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Abstract

Understanding the regulatory principles insuring complete DNA replication each cell division is 

critical for deciphering the mechanisms that maintain genomic stability. Recent advances in 

genome sequencing technology facilitated complete mapping of DNA replication sites and helped 

move the field from observing replication patterns at a handful of single loci to analyzing 

replication patterns genome-wide. These advances address issues such as the relationship between 

replication initiation events, transcription and chromatin modifications and identify potential 

replication origin consensus sequences. This article summarizes the technological and 

fundamental aspects of replication profiling and briefly discusses novel insights emerging from 

mining large datasets, published in the last two years, describing DNA replication dynamics on a 

whole genome scale.

INTRODUCTION

The complete sequence of the human genome, published sixty years after the discovery of 

the DNA double helix, facilitated a huge leap in understanding DNA-encoded information 

but revealed far less about the regulation of DNA replication. Understanding the precise 

mechanisms by which cells control DNA replication is critical, since many signaling 

pathways that regulate cell growth converge on early stages of DNA replication. Disruptions 

to these signaling pathways and perturbations of DNA replication are hallmarks of cancer 

cells and often lead to aberrant development.

Replication of the human genome begins at distinct chromosomal sites called replication 

origins. Each eukaryotic chromosome contains multiple origins that start replication in a 
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clearly defined order, insuring that the entire genome replicates precisely once before each 

cell division. Exhaustive and accurate mapping of human replication events is the first step 

toward understanding how DNA replication is regulated during normal growth and in 

response to environmental challenges and in abnormal situations like tumorigenesis.

The human genome replicates from between 30,000 and 50,000 replication origins each cell 

cycle, but until five years ago, only~20 origins had been identified and characterized. 

Consequently, a mechanistic paradigm for the selection and activation of human replication 

origins has not been established. Recent studies had addressed this issue by providing 

comprehensive, whole-genome maps of replication initiation sites of the genome in several 

cell types. High-throughput whole-genome maps of replication initiation sites were first 

assembled from microarray-based analyses of a small portion of the mammalian genome 

and more recently by sequencing short, newly replicated (nascent) DNA strands (Besnard et 

al, 2012; Martin et al, 2011) or direct sequencing of replication intermediates (Mesner et al, 

2013). Combining replication data from multiple experimental approaches with genetic 

analyses of replication origins has already yielded important insights into principles that 

govern metazoan DNA replication (for details, see reviews (Aladjem, 2007; Hamlin et al, 

2008; Mechali, 2010) and references therein).

This chapter reviews techniques used to map replication origins in mammalian cells, and 

summarizes the contribution of those methods to recent advances in the field. Technical and 

computational challenges in the compilation of whole-genome data are discussed in the 

context of proposed “best practices” for future replication mapping and other genomic 

profiling studies. The final section discusses outstanding issues that must be addressed by 

future experiments to decipher the mechanisms of replication-origin selection in human 

cells.

QUESTIONS AND UNRESOLVED PARADOXES IN UNDERSTANDING 

EUKARYOTIC DNA REPLICATION

Previous efforts to map replication initiation events at individual loci have revealed several 

challenges. First, replication initiation sites do not obviously share a distinct consensus 

sequence, so primary sequence information could not be used to identify replication origins. 

Second, replication initiation sites seem to vary during development and among tissues. 

Third, distances between replication origins are not uniform across the genome, leading to 

the apparent paradox that in some loci replication initiates at distinct and isolated sites, 

whereas in other loci replication starts within “initiation zones” containing multiple origins. 

In addition, only a portion of potential replication origins actually start replication on each 

chromosome, and the exact locations of replication initiation events are determined anew 

each cell division (Gilbert, 2007). This apparent excess of replication origins is a major 

challenge in understanding the mechanism of DNA replication. Finally, inconsistent 

observations were obtained by mapping replication origins with various techniques. For 

example, a series of microarray-based studies (Cadoret et al, 2008; Cayrou et al, 2011; 

Karnani et al, 2009; Mesner et al, 2011) yielded disparate data, and sequencing of short 

newly replicated DNA (Martin et al, 2011) (Besnard et al, 2012) identified some but not all 
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origins revealed by DNA fiber analyses (Demczuk et al, 2012; Desprat et al, 2009; Lebofsky 

& Bensimon, 2005; Norio et al, 2005) (Figure 1).

These apparent paradoxes raise a series of questions. The first question is whether 

discrepancies among findings using disparate techniques reveal technical difficulties or 

reflect the nature of the replication process. Once technical difficulties are resolved, 

comprehensive replication initiation maps can decipher how replication origins are selected, 

determine if origins share distinct consensus sequences, and ask how origin selection affect, 

or is affected by, chromatin structure, transcription, and the spatial organization within the 

nucleus.

High—throughput, consistent use of standardized methodology for exhaustive origin 

mapping should address apparent inconsistencies and help decipher how replication origins 

are selected. It is particularly critical to map replication initiation in normal somatic cells, as 

these data are woefully missing. Mapping replication origins in multiple cell types will be 

important to understand how origin activity is regulated in diverse contexts (e.g., during 

differentiation, senescence, or malignant transformation).

TECHNIQUES USED IN REPLICATION PROFILING:

Origin activity can be measured by mapping the progression of replication forks or directly 

by isolating replication intermediates. Ideally, origin mapping would utilize several 

complementary techniques that rely on non-overlapping assumptions. The principles of the 

most commonly used origin mapping techniques utilized in the last 40 years are outlined 

below:

I. Localization of newly replicated DNA:

These techniques isolate and identify newly replicated (nascent) DNA strands that form at 

replication origins shortly after the onset of DNA synthesis.

i. Early-labeling fragment-hybridization identifies replication origins that are 

activated first during the S-phase of the cell cycle by incubating cells in early S 

phase with radiolabelled nucleotide precursors. Labeled DNA is isolated and 

hybridized to DNA sequences of interest (Burhans et al, 1986). This technique 

can theoretically be used to interrogate the entire genome, but contaminating 

broken DNA and the fact that only very early replicating origins can be identified 

limit its usefulness.

ii. Incorporation of nucleotide precursors (e.g., bromodeoxyuridine (BrdU)) 

followed by immunoprecipitation can also be used to isolate newly replicated 

(nascent) DNA strands (Karnani et al, 2009). Because nucleotide analogs can 

incorporate at both active origins and progressing replication forks, using BrdU-

immunoprecipitation to identify replication initiation sites should be coupled 

with size fractionation.

iii. Small Nascent Strands (SNS) abundance assays select single-stranded DNA 

fragments of 0.5–2.5 kb derived from replicating cells. SNS purification is 
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achieved either by BrdU labeling and immunoprecipitation (as above) or by 

exposure to lambda exonuclease, which digests DNA without RNA primer from 

the 5’ end. Since DNA synthesis always starts with a short RNA primer, lambda 

exonuclease digestion eliminates contaminating broken DNA and leaves newly 

replicated DNA intact to create a population of purified SNS (Bielinsky & Gerbi, 

1998). The abundance of specific sequences in SNS is measured either using 

microarray hybridization or via high-throughput sequencing (Besnard et al, 

2012; Martin et al, 2011). When combined with sequencing to saturation, SNS 

enrichment reflects how efficiently an origin is activated.

II. Replication fork progression analyses:

These techniques map the direction of DNA synthesis and are used to measure replication 

rates as well as identify replication origins as points from which replication forks emanate.

i. Replication polarity assays rely on the asymmetry of DNA synthesis, whereby 

replication produces a continuous DNA strand (leading strand) in one direction 

and synthesis in the other direction (lagging strands) is achieved by ligating 

together a series of short fragments (Okazaki fragments). Leading strand 
analyses prevent lagging strand synthesis, for example by exposure the protein 

synthesis inhibitor emetin. Labeled replicated DNA, corresponding to the leading 

strand (Aladjem et al, 1995; Handeli et al, 1989), is hybridized to single stranded 

probes to identify the template. Okazaki fragment analyses isolate short DNA 

fragments that form the lagging strand and identify the template strand either by 

hybridization to single stranded probes or by sequencing. Replication origins are 

identifies as regions in which the template strand of Okazaki fragment switches. 

Both leading strand analyses and Okazaki fragment mapping were used to map 

replication origins in several mammalian loci. Okazaki fragments were also used 

to map genome-wide origins in yeast ligase mutants (inactivated CDC9)(Smith 

& Whitehouse, 2012). It is unclear whether these methods could be suitable for 

mapping replication origins throughout the entire human genome because 

regions in which replication initiation is flexible (“initiation zones”) are expected 

to yield replication forks traveling in two opposite directions.

ii. Single-fiber analyses of DNA replication (e.g., DNA molecular combing 

(Herrick & Bensimon, 2009) or Single Molecule Analysis of Replicating DNA - 

SMARD (Demczuk et al, 2012; Desprat et al, 2009; Lebofsky & Bensimon, 

2005; Norio et al, 2005)) directly visualize incorporation of nucleotide 

precursors on isolated DNA fibers to measure origin activation and replication-

fork progression at specific loci (Herrick & Bensimon, 2009; Norio et al, 2005). 

These methods can evaluate how replication initiation events are spaced on 

chromatin and measure the relative efficiency of replication initiation at each 

origin (Demczuk et al, 2012; Desprat et al, 2009; Guan et al, 2009; Norio et al, 

2005) (Lebofsky & Bensimon, 2005). Because the resolution of detection is quite 

low (Letessier et al, 2011), scaling up might prove challenging. Replication fork 

progression analyzes can therefore be used together with high-throughput 

techniques to provide a detailed understanding of replication initiation.

Besnard et al. Page 4

Curr Protoc Cell Biol. Author manuscript; available in PMC 2019 July 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



III. Isolation of replication intermediates:

Prior to replication, replication origins bind a pre-replication complex that includes helicases 

that separate the two DNA strands to act as replication templates. DNA that is partially 

unwound and DNA hybrids (linking double stranded to single stranded DNA) are likely to 

form only in the vicinity of replication origins. Such structures, as well as specific DNA-

protein complexes, can be mapped to replication origins.

i. Two-dimensional gel electrophoresis (Brewer & Fangman, 1987) identifies 

replication intermediates based on the electrophoretic migration of DNA 

fragments. This method could identify replication origins in yeast and in several 

mammalian loci (Hyrien et al, 1995; Little et al, 1993; Vaughn et al, 1990). Like 

single-fiber analyses, this method is relatively low throughput and scaling up is 

challenging.

ii. The bubble-trap method identifies partially unwound and replicated structures 

(“bubbles”) occurring only at replication origins based on migration on agarose 

gels. Microarray analyses or sequencing of the trapped bubbles can identify 

replication initiation events (Mesner et al, 2013) (Mesner et al, 2011). This 

method can identify low-efficiency events to delineate initiation zones that 

contain a small number of efficient origins.

iii. Immunolocalization of pre-replication complexes identifies replication origins as 

protein binding sites. After cell division, replication origins load an origin-

recognition complex (ORC) that recruits a helicase, the mini-chromosome 

maintenance (MCM) complex, to form the pre-replication complex (pre-RC). 

Theoretically it should be possible, therefore, to use ORC or MCM binding to 

map replication origins. In unicellular eukaryotes, replication origins can be 

mapped by chromatin immunoprecipitation (ChIP) of pre-RC components. These 

methods have been less effective when analyzing higher eukaryotes (Schepers & 

Papior, 2010) possibly because the number of Pre-RC complexes in such cells is 

far greater than the number of active replication origins (Edwards et al, 2002; 

Hyrien et al, 2003; Ibarra et al, 2008). A recently modified version of chromatin 

immunoprecipitation identified replication origins based on binding ORC1, a 

component of pre-RC. The extent to which these sites overlap with SNS or 

bubble-trap data remains relatively modest, possibly because only very efficient 

origins were identified from ORC binding sites (Dellino et al, 2013) (Figure 2).

As stated above, ideally replication initiation mapping should be based on a combination of 

several methods relying on non-overlapping assumptions. Low-resolution analyses can 

provide an in-depth profile of replication initiation at distinct loci to complement high-

throughput studies, generating a more complete representation of the replication landscape.

QUALITY CONTROL AND STANDARDIZATION ISSUES

Given the development of high-throughput methods the field now faces the critical tasks of 

defining technical standards for whole genome origin mapping. Common standards and best 

practices for data integration will minimize experimental variation and pinpoint method-
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based discrepancies. A thorough understanding of discrepancies may in turn lead to 

important biological insights. Using standard, well-calibrated analyses can thus facilitate 

mechanistic analyses with a complete range of available techniques to shed light on diverse 

aspects of the replication process.

SNS sequencing is the most common method used to map replication origins genome-wide. 

To ensure the accuracy of whole-genome origin maps, it is essential to avoid biases that can 

be introduced during SNS purification, sequencing and data analysis. Common sources of 

biases that should be avoided are pointed below.

Cell culture standards.

Because growth conditions can affect the use of replication origins (Demczuk et al, 2012; 

Guan et al, 2009), it is essential to define standard sources of cell lines and standardized 

growth culture conditions. Common cell lines used in laboratory are immortalized and/or 

transformed, and distinct sub-clones can vary with long-term growth culture condition and 

medium used, as is known for HeLa cells. Primary cells are less prone to genomic instability 

but investigators should use standardized growth protocols to achieve pure and 

homogeneous differentiated cell populations.

SNS preparation.

It is essential to insure that the SNS preparations contain only nascent DNA and are not 

contaminated with broken genomic DNA. Size fractionation should exclude Okazaki 

fragments, which coat entire chromosomes and do not uniquely identify replication-

initiation events. In addition, purified SNS are amplified either by random-primed PCR 

(Karnani et al, 2009; Martin et al, 2011) or by in vitro transcription (Cadoret et al, 2008) to 

facilitate DNA sequencing, and these processes may introduce sampling biases. To control 

for these sources of potential biases, the ratio between SNS and genomic DNA should be 

determine for each sample using previously identified origins interrogated via Q-PCR with 

origin-proximal and origin-distal primer pairs. Both the original sample and amplified 

sample should be tested to control for incidental amplification biases, and an acceptable ratio 

appropriate for the desired false discovery rate (FDR) has to be established. For example, the 

threshold accepted ratio between proximal and distal amplified products was set at 3-fold 

enrichment by Martin et al., (2011), testing samples for amplification of origin proximal and 

distal primers in two genomic loci – the beta globin (HBB) and DBF4. Samples with a lower 

proximal to distal ratio were excluded from analysis. Besnard and collaborators, 2012 

analyzed the MYC replication origin and used a 5-fold enrichment threshold.

Binning issues.

SNS-abundance mapping generates reads from nascent strands after primer extension using 

random primers. Results are summarized as read counts in bins across the genome and areas 

with high read counts (peaks) indicate replication initiation activity. Bin size should take into 

account read length. Martin et al. (2011) used bins of 100 bases and smoothed counts across 

seven bins via a Gaussian algorithm (kernel size = 7 bins, variance = 1.75). The abundance 

of nascent DNA was quantified as reads per kilobase per million aligned reads (RPKM), 

supporting normalization across samples. Besnard et al. used a window of 200 bases (i.e., 
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the length of sonicated DNA fragments that are analyzed by next-generation sequencing) 

with a stringent false-discovery rate (0.0001%) to analyze SNS-peak enrichment (Blahnik et 

al, 2010). This analysis yielded an average origin-peak size of 750 bases, which is consistent 

with the seven bins that were used by Martin et al. (2011). The different number of peaks 

identified in both studies might reflect increased resolution from a higher sequencing depth 

(Besnard et al, 2012; Gilbert, 2012).

Controlling for bias when sequencing genomic DNA:

Next-generation sequencing technologies exhibit coverage biases that are extremely 

consistent across sequencing runs (Harismendy et al, 2009). These biases result in genomic 

regions that were extremely amplified across multiple cell lines, controls, and nascent-strand 

samples. Copy-number variation among cancer cells can create another potential bias. To 

correct for sequencing bias, Martin et al. (2011) reported SNS results as the ratio of nascent 

RPKM to control RPKM. One potential problem with this approach is that very low control 

values can lead to high ratios, even when the nascent-strand RPKM is not very large. To 

guard against this effect, Martin et al. (2011) established a control floor value and raised all 

lesser values to this level. The enrichment ratio also corrects for copy-number variation 

because genomic amplifications are reflected in the genomic control.

Similarly, Besnard et al. 2012 utilized the Sole-Search software, which calculates copy-

number estimates for duplicated regions to identify regions of the input genome that are 

over-represented because of technical concerns (e.g., library construction or sequencing). 

The next step creates two background models: one model reflects all unique regions of the 

genome and the other reflects biased sequencing of input from a particular cell type. Peak 

calling determines an accurate, statistically significant height cutoff with a predetermined 

false discovery rate (FDR). Peaks identified after the first step are filtered using a user-

defined significance cutoff and peak length filter (Blahnik et al, 2010).

INTEGRATING DIFFERENT SOURCES OF GENOMIC DATA

Correlating replication initiation profiles with maps delineating chromatin modifications, 

DNAse hypersensitivity, transcription and replication timing can yield important insights 

into chromatin structure. Integrating different types of data can be particularly challenging 

because microarray analyses and SNS mapping can yield very different resolutions and 

publically available datasets of genomic features often contain features that vary 

considerably in length. Comparisons between different types of data, therefore, must be 

based upon common standards that encompass the entire genome. Importantly, comparisons 

with gene-expression data should take into account copy-number variations, which represent 

a confounding factor when analyzing cancer cells (discussed in (Martin et al, 2011; 

Valenzuela et al, 2011) and references therein). Combining information about the location 

and the timing of initiation events should be particularly informative. Until now, origin-

mapping studies have shown that replication origins are more densely packed in early-

replicating regions than in late-replicating regions (Besnard et al, 2012; Cayrou et al, 2011). 

Further, early origins are highly efficient and late origins may be associated with a more 

flexible pattern of usage. Spatiotemporal analyses of replication intermediates across the 
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entire human genome via deep sequencing support this assumption. Nucleotide-composition 

skew reflects the mean replication-fork polarity (Chen et al, 2011) (Baker et al, 2012), and 

the order of origin activation within replication timing domains can be determined by 

molecular combing (Guilbaud et al, 2011) (Raghuraman et al, 2001). More experimental 

data are required, however, to precisely determine the levels of efficiency of replication 

origins and associate these findings with the observed fork-polarity gradients. High-

resolution mapping of Okazaki fragments in budding yeast (McGuffee et al, 2013) supports 

a model whereby replication origin activation could promote initiation from nearby origins, 

resulting in clustered replication initiation zones (Guilbaud et al, 2011). Similar analyses are 

challenging in metazoan, because currently available replication timing data are of lower 

resolution than replication origin maps23. Combining replication origin mapping at high 

resolution with replication timing analyzes, for example by adapting Okazaki fragment 

mapping to human cells, could thus reveal important insights on the replication program.

INSIGHTS FROM RECENT WHOLE-GENOME REPLICATION PROFILING 

STUDIES

Origin mapping has shown that replication initiation events associate with conserved 

sequences (Cadoret et al, 2008; Karnani et al, 2009; Valenzuela et al, 2011) and revealed a 

notable but incomplete conservation among replication initiation sites across cell types 

(Besnard et al, 2012; Martin et al, 2011)., Although metazoan pre-RC components do not 

bind DNA in a sequence specific manner (Aladjem, 2007; Vashee et al, 2003), Drosophila, 

mouse and human replication origins associate with GC- and G-rich motifs (Besnard et al, 

2012; Cadoret et al, 2008; Cayrou et al, 2011; Sequeira-Mendes et al, 2009). Analyses of 

3,000 replication origins in the mouse genome (Cayrou et al, 2011) and 250,000 replication 

origins in primary human fibroblasts revealed a replication origin associated nucleotide 

composition bias and strand asymmetries (i.e., GC skews)(Audit et al, 2012; Touchon et al, 

2005) with a particular association with sequences capable of forming G-quadruplexes (G4). 

The density of G4 L1–15 correlates with the density of replication origins and with the 

efficiency of initiation (Besnard et al, 2012) (Figure 3). Moreover, origin sequences are 

particularly enriched near transcription start sites that contain G-quadruplexes (Figure 4).

In both yeast and metazoans, ORC is preferentially loaded onto nucleosome-free regions 

(NFR) of chromatin (Eaton et al, 2010; Lipford & Bell, 2001; Lubelsky et al, 2011; 

McGuffee et al, 2013). Origins are not always associated with a NFR, however, revealing a 

conserved but flexible nature of replication-origin architecture in budding yeast (Chang et al, 

2011). Whether there are different types of origin architectures within the human genome is 

unclear, although there seem to be a certain amount of activation flexibility within human 

cells.

Experiments utilizing several distinct methods identified large genomic segments that lack 

detectable origins (Besnard et al, 2012; Cadoret et al, 2008; Martin et al, 2011). Such 

initiation-deficient regions might contain potential replication origins programmed to be 

activated during distinct cellular differentiation states and particular growth conditions to 

separate early- and late-replication domains (Desprat et al, 2009; Farkash-Amar et al, 2008; 
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Guan et al, 2009; Hiratani et al, 2009; Ryba et al, 2010). In concordance, SNS sequencing 

experiments have revealed a marked clustering of origins. Results using fiber analyses, 

however, indicate that actual distances between origins are longer than the distances revealed 

by SNS Sequencing (Besnard et al, 2012; Martin et al, 2011). This suggests that in many 

loci each chromosome might replicate from a different site selected among many adjacent 

potential origins. This observation is consistent with Melvin DePampilis’s “Jesuit” model 

suggesting that replication origin activation conforms to the principle of “many are called, 

but few are chosen” (DePamphilis, 1993). Comparisons between pre-RC ChIP and origin-

mapping could help decipher the role of pre-RC components such as MCM helicases in 

origin choice and resolve whether more than a single licensed origin can be present in 

replication initiation zones prior to initiation of DNA replication.

While replication and transcription are preferentially co-oriented to avoid collapse of the 

respective machineries (Huvet et al, 2007), a direct comparison of the frequency of 

replication initiation events with actual transcription rates (Martin et al, 2011) revealed that 

increased transcription resulted in depletion of replication initiation events. This depletion 

was particularly pronounced around the TSS. These observations suggest that while 

transcription and replication are co-oriented, transcription initiation complexes might 

exclude pre-replication complexes. Further studies are required to reveal the extent to which 

replication and transcription are coordinated.

Comprehensive replication maps have started to delineate the relationship between 

nucleosome positioning (which is determined by sequence, chromatin structure, and 

epigenetic modifications, for example) and DNA replication (Dorn & Cook, 2011). To 

decipher how replication is regulated in the context of chromatin, it is critical to characterize 

the full range of post-translational histone modifications at different cell-cycle phases, 

because these epigenetic modifications can affect origin activity during S-phase (reviewed 

in(Dorn & Cook, 2011)). For example, mono-methylation of histone H4 on lysine 20 

(H4K20me1) is critical for the regulation of re-replication (Kuo et al, 2012; Tardat et al, 

2010) and origins in four cell types (HeLa, iPSC, H9, and IMR-90) indeed associate with 

H4K20me1 during mitosis. Epigenetic modifications are altered during differentiation or 

under cellular stress and play a key role in maintaining genomic stability. For example, 

H3K4me1/3 exhibited low association with origins during unperturbed growth but associates 

with origins following DNA damage. Comparing replication-origin positions and the pattern 

of different histone methylations (e.g., H4K20me1, H3K4me3, and H3K4me1) suggests a 

complex epigenetic regulation of replication origins (Figure 5). In another example (Fu et al, 

2013), methylation of histone H3 on lysine 79, which fluctuates during the various phases of 

the cell cycle, associates with a distinct group of replication origins and prevent re-activation 

of early-replicated origins to maintain genomic stability.

Most replication origins exhibit remarkable concordance among human cells (Besnard et al, 

2012; Martin et al, 2011), but some cell-type specific and differentiation associated 

variations in origin efficiency are detected, consistent with previous observations in 

individual loci (Demczuk et al, 2012; Hyrien et al, 1995; Mechali, 2010; Norio et al, 2005). 

These observations suggest that chromatin accessibility and epigenetic elements related to 

cellular differentiation affect the efficiency of origin activation.
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REMAINING ISSUES AND FUTURE DIRECTIONS

One of the major insights afforded by whole-genome replication maps is the realization that 

many apparent discrepancies in previous replication studies reflect flexible replication 

programs. However, some discrepancies in replication origin maps remain. For example, 

exhaustive mapping of replication origins via SNS deep sequencing in diverse cell types 

shows that 70% of the origins are common across cell types (Martin et al, 2011), but bubble-

trap methods reveal a higher degree of replication pattern variation (Mesner et al, 2011). It is 

possible that the diverse findings reflect variations in the frequency of initiation because the 

number of reads in SNS-Seq tends to be proportional to the frequency of initiation whereas 

bubble-traps, similar to fiber analyses, can detect both inefficient initiation intermediates. It 

is possible that whole genome fiber analyses including dynamic molecular combing or 

Single Molecule Analysis of Replicating DNA will provide the ultimate measurements of 

replication initiation frequencies, but such studies require significant progress in automation/

computerization of image acquisition and analyses.

Low-throughput genetic analyses measuring the replication potential of individual 

replication origins had previously identified sequence motifs essential for initiation 

(Aladjem et al, 1998; Ghosh et al, 2004). In accordance, whole-genome analyses show that 

replication origin activity is partially determined by DNA sequence since many origins share 

a G-rich DNA motif and highly efficient origins are enriched in G-quadruplex sequences. An 

epigenetic component of origin activation is also evident since replication origins are 

enriched in regions that are GC-rich, contain DNaseI-hypersensitive sites, and either lack 

nucleosomes (Audit et al, 2012; Besnard et al, 2012; Cadoret et al, 2008; Yin et al, 2009) or 

contain histone modifications correlating with open chromatin conformations (Figure 4). 

Further genetic analyses in multiple cell types are required to determine the relative 

contribution of sequence motifs and chromatin modifications to replication potential and 

whether G-quadruplex sequences are necessary and/or sufficient for efficient origin activity. 

Similarly, effective methods to localize components of the pre-RC are needed to clarify the 

relationship between pre-RC components binding and origin activity. Such studies could 

provide stoichiometric data and facilitate mechanistic insights into the early stages of DNA 

replication.

Comprehensive replication origin maps are the first step towards understanding the 

mechanistic links between origin selection and maintenance of genomic stability. For 

example, the cell cycle kinases ATR and Chk1 regulate origin activation (Ge et al, 2007; 

Petermann et al, 2010) to prevent activation of supplementary origins called “dormant 

origins”, which do not start replication unless cells encounter stressful conditions. Despite 

the critical role dormant origins play to insure genomic stability, their molecular 

characteristics remain poorly understood. This role might be underlined by the observation 

that deficiencies in replication origin binding proteins lead to developmental defects (Kuo et 

al, 2012) (Nordman et al, 2011), and genomic instability negatively correlates with the 

frequency of initiation at fragile sites (Letessier et al, 2011). Generating a precise map of all 

epigenetic modifications during different phases of the cell cycle, and comparing it to 

replication-origin positions can help delineate epigenetic modifications that determine origin 

position and activity.
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“Origin-omics” (Gilbert, 2012) strives to understand the complexity of replication origins. In 

coming years, investigators must apply a variety of high-throughput techniques that rely on 

non-overlapping assumptions to exhaustively map replication origins within the human 

genome. Improved methods are required to identify low-efficiency or generally latent 

origins, to analyze origin datasets and facilitate comparisons across genomic platforms. By 

applying these analyses to a number of different cell types, developmental stages, and 

pathological conditions, a clear understanding of the DNA replication process may soon be 

within reach.
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Figure 1: Identification of potential origins in human cells:
(a) The molecular basis of nascent strand sequencing (top) and molecular combing (bottom). 

Top, DNA replication proceeds bidirectionally from the replication origin (blue arrows). 

Separation of the two template strands (black) facilitates synthesis of nascent DNA strandss 

(blue) that proceeds continuously in the 5’ to 3’ directin (leading strand) and discontinuously 

in the opposite direction (lagging strand – Okazaki fragments). Each nascent DNA strand is 

primed with an RNA primer (red box). For SNS-Seq, short leading strands are separated 

based on size fractionation (size range: 400 – 2000 bp to avoid Okazaki fragments) followed 

by selection of RNA-primed newly replicated DNA based on lambda exonulcease digestion, 

or selection for DNA that incorporated a nucleotide analog such as BrdU. The population of 

newly replicated DNA strands is collected, sequenced and aligned ot the refenrece genome. 

For fiber analysis, DNA is labeled consecutively with two thymidine analogs (e.g. CldU and 

IdU) during DNA synthesis. DNA is isolated, stretched in microscope slides and visualized 

following detection with specific antibodies that recognize the nucleotide analogs. 

Replication origins are identified as regions of green flanked by red (ori1), red without green 

(ori2) or regions that are flanked first by green and then by red (ori3). (b) Histogram 

showing the distribution of inter-origin distances (IOD) measured by molecular combing in 

IMR-90 cells. (c) Comparison of Single Molecule Analysis of Replicating DNA (SMARD) 

analysis on the region containing the POU5F1 locus region (chr6:30,996,000–31,350,000) in 
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hESC cells (top panel - reproduced from Desprat et al. 2009 Genome Res.) with significant 

origin peaks identified with Sole-Search in IMR-90 cells (bottom panel) (enrichments of 

SNS are shown in IGB without background).
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Figure 2: Enrichment of ORC1 at origin positions:
(a) Visualization of ORC1 density (Dellino et al. 2012 Genome Research) (top) and origin 

density (bottom) in HeLa cells on whole chromosome 18 and on whole chromosome 19. (b) 
Venn diagram showing the overlap between the ORC1 regions and the origins identified in 

HeLa cells.
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Figure 3: Enrichment of efficient origins and of origin positions with G-quadruplexes:
Visualization of G4 L1–15 density (top), origin density and efficiency (middle) and 

replication timing (bottom) in Integrated Genome Browser (IGB), on whole chromosome 18 

and on whole chromosome 19. Cytobands and Refseq genes are shown.
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Figure 4: Enrichment of origins on actively transcribed genes:
(a) Frequency of origin sequenced tags along 4-kb regions centered on the TSS of genes 

transcribed on the plus strand in IMR-90 cells. (b) Histogram showing the correlation 

between the average transcription level and the average initiation frequency according to the 

replication timing. (c) Number of G-quadruplex L1–15 along 4-kb regions centered on the 

TSS of genes transcribed on the plus strand in IMR-90 cells with respect to the strand on 

which G-quadruplexes are localized. (d) Frequency of DNaseI HS sites (ENCODE/

OpenChrom Duke University) along 4-kb regions centered on the origin center in HeLa 

cells.
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Figure 5: Enrichment of replication origins in (G+C)-rich regions showing a similar distribution 
of origins and isochores.:
Analyses of identified origin peaks in HeLa cells that are common with 3 other cell types 

(hESC H9, iPSC and IMR-90). (a) Visualization of isochores (top) and visualization in 

Integrated Genome Browser (IGB) of origin density (middle) and genome elements’ density 

(bottom), on whole chromosome 9. Cytobands are shown. (b) Percentage of origins 

associated with different genome elements and percentage of genome recovered by each 

corresponding genome element. (c) Heatmap showing the association of origins with 

different genome elements (dark gray represents associated origins, light represents non 

associated).
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