griffiths MR, Long JM, Charrier JD, Maccormick S, Charlton PA,
Golec JM, Pollard JR: Selective killing of ATM- or p53-deficient cancer
cells through inhibition of ATR. Nat Chem Biol 2011, 7:428-430.

47. Bartkova J, Horejsi Z, Koed K, Kramer A, Tort F, Zieger K, Guldberg P,
Sehested M, Nesland JM, Lukas C, et al: DNA damage response as a
candidate anti-cancer barrier in early human tumorigenesis. Nature 2005,
434:864-870.

48. Bartkova J, Rezaei N, Liontos M, Karakaidos P, Kletsas D, Issaeva N,
Vassiliou LV, Kolettas E, Niforou K, Zoumpourlis VC, et al: Oncogene-
induced senescence is part of the tumorigenesis barrier imposed by
DNA damage checkpoints. Nature 2006, 444:633-637.

49. Di Micco R, Fumagalli M, Cicalese A, Piccinin S, Gasparini P, Luise C,
Schurra C, Garre M, Nuciforo PG, Bensimon A, et al: Oncogene-induced
senescence is a DNA damage response triggered by DNA hyper-
replication. Nature 2006, 444:638-642.

50. Amati B, Alevizopoulos K, Vlach J: Myc and the cell cycle. Front Biosci 1998,
3:d250-d268.

51. Liu YC, Li F, Handler J, Huang CR, Xiang Y, Neretti N, Sedivy JM, Zeller KI,
Dang CV: Global regulation of nucleotide biosynthetic genes by c-Myc.
PLoS One 2008, 3:e2722.

52. Pichierri P, Ammazzalorso F, Bignami M, Franchitto A: The Werner
syndrome protein: linking the replication checkpoint response to
genome stability. Aging (Albany NY) 2011, 3:311-318.

53. Sidorova JM, Li N, Folch A, Monnat RJ Jr: The RecQ helicase WRN is
required for normal replication fork progression after DNA damage or
replication fork arrest. Cell Cycle 2008, 7:796-807.

54. Robinson K, Asawachaicharn N, Galloway DA, Grandori C: c-Myc accelerates S-
phase and requires WRN to avoid replication stress. PLoS One 2009, 4:e5951.

55. Grandori C, Wu KJ, Fernandez P, Ngouenet C, Grim J, Clurman BE,
Moser MJ, Oshima J, Russell DW, Swisshelm K, et al: Werner syndrome
protein limits MYC-induced cellular senescence. Genes Dev 2003,
17:1569-1574.

56. Moser R, Toyoshima M, Robinson K, Gurley KE, Howie HL, Davison J,
Morgan M, Kemp CJ, Grandori C: MYC-driven tumorigenesis is inhibited
by WRN syndrome gene deficiency. Mol Cancer Res 2012.

57. Bester AC, Roniger M, Oren YS, Im MM, Sarni D, Chaoat M, Bensimon A,
Zamir G, Shewach DS, Kerem B: Nucleotide deficiency promotes genomic
instability in early stages of cancer development. Cell 2011, 145:435-446.

58. Mannava S, Grachtchouk V, Wheeler LJ, Im M, Zhuang D, Slavina EG,
Mathews CK, Shewach DS, Nikiforov MA: Direct role of nucleotide
metabolism in C-MYC-dependent proliferation of melanoma cells. Cell
Cycle 2008, 7:2392-2400.

59. Cimprich KA, Cortez D: ATR: an essential regulator of genome integrity.
Nat Rev Mol Cell Biol 2008, 9:616-627.

60. Lopez-Contreras AJ, Fernandez-Capetillo O: The ATR barrier to replication-
born DNA damage. DNA Repair (Amst) 2010, 9:1249-1255.

61. Brown EJ, Baltimore D: Essential and dispensable roles of ATR in cell
cycle arrest and genome maintenance. Genes Dev 2003, 17:615-628.

62. de Klein A, Muijtjens M, van Os R, Verhoeven Y, Smit B, Carr AM,
Lehmann AR, Hoeijmakers JH: Targeted disruption of the cell-cycle
checkpoint gene ATR leads to early embryonic lethality in mice. Curr Biol
2000, 10:479-482.

63. Takai H, Tominaga K, Motoyama N, Minamishima YA, Nagahama H,
Tsukiyama T, Ikeda K, Nakayama K, Nakanishi M: Aberrant cell cycle
checkpoint function and early embryonic death in Chk1(-/-) mice. Genes
Dev 2000, 14:1439-1447.

64. Murga M, Bunting S, Montana MF, Soria R, Mulero F, Canamero M, Lee Y,
McKinnon PJ, Nussenzweig A, Fernandez-Capetillo O: A mouse model of
ATR-Seckel shows embryonic replicative stress and accelerated aging.
Nat Genet 2009, 41:891-898.

65. Murga M, Campaner S, Lopez-Contreras AJ, Toledo LI, Soria R, Montana MF,
D’Artista L, Schleker T, Guerra C, Garcia E, et al: Exploiting oncogene-
induced replicative stress for the selective killing of Myc-driven tumors.
Nat Struct Mol Biol 2011, 18:1331-1335.

66. Hoglund A, Nilsson LM, Muralidharan SV, Hasvold LA, Merta P, Rudelius M,
Nikolova V, Keller U, Nilsson JA: Therapeutic implications for the induced
levels of Chk1 in Myc-expressing cancer cells. Clin Cancer Res 2011,
17:7067-7079.

67. Schoppy DW, Ragland RL, Gilad O, Shastri N, Peters AA, Murga M,
Fernandez-Capetillo O, Diehl JA, Brown EJ: Oncogenic stress sensitizes
murine cancers to hypomorphic suppression of ATR. J Clin Invest 2012,
122:241-252.

68. Gilad O, Nabet BY, Ragland RL, Schoppy DW, Smith KD, Durham AC,
Brown EJ: Combining ATR suppression with oncogenic Ras synergistically
increases genomic instability, causing synthetic lethality or
tumorigenesis in a dosage-dependent manner. Cancer Res 2010,
70:9693-9702.

69. Ferrao PT, Bukczynska EP, Johnstone RW, McArthur GA: Efficacy of CHK
inhibitors as single agents in MYC-driven lymphoma cells. Oncogene
2011, doi: 10.1038/onc.2011.358.

70. Cole KA, Huggins J, Laquaglia M, Hulderman CE, Russell MR, Bosse K,
Diskin SJ, Attiyeh EF, Sennett R, Norris G, et al: RNAi screen of the protein
kinome identifies checkpoint kinase 1 (CHK1) as a therapeutic target in
neuroblastoma. Proc Natl Acad Sci USA 2011, 108:3336-3341.

71. Campaner S, Doni M, Hydbring P, Verrecchia A, Bianchi L, Sardella D,
Schleker T, Perna D, Tronnersjo S, Murga M, et al: Cdk2 suppresses cellular
senescence induced by the c-myc oncogene. Nat Cell Biol 2010, 12:54-59,
sup pp 51-14.

72. Puyol M, Martin A, Dubus P, Mulero F, Pizcueta P, Khan G, Guerra C,
Santamaria D, Barbacid M: A synthetic lethal interaction between K-Ras

Campaner and Amati Cell Division 2012, 7:6
http://www.celldiv.com/content/7/1/6

Page 9 of 10

http://www.ncbi.nlm.nih.gov/pubmed/16818632?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16818632?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17785204?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17785204?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10097142?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10097142?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17562874?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17562874?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17562874?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17158963?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17158963?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18082599?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10961898?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10961898?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12036888?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12036888?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12036888?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12036888?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/3906410?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/3906410?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16141325?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16141325?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19342239?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19342239?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16904321?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16904321?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15528408?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15528408?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15829966?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15829966?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/22030621?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/22030621?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/22030621?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21490603?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21490603?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15829956?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15829956?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17136093?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17136093?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17136093?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17136094?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17136094?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17136094?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9468463?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18628958?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18250621?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18250621?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18250621?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19554081?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19554081?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12842909?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12842909?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21529715?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21529715?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18677108?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18677108?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18594563?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12629044?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12629044?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10801416?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10801416?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10859163?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10859163?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19620979?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19620979?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/22120667?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/22120667?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21933891?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21933891?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/22133876?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/22133876?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21098704?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21098704?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21098704?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21289283?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21289283?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21289283?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20010815?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20010815?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20609353?dopt=Abstract


oncogenes and Cdk4 unveils a therapeutic strategy for non-small cell
lung carcinoma. Cancer Cell 2010, 18:63-73.

73. Anders L, Ke N, Hydbring P, Choi YJ, Widlund HR, Chick JM, Zhai H, Vidal M,
Gygi SP, Braun P, Sicinski P: A systematic screen for CDK4/6 substrates
links FOXM1 phosphorylation to senescence suppression in cancer cells.
Cancer Cell 2011, 20:620-634.

74. Lin HK, Chen Z, Wang G, Nardella C, Lee SW, Chan CH, Yang WL, Wang J,
Egia A, Nakayama KI, et al: Skp2 targeting suppresses tumorigenesis by
Arf-p53-independent cellular senescence. Nature 2010, 464:374-379.

doi:10.1186/1747-1028-7-6
Cite this article as: Campaner and Amati: Two sides of the Myc-induced
DNA damage response: from tumor suppression to tumor maintenance.
Cell Division 2012 7:6.

Submit your next manuscript to BioMed Central
and take full advantage of: 

• Convenient online submission

• Thorough peer review

• No space constraints or color figure charges

• Immediate publication on acceptance

• Inclusion in PubMed, CAS, Scopus and Google Scholar

• Research which is freely available for redistribution

Submit your manuscript at 
www.biomedcentral.com/submit

Campaner and Amati Cell Division 2012, 7:6
http://www.celldiv.com/content/7/1/6

Page 10 of 10

http://www.ncbi.nlm.nih.gov/pubmed/20609353?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20609353?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/22094256?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/22094256?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20237562?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20237562?dopt=Abstract

	Abstract
	Review
	c-MYC
	Myc activation elicits cell intrinsic tumor suppressive mechanisms
	1. The ARF/MDM2/p53 pathway
	2. The myc-induced DNA damage response

	Therapeutic implications of the evasion of DDR dependent tumor suppressive responses
	The concept of oncogene induced replicative stress (OI-RS)
	Myc ensures proliferative advantage by coping with replicative stress
	1. Myc-induced DNA replication
	2. How is myc-induced DDR activated during DNA replication?
	3. Myc overexpressing cells balance replication stress with S-phase progression

	Exploiting replication stress to design novel anti-cancer therapies
	Concluding remarks

	Acknowledgements
	Author details
	Authors' contributions
	Competing interests
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 500
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 500
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


