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Abstract

While primordial life is thought to have been RNA-based (Cech, Cold Spring Harbor Perspect.

Biol. 4 (2012) a006742), all living organisms store genetic information in DNA, which is

chemically more stable. Distinctions between the RNA and DNA worlds and our views of “DNA”

synthesis continue to evolve as new details emerge on the incorporation, repair and biological

effects of ribonucleotides in DNA genomes of organisms from bacteria through humans.
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1. Introduction

The central dogma of molecular biology states that genetic information flows from DNA to

RNA to protein. In reviewing this dogma, Crick [1] pointed out the well-known essential

loop (highlighted in Fig. 1A) involving the transfer of genetic information from one DNA

molecule to another via DNA synthesis. To the extent that this loop avoids use of

ribonucleotides, DNA-based organisms have an advantage over RNA-based organisms [2]

because DNA is a more stable storage medium for genetic information. This is because

ribonucleotides contain a reactive 2′-hydroxyl on the ribose ring that greatly sensitizes the

sugar-phosphate backbone to hydrolysis [3] (Fig. 1B). Moreover, ribonucleotides in DNA

alter nucleic acid geometry (e.g., Fig. 1C, ([4–7] and references therein). Thus

ribonucleotides in DNA could potentially influence cellular DNA transactions and alter the

information stored in DNA. This possibility leads to the subject of this review, which

considers the following questions. Are ribonucleotides introduced into DNA, and if so, how

and how many? Are they removed, and if so, how? If not, what are the consequences?

2. Origins of ribonucleotides in DNA

Hypothetically, ribonucleotides could be incorporated into DNA during any DNA synthesis

reaction in a cell. Here we consider several possibilities, in order of potential abundance.

*Corresponding author. kunkel@niehs.nih.gov (T.A. Kunkel).

Conflict of interest statement
The authors have no conflict of interest to declare.

NIH Public Access
Author Manuscript
DNA Repair (Amst). Author manuscript; available in PMC 2015 July 01.

Published in final edited form as:
DNA Repair (Amst). 2014 July ; 19: 27–37. doi:10.1016/j.dnarep.2014.03.029.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



2.1. Ribonucleotide incorporation by RNA primase

In their initial description of DNA polymerization [8], Kornberg and colleagues pointed out

that DNA synthesis does not begin de novo, but rather requires a “primer”. For replication in

many DNA-based organisms (highlighted loop in Fig. 1A), this primer is a short RNA chain

synthesized by an RNA primase (reviewed in [9]). For example, during replication in

eukaryotes (Fig. 1D), a primer of approximately 10 ribonucleotides is used to initiate DNA

synthesis of Okazaki fragments (OFs) of about 200 nucleotides (reviewed in [10–12]). Thus,

lagging strand replication of the three billion base pair human nuclear DNA genome requires

synthesis of about 150 million ribonucleotides. This is undoubtedly the major source of

ribonucleotides initially introduced during DNA replication. Additional but less abundant

sources of consecutive ribonucleotides in DNA include RNA chains used to restart stalled

replication forks (reviewed in [13], e.g., mRNA [14] or RNA primers synthesized by

PrimPol [15–18]. Because RNA primers are efficiently removed during OF maturation (see

below), their presence in DNA is normally transient.

2.2. Ribonucleotide incorporation by DNA polymerases in vitro

Early work demonstrated that DNA polymerases incorporate ribonucleotides into DNA, to

the point that when tricked by substituting Mn2+ for Mg2+ as the activating metal or when

engineered, DNA polymerases can even behave as very weak RNA polymerases (e.g., see

[19–22] and references therein). Numerous studies (reviewed in [23] and also see [24–26]

and references therein) have quantified discrimination against insertion of rNTPs. These

studies revealed variations among DNA polymerases ranging from as little as 10-fold to

greater than a million-fold. Such wide variation in inserting a noncanonical sugar into DNA

is similar to the million-fold variation among DNA polymerases for misinserting incorrect

bases [27]. Structure–function analyses of sugar discrimination (reviewed in [20,23,28] and

also see [24,26]) have provided insights into the mechanisms that prevent rNTP insertion.

This prevention partly results from steric clashes between the 2′ oxygen of the

ribonucleotide and a polymerase, often involving functionally conserved “steric gate”

residues. In addition to studies of prevention, a recent study has also defined the catalytic

cycle for stable incorporation of a ribonucleotide into DNA by Pol λ [22], which fills short

DNA gaps during repair [29].

The fact that many DNA polymerases discriminate well against ribonucleotide insertion

implies that incorporation into DNA might be so rare as to be of little consequence. This

implication may partly explain why the subjects of this review have not been studied nearly

as extensively as has misincorporation of incorrect bases. However, just as the probabilities

of base misincorporation and misalignment depend on the absolute and relative

concentrations of the four dNTPs (e.g., see [30] and references therein), so too does the

probability of ribonucleotide insertion and stable incorporation depend on the cellular

concentrations of rNTPs and dNTPs. Measurements in yeast [31] and mammalian cells

[32,33] indicate that rNTP concentrations are much higher than dNTP concentrations. This

greatly increases the probability that ribonucleotides will be incorporated into DNA despite

strong polymerase discrimination against this outcome. This point was nicely illustrated in a

study [34] of human DNA polymerase μ, an enzyme that fills 1–2 nucleotide gaps during

non-homologous end joining of double strand breaks (DSBs). Increasing the rNTP:dNTP
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ratio to that estimated in mammalian cells resulted in a several-fold increase in

ribonucleotide incorporation in vitro. This led to the suggestion [22,34] that rNTPs may be

frequently incorporated during gap-filling synthesis associated with DNA repair, especially

in non-proliferating cells where dNTP concentrations are low and rNTP:dNTP ratios are

high. This idea may be relevant to diseases, e.g., AOA1 (see below).

Following the study of Pol μ, it was shown [31] that in reactions containing rNTP and dNTP

concentrations estimated to be present in Saccharomyces cerevisiae, yeast replicative

polymerasesα, δ and ε stably incorporate one ribonucleotide (rNMP) for every 625, 5000 or

1250 deoxyribonucleotides (dNMPs), respectively. Given the current model for the division

of labor among these three polymerases at the replication fork [35], these results suggest that

more than 13,000 ribonucleotides might be incorporated in a single round of nuclear DNA

replication in yeast (Fig. 1D). This extrapolates to the possible incorporation of more than

three million ribonucleotides into much larger mammalian nuclear genomes. This prediction

is supported by the fact that human Pol δ [36] and Pol ε [37] have ribonucleotide

incorporation propensities similar to those of the yeast replicases. Further evidence in vitro

for the evolutionary conservation of ribonucleotide incorporation during replication comes

from recent studies of the replicase for the mitochondrial genome, DNA polymerase γ (see

[25] and references therein] and the replicase for the Escherichia coli genome, DNA

polymerase III [38].

The amount of ribonucleotides incorporated into DNA by the yeast replicases varies over a

several-fold range depending on the polymerase, the identity of the base, and the local

sequence context [31]. Moreover, the cellular concentrations of the four dNTPs are not

equal, they change in the cell cycle (e.g., see [39]), and they are much lower in quiescent

cells [33,40], thereby altering rNTP to dNTP ratios and the probability of ribonucleotide

incorporation. Thus the probability of ribonucleotide incorporation into DNA in vivo may

vary by location and over time, which has implications for the repair and biological

consequences of ribonucleotides in DNA (see below).

Ribonucleotide incorporation into DNA is not limited to the major replicases. In addition to

the studies mentioned above, ribonucleotides are readily incorporated by Tetrahymena

telomerase [41], by terminal transferase [42], a template-independent Family X sibling of

Pol μ with an important role in V(D)J recombination, and by E. coli Pol V, which

participates in translesion synthesis [43].

2.3. Ribonucleotide incorporation by DNA polymerases in vivo

To determine if ribonucleotide incorporation during nuclear DNA replication occurs in vivo,

a study was performed that took advantage of prior work suggesting that if a ribonucleotide

was incorporated by a DNA polymerase, it would be removed through the combined action

of RNase H2 and FEN1 ([44,45] and references therein). In budding yeast strains lacking the

gene encoding the catalytic subunit of RNase H2 (see [46] for review of RNases H),

genomic DNA was found to contain a large number of alkali-sensitive sites [47]. Alkali-

sensitive sites were much less abundant in an RNase H2-proficient strain, implying that they

are largely due to ribonucleotides in the genome. Importantly, the number of such sites was

increased in a strain encoding a variant of the leading strand replicase Pol ε that incorporates
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a larger number of ribonucleotides in vitro, and conversely, was decreased by a variant that

incorporates fewer ribonucleotides [47]. These results indicate that ribonucleotides are

incorporated into the nuclear genome by Pol ε, and that as predicted [45], they are removed

in an RNase H2-dependent manner. Both conclusions hold in a similar study of fission yeast

[48]. That study further demonstrated that the ribonucleotides in the genome of the Pol ε

variant strain were preferentially located in the nascent leading strand. This strand

preference was later confirmed in budding yeast and extended to preferential incorporation

of ribonucleotides into the nascent lagging strand by a homologous variant of Pol δ [49].

Such strand-specific ribonucleotide incorporation strongly supports the model for the

division of labor among polymerases at the replication fork (Fig. 1B) that was inferred from

studies of polymerase error signatures [35]. The fact that ribonucleotides serve as

“biomarkers” for polymerase-specific DNA synthesis in vivo may be useful for future

studies of replication, repair and recombination. Ribonucleotides have also been detected in

mitochondrial DNA [50], consistent with their incorporation during replication by Pol γ

[25]. A recent study demonstrated that ribonucleotides are present in the nuclear genome of

RNase H2-deficient mouse cells [51], and in the genome of a Bacillus subtilis strain deleted

for RnhB [38], supporting the idea that ribonucleotide incorporation is an evolutionarily

conserved property of DNA replication.

How many ribonucleotides are incorporated during replication in vivo? The results in yeast

suggest an average of one ribonucleotide is incorporated per ~6500 deoxyribonucleotdes

[49], a value remarkably similar to the 1:7600 ratio observed in the nuclear genome of

RNase H2-defective mouse cells [51]. Biochemical studies of E. coli Pol III suggest that one

ribonucleotide will be incorporated per 2300 base pairs [38].

3. Removal of ribonucleotides from DNA

The total number of ribonucleotides introduced into DNA genomes during DNA replication

exceeds the total of all other DNA lesions studied in the DNA repair field (see Table 1 in

[52]). This predicts that, as for other common non-canonical constituents in the genome

(e.g., 8-oxo-G and abasic sites), ribonucleotides in DNA are processed in multiple ways.

Rapidly emerging evidence indicates that is indeed the case.

3.1. Ribonucleotide removal during OF maturation

The maturation of OFs into a continuous nascent lagging strand involves removal of RNA

primers. Two main ideas have been proposed for how this is done (Fig. 2A). The

biochemical properties of RNase H2 are consistent with multiple incisions to digest most of

the RNA primer, with the exception of the final rNMP at the 5′-RNA–DNA-3′ junction,

which is removed by FEN1 in a reaction like that used for ribonucleotide excision repair

(RER, see below). Nonetheless, genetic studies (e.g., [53]) show that RNase H2 is not

essential for removing RNA primers. This fact is consistent with the demonstration that

ribonucleotides can be removed by nick-translation involving strand displacement synthesis

by Pol δ, coordinated with consecutive cleavage of the resulting flaps by FEN1 ([54] and

Fig. 2A). OF maturation is likely the most frequent of all DNA transactions in a cell, so

functional redundancy and tight regulation is to be expected and has been observed

(reviewed in [10–12]). For example, maturation can occur in the absence of FEN1, via a
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Dna2-dependent “long-flap” pathway suggested to not only remove the RNA primer, but

also incorrect bases incorporated into the adjacent DNA by Pol α, which cannot proofread

any mismatches it may generate. Theoretically, this long-flap pathway could also remove

ribonucleotides incorporated by Pol α, which is the most promiscuous of the three replicases

for ribonucleotide incorporation.

3.2. Proofreading of ribonucleotides

Some replicases have 3′-exonuclease activity that can efficiently excise an incorrect base

inserted during DNA replication. Recent studies [37,55] demonstrated that the 3′-

exonuclease of human and yeast Pol ε can proofread newly inserted ribonucleotides (Fig.

2B), but does so much less efficiently than for editing base-base mismatches. A subsequent

study showed that human and yeast Pol δ are even less efficient at proofreading

ribonucleotides [36]. Together, these studies suggest that proofreading provides little

protection against ribonucleotide incorporation during DNA replication in vivo. Failure to

efficiently edit newly incorporated ribonucleotides during replication is consistent with the

idea that their transient presence in the genome has positive consequences (see below).

Decades of work (reviewed in [27]) have demonstrated that proofreading of primer terminal

mismatches varies more than 1000-fold depending on a delicate balance between excision

versus extension of the mismatched primer terminus (Fig. 2B). For example, fraying of the

mismatched terminus during proofreading to allow partitioning of the single-strand DNA to

the polymerase exonuclease site for excision may be more efficient on a mismatched 3′

terminal dNMP primer than it is on a correctly base-paired rNMP. However, it is possible

that future studies will reveal more efficient proofreading of ribonucleotides under some

circumstances.

3.3. Ribonucleotide excision repair (RER)

The demonstration that ribonucleotides are removed from the yeast nuclear genome by a

repair process requiring RNase H2 [47] prompted a study [56] that has reconstituted

Ribonucleotide Excision Repair (RER) reactions in vitro using proteins purified from

budding yeast and DNA substrates containing ribonucleotides incorporated by Pol δ or Pol

ε. The most efficient RER pathway (Fig. 2C) begins with RNase H2-dependent incision of

the backbone 5′ to a ribonucleotide, generating a nick whose ends have a 3′-OH and a 5′-

RNA–DNA junction. RNase H1 does not substitute for RNase H2 in this RER reaction.

Incision is followed by strand displacement synthesis by Pol δ, assisted by PCNA and the

RFC clamp loader. Pol ε is able to substitute for Pol δ in a reaction that is slightly less

efficient. FEN1 then excises the resulting flap containing the RNA–DNA junction. Exo1 can

substitute for FEN1, albeit less efficiently, but Dna2, which only acts on longer flaps, cannot

substitute for FEN1. The resulting nick is sealed by DNA ligase 1 to complete RER. The

enzymes involved in RER are conserved in organisms in all three kingdoms of life.

3.4. Repair of adenylated RNA–DNA junctions by aprataxin (APTX)

The large number of ribonucleotides incorporated during replication provides an enormous

potential to generate toxic RER intermediates. For example, premature attempts to ligate the

nick generated by RNase H2 before the ribonucleotide is excised can generate an adenylated
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5′-RNA–DNA junction (Fig. 2D). A recent structure–function study [57] shows that

adenylated 5′-RNA–DNA junctions are indeed generated during attempted ligation. APTX

efficiently deadenylates these junctions by a mechanism involving A-form RNA-binding

and conformational changes. This ligation “proofreading” restores normal RER and avoids

the toxic consequences (see below) of this compound lesion, i.e., an adenylated 5′-RNA–

DNA junction.

3.5. Ribonucleotide removal via Topoisomerase 1 cleavage

In the absence of RNase H2-dependent RER (Fig. 2D), budding yeast removes

ribonucleotides from DNA by a process initiated by Topoisomerase 1 (Top1) incision at

ribonucleotides [58–60]. This incision generates a nick containing 5′-OH and cyclic 2′–3′

phosphate ends that cannot be ligated, thus requiring other, currently unknown, proteins to

complete repair. Curiously, while Top1 can initiate removal of thousands of ribonucleotides

from the yeast nuclear genome [60], this is only apparent when RNase H2-dependent RER is

defective. It may be that, as it thought to be the case for mismatch repair (MMR; see below),

RNase H2 dependent RER is coupled to replication. In this case, RNase H2 would be the

first repair enzyme to encounter newly incorporated ribonucleotides, obviating the need for

repair by Top1. It is also curious that the genomes of RNase H2-deficient yeast and mouse

cells contain many ribonucleotides even when Top1 is proficient [47–49,51,60]. This

indicates that Top1 only participates in removing a subset of ribonucleotides from the

genome. This subset could possibly differ by nucleotide identity, configuration, the

surrounding sequence context, genomic location or chromatin status. It is possible that

Top1-initiated removal is related to transcription, because Top1 interacts with RNA

polymerase II to relieve super coils generated during transcription [61,62] and RNase H2

resolves R-loops generated during transcription [63].

3.6. Evidence that other pathways process ribonucleotides

RNase H2-deficient yeast and mouse cells have phenotypes characteristic of DSB formation

possibly resulting from Top1 incision and/or replication fork stalling (see below). Because

DSBs can by repaired by recombination, it may be that in the absence of RNase H2-

dependent RER, ribonucleotides embedded in DNA can be processed by recombination.

Consistent with this possibility, an allele of the Rnh202 subunit of RNase H2 (hpr4-1) was

isolated in a genetic screen for mutations conferring a hyper-recombination phenotype for

intrachromosomal gene conversion [64], and the rnh202Δ mutant displays increased

recombination and spontaneous mutagenesis (Potenski and Klein, unpublished). Further

support comes from the discovery of increased loss-of-heterozygosity in diploid, RNase H2-

deficient yeast (Williams, Lujan and Kunkel, unpublished), and by changes in expression of

yeast genes involved in Rad52 focus formation and recombination [65]. Additionally, the

fact that RAD52 is essential in rnh201Δ rnh1Δ cells [66] supports the importance of

homologous recombination for survival when ribonucleotide-removal is impaired.

Several recent studies indicate that ribonucleotides embedded in DNA may also be

processed by nucleotide excision repair (NER). Loss of yeast RNase H2 is associated with

changes in expression of NER genes [65], and loss of NER in RNase H2-defective yeast

elevates transcription-associated mutagenesis ([67] and see below). A hybrid bacterial
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UvrABC complex has recently been shown to incise DNA duplexes containing

ribonucleotides [68], a fact that may be relevant to the observation that a defect in NER

elevates base substitution mutagenesis in RNase H-defective E. coli strains encoding a

Y11A allele the UmuC gene, the catalytic subunit of the translesion synthesis (TLS)

enzyme, DNA polymerase V. Tyrosine 11 is the steric gate residue in the active site of Pol V

that limits ribonucleotide incorporation, such that the Y11A variant is highly promiscuous

for ribonucleotide incorporation in vitro, so much so that it can incorporate multiple

consecutive ribonucleotides [69]. It has been suggested that ribonucleotides incorporated by

Y11A Pol V are removed by RNase B-dependent repair, providing the opportunity to

concomitantly remove mismatches generated by this relatively inaccurate TLS enzyme. The

observation that a defect in NER elevates base substitution mutagenesis in a umuC Y11A

ΔrnhB strain suggests that NER may serve as a backup pathway to remove ribonucleotides

when RNase HII is defective [68]. Additional work suggests the involvement of the strand

displacement and nuclease activities of DNA polymerase I (pol I) in RER in E. coli [70].

4. Consequences of ribonucleotides in DNA

Incorporation of ribonucleotides into DNA has several consequences, some resulting from

their processing and others resulting from failure to process them (recently reviewed in

[71]). For each circumstance, we consider both negative and positive consequences.

4.1. Negative consequences—RNA–DNA damage responses (RDDR)

The term “DNA damage response” (DDR) abounds in the extensive literature on DNA

transactions. Therefore, it seems reasonable to use the term “RNA–DNA damage response”

(RDDR) for emerging literature on the negative consequences of ribonucleotides in DNA

genomes, as recently described for adenylated RNA–DNA repair by aprataxin [57]. Two

major negative consequences are replication stress and genome instability.

4.1.1. Replication stress—Five phenotypes of replicative stress are exhibited by yeast

strains that are defective in RNase H2-dependent RER and encode a Pol ε allele that

increases ribonucleotide incorporation into the nascent leading strand during replication

[47]. These strains grow slowly, accumulate in S-phase, have slightly elevated dNTP pools,

have an activated S phase checkpoint and are sensitive to the replication inhibitor

hydroxyurea (HU). These consequences are not seen in RER-defective strains encoding a

Pol ε allele (pol2-M644L) that decreases ribonucleotide incorporation, indicating that they

result from ribonucleotides incorporated during replication. Importantly, deleting Top1

largely alleviates these effects [60], suggesting that they result from the “dirty” (i.e.,

unligatable) DNA ends created by Top1 incision (Fig. 2D). A second example [57] of

replication stress involves failure of aprataxin to resolve adenylated 5′-RNA–DNA junctions

arising during attempted ligation too early in the RER pathway (Fig. 2E). Growth is severely

impaired for a pol2-M644G strain (but not a pol2-M644L strain) from which the HNT3APTX

gene is deleted. This strain is also HU-sensitive and has an activated S phase checkpoint.

Importantly, these effects are eliminated by loss of RNase H2, implying that they result from

failure to deadenylate 5′-RNA–DNA junctions created by RNase H2 incision at

ribonucleotides incorporated during leading strand replication.
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A third example of the RDDR is seen in mouse models, where knocking out genes encoding

subunits of RNase H2 causes embryonic lethality [51,72]. RNase H2 null embryos grow

slowly due to reduced cell proliferation. RNase H2-deficient mouse cells contain greater

than 1,000,000 ribonucleotides in the genome and exhibit a p53-dependent DNA damage

response characterized by reduced cellular proliferation and elevated levels of p21, cyclin

G1, strand breaks, histone H2AX foci and genome instability.

These consequences are consistent with the encounter of a replication fork with unresolved

nicks that ultimately result in DSBs. An additional, non-exclusive possibility for replication

stress is replication fork stalling during attempts to bypass ribonucleotides in the template

strand. This idea is consistent with the fact that replicases require normal DNA helix

geometry to achieve efficient and accurate DNA synthesis, and with crystallographic and

NMR studies (e.g., [4–7] and references therein) showing that ribonucleotides in protein-

free DNA duplexes alter helix geometry. Moreover, recent studies in vitro show that

ribonucleotides in DNA templates impede DNA synthesis by the E. coli replisome [38] and

by four B Family replicases, bacteriophage RB69 Pol [73] and yeast Pols α, δ, and ε

[31,36,47,66,73–75]. All these replicases can completely bypass a single ribonucleotide,

with relative bypass efficiencies varying from ~10–90% of normal. However, compared to

bypass by RB69 Pol and by Pol δ, Pol ε is progressively less efficient as the number of

consecutive ribonucleotides in the template is increased from one to four (Fig. 3A). A recent

structural study of a RB69 Pol variant [73] reveals that ribonucleotides in the template alter

sugar pucker and the positions of two amino acids that are conserved in B Family

polymerases and are important for interaction with the template strand (Fig. 3B). An

interesting exception among B family polymerases is yeast Pol ζ. Renowned for its

participation in TLS, Pol ζ efficiently bypasses even four consecutive ribonucleotides in a

DNA template [66]. This ability appears to be biologically relevant in a yeast strain

defective in both RNase H2 and RNase H1, which progresses slowly through S phase,

accumulates ubiquitylated PCNA that is used for TLS, and is HU-sensitive [66]. In the

presence of HU, survival of this strain depends on either of two post-replication repair

pathways, MMS2-dependent template switching or Pol ζ-dependent TLS (see model in Fig.

6 [66]). Dependence on these two pathways is not observed for strains defective in either

RNase H1 or RNase H2 alone. Because only RNase H2 can repair single ribonucleotides in

DNA, but both RNases H1 and H2 can digest substrates containing multiple consecutive

ribonucleotides in DNA [46], the results suggest that in the RNase H1/H2 double mutant

strain, the replication fork may stall due to multiple consecutive unrepaired ribonucleotides

in DNA, and that this stalling can be alleviated by either template switching or TLS by Pol

ζ.

Some of the negative consequences of inactivating RNase H2, either alone or in

combination with RNase H1, could reflect loss of the ability to degrade RNA–DNA hybrids.

Such hybrids form during transcription and can stall replication forks, activate the S phase

checkpoint and destabilize the genome (see [76,77] and references therein). RNase H2 has

also been suggested to degrade endogenous retroelements [78]. RNases H1 and H2 process

noncoding telomeric repeat-containing RNA (TERRA) that form RNA–DNA hybrids at

telomeres to regulate telomere-length [79] and may repair ribonucleotides incorporated into
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telomeres during replication [41]. Supporting these possibilities, RNase H2 was detected in

a screen for genes involved in telomere maintenance [80], and RNase H2-defective yeast

have increased expression of several genes associated with telomere maintenance [65]. The

HU sensitivity of the yeast strain defective in RNase H2 and RNase H1 may not be due to

unresolved R-loops, because concomitant deletion of the HPR1 gene results in accumulation

of R-loops [81] but does not further increase the HU sensitivity of RNase H2/RNase H1

double mutant yeast strains [66]. Nevertheless, it remains important for future studies to

distinguish between negative consequences of RNase H defects due to ribonucleotides

incorporated by DNA polymerases versus unresolved RNA–DNA hybrids. As discussed

below, this distinction has recently been enabled by the availability of a separation-of-

function mutant of yeast RNase H2 [82]. Some of the negative consequences of inactivating

RNase H2 could also reflect increased DNA damage due to the presence of ribonucleotides

in DNA. This possibility is consistent with studies showing altered helix parameters for

DNA containing ribonucleotides (see [4–7] and references therein). Indeed, gene expression

studies show that a defect in RNase H2 results in changes in expression of hundreds of yeast

genes associated with response to several types of stress, including oxidative stress, osmotic

and heat shock, changes in pH, diauxic shift and exposure to heavy metals and xenobiotics

[65].

4.1.2. Genome instability—Loss of RNase H2 results in several types of genome

instability, generated by mechanisms that are partly understood. Here these are considered in

order of the number of base pairs involved. The smallest mutations, single base events, are

discussed under positive consequences because they are suppressed by ribonucleotides in the

DNA.

4.1.3. 2–5 bp deletions—Loss of RNase H2-dependent RER strongly increases the rate

at which 2–5 base pairs are deleted from short, directly repeated sequences [47]. Deletion

rates are increased by the pol2-M644G allele that increases ribonucleotide incorporation,

and decreased by the pol2-M644L allele that decreases ribonucleotide incorporation,

indicating that they result from ribonucleotides incorporated during replication [47,59,83].

That newly incorporated ribonucleotides rather than RNA–DNA hybrids underlie the

deletions is supported by the high rate of 2–5 base pair deletions seen in a yeast strain

encoding an allele of the catalytic subunit of RNase H2 that cannot repair single

ribonucleotides in DNA but can still resolve RNA–DNA hybrids [82]. The rate of short

deletions is increased by transcription [84,85]. Some of these deletions are ribonucleotide-

dependent and some are not [59,83], but all strongly depend on Top1. As mentioned above,

Top1 relieves supercoils arising during transcription and it can cleave the backbone at an

RNA–DNA junction to create ends that must be processed before ligation can occur (Fig.

2D). The events following Top1 cleavage at ribonucleotides that result in short deletions are

uncertain. One model (Fig. 3C) posits that a single cleavage is followed by end processing to

create a gap in which strand misalignment occurs, followed by ligation [59]. A more recent

study [83] proposes that the initial Top1 cleavage at the RNA–DNA junction is followed by

a second cleavage adjacent to the first that traps Top1 in a covalent complex with the DNA.

Misalignment then allows Top1 to catalyze re-ligation, leading to the deletion (Fig. 3D).
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4.1.4. Complex mutations templated by quasipalindromes—Loss of yeast RNase

H2 also results in complex mutations that are most easily explained by DNA synthesis

templated by one arm of an imperfect quasipalindrome, thus dubbed “QP” mutations [67].

These are only observed under conditions of high transcription. They are independent of

Top1 and homologous recombination, but depend on the direction of DNA replication, on

RNase H1 activity and on TLS, and as mentioned above, they are limited by NER. QP

mutations are suggested to reflect either a transcription-associated perturbation of OF

processing, or the use of a nascent transcript to resume replication following a transcription–

replication conflict [67].

4.1.5. Large-scale genome instability—RNase H2-defective mouse embryonic

fibroblasts contain increased levels of micronuclei, interchromosomal translocations and

cytogenetic anomalies and chromosomal rearrangements in metaphase chromosomes [51].

The mechanisms responsible for these types of large-scale genome instability remain to be

established, but likely involve DNA strand breaks that result from the presence of

unrepaired ribonucleotides in DNA, from replication conflicts with unresolved R-loops, or

both. Consistent with this, gross chromosomal rearrangements (GCRs) are observed in an

RNase H2-defective yeast strain (rnh203Δ), and the GCR rate is increased when combined

with mutations that affect DNA damage response and repair [86].

4.1.6. Disease relevance—Partial-loss-of-function mutations in the genes encoding any

of the three RNase H2 subunits cause Aicardi–Goutières syndrome (AGS), an autosomal-

recessive, early-onset neuroinflammatory disorder that mimics congenital viral infection

[87]. Because innate immune-mediated inflammation is thought to result from the

accumulation of endogenous nucleic acid species, the association between AGS and

defective RNase H2 could reflect partial loss of RER, partial loss of the ability to degrade

RNA–DNA hybrids (e.g., endogenous retroelements), or both.

The neurological disorder Ataxia with Oculomotor Apraxia 1 (AOA1) is linked to mutations

in the Aptx gene encoding aprataxin [88], which resolves adenylated RNA–DNA junctions

[57]. AOA1-associated Aptx mutations map to locations on the human aprataxin structure

that are critical for function, including one mutation that has been shown to distort the

substrate binding pocket and impair deadenylation of RNA–DNA junctions. These data

suggest that a failure to resolve this toxic intermediate of RER may promote AOA1.

Theoretically, ribonucleotide incorporation into DNA could also be relevant to sickle cell

anemia. Patients suffering from this disease are treated with HU [89], which inhibits

ribonucleotide reductase. This inhibition decreases dNTP pools and increases rNTP:dNTP

ratios. In turn, this increases the probability of ribonucleotide incorporation into DNA, as

nicely demonstrated by the increased number of ribonucleotides in the genome of RNase

H2-defective mouse cells treated with HU [51]. Theoretically, these newly incorporated

ribonucleotides could be related to the negative side effects observed in HU-treated sickle

cell anemia patients.
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4.2. Positive consequences—Signaling roles for ribonucleotides in DNA

Because ribonucleotides in DNA alter helix parameters, they have the potential to act as

positive signals for cellular DNA transactions.

4.2.1. Mating type switching—Schizosaccharomyces pombe employs two mating types

for cellular differentiation, designated M and P. Switching between M and P occurs through

recombination that replaces a cassette at the mat1 locus with one of the opposite mating-

type, using either mat2P or mat3M. Current evidence (reviewed in [90,91]) supports a model

wherein a two-ribonucleotide imprint made during lagging strand replication survives OF

maturation (see Fig. 3 in [91]) and persists until the next round of replication, where it stalls

leading strand replication by Pol ε [73], thereby initiating the recombination process used to

switch the mating type (see Fig. 4 in [91]).

4.2.2. Signaling for MMR—MMR must be targeted to the nascent strand by one or more

strand-discrimination signals. In E. coli, the nascent strand is marked for repair when MutH

nicks the backbone at transiently unmethylated adenines in GATC sequences. In bacteria

that lack MutH, and in eukaryotes, the identity of the DNA ends used for strand

discrimination is less certain. The transient 5′-DNA end of an OF may be one signal for

lagging strand MMR [92], while signals for the more continuously replicated leading strand

have remained uncertain. Four years ago, we suggested that ribonucleotides incorporated by

replicases might mark the nascent strand for MMR [31]. This hypothesis is supported by two

recent studies [49,93] leading to the model in Fig. 4, in which ribonucleotides incorporated

into the nascent leading strand are incised by RNase H2, creating a signal that directs MMR

to correct nearby replication errors. The genetic evidence in budding yeast accounts for

MMR of a small but significant fraction of leading strand errors, but not lagging strand

errors. Inactivation of RNase HII elevates the spontaneous mutation rate in B. subtilis [38],

consistent with the possibility that nicking of newly incorporated ribonucleotides may

provide a signal for MMR in those bacteria that lack MutH. The model in Fig. 4 further

implies that replication, MMR and RER may all be tightly coupled, especially since all three

processes use several of the same proteins.

5. Speculations and perspectives

Ribonucleotides embedded in DNA may have other consequences. They may influence

telomere function, because they are incorporated by telomerase [41], their presence in DNA

reduces DNA binding by the telomere binding protein Pot1 [94], loss of RNase H2 in yeast

is associated with increased expression of genes involved in telomere maintenance [65], and

the yeast RNH201 gene was recovered in two screens [80,95] for genes that affect telomere

length. Ribonucleotides in DNA reduce nucleosome binding [96,97], possibly influencing

histone re-loading behind the replication fork and/or nucleosome positioning or dynamics.

This idea could possibly be related to the fact that Pol ε, which incorporates ribonucleotides

into the nascent leading strand, is involved in gene silencing and one of its non-catalytic

subunits is involved in chromatin remodeling (reviewed in [98]). Moreover, mutations in the

S. pombe cdc22 and tds1 genes, encoding the large subunit of ribonucleotide reductase and a

putative thymidylate synthase, respectively, cause spreading of silencing across
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heterochromatic barriers in the mating-type switching region [99]. These two factors

regulate dNTP pools, such that defects in cdc22 and tds1 may alter dNTP:rNTP ratios to

promote increased incorporation of ribonucleotides. Thus, in a conceptually similar manner

to DNA methylation, ribonucleotides may modulate epigenetic change.

In considering the known and theoretical consequences of ribonucleotides in DNA, it will

undoubtedly be useful to define their identity (rA, rC, rG or rU), their density (spacing and

whether singlets or consecutive), their locations within genomes (e.g., in telomeres, in the

highly transcribed rDNA locus, relative to nucleosomes, by DNA strand), and their

persistence (e.g., transient for MMR, persistent for mating type switching). These

parameters will likely depend on the properties of the polymerases responsible for their

incorporation, whether a primase or replicase, or a DNA polymerase involved in TLS or

DNA repair. Thus it will be of interest to determine the ribonucleotide incorporation

capacity and the ribonucleotide bypass capacity of the many DNA polymerases not yet been

examined, and to determine if these properties are biologically relevant.

The fact that that Top1 [58,59] and a bacterial UvrABC complex [68] incise DNA duplexes

containing ribonucleotides, and the fact that ribonucleotides alter helix geometry (Fig. 1C)

leads one to wonder how well other enzymes involved in nucleic acid transactions may

process (or not) DNA containing ribonucleotides. This includes a long list of DNA repair

enzymes already characterized for their ability to process lesions in “all-DNA” duplexes. As

one example, repair of an abasic site in DNA requires the participation of several enzymes.

It would be interesting to determine how well these enzymes repair an abasic site derived

from a ribonucleotide in DNA, especially since an abasic lesion is more stable in RNA

[100]. Another example involves DNA ligases, which vary widely in the ability to ligate

RNA–DNA junctions (see [57,101] and references therein). Remarkably, it has also been

reported that ligation of an RNA–DNA junction in vitro can generate a 2′–5′ linkage in the

DNA backbone [102], a linkage that is well known in the literature on RNA transactions.

Unpublished results (Watt and Kunkel) demonstrated that a 2′–5′ linkage in a DNA template

completely blocks DNA synthesis in vitro by several DNA polymerases. Thus, if this

linkage was generated in DNA in vivo, its consequences could be as severe as a DNA

crosslink or a DSB, leading one to wonder if and how it might be repaired or tolerated. Also

of potential interest are enzymes known to process RNA molecules, but have not yet been

examined for possible roles in DNA transactions. As but one example, TRL1 contributes to

tRNA maturation by processing 5′-OH and 2′–3′-cyclic phosphate RNA ends [103], the

same end modifications generated by Top1 incision at a ribonucleotide in DNA (Fig. 2D).

One also wonders whether the helical perturbations caused by ribonucleotides in DNA (Fig.

1C) increase the probability of DNA damage. This possibility is consistent with the

increased expression of a large number of stress response genes in RNase H2-defective yeast

[65]. Curiously, these include OGG1, which encodes a DNA glycosylase that excises 8-oxo-

guanine to initiate base excision repair (BER). Does the presence of a ribonucleotide in

DNA increase the probability of oxidative (or other) damage to DNA? Conversely, it has

been suggested [104,105] that ribonucleotides could arise in DNA through oxidation at the

2′-position of deoxyribonucleotides. A yet more speculative possibility for which there is no

evidence, is that ribonucleotides embedded in DNA might be directly reduced to
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deoxyribonucleotides, conceptually akin to reduction of rNDPs to dNDPs by ribonucleotide

reductase.

The above speculations and this review of rapidly emerging literature on the origins, repair

and consequences of ribonucleotides in DNA demonstrate that within the central dogma of

molecular biology, there is still much to be learned about the transfer of genetic information

from one DNA molecule to another via DNA synthesis, and about possible relationships

between the DNA and RNA worlds [2]. What we know is satisfying. What we hope to

discover is likely to be exhilarating, as we celebrate 50 years of research since the discovery

of excision repair.
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Fig. 1.
Ribonucleotides in DNA. (A) The central dogma of molecular biology describes how

genetic information is transferred [1]. The essential loop has been modified to highlight the

discovery that ribonucleotides are incorporated into DNA during replication. (B) Hydrolysis

of the DNA backbone occurs at the site of a ribonucleotide in the presence of alkali when

the deprotonated 2′ hydroxyl of a ribonucleotide cleaves the DNA strand via nucleophilic

attack of the phosphate backbone. The resulting 2′–3′ cyclic phosphate is opened in the

presence of water to yield equimolar amounts of 2′ and 3′ phosphate (not shown). (C) The

Dickerson dodecamer NMR solution structure from [7] containing all DNA (dd-DNA, coral)

or a single riboG (rG4-DNA, cyan). Shown is the view looking into the minor groove.

Encircled is the alteration in sugar pucker from C2′-endo in the dd-DNA structure to C3′-

endo in the rG4-DNA structure (Fig. 3 in [7]). (D) Model of the yeast replication fork with

the frequency and estimated number of ribonucleotides incorporated by each DNA

polymerase (adapted from Fig. 2D in [31]).
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Fig. 2.
Origins and removal of ribonucleotides in DNA. (A) Incorporation and removal of

ribonucleotides incorporated by RNA primase during OF synthesis and maturation. Two of

the pathways by which the RNA primer synthesized by Pol α-primase is removed are

displayed. RNase H2 is able to digest and remove the RNA primer up until the terminal 3′

ribonucleotide that is removed by FEN1. Alternatively, Pol δ can perform strand

displacement synthesis to generate a flap that is degraded by FEN1. (B) Proofreading

efficiency is determined by the balance between excision and extension. The polymerase

exonuclease activity can excise ribonucleotides from the 3′ terminus in primer-template

DNA, an event that is more efficient on a mismatched 3′ terminal dNMP primer than it is on

an rNMP. The kinetics of proofreading (both excision and extension) by a replicative DNA

polymerase in the presence of a terminal rNMP remain to be biochemically determined. (C)

The ribonucleotide excision repair (RER) pathway is initiated by incision 5′ to the

ribonucleotide by RNase H2. Strand displacement synthesis by the polymerase is followed
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by nucleolytic flap processing and ligation. There are redundant functions of the

polymerases (Pol δ and Polε) as well as the nucleases (FEN1 and Exo1; Adapted from Fig. 4

in [56]). (D) Loss of RNase H2 activity due to deletion of RNH201 or RNase H2-deficiency

in AGS leaves unrepaired genomic ribonucleotides that may become targets for Top1-

cleavage and removal. The resulting unligatable DNA ends possess a 2′–3′-cyclic phosphate

and a 5′-hydroxyl that may promote the formation of DNA breaks and/or recombination and

cause genome instability. (Adapted from Fig. 4 in [60]). (E) The pathway by which RNase

H2 cleavage at ribonucleotides can generate abortive ligation intermediates (adenylated 5′-

RNA–DNA junctions) that require APTXHNT3 for resolution. Failure of this pathway due to

deletion of HNT3 or APTX deficiency in AOA1 causes phenotypes that may reflect the

persistence of adenylated RNA–DNA junctions (Adapted from Fig. 2E in [57].
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Fig. 3.
Consequences of ribonucleotides in DNA. (A) Bypass efficiency of ribonucleotides by yeast

Pol ε. Primer extension was performed using five different primer-templates that varied in

the number of template ribonucleotides (shown in red). Bypass efficiency (%) was

calculated relative to the all-DNA control (Adapted from Fig. 1B in [73]). (B) The presence

of two consecutive ribonucleotides in a template affects sugar pucker and positioning of two

conserved active site tyrosine residues in RB69 Pol. The positioning of Tyr391 and Tyr567

in the presence of all-DNA template (magenta) is compared to the positions of these

residues in the presence of a ribonucleotide at the −1 position (green). (Adapted from Fig. 4
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in [73]). (C) The first of two models for generation of a two base deletion following Top1

cleavage at a ribonucleotide. In this pathway, end processing of the damaged 3′ and 5′ ends

generates a gap within the repeat unit. Following misalignment of the complementary

strands, ligation and replication cause loss of one repeat unit (Adapted from Fig. 4 in [59]).

The red triangle denotes a 2′–3′-cyclic phosphate. (D) The second model involves sequential

Top1-cleavages for generation of an rNMP-associated deletion. Following the first incision,

there is a second Top1-cleavage reaction on the 5′ side of the nick that causes release of the

DNA between the two cleavage sites and trapping of Top1. Realignment of the

complementary DNA strands moves the free 5′-OH in close proximity to Top1 so that it can

catalyze religation (Adapted from Fig. 6 in [83]).
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Fig. 4. Ribonucleotides may act as strand-discrimination signals for MMR of leading strand
errors
A model depicting how ribonucleotides incorporated by Pol ε act as a signal for MMR of

errors generated in nascent leading strand DNA. Following recognition of the mismatch by

the MutSα heterodimer, incision 5′ to a ribonucleotide by RNase H2 creates a nick that can

be used as a loading site for MutLα. This nick can be distant from the site of the mismatch,

because MutLα is able to translocate along the DNA and incise at a site close to the

mismatch to allow excision, resynthesis and ligation.
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