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Abstract

Many microsatellite DNA sequences are able to form non-B form DNA secondary structures, 

such as hairpin loops, cruciforms, triplex DNA or G-quadruplexes. These DNA structures can 

form a significant impediment to DNA replication and repair, leading to DNA nicks, gaps, and 

breaks, which can be repaired by homologous recombination (HR). Recent work understanding 

HR at structure-forming repeats has focused on genetic requirements for replication fork restart, 

break induced replication (BIR) at broken forks, recombination during and after relocalization of 

breaks or stalled forks to the nuclear periphery, and how repair pathway choice and kinetics are 

navigated in the presence of a repeat tract. In this review, we summarize recent developments that 

illuminate the role of recombination in repairing DNA damage or causing tract length changes 

within repetitive DNA and its role in maintaining genome stability.
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INTRODUCTION

Eukaryotic genomes contain many repetitive DNA sequences that exhibit size instability. 

Expanded tracts of repetitive DNA sequences are the cause of over 30 genetic diseases 

and can consist of trinucleotide or larger repetitive units [1]. Some of these expandable 

repeats can form stable non-B-form DNA structures such as hairpin loops, cruciforms, 

G-quadruplexes or triplex structures [1]. These non-B form DNA structures can impede 

normal cellular processes like DNA replication and repair which can result in DNA breakage 

and inaccurate or failed repair [1,2]. Damage that results in DSBs can be repaired by various 

types of end-joining (EJ), by annealing of processed ends, or by recombination-based 

mechanisms using either a sister chromatid or homolog as the template [1,3]. Due to the 

challenges of aligning DNA across a repetitive sequence, gain or loss of repeat units can 

occur during both HR and EJ [3]. In addition, recombination is a primary mechanism 
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used in restarting stalled or collapsed replication forks and in repairing gaps left behind 

the replication fork [4]. In this review we will summarize the important new findings in 

replication-associated recombination and recombinational repair at DSBs in the context 

of DNA microsatellites. This area is an emerging field which has implications for our 

understanding of expandable repeats in relation to genetic disease but also in cancer, as 

inaccurate repair at repetitive sequences can lead to deletions, genomic rearrangements and 

loss of heterozygosity.

Replication associated recombination within DNA repeats

DNA structures formed by repetitive DNA sequences are impediments for DNA synthesis 

and can cause fork stalling or gaps behind the replication fork if bypassed[1,2]. One 

consequence of impairment of the replisome is repeat instability [1,2]. Though it has long 

been recognized that mutation of polymerases and helicases leads to repeat instability by 

increasing stalling and slippage [5], recent work shows that destabilization of the replisome 

can have dramatic consequences at structure-forming repeats [6,7]. For example, absence of 

Mrc1 or Tof1 of the fork protection complex leads to fork breakage and frequent deletions 

of an expanded CAG tract [6], and mutation in Psf1, an essential component of the GINS 

complex associated with the eukaryotic replicative helicase, increased repeat instability of 

several different microsatellite sequences including (GAA)25, (TTC)25, (CTG)25, (G)18, 

(GT)49, (AACGCAATGCG)4 and (CAACGCAATGCGTTGGATCT)3 [7]. In the event of a 

fork stalling event, two pathways can be used to bypass the impediment, either synthesis by 

translesion polymerases or template switch. In the GINS mutant, microsatellite instability 

was dependent on Rad51 and Rad52 and independent of polymerase ζ (Zeta), implicating 

recombination as a mechanism for repeat instability at unstable replication forks [7]. In 

situations where the replisome is unstable, BIR may also be employed, as deletion of Pol32 

or Pif1 in cells with a destabilized replisome resulted in decreased repeat instability at 

microsatellites [7].

BIR is a highly mutagenic form of HR where a DSB end invades a region of homology and 

replicates for several kilobases, potentially to the telomere end [8,9]. Replication during BIR 

is highly mutagenic as it proceeds via a migrating bubble of conservative DNA synthesis 

and long tracts of ssDNA accumulate, allowing for increased base damage [10,11]. The 

accessory subunit of DNA Polymerase δ, Pol32 in S. cerevisiae or POLD3 in mammals, 

is required for repair via BIR [12,13]. Previous work implicated BIR or broken fork 

repair (BFR) as a mechanism for repeat-associated large scale expansion at a (CAG)140 

tract inserted into yeast [14]. Recent results indicate this mechanism is conserved. A 

mammalian reporter system with an expanded (CGG)n repeat inserted exhibited an increase 

in expansions, contractions, and reporter gene mutagenesis. Both instability and mutagenesis 

depended on genes POLD3, POLD4, RAD51, RAD52 and SMARCAL1, supporting BFR 

as a mechanism for repeat instability [15](*). In addition, replication stress at either a 

hairpin-forming (CAG)102 repeat or an expanded purine/pyrimidine (Pu/Py)88 mirror repeat 

that forms a triplex H-DNA and a G-quadruplex structure in human cells resulted in 

increased replication associated DSBs [16] (*). Breaks that occurred at expanded CAG 

tracts were dependent on the MUS81 nuclease, repaired via BIR, and resulted in increased 

PolD3-mediated mutagenesis [16] (*).
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Interstitial telomeric sequences (ITSs) are fragile and prone to expansion, and breakage 

at an ITS can result in de novo telomere addition by telomerase [17,18]. Introduction 

of an ITS into two different BIR assay systems resulted in slowed repair synthesis and 

increased abortive repair at the site of the ITS [19,20] (**) (Figure 1C). Aborted BIR 

synthesis is ITS repeat length dependent, but shorter ITS repeats were still unstable and 

underwent tract length changes [20] (**). Aborted BIR on the recipient (invading) strand 

resulted in telomere addition either via telomerase or by recombination-mediated telomere 

elongation for a non-native ITS or in cells lacking telomerase [20] (**). However deletion of 

factors that promote D-loop dissociation, such as the helicase Mph1, resulted in decreased 

abortive BIR (Figure 1A) [19]. ITSs can form G-quadruplex structures but they can also 

be bound by proteins such as RAP1 or TRF2, resulting in a protein-mediated replication 

stall [17,21,22]. It’s likely that the aborted BIR at the ITS is due to a protein-mediated 

stall rather than G4 structures as deletion of Rrm3, which can unwind G4 structures, does 

not worsen the abortive synthesis [20] (**). Further, addition of a canonical G4 sequence, 

even in the presence of a G4 stabilizer, did not result in the same abortive synthesis [20] 

(**). Taken together, BIR is a repair pathway that can lead to repeat instability through 

polymerase slippage. However, repetitive sequences may also pose a barrier to BIR leading 

to unanticipated template switches, which could result in genomic rearrangement and LOH 

events.

Cleavage and processing of DNA structures is a prerequisite to recombinational repair

Common fragile sites (CFSs) are late replicating chromosomal regions that undergo 

breakage upon replication stress. One characteristic of CFSs is an enrichment of AT repeat 

sequences, which can form cruciform structures at a length around 24 perfect repeat units 

([23] and references therein). A portion of the FRA16D CFS with a polymorphic AT 

dinucleotide (Flex1) showed increasing ability to stall replication in an AT-length dependent 

manner when inserted into either a yeast or human chromosome [24–26]. Stalled replication 

forks may be resolved by fork reversal or helical unwinding to promote fork restart [4]. 

Accordingly, several helicases have been shown to be important in preventing breaks at AT 

repeat structures, including FANCM [27] (*), which can reverse forks, and the BLM [28] 

and WRN helicases [29] (**) (Figure 1B). Wang et al showed that BLM is enriched at CFS 

undergoing replication stress [28]. In addition, loss of BLM or its helicase function resulted 

in increased Flex1 breakage, supporting a model where helical unwinding of DNA structures 

can help restart replication stalled at these sites [30]. Loss of both FANCM and BLM 

resulted in a synergistic increase in DSBs and decreased viability, suggesting they work in 

separate but overlapping pathways to prevent chromosomal breakage at CFSs (Figure 1B) 

[28].

Failure to resolve a stalled replication fork by fork remodeling and unwinding of the 

DNA structure may result in fork collapse, DNA breaks and recombinational repair (Figure 

1C) [23]. In a yeast model, increasing chromosome fragility of the AT repeat found in 

Flex1 was correlated with the propensity of the sequence to form a cruciform structure 

and required both Mus81-Mms4 and the other nucleases associated with the Slx4 scaffold 

(Slx1 and Rad1-Rad10) [26] (Figure 1C). In humans, microsatellite instable (MSI) cancers 

require the WRN helicase for survival. Interestingly, WRN depletion in MSI cancer cells 
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caused impaired proliferation and metaphase spreads showed ~35% of chromosomes were 

shattered [29](**). DSBs that accumulate in WRN deficient MSI cancer cells accumulate 

around sites of (TA)n repeats that were longer in the MSI cells compared to controls, 

including some located within CFSs. The DNA breaks in WRN deficient MSI cells are 

dependent on MUS81 and SLX4, which is consistent with the idea that nucleolytic cleavage 

drives fork collapse at cruciform structures (Figure 1C) [29](**). Inverted repeats can also 

form hairpin and cruciform structures. Palindromic sequences were found at breakpoints of 

chromosomal translocations that result in oncogene amplification and disease pathogenesis 

[31]. Ait Saada et al. showed that structures formed by palindromic sequences are targeted 

by different nucleases depending on the size of the loop and their transcriptional status [32]. 

For example, MRX and Sae2 initiated DSBs at hairpins with small loops that were likely 

occurring during lagging strand replication. Conversely, Mus81 initiated DSBs of perfect 

palindromic sequences at actively transcribed genes, suggesting that a structure generated 

during transcription is important for Mus81 recognition and cleavage. Altogether, the data 

support that nuclease cleavage is commonly used to resolve problems at cruciform structures 

in cells.

Once a cleavage occurs within a structure-forming sequence the ends must be processed 

for healing of the break to occur. The MRN/MRX complex is a conserved multimeric 

complex comprised of the nuclease Mre11 along with Rad50 and Nbs1 (Xrs2 in S. 
cerevisiae). The endonuclease CtIP/Sae2 functions with the MRN/X complex to promote 

endonuclease activities occurring at hairpin-capped ends [25,26,33]. Kaushal et al. showed 

that hairpin-forming sequences flanking the Flex1 AT cruciform could inhibit processing of 

the break by the Sae2-stimulated Mre11 nuclease, resulting in decreased healing [26]. This 

suggests that the MRN/X complex may not be able to efficiently process all structures. The 

ERCC1/XPF nuclease (yeast Rad1-Rad10) was found to be important for processing breaks 

within short inverted repeats and other structure-forming sequences [34,35]. ERCC1/XPF 

was also required for removing blocked ends at Flex1 and G4 structures [30]. Interestingly, 

loss of the helicase/translocase FANCM resulted in increased mitotic recombination at 

Flex1 which depended on Rad51 and more surprisingly Rad52. The authors suggest that 

Rad52 is important in mediating second end capture or in DSB repair resulting from a 

broken fork when one end is blocked (Figure 1C) [27](*).Taken together, these data suggest 

that if fork restart cannot occur, fork collapse leads to structure blocked broken ends that 

need processing by MRN/CtIP and/or ERCC1/XPF, and that Rad52 is needed to facilitate 

second end capture of these DSBs. Thus, CFSs can be regions that have both an increased 

propensity to break and a decreased ability to repair. It’s not currently known whether 

ERCC1/XPF and Rad52 work cooperatively in processing broken ends and second end 

capture during recombination at broken forks, which may be an interesting future avenue to 

investigate.

Mitotic DNA Synthesis (MiDAS) of repetitive sequences requires the BIR machinery

In cases where replication is not completed by the mitotic phase of the cell cycle, which 

often happens at CFS regions, the Hickson lab showed that DNA synthesis can occur during 

mitosis [36]. This mitotic DNA synthesis is termed MiDAS. The requirements for MiDAS 

that is induced by aphidicolin, an inhibitor of DNA polymerases, are MUS81-EME1, which 
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cleaves DNA, and POLD3 which fills in the DNA gaps [36]. Supportive of the possibility 

that MiDAS is a derivative of BIR, Pif1 has recently been shown to have a role in promoting 

both BIR and MiDAS in mammalian cells [37](*). Loss of FANCM and PIF1 resulted in 

increased chromosome gaps and breaks upon replication stress, suggesting that PIF1 helps 

repair synthesis at broken forks. Deletion of Pif1 resulted in less MiDAS in replication 

stressed cells and shorter BIR tracts in a genetic assay that measures long-tract gene 

conversion. Interestingly, repair tracts were longer at forks stalled at the Flex1 AT repeat 

and cleaved by MUS81 than they were at an endonuclease-induced break, suggesting that 

BIR in mammalian cells is more processive when established at a naturally stalled fork 

[37](*).

The genetic requirements for mediating MiDAS may be context or structure dependent. The 

expanded CGG repeat associated with Fragile X syndrome is a Rare Fragile Site (RFS). 

Conditions of folate deprivation result in mis-segregation of the FRAXA locus, ssDNA 

anaphase bridges and increased formation of micronuclei that contain the FRAXA locus 

[38]. Folate deprivation in cells that contained an expanded CGG repeat at the FRAXA locus 

resulted in MiDAS on all chromosomes expressing the fragile site in a SLX1–4, RAD51, 

and POLD3 dependent manner [39](**). These observations are in contrast to MiDAS at 

CFSs, which require MUS81-EME1 and RAD52 [40], neither of which played a role at 

FRAXA. Thus, initiation of MiDAS may be different depending on the repeat structure or 

type of replication perturbation.

In addition, BIR resulting from a broken fork may be a consequence of other cellular 

processes gone awry. In the absence of RTEL1 there’s increased MiDAS at loci prone 

to forming G-quadruplex-associated R-loops, suggesting that it normally unwinds these 

structures to prevent breaks [41]. Stabilization of R-loops by other means also results in BIR 

as deletion of RNase H enzymes resulted in GAA repeat expansions that depended on Pol32 

and Rad52. The authors propose that increased H-loop (RNA transcript stabilized H-DNA) 

formation stalls replication, resulting in replication fork collapse and repair via BIR, and that 

repeat expansions occur during this process [42].

Telomeres are sites of replication associated recombinational repair

Replication of telomeres can lead to replication fork stalling as they can be protein bound 

and are also comprised of G-rich repetitive sequences capable of forming G4 structures 

[43]. Stalled telomeric replication forks are substrates for the enzyme telomerase, which 

suggests that a mechanism to recover from stalled replication is telomere addition by 

telomerase [43]. Matmati et al. showed that there is a competition between Ku and 

telomerase binding to reversed fork ends, leading to the idea that Ku removal at collapsed 

telomeric forks allows telomerase to repair broken telomeres, thereby shielding telomeres 

from homologous recombination [44](*). In telomerase deficient fission yeast cells telomere 

replication is severely impaired, and replication intermediates that arise from stalled and 

collapsed replication forks accumulate [44](*). In S. pombe, loss of Rad51, the MRN 

complex, Exo1 and Ctp1/CtIP were essential for telomere maintenance, suggesting that fork 

processing and recombination is being utilized as a back-up mechanism to promote fork 

restart when telomerase is not available. Consistently, in mammalian cells, Stroik et al. 
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showed that EXO1 depleted human cells are hypersensitive to G4 stabilizing agents, have 

telomere length defects, and replication at G4 structures is impaired [45]. Similarly, loss of 

endonucleolytic processing by CtIP resulted in accumulation of stalled telomeric replication 

forks and increased levels of telomere fusions, breaks and telomere loss [46]. Together, these 

results indicate that nucleolytic processing is especially important for replication fork restart 

within telomeric repeats.

The helicase RTEL1 can unwind G4 structures [47]. In the absence of RTEL1, there is 

increased telomeric fragility due to G4-associated fork collapse [47]. Margalef et al, showed 

that loss of RTEL1 resulted in aberrant recruitment of telomerase to the reversed fork 

and replication fork collapse. Importantly, deletion of telomerase or blocking fork reversal 

rescued telomere dysfunction in the Rtel1- cells suggesting that inappropriate recruitment 

of telomerase can impede restart and cause telomere fragility [48]. This result is somewhat 

contradictory to above results which showed that telomerase is important in promoting fork 

restart at telomeres [44](*). To help resolve this contradiction, the authors in Matmati et al 

postulate that one possible reason for the differential requirements for telomerase in fork 

restart could be due to differences between fission yeast and mammalian cells. Mammalian 

cells have very long telomeres, and in the absence of RTEL1, replication through the 

G-rich telomere would be exceptionally difficult, leading to more fork stalling and collapse. 

Matmati et al suggest that it’s possible that human telomerase is unable to complete 

synthesis of many kilobases of DNA synthesis, especially in cells lacking RTEL1 where 

replication stress is exacerbated. It is not currently known whether mammalian telomerase is 

able to heal telomeres when replication forks collapse in non-mutant conditions.

G4 sequences, at telomeres and genome-wide, are also targets of helical unwinding. 

Interestingly, in BLM deficient cells, sister chromatid exchange events occur frequently 

at G4 motifs, especially those present in transcribed genes [49]. The authors propose that, 

in the absence of BLM, G4 structures aren’t resolved on transcribed strands, leading to 

fork stalling and recombinational lesion bypass using template switch. Because of the dual 

role of BLM, the resulting double Holliday junction can’t be dissolved, leading to resolvase 

recruitment and sister chromatid exchange [49]. Recently, novel mutations in the 5’−3’ 

DNA helicase DDX11 were identified in Warsaw Breakage Syndrome patients [50]. Patient 

derived cell lines with siRNA knockdown of DDX11 showed impaired replication, increased 

DNA damage and cohesion defects upon treatment with G4 stabilizers. This phenotype 

was mirrored in DDX11 helicase domain mutants. The authors postulate that DDX11 

may normally unwind G4 structures on the lagging strand to prevent fork collapse [50]. 

Interestingly, the Timeless component of the fork protection complex binds G4s, providing a 

mechanism for recruitment of DDX11 to G4-stalled forks [51].

Relocation to the nuclear periphery is an important step for HR-mediated repair of 
repetitive sequences.

Fork stalling at an expanded CAG repeat tract can result in the transient relocalization of 

chromosomes to the nuclear pore complex (NPC) during S-phase in a manner dependent 

on the SUMO-targeted ubiquitin ligase (StUbL) Slx5/8 [52]. Impaired relocalization of the 

stalled fork resulted in increased CAG repeat fragility and instability which was dependent 
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on Rad52, suggesting that the NPC plays a role in restraining inaccurate recombination at 

collapsed forks. Continuation of this work identified that Mms21-mediated sumoylation of 

RPA, Rad52 and Rad59 drove stalled fork relocalization to the nuclear pore (Figure 2A) 

[53](*). Most intriguingly, Rad51 foci only co-localized with the CAG repeat tract after 

relocalization to the pore. Additionally, Rad51 loading onto the early collapsed fork is 

prevented by sumoylated RPA, suggesting that there are mechanisms in place to constrain 

recombination at a stalled fork until it is needed for restart. Relocation to the NPC is also a 

mechanism for regulating telomere recombination in the absence of telomerase. Mutations in 

the nuclear pore protein Nup1 result in reduced telomere and CAG repeat relocation to the 

pore (Figure 2A) [54]. In the absence of this relocation, short telomeres bypass senescence 

and utilize low fidelity Rad51-dependent sister chromatid recombination to maintain their 

length, and CAG repeat tracts have increased Rad52-dependent contractions. Together, these 

data indicate that recombination events can be controlled by pathways that depend on 

nuclear location, though the details of how that regulation occurs are not yet clear.

In both mammalian and yeast systems, telomeres are normally tethered to the nuclear 

envelope, where recombination is suppressed [55]. Eroded telomeres have more ssDNA 

bound by RPA and have been previously shown to relocate from the nuclear envelope to the 

nuclear pore complex [56]. In the absence of telomerase, telomeres progressively shorten 

each replicative cycle until a crisis point. During crisis, telomeres utilize recombination to 

elongate telomeres and survive. In yeast, telomerase-independent survival is mediated by 

two different genetic pathways, type I survivors utilize Rad52 and Rad51 while type II 

survivors require Rad52 and Rad59 [57]. Recent work has established that the sumoylation 

state of Rad52 influences this choice. Sumoylated Rad52 favors Rad51-dependent type I 

survivors. However, upon severe erosion, telomeres relocate from the nuclear envelope to 

the NPC in a Slx5- and Rad59-dependent manner, and relocation is associated with Rad52 

de-sumoylation and formation of type II survivors. (Figure 2B). These observations suggest 

that sumoylation plays a key role in pathway choice that leads to survival in the absence of 

telomerase [58].

Quiescent cells are cells that are in G0 phase and not undergoing replication, though DNA 

damage and repair still occur. To determine the cellular response in G0 to eroded telomeres 

the Coulon group deleted the RNA subunit of telomerase and cultured cells to senescence, 

at which point they shifted cells into quiescence via nitrogen starvation. Eroded telomeres 

were found to undergo increased rearrangement at subtelomeric regions which depended 

on recombination and transcription of the telomeric RNA TERRA [59]. In quiescence, 

telomeres form a telomeric cluster at the nuclear envelope. However, if telomeres are 

critically short or interaction with the nuclear periphery is disrupted by deletion of Bqt4, 

telomeres detach from the nuclear periphery resulting in increased TERRA transcription 

and subtelomeric recombination. Telomere detachment resulted in the inability to properly 

exit quiescence. Thus, the nuclear periphery is a safe harbor for telomeres to prevent 

transcription and recombination [60].

One important step that drives recombinational repair choice is resection. It is not well 

understood how a repetitive sequence may influence resection and control repair choice. 

Typically, DSB broken ends relocate to Mps3, a SUN domain containing protein embedded 
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in the nuclear membrane which has roles in nuclear organization [61]. The Gasser lab 

sought to understand how an internal TG tract would alter chromosome dynamics and 

DNA repair processing at an induced DSB. They found that the broken end with the 

TG repeat tract, but not the non-repetitive end, had impaired recruitment of the MRX 

complex and resection, which resulted in poor tethering between the broken ends and 

delayed chromosome relocation to the nuclear envelope (Figure 2C) [62]. They identified a 

requirement for the StUbL Uls1 in mediating telomerase recruitment to the TG sequence and 

suppressing NHEJ. Taken together, these studies support the importance of post-translational 

modification of repair proteins by sumoylation in mediating repair processes at repetitive 

sequences, whether it be at a stalled replication fork, an eroded telomere end, or a DSB.

DSB and gap repair in the context of repetitive DNA tracts

One goal in the field is to develop therapies that shorten disease-length microsatellite 

sequences to delay symptom onset or disease progression. One attractive strategy is to 

use gene editing technologies such as CrispR/Cas9 to target the repeat tract and force 

repair such that the repeat tract shrinks. Work in yeast using CrispR/Cas9 to shorten an 

expanded CAG repeat tract resulted in large chromosomal deletions near the repeat tract, 

which were mediated by both annealing and NHEJ pathways; in addition, CrispR/Cas9 

mediated breaks at the CTG repeat resulted in increased cell death [63](*). In contrast, 

targeting the same repeat with a TALEN endonuclease induced repeat contractions primarily 

by Rad52-dependent annealing which were confined to the repeat tract and did not cause 

large deletions of surrounding DNA [64]. Mosbach et al. envision a variety of possible 

explanations for the differences in repair events at the repeat locus between TALEN and 

CrispR/Cas9 induced breaks including: the type of end created (4 nucleotide 5’ overhangs 

with TALENs vs. blunt end with CrispR/Cas9), differences in enzyme substrate or kinetics, 

the role of the gRNA in end-tethering after Cas9 cutting, or differences in checkpoint 

activation [63]. Using a GFP reporter system in human cells, it was shown that SpCas9 

induced contractions as well as expansions of long CTG trinucleotide repeats, whereas the 

nickase mutant Cas9-D10A only induced contractions [65]. Subsequent studies have been 

able to successfully shrink an expanded CAG repeat tract in Huntington’s patient-derived 

fibroblasts by using paired CrispR/Cas9 nickases to make nicks on both sides of the 

repeat tract [66]. Taken together, DSB induction using CrispR/Cas9 does not result in 

limited contraction of the repeat tract but rather in expansion events or larger chromosomal 

deletions, but targeted use of TALENS or the CrispR/Cas9 nickase to the repeat tract could 

be effective strategies for future therapies.

Structure-forming DNA sequences are natural fragile sites that cause chromosomal DSBs. 

When a DSB occurs, one of the key steps that drives repair away from NHEJ to HR 

is the initiation of resection. Short-range resection is initiated by the MRX/N complex 

in conjunction with Sae2/CtIP. Long range resection is performed by both the 5’−3’ 

exonuclease Exo1 and coordinated Sgs1/BLM helicase unwinding along with Dna2 

endonuclease cleavage in partially redundant roles [67]. Previously, it has not been 

understood how repetitive, structured sequences would alter resection kinetics. Insertion 

of a TG repeat tract at an inducible break resulted in impaired MRX recruitment and 

resection [62]. In addition, deletion of Sae2 resulted in impaired resection on the side 
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of a Cas9-induced break within an expanded CAG repeat where a hairpin capped end 

was likely formed (Figure 3A) [63](*). Long range resection may also be impaired by 

DNA structures. Depletion of PIF1, which can unwind G4 structures, or treatment with 

G4 stabilizers resulted in reduced resection and impaired recombinational repair of an 

induced DSB, whereas overexpression of PIF1 rescued resection in cells treated with G4 

stabilizers, suggesting that PIF1 is important for unwinding non-B form structures the 

resection machinery may encounter (Figure 3B) [68](*). These observations are consistent 

with data suggesting that loss of BRCA1, which facilitates resection, results in sensitivity to 

G4 stabilization [69,70]. Co-immunoprecipitation of PIF1 and BRCA1 was increased in the 

cells treated with G4 stabilizer, suggesting they function together to unwind G4 structures to 

facilitate resection [68](*).

The chromatin environment at gaps contributes to efficient repair by error-free template 

switch within repetitive DNA regions (reviewed in [71,72]). The absence of proper 

chromatin remodeling or impaired histone modification can result in recombination-

dependent expansions that occur during template switching [73,74]. Histone variant 

deposition is also important for mediating repair fidelity as deletion of HTA1 (copy 1 

of histone H2A) as well as a mutation of a phosphorylatable threonine (T126) in the S. 
cerevisiae Hta1 C-terminus showed a significant increase in (CAG)85 repeat expansions 

which depended on recombination (Figure 3C). The Hta1 and Hta2 proteins are nearly 

identical at the amino acid level except for a threonine switch at position 126 in Hta1. These 

data suggest that post-translational modification of histone H2A copy 1 can serve as a signal 

to help promote D-loop synthesis fidelity through a repetitive tract (Figure 3C) [75](*).

In repeat expansion diseases, the timing of symptom onset and disease progression is 

influenced by the level of age-related somatic instability of the repeat tract. In mouse 

models of triplet repeat expansion diseases, MutS and MutL complexes are required for 

somatic expansions, though the exact complex varies by disease (MutSβ/MLH1/MutLγ for 

HD and DM1, MutSα/MLH1 in Friederichs’s ataxia mouse models (see [76] for review). 

To explore the mechanisms of somatic expansion, yeast cells containing the Friederichs’s 

ataxia (GAA)n repeat tract were subjected to chronological aging. Expansions occurred 

during quiescence and required the mismatch repair complexes MutSβ and MutLα as well 

as the Rad1-Rad10 nuclease [77]. Interestingly, in quiescent yeast, large deletions and gene 

conversion events arose that were end-joining and recombination dependent. These were 

hypothesized to occur due to mismatch repair proteins initiating a break that was resected 

by Exo1 and then repaired via non-homologous end-joining or recombination [77]. More 

broadly, all the above studies suggest that recombinational repair at breaks or gaps that 

occur within or near a repeat tract must be negotiated by the repair machinery and impaired 

recombination could be a source of repeat instability or fragility.

Summary and conclusions

Many repetitive DNA sequences form secondary structures that serve as constant challenges 

to DNA replication and repair machineries, resulting in stalled forks, nicks, gaps, and DSBs. 

Recombination is an important pathway to repair these lesions and serves as a powerful 

guardian of the genome. Recombinational repair at repetitive sequences serves to preserve 
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genome stability, though it can be a mutagenic process that leads to repeat length changes. 

Future work understanding genetic requirements in promoting accurate recombinational 

repair at microsatellites will be key in our understanding of repair and replication fork 

restart as well as harnessing genome-modifying technologies to develop therapies for genetic 

disease and cancer.
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Figure 1: 
Models for replication fork restart and repair of collapsed forks at DNA structures. A. 
During BIR, if the replisome encounters a barrier, repair synthesis is more likely to abort. 

For internal telomeric sequences (ITS) native to that organism, de novo telomere addition 

on the recipient strand can lead to chromosome truncation. Abortive BIR due to the ITS is 

promoted by the helicase Mph1, which disassociates D-loops. B. DNA structures can stall 

replication, as illustrated for an AT repeat forming a cruciform structure. One mechanism 

for fork restart could be fork reversal which requires the translocase FANCM. Alternatively, 

helical unwinding of cruciform structures by the 3’−5’ helicases BLM or WRN can result 

in replication fork restart (note: other helicases are involved at G-rich hairpins or quadruplex 

structures, such as Srs2, Sgs1, RTEL and FANCJ [3]). C. In the event that fork restart 
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fails, the replication fork may collapse. For some structures, breaks require cleavage by the 

MUS81-EME1 and/or the SLX1-SLX4 nucleases. The broken fork end with a hairpin is 

processed by MRX/N and Sae2/CtIP. Additional processing of the hairpin may occur by 

XPF/ERCC1 (Rad1/Rad10). Second end capture is mediated by RAD52 and repair synthesis 

is completed by Polδ with the accessory subunit POLD3.
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Figure 2: 
The role of nuclear location in controlling recombination and maintaining repetitive 

sequences. A. Replication forks stalled due to an expanded CAG repeat relocate to the 

nuclear pore complex (NPC) for repair and fork restart. Relocation is dependent on 

the StUbL Slx5/8 via Slx5 SIM domains and Mms21-mediated sumoylation of RPA, 

Rad52 and Rad59. Failure to sumoylate these proteins leads to impaired replication fork 

relocation, resulting in unconstrained recombination and repeat instability. B. Telomeres 

normally associate with the nuclear envelope. In the absence of telomerase, telomeres get 

progressively shorter until a crisis point, at which point they use recombination to extend 

the telomeric end. Eroded telomeres with sumoylated Rad52 bound result in type I survivors 

which depend on Rad51-mediated recombination. Further erosion results in relocation to 
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the nuclear pore and the formation of type II survivors, which is dependent on Rad59 and 

de-sumoylation of Rad52. C. Targeted DSBs containing a TG repeat on one side of the break 

results in differential end processing. Broken ends that do not contain a telomeric seed are 

bound by MRX and relocate to the nuclear envelope. The end containing a telomeric seed is 

bound by the telomeric binding protein Rap1 which interacts with the StUbL Uls1, helping 

to signal telomerase recruitment to the TG sequence.
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Figure 3: 
Navigation of resection and repair synthesis through microsatellites. A. At a CrispR/Cas9 

break targeting the CTG repeat, repair results in various chromosomal changes. In NHEJ 

defective rad50Δ mutants, complex rearrangements can be found. In the absence of Sae2, 

which processes hairpin capped ends, repair occurs via imprecise end-joining. After long 

range resection by Exo1, repair can result in SSA mediated long range deletions while 

loss of RAD52 results in smaller local deletions. B. Resection can be impeded by DNA 

secondary structures. Pif1, which unwinds G4 structures, interacts with BRCA1 to unwind 

secondary structures that impede long range resection. C. Replication of bypassed DNA 

hairpins or DNA damage at an expanded CAG repeat tract results in incorporation of copy 1 

of histone H2A (H2A.1) which can be phosphorylated at a threonine 126 on the histone tail. 

The incorporation of histone H2A.1 and phosphorylation of T126 promote efficient D-loop 
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extension during sister chromatid recombination or other D-loop mediated repair, resulting 

in high fidelity repair and preventing repeat expansions.
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