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Recombination is a central process to stably maintain and transmit a genome through
somatic cell divisions and to new generations. Hence, recombination needs to be coordi-
nated with other events occurring on the DNA template, such as DNA replication, transcrip-
tion, and the specialized chromosomal functions at centromeres and telomeres. Moreover,
regulation with respect to the cell-cycle stage is required as much as spatiotemporal coor-
dination within the nuclear volume. These regulatory mechanisms impinge on the DNA
substrate through modifications of the chromatin and directly on recombination proteins
through a myriad of posttranslational modifications (PTMs) and additional mechanisms.
Although recombination is primarily appreciated to maintain genomic stability, the process
also contributes to gross chromosomal arrangements and copy-number changes. Hence, the
recombination process itself requires quality control to ensure high fidelity and avoid
genomic instability. Evidently, recombination and its regulatory processes have significant

impact on human disease, specifically cancer and, possibly, neurodegenerative diseases.

omologous recombination (HR) is a high-

fidelity DNA-damage-repair and tolerance
pathway that is critical for complex DNA dam-
age such as DNA double-stranded breaks (DSB)
or interstrand cross-links (Krogh and Syming-
ton 2004; Wyman and Kanaar 2006; Heyer 2007;
Filippo et al. 2008; Deans and West 2011).
Moreover, recombination is inextricably linked
to DNA replication, acting on stalled or broken
replication forks to repair replication-associated
single-stranded DNA (ssDNA) gaps and one-
sided DSBs as well as to tolerate base damage
that stalls the progress of replicative DNA poly-
merases (Cox et al. 2000; Wu and Hickson 2006;

Li and Heyer 2008; Malkova and Haber 2012).
Finally, HR is essential for meiotic chromosome
segregation by generating crossovers, which im-
part a physical linkage between homologous
chromosomes that is critical for accurate chro-
mosome segregation in the first meiotic divi-
sion (Zickler and Kleckner 1999; Hunter
2007; Sasaki et al. 2010; Baudat et al. 2013).

REGULATION WITH COMPETING EVENTS
ON CHROMOSOMES

HR does not happen in a vacuum and the cell
requires coordination of different DNA-repair
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pathways targeting the same DNA lesion as well
as coordination between DNA repair and other
processes using the same chromosomal tem-
plate (Symington and Gautier 2011; Chapman
et al. 2012; Aguilera and Garcia-Muse 2013).

Template Choice and Pathway Control
Role of Cohesion on Template Choice

HR is a template-dependent process and in
somatic cells there is a significant bias toward
the sister chromatid (Kadyk and Hartwell
1992), although there is evidence for HR be-
tween homologs in the G; phase of the cell cycle
(Fabre 1978). In meiosis, the primary objective
is to establish crossover between homologs, al-
though many meiotic DSBs do notlead to cross-
over formation and may ultimately be repaired
by sister chromatid template HR (see section
Genome Maintenance and Human Disease)
(Hunter 2007). Sister chromatid cohesion en-
sures the spatial proximity of the template and
additional cohesion complexes are loaded after
DSB formation, likely to further favor and sta-
bilize sister interactions (Strom et al. 2004, 2007;
Unal et al. 2004, 2007; Strom and Sjogren 2005;
Cortes-Ledesma and Aguilera 2006). Replica-
tion-associated cohesion involves acetylation
of the Smc3 subunit of cohesion by Ecol, which
is induced in S phase and suppressed outside S
phase (Unal et al. 2008). However, also DSB-
triggered cohesion loading is Ecol dependent
and occurs outside S phase (Unal et al. 2007).
Suppression of cohesion loading outside S
phase may be partly overcome by the ubiquitous
DSB mark y-H2AX (Unal et al. 2004) and also
involves phosphorylation of Ser83 of the Kleisin
subunit Sccl (Mdcl) by the DNA damage re-
sponse kinase Chkl (Heidinger-Pauli et al.
2008). Sister chromatid preference and its en-
forcement by sister cohesion also counteracts
ectopic recombination, which could lead to ge-
nomic rearrangements.

DSB-Repair Pathway Choice or How
Resection Commits to HR

The cell-cycle-specific regulation of HR to en-
force utilization of the sister chromatid as tem-

plate involves multiple mechanisms. Besides the
DNA damage-induced loading of cohesins dis-
cussed above, control of DSB end resection ap-
pears to be a critical component. The complex-
ity of the DSB resection machineries has only
recently been established by genetic and bio-
chemical approaches (see Symington 2014). A
key conserved target for cell-cycle-dependent
kinases in the end-resection machinery was
identified as yeast Sae2 and its mammalian
homolog CtIP (Huertas et al. 2008; Huertas
and Jackson 2009). Sae2/CtIP cooperate with
the Mrel1/Rad50/Xrs2 (mammalian MRE11/
RAD50/NBS1) complex to provide the initial
resection of DSBs. It is unclear whether Sae2/
CtIP phosphorylation affects the MRE11-asso-
ciated exo- and endonuclease activities, which
differentially affect pathway choice in DSB repair
(Lengsfeld et al. 2007; Cannavo and Cejka 2014;
Shibata et al. 2014). In addition, yeast Dna2, a
nuclease/helicase that cooperates with Sgs1 and
RPA in long-range resection, is recruited to
DSBs in a CDK-phosphorylation-dependent
manner (Chen et al. 2011). Among the DSB-
repair pathways, HR- and single-strand anneal-
ing (SSA) require extensive resection, whereas
Nonhomologous endjoining (NHEJ) and alter-
native endjoining/microhomology-mediated
endjoining (aEJ /MME]) require little or no re-
section (Fig. 1).

Elaborate control of DSB end resection ap-
pears to be the critical point of DSB pathway
choice. As detailed in Symington (2014), this
regulation involves extensive chromatin remod-
eling, histone modifications, the Ku70—80 het-
erodimer, the checkpoint adaptor Rad9 (yeast)
or its homologs 53BP1 (mammals), and RIF1. It
appears that control of DSB end resection rep-
resents a key difference between DSB repair in
yeast and mammalian cells, although the end
resection machineries are largely conserved.
Although in yeast, DSB end resection is primar-
ily controlled by cell-cycle signals, mammalian
cells subject this decision to additional levels of
regulation including cell/tissue specific as well
as spatial cues (see below for heterochromatin).
On resected DSB ends, it is unclear how path-
way control between HR and SSA is achieved. In
a plasmid-based system with a DSB in the ADE2
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Figure 1. Homologous recombination (HR) and pathway choices. The pathways of double-strand break (DSB)
repair include nonhomologous endjoing (NHEJ), alternative endjoining (aE], also called microhomology-
mediated endjoining), which are differentiated whether the joint involves no or few nucleotides (1-5 nt) or
greater (~5-25 nt) homology. Single-strand annealing (SSA) is possible when the DSB is flanked by direct
repeat sequences and requires extensive resection. HR includes several subpathways including break-induced
replication (BIR), which leads to loss of heterozygosity, synthesis-dependent strand-annealing (SDSA), which
leads to a noncrossover outcome, and the double Holliday junction pathway (dHJ), which through nucleolytic
resolution of dHJs generates crossover and noncrossovers outcomes. Dissolution of dHJs, in contrast, leads
exclusively to noncrossover products. (Legend continues on following page.)
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gene with 15 bp complementary overhangs and
no available homologous template, Nejl, a
DNA ligase 4 cofactor involved in NEH] and
aEJ/MME] (XLF1/cernunnos in humans) (De-
riano and Roth 2013), was found to recruit Srs2
to dissociate Rad51 filaments and bias repair
toward Rad52-dependent SSA (Carter et al.
2009). Dunl-mediated phosphorylation on
Nej1-S297/5298 was required for this effect
(Carter et al. 2009). This suggests the involve-
ment of an appreciable DNA-damage response
in repair of the DSB in this system, unlike DSBs
that can be repaired off a template by HR in
which repair is not accompanied by full activa-
tion of the DNA damage response (Vaze et al.
2002; Harrison and Haber 2006). The kinetic
delay resulting from unproductive homology
search may have triggered the DNA damage re-
sponse that favors as a consequence SSA after
having attempted HR. Interestingly, Nej1 is the
target of transcriptional down-regulation to in-
hibit NHE] in diploid MATa/o budding yeast
cells (Frank-Vaillant and Marcand 2001; Kegel
etal. 2001; Valencia et al. 2001). As Nejl acts late
in the reaction at the ligation step in conjunc-
tion with DNA ligase 4 and its cofactor Lifl
(XRCC4 in humans) (Callebaut et al. 2006;
Chen and Tomkinson 2011), it may suggest
that earlier end-joining steps do not preclude
subsequent HR. In sum, end resection appears
to be the critical regulation in DSB-repair path-
way control (Symington and Gautier 2011). An
additional and poorly understood feature ap-
pears to be DSB-repair kinetics and the lifetime
of the DNA damage. Real-time assays rather
than genetic endpoint assays will be critical to
elucidate the mechanisms determining the
kinetic hierarchy in DSB repair (Uphoff and
Kapanidis 2014).

Replication forks encountering a nick will
generate one-sided DSBs (Fig. 1), a particularly

pernicious lesion, as repair by NHE]J or aEJ/
MME] will inevitably lead to genomic re-
arrangements. Interestingly, the Fanconi path-
way (Kim and D’Andrea 2012) appears to be
involved in inhibiting NHE] in S phase (Adamo
et al. 2010; Pace et al. 2010). This activity was
unveiled by finding that Caenorhabditis elegans
or human FANCD2-deficient cells are substan-
tially suppressed for their interstrand cross-link
sensitivity by eliminating NHE]. Although this
is likely not the only function of the Fanconi
pathway, these findings underline the impor-
tance of pathway choice in DSB repair. The pre-
cise mechanism, by which the Fanconi pathway
suppresses NEH] during DNA replication, still
needs to be established.

Template lesions on the leading or lagging
strand can lead to the formation of replication-
associated gaps (Fig. 1). The blocking lesion can
be tolerated and the gap repaired postreplica-
tionally by either specialized DNA polymerases
performing translesion DNA synthesis or HR
(Liand Heyer 2008). Translesion DNA synthesis
accounts for a good proportion of the sponta-
neous single-base mutations in yeast, indicated
by the lower spontaneous and DNA damage—
induced mutation rates of rev3 mutants defec-
tive for the catalytic subunit of DNA polymerase
{ compared with wild type (Lemontt 1971; Law-
rence and Christensen 1976; Nelson et al. 1996;
Sakamoto et al. 2007). HR repairs gaps with
high fidelity using the sister chromatid as a tem-
plate. However, DSB repair by HR is not error
free and is associated with mutagenesis (Stra-
thern et al. 1995; Yang et al. 2008; Malkova
and Haber 2012). Pathway choice between
translesion DNA synthesis, template switch by
fork regression or HR appears to be controlled
by several pathways. First, monoubiquitylation
of proliferating cell nuclear antigen (PCNA) on
K164 by the Rad6—Rad18 complex provides an

Figure 1. (Continued) One-sided DSBs result from passing of a replication fork through a nicked template. DSB
repair by NHE] /aE]J will lead to a genomic rearrangement, whereas HR repairs such damage with high fidelity.
Addition of telomeres to any DSB leads to loss of the distal chromosomal DNA. Replication-associated DNA
gaps can result from lesions that block DNA polymerases. Bypass of such lesions by translesion DNA polymer-
ases (translesion synthesis) is mutagenic, whereas HR provides lesion tolerance with high fidelity. For replication
forks with their leading strand blocked, fork regression (formation of a chicken foot) and the associated template
switch provides another pathway of lesion bypass (not shown). MME], Microhomology-mediated endjoining.
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additional binding site for translesion DNA
polymerases; for example, for DNA polymerase
T, favoring the exchange between a replicative
DNA polymerase (8 or &) and a translesion DNA
polymerase (Hoege et al. 2002; Stelter and Ul-
rich 2003; Prakash et al. 2005; Moldovan et al.
2007; Sale et al. 2012). Second, further ubiqui-
tylation of this residue by Mms2-Ubc13-Rad5
complex favors a template-switching pathway
by fork regression (Hoege et al. 2002; Stelter
and Ulrich 2003). Third, the antirecombinase
Srs2 is recruited to PCNA, when it is sumoylated
on K127 (and K164), to actively repress HR by
disassembling the Rad51-ssDNA nucleoprotein
filament (Schiestl et al. 1990; Krejci et al. 2003;
Veaute et al. 2003; Papouli et al. 2005; Pfander
et al. 2005). Hence, mutants unable to ubiqui-
tylate PCNA display high sensitivity to fork-
stalling agents, which can be substantially sup-
pressed by derepressing HR through elimina-
tion of Srs2 (Schiestl et al. 1990; Papouli et al.
2005; Pfander et al. 2005). These genetic obser-

in mitosis and meiosis
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Chromosome segregation

R-loop
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Regulation of Recombination

vations may suggest that, in yeast, translesion
synthesis or fork regression is a preferred path-
way choice over HR at stalled forks or replica-
tion-associated gaps.

In sum, template choice (i.e., sister chroma-
tid preference) in somatic cells and DSB-repair
pathway choice implicate the same key step,
DSB end-resection, to repress HR in the G,
phase of the cell cycle and control DSB pathway
choice throughout the cell cycle. Regulation of
pathway choice is critical to control mutagene-
sis and avoid genomic rearrangements.

Transcription and Connections to RNA
Processing and Nuclear Export

Transcription shares the same substrate with HR
(Fig. 2), and the mechanisms by which tran-
scription induces HR are authoritatively dis-
cussed by Aguilera and Gaillard (2014). A major
source for recombinogenic structures (single-
strand gaps or DSBs) appears to derive from
encounters of replication forks with transcrip-

Nuclear
pore
complex

RNA
Transcription
Processing
Export

Transcribed gene
I'\

DNA replication

Figure 2. Homologous recombination (HR) and other nuclear processes. Other processes compete with HR on
the chromosomal template (shown are the Watson and Crick strands of a single chromosome) including RNA
transcription, DNA replication, and other DNA-repair pathways (not shown). Regions, such as telomeres (Telo),
centromeres (CEN), and heterochromatin, pose challenges for the accessibility by the HR machinery. Chro-
mosome compaction and condensation during mitotic and meiotic chromosome segregation likely interfere
with HR. Chromosomes reside in a specific territory of 1.8%—12% of the nuclear volume (human HT-1080 cells
[Miiller et al. 2010] ). The nuclear volume estimate for yeast is from Jorgensen et al. (2007) and for human HeLa

cells from Monier et al. (2000).
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tion complexes. The R-loop, a structure in
which a single-stranded RNA displaces one of
the two strands in the duplex DNA to generate a
structure similar to a D-loop (Figs. 1 and 2), is
considered to be the key intermediate. R-loops
are more stable than their DNA counterpart be-
cause of the increased stability of the RNA:DNA
hybrid compared with the same sequence du-
plex DNA (Roberts and Caruthers 1992). Al-
though previously considered to be a rare side
product, R-loops are common during transcrip-
tion and have also been found to be involved
in epigenetic regulation affecting DNA methyl-
ation (Ginno et al. 2012). The continuum of
RNA transcription, processing, and nuclear ex-
port poses additional topological problems that
affect genomic maintenance (Bermejo et al.
2011; Kim and Jinks-Robertson 2012).

DNA Replication and Recombination

The intimate linkage between DNA replication
and recombination was first appreciated in bac-
teriophage T4 by Mosig (1998), and the funda-
mental importance of recombination and HR
factors in DNA replication is now generally ac-
cepted as elegantly detailed in Syeda et al
(2014). Stalling of replication forks, conflicts
with transcription (see above) (Aguilera and
Gaillard 2014), and certain chromosomal re-
gions that are “difficult” to replicate (e.g., fragile
sites [Barlow et al. 2013] and telomeres [see
below]) constitute recombinogenic events that
generate gross chromosomal rearrangements
(Kolodner et al. 2002). A particular problem
specific to eukaryotes and organisms with linear
genomes is replication termination. Although
circular genomes have defined termination sites
and dedicated mechanisms (Neylon et al. 2005),
equivalent systems are lacking in eukaryotes.
On one hand, this provides greater flexibility
in eukaryotes, as replication forks will eventu-
ally converge. On the other hand, in chromo-
somal areas with sparse origins of replication,
this leads to problems of unreplicated regions at
the time of chromosome segregation resulting
in anaphase bridges (Chan et al. 2009). Such
sites correspond to common fragile sites that

are strongly associated with genetic instability
(Letessier et al. 2011).

Telomere Function and Recombination

Telomeres are multifunctional protein—DNA
assemblies composed of telomeric repeat DNA
and proteins collectively called the shelterin
complex. The evolution of linear genomes re-
quires mechanisms to distinguish the natural
DSBs at the end of chromosomes from acciden-
tal DSBs, which represent DNA damage. Dok-
sani and de Lange (2014) provide a comprehen-
sive discussion of how telomeres shield DNA
ends from NHE] to avoid genomic rearrange-
ments, control HR to maintain telomere length
homeostasis, prevent DNA damage signaling to
preclude improper signaling, and protect chro-
mosome ends from end resection. Of particular
interest is the involvement of HR in the telome-
rase-independent maintenance of telomeres,
termed “alternative lengthening of telomeres”
(ALT), which maintains telomeres in a subset
of human cancers (Bryan et al. 1997). The
mechanism has the hallmarks of the break-in-
duced replication (BIR) pathway of HR (Fig. 1).
Cells of the human osteosarcoma cell line U20S
maintain their telomeres by ALL, and in these
cells the MUSS8I gene, encoding the catalytic
subunit of MUS81-EMEI1 structure-selective
endonuclease (see Wyatt and West 2014), be-
comes essential for growth (Zeng et al. 2009).
This may indicate a role of MUS81-EMEI in
ALT directly, but could also be related to repli-
cation problems associated with the larger telo-
meres often found associated with ALT (Bryan
et al. 1995). Replication through telomeric re-
peats and subtelomeric DNA has been shown to
be slow and prone to stalling requiring the Rrm3
helicase (Ivessa et al. 2002). In fact, in mammals,
telomeres are considered fragile sites (Sfeir et al.
2009). The importance of telomere function
and its associated proteins is further underlined
by the finding that elimination of the Pif1 heli-
case, which restricts telomerase activity (Schulz
and Zakian 1994; Vannier et al. 2012), leads to
rampant telomere addition at interstitial DSBs
induced by endonuclease cleavage (see Fig. 1)
(Myung et al. 2001).
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Centromere Function and Recombination
in Heterochromatin

Centromeres are large protein—DNA com-
plexes that are essential for mitotic and meiotic
chromosome segregation (Talbert and Henikoff
2010). In most organisms, such as humans, but
not in the budding yeast Saccharomyces cerevi-
siae, centromeres are associated with large ex-
panses of satellite repeat DNA (100—250 Mbp
in humans) that is packaged into constitutive
heterochromatin (Talbert and Henikoff 2010).
Centromeres were found to block crossovers, as
noticed in the earliest genetic mapping studies
(Sax 1930; Beadle 1932). Because HR between
repeated DNA can lead to genomic rearrange-
ments (George and Alani 2012), it was assumed
that centromeres and heterochromatic repeat
regions were devoid of HR, but recent discover-
ies provide intriguing new insights. First, cen-
tromeres do participate in HR but centromeric
HR is specifically restricted to gene conversion
(Shi et al. 2010). Second, it was shown that DSB
repair in heterochromatic regions was specifi-
cally channeled to HR-mediated repair (Chiolo
etal. 2011). This seminal counterintuitive find-
ing discovered that the broken chromosome
(and presumably its unbroken sister chromatid
template) is extruded from the heterochromatic
subcompartment to insulate the repair process
from other repeat templates to avoid genomic
rearrangements. The factors that govern HR in
heterochromatin, the control to isolate the bro-
ken chromosome and its sister template, and
the process to reassemble heterochromatin after
DSB repair are presently poorly understood and
represent exciting opportunities for new discov-
eries (Soria et al. 2012).

REGULATION AND COORDINATION
WITH NUCLEAR STRUCTURE
AND FUNCTION

The discovery that RAD51 and other HR pro-
teins assemble into microscopically visible foci
in response the DNA damage paired with genet-
ic analysis enabled to develop a spatiotempo-
ral “choreographic” view of HR as brilliantly
discussed by Lisby and Rothstein (2015). The

Regulation of Recombination

single-cell resolution complements the analysis
of genetic endpoints, such as survival or recom-
bination rates and in vivo biochemical ap-
proaches, demonstrating that not only assembly
but also disassembly of HR intermediates is crit-
ical (Symington and Heyer 2006). Tagging HR
proteins and the DNA damage sites they act on
revealed unanticipated dynamics not only of the
damaged chromosome but also undamaged
chromosomes in response to DSB formation
(Dion et al. 2012; Krawczyk et al. 2012; Mine-
Hattab and Rothstein 2012). The mechanisms
enabling this dynamics are not yet understood,
and it is unclear how these processes relate to
chromosomal territories (Fig. 2). The signifi-
cance of overall nuclear architecture is also il-
lustrated by the observation that tethering of
telomeres and centromeres reduces the efficien-
cy of recombination between distant genomic
loci, reducing the risk of ectopic recombination
(Agmon et al. 2013). The nuclear pore complex
has been identified as a hub involved in orga-
nizing genome architecture, affecting DNA to-
pology, and sequestering long-lived DSBs (Fig.
2) (Bermejo et al. 2012). New optical and cell
biological techniques discussed by Lisby and
Rothstein (2015) will further push the resolu-
tion limit and provide insights into HR in spe-
cific nuclear subcompartments, such as hetero-
chromatin (see above).

The regulation of HR in the context of the
nuclear space and function faces specific chal-
lenges during chromosome segregation in the
mitotic and meiotic divisions. The typical hu-
man chromosome is compacted ~10,000-fold
to allow spindle-based chromosome transport
(Hirano 2000; Luger et al. 2012). It appears un-
likely that HR can occur on such highly con-
densed substrates. However, the discovery the
HR may be the predominant DSB-repair path-
way for heterochromatic DSBs (Goodarzi et al.
2010; Chiolo et al. 2011) suggests that specific
mechanisms may exist for HR to act on highly
condensed substrates. Although chromosome
condensation may provide an intuitive barrier
to HR, in turn, HR has been shown to af-
fect chromosome condensation. Human cells
with defects in processing HR-dependent joint
molecules (e.g., BLM-deficient cells with con-
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current depletion of structure-selective endo-
nucleases) show defects in chromosome con-
densation (Wechsler et al. 2011; Wyatt and
West 2014). It is unclear presently which mech-
anisms are at work, but one would suspect the
three classes of SMC protein complexes to be
involved (cohesins, condensins, and the Smc5/
Smc6 complex). In particular, the Smc5-Smc6
complex plays an essential role in HR, which is
currently poorly understood (Strom and Sjog-
ren 2007; Torres-Rosell et al. 2007; Copsey et al.
2013; Xaver et al. 2013). As discussed by Lisby
and Rothstein (2015), the cell biological analysis
of HR is still in its early stages and full of prom-
ise to elucidate the mechanisms controlling HR
dynamics and its spatial control.

PATHWAY CONTROL OF HOMOLOGOUS
RECOMBINATION

Homologous Recombination Subpathway
Control

HR competes with other pathways to repair/
tolerate DNA damage, and as discussed above,
DSB resection appears to be a critical control
point. Subpathway control within the HR pro-
cess differentiates between BIR, synthesis-de-
pendent strand-annealing (SDSA), and mecha-
nisms involving double Holliday junction
(dHJ), which determines crossover or noncross-
over outcome (Fig. 1) (see Mehta and Haber
2014). Although dH]Js are formed during so-
matic and meiotic HR, their processing differs,
leading to crossover in meiosis and both out-
comes in somatic cells (Schwacha and Kleckner
1995; Bzymek et al. 2010; Bizard and Hickson
2014; Wyatt and West 2014; Yim et al. 2014). Itis
unclear, presently, what determines whether the
initial D-loop intermediate is processed to a
dHJ or to enter the SDSA subpathway. BIR is
not or rarely observed in the repair of a frank
(two-sided) DSB, precluding loss-of-heterozy-
gosity associated with the process (Fig. 1). Ex-
periments in yeast have shown that the absence
of a second DSB end causes a long kinetic delay
in the onset of recombination-associated DNA
synthesis (Jain et al. 2009). The mechanisms
involved remain to be determined. A role of

Sgsl has been identified in suppressing BIR
(Jain et al. 2009), which may involve signaling
to the DNA polymerase(s) or a change in the
invasion intermediate.

Quality Control by Pathway Reversibility

The functions of HR in DNA repair, DNA dam-
age tolerance, DNA replication, and meiotic re-
combination support genome stability during
ontogenic development and in the propagation
of the genome through generations. However,
it has also been recognized that HR also has the
potential to induce genome instability, acting
inappropriately or in an unregulated fashion
(Elliott and Jasin 2002; Kolodner et al. 2002).
For example, ectopic recombination between
repeated DNA is a potent driver of chromosom-
al rearrangements, as suspected from genomic
analysis and established in genetic model sys-
tems (Szankasi et al. 1986; Cooper et al. 1997;
Agarwal et al. 2006; Haber 2006; Weinstock
et al. 2006; Putnam et al. 2009; Song et al.
2014). Furthermore, the identification of syn-
thetic lethality in double mutants that depend
on HR, called recombination-dependent le-
thality, shows that uncontrolled HR leads to
potentially toxic intermediates and cell death
(Heude et al. 1995; Schild 1995; Gangloff et al.
2000; Fabre et al. 2002; Bastin-Shanower et al.
2003).

Two critical HR intermediates are subject to
reversal and exist in a balance of the forward and
backward reactions: the Rad51-ssDNA fila-
ment and the nascent D-loop (Fig. 3). Genetic
analysis implicates one of these or both as the
potentially lethal HR intermediate. Targeting
these early HR intermediates avoids recombi-
nation-associated DNA synthesis, which could
lead to genomic rearrangements or mutations.

Reversibility at the Rad51 Nucleoprotein
Filament Stage: Restricting HR

The assembly of the Rad51—-ssDNA filaments is
a surprisingly complex reaction that involves re-
placement of the ssDNA-binding protein (SSB,
RPA) by Rad51 assisted by mediator proteins
(see Zelensky et al. 2014). The budding yeast

8 Cite this article as Cold Spring Harb Perspect Biol 2015;7:a016501
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Figure 3. Pathway reversibility in homologous recombination. Homologous recombination (HR) involves key
intermediates that are reversible and metastable including (1) the Rad51—-ssDNA filament, (2) the initial
displacement-loop (D-loop), (3) the extended D-loop, and (4) the double Holliday junction (dHJ). The
dead-end complex of Rad51/Dmcl with dsDNA, although not an HR intermediate, can be added to this list
of reversible HR protein—DNA complexes (Holzen et al. 2006). Enzymes acting in the forward reactions are
shown with red shading and enzymes active in the backward reactions are shown with blue shading. The yeast
enzymes are shown in black, and different or unique human enzymes are shown in orange. ssDNA, Single-
stranded DNA; SDSA, synthesis-dependent strand annealing; anti-rec, anti-recombination. (From Heyer et al.
2010; adapted and modified, with permission, from the author.)

Srs2 helicase has set the paradigm for reversing
HR by dissociating Rad51 from ssDNA, provid-
ing a satisfying mechanism for the antirecom-
bination function of Srs2 (Aboussekhra et al.
1989, 1992; Schiestl et al. 1990; Krejci et al.
2003; Veaute et al. 2003). The Rad51 paralog
complex Rad55—Rad57 was found to counter-

act Srs2-mediated disruption of the Rad51-
ssDNA filament (Liu et al. 2011a), suggesting
a dynamic balance between the forward and
backward reactions that may additionally be
modulated by PTMs. Several mammalian pro-
teins have been implicated in dissociating
RAD51 from ssDNA (Heyer et al. 2010). The
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human FBHI1 helicase contains a UvrD heli-
case-related motor domain like Srs2 and can
functionally replace budding yeast Ssr2 in its
antirecombination function (Chiolo et al.
2007). Curiously, this required the F-box do-
main of FBH1, which functions as an ubiquitin
ligase, but is absent in Srs2 (Chiolo et al. 2007).
Also genetic results in the fission yeast Schizo-
saccharomyces pombe support a role of its FBH1
homolog in antirecombination dissociating
Rad51 from ssDNA and triggering Rad51 deg-
radation (Osman et al. 2005; Tsutsui et al. 2014).
Depletion of FBH1 in human cells or disruption
of the gene in mice led to an accumulation
of RAD51 on chromatin and hyperrecombina-
tion, whereas overexpression impaired RAD51
recruitment and suppressed HR (Fugger et al.
2009; Simandlova et al. 2013). Also, direct bio-
chemical evidence supports the similarity be-
tween Srs2 and FBHI, showing that human
FBH1 displays translocase-dependent disrup-
tion of RAD51—ssDNA filaments (Simandlova
et al. 2013). Another UvrD-helicase domain-
containing protein, PARI, has been found to
destabilize RAD51—ssDNA filaments and, like
Srs2, interacts with PCNA (Papouli et al. 2005;
Pfander et al. 2005; Moldovan et al. 2012).
Although PARI itself lacks translocase activity
and appears to act by competitive binding
with RAD51 (Moldovan et al. 2012), it may act
in conjunction with another motor protein. Hu-
man BLM has been shown to dissociate RAD51
from ssDNA, specifically after ATP turnover was
triggered by the chelation of Ca®*, which ren-
ders the filament nonfunctional for homology
search and DNA-strand invasion (Bugreev et al.
2007). The FANC]J helicase inhibits RAD5I-
mediated D-loop formation by dissociating
RAD51 from ssDNA (Sommers et al. 2009).
Likewise, the RECQ5 helicase was found to
dissociate RAD51 from ssDNA in an ATP-de-
pendent fashion and involving protein interac-
tion with RAD51 (Hu et al. 2007; Schwendener
et al. 2010). The biological relevance and spec-
ificity of the biochemical activity dissociating
RAD51 from ssDNA still needs to be established
for some of these proteins. The number of pro-
teins suggests additional complexity in humans
compared with budding yeast, in which only a

single protein, Srs2, has been described to dis-
sociate Rad51 from ssDNA.

Some of this complexity could be the result
of a second function of the RAD51—-ssDNA fil-
aments in vertebrate cells during DNA repli-
cation. Experiments in Xenopus cell extracts
showed that formation of RADS51 filaments at
stalled replication protects from degradation by
the Mrell nuclease (Hashimoto et al. 2010).
Similar observations were made in BRCA2-de-
ficient mammalian cells, in which fork protec-
tion was found to be independent of RAD54,
suggesting that it is the RAD51-ssDNA fila-
ment structure and not its ability for DNA
strand invasion that protects from Mrell deg-
radation (Schlacher et al. 2011). The exact
mechanism of fork protection from Mrell nu-
clease and how it might enable fork restart re-
mains to be established.

Finally, the DNA-binding properties of the
two major eukaryotic DNA-strand exchange
proteins, Rad51 and its meiosis-specific paralog
Dmcl, pose a challenge. Both proteins form
the active nucleoprotein filaments on ssDNA
but also bind dsDNA with an affinity that is
only slightly less than their ssDNA binding
(see Morrical 2014; Brown and Bishop 2015).
Thus, Rad51 and Dmcl form dead-end com-
plexes on duplex DNA, unless they are constant-
ly dissociated by the motor proteins Rad54 and
Rdh54/Tid1 (Solinger et al. 2002; Holzen et al.
2006; Shah et al. 2010). Although such dead-
end complexes are not direct intermediates in
the HR pathway, they illustrate the need for re-
versibility of DNA complexes formed by HR
proteins.

Reversibility of Nascent D-Loops: A
Mechanism of Antirecombination

HR is exquisitely sensitive to heterology be-
tween the two recombining DNA molecules.
Spies and Fishel (2015) provide a comprehen-
sive discussion of heteroduplex rejection, the
process by which mismatch repair enforces in-
teraction between HR partners of sufficient ho-
mology. Already a single mismatch was found
to reduce HR in a mismatch-repair-dependent
fashion (Datta et al. 1997). Use of the identical
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sister chromatid template in somatic cells allows
setting a low threshold for heteroduplex re-
jection in mitotically growing cells. During
meiotic HR, the genetic differences between
homologous chromosomes may require a dif-
ferent limit, but it is unknown whether such a
difference exists. It is presently unknown how
the mismatch-repair machinery that recognizes
the mismatches during HR interfaces with pro-
teins/mechanisms that can disrupt the D-loop
before DNA synthesis (see Fig. 3) (see also
George and Alani 2012).

Reversibility of Extended D-Loops: A Step in
SDSA and a Mechanism of Anticrossover

As discussed for heteroduplex rejection (Spies
and Fishel 2015), the nascent D-loop contain-
ing mismatches is the target for this quality-
control mechanism. Although disruption of
the nascent D-loop before DNA synthesis
from the invading 3’-OH end is a mechanism
of antirecombination, the disruption of the ex-
tended D-loop is a required step for SDSA and a
mechanism of anticrossover (see Fig. 3). The
profoundly different outcomes of the process-
ing of seemingly related structures suggest the
existence of subtle substrate discrimination
mechanisms, involving both the heteroduplex
DNA (quality of homology) and the protein
environment presence of PCNA, Rad51, etc.
There are several candidate proteins for both
mechanisms targeting either nascent or extend-
ed D-loops.

Interestingly, both yeast Srs2 and mamma-
lian RECQ5 have been implicated in antirecom-
bination (see above) and anticrossover pathways
(Aylon et al. 2003; Ira et al. 2003; Paliwal et al.
2014). Although the mechanisms involved still
need to be established, it is possible that remov-
al of Rad51 from ssDNA is involved in both.
Dissociation of Rad51 from the invading end
avoids HR (antirecombination), whereas disso-
ciation of Rad51 from the second, noninvading
end could enable strand annealing during SDSA
(anticrossover). This interpretation is consis-
tent with genetic and biochemical evidence
showing that Rad51 impedes ssDNA annealing
mediated by Rad52 (Dupaigne et al. 2008; Wu

Regulation of Recombination

et al. 2008; Carter et al. 2009; Mitchel et al. 2013;
Miura et al. 2013). RTEL1, a DNA helicase
found in metazoans but not fungi, displays ge-
netic properties reminiscent of yeast srs2 mu-
tants including DNA damage sensitivity, hyper-
recombination, and colethality with mutations
in SGS1/BLM (Barber et al. 2008). During mei-
osis, RTELI in C. elegans is required for cross-
over homeostasis and interference (Youds et al.
2010), which may be related to its biochemical
ability to dissociate D-loops (Barber et al. 2008).

FANCM protein in plants and its homologs
in fission (Fmll) and budding yeast (Mphl)
have been implicated in anticrossover control
during meiotic HR and in vegetative cells, re-
spectively (Prakash et al. 2009; Crismani et al.
2012; Lorenz et al. 2012). Budding yeast Mphl
has been shown to dissociate nascent D-loops in
reconstituted reactions with Rad51 and Rad54
as well as protein-free D-loops in a helicase-de-
pendent manner (Prakash et al. 2009). Further
analysis will be required to determine the exact
mechanism used by these enzymes to avoid
Crossovers.

Human BLM and its yeast homolog Sgsl
have been implicated in anticrossover through
their activity dissolving dHJs in conjunction
with TOPOIlla-RMI1/2 and Top3-Rmil, re-
spectively (Wu and Hickson 2003; Cejka et al.
2010; see Bizard and Hickson 2014). BLM
(van Brabant et al. 2000; Bachrati et al. 2006)
and Sgs1 (Fasching et al. 2015) have also been
shown to dissociate protein-free D-loops, pro-
viding the potential for a second way these en-
zymes may act as antirecombinases and/or en-
force a noncrossover outcome by dissociating
D-loops.

Although not strictly an HR intermediate,
invasions by the 5'-end could be viewed as
dead-end invasion products, because they can-
not prime DNA synthesis. However, such 5'-end
invasion could also stabilize DNA ends for later
processing. The human RecQ-family helicase
RECQ1 was found to specifically dismantle D-
loops resulting from 5’-end invasions (Bugreev
et al. 2008). It is unclear how this biochemical
activity relates to the enhanced sister chroma-
tid-exchange phenotype found in RECQI-
depleted cells (Sharma and Brosh 2007).
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Concluding Remarks on HR Pathway
Reversibility

The above discussion illustrates that HR in-
volves a number of metastable, reversible inter-
mediates, the Rad51/Dmcl-ssDNA filament,
the nascent D-loop, the extended D-loop, and
the double Holliday junction, as well as dead-
end complexes, such as 5-end invasion or
Rad51/Dmcl—dsDNA complexes (Fig. 3). Re-
versibility of these intermediates ensures that
HR once initiated by Rad51-filament formation
does not have to blindly proceed until the for-
mation of recombinants but can be regulated at
several pathway steps. Such quality control en-
sures flexibility and, ultimately, pathway robust-
ness (Symington and Heyer 2006; Kanaar et al.
2008; Heyer et al. 2010; Zinovyev et al. 2013).

Genetic Implications of Reversible
Pathways —An Alternative Mechanism to
Generate Synthetic Lethality

Synthetic lethality or synthetic sickness has be-
come an important genetic phenomenon to
elucidate gene function (Dobzhansky 1946;
Schuldiner et al. 2006; Boone et al. 2007). Tar-
geted or systematic double mutant analysis
as well as chemical ablation in single mutant
backgrounds not only developed into a favorite
genetic discovery tool but also into a novel ap-
proach to cancer therapy (Hartwell et al. 1997).
The acute sensitivity of BRCA1- or BRCA2-de-
ficient cells to inhibition of poly(ADP-ribose)
polymerase (PARP) showcases this applica-
tion (Bryant et al. 2005; Farmer et al. 2005).
Mechanistically, synthetic lethality/sickness
can be explained in several different ways, in-
cluding the existence of two parallel and com-
peting pathways or the synergistic degradation
of an “essential” pathway and complex (Fig. 4)
(Boone et al. 2007; Bandyopadhyay et al. 2008;
Baryshnikova et al. 2010; Costanzo et al. 2011).
Pathway reversibility adds an additional poten-
tial mechanistic interpretation of synthetic le-
thality in that two mutations may trap a poten-
tial toxic intermediate or trap a vital resource for
the cell (Fig. 4) (Zinovyev et al. 2013). One
illustration of this type of within-reversible-

pathway synthetic lethality is exemplified by
the synthetic lethality of budding yeast srs2
rad54 double mutants and its suppression by
any mutation blocking Rad51—ssDNA filament
formation (Palladino and Klein 1992; Schild
1995). As discussed above, Srs2 dissociates the
Rad51-ssDNA filament, whereas Rad54 is re-
quired for DNA strand invasion by the Rad51—
ssDNA filament and recombination-associated
DNA synthesis (Petukhova et al. 1998; Li and
Heyer 2009). Hence, in an srs2 rad54 double
mutant, either the Rad51—ssDNA filament or
the nascent DNA strand invasion intermediate
might be trapped. Any mutation preventing
Rad51—-ssDNA filament formation (rad51,
rad52, rad55, or rad57) rescues this recombina-
tion-dependent lethality (Schild 1995). As dis-
cussed in detail in Zinovyev et al. (2013), this
concept can be applied to many other synthetic
lethal/sick interactions, in particular involving
reversible PTMs. Moreover, this model provides
a rationale for synthetic lethality between gene
mutations in genes whose products physically
interact. Such an observation would not be ex-
pected for proteins acting in parallel, competing
pathways. Hence, specific defects in HR (and
likely in other reversible pathways) in cancer
cells coupled with targeted chemical ablation
may create tumor-cell-specific synthetic lethal-
ity with potential therapeutic relevance.

Regulation by Substrate Modification

Chromatin is the substrate for HR and chroma-
tin can be modified by PTMs of histones, in-
cluding phosphorylation, acetylation, methyla-
tion, ubiquitylation, and sumoylation (Strahl
and Allis 2000). In addition, ATP-dependent
chromatin remodelers change chromatin struc-
ture by sliding or evicting nucleosomes or ex-
changing histones in nucleosomes (Clapier and
Cairns 2009). Both types of substrate modifica-
tions have been implicated in regulating HR, as
discussed for meiotic recombination in Szék-
volgyi et al. (2015). The seminal discovery that
the histone H3 lysine 4 methyltransferase,
PRDMO, controls meiotic recombination hot-
spot activity provides an impressive example of
how chromatin modification intersects with
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Figure 4. Mechanistic models for synthetic lethality between two mutations. “Between-pathway synthetic lethal-
ity” represents the canonical interpretation of a synthetic lethal relationship between two mutations in genes,
whose products act in parallel, competing pathways. “Within-pathway synthetic lethality” involves internal
redundancy within a single, essential pathway or protein complex, in which pathway flux drops below a minimal
threshold in the double mutant. “Within-reversible-pathway synthetic lethality” can generate synthetic lethality
between two mutations, whose products function in single nonessential pathway by accumulating a toxic
intermediate or depletion of an essential resource. Red crosses define single mutations. S, substrate; I, interme-
diate; P, product; C1-4, components of a protein complex (for additional discussion, see Zinovyev et al. 2013).

HR activity (Baudat et al. 2010; Myers et al.
2010; Parvanov et al. 2010). Histone modifica-
tions play a major role in the DNA-damage re-
sponse providing binding sites for signaling and
repair proteins in somatic cells, for example,
v-H2AX for the Rad50-Mrel1-Xrs2 /NBS com-
plex (Rogakou et al. 1998; Kobayashi et al.
2002). A specific role for the chromatin remod-
eler, Fun30, was identified in long-range end
resection of DSB by Exol or Sgs1-Dna2 (Chen
et al. 2012; Costelloe et al. 2012; Eapen et al.
2012). Recent reviews provide excellent over-
views of the effects of chromatin modifications
and remodeling in response to DNA damage
(Polo and Jackson 2011; Soria et al. 2012; Price
and D’Andrea 2013; Seeber et al. 2013; Tsabar
and Haber 2013).

Direct Regulation of HR Pathway
Components by PTMs

PTM:s of proteins is a well-established mecha-
nism to regulate proteins, including their ac-
tivity, stability, localization, and protein in-
teractions. Not surprisingly, many HR factors
display PTMs in response to cell-cycle cues,
DNA damage, and possibly other signals (Heyer
et al. 2010; Krejci et al. 2012; Jackson and Du-
rocher 2013). The technical progress in identi-
tying PTMs has been impressive, but it remains
difficult to establish the biological relevance and
mechanistic consequences of specific PTMs. In
fact, several well-documented cases show that
not a given specific PTM is critical but, rather,
an accumulation of modifications on a given
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protein or multiple proteins. For example, in-
dividual SUMO modifications can act redun-
dantly or additively, or may mediate dedicated
functions as well (Jentsch and Psakhye 2013).
Likewise phosphorylation, where multi-site
phosphorylation can set a threshold to engage
an E3 ubiquitin ligase for targeted degradation
dependent on charge density but not on any
given individual phosphorylation site (Nash et
al. 2001). A number of protein PTMs have dras-
tic effects on the regulation and mechanism of
HR and can be analyzed by endpoint assays,
including the ubiquitylation of PCNA and the
CDK-mediated phosphorylation of CtIP/Sae2,
as discussed above. Other PTMs may impart
only kinetic changes for which a biological ef-
fect will be more difficult to document, likely
requiring real-time kinetic assays. Biochemical
assays to efficiently measure and simultaneous-
ly compare differently modified isoforms of
a protein are fraught with the difficulty of pu-
rifying sufficient amounts of homogeneous-
ly modified proteins. Recent technical develop-
ments to mimic tyrosine phosphorylation by
amber suppressor-mediated incorporation of a
phosphotyrosine analog show promise (Honda
et al. 2011; O’Donoghue et al. 2013).

GENOME MAINTENANCE AND HUMAN
DISEASE

Most, if not all, forms of cancer are associated
with genomic rearrangements and/or geno-
mic instability (Lengauer et al. 1998). Prakash
et al. (2015) focuses on key HR genes, BRCALI,
BRCA2, PALB2, and the RAD51, RAD51B,
RAD51C, RAD51D, XRCC2, and XRCC3, in
an illuminating discussion of the roles of these
genes in human cancer predisposition. Drawing
on mouse models as well as human genetics and
pathology, Prakash et al. (2015) also emphasize
the developmental defects caused by HR defi-
ciency. These defects are possibly the conse-
quence of premature senescence and/or apo-
ptosis in certain cell populations that affect
ontogenic development, which may form the
basis for the involvement of HR in other human
diseases and syndromes (see below).

A particularly vexing problem in genome
maintenance is the identification of mecha-
nisms involved in gene duplications/amplifica-
tions and the mechanisms underlying complex
genomic rearrangements causing massive geno-
mic instability observed in some cancer cells,
such as chromothrypsis (Hastings et al. 2009;
Liu et al. 2011b, 2012; Forment et al. 2012).
Drawing on their insightful analysis of gene du-
plications and amplifications in bacteria, Reams
and Roth (2015) provide compelling argu-
ments for a dynamic process leading to stable
duplications/amplifications that involve multi-
ple stages of selection defying one-step models.
This may involve processes related to BIR, termed
microhomology/microsatellite-induced repli-
cation, which was shown to lead to segmen-
tal duplications in yeast independent of HR or
NHE] (Payen et al. 2008). The importance of
determining the mechanisms of duplications
and amplification has gained additional signifi-
cance by the realization that copy-number var-
iations (CNVs) are the most common changes
in human genomes (Stankiewicz and Lupski
2010). Moreover, de novo point mutant and
CNVs hotspots have been identified in patients
with autism spectrum disorder as well as bipolar
disease and schizophrenia (Malhotra et al. 2011;
Michaelson et al. 2012). It is presently unclear
whether these changes are causative for the
syndrome or which mechanisms are involved.
An exciting intersection between HR and au-
tism occurs in the tumor suppressor phospha-
tase and tensin homolog (PTEN). PTEN-nega-
tive cells are HR deficient (Shen et al. 2007;
Mendes-Pereira et al. 2009; Bassi 2013). The
mechanisms involved are not understood and
may be cell-type or tissue specific. Importantly,
PTEN is associated with a subset of individuals
with autism spectrum disorders (Butler et al.
2005; Varga et al. 2009; McBride et al. 2010).
This may be related to the function of PTEN
in neuronal stem cells (Amiri et al. 2012). It
is unknown what role HR plays in neuronal
stem-cell development, and HR-deficient viable
mice have not been tested for neurodevelop-
mental defects. Interestingly, BRCA1, a key HR
component, is involved in hair follicle stem-cell
development (Sotiropoulou et al. 2013). These
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emerging results indicate a potential role of HR
in human diseases and syndromes other than
cancer.

CONCLUDING REMARKS

The integration of diverse experimental ap-
proaches ranging from single-molecule bio-
physics, biochemistry, cell biology, and genetics
and the parallel analysis of multiple systems and
organisms ( phage, bacteria, fungi, flies, worms,
mammals, and humans) has generated a wealth
of insights into the mechanisms and regulation
of HR and has resulted in first clinical appli-
cations (e.g., Fong et al. 2009). These efforts
have generated consensus models for HR, such
as shown in Figures 1 and 3 (see Mehta and
Haber 2014). Such positivistic projections of
data and interpretations from diverse models
and organisms into a single model have accel-
erated progress in the field but also bear the
danger of ignoring informative species-specific
differences. The recent literature highlights the
tremendous progress in our understanding of
recombination and illuminates a vibrant field
that is in the process of making growing con-
tributions in the diagnosis and treatment of
human disease, specifically cancer (Barker and
Powell 2010; Moynahan and Jasin 2010; Kraw-
czyk et al. 2011; Chernikova et al. 2012; Car-
valho and Kanaar 2014).
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