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ABSTRACT 
 

Cell cycle checkpoints are essential mechanisms safeguarding genome stability. 

Defects in checkpoints predispose cells to genome instability and neoplastic 

transformation. When cells are treated with DNA damaging agents or inhibitors that 

interfere with ongoing DNA replication, the intra-S checkpoint is activated to delay 

progression through S phase allowing time for DNA repair to prevent genomic 

instability. Checkpoint systems sense the abnormal chromosomal DNA structures and 

execute cell cycle arrest through inhibiting the activity of cell cycle regulators in 

coordination with the DNA repair process. The intra-S checkpoint is also vital in the 

absence of exogenous stresses, i.e., during "unperturbed" replication. This review will 

discuss in eukaryotic cells the main molecular players and the mechanisms involved in 

this replication checkpoint cascade including monitor sensing, signalling pathways and 

repairing. First we will describe in normal cells the regulation of DNA replication 

initiation and elongation (fork velocity) and their response to DNA damage to promote 

fork resumption and repair of DNA lesions contributing to genome integrity. Thereafter, 

we will discuss different aspects of this checkpoint in relation to several syndromes 

associated with chromosome instability and a highly elevated risk for developing cancer 

due to defects in the activation and or execution of the intra-S phase checkpoint. Finally, 

we will discuss the complex interaction of the intra- S checkpoint with closely related 

processes triggered by DNA damage such as programmed cell death and premature 

senescence.  
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INTRODUCTION 
 

Cell reproduction entails replication of DNA followed by division of the nucleus and 

partitioning of cytoplasm yielding two daughter cells. This sequential routine is known as 

―cell cycle‖, which in eukaryotic cells is a critical function that ensures the faithful 

duplication and transmission of the genetic material to progeny cells. Typically, it is divided 

into four major
 
phases within the cell cycle (G1, S, G2, and M) and one reversible phase (G0) 

outside the cell cycle (Figure 1). G1 and G2 are gap phases where information from the 

extracellular environment is integrated along with intracellular changes. During G1, cells 

assess whether to commit to S phase based on the availability of growth factors and nutrients 

[1], during S phase the DNA is replicated and during M phase the genetic material is 

segregated into the two resulting daughter cells. Orderly progression through the phases and 

irreversibility are driven by cyclin-dependent kinases (Cdks) activation and proteolysis [2]. 

Cdks are protein kinases that require binding to cyclin subunits to become competent. Once 

committed to divide, Cdk4-Cyclin D and Cdk6-Cyclin D phosphorylate the tumor-suppressor 

retinoblastoma protein (Rb). Rb phosphorylation releases E2F, which induces the 

transcription of genes required for the G1/S transition and for S phase, including S phase 

cyclins (Cyclin E and Cyclin A). To enter S phase all cells activate Cdk2-Cyclin E at the 

initiation of S phase and Cdk2-Cyclin A for its completion and S phase exit. A detailed 

description of the particular Cdks and other mechanisms that regulate each cell cycle phases 

and transitions is beyond the scope of this chapter and for simplicity, only relevant 

information to the intra-S phase checkpoint will be discussed in the rest of the chapter. 

 

 

DNA REPLICATION  
 

In eukaryotic organisms, DNA replication initiates at many sites. During S phase, DNA 

replication initiates at more than 50,000 individual areas known as origin of replication [3], 

which are recognized by a six-subunit ATPase complex called the origin recognition complex 

(ORC) [4]. The ORC complex and the protein Cdc6, bind ―licensed‖ origin DNA in late 

mitosis or early G1. The MCM2-7 complex is recruited by the replication licensing factor 

protein Cdt1 to form the pre-replication complex (pre-RC). The activation of the helicase 

activity of MCM2-7 directly or indirectly by cdk2 (cyclin dependent kinase 2) and DDK 

(Dbf4-dependent kinase, Dbf4 and Drf1- dependent kinase) make a functional replication 

fork. The point where the splitting starts is called "origin of replication" and the point at 

which the two parental strands of DNA are separated to allow the synthesis of new daughter 

strands initiating DNA replication by an initiation complex, is known as "Replication Fork" 

[5]. The region of DNA that replicates from a single origin of replication is called ―replicon‖ 

and the molecular machinery that carries out DNA replication is called ―replisome‖. The 

initiation complex consist of RPA (replication protein A), Cdc45 and the GINS [go-ichi-ni-

san (five-one-two-three)] complex [5,6]. MCM10 protein facilitates the chromatin-association 

of Pol-prim (DNA polymerase α-primase), matching with the initiation of DNA replication 

[7,8]. Replication initiation requires cyclin E/Cdk2 and Dbf4/Cdc7 [9-12].  
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Figure 1. The cell cycle and its main checkpoints in eukaryotic cells. Orderly transitions between G1, S, 

G2 and M phases are provided by cyclins and CDKs. For simplicity, only relevant CDKs involved in  

the regulation of the G1/S transition, S phase and convert the pre replication complex into an active 

replisome are illustrated in the figure. Checkpoint mechanisms monitor genome integrity, progression 

and proper completion of each phase. See text for details. 

CDK2 governs both the initiation and completion of DNA replication by several 

mechanism including loading of CDC45 onto replication origins and the degradation of the 

licensing factor CDC6 [12].Once DNA replication initiates, MCM2-7, Cdc45, Mcm10, and 

GINS proteins migrate with the replication fork along with DNA pol α and other replicative 

polymerases [13]. The initiation of the S phase inactivates the processes for pre-RC formation 

preventing re-licensing and re-initiation while ensuring that re-replication within the same 

cell cycle is prevented and replication occurs once and only once per cell cycle [14]. After 

mitosis, the inactivated pre-RC complex is de-repressed so that origins can be licensed again 

for the next cell cycle.  

 

 

CELL CYCLE CHECKPOINTS 
 

Normal cell cycle progression requires that DNA replication and segregation occur in the 

appropriate space and time. Cell cycle checkpoints ensure the occurrence of individual events 

such as replication initiation or mitotic entrance. Checkpoints are cell cycle control 
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mechanisms monitoring whether the intracellular and extracellular environments are 

compatible with a successful cell division,  

Replication errors and DNA damage via exogenous sources like radiation (UV light or 

ionizing radiation) and chemical agents (carcinogens) or endogenous sources (reactive 

oxygen species and free radicals) constantly challenge the genetic integrity of the cell. As a 

defence mechanism, multiprotein systems can detect DNA alterations and stall the cell cycle 

at G1 or G2 as long as necessary until the damage is repaired. If this mechanism fails, the cell 

enters senescence or is eliminated by apoptosis (or any other types of cell death). DNA 

damage checkpoints were initially defined as non-essential regulatory pathways that, in 

response to DNA damage, monitor the cell ability to arrest the cell cycle allowing time for 

repair [15]. Nevertheless, checkpoints are not just halts of the cell cycle but, regulatory 

responses that can be bypassed by mutations or by the use of drugs [16]. Several classical 

checkpoints have been identified in eukaryotic cells: the G1/S checkpoint that after UV or 

gamma irradiation or chemical treatment delays S phase facilitating the repairment of lesions 

and preventing replication of  damaged template; the G2/M checkpoint that prevents cells, 

while in the G2 phase, from undergoing mitosis in the presence of DNA damage; the intra-S 

phase checkpoint that during S phase in the presence of DNA damage or aberrant replication 

forks stops or slows DNA replication and the spindle assembly checkpoint that arrests cells in 

mitosis until all chromosomes are attached properly to the spindle [17-19]. Later, other 

checkpoints such as the postreplication checkpoint were identified. This checkpoint, 

described after cells were exposed to low or moderate UV treatment is responsible for a post-

replication delay able to prevent cell cycle progression [20]. These checkpoints (shown in Fig 

1) not only provide time to repair but also enhance and stimulate, by activating DNA repair 

proteins, DNA repair. Since the majority of the studies on the intra-S checkpoint (and on 

checkpoints in general) have been done in different experimental systems using various DNA 

damaging agents involving diverse mechanisms of action, signaling pathways cannot be 

generalized. For instance, although both IR-and UVC- induced DNA damage and elicit a 

checkpoint response, their effect on Cdc25A and cyclin E/Cdk2 kinase activity is different 

[21]. The activation of DNA damage response pathway to close related DNA cross-linking 

agents (cisplatin and oxaliplatin) is lesion specific, producing drug-specific ATR-dependent S 

phase arrest [22]. DNA polymerase inhibitor and DNA damaging agents elicit different DNA 

damage responses [23]. In addition, new components of checkpoint signaling pathways, 

parallel pathways and sub-pathways are being discovered [24]. Thus, at this point it is 

difficult to draw a complete and coherent picture of the DNA repair process. Taking these 

facts into account, we intend to resume the current information on the main core of the intra -

S phase checkpoint, its main players and its association with several DNA damage response 

diseases 

 

 

THE INTRA-S PHASE CHECKPOINT  
 

All genomic sequences are replicated once and only once per cell cycle. DNA replication 

is initiated at multiple origins distributed on several chromosomes throughout S phase. These 

replication origins do not ―fire‖ synchronously but instead, they initiate throughout S phase at 

various times. Proper control of S phase involves regulation of both the ―firing‖ of individual 
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origins and replication fork progression as well as prevention from firing twice any origin 

within the same cell thus, ensuring accuracy of occasional DNA lesions. The collision of 

DNA polymerases with DNA lesions (such as DNA adduct that creates a physical 

impediment or when dNTP pools are limiting) blocks replication fork progression and 

generates replication stress, which, if the replisome components are not stabilized, can evolve 

into fork collapse. When DNA polymerases stall, the MCM replicative helicases continue 

unwinding the DNA ahead of the replication fork thus, leading to the generation of ssDNA 

and ultimately to DSB [13,25] . This could result in unreplicated regions of the chromosome 

resulting in genomic instability. Replication or segregation of damaged DNA would be 

deleterious since unrepaired DNA damage frequently results in genomic instability associated 

with several disorders predisposing to tumor development [26]. DNA damage blocks cell 

cycle progression which will be resuming once the damage has been repaired still, if the 

damage is too extensive, the cell will undergo apoptosis or senescence. The associated 

response to replication disruption blocks the initiation of the replication (origin firing), slows 

the elongation, maintains slowed or stalled replication forks and blocks mitosis [17]. The 

main functions of the intra-S phase checkpoint is to prevent replication fork collapse, 

preventing late origin firing and stabilizing fragile sites [27,28]. Chromosomal fragile sites 

are large specific loci (>100 kb) that preferentially exhibit gaps and breaks on metaphase 

chromosomes following partial inhibition of DNA synthesis [29]. Single-cell and single-DNA 

fiber analyses showed that the intra-S phase checkpoint affects both DNA replication 

initiation and elongation [30]. A recent work with hydroxyurea-treated cells showed that the 

checkpoint delays origin firing to maintain the regular order of origin firing relative to the 

lower rate of fork elongation [31]. Based in the latter, a model in which the timing of origin 

firing is intrinsically coupled to the rate of fork elongation was proposed [16]. Cells with 

defects in the intra-S checkpoint are unable to slow down DNA synthesis in response to IR, a 

phenotype generally referred to as radio-resistant DNA synthesis (RDS). This response to IR 

is used as a diagnostic tool for ataxia-telangiectasia [32].  

 

 

THE INTRA-S PHASE CHECKPOINT UPON DNA DAMAGE 
 

Most of our current knowledge of the intra-S checkpoint derives from studies exposing 

cells to a wide variety of genotoxic agents including ultraviolet light (UV), ionizing radiation 

(IR), chemical cross linkers, and reactive compounds that generate bulky adducts at bases 

leading to (o triggering) a checkpoint response. UV‑ induced DNA damage has been shown 

to generate single‑ stranded DNA by uncoupling of the leading and lagging strand of DNA 

replication [33]. Historically, UV-irradiated human fibroblasts and HeLa cells probably 

provided the first evidence of an intra-S checkpoint: low doses of UV inhibited replication 

initiation [34]. Camptothecin, a topoisomerase I inhibitor, causes single and double-strand 

DNA breaks and stall DNA replication in dividing cells [35]. Hydroxyurea and aphidicolin 

treatments can cause replication fork stalling but, neither directly attacks DNA nor potently 

activates the intra-S phase checkpoint. Aphidicolin inhibits polymerases α, , and  [36] 

without affecting dNTP pools [37]. Interstrand crosslink (ICL) that covalently links both 

template strands, is an important type of lesion that can stall replication forks converging 

from different directions. ICL repair requires the coordinated and sequential activity of 
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enzymes belonging to several different DNA repair pathways [38] but the mechanism leading 

to activation of the intra-S phase checkpoint is less known [39]. There is also strong evidence 

that the intra-S phase checkpoint has a role in normal (unperturbed) S phase (see below). For 

clarity purposes we will first describe the intra-S phase checkpoint response after exogenous 

DNA damage. The intra-S phase checkpoint is a signal transduction pathway consisting of 

signals (e.g. damaged DNA, ssDNA), sensors, transducers mediators, and effectors [40,41]. 

Sensor proteins recognize damaged DNA directly or indirectly and in so they signal the 

presence of abnormalities by initiating a DNA damage response. Transducers are usually 

protein kinases that relay and amplify the damage signal from the sensors to downstream 

target proteins commonly by phosphorylating other kinases. Mediators are substrates that act 

directly downstream of the ataxia-telangiectasia mutated (ATM) and ataxia-telangiectasia 

mutated related (ATR) kinases and act as regulators of both the transducers and effectors, by 

promoting their activation, regulating substrate access, and controlling their associations with 

damaged DNA. Effectors are proteins at the most downstream targets of the transducer, 

usually regulated by phosphorylation, that when activated regulate several cellular processes 

(e.g. prevent cell cycle progression, programmed cell death). The classification of these terms 

varies amongst the literature, sometimes mediators are localized upstream transducers [42] 

while in other they are downstream [40,41]. Some proteins are also classified as sensor or 

mediators: the Mre11 complex (Mre11, Rad50, and Nbs1) is classified as sensor according to 

Stracker et al. [41] or mediator according to Nida and Nakanishi [42]. Figure 2 shows a 

simplified diagram of the general DNA damage response signaling pathway at different 

organizational levels and their impact in the cell, tissue and organism. For convenience, we 

included mediators upstream and downstream of transducers. Table I summarize the main 

functions of several key components of the intra-S phase checkpoint.  

 

 

INTRA-S PHASE CHECKPOINT PATHWAYS 
 

This checkpoint was found in several organisms including plants [43], yeast [44], ciliates 

[45] and mammalian cells [7,27,46-50]. Two main parallel signaling cascades are activated 

by DNA damage (Figure 3). DNA double-strand breaks (DSB), produced by e.g. ionizing 

radiation, can activate the ataxia-telangiectasia mutated (ATM) kinase normally present as 

dimers associated with protein phosphatase 2A (PP2A) in the nucleus [51] which, under 

physiological conditions, prevents accumulation of the active form of ATM [52]. For ATM 

activation the Mre11-Rad50-Nbs1 (MRN) complex acts as a double-strand break sensor: the 

recognition process to recruit ATM to broken DNA molecules requires bounding of the MRN 

complex to the double-strand break [53,54]. The key component of the MRN complex seem 

to be Nbs1 since it binds hMDC1 (Human Mediator of DNA damage checkpoint targeting 

Nbs1 to DNA double-strand breaks [55]. This initial response is very fast and sensitive to 

DNA damage: phosphorylated H2AX ( -H2AX) is detectable as foci on damaged DNA 

within the first minute post- -radiation [56] and phosphorylated ATM is found within the first 

5 minutes after exposure to low IR doses. Moreover, cells exposed to lower IR doses (aprox. 

0.1 Gy), which can theoretically induce on average around four DNA strand breaks per 

genome, show phosphorylated ATM[57]. 
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Table I. Key players of the ATM/ATR signaling pathway. For a recent list of 

protein/genes shown to regulate or influence cell cycle checkpoint read  

the recent article by [21] 

 
Gene/protein Function and main interacting partner(s) 

  

RPA (single-strand 

binding 

protein complex) 

- Bind ssDNA (e.g. generated at stalled replication forks)  

- recruit ATR through its regulatory subunit ATRIP [127] 

- recruits and activates the Rad17 clamp loader  

Mre11- Rad50 -Nbs1 

(MNR complex) 

- acts as a DSB sensor and recruits ATM to broken DNA molecules [54] 

- intermolecular autophosphorylation of ATM converts the oligomer into monomers, and 

is active form of the enzyme for the checkpoint response [128] 

- mediates activation of TopBP1 by ATM [129] 

ATM - Responds to DNA double-strand breaks 

- Phosphorylates and activates Chk2 and other substrates [130]. including p53 [131], 

BML (), Chk2 [132], BRCA1 [133], RPAp34, H2AX [134] , SMC1, FANCD2 [135], 

Rad17 [136], Artemis and Nbs1 and itself.  

- It seems that the intermolecular autophosphorylation of ATM converts the oligomer into 

monomers, and is active form of the enzyme for the checkpoint response [128].  

- The serine 139 phosphorylated form of the histone H2AX (called -H2AX) is one of the 

earliest known markers of DSBs  

- No essential gene [137] 

- ATM and ATR are members of a family of large phosphatidylinositol-3-OH kinase-like 

kinases that also include the DNA-dependent protein kinase catalytic subunit (DNA-

PKcs).  

ATR - responds to DNA damage and replication interference  

- The ATR-ATRIP complex phosphorylates and activates Chk1 and other substrates 

[130]. Activation of Chk1also requires the function of the also known as 9-1-1 complex 

[60]  

- phosphorylates Rad17 and 9-1-1  

- phosphorylates H2AX on Ser139 [134]  

- Essential gene: Homozygous knockout of ATR in mice results in early embryonic 

lethality prior to gastrulation [137-139].  

 

TopBP1 (Human DNA 

topoisomerase IIbeta-

binding protein 1) 

- required for DNA replication and checkpoint signaling 

- binds the 9-1-1 complex and ATRIP, controls the loading of 9-1-1 onto stalled 

replication forks, stimulate ATR kinase activity [140,141] 

ATRIP - Binds RPA [142] 

Chk1 - phosphorylates several downstream efectors [41,130]  

– Essential gene: Chk1-null mice die early in development [78] and depletion of CHK1, 

but not CHK2, induces chromosomal instability and breaks at common fragile sites [143]. 

- involved in various cellular pathways including alternative splicing, phospho-histone 

H3-dependent transcriptional repression, and the apoptotic response to DNA damage 

[144-146] 

Chk2 - phosphorylates several downstream effectors [41,130] 

H2AX - Subtrate of ATM and ATR. Its phosphorylated form ( H2AX) directly recruits 

Mdc1[147] 

MDC1 - recruits NBS1 to DSBs through a direct binding between MDC1 and NBS1 [55].  

 

Activated ATM induces phosphorylation and activation of the Chk2 kinase. Nevertheless, 

DBS can be repaired by alternative pathways, e.g. through activation of the DNA-PK 

signaling cascades [58]. Other treatments, agents or drugs that stall replication fork 

(hydroxyurea, aphidicolin) activate ATR kinase (ATM and Rad3-related) associated with 

ATRIP (ATR Interacting Protein). Emerging evidence indicates that, for ATR activation, 

RPA (Replication Protein A) requires to be bound to single stranded DNA (ssDNA).  

 



Deborah Ruth Tasat and Juan SebastianYakisich 78 

 

Figure 2. Simplified diagram showing the general organization of DNA damage response in eukaryotic 

cells and its impact at the cellular, tissular and organ level (See also [76] for impact of defective p53 on 

these processes). PCD: Programmed cell death; CA: chromosomal aberrations. *: RNA metabolism, 

nonsense-mediated decay, regulation of translation, chromatin remodeling, circadian rhythm, insulin 

signaling, mitosis, regulation of transcription, and MAPK signaling [24]. 

In Xenopus egg extracts, ssDNA is sufficient for activation of the ATR-dependent 

checkpoint pathway [59]. The ATR-ATRIP complex phosphorylates and activates Chk1 

(checkpoint kinase 1) and its activation requires, amongst several other proteins, the function 

of the RAD9–RAD1–HUS1 (also known as 9-1-1) complex [60], Claspin, TopBP1 and 

Rad17-RFC [3].  

Most DNA damaging agents activate both routes but, genetic defects in each protein lead 

to clinically distinct diseases. Mutations in ATM cause Ataxia telangiectasia while mutation 

in ATR cause Seckel syndrome (see below and Table 2). Both proteins, ATM and ATR, due 

to extensive crosstalk between these two pathways control overlapping DNA damage 

response and converge on CDC25s (a family of dual –specific phosphatases; CDC25A, 

CDC25B and CDC25C) and p53, initiating a plethora of stress signals. The most important 

CDC25 in the intra-S phase checkpoint seems to be CDC25A which upon phosphorylation by 

Chk1 and Chk2, is eliminated by the ubiquitin-proteasome
 
pathway [61] resulting in the 

accumulation of CDK2 and thus stalling S phase progression [62,63]. CDC25A is also 

regulated at the transcriptional level by ATF3 in a p53-dependent manner [64]. 

 

 



 

 

Table II. Examples of diseases with known links to proteins involved in the intra-S phase checkpoint. The list includes the responsible 

genes and the main clinical features associated to each disease. Empty boxes, indicate minor clinical features or lack of data. For 

instance, the association between ATLD and breast cancer was reported in 2008 [46] 

 
DISEASE Gene/protei

n 

Predisposition to 

Cancer 

Predisposition to 

aging-related 

pathologies 

Immunodeficiency Developmental defects References 

       

Ataxia telangiectasia (A–T)  

 

ATM YES  YES YES (Progressive ataxia 

occulomotor apraxia) 

[148] 

Ataxia–Telangiectasia-Like-

Disorder (ATLD) 

 

Mre11 YES (Breast 

cancer) 

 NO YES (ataxia) [46,111,148,149] 

Bloom syndrome 

 

BLM (RecQ 

family of 

DNA 

helicases) 

High 

predisposition 

to all types of 

cancers 

Yes (premature 

aging) 

YES (susceptibility to 

Infections) 

YES (dwarfism) [88,149-151] 

       

Fanconi‘s anemia FANCA, 

FANCB , 

FANCC, 

FANCD1=B

RCA2, 

FANCD2, 

FANCE, 

FANCF, 

FANCG,  

FANCI, 

FANCJ=BR

IP1, 

FANCL, 

FANCM, 

FANCN=PA

LB2), 

YES (squamous 

cell carcinomas, 

Leukemia, hepatic 

tumors) 

 YES (severe pancytopenia due 

to bone marrow failure) 

YES (growth retardation, 

microcephaly) 

[85,135,152] 

 



 

Table II. (Continued) 

 
DISEASE Gene/protei

n 

Predisposition to 

Cancer 

Predisposition to 

aging-related 

pathologies 

Immunodeficiency Developmental defects References 

       

Nijmegen breakage syndrome 

 

Nbs1 

(nibrin) 

YES 

(lymphomas, 

leukemia, glioma, 

medulloblastoma, 

rhabdomyosarco

ma) 

 YES (e.g. susceptibility to 

Infections (IgG and IgA 

deficiency) 

YES ( bird-like facial 

appearance, early growth 

retardation, congenital 

microcephaly ) 

[85,91] 

Rothmund–Thomson 

Syndrome (poikiloderma 

congenitale) 

RECQL4 

(RecQ 

family of 

DNA 

helicases) 

YES 

(osteosarcoma) 

Yes (premature 

aging) 

  [88,153] 

Seckel syndrome  

 

ATR    YES (growth retardation, 

severe microcephaly, skeletal 

abnormalities)  

[111] 

Werner Syndrome. 

 

WRN 

(RecQ 

family of 

DNA 

helicases) 

Yes (tumors of 

mesenchymal 

Origin) 

Yes (premature 

aging , bilateral 

ocular cataracts, type 

II diabetes,  

 YES  [48,88,154] 
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Figure 3. Simplified diagram showing the activation of the two main branches of the intra-S phase 

checkpoint. Activation of the ATM/ATR branches: In response to double strand brake, the 

MRE11/RAD50/NBS1 complex and other proteins (e.g. MDC1) activate ATM that phosphorylates and 

activates Chk2 (left). In response to other types of DNA damage, ATRIP recruit ATR to RPA-coated 

single-stranded DNA. TopBP1 bound to the 9-1-1 complex and ATRIP and is required to control the 

loading of 9-1-1 onto stalled replication forks and stimulation of the ATR kinase activity. The ATR-

ATRIP complex phosphorylates and activates Chk1 (right). Both, Chk1 and Chk2, converge on 

CDC25a and p53 that transactivates p21 and downregulates cyclin A-Cdk activity. Chk1phosphorylates 

and target Cdc25A for degradation (indicated as broken line) triggering Cdk2 accumulation and stalling 

S phase progression. 

Chk1 activation reduces chromatin-associated (but not soluble) Cdc45 levels [65]. The 

active checkpoint stabilizes those replication forks that are already stalled and prevent them 

from collapsing and undergoing repair by recombination, which can cause chromosomal 

rearrangements. At the cellular level, p53 when functionally active, triggers either a transient 

cell cycle arrest via the CHK1/CHK2-p53-p21
CIP1/WAF1

-CDK axis, permanent cell cycle arrest 

(cellular senescence) or cell death (apoptosis) [66,67]. An alternatively spliced p53 isoform 

( p53) that transactivates the Cdk inhibitor p21 and downregulates cyclin A-Cdk activity 

( p53-p21-cyclin A-Cdk pathway, Figure 3) seems to be the main mechanism leading to 

attenuation of S phase progression [68]. The activation of the ATM/ATR, depending on the 

complex interaction between the nature and intensity of the DNA damage - which determines 
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whether or not the damage is reparable- and on the physiological status of the cell (e.g. cell 

cycle stage, age of the organism) will lead the cell to transient or permanent cell cycle arrest 

or apoptosis. Double-strand breaks during S phase may be repaired by homologous 

recombination, which is active during S phase and G2 or by nonhomologous end-joining 

which is mostly active during G1 [69]. Mild DNA damage usually induces cell cycle arrest 

giving cells enough time to repair the altered strands, recover stalled DNA replication fork 

and therefore entering with a fully repaired genome into mitosis. On the other hand, severe 

damage induces senescence or programmed cell death [70]. Extensive crosstalk exists among 

cell cycle progression, DNA repair, programmed cell death and senescence signaling 

pathways. Some individual proteins and complexes have also multiple roles participating in 

several of the above mentioned cellular processes. Among others, Chk1 a multifunctional 

kinase, is also essential for chromosome segregation and cytokinesis [71], MRE11 complex is 

required for the induction of apoptosis through the carboxy terminus of NBS1[72], FA 

pathway seems to be involved in stem cell maintenance [73,74] and p53 is a key regulators of 

these cellular processes. The impact of defective p53 on longevity at the cell, tissue and 

organism level was recently reviewed [75,76]. 

 

 

THE INTRA-S PHASE CHECKPOINT IN UNPERTURBED S PHASE 
 

The intra-S phase checkpoint has been initially described as a response to exogenous 

DNA damage. A new view has recently emerged suggesting that intra-S phase checkpoint 

proteins are constantly regulating mitotic entry and replication activity in order to prevent 

DNA damage and the possible outcomes (e.g. genomic instability, cell death). Moreover, 

there is a mutual regulation between the intra-S checkpoint and the replication machinery. 

The fact that several checkpoint proteins are found constitutively associated with normal 

replicating chromatin suggests that they might have a key role during normal DNA 

replication [77]. As an example, the lethal nature of Chk1-null mice [78] suggested that Chk1 

is not only necessary in response to exogenous DNA damage but, is also required during 

unperturbed S phase. It seems that Chk1 is required during normal S phase to avoid aberrantly 

increased initiation during DNA replication, thereby protecting against DNA breakage [79]. 

Single‑ stranded DNA, the signal that trigger this checkpoint, can be generated by 

uncoupling of the helicases and polymerases or uncoupling of the leading and lagging strand 

during DNA replication [49]. Claspin was found to regulate origin firing and fork stability in 

unperturbed cells [3]. The primary function of ATR appears to be the regulation of S phase 

progression. The S phase kinases that cause the initiation of new replicons are controlled in 

part by the CDC25A protein phosphatase. During normal S-phase, ATR activates the Chk1 

kinase, which, in turn phosphorylates CDC25A and targets it for degradation. In summary, 

the intra-S phase checkpoint functions in unperturbed cells might include: control of origin 

firing, prevention of premature chromatin condensation (PCC), protection from replication-

associated DNA breaks and control of replication fork progression and post-fork chromatin 

remodeling [77].  

The number of downstream effectors of the ATM/ATR pathway and their connection 

with other cellular processes are still not completely known. Up to now as many pieces of this 

complex puzzle are missing, integrated models of DNA repair are only speculative. After 
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DNA damage either by exogenous factors or in unperturbed DNA replication, cell fate (arrest, 

senescence, DNA repair, programmed cell death) results from the interaction of different 

cellular processes. When a cell re-enters the cell cycle, the intra-S phase checkpoint must be 

deactivated to allow the cell cycle to progress. Little is known regarding checkpoint 

inactivation mechanisms (checkpoint recovery). Nevertheless, several isolated mechanisms 

including degradation of Claspin by Polo-like kinase-1 [80], ubiquitin mediated degradation 

of Chk1[50], and dephosphorylation of Chk1[81] have been lately reported. Additional 

mechanisms operating in yeast has been recently reviewed [82]. Despite persistence of 

damaged DNA, in some cells, the checkpoint is inactivated. This phenomenon is called 

―adaptation‖ and might allow cells by re-entering the cell cycle, to repair damaged DNA in 

successive cell cycle phases or, facilitate programmed cell death in subsequent cycles [82]. 

When DNA damage is beyond repair, intra-S phase checkpoint promotes programmed cell 

death pathways. ATM and ATR mediate HIPK2 activation which in turn, phosphorylates p53 

at Ser46 and stimulates pro-apoptotic p53 target genes [70].  

 

 

DISEASES ASSOCIATED TO DNA REPAIR DISORDERS 
 

There is a plethora of clinically human diseases which the underlying cause is a defect in 

the response to or repair of DNA damage. Patients carrying protein mutations involved in the 

intra-S phase checkpoint present clinical and cellular features which are overlapped with 

other hereditary disorders associated to impaired DNA damage response mechanisms (Table 

I). For instance, Ataxia telangiectasia (A-T), Ataxia–Telangiectasia-Like-Disorder (ATLD) 

and Nijmegen breakage syndrome (NBS) patients exhibit similar clinical and cellular 

phenotypes including chromosomal instability, radiation sensitivity and defects in cell cycle 

checkpoints. It was suggested that the MRN complex and ATM are involved in the same 

pathway [83]. Ataxia telangiectasia (A–T), a rare autosomal recessive disorder caused by 

mutations in the ATM gene, is characterized by cerebellar degeneration, immunodeficiency 

and an increased risk of cancer. Cells from individuals with A–T typically lack detectable 

ATM protein, exhibit defects in DNA damage-induced checkpoint activation, radiation 

hypersensitivity, increased frequency of chromosome breakage and G1/S, intra-S and G2/M 

checkpoint defects [84]. Ataxia–Telangiectasia-Like-Disorder (ATLD) is caused by 

hypomorphic alleles of the Mre11 gene and Nijmegen breakage syndrome (NBS) is caused by 

hypomorphic alleles of the Nbs1 gene. Hypomorphic mutations reduce, but not completely 

eliminate the gene function. NBS is characterized by developmental defects, 

immunodeficiency, and a high incidence of cancer. Cells derived from NBS are 

hypersensitive to radiation and display impaired intra-S-phase checkpoint activation [85-87]. 

Bloom syndrome, Werner syndrome and Rothmund Thomson syndrome are associated with 

defects in RecQ helicases that have diverse roles in DNA metabolic processes, including 

DNA recombination, replication and repair. The clinical features of these diseases include 

slow growth, abnormal facial features, infertility and high incidence and/or early onset of 

aging-related diseases [88]. Mutations in CHK2 and p53 are present in a subset of patients 

with Li- Fraumeni syndrome, predisposed to develop diverse cancer types [89]. Seckel 

syndrome is an autosomal recessive disorder characterized by intrauterine growth 

retardation, dwarfism, microcephaly and mental retardation. A clear link between ATR 
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gene mutation and this disease has been established in a few patients [90]. ATR-Seckel 

(ATR: ataxia-telangiectasia and Rad3-related protein) syndrome is a subclass of Seckel 

syndrome mutated in ATR. In general, patients with impaired DNA damage response shows 

higher predisposition to cancer, aging related pathologies, immunodeficiency and 

developmental defects.  

 

 

CANCER  
 

Cancer cells are, most commonly due to the mutational inactivation of p53, found in 

approximately 50 % of cancers [67]. As mentioned before p53 is a very downstream target of 

the ATM/ATR pathway. Constitutive phosphorylation of H2AX, ATM, and Chk2 has 

recently been found in human cancerous tissue samples and has also been described as a 

marker of early tumorigenesis, specifically in precancerous lesions. Other upstream players 

have been associated with cancer predisposition: MRE11 as a candidate familial cancer-

predisposing gene [46] and, NBS1 E185Q variant genotypes (8360 GC/CC) which might be 

associated with an increased risk of cancer [91]. Replication stress also induces tumor-like 

microdeletions in FRA3B fragile site [92] and genome-wide copy number changes in normal 

human cells [93]. It is well documented that deficiencies in both, the checkpoint and DNA-

repair pathways, are important factors for the sensitivity to TOP1 inhibitors in cancer cells 

[35]. Oncogenic viruses might disrupt the intra S phase checkpoint (e.g. by increasing the 

proteolytic turnover of claspin) allowing cells to enter
 
mitosis in the presence of damaged 

DNA [94]. In a subpopulation of glioma stem cells, defects of the intra-S phase checkpoint 

have been recently reported [95]. In summary, mutations and chromosomal aberrations in 

stem and non stem cells as result of DNA damage repair failure might explain the high 

probability risk of cancer in patients carrying genetic defects of intra-S phase checkpoint 

proteins. 

 

 

AGING RELATED PATHOLOGIES 
 

Association between DNA repair and senescence and aging results from three different 

links: 1) unrepairable double-strand accumulation in senescing human cell cultures and in 

aging mice [96], 2) several defects in DNA repair genes which are associated with early onset 

of age-related diseases (Table I) and, 3) age-related changes in DSB repair pathway usage 

[97]. Replicative cellular senescence was defined as a biological phenomenon occurring when 

cells proliferating in vitro randomly withdraw from the cell cycle [98]. The telomere 

hypothesis proposes that the replicative potential of normal cells is limited due to the 

shortening in lengths of the telomeres. Senescence occurs following telomeres shortening 

(replicative senescent) [99] or exposure to other acute or chronic physiologic stress signals as 

well as damaging agents [100,101]. Cells entering a state of senescence undergo an 

irreversible cell cycle arrest, associated by a set of functional and morphological changes. 

Senescent cells are functionally impaired and no longer able to divide but remain viable and 

metabolically active for long periods of time. Cellular senescence may play an important role 

in tumor suppression by acting as a barrier to cancer and maybe responsible for aging. 
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Recently, Reddel suggested that senescence was primary selected as an antiviral defense 

mechanism [102]. Senescence triggered by telomere erosion has been implicated as an 

activating signal for Chk2 [103,104] [100]. Excess p53 activity has been shown to induce 

premature aging in mice in multiple tissue types. These and other data suggest that replicative 

senescence may represent a special case of permanently activated DNA damage checkpoint 

[66]. DNA recombination and repair proteins such as the MRE11/RAD50/NBS1 and 

SMC5/SMC6/MMS21 complexes are also involved in alternative lengthening of telomeres 

(ALT), and it has been shown that ALT inhibition produce a senescence-like state [105]. A 

recent association between replication stress and ALT was reported in HPV-16 E7-expressing 

cells [106]. At the clinical level premature aging are is characterized by skin atrophy with loss 

of cutaneous elasticity, dysfunction of cutaneous appendices, degeneration of the central 

nervous system and an increased susceptibility to cancer. Premature aging diseases includes: 

Werner syndrome, Bloom syndrome, Rothmund-Thomson syndrome, Hutchinson-Gilford 

syndrome, Fanconi anemia, and ataxia-telangiectasia, as well as xeroderma pigmentosum, 

trichothiodystrophy, and Cockayne syndrome [107,108].  

 

 

IMMUNODEFICIENCY 
 

Through the development of the immune system many response mechanisms evolved in 

order to maintain genomic stability. Strikingly these mechanisms are also implicated in 

processes that contribute to the diversity of immunological components such as class switch 

recombination (CSR). Since proper development of the immune system relies on 

recombination, which involves repair of DNA breaks, one might predict that mutations in 

DNA-repair associated gene(s) would cause immunodeficiency which in fact is a common 

clinical feature of genetic disorders associated with intra-S phase proteins (Table II). ATM 

stabilizes DSBs that are generated during V(D)J recombination [109] and provides a 

molecular explanation for the impaired immune function in AT patients. Other DNA damage 

proteins including DNA-PK, ATM, Mre11-Rad50-Nbs1, H2AX, 53BP1, Mdc1, and 

XRCC4-ligase IV are also involved in regulation of class switch recombination [110]. 

Accordingly, it could be probable that other proteins from the same pathways might have 

similar functions and therefore might explain the immunodeficiency observed in other genetic 

diseases.  

 

 

DEVELOPMENTAL DEFECTS 
 

Developmental abnormalities found in patients with genetic disorders of intra-S phase 

checkpoint proteins include growth delay, characteristic facial features, and skeletal 

abnormalities and various forms of anemia or immunodeficiency [111]. Such developmental 

abnormalities might result from an increase in cell death due to the inability to efficiently 

repair exogenous or endogenously derived DNA damage. In a diverse range of impaired DNA 

damage responses-associated disorders, microcephaly for example, is found as a common 

feature. This abnormality results from a deficient neurogenesis which could arrives due to an 

increase rate of apoptosis or a reduce neuroprogenitor proliferative capacity [111]. 
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Developmental differences between disorders may be attributed to several factors related to 

the intra-S phase checkpoint functions: nature of their repair defect, specific lesion in 

different cell types, tissue-specific differential proliferation rates, threshold for activation of 

checkpoint arrest and/or apoptosis and the role of stem cells during organogenesis. 

 

 

PROGRAMMED CELL DEATH 
 

Apoptosis is the most well know form of programmed cell death. It is a highly regulated 

process essential for tissue homeostasis having important implications in cancer, 

development, senescence, aging and immunodeficiency. However, apoptosis is not the only 

type of cell death, lately other forms such as anoikis, autophagy, autoschizis and necrosis 

have been described [112,113] . The intra-S phase checkpoint regulates apoptosis through 

Chk2-Cdc25A and Chk1-Cdc25A pathways [114] and through p53 by upregulating pro-

apoptotic genes (e.g. Bax, PUMA and NOXA) and by inhibiting the expression of 

antiapoptotic ones like Bcl-2 [115]. The simplistic dogma that ―if the DNA damage is 

beyond repair cells activate apoptosis‖ can probably be expanded at least to autophagy. 

Evidence for direct crosstalk between the intra-S phase checkpoint and autophagy 

signaling pathways have recently discovered. The major role of p53 in apoptosis is well 

established and it has recently been involved as regulator of autophagy [116-118]. On the 

other hand, TOR (target of rapamycin) kinase, a key regulator of autophagy is required 

for replication fork progression and during checkpoint activation [119]. Recently, an 

emerging role for autophagy in development and cancer [120], innate and adaptive immunity 

[121,122], senescence and aging [123-125] and its extensive crosstalk with apoptotic 

pathways [115] was proposed. These data suggest that autophagy might be directly regulated 

by the intra S phase checkpoint and play important roles in DNA damage associated diseases. 

Research in this area might also expand our knowledge in the function of the intra S phase 

during unperturbed S phase. 

 

 

CONCLUSION 
 

Replication fork stalling and subsequent error-prone repair are important mechanisms in 

the pathogenesis of several human diseases. The intra-S phase DNA damage response has 

important roles in cell and tissue homeostasis. Further investigation into both normal and 

deregulated intra S phase checkpoint would yield important insights into the mechanisms by 

which cells replicate their DNA, maintain its genomic integrity and if altered, promote 

carcinogenesis and/or other diseases. We can await that additional associations between intra-

S phase checkpoint proteins (or other checkpoints) with other physiological and /or 

pathological processes will be reported in the near future and will expand the number of intra 

S phase checkpoint associated diseases. Recently it was found for example, that the protein 

―menin‖ responsible for the cancer predisposition syndrome multiple endocrine neoplasia 

type I, has a role in the intra S phase checkpoint [126]. Elucidation of these links will become 

an active area of future studies and might provide novel therapeutic targets and strategies for 

DNA damage associated disorders.  
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