
Abstract. Cancer is a condition characterized by genomic
instability and gross chromosomal aberrations. The inability
of the cell to timely and efficiently complete its replication
cycle before entering mitosis is one of the most common
causes of DNA damage and carcinogenesis. Phosphorylation
of histone 2AX (H2AX) on S139 (γH2AX) is an indispensable
step in the response to DNA damage, as it is required for the
assembly of repair factors at the sites of damage. γH2AX is
also a marker of DNA replication stress, mainly due to fork
collapse that often follows prolonged replication stalling or
repair of arrested forks, which involves the generation of
DNA breaks. Although the role of γH2AX in the repair of
DNA breaks has been well defined, the function of γH2AX
in replicative stress remains unclear. In this review, we
present the recent advances in the field of replication stress,
and highlight a novel function for γH2AX that is independent
of its role in the response to DNA damage. We discuss
studies that support a role for γΗ2ΑΧ early in the response
to replicative stress, which does not involve the repair of
DNA breaks. We also highlight recent data proposing that
γH2AX acts as a chromatin remodeling component,
implicated in the efficient resolution of stalled replication

forks. Understanding the mechanism by which γH2AX
enables cellular recovery after replication stress will allow
identification of novel cancer biomarkers, as well as new
targets for cancer therapies.

DNA replication is the molecular process that allows the
faithful and timely duplication of the cell’s genome (1). In
contrast to budding yeast, where DNA replication originates
at AT-rich sequences, metazoan origins of replication have
not yet been fully characterized. Metazoan cells have an
enormous number of replication origins that are licensed for
replication prior to S-phase. However, only a few of them
will be used, allowing the flowless and on-time replication
of the genome well before entering the mitotic phase.
Initiation of DNA replication occurs in two steps. At first,
replication origins are licensed by the assembly of a series
of protein factors that form the pre-replication complex (pre-
RC). Then, only a few of the licensed origins will be
activated, by forming a second protein complex called the
pre-initiation complex (pre-IC), which will then allow the
synthesis of DNA to proceed (1, 2). Therefore, there is a high
degree of flexibility in replication origin activation, allowing
cells to perpetually adapt to alterations in their gene
expression programs and stage of differentiation. 

There is a series of challenges of both intracellular and
extracellular origin that may contribute to replication fork
slowing, stalling, or even collapsing, causing DNA
replication stress. The main endogenous sources of
replication stress include conflicts between replication and
transcription, as well as the presence of difficult-to-replicate
genomic regions. These regions may include G4-rich motifs
or repetitive and heterochromatic sequences, such as
centromeric, telomeric and ribosomal DNA (rDNA)
sequences (3, 4). Replication stress can also be caused by
defects in chromatin assembly, activation of oncogenes that
may modify the origin usage program of the cell, free
radicals such as the reactive oxygen species (ROS) and
exogenous factors, like UV-light or genotoxic chemicals. The
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cell, however, possesses a well-organized cascade of factors
to respond to replicative stress, allowing it to repair any
genomic damage that might have been caused before or
during replication and, most importantly, resume replication
before completing mitosis (2, 3, 5–7). This mechanism is
essential for preventing the transformation of healthy cells
into cancerous ones.

The response to stalled replication forks includes a
significant number of protein factors that may also be used as
markers of replicative stress. Histone 2AX (H2AX) is a
mammalian variant of histone 2A that, depending on the cell
type, accounts for up to 25% of total H2A (8). Following
DNA damage, H2AX is phosphorylated on its
carboxyterminal end, specifically on serine 139, to generate
γH2AX (9). H2AX is phosphorylated by kinases of the
phosphoinositide 3-kinase (PI3K) family and, in case of DNA
damage caused by replication stress, it is mainly
phosphorylated by the ataxia telangiectasia and Rad3-related
(ATR) kinase (10,  11). Once γH2AX is formed on chromatin,
it binds to mediator of DNA damage checkpoint 1 (Mdc1),
which in turn amplifies further the phosphorylation of H2AX
at the γ-site, extending the γH2AX signal up to a megabase
away from the site of damage, spanning both sides of the
damaged site. The assembly of the Mdc1-γH2AX complex is
then followed by the attraction of DNA repair factors, the
most important being the Mre11-Rad51-Nbs1 (MRN)
complex, breast cancer 1 (BRCA1) and p53-binding protein 1
(53BP1) (12-14). γH2AX is considered to give time to the
repair factors to function by holding the broken ends of DNA
open (15). H2AX-defective mice are viable, but growth
retarded and prone to genomic instability and cancer (16). This
indicates that γ-H2AX in not essential for cell viability, but is
required for the faithful and prompt repair of DNA damage.
Taken together, γΗ2ΑΧ has been shown to serve as an
indispensable factor for the efficient repair of DNA breaks. 

γH2AX phosphorylation is also an indispensable
component of the response to replicative stress (11). This
may be attributed to the fact that replication stalling is often
followed by fork reversal and collapse, leading to the
generation of DNA breaks that activate the DNA damage
response, causing γH2AX phosphorylation. Although this is
a well-established theory to explain the replication stress-
induced γH2AX, there have been older studies that
elaborated the presence of this marker in the absence of
DNA breaks (17, 18). In this review we present all the recent
data that highlight the importance of γΗ2ΑΧ in the response
to replication stress. We also examined whether γH2AX
phosphorylation is an early step in the response to replication
stress, prior to fork collapse and the formation of DNA
breaks, and whether it can serve as a reliable molecular
marker of cancer. Our review sheds light on a new function
of γH2AX that is independent of its well-established role in
the repair of double-stranded DNA breaks.

Recent Developments in Replication Stress

Replication stalling produces long stretches of single-stranded
DNA (ssDNA) that attract the ssDNA binding replication
protein A (RPA) (4). RPA-bound ssDNA acts as a signaling
platform to recruit the ataxia telangiectasia-mutated and Rad-
3-related interacting protein (ATRIP) and ATR. Activation of
ATR leads to a series of phosphorylation events on many
proteins, including H2AX at Ser139, RPA and Checkpoint 1
(Chk1) kinase (3, 4). The ATR-Chk1 pathway is the main
pathway activated by stalled replication forks, preventing late
origin firing and leading to a timely cell-cycle arrest in S-
phase. This allows the cell to unblock the stalled replication
forks, resolve DNA replication and repair DNA damage before
it enters the mitotic phase. In case this is not feasible, the cell
will enter mitosis with DNA breaks and incompletely
replicated DNA, causing a defective mitotic cycle characterized
by chromosome breaks, bridges and micronuclei (3, 19). Such
defects result in significant genomic instability, which
constitutes the driving force of cancer (20).

Sources of replication stress. Replication stress is mainly
caused by intracellular factors, such as replication-
transcription conflicts and DNA synthesis at difficult-to
replicate loci, inducing RNA:DNA hybrids called R-loops,
secondary DNA structures and stalled replication forks (4,
21, 22). This often leads to incomplete firing of replication
origins or, alternatively, to the simultaneous activation of an
excessive number of origins, which may lead to exhaustion
of replication factors (3). In fact, depletion of proteins
involved in the process of replication is a frequent cause of
replication stress. The most common factor that is often
exhausted in case of massive origin activation is RPA,
mainly due to its role in protecting ssDNA by binding to it
(23). Moreover, excessive origin firing has been recently
shown to be associated with increased mitotic spindle
growth, leading to improper chromosome segregation and
significant chromosomal instability (24).

A recent study by the group of Jiri Bartek revealed a new
source of replication stress (25). By using inhibitors of
poly(ADP-ribose) polymerase (PARP), a chromatin-
associated enzyme that modifies nuclear proteins involved in
DNA repair, Maya-Mendoza et al. managed to speed up the
process of DNA replication and showed that accelerated
replication may result in DNA damage instead of causing
replication pausing. This is an important finding, as it reveals
that the cell is capable of controlling the speed of DNA
replication, ensuring the faithful and prompt duplication of
its genome. Moreover, high-speed replication can be the
driving force of replication factor exhaustion that often
causes replicative stress.

Replication stalling can also be caused by topoisomerase
inefficiency that consequently produces a topological stress.
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A recent study in S. cerevisiae showed that cohesin, a protein
that is involved in sister chromatid cohesion, may induce
topological stress and therefore impede the repair of the
damage induced by replication stress (26). Another important
work using the budding yeast as a model was the study by
Salim et al. This study showed that replication stress may
cause S. cerevisiae to progressively shorten its rDNA array
(27). rDNA is a long repetitive genomic sequence composed
of a large number of tandem repeats that is overall prone to
replicative stress. The study revealed that contraction of the
rDNA array is a physiological response to replication stress,
as it liberates replication stress factors that may then be used
in other parts of the genome. Finally, another recent study in
yeast, where a site-specific DNA replication barrier of
bacterial origin was used, revealed that unresolved replication
stress may lead to DNA deletions, as well as duplications (28).

An important advance in the field of replication stress was
the finding that heads-on collisions between transcription and
replication are regulated by Topoisomerase I (Top1), which
acts to prevent genomic instability (29). The group of
Philippe Pasero showed that Top1 is necessary for replication
fork pausing at the transcription terminators of actively
transcribing genes. This mechanism protects from
transcription-replication collisions and allows efficient
resolution of DNA replication, therefore preventing fork
collapse, DNA damage and chromosome breaks. In addition,
reactive oxygen species (ROS) were recently shown to
induce replicative stress by enhancing replication-
transcription conflicts and R-loop formation (30). Moreover,
the group of Valeria Naim identified Senataxin (SETX), an
RNA:DNA helicase involved in the resolution of R-loops, as
a factor protecting cells from transcription-associated
replication stress (31). Collectively, the aforementioned
studies confirmed the existing causes of replicative stress and
enabled us to comprehend their underlying mechanisms.

Novel factors involved in the resolution of replication stress.
Recent developments in the field of DNA replication stress
include the discovery of a series of novel DNA repair factors
(summarized in Table I). The Zinc-finger protein ZFP161 is a
transcription regulator found to mediate the interaction
between RPA and ATR/ATRIP in response to replicative stress
(32). In addition to that, the group of Kristijan Ramadan
showed that the metalloendopeptidase SPRTN (SPR T-line N-
terminal domain) is involved in the resolution of stalled forks
by interacting with Chk1 and activating the ATR-Chk1
pathway (33). Moreover, Zhu et al. demonstrated that RPA
binding to chromatin is mediated by the histone
methyltransferase SETD2 (34). Histone methylation was
shown to be essential for the activation of the ATR signaling
pathway. Another factor that was recently reported to be
involved in replication fork restart is N-methyl D-aspartate
receptor synaptonuclear signaling and neuronal migration
factor (NSMF). This protein, involved in neuronal plasticity
and development, was shown to have a role in the ATR/ATRIP
pathway by allowing the interaction between RPA and ATRIP
on single-stranded DNA produced by stalled forks (35).
Replication fork integrity was also shown to be achieved by
the MCM8/9 complex (36). MCM8/9, which acts as a helicase
for homologous recombination, plays an unexpected role in
protecting stalled replication forks, maintaining genomic
stability under conditions of replicative stress.

Ribonucleotide reductase (RNR) is another factor recently
implicated in the response to DNA replication stalling (37).
RNR is an enzyme involved in nucleotide synthesis and is
phosphorylated on S559. Defective RNR phosphorylation was
shown to lead to replication stress and subsequent genomic
instability. Another enzyme that was recently shown to play a
role in the resolution of arrested forks is USP13. This is a
deubiquitinating enzyme shown to interact with and stabilize
topoisomerase IIβ-binding protein 1 (TopBP1), a protein with
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Table I. List of novel factors involved in the response to DNA replication stress.

Factor                                    Name                                                                                           Function                                                              Reference

ZFP161                                 Zinc finger protein 161                                                              Transcription regulator                                             32
SPRTN                                 SPR T-line N-terminal domain                                                  Metalloendopeptidase                                               33
NSMF                                   N-methyl D-aspartate receptor synaptonuclear                        Neuron development factor                                      35
                                             signaling and neuronal migration factor
RNR                                      Ribonucleotide reductase                                                           Nucleotide synthesis enzyme                                   37
USP13                                  Ubiquitin-specific protease 13                                                   Deubiquitinating enzyme                                         38
Polι                                       DNA polymerase iota                                                                 DNA synthesis enzyme                                            39
CRMP2                                 Collapsin response mediator protein-2                                      Neuron development factor                                      40
BTR complex                       BLM-TOP3A-RMI1-RMI2 complex                                         Homologous recombination factor                          41
PP2A                                    Protein phosphatase 2A                                                              Protein phosphatase                                                  42
SETD2                                  Suppressor of variegation, enhancer of zeste                           Histone methyltransferase                                        34
                                             and Trithorax domain containing 2
MCM8/9                               Mini-chromosome maintenance 8/9                                          Helicase                                                                     36



a well-known role in the response to replicative stress (38).
Amongst the novel components in this type of response is also
DNA polymerase iota (Pol ι). In a study to reveal the factors
that compensate for the absence of the Fanconi anemia (FA)
pathway, Wang et al. showed that Pol ι is an indispensable
factor for the resolution of stalled replication forks in the
absence of a functional FA pathway (39).

A recent study by the Loizou lab revealed a role for a new
factor, called Collapsin response mediator protein-2
(CRMP2), in the cellular response to replication stress (40).
By using a phosphoproteomics approach based on mass
spectrometry, they showed that aphidicolin-induced
replication stress leads to S522 phosphorylation of CRMP2
in an ATM/ATMIN dependent manner. Given that CRMP2
is massively phosphorylated at S522 in Alzheimer’s patients,
this indicates that the cellular damage observed in the brain
of Alzheimer’s patients may be, at least partially, attributed
to replication stress. Amongst other factors that have been
recently studied is the BTR complex, composed of the
Bloom syndrome helicase (BLM), topoisomerase IIIα and
RecQ mediated instability proteins 1 and 2 (41). Although
this complex has an essential role in homologous
recombination, the study by Shorrocks et al. showed that the
BTR complex is indispensable for recruiting BLM at sites of
fork restart, via the single-stranded DNA binding protein
RPA. Finally, a study in budding yeast revealed that protein
phosphatase 2A (PP2A), a protein that contributes to mitotic
arrest by dephosphorylating key regulators of the cell cycle,
is a factor that prevents anaphase entry prior to resolution of
arrested forks, rendering PP2A an indispensable factor for
preventing genomic instability (42).

Non-coding RNAs and replication stress. Non-coding RNAs
have been shown to have a role in the response to DNA
damage, as they are involved in the assembly of DNA repair
foci (43). Moreover, the miRNA pathway was shown to be
indispensable for the response to replication stress, as
depletion of Dicer led to inhibition of the S-phase
checkpoint, allowing the cells to enter mitosis with under-
replicated DNA (44). A study by the group of Nick
Proudfoot showed that inactivation of the RNA polymerase
II-associated histone chaperone SPT6 leads to H3K36me3 of
long non-coding RNA (lncRNA) genes, leading to the
production of very long lncRNA transcripts that hybridize
with single-stranded DNA, causing the formation of R-loops
and subsequent replication stress (45). A similar study
showed that ncRNA transcription from repetitive centromeric
sequences may cause conflicts with DNA replication, in the
absence of the centromeric H3 variant CENP-A (46). On the
other hand, another study revealed a novel lncRNA called
Discn that has a determining role in the resolution of stalled
replication forks (47). Discn functions by binding to
nucleolin, an RPA-interacting protein, preserving the pool of

RPA for the response to replication stress. Taken together,
these data show that ncRNAs have a role in protecting the
cell from replicative stress, however, in some cases the
expression of lncRNAs may provoke replication stalling and
genomic instability.

The Role of γH2AX in Replication Stress: Recent
Advances

γΗ2ΑΧ is a widely established chromatin signal of DNA
damage. Given that DNA replication stress, if unresolved,
results in fork collapse and DNA breaks, γH2AX may serve
as a marker of replicative stress (11). An appropriate cellular
model for studying replication-related γH2AX
phosphorylation is the use of stem cells, which often show
constitutive replication stress. For example, old hematopoietic
stem cells (HSCs) characterized by DNA replication defects,
show intense γH2AX staining in the nucleolus that can be
attributed to inefficient H2AX dephosphorylation by the
corresponding phosphatase, highlighting the persistent
replication stress observed in rDNA genes (48). A study by
Ahuja et al. showed that cultured embryonic stem cells are
positive for several markers of replication stress, including
γH2AX, in the absence of any treatment (49). In this study,
constitutive replication stress was attributed to a rapid G1-to-
S transition. Another recent work in which γH2AX served as
a marker of replication stress is the study by Vallabhaneni et
al., where induced pluripotent stem cells (iPSCs) that perform
rapid replication cycles were used (50). The iPSCs showed
massive amounts of phosphorylated H2AX at S139, a result
of excessive levels of double-stranded DNA breaks as a
consequence of high-speed replication. This study is in line
with the work by Maya-Mendoza et al. presented above,
which showed that accelerated replication contributes to
replication stress. 

A thorough genome-wide analysis of the sites that develop
the γH2AX signal following replication stress was performed
by the group of Weihang Chai. In this study, replication stress
was induced by chemical agents (aphidicolin, hydroxyurea and
methyl methanesulfonate) and γH2AX sites were mapped
using CHIP sequencing (CHIP-seq) (51). The study verified
that replication stress is induced at difficult-to-replicate loci,
such as large genes and common fragile sites. In addition, it
revealed replication stress hotspots in short interspersed
nuclear elements (SINEs), but not in long interspersed nuclear
elements (LINEs), long terminal repeats (LTRs) or other DNA
transposable elements. Moreover, replication stress-induced
γH2AX hotspots were identified in chromatin with compact
characteristics, as the γH2AX hotspots coincided with
heterochromatic epigenetic markers, such as H3K27me3 and
H3K9me3. This study provides a global view of the genomic
regions that are prone to replication stalling, verifying
expected hotspots and revealing new ones.
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A similar work also based on γH2AX CHIP-Seq led to the
identification of the transcription regulator bromodomain-
containing protein 4 (BRD4) as a new contributor in the
resolution of transcription-replication collisions, R-loops and
therefore DNA replication stress (52). This study made use
of the γH2AX marker to identify sites of R-loop-induced
replication stress in the absence of BRD4. Taken together,
the studies based on γΗ2ΑΧ CHIP-Seq may serve as a
guide for identifying novel sites of genomic instability
induced by replicative stress.

γH2AX phosphorylation independent of replication stress-
induced DNA breaks. It is widely accepted that phosphorylation
of H2AX is a consequence of double-stranded DNA break
formation caused by replication fork reversal, repair, or collapse.
However, there is accumulating evidence that Η2ΑΧ may be
phosphorylated prior or independently of DNA break formation
(17, 53). Katsube et al. performed a study to investigate whether
replication stress-induced γH2AX phosphorylation is a result of
double-stranded DNA break formation (54). The group
investigated the DNA damage response to ionizing radiation,
which induces double-stranded DNA breaks, and to hydrogen
peroxide that causes oxidative stress and subsequently
replicative stress. They reported that oxidative stress-induced
γΗ2ΑΧ was observed in two phases, with wide nuclear foci
appearing soon after treating the cells with hydrogen peroxide,
some of which reappeared 24 h after the treatment. The γ-
phosphorylation of H2AX was dependent on ATR, suggesting
that this response was induced by stalled replication forks. Most
of the oxidative stress-induced γH2AX foci did not colocalize
with phospho-ATM or 53BP1, supporting the idea that this type
of Η2ΑΧ phosphorylation is not induced by the formation of
double-stranded DNA breaks. This study therefore supports the
idea that ATR-dependent phosphorylation of H2AX at S139
takes place prior and independently of the formation of double-
stranded DNA breaks.

Another study that identified a new role for γΗ2ΑΧ in
DNA replication stress is the work by the group of Barry
Sleckman. This group found that γH2AX prevents fork
reversal at sites of stalled replication forks and inhibits the
activation of a DNA damage response (55). They also showed
that H2AX functions along with the XRCC4-like factor
(XLF), an unexpected finding since XLF is a critical factor
in non-homologous end joining and the repair of double-
stranded DNA breaks. Moreover, H2AX and XLF double
mutant cells exhibited an absolute requirement of ATR for the
resolution of replication stress and survival. Taken together,
this study presents a role for γH2AX well before fork
collapse and formation of DNA breaks, supporting the idea
that γ-phosphorylation of H2AX in replication stress is
required before the DNA damage-induced response.

Another study that clearly addressed the question of
whether γ-phosphorylation of H2AX marks stalled forks

independently of its role in the resolution of double-strand
DNA breaks, was the work by Moeglin et al. This study
demonstrated that excessive replication stress induces pan-
nuclear phosphorylation of H2AX at S139, mediated by
DNA-dependent protein kinase (DNA-PK) (56). This work
is in line with previous studies showing that kinase
overactivation may result in a pan-nuclear pattern of γH2AX
phosphorylation (17, 53). In the study by Moeglin et al., the
γΗ2ΑΧ signal coincided with the hyperphosphorylation of
the single-stranded binding protein RPA. It is therefore
tempting to speculate that γ-phosphorylation of H2AX in
stalled replication forks derives from kinase overactivation
that does not only phosphorylate DNA-bound RPA but also
H2AX, located at the stalled forks. This is another study
providing evidence that γΗ2ΑΧ is not only a marker of
double-stranded DNA breaks, but can also serve as a signal
of replication stress independently of DNA damage.

The effect of γΗ2ΑΧ on chromatin and nuclear restructuring.
γ-Phosphorylation of H2AX is a nuclear response required for
the effective repair of DNA damage. Moreover, chromatin needs
to become reorganized in order to respond to problems related
to DNA replication (57). However, the way by which γH2AX
functions in the resolution of stalled replication forks is still
unclear. Singh et al. revealed that lamins A and C, two structural
proteins that determine the shape of the nucleus, are required for
the efficient response to replication stress (58). Using lamin A/C-
deficient cells, the study illustrated that a nuclear lamin network
serves as a platform for resolving stalled replication forks. In
particular, by inducing replication stress with hydroxyurea, in the
absence of lamin A/C, they identified a delay in γH2AX foci
clearance and defective recruitment of repair factors onto
replication foci. They also demonstrated increased genomic
instability following replication stress in the absence of lamin
proteins, by identifying a significant number of triradial
chromosomes. Given that in the absence of Lamin A/C
persistence of γH2AX on chromatin prevents the binding of
DNA repair factors, this work also supports the idea that γ-
phosphorylation of H2AX following replication stalling is
induced prior to DNA damage and is not only involved in the
repair of DNA breaks. Collectively, these results show that the
shaping of the nucleus is an important requirement for the
efficient resolution of stalled replication forks and that this
process involves components such as Lamins and γΗ2ΑΧ.

Another important finding regarding the role of γ-
phosphorylation of H2AX on replicative stress comes from
the study by Kim et al., where they demonstrate that γH2AX
phosphorylation is followed by the deposition of the
macroH2A1.2 histone variant at sites of stalled replication
forks (59). MacroH2A1.2 binding to chromatin depends on
the Facilitates Chromatin Transcription (FACT) complex and
results in attracting the homologous recombination factor
BRCA1. The accumulation of macroH2A1.2 on chromatin
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following replication stress spans several hundred kilobases
and therefore acts, similar to γH2AX, as a platform for
attracting DNA repair factors. Overall, this study reveals a
determining role for macroH2A1.2 in the resolution of
stalled replication forks and further supports a role for
γH2AX in the response to replication stress, independent of
its role in the resolution of DNA breaks.

Another study that examined the role of H2AX in chromatin
restructuring prior to the response to replication stress, was the
work by Seo et al. (60). H2AX and its consequent γ-
phosphorylation were found enriched in subtelomeric and early
replicating fragile sites that are characterized by high
transcriptional activity and therefore open chromatin
environment. However, and in contrast to the genome-wide
study by Lyu et al. (51), heterochromatic regions that contain
common fragile sites were not found to be enriched in H2AX
(60). This study also revealed the colocalization of H2AX with
the chromatin remodeling factor INO80 under conditions of
replication stress, suggesting a potential role for INO80 in the
removal of γΗ2ΑΧ and its replacement by non-
phosphorylated H2AX. Taken together, this study supports an
H2AX-mediated mechanism of chromatin restructuring to
allow for the resolution of stalled replication forks.

Lastly, γH2AX is also implicated in chromatin
modification for transcription initiation. Dobersch et al. have
shown that H2AX phosphorylation at S139 is a prerequisite
for chromatin opening to initiate the process of transcription
(61). The opening of chromatin prior to transcription
required the demethylation of DNA, mediated by a DNA
repair apparatus that includes γH2AX. This may provide an
explanation for the necessity of γH2AX in transcriptional
activation. Given the fact that replication stress can be
caused by transcription-replication collisions, it would be
interesting to investigate whether such a mechanism would
also apply in transcription re-initiation after replication
stress-induced transcription-replication conflicts. 

Replication stress-induced γΗ2ΑΧ and cancer. Cancer cells
are characterized by persistent replication stress, indicating
that the proteins involved in the resolution of stalled
replication forks are likely to be defective. A significant
milestone in understanding the molecular basis of cancer was
the finding that oncogene activation leads to replication
stress, subsequently inducing DNA damage and
carcinogenesis (62). A follow-up work showed that activation
of oncogenes results in the firing of intragenic replication
origins that are present in highly transcribed genomic regions.
This results in transcription-replication collisions, DNA
breaks and genomic instability, providing a mechanism that
can explain how oncogene-induced replication stress may
eventually lead to cancer (63). In addition to this work, a
recent study demonstrated that the RAD18/Polκ (DNA
polymerase kappa) pathway is involved in preventing the

replicative stress induced by the CDK2 oncogene (64). If the
response to oncogene-induced replication stress is defective,
cells may adapt a stem-like cancerous state, losing both their
proliferation control and their differentiation status (65).
Moreover, oncogene-induced replication stress was shown to
contribute to mitotic non-random chromosomal segregation,
a process that sustains the genomic integrity of cancer cells
and may provide an explanation for the tolerance of
replicative stress in cancer cells (66).

Guerrero Llobet et al. revealed a new group of oncogenes
that are activated in cancer cells exhibiting oncogene-induced
replication stress. Amongst these oncogenes is an
acetyltransferase named NAT10, whose expression correlates
with replication stress markers, such as γΗ2ΑΧ and phospho-
RPA (67). NAT10 could have a role in chromatin restructuring,
allowing cancer cells to cope with constitutive replication
stress. In addition to these studies, there was a recent
interesting finding about the role of the sonic hedgehog (SHH)
pathway in cancer (68). SHH is an important morphogen that
regulates metazoan embryogenesis and development, whereas
its uncontrolled expression may lead to carcinogenesis. The
study by Tamayo-Orrego et al. revealed that Shh-induced
carcinogenesis is caused by DNA helicase overloading and
increased replication origin firing. Taken together, the above
studies aim at providing a mechanistic approach to the
oncogene-induced replicative stress, which will allow the
identification of novel approaches to treat cancer.

γΗ2ΑΧ as a Marker of Replication 
Stress and Cancer

DNA replication stress is a common characteristic of
precancerous lesions as well as in a variety of different solid
cancers (69, 70). Early prognosis of cancer is very important
in preventing metastasis and progression to lethal stages of
cancer. For this reason, the identification of reliable
biomarkers in early cancer samples has been a field of
intense research during the last few years. These biomarkers
must be sensitive, specific, robust, but also cost-effective and
rapidly identifiable, so as to be used not only in the
diagnosis, but also the prognosis of cancer. It has been
therefore tempting to investigate whether any of the factors
involved in the response to replication stress can potentially
be used as biomarkers of cancer. To this end, the group of
Ying Liu did a thorough work using various replication stress
factors and, by performing immunohistochemical studies,
investigated the presence of these factors in colon, lung,
breast and stomach cancer samples (70). This study verified
the presence of markers such as cyclin E and DNA
Polymerase D3 in solid cancers, as most of the samples were
positive for these markers. However, protein markers that are
known to be involved in the response to replication stress,
such as γH2AX and FANCD2, were found only in a few of
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the samples. This can be attributed to the fact that replication
stress is mainly seen in early-stage cancer samples, whereas
this study used mostly late-stage solid tumor samples.
Moreover, there was no correlation between the γΗ2ΑΧ and
the FANCD2 markers, suggesting that none of the two could
serve as a reliable biomarker of solid tumor samples. A
similar study assessed three protein factors, phospho-RPA32,
γH2AX and 53BP1, as biomarkers of oncogene-induced and
ROS-induced replicative stress (71). Even though pRPA32
was found to be the most consistent marker, γH2AX was
also shown to serve as a reliable biomarker of replication
stress. Taken together, these studies show that even though
γH2AX is a well-established marker for assessing the
genotoxicity of carcinogenic agents, it may not be the most
reliable and robust biomarker for identifying solid cancer
samples (72).

Conclusion

The molecular mechanism of carcinogenesis has been an
intense field of research during the last few decades. A
defective replication process and the inability to resolve
arrested replication forks may push the cell with
incompletely replicated DNA into mitosis, leading to
chromosomal breaks and genomic instability. An important

chromatin mark that characterizes replication stress is the
phosphorylation of H2AX at S139. This mark comes as a
result of the formation of DNA breaks, following fork
reversal or collapse. However, there has been a series of
recent studies supporting the idea that γH2AX may have a
function early in replication stress, independently of its role
in mediating the repair of DNA breaks. Moreover, a series
of studies reveal a role of γH2AX in chromatin
restructuring, proposing an alternative mechanism for the
function of γH2AX in replicative stress. As illustrated in
Figure 1, we propose that H2AX is phosphorylated at
Ser139 soon after replication stalling to initiate a series of
chromatin modifications that restructure the nucleus,
allowing the effective re-initiation of replication. If this
process fails, γH2AX will reappear after fork collapse,
mediating the repair of DNA damage (Figure 1). Future
studies should be directed towards understanding this novel
function of γH2AX, identifying the factors that interact
with γH2AX and investigating the nuclear restructuring
required for the effective resolution of stalled replication
forks. Intensive research on the role of γH2AX in
replication stress will allow us identify novel factors that
can be used either as biomarkers for the prognosis and
diagnosis of cancer or directly as a means to target and
eliminate cancer cells. 
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Figure 1. Summary of the role of γΗ2ΑΧ in the response to replicative stress. H2AX is phosphorylated soon after the phosphorylation and binding
of RPA on single-stranded DNA. γH2AX allows the fast resolution of stalled forks via chromatin restructuring. If this is not achieved, or in the case
of fork collapse, DNA breaks are generated and Η2ΑΧ is phosphorylated again. In this case, γH2AX mediates the assembly of repair factors on
chromatin, so as to resolve the arrested forks and allow the completion of replication. If this is not possible, the cell will accumulate DNA breaks
that will eventually trigger apoptosis or, in the absence of a functional apoptotic pathway, carcinogenesis.  
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