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Abstract

Cells activate distinctive regulatory pathways that prevent excessive initiation of DNA 

replication to achieve timely and accurate genome duplication. Excess DNA synthesis is 

constrained by protein-DNA interactions that inhibit initiation at dormant origins. In parallel, 

specific modifications of pre-replication complexes prohibit post-replicative origin re-licensing. 

Replication stress ensues when the controls that prevent excess replication are missing in cancer 

cells, which often harbor extrachromosomal DNA that can be further amplified by recombination-

mediated processes to generate chromosomal translocations. The genomic instability that 

accompanies excess replication origin activation can provide a promising target for therapeutic 

intervention. Here we review molecular pathways that modulate replication origin dormancy, 

prevent excess origin activation, and detect, encapsulate and eliminate persistent excess DNA.

Keywords

Replication origins; dormant origins; re-replication; genomic instability; DNA damage; over-
replication; extrachromosomal DNA; extrachromosomal circular DNA

Flexible use of replication origins

To achieve complete and timely chromosome duplication, large metazoan genomes initiate 

replication from thousands of sites (replication origins) within a consistent time frame 

during the S-phase of the cell cycle. Typically, genome duplication under unperturbed 

conditions requires initiation from ~50–70k origins. Each of these origins replicates a 

defined region, often referred to as a replicon. Replicons are organized into larger, 

synchronously duplicated chromatin segments known as ‘replication domains’. DNA 

replication proceeds under a finely orchestrated spatio-temporal program to achieve a 

consistent replication order (i.e., ‘replication timing’), eventually duplicating the entire 

genome once prior to each cell division. The failure to properly regulate origin selection and 

activation may result in catastrophic genomic instability and potentially tumorigenesis.
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In budding yeast, replication starts at distinct replication origins that share a consensus 

sequence [1–4]. The sequence-specificity of yeast replication origins can be recapitulated in 
vitro, as replicative helicases can assemble with low affinity on non-origin DNA sequences, 

but with high affinity on canonical origin sequences [5]. In metazoans, replication origins 

do not share similar consensus sequences, but they do share critical features such as purine/

pyrimidine asymmetry [1, 4]. Yet, replication initiation processes in yeast and metazoans 

exhibit similar fundamental principles in that they involve two distinct steps: first, the 

assembly of pre-replication complexes (‘pre-RCs’) on potential origins (‘licensing’) during 

the G1 phase of the cell cycle, and second, the activation of the pre-RC complexes by 

S-phase-specific kinases to facilitate helicase activity. In parallel with the second step, 

S-phase kinases phosphorylate pre-RC components to prevent further pre-RC assembly, 

ensuring that licensing of additional origins is blocked until the next cell division [6–10].

In metazoans, pre-RCs are assembled in excess at potential origins. Most origins are 

activated intermittently so that only about a fraction of these origins actually initiate 

replication during each cell cycle. Excess pre-RCs serve to ensure a sufficient abundance 

of backup origins that are activated in cases of replication fork failure [11, 12]. Because only 

a fraction of the potential origins initiate replication [1, 2, 4, 13], the remaining dormant 

licensed origins are passively replicated by replication forks initiated from adjacent origins 

(Figure 1). The intermittent activation of replication origins is evidenced experimentally 

by the results of single molecule analyses of DNA replication, in which origins seem to 

be separated by 120–200 kb, whereas population-based sequencing analyses have detected 

much shorter inter-origin distances [1, 3, 4, 12, 14].

The choice of active replication origins is intermittent and flexible, but it is not random. 

Metazoan cells contain a group of origins that are constantly active in a broad range of cell 

and tissue types, and referred to as constitutive origins, as well as a group of origins that 

could initiate replication intermittently or in a cell-type-specific manner, hence referred to 

as flexible origins. Cells also contain a group of potential origin sequences that nucleate 

pre-RCs but are not activated during routine cell growth. These potential origins, however, 

can be activated in the presence of local replication fork stalling or in response to global 

stress agents. Here we broadly refer to the origins (both constitutive and flexible) that are 

utilized during normal, unperturbed growth as ‘baseline origins’ and to the origins that do 

not initiate replication during unperturbed growth as ‘dormant origins’.

Although not necessary for routine genome duplication, dormant origins are key 

determinants of genomic stability, facilitating faithful completion of genome duplication 

under perturbed conditions. They also play a critical role in prevention of mutations and 

other genotoxic lesions that increase with the distance travelled by replication forks. The 

role of dormant replication origins in ensuring genome stability during DNA replication has 

been extensively reviewed previously [11, 13, 15, 16]. Below we discuss current advances 

in understanding the selective activation of replication origins, the mechanisms underlying 

excess origin activation along with their consequences, and the cellular pathways that 

prevent excessive initiation of DNA replication or eliminate the products of such excess 

replication.
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Signaling pathways constraining replication origin activation.

Distribution of pre-replication complexes

Pre-RCs are nucleated in both yeast and metazoans by an Origin Recognition Complex 

(ORC), which facilitates the sequential recruitment of CDC6, CDT1 adaptor proteins, and 

the MCM (Mini Chromosome Maintenance 2–7) complex. The S-phase kinases DDK 

(DBF4 Dependent Kinase) and CDK (Cyclin Dependent Kinases) activate the MCM 

complex and facilitate recruitment of other components, CDC45 and GINS, to form the 

active helicase (CMG: CDC45-MCM-GINS) that catalyzes DNA unwinding, facilitating 

DNA synthesis at replication forks (reviewed earlier [1, 2, 4]). Concomitant with the 

establishment of replication forks, S-phase kinases prohibit further pre-RC assembly, 

limiting the licensing of replication origins to the G1 phase prior to the onset of DNA 

synthesis. The separation of the genome duplication process into two distinct phases, 

origin licensing in G1 and replication initiation in S phase, promote faithful replication by 

preventing relicensing and re-activation of origins that have already initiated replication [1, 

6, 7, 9, 10]. Disruption of the balance between licensing and initiation can result in untimely 

or improper replication initiation. When licensing frequency is reduced (for example, in cells 

harboring mutations in MCM proteins), cells can proceed into the S-phase with reduced 

MCM loading but they exhibit increased susceptibility to fork stalling, replicative stress, 

and genome instability even in the absence of exogenous DNA damaging agents [6–8, 17, 

18]. On the other hand, increased or untimely activation of licensed origins can result in 

excess replication, either by re-replication on the same origins (for example, by inhibition 

of ubiquitin ligases that target pre-RC components [6–8, 19, 20]) or by the activation of 

dormant origins (for example, when cells encounter replication or metabolic stress [16, 21–

23]). Both re-replication and dormant origin activation lead to DNA damage and genomic 

instability.

Computational models depict replication initiation as a time-stochastic process in which the 

initiation of replication in some origins induces subsequent initiation of adjacent replicons 

and concomitantly inhibits initiation at adjacent origins within the same replicon [24]. In 

concordance, single-fiber analyzes demonstrate that at the onset of S-phase, replication 

starts in a heterogenous and stochastic manner, with no discrete regions of high-efficiency 

initiation within zones of accessible chromatin. Such replication initiation zones are 

distributed in a cell-type specific manner and colocalize with distinct chromatin marks [25]. 

These patterns are consistent with the premise that all licensed replication origins associate 

with inactive pre-RC complexes and that only a fraction of those complexes, which are 

residing in chromatin regions associated with specific chromatin marks, are activated [1, 11, 

26–28]. Following pre-RC activation, when ongoing replication forks encounter adjacent, 

inactive Pre-RCs, the unused MCM2-7 complexes are removed from the DNA and the 

inactive origin region is passively replicated. Because passive replication of dormant origins 

is delayed when adjacent replication forks slow or stall, the probability of initiation from 

such dormant origins increases, facilitating the completion of DNA synthesis in the vicinity 

of the stalled replication fork [11].
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In yeast, earlier-activated origins initiate replication in a tighter temporal window than 

later-activated origins, and the density of MCM complexes on earlier-replicating regions 

is higher than in later-replicating regions [28, 29]. These observations raise the hypothesis 

that the abundance of pre-replication complexes on origins regulates the frequency of origin 

activation [28]. Origin activity in yeast is also affected by other factors including chromatin 

modifications, variations in nucleosome occupancy, the activities of histone deacetylases 

Rpd3 and Sir2 and the Fkh1/w transcription factors, which modulate the interaction of 

replication origins with the origin recognition complex [30–34]. In humans, experimental 

evidence supporting the MCM density model was observed in HeLa cells, where MCM7-

binding sites that associate with replication initiation were more prevalent in open chromatin 

than in heterochromatin, whereas MCM7 binding sites that did not associate with initiation 

sites were uniformly distributed throughout the genome [35]. Notably however, although 

ORC/MCM are more abundant in early than in late replication-timing domains [36], they 

exhibit a widespread genome distribution and do not delineate replication initiation regions 

[29], suggesting that pre-RC density does not solely regulate the probability of replication 

initiation [37].

Chromatin modifiers

Chromatin features and transcriptional activity underlie the order of origin activation (the 

replication timing program) [1, 24, 38]. In yeast, replication initiation events reflect both 

chromatin organization (nucleosome occupancy) as well as replication timing. For example, 

the histone deacetylase Rpd3 [39] and the transcription factors Fkh1/2 modulate genome-

wide replication timing [31, 34] while nucleosome occupancy also plays a role in defining 

origins [40].

Nucleosome positioning and histone H3 occupancy also restrict origin activity when 

quiescent yeast cells re-enter the cell cycle, attenuating the interaction between replication 

origins and the MCM subunit MCM4 and necessitating a prolonged G1 period prior to the 

onset of DNA replication [41].

In mammalian cells, euchromatic histone post-translational modifications (e.g. H3K4me3 

and H3K9ac), as well as unmethylated CpGs, often associate with early replication whereas 

transcriptionally repressed or silent heterochromatic regions are replicated later [1, 2, 4, 14]. 

In agreement, open chromatin (DNase-hypersensitivity) was the best predictor of replication 

order in mathematical models [38]. Experimental data concur with this interpretation, as 

origins that are constitutively active and shared across various cell types are primarily 

associated with euchromatic regions, whereas origins within heterochromatic regions are 

often active only in a particular cell type or lineage [3, 14]. Microscopy-based analyses in 

HeLa cells also show that replication origins that initiate DNA synthesis at a high frequency 

relocate to the Topologically Associated Domains (TAD) periphery prior to the onset 

of S-phase in a transcription and CTCF-dependent manner [42]. Transcriptionally active 

and euchromatic regions often associate with demethylation of H3K79(me2). Depletion 

of DOT1L, the sole enzyme responsible for methylation of H3K79, results in partial over-

replication, indicating that H3K79me2 possibly marks replicated chromatin during S-phase 

to prevent re-replication in these regions [43]. The H4K20 methyltransferases SET8 (PR-
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SET7) and SUV420H1/2 and the H4 acetyltransferase HBO1/KAT7, although dispensable 

for replication initiation, modulate the extent of replication licensing [36, 44, 45].

Post-translational modifications of non-histone proteins can also play a role in replication 

origin activation. For example, in yeast, the interaction of the histone acetyl transferase Esa1 

with the replication initiation factor Sld3 plays a role in regulating the timing of replication 

origin activation at the HML alpha locus [46]. In mammalian cells, HBO1 is a coactivator 

of the licensing factor and pre-RC component CDT1 [36], and mutants deficient in HBO1 

activity are unable to load the MCM complex.

The mammalian NAD+ dependent deacetylase SIRT1, an ortholog of the yeast deacetylase 

Sir2, catalyzes the deacetylation of several histone residues including H3K9ac and 

H4K16ac. The yeast Sir2 and mammalian SIRT1 also both deacetylate MCM proteins and 

play essential roles in replication fork protection [30, 47–49]. In yeast, although Sir2 and 

the nucleosome binding protein Sir3 primarily reside in heterochromatin, these proteins 

attenuate MCM complex loading on euchromatic replication origins by depleting H4K16ac 

in origin-adjacent nucleosomes [30, 47]. In humans, a phosphorylated form of SIRT1 at the 

threonine 530 residue associates with both baseline and dormant replication origins. This 

interaction facilitates replication fork progression while inhibiting dormant origin activation 

and is essential to prevent DNA breakage upon replication stress [21]. It is possible that the 

acetylation of H4K16, which is catalyzed by HBO1, recruits SIRT1 to replication origins for 

maintenance of origin dormancy.

Kinase activity during S-phase

Phosphorylation and dephosphorylation of pre-RC components often drive proliferation 

decisions during the metazoan cell cycle [50, 51]. During S-phase, CDK2 mediated 

phosphorylation limits the loading of CDC45 on MCM2-7 on chromatin and consequently 

prevents origin over-activation, thus regulating initiation frequency and replication fork 

speed [52, 53]. When cells sustain replication stress, the ATR (Ataxia telangiectasia 

and Rad3-related) - CHK1 (Checkpoint kinase 1) kinase pathway is activated. This 

pathway inhibits DNA synthesis at chromatin domains that had not yet initiated replication 

while facilitating initiation from adjacent dormant origins at chromatin domains that 

contain stalled replication forks [11, 52, 53]. Replication inhibition is achieved by ATR-

mediated phosphorylation of CHK1 at serines 217 and 345, leading to CHK1-mediated 

phosphorylation and inactivation of the CDK activator CDC25, triggering CDK inhibition 

followed by cell cycle arrest [54].

DNA topoisomerase II-binding protein 1 (TOPBP1), which binds the MCM2-7 helicase 

and facilitates replication initiation, is an activator of ATR kinase required for suppression 

of local dormant origin activation [55, 56]. TOPBP1 is also a SIRT1 substrate, suggesting 

that TopBP1 acetylation provides a possible link between SIRT1-mediated replication origin 

dormancy and the ATR-CHK1 pathway that modulates origin activity [49, 57]. The TOPBP1 

binding protein Treslin can be phosphorylated by CHK1, in turn preventing CDC45 loading 

and inhibiting the activation of CMG helicase at dormant origins [58].
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Inhibitory interactions by S-phase kinases are in place not only to prevent the initiation of 

DNA synthesis at dormant origins but also to prevent premature initiation at late-replicating 

origins [37, 59–61]. Notably, the activity of the CDC7 subunit of DDK, which facilitates 

replication initiation through the activation of the CMG helicase, is modulated by RIF1 

(RAP1-interacting-factor-1), a protein localized to mid-S-phase replication domains [60, 

61]. RIF1 plays several crucial roles in genomic stability, acting in DNA replication origin 

regulation, telomere homeostasis and DNA double-strand break repair pathway choice [62–

64]. RIF1 forms a complex with protein phosphatase 1 (PP1), which counteracts DDK-

mediated phosphorylation and activation of CMG in mid-S-phase replicating regions. The 

RIF1-PP1 axis, therefore, prevents replication origins programmed to initiate replication in 

mid-S-phase from initiating replication earlier in S-phase [60, 61]. The RIF1-PP1 interaction 

is also modulated by ATR-CHK1 signaling during normal unperturbed genome duplication 

by affecting CDK1-mediated phosphorylation of RIF1 on S2205, which in turn can disrupt 

RIF1-PP1 association [37]. Unlike during replication stress, when high levels of ATR 

and CHK1 globally inhibit initiation of DNA replication, low levels of ATR and CHK1 

in normally replicating cells selectively inhibit CDK1-mediated RIF1 phosphorylation, 

further stabilizing RIF1-PP1 association and constraining excess replication origin activity 

[37]. In parallel, the RIF1-PP1 complex directly stimulates origin licensing by preventing 

hyperphosphorylation of ORC1 and MCM proteins, thus protecting ORC1 from proteasome-

mediated degradation [59].

Pathways circumventing origin re-licensing

Cells activate several mechanisms to regulate licensing factors and cell cycle related proteins 

to prevent re-replication and limit genome duplication to only once per cell cycle [8]. These 

pathways often involve phosphorylation, ubiquitination and acetylation of licensing proteins 

to promote their degradation and prevent untimely pre-RC assembly. A crucial process 

that prevents re-replication is the proteasomal targeting and degradation of both CDC6 and 

CDT1, two key regulatory licensing factors. A second mechanism for CDT1 inhibition that 

does not involve protein degradation evolved in metazoans. This mechanism involves CDT1 

sequestration in late S phase and G2 by Geminin to prevent MCM recruitment to chromatin 

[65].

Proteasomal targeting is mediated through ubiquitination catalyzed by redundant E3 

ubiquitin ligase pathways involving the Cullin Ring Ligases (CRLs) and the anaphase 

promoting (APC/C) complexes. CDC6 is targeted for degradation during mitosis by 

the APC/CCDH1 complex so that it is virtually absent in mid-G1 and is also a CRL4 

substrate, preventing its accumulation at the G1/S boundary [66]. Chromatin-associated 

CRL4 catalyzes the ubiquitination of CDT1 and CDC6 through its substrate receptor CDT2 

[6, 17, 67–69]. CDT1 and CDC6 are also targeted for degradation during the S/G2 phases 

by the ubiquitin ligase complexes SCFSKP2 / SCFFBXO31 and SCFCYCLIN F [8, 20, 67]. 

Inhibition of CRL-mediated ubiquitination triggers re-replication [6–8, 68, 70–72].

The CRL4 CDT2 ubiquitin ligase complex can be recruited to chromatin prior to the 

onset of S-phase by the replication initiation determinant protein RepID, which binds 

a subset of replication origins [70, 73]. SKP2, a component of the alternative ubiquitin 
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ligase complex SCF, associates with replication origins that do not bind RepID [70], thus 

recruiting SCFSKP2 and CRL4CDT2 to distinct, non-overlapping groups of replication origins 

for efficient CDT1 degradation [20, 70, 73]. In agreement, inhibition of SCFSKP2 in RepID-

deficient cells results in massive re-replication [19, 70].

At least two disparate pathways prevent excess initiation

Although excess initiation is induced in various instances of replication stress, the identities 

of the additional replication origins that are activated under specific challenges differ. As 

shown in simulations [74] and experimental studies [19], when the regulatory pathways that 

prevent re-replication fail, re-replication is mediated by the same baseline origins that are 

normally activated during normal mitotic growth, with a marked preference for replication 

origins located at early-replicating domains. Therefore, dormant origins seem to play an 

insignificant role in re-replication induced by inhibition of ubiquitin ligase complexes or 

over-expression of pre-RC components [19]. Conversely, induction of potentially genotoxic 

replication stress, either by exposure to the DNA polymerase inhibitor aphidicolin [19] or 

by inhibition of the ATR kinase [37], induces initiation of DNA replication from dormant 

origins that are not utilized during normal mitotic proliferation. Inactivation of the SIRT1 

histone deacetylase also activates dormant origins that do not colocalize with baseline 

origins [21] suggesting that SIRT1 plays a unique role in suppressing dormant origins that is 

distinct from the inhibition of re-replication by ubiquitin ligase complexes.

Combined, these observations suggest that cells possess at least two pathways to prevent 

excess replication. One pathway directly targets pre-RC components to prevent re-initiation 

from baseline origins whereas the other suppresses a distinct group of dormant origins, 

which are maintained as dormant origins by a mechanism that involves SIRT1 and the ATR-

CHK1 axis (Figure 2, Key figure). Further studies will be required to elucidate how dormant 

origins are maintained, how these potential origins respond to diverse challenges, and how 

the pathways that regulate initiation from these origins can be exploited as therapeutic 

targets.

Special cases: repeated sequences

The stability of repeat sequences has a major impact on human aging and diseases [75–77]. 

Repetitive sequences are especially vulnerable to mismatches, error-prone repair leading to 

copy number alterations or structural chromosomal aberrations. These include two important 

genomic regions: ribosomal DNA (rDNA) repeats and telomeric sequence.

The genetic loci for ribosomal DNA (rDNA) constitute large regions of repetitive DNA 

and code for ribosomal RNA. Due to its repetitive nature (~300–600 copies), rDNA is 

susceptible to recombination, deletions and insertions, which makes rDNA one of the 

largest fragile sites of the genome [78]. Unlike telomeric repeats, the repetitive rDNA 

loci are actively transcribed in the nucleolar region, increasing the frequency of collisions 

between transcription and replication. To evade this, budding yeast rDNA loci contain 

multiple replication fork barrier (RFB) sites that recruits the Fob1 protein to induce 

replication fork arrest [79]. In mammalian cells, an interaction between TIMELESS and 

TTF1 at transcription termination site act as RFB [80]. In addition to these replication 

Thakur et al. Page 7

Trends Genet. Author manuscript; available in PMC 2023 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



fork barriers, other mechanisms have evolved to circumvent collisions between transcription 

and replication, which would lead to chromosome breaks, recombination and ultimately, 

to genome instability. Some copies of active rDNA are replicated in early S phase at the 

nucleolar periphery prior to relocating to the nucleolar interior to resume transcription. In 

contrast, transcriptionally silent rDNA copies replicate inside nucleoli during middle and 

late S phase [81]. However, excess replication and recombination can still occur in rDNA 

loci, as is evidenced by the extra chromosomal circular DNA (eccDNA) detected in aging 

yeast [78, 82, 83] and human cells [84, 85].

In yeast, excess replication in both rDNA and telomeric sequences is modulated by Sir2, 

which affects the distribution of licensing complexes on both rDNA [86] and telomeric [47] 

loci. Specifically, Sir2 represses replication initiation at the rDNA loci and preventing over-

accumulation of MCM complexes in telomeric regions. The formation of rDNA eccDNA 

is repressed by the histone deacetylase Sir2, which blocks the recombination between 

inter-rDNA repeats [87]. The human Sir2 ortholog, SIRT1, also suppresses eccDNA and 

gene amplification [21, 88], suggesting a role for sirtuin-mediated suppression in preventing 

excess replication in repetitive sequences.

Telomeres are short, repetitive non-coding TG-rich sequences present at the end of 

chromosomes [89]. Single-molecule DNA-fiber analyses have revealed that human 

telomeres do not display a common origin activation pattern, with each chromosome 

carrying its own replication program [90]. Telomeres are subject to gradual shortening 

since semiconservative DNA replication leaves an incomplete lagging strand during each 

cell cycle, and shortening is often reversed in developing tissues and in cancer cells by 

the telomerase complex [91] or by a recombination-mediated alternative lengthening of 

telomeres (ALT) that can form extrachromosomal telomeric repeats [92, 93]. In cancer cells, 

ALT-generated extrachromosomal telomeric DNA fragments are prevalent [92, 94]. Such 

repeats can be detected by the cGAS-STING pathway, triggering an innate immune response 

[94]. Indeed, many ALT+ cancers were found to express high levels of Tousled-Like Kinases 

1 and 2 (TLK1/2), which attenuate the formation of extrachromosomal telomeric repeats 

by maintaining telomeres in a heterochromatic chromatin conformation, along with low 

cGAS-STING levels, possibly facilitating DNA damage tolerance in such cells [94].

The high abundance of extrachromosomal telomeric DNA in cancer cells suggests that 

repetitive nature of telomeric sequences and the high prevalence of G-quadruplex repeats 

in telomeres hinder faithful DNA replication, posing a challenge to genomic integrity 

[95]. Specialized enzymes have evolved to address telomere-specific obstacles to DNA 

synthesis. For example, Tousled-Like Kinases and ORCA/LRWD1 maintain telomeres as 

heterochromatin [94, 96] and the TRF2 and TAZ1 members of the shelterin complex recruit 

the ORC complex to telomeric repeats via an interaction with TERRA long non-coding 

RNA [97] and mediate chromatin reorganization at telomeric and subtelomeric regions 

in response to replication stress [98]. In addition, the BLM helicase facilitates telomeric 

leading strand replication [93] and prevents replication stress at telomeres by interacting 

with the FANCM associated complex and BRCA1 [99] as well as TOP3 and RMI [100] to 

prevent TERRA-mediated telomeric R-loops [101, 102].
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Dynamics of excess replicated DNA in cancer

Despite the prevalence of regulatory pathways that inhibit excess replication, excess DNA 

synthesis can occur and extrachromosomal DNA (ecDNA) is often detected in cancer cells. 

Inappropriate replication is implicated in the etiology of cancer, as oncogenes such as 

RAS, mutated CYCLIN D1, MOS and CDC6 can induce over-replication [18, 23, 71, 103, 

104]. Hyper-replication can also be induced by aberrant activation of the RB-E2F pathway, 

either by HPV E6/E7 or by overexpression of CYCLIN E [22]. If such hyper-replication 

is combined with suppression of the p53 pathway and/or the DNA damage response, 

oncogene-induced proliferation can underlie the etiology of early events in tumorigenesis 

[22, 23, 103, 105]. Excess replication can also play a role in tumor progression because 

ecDNA can be transcribed to confer selective growth advantages to cancer cells (for 

example, ecDNA can contain oncogenes or enzymes that confer drug resistance) [105, 106].

Another manifestation of excess replication in cancer cells is the prevalence of induced, 

transient and locus-specific increases in copy numbers of genomic regions that frequently 

harbor pro-survival genes and oncogenes. These copy number changes can be induced by 

epigenetic modifications such as overexpression and stabilization of histone 3 lysine 9/36 

(H3K9/36) tri-demethylase KDM4A. Such changes can amplify specific drug resistance-

associated loci without causing genome-wide chromosomal instability, with amplification 

occurring during a single S phase, likely originating from re-replication. Such localized gene 

amplification can originate from activation of excess replication origins via a mechanism 

that involved a collapsed replication fork meeting a converging replication fork from a 

downstream origin, generating a single-stranded nick that can be ligated and continue 

replicating using the previously replicated DNA as template [107]

The excess DNA fragments are subsequently lost during the late S/early G2 phases [108, 

109]. Multiple parallel signaling pathways have evolved to counter the deleterious effects 

of excess replication by detecting, encapsulating and eliminating extrachromosomal DNA 

(ecDNA). These pathways often cross-interact with the inflammatory response machinery 

that protects organisms from deleterious consequences of viral infection. For example, 

excess extrachromosomal DNA can be eliminated via autophagy, which is activated by 

cyclic GMP-AMP synthase (cGAS) binding to cytoplasmic DNA, thus producing cGAMP 

that facilitates the activation of the innate immune response via the Stimulator of Interferon 

Genes (STING) pathway [110]. Although primarily detecting cytoplasmic DNA, cGAS can 

also associate with nuclear replicating DNA and possibly affect the rate of DNA synthesis 

[111]. When activated, cGAS can suppress nuclear DNA repair and prevents homologous 

recombination and is associated with cancer progression, invasion and metastasis [112].

Another route to elimination of excess DNA is micronucleation, a process that is often 

detected in cancer. Cells harboring acentric chromatin fragments, which can be generated 

by multiple mechanisms including excess replication and/or DNA breakage, can encapsulate 

such fragments in small, membrane-bounded cellular compartments termed micronuclei 

[113]. Micronuclei are spatially separated from the primary nucleus by intact nuclear 

membranes and can support transcription, some repair processes, and recombination. 

Following unequal segregation during mitosis, transcription of amplified oncogenes and 
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enzymes involved in drug resistance could provide a selective advantage for genes entrapped 

in micronuclei [113, 114]. Micronuclei with encapsulated ecDNAs can be eliminated from 

cells as intact structures [115, 116] and can also be subject to nuclear envelope rupture. 

Nuclear rupture releases chromatin fragments that are potential substrates for exonucleases 

(for example, TREX1 is a DNA 3’ repair exonuclease I), which play an important role in 

the clearance of cytosolic DNA [117, 118]). Exonuclease activity on ecDNA can generate 

a spectrum of genomic rearrangements, including the formation of shattered chromosomes 

known as chromothripsis [113, 114].

As cancer cells tolerate high levels of replication stress, including excess DNA synthesis 

that might result in unstable and consistently dynamic genomes, this property that can be 

exploited as a therapeutic strategy. For example, excess DNA released into the circulation 

can be utilized in diagnostic ‘liquid biopsies’ [82]. In contrast to non-cancerous cells, which 

induce senescence in response to oncogene-induced over-replication [23, 103], limited 

over-replication is tolerated in cancer cells and does not result in senescence. Cancer 

cells that undergo massive over-replication can exhibit high levels of genomic instability 

and eventually activate an apoptosis pathway and can be therefore targeted by employing 

ubiquitin ligase and DNA repair inhibitors [71, 119] and inhibitors of checkpoint kinases 

such as ATR [120].

Concluding Remarks

Replication origin flexibility, derived from the excess of pre-RCs, is essential for 

maintenance of genomic stability in two ways. First, for baseline origins, it may maintain 

replication order and help adapt to the changing transcriptional environment, therefore 

preventing collisions with the transcription machinery. Second, for dormant origins, it 

maintains dormancy but allows those origins to be used as backups if needed, and 

therefore allows cells to overcome minor DNA damage without activating apoptotic or 

senescence pathways. On the other hand, excess origin activation, regardless of mechanism, 

is deleterious due to the potential to enhance transcription-replication collisions, partial 

genome duplication and DNA breakages, leading in turn to chromosome aberrations, 

mutations, chromothripsis and oncogene activation. Recent mechanistic studies imply that 

there are at least two distinct pathways cells use to repress over-replication, suggesting that 

replication origins serve as endpoints for several parallel pathways that can be employed in 

therapeutic strategies to target cells that tolerate replication stress.

Our current understanding of replication origin flexibility and the cellular pathways that 

regulate excess replication raise several open questions (see Outstanding Questions). For 

example, it is unclear if dormant origins respond to specific signaling cascades and if so, 

it would be important to learn if such signals can be targeted in cancer cells to trigger 

replication catastrophe. It is unclear if the pathways that maintain replication order (e.g. 

the RIF1-PP1 pathway) also play a direct role in preventing re-replication, and if so, 

under which conditions. In addition, the replication origins that respond to oncogenes 

have not yet been identified, and it is unclear if oncogenes induce excess replication in 

all baseline origins or in dormant origins are prone to over-replication. Understanding the 

specific protein-DNA interactions that induce excess replication at origins could identify the 
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specific roles over-replication might play in carcinogenesis. For example, the locations and 

associations between dormant origins and transcribed regions should be further explored, as 

it is evident for baseline origins that are often associated with promoters. Finally, the details 

of the activation of the cGAS-STING pathway need to be elucidated. Addressing some of 

these questions could lead to a better understanding of the mechanism(s) that suppress, 

detect, and eliminate the products of excess replication during normal growth, as well as the 

role(s) excess replication plays in the etiology of cancer and the pathways that allow cancer 

cells to tolerate excess replication, leading to potential interventions.
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Glossary

Baseline origins
Replication origins active during an unperturbed S-phase of the cell cycle

Constitutive origins
Replication origins that are constantly active in a broad range of cell and tissue types

Dormant origins
Replication origins that do not initiate replication during unperturbed S-phases but are 

activated during perturbed S-phases

Extrachromosomal circular DNA (eccDNA)
Extra chromosomal, circular and self-replicating DNA located mostly in metazoan or plant 

cell nuclei

Flexible origins
Replication origins that can initiate replication intermittently or in a cell-type-specific 

manner

Origin licensing
Assembly of pre-replication complexes on chromatin. Pre-replication complexes are 

assembled in an inactive form, and are activated by cyclin dependent kinases or DBF4-

dependent kinase leading to the initiation of DNA replication

Pre-replication complex
An inactive replication initiation complex composed of ORCs, CDT1, MCM2-7 and CDC6 

that is assembled on potential origin sites during the G1-phase of cell cycle

Re-replication
Over-replication leading to increased total DNA content, leading to a situation where a 

genome can be replicated more than once per cell cycle
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Replication domain or replicon
A chromosomal region that is replicated from a single replication origin

Replication fork barrier (RFB)
Chromosomal sites present in ribosomal DNA repeats which recruit replication arrest 

proteins (i.e., Fob1, TIMELESS and TTF1) to avoid collisions between replication and 

transcription

Replication order/timing
Timely order in which segments of a chromosome are duplicated through the S-phase of the 

cell cycle

Replication origins (ORI)
Chromosomal sites which initiate DNA replication
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Outstanding questions:

• Can we identify new chromatin markers for origin licensing and/or origin 

activation?

• Can we identify a chromatin signature (i.e., histones or pre-RC) that would 

associate with dormant origin activation?

• Can we identify specific protein-DNA interactions that induce excess 

replication at origins?

• Is there an association (positive or negative) between the locations of dormant 

origins and transcriptional regulatory elements?

• Are cellular signaling pathways that maintain replication order (e.g. the 

RIF1-PP1 pathway) also play a direct role in preventing re-replication and 

maintaining replication origin dormancy?

• Which group of origins (baseline origins or dormant origins) are prone to 

oncogene-induced over-replication?

• How is the cGAS-STING pathway activated in response to excess replication?

Can origin dormancy be modulated to trigger a replication catastrophe in cancer cells?
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Highlights:

• Cells have evolved specialized mechanisms to avoid the deleterious effects of 

excess initiation from replication origins.

• During unperturbed proliferation, most potential replication origins are 

dormant and do not initiate replication but are prepared for activation to 

facilitate complete genome duplication if cells encounter replication stress.

• Cells prevent initiation at dormant origins by adjusting chromatin structure to 

constrain the assembly and activation of pre-replication complexes, targeting 

components of the replication machinery for degradation or modulating 

specific protein-DNA interactions at origins.

• Cancer cells often lack the controls that prevent excess activation of 

replication origins, resulting in the amplification of extrachromosomal DNA 

that can persist if they contain genes that can confer a selective growth 

advantage.

• Cells activate metabolic and inflammatory responses to sense, encapsulate 

and eliminate excess DNA.

• Because excess replication origin activation can directly or indirectly lead to 

genomic instability, targeting the pathways that prevent excess replication or 

eliminate excess DNA is a promising avenue for therapeutic intervention.
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Figure 1. Replication origin flexibility.
Replication origins can be designated either as constitutive (origins that initiate replication 

in all cells), flexible (origins that initiate replication irregularly with initiation occurring in 

some cells but not others) or dormant (origins that nucleate pre-RC assembly but never or 

rarely initiate replication when DNA synthesis is unperturbed). Some dormant origins are 

activated during perturbed replication; those origins are typically in the vicinity of stalled or 

damaged replication forks (bottom panel) and they serve to complete DNA replication in the 

loci where replication stress occurred.
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Figure 2, Key figure. Replication origins and excess replication.
Top panel: Potential replication origins are licensed in excess. The distribution of licensed 

origins throughout the genome varies based on chromatin marks, gene density, replication 

timing and other restrictions on nuclear organization. Pre-RCs, which are a prerequisite for 

DNA replication, are first nucleated by the assembly of six ORC proteins (ORC1-6) onto 

chromatin. CDC6 then binds the ORC complex to form a ring-shaped complex that will 

recruit, together with CDT1, several heterohexamers of the six MCM proteins (MCM2-7) 

(top panel). Middle panel: During normal unperturbed replication, only a small fraction of 

licensed origins is activated with most licensed origins remaining dormant. These dormant 

origins are then passively replicated with pre-RCs subunits being dismantled, degraded or 

recycled to avoid re-licensing during S phase. Inhibition of dormant origin activation may 

be facilitated by SIRT1. Bottom panel: Two different pathways can result in over-replication. 

The first pathway, dormant origin activation, can occur during replication stress through 
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ATR/CHK1 mediated phosphorylation or due to the loss of a protein SIRT1, which is 

involved in dormant origin silencing. The second pathway, DNA re-replication, occurs 

when origins are re-licensed during S phase before DNA replication is completed and can 

be triggered by inhibition of pre-RC component degradation, chromatin decondensation 

or oncogene over-expression. Both pathways could lead to DNA damage and genomic 

instability, leading to senescence or tumor progression.
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