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Abstract

Species survival depends on the faithful replication of genetic information, which is continually 

monitored and maintained by DNA repair pathways thatcorrect replication errors and the 

thousands of lesions that arise daily from the inherent chemical lability of DNA and the effects of 

genotoxic agents. Nonetheless,neutrally evolving DNA (not under purifying selection) 

accumulates base substitutions with time (the neutral mutation rate). Thus, repair processes are not 

100% efficient. The neutral mutation rate varies both between and within chromosomes. For 

example it is 10 – 50 fold higher at CpGsthan at non-CpG positions. Interestingly, the neutral 

mutation rate at non-CpG sites is positively correlated with CpG content. Althoughthe basis of this 

correlation was not immediately apparent,some bioinformatic results were consistent with the 

induction of non-CpGmutations byDNA repairat flanking CpG sites. Recent studies with a model 

system showed that in vivo repair of preformed lesions (mismatches, abasic sites, single stranded 

nicks) can in factinduce mutations in flanking DNA. Mismatch repair (MMR) is an essential 

component for repair-induced mutations, which can occur as distant as 5 kb from the introduced 

lesions. Most, but not all, mutations involved the C of TpCpN (G of NpGpA) which is the target 

sequence of the C-preferringsingle-stranded DNA specific APOBEC deaminases. APOBEC-

mediated mutations are not limited to our model system: Recent studies by others showed that 

some tumors harbor mutations with the same signature, as can intermediates in RNA-guided 

endonuclease-mediated genome editing. APOBEC deaminases participate in normal physiological 

functions such as generating mutations that inactivate viruses or endogenous retrotransposons, or 

that enhance immunoglobulin diversity in B cells. The recruitment of normally physiological 

errorprone processes during DNA repairwould have important implications for disease, aging and 

evolution. This perspective briefly reviews both the bioinformatic and biochemical literature 
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relevant to repair-induced mutagenesis and discussesfuture directions required to understand the 

mechanistic basis of this process.
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1. Introduction

Species survival depends on maintaining the integrity of genetic information and to this end 

all organisms contain enzymatic pathways that sense and repair the numerous lesions that 

can afflict DNA[1-9]. However, genetic diversity (mutational differences within a 

population) is essentialforadaptive (and evolutionary) responses of a species to 

environmental exigencies. Mutations due to base substitutions are the most common source 

of genetic diversity and divergence (mutational differences between species) [10]. The 

accumulation rate of base mutations in a given population (species) depends on natural 

selection and chance (genetic drift),which are influenced by demographic features such as 

population size and migration. However, the rate at which they arise in a genomeis 

determined biochemically; i.e., a consequenceof the frequency with which DNA replication 

errors and damage occur, and the efficiency and fidelity of their repair. Although it had been 

commonly assumed that base substitutions were singular events, recent results indicate that 

1-2% can occur as multiples, usually doublets, during normal development [11, 12].

2. Bioinformatic data suggesting error-prone repair

2.1 Variation in the neutral mutation rate

The accumulation of base mutations that are not subject to natural selection is consideredthe 

neutral mutation rate [13, 14], and numerous studies showed that in a given species this rate 

can vary both between and within chromosomes froma megabase scale tothat of neighboring 

bases.For example, the neutral mutation rate on the Y and X chromosomes differ from each 

other and from autosomes, being highest on the Y and lowest on the X. The ratio of these 

mutation rates was originally modeled as a function of the relative number of replications 

undergone by the Y (continuous throughout life) and the X (ceasing at egg maturity in the 

embryo) chromosomes[15-17]. This model implies thatuncorrected DNA replication errors 

are the major driverof the neutral mutation rate. However, this conclusion was not supported 

by subsequent estimates of the neutral mutation rates on the X and Y 

chromosomes[18-20],and others suggested that differences betweenthe mutational processes 

or DNA repair efficiency in male and female gametes could account for Y/X 

differences[21-23].

Intra-autosomal differences in theneutral mutation rate,whichare clearly independent of 

chromosomal replication, have been correlated withnumerous factors 

includingcompositionalfeatures of the genome: e.g., base type, sequence context and GC 

content. These are consistent with the inherent chemical properties of DNA. For example, C 

is the most mutable base in mammals [10], likely a function of its inherent susceptibility to 
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spontaneous hydrolytic deamination to U[24]. Its mutation rate is considerably increased 

when followed by a G due to the preferential methylation of C in this context (CpG). This 

modification substantially increases the C-deamination rate to generate a T/G mismatch 

[25-27]. Consequently, CpG mutations comprise a third of all single nucleotide 

polymorphism (SNPs), are an important cause of genetic diseases and cancer and include 

almost half of the monogenic causes of X-linked diseases [28, 29].And finally, thatC 

deamination only occurs on single-stranded DNA [30]likely accounts for the negative 

correlation between the neutral mutation rate of CpGsandGC content [31, 32].

Also, the neutral mutation rate has been correlated with structural and functional features of 

the genome such as telomeric or centromeric location, nucleosome occupancy,replication 

timing, recombination, and transcription[33-39]. A recent comprehensive analysis of 40,000 

spontaneous and presumed neutral mutations in yeast [40] revealed variation in mutation 

rates generally consistent with those of the earlier studies. Some of these correlations are 

explicable by the physical status of DNA that result from the above processes. For example, 

the negative correlation of mutation rate with nucleosome occupancy would be consistent 

with the putative protection of DNA when packaged in nucleosomes [39]. Furthermore,the 

positive correlation of mutation rates with transcription, recombination or replication could 

be explained by the increased susceptibility to damage of the transient single-strandedDNA 

present during these processes[41-45]. In fact,the single strandedness that occurs duing 

replication could explain male driven mutations. In particular, a recent study of 78 Icelandic 

parent–offspring triosstudies showed an increase in male derived mutations with the age of 

the father[46]. Thatthe mutation rate at CpGs was18 times that of any other site strongly 

implies that the major source of male driven mutations is DNA damage rather than the 

fidelity of DNA replication (also see ref. [23]).

2.2 Correlation between neutral mutation rate and CpG content

In contrast to the foregoing, the basis of the positive correlationbetween CpG content and 

the neutral mutation rate of non-CpG flanking DNA was not readily apparent.In fact, it was 

originally assumed to represent the joint manifestation of high CpG content and some other 

unidentified cause of mutations [33, 36, 37].However, comparisons of the frequency of base 

substitutions (i.e., divergence) averaged overmany thousands of pairs of neutrally evolving 

orthologous autosomal sequences in chimpanzee and human that differed only in CpG 

content strongly suggested that CpGsdirectly affectthe non-CpG mutation rate[20, 47]. 

These orthologue pairs were inserted into the common ancestor of chimpanzees and humans 

at different timesby different families of the L1 retrotransposon that had been active and 

gone extinct prior to the divergence of human and chimpanzee from their common 

ancestor[33, 48].Thus, while very similar in sequence, they differ in their content of CpG, 

which had been converted with the passage of time to TpG/CpA[10, 49, 50]. Because 

theorthologue pairs of all the members of any given L1 family were randomly inserted in all 

autosomes,their mean divergencereflects the average effects of allchromosomal contexts on 

the neutral mutation rate. Thus,CpG content is theonlyvariable common to all members of a 

given L1 family that could affectits mean divergence, i.e., mutation rate(Figure 1A).
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Figure 1 shows the straightforward methodology for determining the relationship between 

CpG content and mutation rate. Pairs of orthologous L1 inserts representing different 

ancestral L1 familieswere retrieved from the chimpanzee and human genome data 

bases.They were aligned, the CpG sites (or those sites that had been derived from CpG sites) 

were masked, and the non-CpG substitutions between the orthologous pairs were counted 

(top panel). The % non-CpG substitutions (the number of mutations that accumulated since 

chimpanzees and humans split from their common ancestor) are plotted as a function of the 

CpG content of their respective orthologue pairs (bottom panel), which was the same for 

either the chimp or human orthologue of a given family [20, 47]. The base substitution rate 

decreased as a function of the decrease in CpG content (Figure 1). Theratio of transition and 

transversion mutations was also a function of CpG content. As transitions and transversions 

are generated by different mechanisms, the mutational environment of the L1 orthologues is 

also a function of CpG content. We could not identify any other genomic variable (e.g., 

transcriptional orientation, recombination rate, etc.) except CpG content that was correlated 

with either the substitution rate or transition / transversion ratio of the L1 orthologues. Thus, 

thesefindings strongly implicate a direct effect of CpG (methyl-CpG) on these mutational 

processes.

One explanation that could account forsuch a direct effectisrelated to the fact thatmethyl-

CpG sites are mutational hotspots and thus foci of intense DNA repair. For that matter, but 

to a lesser extent, so are un-methylated Cs. This is due to spontaneous hydrolytic 

deamination of methyl-C to T (or C to U)[10, 23, 27, 51]. The ensuing T/G or U/G mispairs 

are substrates for base excision repair (BER), which is usually error free(see section 3.1) [2, 

4, 9, 52, 53]. However,in some instances BER-processed U/G mispairs serve as the entry 

point for mismatch repair (MMR) to carry out an essentialstep in the physiological error 

prone process of somatic hypermutation (SHM).This non-canonical MMR (canonical MMR 

repairs mismatches that arise during DNA replication) was thoughtto be limited to 

immunoglobulin producing (lymphoid B) cells where it enhances immunoglobulin 

diversity[54-56]. However, others recently showed that non-canonical MMR can also 

generate somatic mutations in non-lymphoidcells [57, 58].

To determine whether repair of T/G or U/G mismatches could induce mutations inflanking 

DNA, we insertedthese mismatchesin a shuttle vector that is capable of replication in both 

mammalian and bacterial cells[59]. After transferinto various mammalian cell lines we 

determined the outcome and mutageniceffect of their repair [60]. In the next section we give 

a brief review of BER and MMR and outline the major elements of the experimental system 

to examine this issue.

3. Experimental demonstration that T/G and U/G repair renders flanking 

normal DNA susceptible to mutation

3.1 Brief summary of BER

Figure 2 shows the major components of BERand presents simplified versions of how it 

processesT/G orU/G mismatches.Although cells contain numerous glycosylases that 

continually scan DNA for miss-paired or abnormal bases, the major ones that sense and 
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excise mismatched T and U are thymine DNA glycosylase (TDG) and uracil-N glycosylase 

(UNG) respectively (glycosylase, in Figure 2),reviewed in [4]. UNG is highly specific for 

U-mispairs, howeverTDG is more promiscuous. For example, TDGcan also excise a T 

opposite a damaged A (e.g., hypoxanthine) or an abasic site [61] and a number of bases 

mismatched with G including U. Furthermore, the enzymology of TDG is more complex 

than that of UNG. TDG interacts with its substrate with higher affinitythan UNG, is subject 

to SUMOylation[4]and interacts with a number of other non-repair proteins including 

transcription factors [2]. In the end however,the ensuing abasic (apurinic/apyrimidinic – AP) 

site is passed on with varying efficiency,at least in vitro (UNG very efficiently, TDG very 

slowly),for further processing by the highly specific and precise apurinic/apyrimidinic 

endonuclease 1 (APE1)[62].

This step and subsequent ones in the BER pathway are coordinated and channeled by a 

series of hand-offs involving protein complexes, which protect the cell from the potentially 

toxic and mutagenic effects of the abasic site and its downstream products [52, 63-66]. The 

left side of Figure 2 illustrates single nucleotideBER, which processes the 3’-OH and 5’-

deoxyribose phosphate (5’dRP) that were generated by APE1 cleavage. Polymerase (pol) 

catalyzes a concerted removal of 5’dRP and insertion of dCMP. BER is completedby 

ligation with ligase III (LIG3),and all these reactions are facilitated by the scaffolding 

protein, X-ray cross complementing factor1 (XRCCI), the foregoing references and 

reviewed in [9, 53].

3.2 Brief summary of canonical MMR

Canonical MMRis a high fidelity process that functions at replication forks (not illustrated in 

Figure 2)to remove miss-incorporated bases from nascent DNA strands[3, 5, 8]. Essential 

components include the heterodimer of MSH2 and MSH6 (MutS), which recognizes 

mismatches, and the heterodimer of MLH1 and PMS2 (MutLα), which accesses the 

mismatch-containing strand. This process[54-56] requires the multipurpose replication 

clamp, proliferating cell nuclear antigen (PCNA),reviewed in [67, 68]. PCNA also activates 

a latent endonuclease in MutLα[69, 70] that provides access for the EXO1 nuclease,which 

excises the mismatch-containing nascent strand in the 5’ to 3’ direction to expose the repair 

template for re-copying by a high fidelity DNA polymerase, such as pol δ.T/G mispairs 

could arise during replication and thus be a substrate for MMR, and studies in vitro showed 

that components of MMR can directly access T/G mismatches in a PCNA-dependent 

reaction [69, 70]. Thus T/G can be processed by both BER and MMR (Figure 2). On the 

other hand, most U-containing “mispairs” would likely arise via incorporation of dUMP 

opposite A, andare rapidly and efficiently removed by UNG2 and BER at the replication 

fork[71]. Therefore, U/G mispairs (that would arise from deamination of C)would not seem 

to be much of an issue for canonical MMR.

3.3 Brief summary of non-canonical MMR

MMR can generate substrates for a physiologic error-prone process in lymphoid (B) cells 

that contributes to the somatic hypermutation (SHM) that enhances immunoglobulin 

diversity. This process has been called non-canonical MMR, and in this instance MMR 

accesses BER processed U/G mismatches that had been generated by the activation induced 
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cytidine deaminase (AID, a member of the AID/apolipoprotein B mRNA editing enzyme, 

catalytic polypeptide-like (APOBEC) family of cytidine deaminases, which are specific for 

single stranded nucleic acids[72, 73]. In B cells deamination of C to U occurs on the 

transient single stranded regions that are generated during transcription. As Figure 2 shows 

MMR can hijack BER intermediates generated from U/Gmismatches and generates a 

substrate that could be subject to mutagenic processes[55]. In one instance, the strand 

exposed by EXO1 is copied by the error-prone DNA pol that is recruited by mono-

ubiquitinated PCNA.Features of non-canonical MMR have been reproduced in vitro, 

including by extracts of non-lymphoid cells on substrates that contained U/G mispairs and 

nicks at abasic sites[57, 74]. Additionally,these studies implicated MMR in the mutagenesis 

exhibited by these non-lymphoid cells in vivo;more mutationswere produced in MMR-

proficient than MMR-deficient cells that had been stressed with the alkylating agent, N-

methyl-N-nitro-N-nitrosoguanidine (MNNG).

3.4 The mutagenic effect of repairing T/G or U/G mismatches

Non-replicative T/G or U/G mismatches would be substrates for BER, which as outlined 

above is a coordinated process that protects its intermediatesfrom exposure to DNA damage 

sensors or other repair processes that could introduce mutations in the DNA that flanks the 

mismatch. For exampleBER could become mutagenic if the protection process failed and 

allowedthe single strand break (SSB)that APE produced 5’ of the mismatch to became 

vulnerable to MMR as discussed in the foregoing paragraph and illustrated in Figures 2 and 

3. There could be any number of causes for such failure, including an imbalance in the 

various metabolic or enzymatic components that either underlie the orderly progression of 

BER or compete for its DNA intermediates[52, 75]. But whatever the cause,MMR could 

expose the bottomnon-lesion containing strand(the repairtemplate) to at least two (not 

necessarily exclusive) processes that could introduce mutations in the normal flanking DNA: 

(1)Error-prone copying of the repair template by an error prone polymerase that was 

inappropriately recruited during gaprepair [76, 77]. (2)Damage of the repair template by 

chemical (oxidation, hydrolytic deamination) or enzymatic processes (APOBEC-mediated 

deamination) that would degrade its genetic information. Figure 3 also shows the generation 

of single stranded regions in T/G containing vectors that have been accessed directly by 

MMR.Direct access of MMR on T/G mispairs was demonstrated in vitro[57, 70]. We do not 

know the mechanistic details of this process, but as we discuss below, mutagenesis 

associated with T/G repair, while dependent on MMR, can occur independently of BER.

The top panel of Figure 4 shows the method of introducingpreformed lesions into a shuttle 

vector [78] modified by the presence ofa mismatch (MM) region that contains a pair of 

single strand cutting restriction enzymes specific for the top or bottom strands [60]. The 

method involves removing the nicked strand and replacing it with either an exact copy (0 

mismatch)or lesion-containing strand where X could be a T, U, or another lesion such as an 

abasic site using the method described in [79]. After passage in theHeLa-JMcell line[60]the 

plasmids were rescued and screened by blue / white selection for mutations in the supF gene 

or its promoter (collectively, the reporter region). We sequenced the reporter region of all 

the white clones and several hundred blue clones. None of the latter contained mutations.
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The table in Figure 4 shows that repair of T/G or U/G produced a statistically significant 

increase in the mutation frequency (number of mutations / number of nucleotides 

screened)in the reporter region over the 0 mismatch control. An abasic site or single-

strandedbreak (SSB) induced as much mutagenesis as the U/G mismatch. The mutational 

effect can be propagated over the entire 5 kb of the plasmid, undiminished in intensity for 

T/G but showing a strong 3’ polarity for U/G (oran abasic site or SSB) – i.e., as the distance 

between the U and the cis 3’ end of the reporter region increase, the frequency of mutations 

in the reporter region decrease. Thus, repair of a top strand U/G (cis 3’ distance, ~ 50 bp) 

was far more mutagenic to the reporter region than a bottom strand G/U where this distance 

is ~5 kb. However, top and bottom strand T/Gs were equally mutagenic. SiRNA 

knockdowns of BER and MMR components (indicated in bold font in Figure 2) showed that 

both pathways were involved in repair-induced mutagenesis of U/G but that about half of 

the mutations induced by T/G repair were generated by just MMR alone (right side of 

Figures 2 and 3).

Most, but not all, of the mutations involved the C of TpCpN, read out as the G of NpGpA on 

the opposite strand. This mutational signature corresponds to the target of theTpC-preferring 

APOBEC C-deaminases (i.e., APOBEC3B, 3F, and 3C – abbreviated respectively, A3B, 

A3F, A3C). That A3B played a major role in generating these mutations was corroborated 

by a decrease in repair-induced mutagenesis by siRNA knockdown of the relevant APOBEC 

enzymes, its rescue by exogenous siRNA-resistant A3B, and by ChIP analysis,which 

showed the mismatch-dependent presence of A3B on the shuttle vector in amounts 

consistent with the extent of the mutagenic effect; i.e., roughly evenly distributed over the 

entire plasmid for T/G but with a strong 3’ polarity for U/G.

The bottom part of Figure 3 illustrates possiblemutagenic processes subsequent to the 

APOBEC catalyzed C deamination ofa repair template TpC that had been exposed by 

MMR. Thus, APOBEC acts downstream of the BER and MMR pathways which indicates 

that the intermediates generated by these pathways are vulnerable to APOBEC activity [60]. 

This scenario is opposite to the situation in antibody producing cells wherein error-prone 

non-canonical MMR is recruited to the sites of BER activity on AID-generated U residues in 

immunoglobulin genes.

Repair-induced mutagenesis was not limitedto HeLa-JM cells.Furthermore,the presence of 

APOBEC deaminases was not sufficient for U/G induced mutagenesis. Cell lines, including 

a second HeLa cell line, that contained ample A3B, A3C and A3F exhibited greatly reduced 

U/G induced mutagenesis.However, such cells retained at least 50% of the T/G induced 

mutagenesis, presumptive evidence that the BER-independent T/G mutagenic pathway was 

operative in all cells tested. Thus it seems that breakdown in the tight handoff between BER 

intermediates was a major factor in the mutagenic effect of U/G repair. That cells differ in 

their response to BER-dependent repair-induced mutagenesis indicates that the mutagenic 

effect of U/G (and abasic site and SSB) repairis not a function of the shuttle vector assay, 

but reflects the integrity of the BER pathway in various cells. That 35 – 55% of the 

APOBEC mutations induced by either T/G or U/G repair occur in multiplesis consistent 

with the processive behavior of the AID/ABOBEC family of deaminases on its substrates 

[80], reviewed in [55]. Although some unclustered mutations also exhibited a TpCpN 
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mutational signature, some did not, indicating that non-APOBEC mediated mutational 

processes also accompanied the mutagenesis induced by repair, particularly of T/G.

4. APOBEC mediated mutagenesis in tumors and as a result of genome 

editing

4.1 Mutator phenotype of tumorscan include APOBEC-mediated mutations

An enhanced mutation rate in tumors, termed a mutator phenotype, hasbeen a 

longrecognizedbut not inevitable feature of variouscancers[reviewed in 81, 82, 83]. These 

mutations can include rearrangements, insertions / deletions (indels), and base substitutions, 

the later of whichexhibit a variety of mutational signatures [83-86]. The mutational 

mechanism(s) that account for these base substitution mutations are largely unknown, 

though some reflect the known DNA damaging effects of the predisposing carcinogenic 

agent. However, numerous recent studies showed that anywhere from a few to more than 

ninety percent of the base substitutionsin some tumors bear amutational signaturethat 

corresponds to ABOBEC3 C-deaminase target sites, i.e.,C mutations inTpCpN (or its 

complement). Thesemutations can accompany the progression of,and are thought topossibly 

initiate some cancers [85, 87-91]. Furthermore, consistent with the processivity of these 

deaminases, these mutations can appear as long strand coordinated clusters.

Given the strong preference for single-stranded DNA by these deaminases [reviewed in 73], 

an important issue is the source of the single stranded DNAAPOBEC3 substrate. With 

regard to strand coordinated clustered mutations, experiments in yeast showed that the 

transitory single strand regions that arise at replication forks or during double strand break 

repair could accumulate such mutations upon chronic alkylation of DNA [92]. And 

mutations with an APOBEC signature were observed in yeast at deliberately introduced 

double strand breaks in the presence of ectopically overexpressed AID/APOBEC 

deaminases [93]. We know of no experiments that address the source of the APOBEC 

substrates in mammalian cells. However, our findings using a model system in the absence 

of genotoxic agents indicates that such substrates can be generated during repair of U/G (or 

its downstream BER intermediates) and T/G (both via hijacking BER and direct access of 

MMR).Thousands of BER substrates and hundreds of T/G mismatches arise daily even in 

the absence genotoxic stress due to the inherent susceptibility of DNA to hydrolytic 

deamination or oxidation [27, 94].Additionally, mismatches betweenG and the oxidation 

derivatives of methyl-C that are generated during its physiological demethylation[95, 

96]would also add to the DNA repair burden.A mutagenic effect of repairing these 

mismatches that occur during physiological cycling of epigenetic marks could possibly 

contribute to the high mutation rate of regulatory sequences involved in both disease [97] 

and evolutionary novelty [98].

4.2 Genome editing by RNA-guided DNA endonucleases can be susceptible to APOBEC 
mediated mutagenesis

The RNA-guided DNA endonuclease system (e.g., CRISPR-Cas9) is a highly specific 

genome-engineering tool, whereby a guide RNA (gRNA) directs the Cas9 endonuclease to 

the intended genomic site by hybridizingto target DNA [99, 100]. Endogenous DNA repair 
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pathways repair the nicked target DNA that was introduced by the Cas9 endonucleaseto 

accomplish the desired genome editing[101, 102]. However, the CRISPR-Cas9 system can 

also generate unwanted off-target effects at a fairly high rate. This is because large 

eukaryotic genomes can containseveral potential binding sitesfor a particulargRNAgiven its 

propensity to tolerate some mismatches at its target site[103, 104]. A recent improvement of 

CRISPR-Cas9 system by Tsai et alshowed that fusing the FokI endonuclease to an 

endonuclease defective Cas9 (dCas9) can greatly decrease the chance of off-target 

effectsdue to the more stringent target site requirement of the dimeric FokI 

endonuclease[105]. However, this methodalso generateda previously unidentified side 

effect, base substitutions at the target site.Mostinvolved the C of TpC dinucleotides,the 

mutational signature of APOBEC cytidine deaminase-mediated mutations. As these 

experiments were carried out in human osteosarcoma (U2OS) and embryonic kidney 

(HEK293) cells, these results indicate that the SSB generated in this procedure in a near 

normal chromatin environment and cellular milieu is vulnerable toAPOBEC-mediated 

mutagenesis.

As DNA nicking is essential forgenome editing and APOBECSs are commonly expressed in 

most cells and tissues [106, 107], the possibility of APOBEC-mediated mutationsis an 

important concern for the highly precise Cas9-directed genome editing that is necessary for 

therapeutic gene correction [108-110].As most APOBEC3-mediated mutations occur on the 

C of TpCpN, these mutations could be avoided by targeting the relevant endonucleases to 

the sites that lack TpC dinucleotides. Thus, in those cases that permit some flexibility in the 

selection of endonuclease target sites, this strategy could eliminate such potentially 

deleterious base substitutions.However, this procedure would not necessarily eliminate non-

APOBEC3 mediated or other mechanisms of repair-induced mutagenesis. While not 

compromising the use of the CRISPR-Cas9genome editing system for experimental studies, 

the threat of repair-induced mutations at sites of genetic remodeling could render it 

unsuitable for gene therapy.

5. Concluding remarks

In mammals, 60 – 90 % of CpGs are methylated [111, 112], which further enhances the 

already high rate of spontaneous deamination of C (to U), but in this case of methyl-C to T. 

Despite repair mechanisms biased to remove the T of a T/G mismatch [113, 114] and the 

error-prone polymerase,pol ι, that preferentially inserts a G opposite a T, which could 

eventually ensure replicative restoration of the C/G pair [115], restoration of TpG to C/G is 

only about 90% efficient [116]. Consequently, neutrally evolving CpGs are converted with 

time to TpG / CpA. However, essential CpGs that are under strong purifying selection are 

retained in the population as highly mutable sites[117] and thus, foci of chronic DNA repair.

We devised a model system to determine whether repair of preformed T/G (or U/G) 

mismatches could induce mutations in the normal DNA that flanked these introduced 

lesions[60]. The motivation for this study was to test the idea that the positive correlation 

between CpG content and the neutral mutation rate of non-CpG DNA was due to DNA 

repair processes that would be recruited to T/G (or U/G)mismatches and induce mutations in 

normal flanking DNA. We found the introduced lesions were invariably repaired and 
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induced statistically significant numbers of mutations in flanking DNA, some of whichas 

distant as 5 kb from the introduced lesion. Most, but not all, of the mutations bore the 

mutational spectrum corresponding to the target sites of single-strand specific, C-preferring 

APOBEC deaminases. Recently, APOBEC-mediated mutations have received considerable 

attention in cancer studies as they can account for anywhere from a few to ninety percent of 

the mutational load (i.e., mutator phenotype) that many tumors acquire. The mechanism that 

renders the tumor genome susceptible to the C-preferring APOBEC deaminase is not 

known, but our model system suggests that DNA repair could be involved.

Additionally, the recapitulation by our model system of some of the salient features of 

APOBEC mediated mutagenesis in tumors suggest that it can serve as a tractable and 

reliable proxy for investigating the effect of repair on the mutational fate of normal flanking 

DNA in cells unstressed by genotoxic agents. The mutagenic effect of T/G repair appears to 

require only MMR to generate a single stranded repair template that then becomes 

vulnerable to mutagenic processes (APOBEC and others). Thus, it might now be 

experimentally feasible to isolate MMR-intermediates that have been parasitized by 

APOBECto determine what factors allowed APOBEC access. In contrast, the mutagenesis 

induced by U/G repair requires BER that is dysfunctional to the extent that it is vulnerable to 

MMR, which is not usually the case in non-lymphoid cells. That this vulnerability differs 

between various cell lines indicates that the appropriate comparisons between these cells 

could reveal the basis of the BER dysfunction. Such an analysis could also have relevance to 

tumor biology as not all tumor cells exhibit APOBEC-mediated mutations.
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Figure 1. 
Bioinformatic data suggesting a mutagenic effect of DNA repair

(A) Alignment of theoretical human and chimpanzee L1 orthologues with base 

substitutionshighlighted. (B) Relationship of the percent non-CpG base substitutions and 

transition/transversion ratio for different L1Pa family members. The CpG content (%) and 

age of the indicated L1Pa family is shown. Compiled from data in Figure 2A and 2B in [47].
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Figure 2. 
BER and MMR

Glycosylases generate the substrate for the subsequent steps of the BER pathway (green 

box). Cleavage of the DNA 5’ of the ensuing abasic site (AP) by APE1generates a 3’-OH 

and a 5’dRP. The concerted removal of 5’dRP and insertion of dCMP by pol, followed by 

LIG3 are facilitated by XRCC1.The blue box encloses components of the MMR pathway. 

Non-canonical MMR (MutSαand MutLα/PCNA) can hijack U/G-BER intermediates and 

MutLαintroduces nicks 5’ of the lesion, after which EXO1 would generate gapped DNA 5’ 

of the lesion.The right side of the figure shows direct access of a T/G mismatch by MMR 

and either the G-strand or T-strand can serve as the repair template for T/G repair. Adapted 

from Figure 10, [60].
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Figure 3. 
Possible fates of repair template exposed by MMR

DNA repair pathways remove the naturally occurring mismatches such as T/G and U/G and 

generate a single stranded region (see text and Figure 2). The single stranded region, which 

serves as the template for DNA repair, can be potentially accessed by an error-prone 

polymerase or by APOBECs that deaminates TpC to TpU to generate an altered repair 

template. This template can also be potentially copied by an error-prone polymerase (or a 

high fidelity polymerase, shown in the figure) that could then undergo the illustrated 

processes to generate the possible mutational outcomes at the U position, the APOBEC 

product. The same mutagenic processes can take place on the repair template exposed by 

MMR that directly access a T/G mismatch. Adapted from Figure 10, [60].
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Figure 4. 
Experimental system to detect the mutagenic effect of DNA repair. Mismatch region with 

nicking sites (vertical arrows) is digested with a single strand restriction enzyme on the top 

(or bottom) strand, and the nicked strand is removed by hybridization to a 5’ biotin (blue 

diamond) labeled complementary DNA (red). The hybrid is then tethered to a streptavidin 

(green polygon)-coated magnetic bead (gray oval). The purified gapped episome is 

reconstituted by ligation to its perfect complement (C containing strand) or an 

oligonucleotide that contains lesions(X containing strand) to generate vectors with a top (or 

bottom) strand lesion or its corresponding 0 MM control. These vectors are transferred to 

mammalians cells, harvested after 48 hours and subjected to blue/white screening. The 

Table at the bottom part of Figure gives the frequency of mutations induced by T/G and U/G 

repair. Adapted from Figure 1B, [60].
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