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Abstract

Decades of work on the spatiotemporal organization of mammalian DNA Replication Timing (RT) 

continues to unveil novel correlations with aspects of transcription and chromatin organization 

but, until recently, mechanisms regulating RT and the biological significance of the RT program 

had been indistinct. We now know that the RT program is both influenced by and necessary 

to maintain chromatin structure, forming an epigenetic positive feedback loop. Moreover, the 

discovery of specific cis-acting elements regulating mammalian RT at both the domain and the 

whole chromosome level has revealed multiple cell type specific and developmentally regulated 

mechanisms of RT control. We review recent evidence for diverse mechanisms employed by 

different cell types to regulate their RT programs and the biological significance of RT regulation 

during development.
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Intro

The faithful duplication of a cell’s genome once per cell cycle is critical to preserve cell 

identity, genome integrity and progression through the cell cycle. Two mutually exclusive 

steps of DNA replication origin licensing in which the Mcm replicative helicase is first 

loaded onto DNA (G1 phase), followed by origin firing (S-phase), ensure that the entire 

genome is replicated once and only once (Costa & Diffley, 2022). During S-phase, origins 

fire at varying time points, giving rise to a distinct temporal order in which segments of 

the genome replicate, termed the replication timing (RT) program. The RT program is 
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developmentally regulated and aberrations in RT are observed in diseased states like cancer 

and progeria (Miura et al., 2019; Rivera-Mulia, Sasaki, et al., 2019). The RT program 

is highly correlated with transcription and features of genome architecture. It is thus an 

ongoing challenge to understand how these highly correlated structural and functional 

properties of chromosomes are causally related.

This Current Opinions article is the fourth installment in a review series we have written 

each 7 years on the relationship between replication timing control, nuclear organization, 

and transcriptional regulation. In our last review, we discussed the contribution of 

chromatin-conformation capture methods, which confirmed cytogenetic evidence for spatial 

segregation of early and late replicating chromatin and segmentation of replication units 

into structural domains, allowing the alignment of microscopic features with molecular 

maps of chromosome folding (Rivera-Mulia & Gilbert, 2016a; Ryba et al., 2010). Since 

then, new methods that measure the contact frequency as well as the distance of loci 

to nuclear landmarks and computational methods to delineate neighborhoods within the 

nucleus have confirmed RT as a function that closely reflects sub-nuclear position (Vouzas 

& Gilbert, 2021); late replicating chromatin preferentially resides near the nuclear lamina, 

while early replicating chromatin typically resides in the interior of the nucleus, with the 

earliest replicating regions frequently near nuclear speckles (Chen et al., 2018; Chen & 

Belmont, 2019; van Schaik et al., 2020; Wang et al., 2021). Although these features are 

closely correlated, they have been uncoupled in many experimental systems (Dileep et 

al., 2019; Lu et al., 2010; Peycheva et al., 2022), so causal links between them remain a 

major challenge. Here, we focus on recent progress the field has made in discovering and 

understanding the major regulators of RT genome wide (Rif1), chromosome wide (ASARs), 

or locally (ERCEs), as well as how RT can modulate nuclear function.

Replication Timing and the Epigenome: chicken or the egg

In our 2002 Current Opinions review, we proposed that chromatin could both influence 

and be influenced by RT, forming a positive feedback loop, now commonly known in 

epigenetics as the “chicken or the egg” problem (Gilbert, 2002). Indeed, much evidence for 

the influence of chromatin on RT has accumulated over these two decades, including recent 

studies demonstrating new roles for DNA methylation and histone marks in RT (Caballero 

et al., 2022; Du et al., 2021; Rechem et al., 2021; Stow et al., 2022; Takebayashi et al., 

2021; Wang et al., 2022). Much more difficult to demonstrate has been whether there is a 

role for RT in dictating chromatin structure. Since chromatin is assembled at the replication 

fork, it was reasonable to postulate that the RT of a domain could have a direct influence 

on nascent chromatin assembly. Indeed, viral plasmids replicating early/late during S phase 

assemble hyper/hypo acetylated chromatin (Lande-Diner et al., 2009). However, there had 

previously been no means to globally disrupt RT and evaluate its necessity. Recently, such a 

global disruption, mediated by abrupt depletion of RIF1 (Figure 1A), a known regulator of 

RT (Alavi et al., 2021), was shown to lead directly (in the first S phase) to the redistribution 

of both active and repressive histone marks. This was followed by alterations in genome 

architecture and transcription that accumulated gradually with each aberrant S phase (K. N. 

Klein et al., 2021). It will now be important to use tools, such as ChOR-seq (Petryk et al., 
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2021), to identify mechanisms for maintaining histone marks at replication forks that differ 

when replication takes place at different times and locations in the nucleus.

Although mechanisms by which chromatin proteins influence RT in mammalian cells are 

still poorly understood, based on findings in budding and fission yeast, it is generally 

presumed that they work by recruiting or antagonizing a limiting pool of initiation factors 

that activate the replicative helicases assembled in early G1 phase (He et al., 2022; Richards 

et al., 2022; Santos et al., 2022; Yoshida et al., 2014). In mammalian cells, most trans-acting 

factors that affect RT do so only in a local or domain-specific manner (Du et al., 2021; 

Spracklin et al., 2022; van Schaik et al., 2022). To date, the regulator with the most 

consistent effect on RT in species from yeast to human and with the most global effect 

in most mammalian cell types is RIF1. RIF1 recruits Protein Phosphatase 1 (PP1) to 

antagonize the phosphorylation of MCM in yeast and Drosophila and it was recently shown 

that mouse Rif1 also contains a PP1 binding domain that is necessary for Rif1 to properly 

regulate RT (Cho et al., 2022; Gnan et al., 2021; Hiraga et al., 2014; Mattarocci et al., 

2014; Peace et al., 2014). Rif1’s role in RT nicely illustrates some the complexities of RT 

regulation in mammalian cells. First, mutation of the PP1 interacting domain did not fully 

account for the phenotypic effects of Rif1 gene disruption; the remaining activity is still 

unknown (Gnan et al., 2021). Second, Rif1 is enriched almost exclusively in late replicating 

chromatin but its loss results in equally profound effects of both early and late replicating 

regions. One explanation is that depletion of Rif1 allows late domains to compete with early 

domains for a limiting pool of initiation factors, resulting in more heterogeneous replication 

firing times genome-wide (Figure 1B), a mechanism that is familiar in yeast mutants that 

affect RT (He et al., 2022; Santos et al., 2022; Yoshida et al., 2014). Lastly, different 

cell types exhibit varied RT phenotypes in response to Rif1 loss (discussed below). Cell 

type specificity is a recurrent feature of RT regulatory mechanisms in mammals (discussed 

below) and sets them apart from yeast. Clearly, a ripe area of investigation in the future will 

be to unveil the myriad alternative mechanisms cells employ to regulate RT and whether 

they all converge downstream on pathways conserved in yeasts.

Recently, a study presented the surprising finding that Mcm6 depletion can cause a dramatic 

global disruption of RT in mouse B cells (Peycheva et al., 2022). The ability to disrupt 

RT led to the discovery that RT is necessary for the recurring AID-mediated translocations 

observed between early replicating sites in B cells. However, the mechanism by which 

a reduction in the levels of a protein complex so critical to replication initiation could 

result in alterations in RT, and whether this is a natural means to control RT, remains to 

be demonstrated and may be difficult to discern. In budding yeast, depletion of Mcm4 

decreased Mcm loading at a subset of origins and only locally altered RT (Dukaj & Rhind, 

2021). One model is that a lower Mcm dosage may reduce a competitive advantage of 

early domains for limiting factors. Interestingly, while there is evidence that Mcm density 

positively correlates with early replication in yeast (Dukaj & Rhind, 2021), recent maps of 

human Mcm double hexamers detect a much higher density of Mcm in late replicating 

domains (Li et al., 2023). Also, since the activated B cells in Peycheva studies have 

unusually rapid S phases and depletion required several days of Mcm6 shRNA expression, it 

will be important to rule out indirect effects of replication stress, not assessed in this study
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Coordinating Replication Timing With S phase of the Cell Cycle

Replication must also be timed to ensure that the entire genome is replicated within S 

phase or risk entering mitosis with unreplicated DNA. This is usually attributed to a 

G2/M checkpoint that restrains entry into mitosis until replication is completed. However, 

in the latest chapter in what is emerging as one of the most impactful discoveries in 

the history of chromosome biology, a class of cis-acting very long non-coding RNAs 

(vlncRNAs) has been shown to be responsible for ensuring each chromosome pair completes 

synchronous replication during S phase. Numerous studies over the last century have 

documented severely delayed RT (DRT) and delayed mitotic condensation (DMC) in over 

80% of cancers (Thayer, 2012). This phenomenon was traced to specific loci containing 

>200kb vlncRNAs that are mono-allelically expressed, asynchronously replicated and coat 

their native chromosome territory. These vlncRNAs, termed Asynchronous Replication and 

Autosomal RNAs (ASARs), have since been validated as being both necessary for proper 

RT of 4 different human chromosomes by deletions (as small as 6-8kb) within the ASAR 

genes (Heskett et al., 2022b), and sufficient to induce DRT/DMC by insertion into ectopic 

sites, and by oligonucleotide directed RNA degradation of the ectopically expressed RNA 

(Platt et al., 2018). Disrupting their normal regulation in 6 different human cell types 

and 2 mouse cell types (Breger et al., 2004) delays replication and condensation of their 

resident chromosome into G2 and mitosis and leads to catastrophic genome rearrangements 

resembling chromothripsis (Breger et al., 2005; Stoffregen et al., 2011).

The most recent pair of reports on ASARs reveal their genome-wide abundance and 

demonstrate that they function through interactions with abundant poorly understood RNA 

binding proteins. In the first study, the core characteristics of known ASARs were used 

to identify hundreds of potential ASAR elements genome wide, found to comprise 2.5% 

of the genome (Heskett et al., 2022a), remarkably identical to the percentage of randomly 

induced translocations that caused DRT and DMC in the pioneering studies (Thayer, 2012). 

A total of 8 of these elements on 4 chromosomes were shown to cause DRT and DCC 

phenotypes when disrupted, validating their ASAR activity (Heskett et al., 2020, 2022a). 

In the second study (Thayer et al., 2022), a group of RNA binding proteins were found 

to associate with a 7kb region within one of the ASARs. Ectopic expression of only 

that RBP binding region caused DRT and DMC of its resident chromosome. Moreover, 

depletion of any of 10 of these RNA binding proteins eliminated localization of ASARs 

RNAs from their chromosome territories and produced DRT/DMC aberrations across every 

autosome pair. Thus, ASARs constitute novel cis-acting functional elements of human 

chromosomes that ensure their timely replication within the confines of S-phase, preventing 

catastrophic genome instability. With respect to the RT program, it will be interesting to see 

how ensuring replication is completed during S phase is related to the temporal order of 

replication.

RT and transcription

The mechanistic basis for the correlation between transcription and early RT remains a 

major gap in our understanding. A caveat to the global correlation is that it is driven by 

the majority of genes that are constitutively early replicating and expressed (Rivera-Mulia 
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et al., 2015). Genes that are developmentally regulated for both transcription and RT do not 

show a strong correlation between RT and transcriptional activity; 2/3 are expressed and late 

replicating in at least one cell type and some are even induced when switching from early 

to late replicating (Hiratani et al., 2010; Rivera-Mulia et al., 2015). When the RT program 

is disrupted genome-wide by either RIF1 (K. N. Klein et al., 2021) or Mcm (Peycheva et 

al., 2022) depletion, very few genes are transcriptionally altered. Asynchronously replicated 

and mono-allelically expressed genes regions can be randomly fixed as either early or late 

replicating, even for different genes within the same loci (Heskett et al., 2022a). Thus it is 

clear that early replication is neither necessary or sufficient for transcription and vice versa. 

However, as more groups have experimented with various methods to induce transcriptional 

activity and study its effect on RT, a high degree of context-dependence has emerged. In one 

case, targeting a strong acidic transcriptional activator to the promoters of late replicating 

genes both activated their transcription and advanced their RT (Brueckner et al., 2020; 

Therizols et al., 2014). In another study, insertion of a strongly expressed reporter gene did 

not advance RT (Hassan-Zadeh et al., 2012). Yet another study showed that activation of 

transcription of a long silent and late replicating gene by the Dox-inducible promoter altered 

sites of initiation but did not advance RT in the presence or absence of Dox, leading the 

authors to conclude that transcription is not sufficient to advance RT (Blin et al., 2019). 

In this same study, using stronger promoters to drive the same gene both led to more 

robust transcription and did advance RT. What is missing from all of these studies is a 

means to determine whether it is the transcription itself that is promoting the RT advance, 

or some associated step of transcriptional activation that may be promoter-specific. It is 

clear from every genomics survey of RT and transcription that genic transcription is neither 

necessary nor sufficient for early RT (Rivera-Mulia & Gilbert, 2016b), however this does 

not rule out steps of transcription that precede processive transcriptional elongation. Indeed, 

in the Hassan-Zedeh study where strong transcription was not sufficient to advance RT 

(Hassan-Zadeh et al., 2012), adding a binding site for the USF transcription factor nearby 

did elicit an RT advance. Two classical studies further illustrate this point. In one, targeting 

a histone acetyltransferase to a late replicating region, led to an advance in RT without any 

detectable activation of transcription (Goren et al., 2008). In another, targeting a transgene 

to a late replicating locus let to high levels of histone acetylation and advanced RT but in 

an orientation-dependent manner and deletion of the promoter driving transcription retained 

orientation-dependent histone acetylation and early RT (Lin et al., 2003). Together, these 

results suggest that a high degree of histone acetylation, not transcription, is what drives 

early replication. What is needed are systematic studies of different promoters that do or do 

not advance RT, to determine which steps in their transcriptional induction mechanisms are 

able to advance RT.

Developmental Control of DNA RT

Systematic studies of RT during cell fate changes have found that about half of the genome 

undergoes programmed changes in RT in at least one cell lineage (Hiratani et al., 2004, 

2008, 2010; Perry et al., 2004; Rivera-Mulia et al., 2015). The mechanisms regulating 

these changes are an active area of pursuit and can be naively thought of as consisting of 

repressive mechanisms that delay RT vs. active mechanisms that advance RT.
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In the case of regulators that delay RT, several pathways that are present in almost 

all cell types nonetheless vary in their importance to regulation of RT in different cell 

types. For example, the depletion of RIF1 has a nearly genome-wide effect on the RT 

program of human embryonic stem cells (hESCs), while HCT116 colon cancer cells have 

a substantial number of RIF1-independent domains whose late replication is regulated, at 

least in part, by H3K9 methyltransferases (K. N. Klein et al., 2021). Interestingly, chromatin 

in HCT116 that is dependent vs. independent of RIF1 for late replication have distinct 

chromatin composition and interaction patterns that can be found at varying abundance 

in different cell types (Spracklin et al., 2022). Finally, mESCs have a substantial number 

of Rif1-independent late replicating domains that are associated with the nuclear lamina 

whereas in hESCs, late replication of LADs is not RIF1-independent (Foti et al., 2016).

An exciting recent advance in understanding RT regulation is the discovery of Early 

Replication Control Elements (ERCEs), cis-acting elements that regulate RT, transcription 

and genome architecture of entire domains (Sima et al., 2019). While one ERCE can create 

a mid-S replicating domain, early replicating domains contain multiple redundant ERCEs 

in which deletion of a single ERCE can have little to no effect on RT, while deletion of 

all ERCEs results in late replication. ERCEs do not significantly overlap with origins of 

replication and may, rather, create a sub-nuclear environment that increases the probability 

of initiation in their vicinity. Consistently, ERCEs interact physically with each other, and 

are highly decorated with acetylated histones, which could create a 3D hub of active 

chromatin (Sima et al., 2019). It is known that RT is established in early G1 phase at the 

Timing Decision Point (TDP), which coincides with the re-assembly of genome architecture 

after each mitosis and is subsequently lost during S phase. It is tempting to speculate that the 

TDP is when ERCEs organize into hubs. In fact, the 3D clustering of Fkh1/2 transcriptional 

activators, which occurs during G1 in budding yeast, is necessary for early replication of a 

large fraction of the yeast genome (Ostrow et al., 2017; Zhang et al., 2019), and a pair of 

reporter genes capable of advancing RT in chicken DT40 cells were also found to interact 

(Brossas et al., 2020). Discovered in mESCs, ERCEs are sites of Oct4, Sox2 and Nanog 

(OSN) co-binding, all of which are master regulators of transcription in mESCs. Master 

regulators of transcription were also implicated in bipartite RT and transcriptional regulatory 

networks (TRNs), constructed through network analysis of RT and transcription changes 

during hESC differentiation to multiple lineages, and were shown to bind at sites within the 

domains that switch to early RT in the corresponding cell type (Rivera-Mulia, Kim, et al., 

2019). Altogether, this suggests that the developmental regulation of RT may be triggered 

by master TFs that control cell fate changes and have been co-opted to create chromatin 

environments conducive to early replication. It is now important to directly determine 

whether these master TFs regulate ERCE activity.

Why would RT be regulated during development? The hypothesis that TRNs trigger RT 

changes combined with the recent demonstration that the epigenome can be remodeled 

by changes in RT provides an attractive albeit speculative model in which cell signaling 

during development initiates changes in master TFs, which both induce transient changes 

in gene expression and also create new ERCEs. ERCE reprogramming would elicit changes 

in RT, rapidly altering chromatin assembled throughout the domain, locking in the cell fate 

change (K. N. Klein et al., 2021). In this model (Figure 2) RT plays an important role in 
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the transition from cell specification to cell determination during development. In fact, Rif1 

depletion, which leads to global loss of RT and disruption of the epigenome in many cell 

types, and interferes with ERCE function through as yet unidentified mechanisms, has very 

little effect on cell growth or cellular phenotypes, suggesting that the RT program is not 

necessary to maintain cellular identity. Nonetheless, Rif1 null mutations are lethal in mice, 

whose development is arrested at various points after gastrulation (Buonomo et al., 2009), 

consistent with a role for RT in cell lineage determination.

Of Origins and Timing: wherein lies the regulation?

It is clear that initiation site usage and the timing of firing are independently regulated from 

yeast to human, but the extent to which an origin has an intrinsic tendency to initiate at a 

particular time is much less clear. In yeasts, which have very efficient origins, disruption 

of timing mechanisms results in the same origins firing at alternative times during S phase 

(Ostrow et al., 2017; Zhang et al., 2019). The same is true in mammals; when regions 

replicate at different times, the most efficient origins within those regions are typically the 

same sites (Besnard et al., 2012; Peycheva et al., 2022). Moreover, conditions can be found 

in which timing is maintained but origin specification is lost or in which timing is lost, 

but origin specification maintained (Dimitrova et al., 2002; Peycheva et al., 2022). It is 

important to keep in mind that initiation site usage is highly heterogeneous in mammalian 

cells, with initiation within any ~50kb zone occurring in less than 10% of S phases and 

at any particular site within each zone at a frequency decidedly less than that (K. Klein 

et al., 2017). Replication timing is also heterogeneous, but less so, with the majority of 

sequences replicating within 25% of S phase at least 50% of the time (Dileep & Gilbert, 

2018; Zhao et al., 2020). Finally, ERCEs clearly are necessary for RT but do not overlap 

with detectable replication origins (Sima et al., 2019). Altogether, it is clear that replication 

timing is regulated independent of origin specification. Thus, it came as a surprise when it 

was recently reported that an 800bp deletion of a single origin site upstream of the Myc 

gene caused a shift in RT from early to middle replicating (Peycheva et al., 2022). One 

possibility is that, since Myc is in a constitutively early region (early in all cell types), 

regulation of RT may be different in constitutive vs. developmentally-regulated RT domains. 

Nonetheless, there are other origins in this region so it is puzzling that deletion of one 

origin would render all other origins ineffective. Indeed, insertions containing origins also 

require additional activities to significantly advance RT (Brossas et al., 2020; Hassan-Zadeh 

et al., 2012). In fact, an early study demonstrated that, inserting an early origin into a late 

replicating site advanced its RT, but deletion of the origin sequences themselves showed 

that the RT advancing activity was distinct from the origin sequences, demonstrating that 

such sequences can reside close together (Lin et al., 2003). Thus, an alternative possibility is 

that the deleted region containing one of the Myc locus origins will be found to contain an 

independent element regulating RT.

Conclusions and Future Perspectives

In the last 7 years, the field has taken decisive steps in discovering and understanding some 

of the major regulators of RT in mammalian cells. RT can be controlled genome wide 

by factors like Rif1, chromosome wide by ASARs, and domain wide by ERCEs, LADs 
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or certain flavors of heterochromatin (combinations of histone marks, histone variants and 

DNA methylation). These factors are developmentally regulated; Rif1, LADs and chromatin 

flavors vary in their importance for late replication control in different cell types, while 

ERCEs may control early replication through cell type specific master TFs of cell identity. It 

has also become clear that RT regulates the assembly of the epigenome, completing the self-

reinforcing positive feedback loop we proposed in this series of Current Opinions articles 

over 20 years ago, and solidifying RT as an epigenomic regulator (Gilbert, 2002; Hiratani 

& Gilbert, 2009). Finally, the regulation of whole chromosome replication by ASARs has 

unveiled a central role for a huge fraction of genomic dark matter in the regulation of 

chromosome replication and genome stability.

In the next 7 years, we expect to see great progress in elucidating the mechanisms by which 

ERCEs and ASARs control RT and whether their varied functions in regulating replication, 

architecture and transcription are related or separable. In the case of ASARs, in addition to 

understanding how they interact with numerous previously uncharacterized RNPs to ensure 

timely chromosome replication, it will be critical to understand whether replicating in a 

timely fashion is related to replicating in the proper temporal order. To fully understand the 

structure of ERCEs and their mechanism of developmental control of RT, it is critical to 

study ERCEs both in their native context, and to understand them sufficiently so as to build 

ERCEs from minimal DNA sequences. The spatio-temporal mechanisms by which RT is 

established at the TDP is also an important area of pursuit. Modern tools to study nuclear 

organization may reveal how sub-nuclear location and RT are related. Finally, we envision 

RT becoming an integral part of developmental biology; in particular, how the interplay 

between induced changes in RT and the resulting epigenetic reprogramming may drive cell 

fate transitions is a ripe area of research.
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Figure 1: Rif1 Coordinates the RT program of hESCs.
(A) Parental (WT) and RIF1 knockout (KO) high resolution Repli-seq (as described in Zhao, 

2020) of a 20Mb segment of chromosome 1 in the human ESC line WA09 (H9) (top) and 

in human colorectal carcinoma, HCT116 cells (bottom). (from Klein et al, 2021). Nascent 

DNA that was replicated in each of 16 temporal windows of S phase was sequenced and 

the density of reads displayed as a heat map (Y-axis rows). Most cells in a WT population 

replicate any given genomic region within a defined temporal window of S phase. In RIF1 

KO cells, either the entire genome (H9) or large segments of the genome (HCT116) are 
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replicated stochastically. HCT116 differs from H9 in having late replicating regions that are 

unaffected by RIF1 KO. (B) Model of Rif1 dependent RT control. During early S-phase 

in WT cells Rif1 shields late replicating chromatin domains from replication initiation 

factors. This directs the replication initiation factors to early replicating chromatin domains. 

During late S-phase, Rif1 is removed from late replicating domains, allowing their access to 

initiation factors. KO of Rif1 allows late replicating domains to compete with early domains 

for limiting replication initiation factors, resulting in an increase in the heterogeneity of 

replication timing.

Vouzas and Gilbert Page 14

Curr Opin Genet Dev. Author manuscript; available in PMC 2024 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2: 
Replication Timing (RT) as a Driver of Transitions from Cell Specification to Cell 

Determination. (A) Given that ERCEs bind core transcriptional regulatory network (TRN) 

transcription factors (TFs), we propose that developmental changes in RT are driven by the 

differential usage of cell type specific ERCEs. ERCEs interact and may create 3D hubs that 

seed the assembly of sub-nuclear microenvironments promoting early replication. Changes 

in TRNs during differentiation, would inactivate some ERCEs and activate others, resulting 

dramatic shifts in domain compartmentalization and RT. (B) Cell fate transitions are initiated 

by cell cell communication through juxtracrine and paracrine signaling. These factors alter 

TRNs in cells that are competent to receive the signals. We speculate that the altered TRNs 

alone can initiate cell fate changes (specification) but are not initially sufficiently robust to 

stabilize them to fluctuations in cell signaling. Rather, TRN changes alter the set of active 

ERCEs, generating a new RT program that reprograms the epigenome of the cell, thus 

stabilizing the cell fate change.
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