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Abstract

Noncoding RNAs (ncRNAs) have crucial roles in epigenetic, transcriptional, and post-

transcriptional regulation. Recent studies have begun to reveal a role of ncRNAs in DNA 

replication. Here, we review the roles of ncRNAs in regulating different aspects of DNA 

replication in prokaryotic and eukaryotic systems. We speculate that ncRNAs might function to 

guide the origin recognition complex (ORC) to chromosomal DNA during replication initiation in 

higher eukaryotes.
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It has become increasingly apparent that noncoding RNAs (ncRNAs), now known to be 

transcribed from the majority of the genome, have crucial roles in various cellular functions 

including epigenetic, transcriptional, and post-transcriptional regulation of gene expression. 

Emerging evidence indicates that ncRNAs also participate in DNA replication, a process 

that is relatively conserved among different organisms. DNA replication comprises the 

loading and activation of helicase, the unwinding of double-stranded DNA, the 

establishment of replisomes, the migration of replication forks away from the origin, the 

converging of replication forks, and the disassembly of replisomes. Since the first 

discoveries of DNA replication mechanisms in the 1960s, RNA has been demonstrated to 

have integral roles in DNA replication, including priming for leading and lagging strand 

synthesis, and providing a template for telomere extension. This review focuses on recently 

discovered new functions of ncRNAs in the DNA replication machinery and in the 

regulation of DNA replication in both prokaryotic and diverse eukaryotic replication 

systems.

Noncoding RNAs in regulating primer formation during DNA replication

A clear illustration of the involvement of ncRNAs in DNA replication comes from bacterial 

plasmids. ColE1 and Marine RNA-based plasmids from Enterobacteriaceae and 

Vibrionaceae families use ncRNAs to initiate replication at the origin (ori) instead of 

initiator proteins. The ori region of the plasmids encodes two partially complementary 
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RNAs transcribed from two opposite strands [1,2]. The longer form (250–500 nucleotides), 

called RNA II, is transcribed from the sense strand and forms a stable hybrid with the DNA 

template. This hybrid is then processed by RNAse H to generate a primer, enabling leading 

strand synthesis by the host DNA polymerase. The shorter form (68–108 nucleotides),called 

RNAI, is transcribed from the antisense strand and is complementary to the 5′ region of 

RNA II. It functions as a negative regulator of leading strand priming by forming an RNA I–

RNA II duplex that prevents RNA II–DNA hybrid formation. The level of RNA I is 

proportional to the number of plasmids within the bacteria, thus constituting a negative 

feedback loop that leads to a dynamic regulation of plasmid replication in response to 

metabolic fluctuations (Figure 1). Another example of a ncRNA that regulates RNA priming 

during DNA replication has been demonstrated in the human BK polyomavirus. This virus 

exists episomally in human cells, and replicates its DNA by recruiting the host replication 

machinery [3]. A ncRNA named small replication-regulating RNA (srRNA) has been 

identified in mouse cells and binds simultaneously to both sense and antisense strands within 

the viral origin region, thereby blocking RNA primer synthesis by host DNA polymerase α 

and inhibiting viral replication (Figure 1).

Noncoding RNAs in ORC recruitment during DNA replication

A key initial step in DNA replication of eukaryotes is the binding of the origin recognition 

complex (ORC) to DNA. The ORC is composed of six subunits, ORC1-6, which serve as a 

landing platform for the assembly of DNA helicase and the subsequent establishment of 

replication forks. Although the ORC is conserved in eukaryotes, the mechanism of its 

recruitment to DNA varies in different species. In the budding yeast Saccharomyces 

cerevisiae, the ORC recognizes a specific DNA consensus sequence. In the fission yeast 

Schizosaccharomyces pombe, the ORC binds to AT-rich DNA owing to the presence of the 

AT-hook domain in one of its subunits, ORC4. In contrast to yeast, the ORC in higher 

eukaryotes lacks a sequence-specific DNA binding motif. It remains unclear what DNA-

binding factors or chromatin environments direct ORC binding and determine the site of 

origin formation; one possibility is that ncRNAs might be involved.

So far, ncRNAs have been shown to mediate ORC recruitment in the protozoa Tetrahymena 

thermophila and in the Epstein-Barr virus (EBV). In T. thermophila, ribosomal DNA 

(rDNA) is amplified ~9000 times during development, and a ncRNA called 26T RNA 

mediates ORC recruitment to the origin during rDNA amplification [4] (Figure 1). 26T 

RNA spans the terminal 282 nucleotides of 26S rRNA, forms an integral part of the ORC, 

and base pairs with an essential cis-acting replication determinant at the rDNA origin. 

Mutations that perturb the base pairing process disrupt rDNA origin recognition by the ORC 

and the activation of the origin. Therefore, 26T RNA specifically ensures the efficient 

replication of rDNA and their massive amplification during T. thermophila development. 

EBV is a human virus and establishes latency in host cells after infection. Similar to BK 

polyomavirus, EBV uses host replication machinery, including the ORC, and replicates 

indistinguishably from the cellular chromosomes. EBV encodes a viral protein, EBNA1, 

which binds to the viral origin and recruits human ORC. The interaction between ORC and 

EBNA1 is mediated by a noncoding G-rich RNA, which forms a stable complex with both 

proteins and is predicted to form a G-quadruplex (G4) structure [5].
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These examples of ncRNA-mediated ORC recruitment during DNA replication suggest a 

possible adaptation of this mechanism by higher eukaryotes. Recent genome-wide mapping 

of ORC1 in mammals has shown that ~72% of ORC1 are associated with active 

transcription start sites, among which only 46.5% are promoters of coding genes; however, 

the majority of the remaining 53.5% are transcription start site of ncRNAs [6]. The ORC has 

also been shown to interact with G-rich RNA in mammalian systems, which in turn mediates 

ORC recruitment to telomeres and AT-rich heretochromatin [7,8]. Furthermore, a domain 

within the ORC1 subunit has been mapped. This domain preferentially binds to G-rich RNA 

and single-stranded DNA, both of which form G4 structures [9]. Consistently, this ORC1 

binding feature coincides with recent genome-wide data showing that G-rich repeated 

elements are present in 67–90% of replication origins in metazoans [10]. The ORC does not 

exhibit a preference for double-stranded DNA, therefore it is tempting to speculate that a G-

rich/G4 RNA might act as a mediator to recruit the ORC to DNA replication origins in 

higher eukaryotes. One possibility is that G-rich RNA could guide the ORC to G-rich DNA 

elements by base pairing with the C-rich DNA strand, similar to the role of 26T RNA in T. 

thermophila replication. Alternatively, G-rich RNA could bridge the ORC with DNA 

binding factors that bind specifically to G-rich DNA elements, analogous to that during 

EBV replication.

Noncoding RNAs in the initiation of DNA replication

In vertebrates, a type of ncRNA called Y RNA has an important role during the initiation of 

chromosomal DNA replication (Figure 1). Y RNAs are small stem-loop RNAs of between 

69 to 112 nucleotides in length, and are evolutionarily conserved among vertebrates. 

Although the exact mechanism of how Y RNAs promote replication initiation remains 

unclear, it has been shown that Y RNAs are recruited to chromatin by the ORC, where their 

interaction with pre-replication complex proteins and other initiation proteins is essential for 

their function. In addition, Y RNAs are only required for the initiation of DNA replication 

after the midblastular transition during vertebrate development, suggesting that Y RNAs 

function as a developmentally regulated layer of control over the evolutionarily conserved 

eukaryotic DNA replication machinery [11,12].

microRNAs fine-tune DNA replication

In addition to the above types of ncRNA, microRNAs, which target mRNA for transcript 

degradation and translational repression, also regulate eukaryotic DNA replication by fine-

tuning the process (Figure 1). For example, in human cells, microRNA (miR)-29a targets the 

Cdc7/Dbf4 kinase, which is essential for the initiation of replication in S phase. Upon 

genotoxic stress, up-regulation of Cdc7/Dbf4 is accompanied by the down-regulation of 

miR-29a to maximize DNA damage repair and cell survival [13]. The microRNA miR-

BART2, encoded by EBV, targets BALF5, the catalytic subunit of the viral DNA 

polymerase, to inhibit lytic replication and establish latency in the human host after infection 

[14]. Similarly, a microRNA from the BK polyomavirus targets large T antigen during the 

early course of infection, thereby controlling viral replication to establish persistence in the 

host [15]. The tight regulation of viral replication by the microRNA prevents the rapid death 

of the host, therefore conferring a selective advantage for viable viral progeny.
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Perspective

It is clear that various types of ncRNA can regulate different aspects of DNA replication, 

including RNA primer formation, ORC recruitment to DNA, initiation of replication, as well 

as cellular levels of replication helicase, DNA polymerase, and S phase kinase (Figure 1). 

Integrating ncRNA into DNA replication presents several advantages. First, RNA couples 

DNA replication to cellular physiology. This is especially important for simple organisms 

such as bacterial plasmids, viruses, and T. thermophila. Second, the short half-life of RNA 

enables rapid regulation of DNA replication in response to environmental input such as 

metabolic fluctuations and genotoxic stress. This likely works together with protein-based 

sensing mechanisms in regulating cell cycle and DNA replication. Third, microRNAs confer 

fine-tuning of DNA replication at a global scale by regulating the expression of specific 

components within the replication machinery. Last, sequence-specific or G-rich ncRNA 

could bring replication proteins such as the ORC to specific DNA sequences by either base 

pairing with target DNA or bridging interactions between the ORC and certain DNA binding 

factors that render sequence-specific binding. Whether this mechanism operates in higher 

eukaryotes awaits further studies. Collectively, the emerging roles of ncRNA provide new 

opportunities for research on DNA replication. Future discoveries should reveal what is 

really beneath the tip of the iceberg.
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Figure 1. 
A summary of the known roles of noncoding RNAs in regulating the different steps of DNA 

replication. 26T RNA and G-rich RNA function to recruit the origin recognition complex 

(ORC) during DNA replication of T. thermophila and the Epstein-Barr virus (EBV), 

respectively. Y RNAs perform a conserved function to promote replication initiation in 

vertebrates. The BK polyomavirus and ColE1 and Marine RNA-based plasmids from 

Enterobacteriaceae and Vibrionaceae families use ncRNAs to regulate RNA priming events 

prior to DNA strand synthesis. MicroRNAs fine-tune the stability of replication helicase, 

DNA polymerase, and S phase kinase Cdc7/Dbf4, as demonstrated in the BK polyomavirus 

and in human cells. Abbreviation: srRNA, small replication-regulating RNA; CDK, cyclin-

dependent kinase; DDK, Dbf4-dependent kinase. Unbroken green arrows illustrate 

promoting roles, whereas red blunted-ended lines illustrate inhibitory roles of ncRNA. 

Broken green arrow indicates a likely candidate of Y RNA.
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