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Homologous recombination (HR) is an essential pathway for DNA double-strand break 
(DSB) repair, which can proceed through various subpathways that have distinct elements 
and genetic outcomes. In this mini-review, we highlight the main features known about 
HR subpathways operating at DSBs in human cells and the factors regulating subpathway 
choice. We examine new developments that provide alternative models of subpathway 
usage in different cell types revise the nature of HR intermediates involved and reassess 
the frequency of repair outcomes. We discuss the impact of expanding our understanding 
of HR subpathways and how it can be clinically exploited.
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REPAIR OF DSBS BY HR

Cells have evolved multiple mechanisms to preserve genome integrity and restore structural 
and functional properties of the genome following DNA damage. DNA double-strand breaks 
(DSBs) are critical lesions whose timely and accurate repair is important for cellular viability 
and genomic stability. Cells are equipped with multiple pathways to repair DSBs, the most 
prominent of which are non-homologous end-joining (NHEJ) and homologous recombination 
(HR). HR provides a high-fidelity mechanism for repair in cycling cells but is restricted to 
the S and G2 phases of the cell cycle. In contrast to NHEJ, which involves ligating the break 
ends together, HR involves copying sequences from an intact donor to restore any lost information. 
HR is also important for the faithful duplication of the genome by providing means of tolerating 
replication stress and overcoming lesions resulting from replication fork obstruction such as 
single-stranded DNA (ssDNA) gaps and one-ended DSBs.

Homologous recombination at DSBs can proceed in multiple subpathways, but the initial 
steps are functionally similar and involve common factors. Briefly, HR commences with the 
5ꞌ–3ꞌ extensive resection of break ends by nucleases to generate 3ꞌ ssDNA overhangs, which 
are then coated by replication protein A (RPA). The breast and ovarian cancer susceptibility 
protein 2 (BRCA2) then loads the recombinase RAD51 to ssDNA, replacing RPA and forming 
a nucleoprotein filament to initiate the homology search for complementary sequences. Once 
homology is found, a displacement loop (D-loop) is formed, where a primer-template junction 
allows DNA repair synthesis to proceed. After repair synthesis completion, HR can proceed 
by the displacement of the extended break end from the D-loop and annealing to the 
complementary sequence at the non-invading end, a subpathway referred to as synthesis-
dependent strand annealing (SDSA). An alternative mechanism involves the formation of a 
joint structure containing a four-way junction between the recombining strands, known as a 
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Holliday junction (HJ). This can occur through the annealing 
of the non-invading end to the displaced strand of the D-loop 
in a second-end capture step, or possibly by simultaneous 
invasion of the two resected ends into the donor and subsequent 
extension. To allow proper chromosome segregation, the two 
intertwining strands must be separated, which can occur through 
two mechanisms with distinct genetic outcomes. Double HJs 
(dHJs) are prominent HR intermediates and are predominantly 
processed by helicase- and topoisomerase-dependent dissolution 
that separates the recombining molecules without genetic 
exchanges. Alternatively, these joint molecules (JMs, used in 
this manuscript to refer to post DNA synthesis structures) can 
be  resolved by the structure-selective nucleases to give rise to 
crossover (CO) or non-CO products at an expected equal 
frequency. HR can also proceed through a third, non-canonical 
subpathway termed break-induced replication (BIR), which is 
characterized by long-range conservative DNA synthesis from 
the invading DSB end without engagement of the second end 
and displaying a high propensity to form genomic rearrangements 
and point mutations. Over the past decade, our understanding 
of DSB repair pathway choice between NHEJ and HR was 
greatly enhanced (a topic also reviewed in this issue), which 
proved useful in many applications, including delineating 
mechanisms of cellular responses to cancer therapy and finding 
new drug targets. However, less attention has been paid to 
HR subpathway choice, our understanding of which falls short 
especially in human cells. This review aims to focus on the 
differences between the known HR subpathways, what is known 
about subpathway choice and the mechanistic and clinical 
implications of these distinct mechanisms.

HR SUBPATHWAY OUTCOMES

One feature that is often used to distinguish between the 
different HR subpathways is their propensity to cause genetic 
exchanges. Although canonical HR is known to be  of high 
fidelity compared to NHEJ, COs are considered harmful as 
they can lead to loss of heterozygosity (LOH) if exchanges 
occur between homologous chromosomes (Moynahan and Jasin, 
1997). Translocations, deletions, or inversions can result if COs 
occur between repeated DNA by non-allelic homologous 
recombination (Moynahan and Jasin, 1997; Wright et al., 2018). 
However, it is worth noting that these occur rarely as spontaneous 
events and while promoted by DSB induction, they are largely 
suppressed in somatic cells (Stark and Jasin, 2003). An important 
mechanism to attenuate possible detrimental outcomes is the 
predominant use of the sister chromatid as donor instead of 
the homologous chromosome, which renders COs genetically 
silent (Kadyk and Hartwell, 1992; Soutoglou et  al., 2007). 
Additionally, cells can employ pathways that inherently avoid 
these products, such as SDSA, which is believed to be  the 
predominant HR subpathway for DSB repair. However, as COs 
are mostly inconsequential, it is not sufficient to assume cells 
always favor a CO-avoiding pathway and so the propensity 
for causing genetic exchanges does not provide an adequate 
explanation for HR subpathway choice.

While SDSA altogether avoids the formation of HR 
intermediates that can lead to COs, the processing of such 
intermediates can also be  regulated to favor non-CO products. 
Consistent with this, dHJs are predominantly dissolved by the 
BLM-TOPOIIIα-RMI1/2 (BTR) complex to non-COs, with 
CO-prone resolution acting as a last resort to handle these 
intermediates (Sarbajna and West, 2014). Yet whether dHJs 
are the only, or even the main, intermediates leading to COs 
is in question and it remains unclear under which conditions 
cells favor CO-forming vs. CO-avoiding pathways for DSB 
repair. Consequently, a more careful dissection of how HR 
subpathways are regulated and the factors involved are warranted 
for a better understanding of how distinct repair outcomes arise.

REVISITING HR SUBPATHWAY CHOICE

In recent years, work by us and others has aimed to define 
factors involved in promoting and regulating HR subpathway 
usage. Subpathway choice is often connected to helicases, which 
can function to either disrupt HR intermediates (such as RAD51 
filaments and D-loops), or to promote DNA synthesis and 
D-loop extension. Therefore, it is important to understand what 
governs the stability of these intermediates and how they differ 
in the distinct subpathways. Multiple helicases have been 
implicated to regulate HR in human cells, including RTEL 
(Barber et  al., 2008), BLM (van Brabant et  al., 2000), FANCJ 
(Sommers et  al., 2009), FBH1 (Chan et  al., 2018), RECQ1 
(Bugreev et  al., 2008) and RECQ5 (Hu et  al., 2007; reviewed 
in Huselid and Bunting, 2020). Helicases that disrupt the 
pre-synaptic RAD51 filaments by enhancing RAD51 removal 
are referred to as anti-recombinases due to their HR-limiting 
functions. Conversely, disruption of extended D-loops serves 
to limit the extent of DNA synthesis and displace the invading 
strand to channel repair toward SDSA. Often, helicases harbor 
both anti- and pro-recombinogenic biochemical functions, 
making it difficult to pinpoint the precise contribution of these 
helicases to DSB repair. Recently, we  have found that at 
two-ended DSBs, RECQ5 promotes a repair pathway, likely to 
be  SDSA, involving short-range repair synthesis and resulting 
in non-CO repair products. The role of RECQ5  in this context 
is unclear, although it has been implicated to involve RAD51 
removal after strand displacement to prevent re-invasion cycles 
and allow strand annealing to promote SDSA (Paliwal et  al., 
2014). Other functions could relate to those of analogous yeast 
helicases, such as Srs2, that involve disrupting D-loops and 
limiting DNA synthesis (Burkovics et al., 2013; Liu et al., 2017). 
Additionally, some reports support a requirement for only the 
helicase domain of Srs2 for its SDSA function (Bronstein et al., 
2018), and others find that also the RAD51-interacting domain 
has an effect on CO formation (Jenkins et al., 2019), rendering 
the precise role of the helicase uncertain. Furthermore, factors 
regulating strand annealing post displacement are not well-
defined, although, differential processing of the non-invading 
break ends has been implicated. Successful engagement of the 
second end is important to terminate repair of two-ended 
breaks and its failure can activate one-ended DSB repair 
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mechanisms, such as BIR (Chandramouly et  al., 2013). 
Consistently, the length of homology between the non-invading 
end and the displaced strand, influenced by the extent of 
resection, has been suggested to regulate subpathway choice 
between SDSA and BIR in human cells. Similarly, asynchronous 
resection and short homology tracts lead to failure of strand 
annealing and activation of BIR in yeast, a process regulated 
by the Mph1 and Sgs1 helicases, which dismantle D-loops (to 
favor SDSA) or short homology duplexes (to promote BIR), 
respectively (Mehta et  al., 2017; Pham et  al., 2021).

Alternatively, HR can proceed through a RAD54-dependent 
pathway with a propensity for CO formation (Spies et al., 2016). 
We  have shown that the chromatin remodeler ATRX promotes 
this subpathway of HR that involves long stretches of DNA 
synthesis leading to the formation of a high frequency of COs 
visualized as sister-chromatid exchanges (SCEs; Juhász et  al., 
2018). Interestingly, the HR intermediates formed by this pathway, 
which can be  detected as IR-induced ultra-fine bridges (UFBs), 
are completely dependent on the structure-selective nucleases 
MUS81 and GEN1 for resolution and are independent of BLM 
function (Elbakry et al., 2021). Since BLM has a well-documented 
role in suppressing endogenous SCEs, HR at two-ended DSBs 
can lead to distinct structures than those formed at replication-
associated lesions that may not be classic dHJ and are therefore 
processed differently. This is consistent with studies reporting 
high CO levels and synthetic lethality of cells lacking GEN1 
and SLX4 (essential for MUS81 function at HJs) even in the 
presence of BLM, indicating the presence of HJs that exclusively 
require resolution (Garner et  al., 2013; Wyatt et  al., 2013). 
Thus, it appears that one subpathway of HR DSB repair strictly 
forms a type of JM that requires resolution, the mechanism 
of which remains unclear (discussed below).

Strikingly, cells lacking ATRX expression, such as U2OS cells, 
rely completely on RECQ5 for HR-mediated repair of DSBs 
but are able to switch to the ATRX subpathway upon the 
induction of ATRX expression (Elbakry et  al., 2021). The 
regulation of pathway choice seems to be  dependent on 
proliferating cell nuclear antigen (PCNA) interaction, as both 
ATRX and RECQ5 possess PCNA-interaction peptide (PIP) 
domains that are essential for their HR function. Repair studies 
using mutants suggest that ATRX and RECQ5 compete for 
PCNA binding, possibly involving post-translational modifications 
(PTMs) that could regulate the downstream processes (Elbakry 
et al., 2021). The possibility of PTM-mediated regulation would 
be  consistent with a role of RECQ5-dependent PCNA 
ubiquitination as well as PCNA-SUMO2 conjugation during 
transcription-replication conflict resolution, which serve to remove 
PCNA and RNA polymerase II from chromatin, respectively 
(Urban et  al., 2016; Li et  al., 2018). Additionally, it has been 
shown that yeast Srs2 interacts with SUMO-PCNA to promote 
SDSA by regulating the DNA polymerase, or by dissociating 
heteroduplex DNA (hDNA) at the D-loop and allowing 
second-end annealing and repair completion (Burkovics et  al., 
2013; Liu et al., 2017). Whether these PTMs or others influence 
HR outcome remains to be  determined and would provide 
valuable insights about the regulation of subpathway choice 
during HR. This is particularly relevant considering that different 

cell types utilize the subpathways to various extents. For example, 
while ATRX-deficient cancer cells seem to rely on RECQ5 for 
HR, normal untransformed cells do not use RECQ5 and rely 
completely on ATRX for HR (Elbakry et  al., 2021). Conversely, 
ATRX-proficient cancer cells, like HeLa cells, exhibit an uneven 
contribution from the two subpathways (Figure  1). This 
discrepancy in HR subpathway usage warrants a re-examination 
of a general one-size-fits-all model for the repair of breaks via 
HR and demands a more careful attention to the model systems 
and cell lines used. Differential subpathway usage also provides 
a novel way to assess HR proficiency in cancer cells that have 
a particular reliance on one subpathway or the other. Therefore, 
instead of solely focusing on upstream factors like BRCA1/2 
and RAD51, we should also consider the downstream processes 
that define which subpathways are operating in the cell.

HR SUBPATHWAYS: MAKING ENDS 
MEET

Understanding how HR subpathways function and how the 
choice between them is regulated requires the consideration of 
the repair outcomes these pathways produce. The preference 
of a pathway favoring the formation of SCEs to one that avoids 
them challenges the common dogma that cells inherently avoid 
COs at all costs. To explain this discrepancy, it is worth examining 
how these conclusions were established. Many of the studies 
reporting rare CO occurrence were carried out using HR reporters 
in mammalian cells, and while they highly contribute to 
understanding pathway choice, the limitations of these systems 
could mask or skew these frequencies. One such limitation is 
reliance on ectopic or integrated artificial constructs that detect 
unequal recombination events or recombination between 
homologous chromosomes, all of which do not reflect the natural 
HR substrate of the identical sister (Johnson and Jasin, 2000; 
LaRocque et  al., 2011; Zapotoczny and Sekelsky, 2017). Indeed, 
CO frequencies close to 50% can be  observed in yeast, where 
the homologous chromosome represents a more natural 
recombination substrate (Ho et  al., 2010; Yim et  al., 2014). 
Furthermore, genetic analysis of the products in reporter systems 
in mammalian cells often differentiates only between long-tract 
gene conversion (LTGC) events and COs arising from short-
tract gene conversion (STGC) and do not take into consideration 
that CO events arising from longer DNA synthesis tracts would 
be  indistinguishable from non-CO LTGC events (Johnson and 
Jasin, 2000). This likely underestimates the frequency of CO 
in these systems, since COs have been associated with pathways 
involving longer tracts of DNA synthesis (Elliott et  al., 1998; 
Mitchel et  al., 2010; Yim et  al., 2014). Additionally, the genetic 
background of cells used, such as U2OS cells that lack an HR 
factor, should be  considered as this also affects the results from 
these reporters (Juhász et al., 2018; Elbakry et al., 2021). Therefore, 
while the notion that CO-avoiding pathways are preferred may 
or may not be  valid, it is imperative to consider other factors 
influencing pathway choice and repair outcome. Cells deal with 
the various DNA-damaging lesions in distinct mechanisms, and 
those arising during S phase, which give rise to the majority 
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of the spontaneous SCEs, could be  handled differently from 
those at two-ended DSBs. As has been observed in yeast, 
recombination at ssDNA gaps results in dHJs requiring dissolution 
by Sgs1, while DSB-generated structures rely on nuclease-mediated 
resolution (Ho et al., 2010; Giannattasio et al., 2014). Therefore, 
the structure and nature of the lesion could influence the HR 
intermediates formed and how they are processed and 
consequently, whether or not they lead to genetic exchanges. 
Similarly, the genomic location of the lesion can dictate outcome, 
as has been shown for DSB repair pathway choice between 
HR and NHEJ (Beucher et  al., 2009; Goodarzi et  al., 2010; 
Aymard et  al., 2014). Consistent with this, locus-specific SCE 
analysis showed that early and late replicating fragile sites exhibit 
differential SCE frequencies, suggesting that genomic locus and 
chromatin architecture could also influence HR subpathway 
choice (Waisertreiger et  al., 2020). Furthermore, recent studies 
have demonstrated distinct mechanisms of HR-mediated repair 
of DSBs occurring in transcribed regions vs. transcriptionally 

silent loci, implicating the formation of DNA:RNA hybrids as 
novel regulators of HR (Yasuhara et al., 2018; Ouyang et al., 2021).

Notwithstanding the underlying mechanism, the preference 
of CO-forming pathways in certain contexts suggests that this 
is probably a less toxic outcome than products from alternative 
pathways. It is not yet clear how this could be  the case for 
SDSA vs. a pathway involving a more complicated HR 
intermediate joining the two chromatids, as the fidelity of either 
subpathway has not been closely examined in the specific 
context of two-ended breaks. It is possible that factors such 
as D-loop stability, polymerase choice, and the fidelity of 
second-end engagement may play a role in ensuring accurate 
repair, even at the cost of an increased risk of CO formation. 
Not much is known about the regulation of the annealing 
step during SDSA and how the cell ensures the involvement 
of the correct ends. As HR normally deals with endogenous 
breaks that arise at replication forks that have one end, employing 
pathways that require two ends dictates the need to “wait” 

FIGURE 1 | Homologous recombination (HR) subpathway features at two-ended DNA double-strand breaks (DSBs). HR at two-ended breaks can proceed in 
distinct subpathways after RAD51-mediated strand invasion: synthesis-dependent strand annealing (SDSA; orange) and the Holliday junction (HJ; green) 
subpathway. Distinguishing features include the type and stability of displacement loop (D-loop; based on yeast models), extent of DNA repair synthesis, mode of 
second-end involvement, formation of joint molecules (JMs) post DNA synthesis (including single or nicked HJs and nicked D-loops) and repair outcome [crossover 
(CO) or non-CO]. Different types of cells use the subpathways to varying extents, largely influenced by their alternative lengthening of telomeres (ALT) status (see this 
paper). *These frequencies are non-comprehensive and are subject to change as more cell lines are analyzed.
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until a second end is generated by an approaching replication 
fork. In this context, the premature displacement of the invading 
strand could cause its annealing to a non-matching break end, 
leading to translocations, a more detrimental outcome than a 
genetically silent CO (Ensminger and Löbrich, 2020). Therefore, 
a subpathway that has a more stringent second-end annealing 
condition, like second-end capture by the displaced D-loop 
strand, could be preferred. Second-end capture ensures enough 
homology is met, and also involves a structure refractory to 
termination by other pathways, like end-joining and/or single-
strand annealing.

Furthermore, one pathway may involve a more stable 
intermediate structure that is resistant to dissociation and 
thereby could be  favored to ensure repair completion. For 
example, studies utilizing novel D-loop analysis assays in yeast 
have shown the formation of two distinct D-loop species, whose 
lengths and abundance are regulated by Rad54 and its paralog 
Rdh54/Tid1 (Piazza et al., 2019; Shah et al., 2020). The features 
of the different D-loop species make them resistant to specific 
helicases and alterations in these properties influence HR 
outcome and survival. It is tempting to speculate that a similar 
mechanism may occur in human cells and can dictate subpathway 
choice (Figure  1). In this context, ATRX may cooperate with 
human RAD54 to form more stable intermediates (Spies et  al., 
2016; Juhász et  al., 2018), possibly through a mechanism 
involving histone deposition within the D-loop (Elbakry et  al., 
2018). To investigate these possibilities, the required tools (e.g., 
D-loop capture and extension assays) need to be  adapted and 
optimized for human cells. Furthermore, D-loop stability and 
extension can also be  promoted by RNA:DNA hybrids arising 
during HR at transcribed regions (forming DR-loops), a feature 
that could influence subpathway choice (Ouyang et  al., 2021).

While multiple factors can skew HR outcome by influencing 
subpathway usage, frequent COs during DSB repair can arise 
during the processing of HR intermediates that are preferentially 
channeled toward resolution instead of the CO-avoiding 
dissolution (Elbakry et  al., 2021). This is a scenario where the 
structure-selective nucleases represent the main, rather than 
the back-up, pathway to handle JMs. Although, the activation 
of the MUS81-SLX4 and GEN1 complexes during late G2/M 
phase of the cell cycle (Pfander and Matos, 2017) could explain 
the preferential use of the nucleases at this stage, it does not 
exclude a role for the BTR dissolvasome, and raises the question 
if these JMs are intact dHJs, or in fact, dHJs at all (Figure  1). 
The preferential formation of COs from HR junctions has been 
indicated by the analysis of hDNA tracts in yeast and suggested 
a bias toward resolution explained by the presence of nicked 
or single HJs, which are more suitable substrates to the nucleases 
(Mitchel et  al., 2010). Additionally, the formation of anaphase 
bridges arising from non-canonical HJs has been observed in 
yeast and was found to be  specific to resolvase-deficient cells 
(García-Luis and Machín, 2014). Therefore, alternative JMs that 
are distinct from the canonical dHJ have been proposed in 
various contexts of HR by us and others and potentially occur 
more frequently than previously thought (Wright et  al., 2018; 
Machín, 2020; Elbakry et al., 2021). The presence and frequency 
of these structures is yet to be  determined and would both 

reflect the usage of distinct subpathways and dictate the 
requirement of specific downstream processing factors. Therefore, 
we  find the use of the more general term “HJ pathway” more 
accurate when dealing with pathways involving JMs in DSB repair.

CLINICAL IMPLICATIONS OF HR 
SUBPATHWAY CHOICE

Homologous recombination deficiency has been used to target 
cancer cells for therapy ever since the concept of synthetic 
lethality has been elegantly shown in BRCA1/2 deficient cells 
treated with PARP inhibitors (Bryant et al., 2005; Farmer et al., 
2005). This success has fueled further studies to identify other 
synthetically lethal targets in BRCA-defective cells, as well as 
cells deficient in other HR factors. Therefore, with an even 
deeper understanding of HR and the different subpathways 
involved, new strategies can be  employed to effectively kill 
cancer cells. For example, cells that are defective in canonical 
HR subpathways and over-rely on other subpathways, such as 
BIR, can be  selected by targeting BIR-specific factors. 
Alternatively, tumors lacking factors involved in particular 
subpathways can be targeted by identifying new synthetic lethal 
interactions specific to these tumors (Figure  2). Further, as 

FIGURE 2 | Exploiting HR subpathway usage for cancer therapy. Normal 
cells have intact homologous recombination repair (HRR) and use 
predominantly subpathway “H” for DSB repair. Cancer cells lacking 
subpathway “H” rely predominantly on subpathway R for repair. Inhibiting 
subpathway “R” does not affect normal cells, which can repair normally and 
survive treatment. Cancer cells lose their main HRR functionality and either fail 
to repair or depend on more erroneous pathways (subpathway “r”) leading to 
accumulation of breaks and/or toxic lesions and subsequent cell death.
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demonstrated recently, the loss of the BIR factor PIF-1 can 
be  exploited for selective killing of cells made to rely on this 
HR subpathway by the concurrent deletion of FANCM, revealing 
a new synthetic lethality relationship and an approach to target 
PIF-1 mutant cancer cells (Li et  al., 2021). Also, it is known 
that the HR factor ATRX is defective in a variety of tumors 
that are commonly using the alternative lengthening of telomeres 
(ALT) mechanism of telomere maintenance (representing around 
10–15% of all cancers; Dilley and Greenberg, 2015). While it 
is still not completely clear how loss of ATRX contributes to 
the ALT phenotype, exploiting a possible HR pathway imbalance 
(i.e., higher dependence on SDSA in tumors lacking ATRX), 
regardless of ALT status, could prove an effective approach to 
target these cells (Figure  2). This is particularly attractive if, 
as demonstrated, normal cells rely on the ATRX pathway for 
repair. Therefore, as the interplay between the HR subpathways 
becomes clearer and more defined, the therapeutic window of 
exploiting HR subpathways will expand, justifying a need for 
a better understanding of the mechanisms governing 
pathway choice.

AUTHOR CONTRIBUTIONS

AE and ML designed, revised, and edited the manuscript. AE 
wrote the first draft. All authors contributed to the article and 
approved the submitted version.

FUNDING

Work in the ML laboratory was supported by the Deutsche 
Forschungsgemeinschaft (DFG; project ID 393547839 – SFB 
1361) and the Bundesministerium für Bildung und Forschung 
(02NUK054C, 02NUK050B, and 02NUK042D). Publication cost 
was co-supported by the DFG and the Open Access Publishing 
Fund of the Technical University of Darmstadt.

ACKNOWLEDGMENTS

We thank Wolf Heyer for valuable comments on the manuscript.

 

REFERENCES

Aymard, F., Bugler, B., Schmidt, C. K., Guillou, E., Caron, P., Briois, S., et al. 
(2014). Transcriptionally active chromatin recruits homologous recombination 
at DNA double-strand breaks. Nat. Struct. Mol. Biol. 21, 366–374. doi: 
10.1038/nsmb.2796

Barber, L. J., Youds, J. L., Ward, J. D., McIlwraith, M. J., O’Neil, N. J., 
Petalcorin, M. I. R., et al. (2008). RTEL1 maintains genomic stability by 
suppressing homologous recombination. Cell 135, 261–271. doi: 10.1016/j.
cell.2008.08.016

Beucher, A., Birraux, J., Tchouandong, L., Barton, O., Shibata, A., Conrad, S., 
et al. (2009). ATM and Artemis promote homologous recombination of 
radiation-induced DNA double-strand breaks in G2. EMBO J. 28, 3413–3427. 
doi: 10.1038/emboj.2009.276

Bronstein, A., Gershon, L., Grinberg, G., Alonso-Perez, E., and Kupiec, M. 
(2018). The main role of Srs2 in DNA repair depends on its helicase activity, 
rather than on its interactions with PCNA or Rad51. mBio 9, e01192–e01218. 
doi: 10.1128/mBio.01192-18

Bryant, H. E., Schultz, N., Thomas, H. D., Parker, K. M., Flower, D., Lopez, E., 
et al. (2005). Specific killing of BRCA2-deficient tumours with inhibitors 
of poly(ADP-ribose) polymerase. Nature 434, 913–917. doi: 10.1038/
nature03443

Bugreev, D. V., Brosh, R. M., and Mazin, A. V. (2008). RECQ1 possesses DNA 
branch migration activity. J. Biol. Chem. 283, 20231–20242. doi: 10.1074/
jbc.M801582200

Burkovics, P., Sebesta, M., Sisakova, A., Plault, N., Szukacsov, V., Robert, T., 
et al. (2013). Srs2 mediates PCNA-SUMO-dependent inhibition of DNA 
repair synthesis. EMBO J. 32, 742–755. doi: 10.1038/emboj.2013.9

Chan, Y. W., Fugger, K., and West, S. C. (2018). Unresolved recombination 
intermediates lead to ultra-fine anaphase bridges, chromosome breaks and 
aberrations. Nat. Cell Biol. 20, 92–103. doi: 10.1038/s41556-017-0011-1

Chandramouly, G., Kwok, A., Huang, B., Willis, N. A., Xie, A., and Scully, R. 
(2013). BRCA1 and CtIP suppress long-tract gene conversion between sister 
chromatids. Nat. Commun. 4:2404. doi: 10.1038/ncomms3404

Dilley, R. L., and Greenberg, R. A. (2015). Alternative telomere maintenance 
and cancer. Trends Cancer 1, 145–156. doi: 10.1016/j.trecan.2015.07.007

Elbakry, A., Juhász, S., Chan, K. C., and Löbrich, M. (2021). ATRX and RECQ5 
define distinct homologous recombination subpathways. Proc. Natl. Acad. 
Sci. U. S. A. 118:e2010370118. doi: 10.1073/pnas.2010370118

Elbakry, A., Juhász, S., Mathes, A., and Löbrich, M. (2018). DNA repair synthesis 
and histone deposition partner during homologous recombination. Mol. Cell. 
Oncol. 5:e1511210. doi: 10.1080/23723556.2018.1511210

Elliott, B., Richardson, C., Winderbaum, J., Nickoloff, J. A., and Jasin, M. 
(1998). Gene conversion tracts from double-strand break repair in mammalian 
cells. Mol. Cell. Biol. 18, 93–101. doi: 10.1128/MCB.18.1.93

Ensminger, M., and Löbrich, M. (2020). One end to rule them all: non-
homologous end-joining and homologous recombination at DNA double-
strand breaks. Br. J. Radiol. 93:20191054. doi: 10.1259/bjr.20191054

Farmer, H., McCabe, N., Lord, C. J., Tutt, A. N. J., Johnson, D. A., Richardson, T. B., 
et al. (2005). Targeting the DNA repair defect in BRCA mutant cells as a 
therapeutic strategy. Nature 434, 917–921. doi: 10.1038/nature03445

García-Luis, J., and Machín, F. (2014). Mus81-Mms4 and Yen1 resolve a novel 
anaphase bridge formed by noncanonical Holliday junctions. Nat. Commun. 
5:5652. doi: 10.1038/ncomms6652

Garner, E., Kim, Y., Lach, F. P., Kottemann, M. C., and Smogorzewska, A. 
(2013). Human GEN1 and the SLX4-associated nucleases MUS81 and SLX1 
are essential for the resolution of replication-induced holliday junctions. 
Cell Rep. 5, 207–215. doi: 10.1016/j.celrep.2013.08.041

Giannattasio, M., Zwicky, K., Follonier, C., Foiani, M., Lopes, M., and 
Branzei, D. (2014). Visualization of recombination-mediated damage bypass 
by template switching. Nat. Struct. Mol. Biol. 21, 884–892. doi: 10.1038/
nsmb.2888

Goodarzi, A. A., Jeggo, P., and Löbrich, M. (2010). The influence of heterochromatin 
on DNA double strand break repair: getting the strong, silent type to relax. 
DNA Repair 9, 1273–1282. doi: 10.1016/j.dnarep.2010.09.013

Ho, C. K., Mazón, G., Lam, A. F., and Symington, L. S. (2010). Mus81 and 
Yen1 promote reciprocal exchange during mitotic recombination to maintain 
genome integrity in budding yeast. Mol. Cell 40, 988–1000. doi: 10.1016/j.
molcel.2010.11.016

Hu, Y., Raynard, S., Sehorn, M. G., Lu, X., Bussen, W., Zheng, L., et al. (2007). 
RECQL5/Recql5 helicase regulates homologous recombination and suppresses 
tumor formation via disruption of Rad51 presynaptic filaments. Genes Dev. 
21, 3073–3084. doi: 10.1101/gad.1609107

Huselid, E., and Bunting, S. F. (2020). The regulation of homologous recombination 
by helicases. Genes 11:498. doi: 10.3390/genes11050498

Jenkins, S. S., Gore, S., Guo, X., Liu, J., Ede, C., Veaute, X., et al. (2019). Role 
of the Srs2-Rad51 interaction domain in crossover control in Saccharomyces 
cerevisiae. Genetics 212, 1133–1145. doi: 10.1534/genetics.119.302337

Johnson, R. D., and Jasin, M. (2000). Sister chromatid gene conversion is a 
prominent double-strand break repair pathway in mammalian cells. EMBO 
J. 19, 3398–3407. doi: 10.1093/emboj/19.13.3398

Juhász, S., Elbakry, A., Mathes, A., and Löbrich, M. (2018). ATRX promotes 
DNA repair synthesis and sister chromatid exchange during homologous 
recombination. Mol. Cell 71, 11–24. doi: 10.1016/j.molcel.2018.05.014

https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles
https://doi.org/10.1038/nsmb.2796
https://doi.org/10.1016/j.cell.2008.08.016
https://doi.org/10.1016/j.cell.2008.08.016
https://doi.org/10.1038/emboj.2009.276
https://doi.org/10.1128/mBio.01192-18
https://doi.org/10.1038/nature03443
https://doi.org/10.1038/nature03443
https://doi.org/10.1074/jbc.M801582200
https://doi.org/10.1074/jbc.M801582200
https://doi.org/10.1038/emboj.2013.9
https://doi.org/10.1038/s41556-017-0011-1
https://doi.org/10.1038/ncomms3404
https://doi.org/10.1016/j.trecan.2015.07.007
https://doi.org/10.1073/pnas.2010370118
https://doi.org/10.1080/23723556.2018.1511210
https://doi.org/10.1128/MCB.18.1.93
https://doi.org/10.1259/bjr.20191054
https://doi.org/10.1038/nature03445
https://doi.org/10.1038/ncomms6652
https://doi.org/10.1016/j.celrep.2013.08.041
https://doi.org/10.1038/nsmb.2888
https://doi.org/10.1038/nsmb.2888
https://doi.org/10.1016/j.dnarep.2010.09.013
https://doi.org/10.1016/j.molcel.2010.11.016
https://doi.org/10.1016/j.molcel.2010.11.016
https://doi.org/10.1101/gad.1609107
https://doi.org/10.3390/genes11050498
https://doi.org/10.1534/genetics.119.302337
https://doi.org/10.1093/emboj/19.13.3398
https://doi.org/10.1016/j.molcel.2018.05.014


Elbakry and Löbrich Homologous Recombination Subpathway Choice

Frontiers in Genetics | www.frontiersin.org 7 August 2021 | Volume 12 | Article 723847

Kadyk, L. C., and Hartwell, L. H. (1992). Sister chromatids are preferred over 
homologs as substrates for recombinational repair in Saccharomyces cerevisiae. 
Genetics 132, 387–402. doi: 10.1093/genetics/132.2.387

LaRocque, J. R., Stark, J. M., Oh, J., Bojilova, E., Yusa, K., Horie, K., et al. 
(2011). Interhomolog recombination and loss of heterozygosity in wild-type 
and bloom syndrome helicase (BLM)-deficient mammalian cells. Proc. Natl. 
Acad. Sci. U. S. A. 108, 11971–11976. doi: 10.1073/pnas.1104421108

Li, S., Wang, H., Jehi, S., Li, J., Liu, S., Wang, Z., et al. (2021). PIF1 helicase 
promotes break-induced replication in mammalian cells. EMBO J. 40:e104509. 
doi: 10.15252/embj.2020104509

Li, M., Xu, X., Chang, C. W., Zheng, L., Shen, B., and Liu, Y. (2018). SUMO2 
conjugation of PCNA facilitates chromatin remodeling to resolve transcription-
replication conflicts. Nat. Commun. 9:2706. doi: 10.1038/s41467-018-05236-y

Liu, J., Ede, C., Wright, W. D., Gore, S. K., Jenkins, S. S., Freudenthal, B. D., 
et al. (2017). Srs2 promotes synthesis-dependent strand annealing by disrupting 
DNA polymerase δ-extending D-loops. Elife 6:e22195. doi: 10.7554/eLife.22195

Machín, F. (2020). Implications of metastable nicks and nicked holliday junctions 
in processing joint molecules in mitosis and meiosis. Gene 11:1498. doi: 
10.3390/genes11121498

Mehta, A., Beach, A., and Haber, J. E. (2017). Homology requirements and competition 
between gene conversion and break-induced replication during double-strand 
break repair. Mol. Cell 65, 515.e3–526.e3. doi: 10.1016/j.molcel.2016.12.003

Mitchel, K., Zhang, H., Welz-Voegele, C., and Jinks-Robertson, S. (2010). 
Molecular structures of crossover and noncrossover intermediates during 
gap repair in yeast: implications for recombination. Mol. Cell 38, 211–222. 
doi: 10.1016/j.molcel.2010.02.028

Moynahan, M. E., and Jasin, M. (1997). Loss of heterozygosity induced by a 
chromosomal double-strand break. Proc. Natl. Acad. Sci. U. S. A. 94, 8988–8993. 
doi: 10.1073/pnas.94.17.8988

Ouyang, J., Yadav, T., Zhang, J.-M., Yang, H., Rheinbay, E., Guo, H., et al. 
(2021). RNA transcripts stimulate homologous recombination by forming 
DR-loops. Nature 594, 283–288. doi: 10.1038/s41586-021-03538-8

Paliwal, S., Kanagaraj, R., Sturzenegger, A., Burdova, K., and Janscak, P. (2014). 
Human RECQ5 helicase promotes repair of DNA double-strand breaks by 
synthesis-dependent strand annealing. Nucleic Acids Res. 42, 2380–2390. 
doi: 10.1093/nar/gkt1263

Pfander, B., and Matos, J. (2017). Control of Mus81 nuclease during the cell 
cycle. FEBS Lett. 591, 2048–2056. doi: 10.1002/1873-3468.12727

Pham, N., Yan, Z., Yu, Y., Afreen, M. F., Malkova, A., Haber, J. E., et al. 
(2021). Mechanisms restraining break-induced replication at two-ended DNA 
double-strand breaks. EMBO J. 40:e104847. doi: 10.15252/embj.2020104847

Piazza, A., Shah, S. S., Wright, W. D., Gore, S. K., Koszul, R., and Heyer, W.-D. 
(2019). Dynamic processing of displacement loops during recombinational 
DNA repair. Mol. Cell 73, 1255.e4–1266.e4. doi: 10.1016/j.molcel.2019.01.005

Sarbajna, S., and West, S. C. (2014). Holliday junction processing enzymes as 
guardians of genome stability. Trends Biochem. Sci. 39, 409–419. doi: 10.1016/j.
tibs.2014.07.003

Shah, S. S., Hartono, S., Piazza, A., Som, V., Wright, W., Chédin, F., et al. 
(2020). Rdh54/Tid1 inhibits Rad51-Rad54-mediated D-loop formation and 
limits D-loop length. Elife 9:e59112. doi: 10.7554/eLife.59112

Sommers, J. A., Rawtani, N., Gupta, R., Bugreev, D. V., Mazin, A. V., Cantor, S. B., 
et al. (2009). FANCJ uses its motor ATPase to destabilize protein-DNA 
complexes, unwind triplexes, and inhibit RAD51 strand exchange. J. Biol. 
Chem. 284, 7505–7517. doi: 10.1074/jbc.M809019200

Soutoglou, E., Dorn, J. F., Sengupta, K., Jasin, M., Nussenzweig, A., Ried, T., 
et al. (2007). Positional stability of single double-strand breaks in mammalian 
cells. Nat. Cell Biol. 9, 675–682. doi: 10.1038/ncb1591

Spies, J., Waizenegger, A., Barton, O., Sürder, M., Wright, W. D., Heyer, W.-D., 
et al. (2016). Nek1 regulates Rad54 to orchestrate homologous recombination 
and replication fork stability. Mol. Cell 62, 903–917. doi: 10.1016/j.
molcel.2016.04.032

Stark, J. M., and Jasin, M. (2003). Extensive loss of heterozygosity is suppressed 
during homologous repair of chromosomal breaks. Mol. Cell. Biol. 23, 
733–743. doi: 10.1128/MCB.23.2.733-743.2003

Urban, V., Dobrovolna, J., Hühn, D., Fryzelkova, J., Bartek, J., and Janscak, P. 
(2016). RECQ5 helicase promotes resolution of conflicts between replication 
and transcription in human cells. J. Cell Biol. 214, 401–415. doi: 10.1083/
jcb.201507099

van Brabant, A. J., Ye, T., Sanz, M., German, J. L., Ellis, N. A., and Holloman, W. K. 
(2000). Binding and melting of D-loops by the bloom syndrome helicase. 
Biochemistry 39, 14617–14625. doi: 10.1021/bi0018640

Waisertreiger, I., Popovich, K., Block, M., Anderson, K. R., and Barlow, J. H. 
(2020). Visualizing locus-specific sister chromatid exchange reveals differential 
patterns of replication stress-induced fragile site breakage. Oncogene 39, 
1260–1272. doi: 10.1038/s41388-019-1054-5

Wright, W. D., Shah, S. S., and Heyer, W. D. (2018). Homologous recombination 
and the repair of DNA double-strand breaks. J. Biol. Chem. 293, 10524–10535. 
doi: 10.1074/jbc.TM118.000372

Wyatt, H. D. M., Sarbajna, S., Matos, J., and West, S. C. (2013). Coordinated 
actions of SLX1-SLX4 and MUS81-EME1 for holliday junction resolution 
in human cells. Mol. Cell 52, 234–247. doi: 10.1016/j.molcel.2013.08.035

Yasuhara, T., Kato, R., Hagiwara, Y., Shiotani, B., Yamauchi, M., Nakada, S., 
et al. (2018). Human Rad52 promotes XPG-mediated R-loop processing to 
initiate transcription-associated homologous recombination repair. Cell 175, 
558.e11–570.e11. doi: 10.1016/j.cell.2018.08.056

Yim, E., O’Connell, K. E., Charles, J. S., and Petes, T. D. (2014). High-resolution 
mapping of two types of spontaneous mitotic gene conversion events in 
Saccharomyces cerevisiae. Genetics 198, 181–192. doi: 10.1534/genetics.114.167395

Zapotoczny, G., and Sekelsky, J. (2017). Human cell assays for synthesis-dependent 
strand annealing and crossing over during double-strand break repair. G3 
7, 1191–1199. doi: 10.1534/g3.116.037390

Conflict of Interest: The authors declare that the research was conducted in 
the absence of any commercial or financial relationships that could be  construed 
as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the 
authors and do not necessarily represent those of their affiliated organizations, 
or those of the publisher, the editors and the reviewers. Any product that may 
be evaluated in this article, or claim that may be made by its manufacturer, is 
not guaranteed or endorsed by the publisher.

Copyright © 2021 Elbakry and Löbrich. This is an open-access article distributed 
under the terms of the Creative Commons Attribution License (CC BY). The use, 
distribution or reproduction in other forums is permitted, provided the original 
author(s) and the copyright owner(s) are credited and that the original publication 
in this journal is cited, in accordance with accepted academic practice. No use, 
distribution or reproduction is permitted which does not comply with these terms.

https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles
https://doi.org/10.1093/genetics/132.2.387
https://doi.org/10.1073/pnas.1104421108
https://doi.org/10.15252/embj.2020104509
https://doi.org/10.1038/s41467-018-05236-y
https://doi.org/10.7554/eLife.22195
https://doi.org/10.3390/genes11121498
https://doi.org/10.1016/j.molcel.2016.12.003
https://doi.org/10.1016/j.molcel.2010.02.028
https://doi.org/10.1073/pnas.94.17.8988
https://doi.org/10.1038/s41586-021-03538-8
https://doi.org/10.1093/nar/gkt1263
https://doi.org/10.1002/1873-3468.12727
https://doi.org/10.15252/embj.2020104847
https://doi.org/10.1016/j.molcel.2019.01.005
https://doi.org/10.1016/j.tibs.2014.07.003
https://doi.org/10.1016/j.tibs.2014.07.003
https://doi.org/10.7554/eLife.59112
https://doi.org/10.1074/jbc.M809019200
https://doi.org/10.1038/ncb1591
https://doi.org/10.1016/j.molcel.2016.04.032
https://doi.org/10.1016/j.molcel.2016.04.032
https://doi.org/10.1128/MCB.23.2.733-743.2003
https://doi.org/10.1083/jcb.201507099
https://doi.org/10.1083/jcb.201507099
https://doi.org/10.1021/bi0018640
https://doi.org/10.1038/s41388-019-1054-5
https://doi.org/10.1074/jbc.TM118.000372
https://doi.org/10.1016/j.molcel.2013.08.035
https://doi.org/10.1016/j.cell.2018.08.056
https://doi.org/10.1534/genetics.114.167395
https://doi.org/10.1534/g3.116.037390
http://creativecommons.org/licenses/by/4.0/

	Homologous Recombination Subpathways: A Tangle to Resolve
	Repair of DSBs by HR
	HR Subpathway Outcomes
	Revisiting HR Subpathway Choice
	HR Subpathways: Making Ends Meet
	Clinical Implications of HR Subpathway Choice
	Author Contributions

	References

