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DNA double-strand breaks (DSBs) are serious genomic insults that
can lead to chromosomal rearrangements if repaired incorrectly. To
gain insight into the nuclear mechanisms contributing to these
rearrangements, we developed an assay in yeast to measure cis
(same site) vs. trans (different site) repair for the majority process
of precise nonhomologous end joining (NHEJ). In the assay, the HO
endonuclease gene is placed between two HO cut sites such that HO
expression is self-terminated upon induction. We further placed an
additional cut site in various genomic loci such that NHEJ in trans led
to expression of a LEU2 reporter gene. Consistent with prior reports,
cis NHEJ was more efficient than trans NHEJ. However, unlike ho-
mologous recombination, where spatial distance between a single
DSB and donor locus was previously shown to correlate with repair
efficiency, trans NHEJ frequency remained essentially constant re-
gardless of the position of the two DSB loci, even when they were
on the same chromosome or when two trans repair events were put
in competition. Repair of similar DSBs via single-strand annealing of
short terminal direct repeats showed substantially higher repair effi-
ciency and trans repair frequency, but still without a strong correla-
tion of trans repair to genomic position. Our results support a model
in which yeast cells mobilize, and perhaps compartmentalize, multi-
ple DSBs in a manner that no longer reflects the predamage position
of two broken loci.
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NA double-strand breaks (DSBs) are serious chromosomal

lesions that lead to genome instability. Eukaryotic cells
primarily use two mechanisms, homologous recombination (HR)
and nonhomologous end joining (NHEJ), to repair DSBs, each
of which is highly conserved from yeast to humans (1, 2).
Whereas HR requires a homologous template to bring about
repair, NHEJ executes the direct (re)joining of two DSB ends
(2-4). Most often, ends of the same DSB are ligated together in
events we refer to as occurring in cis. Alternatively, aberrant li-
gation of ends from two different DSBs, that is, in trans, leads to
gross chromosomal rearrangements, including translocations,
inversions, deletions, insertions, and duplications. Joint analysis
of most spontaneous rearrangements reveals microhomology at
junctions, suggesting that they are often the outcome of NHEJ
(3, 5, 6). However, the factors that prevent or promote trans
rearrangements in a nucleus with multiple DSBs are poorly
understood.

Importantly, cis and trans outcomes at DSBs each represent
bona fide DNA repair. Thus, similar to the manner in which
Rad52-dependent mechanisms can execute both homologous
and ectopic recombination (7-9), cis and trans NHEJ events can
both be catalyzed by a common mechanism dependent on the Ku
DSB-binding protein and DNA ligase IV (Dnl4 in yeast) (10).
Alternatively, different mechanisms might be used for different
outcomes. Alternative end-joining (alt-NHEJ) and the closely
related microhomology-mediated end-joining (MMEYJ) pathways
execute inaccurate DSB joining that nearly always deletes bases
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at the junctions (3, 11-13). A number of reports have revealed a
role of alt-NHEJ in the formation of reciprocal translocations in
mouse cells (14-17). In contrast, translocation frequency de-
creased in the absence of c-NHEJ in human cell lines demon-
strating species-specific differences in the generation of genomic
rearrangements (18). Thus, one key determinant of DSB-
dependent mutagenesis might be the extent to which different
repair pathways commit DSBs to cis or trans repair.
DSB-dependent mutagenesis might also depend on spatial dis-
position of lesions in the nucleus, specifically whether DSBs in
different locations are equally likely to have their ends joined. Lisby
et al. (19) demonstrated that, after formation of multiple DSBs, an
average of only two Rad52 foci were observed in Saccharomyces
cerevisiae, which suggested that each focus recruits more than one
DSB for repair. This suggested that DSBs tend to cluster, that is,
are brought together in close proximity for repair. Clustering of
DSBs has also been reported in mammalian cells following endo-
nuclease induction or after exposing the cells to ionizing radiation
(20-24). 1t has been argued that DSB clustering is favored and not
restricted to chromosomal domains that are in proximity, so that
spatial proximity is not sufficient to explain DSB clustering (21).
The factors that influence trans DSB repair outcomes have
been studied in several ways. In mammalian cells, Chiarle et al.
(22) employed high-throughput genome-wide translocation se-
quencing and showed that 75% of novel junctions were within
10 kb of a DSB site. In another study, the translocation fre-
quency between the MYC gene with its translocation partners
IGH, IGK, and IGL correlated with their nuclear proximity (25).
In yeast, the spatial proximity of an ectopic donor sequence di-
rectly correlated with DSB repair efficiency by HR (26, 27). In
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contrast, during single-strand annealing (SSA), the frequency of
intrachromosomal and interchromosomal repair was similar
when two DSBs were induced (7). In an effort to elucidate the
mechanism of reciprocal translocations, Lee et al. (28) demon-
strated that the checkpoint kinase Tell suppresses NHEJ-
mediated translocations, likely by promoting the tethering of
cognate DSB ends. Indeed, the fact that most translocations are
reciprocal suggests that the two DSB ends remain tethered even
when joining occurs in trans (24).

In this work, we examine how the relative position of con-
current DSBs in the yeast nucleus influences trans DSB repair
frequency. We focus on precise NHEJ, the major NHEJ out-
come, as well as an MMEJ-like SSA event. Following formation
of multiple DSBs, cis repair predominated over frans repair, but
trans repair efficiency was strikingly independent of the reported
predamage spatial proximity of DSB loci in the nucleus. These
findings are consistent with DSBs being mobilized and possibly
compartmentalized for repair.

Results

Reporter-Based Assay to Detect Reciprocal Translocations. We
designed a reporter-based assay that measures cis (same site) vs.
trans (different site) repair. The assay is based on a previously
established suicide deletion approach wherein the DSB-inducing
HO endonuclease is placed between two 36-bp HO cut sites that
are flanked by the ADE?2 promoter (including the start codon)

and coding regions (Fig. 14 and SI Appendix, Table S1) (29).
Following galactose induction, HO endonuclease expression is
self-terminated upon cutting of the HO cut sites and subsequent
DNA repair. The version of the assay used in this study was
designed such that precise NHEJ, the most frequent outcome of
yeast NHEJ (29), leads to conversion of the initial Ade—/red to
the Ade-+/white phenotype. Although this NHEJ event arises
from two DSBs, we considered it to be cis repair for purposes
here due to the close proximity of the sites (see more below). To
detect trans repair, we placed a second cut site at different lo-
cations in the yeast genome, which contained a promoterless and
ATG-less LEU2 coding sequence such that reciprocal repair of
the two DSB loci leads to productive coupling of the LEU2
coding region with the ADE2 promoter and thus an Ade—/Leu+

phenotype.

Spatial Distance Between DSB Sites Does Not Determine
Interchromosomal trans Repair Frequency. We employed our as-
say system to explore the impact of genomic and nuclear context
on trans repair frequencies. We exploited yeast interlocus contact
frequencies obtained from the Hi-C genome-wide cross-linking
data of Duan et al. (30), the same data used by Lee et al. (27).
We generated six reporter strains by moving the LEU2 DSB
cassette to different genomic locations having a range of contact
frequencies with the ADE2 locus on chrXV (Fig. 1B). Cells were
grown in glucose for 2 d until saturation followed by plating to
galactose to score cis and trans repair events. DSB formation was
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Fig. 1. Spatial proximity and interchromosomal trans NHEJ repair frequency do not correlate. (A) Schematic showing the ADE2 suicide deletion cassette and LEU2

cassette (with MET17 and HYG as their selection markers, respectively) on two different chromosomes, as well as the expressed reporter end products of cis and
trans NHEJ repair. (B) Diagram showing the fixed position of the ADE2 cassette on chrXV and variable positions of the LEU2 cassette. The reported contact fre-
quency (CF) between regions +30 kb around ADE2 and each trans target location are indicated. (C) Genome rearrangement assay (galactose plates) measuring
absolute survival for each ADE2-LEU2 pair. (D) Lack of correlation between trans repair and contact frequencies (galactose plate method). (E) Lack of correlation
between trans repair and contact frequencies (liquid galactose method). Data are the mean + SD from four independent experiments. ns, not significant.
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relatively slow in this assay, and the cutting efficiency of the
LEU?2 cassette proved lower than the ADE?2 cassette, but the
cell-autonomous appearance of ADE2 product alleles was gen-
erally coincident with DSB formation (SI Appendix, Fig. S1).

Only 0.25-0.3% of the total cells survived on the galactose
plates (Fig. 1C), compared with ~1.4% observed when only the
ADE? cassette was present. The trans repair (Ade—/Leu+) fre-
quency ranged from 0.7 to 1.3% of the total survivors in different
strains, with the rest being cis repair (Ade+/Leu—) (Fig. 1 C and
D), affirming a cis preference of yeast NHEJ (28). As expected,
joint analysis of 20 Ade—/Leu+ isolates in one of the strains
showed that 39 of the 40 individual repair junctions corre-
sponded to precise NHEJ (SI Appendix, Fig. S2 and Table S1);
the remaining junction did not give a PCR product and likely
arose by deletion beyond a primer site. Some Ade—/Leu— colonies,
typically representing imprecise NHEJ, were also seen but not
routinely scored due to their much lower frequency.

Strikingly, no significant difference was observed in the frans
repair frequency between strains with different locations of the
second DSB, nor was any correlation observed between the
contact and trans repair frequencies (Fig. 1D), which suggested
that spatial distance between DSB sites does not determine trans
repair efficiency. Surprised by these results, we repeated the
measurements using a different method, hereafter called “liquid
galactose” (as opposed to the “galactose plates” method above).
In the liquid galactose method, saturated starting cultures were
reinoculated into galactose liquid medium and allowed to grow
to saturation again. HO endonuclease induction and NHEJ oc-
cur in this liquid phase, before plating to glucose selection plates
to count cis and frans repair events. The liquid galactose method

is more reproducible but does not allow measurement of abso-
lute survival frequencies. The trans repair frequencies of the six
strains followed the same trend with liquid galactose as with
galactose plates, except that the values were slightly lower with
the former (Fig. 1 D and E). Again, no correlation was observed
between contact and trans repair frequencies (Fig. 1E).

The lack of correlation between contact and trans repair fre-
quencies could somehow be caused by the specific location of the
ADE? suicide deletion cassette. To test this possibility, we moved
the suicide deletion cassette from chrXV to chrV near CANI,
33 kb from the telomere. As above, we generated six different
strains by moving the LEU?2 cassette to different locations having
a range of contact frequencies with CAN1 (Fig. 24). Notably, the
location of the ADE2 cassette at CANI and five of the six
placements of the LEU2 cassette were within ~1 kb of loci used
by Lee et al. (27) when examining HR. Results with both the
galactose plates and liquid galactose methods reaffirmed that the
spatial distance between the two DSB loci had no impact on
the trans repair frequency (Fig. 2 B-D). One strain showed ex-
tremely rare Leu+ colonies, likely due to inviability of trans re-
pair events for unknown reasons.

As noted above, the suicide deletion cassette contains two cut
sites that we treated as a single DSB. To determine whether this
configuration influenced the outcome, we mutated the down-
stream cut site at ADE?2 in three different trans reporter strains
(SI Appendix, Fig. S3A4). Doing so prevents the self-termination
of HO endonuclease expression, thereby permitting recleavage
of the HO cut site and preventing detection of precise NHEJ
repair on galactose plates. For this reason, we performed the
genome rearrangement assay in these strains using “transient
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Fig. 2. The lack of correlation between proximity and trans NHEJ repair is not a result of ADE2 marker location. (A) Diagram of DSB positions similar to Fig. 1,
with the ADE2 cassette now located on chrV. (B) Genome rearrangement assay (galactose plates) measuring absolute survival. (C) Lack of correlation between
trans repair and contact frequencies (galactose plate method). (D) Lack of correlation between trans repair and contact frequencies (liquid galactose method).
Data are the mean + SD from four independent experiments. ns, not significant.
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galactose” method in which saturated glucose cultures were
reinoculated into glycerol medium and grown to log phase fol-
lowed by galactose induction for 3 h. Appropriate dilutions were
then plated on glucose plates to count repair events. All strains
showed a trans repair frequency similar to their parent strains
with two cut sites at ADE2 (SI Appendix, Fig. S3B). Further
comparison of the three different induction methods in the dif-
ferent HO cut site combinations showed that the trans repair
frequency was always comparable, indicating that the suicide
deletion format was not responsible for the lack of correlation of
Hi-C contact and ftrans repair frequencies (SI Appendix,
Fig. S3B).

Two Interchromosomal trans Repair Events in Competition Occur at
Equal Frequency. A limitation of strains with only two DSB loci is
that two different strains must be compared in order to explore
the impact of spatial proximity. To provide a direct and internally
controlled comparison, we performed a competition assay by
introducing a third HO cut site locus into selected strains, which
again carried a promoterless LEU2 coding sequence (Fig. 34).
Trans repair can occur between the ADE2 promoter and the
LEU2 coding sequence at either locus (but not both in one cell).
Using LEU?2 at both trans repair targets limited the number of
variables that might influence the results but necessitated that we
use PCR to determine the #rans target locus used in a given Leu+
survivor. At least 78 Leu+ colonies (~20 from each independent
experiment) were scored for each strain (SI Appendix, Fig. S4).
Again using Hi-C data of Duan et al. (30), we chose the positions
of the two LEU? targets such that one was in close proximity to
ADE?2 while the other was distant (Fig. 34). Consistent with
results above, the frans repair frequencies of the two possible
targets were not statistically significantly different from a
50:50 ratio, despite the large difference in their contact fre-
quencies with the common ADE?2 rearrangement partner (Fig.
3). To ensure that there was no influence of the HYG and NAT
selectable markers used to create the two LEU2 targets, we
swapped the LEU?2 cassettes in one strain and confirmed that the
two competing trans repair frequencies were again comparable

(Fig. 3).

Intrachromosomal trans Repair Occurs at a Similar Frequency as
Translocation. It is well known that chromosomes occupy sub-
stantially exclusive territories within nuclei, leading to much
higher contact frequencies between loci on the same chromo-

some than between those on different chromosomes (30, 31).
Comparing frans repair frequencies between two intra-
chromosomal loci vs. two interchromosomal loci should thus be
insensitive to any limitations imposed by the quality of our Hi-C
reference data (30). It is also an interesting question whether
different locations on the same chromosome behave similarly, or
whether features such as centromeres impose a DSB repair re-
striction (32). To this end, we integrated the LEU2 target cas-
sette at four different locations on chrV, which also carried the
ADE? suicide deletion cassette (Fig. 4 4 and B). The LEU2
cassettes were oriented such that precise NHEJ led to chromo-
somal inversions to be compatible with cell growth and survival.

Several features are notable about the pattern of cis and trans
repair frequencies obtained with the inversion strains, whether
measured by the galactose plate or liquid galactose methods.
First, cis repair again predominated, with #rans repair frequen-
cies ranging from 1.2 to 1.8% (Fig. 4 C and D). Moreover, this
trans repair frequency was the same as observed with the in-
terchromosomal frans repair targets above (compare Fig. 4 C and
D to Fig. 1 C-E and Fig. 2 B-D). Finally, there was no impact of
the location of the second DSB site within the same chromo-
some, including whether it was placed close to the ADE2 DSB
cassette (13 kb) or on the opposite chromosome arm with an
intervening centromere (Fig. 4B). Similar to the interchromo-
somal assays, we validated these results by moving the ADE2
suicide deletion and LEU?2 cassettes from chrV to chrXV (Fig.
4FE). Overall, the same pattern was seen (Fig. 4 F and G). The
only notable exception among all strains studied was that, when
using the galactose plating method only, the Inv-110 kb strain
showed a significantly higher frans repair frequency (Fig. 4G).
We suspect this outlier result could be due to a property of this
target locus (Discussion).

Influence of Genetic Factors on trans Repair Frequencies. The overall
survival as well as the frans repair efficiency in our assay strains
were lower than previously reported (28). The lower trans repair
frequency could be due to the relatively inefficient cleavage by
HO that we observed for our alleles (SI Appendix, Fig. S1), which
very likely reduces the rate of simultaneous DSB formation and
biases toward cis repair. However, the cleavage efficiency of the
LEU2-marked second DSB was the same regardless of its ge-
nomic location (SI Appendix, Fig. S1), so this property cannot
easily explain the pattern of trans repair efficiencies we observed
with our different alleles.
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Fig. 3. Two trans NHEJ target alleles are used at equal frequency when placed in competition. (A) Schematic of the position of three HO cut sites in four
different strains that place two LEUZ2 trans target cassettes in competition. Contact frequencies (CFs) are for each LEUZ2 locus relative to ADE2. Strains V, VI,
and VIII, and V, VIII, and VI are the same except that the LEU2 (HYG) and LEU2 (NAT) cassettes were swapped. (B) The relative contribution of LEU2 (HYG) and
LEU2 (NAT) cassette usage during Leu+ trans repair was consistent with a 50:50 ratio in all strains. Data are the mean + SD from four independent exper-

iments. ns, not significant.
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To explore this point further, we deleted TELI from our assay
strains to reexamine the allele pattern in the context of higher
trans repair efficiencies, since Tell has been shown to suppress
interchromosomal NHEJ (28). We first made two tell A strains,
one from each of our interchromosomal and intrachromosomal
allele sets. As expected, TEL! deletion enhanced the trans repair
frequency by threefold to fivefold (Fig. 5 A and B). DNL4 de-
letion abrogated trans repair regardless of TELI status, reaf-
firming that fellA promotes trans repair by a Dnl4-dependent
mechanism (Fig. 5 4 and B) (28). We next examined a larger
series of nine total tellIA strains that sampled multiple in-
terchromosomal and intrachromosomal DSB allele combina-
tions. As was observed above with TELI wild-type strains, no
correlation was observed between contact and trans repair fre-
quencies in the absence of Tell (Fig. 5 C and D). In fact, the
lowest trans repair efficiency was obtained with the intra-
chromosomal XV-345 kb-tell A reporter strain.

In yeast, increased mobility of DSBs is thought to facilitate
HR and requires Rad9, Rad51, and Mecl1 (33, 34). To ascertain
the potential role of DSB mobility during precise NHEJ repair,
we deleted RAD9 and RADS! from our interchromosomal and
intrachromosomal trans reporter strains. Neither deletion sig-
nificantly changed the frans repair frequency (SI Appendix, Fig.
S5). The implications of these results are discussed below.

SSA via Short Terminal Direct Repeats Is also Independent of
Proximity. The insensitivity of #rans NHEJ to genomic location
described above was different from the reported correlation
between donor location and HR efficiency in yeast (26, 27).

Sunder and Wilson

Notably, in these earlier HR studies, only one of the two in-
terrogated loci had suffered a DSB, since the donor allele
remained intact. We wondered which pattern would prevail if
two DSBs were allowed to repair through an HR-like mecha-
nism. SSA is a Rad52-dependent subpathway of HR in which
DSBs ends are subjected to 5 resection followed by annealing of
the 3’ terminated strands. To measure trans repair efficiency by
SSA, we adapted a previously described version of our suicide
deletion reporter assay in which SSA occurs between terminal
28-bp direct repeats on either side of the endonuclease cut sites,
here using the endonuclease I-Scel instead of HO (Fig. 64) (29).
We generated four strains with a range of contact frequencies
between the two DSB loci (Fig. 6B). As expected from prior
studies with a single DSB locus (29), the total survival frequency
increased with SSA, ranging from 10 to 15% compared with
0.25 to 0.50% for NHEJ (Fig. 6C). The trans repair frequency
also increased, ranging from 8 to 15% for SSA strains compared
with 1 to 2% for NHEJ (Fig. 6 D and E), indicating that cis repair
via short resected direct repeats is not favored as strongly as
during precise NHEJ. Overall, little to no correlation was ob-
served between spatial proximity and #rans repair frequency by
SSA (a shallow linear trend was seen only with the galactose
plate method that was not statistically significant), suggesting
that, as with NHEJ, repair is independent of spatial proximity
when two DSBs are repaired by a Rad52-dependent mechanism
(Fig. 6 D and E) (29).

We also repeated the experiment of Lee et al. (27) in our
strains in which the HR repair of a single DSB locus is measured
using a variety of donor alleles. We first introduced a 2-kb ade2
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cassette on chrXV) represent data from intrachromosomal assay strains. Data are the mean + SD from four independent experiments. ns, not significant.

donor sequence at a subset of the same loci used for the second
DSB in our NHEJ assays. This donor supported HR repair of the
closely spaced suicide deletion DSBs and included a Mlul re-
striction site to distinguish NHEJ and HR outcomes. The final
set of 11 strains had the DSB allele at either ADE?2 (SI Appendix,
Fig. S6A4) or CANI1 (SI Appendix, Fig. S6B) and included both
interchromosomal and intrachromosomal locus combinations.
Cells were grown in glycerol to log phase before plating to ga-
lactose to measure HR efficiency. Overall, HR was markedly
more efficient than NHEJ, with as much as ~74% of cells
repairing the suicide deletion allele (SI Appendix, Fig. S7 A and
B), as confirmed by Mlul digestion of the repaired allele from
16 independent colonies (SI Appendix, Fig. S84). However, we
did not observe a linear correlation between contact and HR
frequencies as reported by Agmon et al. (26) and Lee et al. (27).
Instead, we noted a possible threshold pattern, only when the
suicide deletion allele was located at CANI, in which the donor
with the lowest contact frequency of zero had an HR frequency
of ~38% while all other donors had indistinguishable HR fre-
quencies of ~70% (SI Appendix, Fig. STB).

Given the low cutting efficiency of the suicide deletion cassette
and the fact that two DSBs are made at this one locus, we further
introduced a single HO cut site into a nucleosome-free region of
the ILV1 promoter on chrV. This site cleaves very efficiently,
with more than 90% DSB formation by 30 min (35). We gen-
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erated seven different strains with a 2-kb ILV1 wild-type donor
sequence, again distributed around interchromosomal and
intrachromosomal genomic loci with a range of ILVI contact
frequencies (SI Appendix, Fig. S6C). Here, we again observed a
possible threshold pattern where a strain with a very low contact
frequency had a significantly lower HR efficiency of ~22% (SI
Appendix, Figs. STC and S8B) (Discussion).

Discussion

Four assay systems have been used to study site-directed translo-
cations in yeast (28, 36-38). Our system allowed efficient detection
of precise NHEJ by linking DSB formation to termination of HO
expression, as well as distinction of cis and trans repair by reporter
selection. We generated 12 strains with different combinations of
DSB loci to measure interchromosomal trans NHEJ (reciprocal
translocation), and 7 different strains to measure intrachromosomal
trans NHEJ (inversion), employing 2 different loci for the ADE2
DSB cassette and 14 loci for the LEU2 trans repair target. Both cis
and trans repair junctions arose by NHEJ as validated by joint se-
quencing and dependence on DNLA.

Despite testing many strains with a large range of predamage
contact frequencies, based on the same Hi-C data (30) used in a
similar study of HR donor proximity (27), we observed no sig-
nificant differences in frans repair frequency in essentially any
wild-type strains (Figs. 1 and 2). These monotonous results do
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not reflect an inability to detect altered frans repair frequencies
because TELI deletion increased both interchromosomal and
intrachromosomal trans repair, as reported by Lee et al. (28).
However, trans repair frequencies were again not correlated with
spatial proximity in fellA strains (Fig. 5). While we relied on
published contact frequencies, there is abundant evidence that
intrachromosomal locus pairs have much higher contact fre-
quencies than interchromosomal pairs due to chromosomal
territoriality (30, 39), yet the frans repair frequency remained
constant (Fig. 4). Competition assays with three DSB loci further
demonstrated that the insensitivity of trans repair to DSB
placement was not a result of comparing different strains (Fig.
3). Finally, mutating one HO cut site in the ADE2 locus estab-
lished that results were not an artifact of the suicide deletion
format (SI Appendix, Fig. S3).

In total, we believe our results reflect an underlying biology
that NHEJ trans repair frequency is not strongly a function of

locus predamage spatial proximity in yeast. Any model invoked
to explain this phenomenon (Fig. 7) must also explain the fact
that while #rans repair did not vary it was a less efficient repair
mechanism. Importantly, DSBs at different loci must be roughly
simultaneous for frans repair to occur, so we are very likely
underestimating the true potential for #rans NHEJ given the low
HO cleavage efficiency at our alleles (SI Appendix, Fig. S1).
Nevertheless, cis repair preference has been observed in other
studies and is an expected finding (24, 28).

Importantly, the pattern we observed with NHEJ is different
from the strong influence of donor proximity reported for ectopic
gene conversion by HR (26, 27). This difference might result from
mechanistic differences between NHEJ and HR, or from the fact
that gene conversion involves only one DSB. We note that we did
not fully recapitulate the prior HR findings. Instead of a linear
correlation, we noted the potential of a threshold effect for HR
donor proximity (S Appendix, Fig. S7 B and C). This difference in

Resection Homology
search (HR)
Slngle DSB f%/ ‘ \
Multlple DSBs &
\0‘$
» Resectlon | Homology

Compartmentalization ('V&é:/ /
of DSBs

Relationship between spatial proximity, HR, and NHEJ. One potential model to explain a lack of special proximity effects for NHEJ based on DSB

Fig. 7.

search (HR)

movement and, specifically, clustering of multiple DSBs in a common repair compartment. See Discussion.
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result patterns could be due to the smaller number of allele com-
binations used in our study compared with Lee et al. (27) or, per-
haps more likely, influences of different strain backgrounds that
might also be evident in NHEJ outcomes.

Our data are consistent with a prior study showing that SSA,
which involves two DSBs and an HR-like Rad52-dependent
mechanism, is largely independent of the predamage proximity
of the two loci in the same manner as we observed for NHEJ
(Fig. 6) (7). The fact that SSA appears to be more like NHEJ in
this regard suggests that the difference between NHEJ and HR
most likely results from the fact that two broken alleles must
interact during NHEJ. Notably, SSA, especially via short termi-
nal repeats, is reminiscent of alt-NHEJ/MMEJ known to catalyze
translocations in mammals (11-13). Unlike gene conversion,
NHEJ, SSA, and alt-NHEJ are Rad51 independent, emphasizing
that the temporal sequence of DSB repair must be considered,;
NHE]J obligatorily occurs before 5’ resection, while SSA occurs
after resection but potentially before Rad51 filament formation
and a donor search (3, 10).

A model to explain our results (Fig. 7) must invoke widespread
locus mobility after DSB formation (33, 34) and perhaps clus-
tering of DSBs in restricted subnuclear “repair compartments”
(19, 20, 23). An extreme possibility is that DSB ends separate
early and search the nucleus until they find a repair partner.
However, this would not explain cis preference, since separated
ends would likely join at random. Alternatively, DSB ends pairs
might become mobile as a unit, and indeed, indirect evidence
from studies of cis vs. trans HR suggests that DSB ends remain
associated (40). DSB mobility could also be more directed,
driving DSB ends to common nuclear locations while still held
together from the initial break (41), as facilitated by Tell-
dependent tethering (28). NHEJ that commenced in such a re-
pair compartment could still obey cis preference due to tethering
but show no bias of trans repair based on predamage locations of
DSB loci due to their interim movement. The reported collection
of DSBs at the nuclear periphery would fulfill these require-
ments; specifically, DSBs have been shown to move to the nu-
clear pore complex in Gl in a Rad5l-independent manner,
consistent with trans NHEJ occurring at these locations (42).

Lisby et al. (19) reported that two endonuclease-induced
Rad52 foci become colocalized in S. cerevisiae due to DSB
movement. Importantly, such clustering likely occurs on a dif-
ferent spatiotemporal framework, that is, at later times (and
possibly at different nuclear locations), than the movement and
clustering we infer for NHEJ. Rad52 functions exclusively during
HR (43-45) so that DSBs monitored by Rad52 signal are likely
resected and past the NHEJ repair phase. Although no one has
visualized DSBs in yeast known to be in the NHEJ phase, various
findings in mammalian systems support the idea of a transition
from a rapid NHEJ clustering to a later HR stage. These include
observations that DSB clustering appears in mammalian cells
10-30 min after irradiation (20, 23) and that dynamics of the
NHEJ-promoting 53BP1 and HR-promoting BRCA1 proteins
support the notion of a regulated transition from NHEJ to HR
(46, 47).

We reason that either a small fraction of DSB ends were never
tethered properly and become substrates for trans repair, or that
trans repair becomes enabled as the tethering machinery loses its
grip on DSB end pairs. Such a progressive transition is perhaps
inevitable as resection initiates, but even before resection ends
might become less well associated, as suggested by augmentation
of this effect in te/ll mutant strains (28). Observations with SSA
further support the notion of tethering release. As with NHEJ,
SSA assays showed poor correlation between spatial proximity
and trans repair frequency. Moreover, in our strains, which used
a short repeat at the DSB ends, the SSA trans repair frequency
(8-15%) was much higher than for NHEJ (1-2%). Nevertheless,
our frans repair frequency was lower than the roughly equal cis

9488 | www.pnas.org/cgi/doi/10.1073/pnas.1818595116

and frans repair SSA frequencies obtained by Haber and Leung
(7) using large repeats several kilobases apart. Thus, we suggest
that the loss of DSB end tethering and ensuing potential for trans
rejoining may proceed in progressive degrees of release and re-
section. However, any frans repair that does occur is pro-
miscuous with respect to predamage positions because the DSB
loci have moved.

The final transition at a DSB is to initiate Rad51-dependent
HR (48, 49). Importantly, the Rad51 filament formed on
resected DSB ends changes their dynamics, with the homology
search during HR being facilitated by increased DSB mobility
that requires Rad51, Rad9, and Mecl (33, 34). In our study,
neither rad9A and rad51A mutations conferred a significant
change in the frans repair frequency (SI Appendix, Fig. S5),
consistent with our model in which DSB movement and clus-
tering occur before the later arrival of Rad51. It is thus intriguing
that the spatial proximity of DSB and donor loci determines the
rate of HR in yeast (26, 27). Our data suggest that a DSB could
move from its predamage location during an early NHEJ phase,
which might be expected to break down an HR donor preference
based on proximity. One possibility is that NHEJ and HR are not
sequential in a cell but occur in a parallel fashion in different
cells, for example, as a function of cell cycle stage. Thus, NHEJ
and HR outcomes might reflect entirely different search pro-
cesses. Alternatively, movement of DSBs may depend on
whether one vs. two or more DSBs are present, an idea sup-
ported by observations that a single DSB did not alter cis in-
teractions in G1 chromosomes (50). Thus, a single DSB may not
drive movement in the same manner as multiple DSBs, implying
that DSBs emanate a signal leading to their movement and
clustering. These ideas are indirectly supported by observations
that yeast cells with one, but not two, DSBs can adapt to
checkpoint signals and undergo cell division with persistent
damage (51) and that the yeast recombination enhancer leads to
physical association of HML and MAT loci only after a DSB is
induced at MAT (52).

In contrast to our findings in yeast, studies of NHEJ-driven
genomic rearrangements in mammalian cells often reveal a
strong effect of proximity on DSB clustering and relative trans
repair frequencies. Clustering occurred more frequently between
DSBs on the same chromosome (21). Roukos et al. (24) showed
that translocations are preferentially formed between pre-
positioned proximal DSBs, while Chiarle et al. (22) showed that
most translocations arising from a localized DSB resulted from
intrachromosomal NHEJ. The translocation frequency of MYC
with IGH, IGK, and IGL has been seen to correlate with their
spatial proximity (25) similar to other oncogenic translocations
(53). While there are many differences between these studies, we
believe the most potent effect results from the fact that the yeast
nuclear volume is ~80 times smaller than that of mammalian
nuclei (54). It is possible that a movement-driven breakdown of
predamage proximity is also true in mammalian cells, but only
within a territory substantially smaller than the nucleus, whereas
a similar movement space exposes the entire yeast genome to
similar opportunities for frans repair.

Our study leaves open the possibility that as yet un-
derappreciated genomic and nuclear factors could influence
trans NHEJ outcomes. While major chromosomal features such
as centromeres do not appear to act as barriers to trans NHEJ,
one strain (XV-110 kb inversion) did show approximately
threefold higher trans repair than all others. We presume this is
due to an unknown local effect that will require many more locus
pairs to meaningfully discern. In mammalian cells, DSB clus-
tering and hence translocations are preferentially targeted to
transcriptionally active regions (21, 22), and similar epigenetic
phenomena could be important in yeast. We positioned our
second cut site in intergenic regions in all but one strain.
Moreover, both DSB cassettes were always flanked by the same
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sequences. While these design features helped isolate the influ-
ence of proximity, they limited the ability of this study to reveal
the influence of histones and transcription on repair outcomes.

If our model is correct, it predicts a mechanism of DSB
movement that is independent of resection, compatible with per-
sistent tethering, and stimulated by multiple simultaneous DSBs.
Recent reports suggest that DSB clustering in mammalian cell is
dependent on microtubule and actin-related networks (21, 55-57).
In the former case, the LINC complex promotes DSB mobility and
repair by mediating an interaction between cytoplasmic microtu-
bules and chromatin (56). In contrast, DNA damage stimulates
the formation of intranuclear actin filaments that alter mobility or
organization of chromatin (55, 57, 58). In each case, the essential
movement is initiated by the DSB. What is less clear is whether
initial DSB movement needs to be directional. There is pre-
cedence for directional movement of DSBs, albeit not in the
context of NHEJ. In Escherichia coli, RecA bundles channel DSB
ends to facilitate the long-range homology search (59). Similarly,
TRF1-Fok1 induces directional telomere movement and inter-
telomere association (60). F-actin and myosins have been impli-
cated in the directed motion of heterochromatic DSBs to the
nuclear periphery (58). To our knowledge, early directional
movement of DSBs has not been demonstrated for NHEJ, but it
remains a parsimonious explanation for the absence of predamage
proximity effects in trans repair. Notably, WASP binds all DSBs
but activates ARP2/3 only at DSBs undergoing HR (57). It seems
an interesting possibility that a different set of factors may be
recruited by WASP or as-yet-unidentified protein for clustering of
DSBs destined to be repaired by NHEJ.

Materials and Methods

Strains, Media, and Allele Construction. The genotypes of all strains used in this
study are listed in S/ Appendix, Table S2. All cultures were grown at 30 °C.
Rich medium was YPA (1% yeast extract, 2% bacto-peptone, 40 pg/mL ad-
enine) plus 2% dextrose (YPAD) or 3% glycerol (YPAGIy). Synthetic defined
(SD) medium was as described (61) containing 2% glucose or, when specified,
2% galactose. Suicide deletion cassettes were previously described (29).
LEU2 trans target cassettes contained 1,192 bp of LEUZ2 sequence from second
codon through the stop codon plus 100 bp of the terminator region, fused by
PCR to either the HYG or NAT markers with the 36-bp HO cut site (insufficient
to support HR repair) embedded between the marker and Leu2 coding region.
All allele constructions were performed by transforming yeast with appropriate
PCR products bearing 45-bp tails homologous to the target locus, purifying
marker-positive colonies, and verifying correct insertions by PCR.

Genome Rearrangement Assays Measuring NHEJ, SSA, and HR Repair. NHEJ
repair was measured by three different methods. In the galactose plate
method, a single colony was inoculated into SD-Met medium and allowed to
grow for 2 d. Appropriate dilutions of these saturated cultures were plated on
SD galactose medium such that 50-300 colonies were counted on each plate
to score for cis as well as trans repair events, which places all measurements
well above the practical limit of quantification. As a control, cells were also
plated on SD glucose complete plates. Colonies were counted after 4 d.
Absolute survival was calculated by dividing the number of colonies on
galactose plates by that on glucose plates. cis repair events were identified
by counting Ade+/white colonies, and rare sectored colonies, on galactose
complete plates. Trans repair frequency was measured by dividing the
number of colonies on galactose-Leu plates by that on galactose complete
plates. In the liquid galactose method, cells from initial saturated cultures
were reinoculated into SD galactose complete liquid medium and grown for
2 d until saturation. Appropriate dilutions were plated on SD glucose me-
dium. The trans repair frequency was calculated by dividing the number of
colonies on SD-Leu plates by that on SD complete plates. In the transient
galactose method, a single colony was inoculated in YPAD liquid medium
and grown overnight. Cultures were reinoculated in a fresh liquid YPA-
glycerol to a starting ODggo of 0.04-0.05 and allowed to grow until expo-
nential phase (ODggo of 0.6). Galactose was added to a final concentration of
2% and cultures incubated for 3 h. Cells were spun down and resuspended in
YPAD for 15 min and then plated on SD glucose medium, followed by cal-
culations as for the liquid galactose method.

To measure SSA repair, galactose plate and liquid galactose methods were
employed as above, except that the single colony was inoculated into SD-Ura
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instead of SD-Met, and colonies on galactose-Leu plates were counted after
5 d of growth while the colonies on glucose-Leu plates were counted after
4 d. HR repair was measured by glycerol-galactose method. In this method,
cells from the overnight grown precultures were reinoculated in a fresh
liquid YPA-glycerol to a starting ODgoo of 0.04-0.05 and allowed to grow
until exponential phase. Appropriate dilutions of cells were plated on SD
glucose and SD selective galactose medium plates. HR repair efficiency was
calculated as for the galactose plate method.

Competition Assay. The competition assay used the galactose plate method
described above. After outgrowth, 80 Leu+ colonies (20 from each independent
experiment) were analyzed to ascertain the relative contribution from the LEU2
(HYG) and LEU2 (NAT) cassettes. Each colony was subjected to two PCRs con-
taining one common primer positioned in the ADE2 promoter and a specific
second primer positioned in sequence flanking the LEU2 coding segment that
was unique to each chromosomal trans target location. The ADE2 common
primer was OW620 (CTTGACTAGCGCACTACCAG, chrXV) or OW3650 (ACT-
CACCCGGAAACCACACAG, chrV) and the specific primers were OW3765
(AAAGACCTTGGGGAATATACCTG, chrV), OW3773 (GCTACCAAACGTCATG-
GACAAG, chrVl), OW3767 (CTACAGTCACAACCCAGTTCATC, chrVIll), or
OW3771 (AGGTGAAAGCCAGTAGTAAAAGTG, chrXVl), as appropriate.

Analysis of DSB Repair Outcomes. The nature of NHEJ repair events was
verified by amplifying junctions by PCR, followed by gel electrophoresis and
Sanger sequencing, using appropriate combinations of the following primers:
OW3671 (TTTACCTTTTGATGCGGAATTGAC, ADE2 promoter), OW3667 (ATAT-
CAAGAGGATTGGAAAAGGAGC, ADE2 coding), OW3666 (AGCACCTAACAAAA-
CGGCATC, LEU2 coding), and OW3665 (GGACCGATGGCTGTGTAGAAG,
HYG coding).

The restriction digestion analysis of the HR repair events in the strains
carrying ADE2 cassette was done by PCR amplifying the DNA flanking the
repaired sites using the primers OW3671 and OW3667. The amplified DNA
was digested with Mlul restriction enzyme followed by gel electrophoresis.
In the strains with /LV1-HOcs, DNA was PCR amplified from the HR repaired
colonies using primers OW4159 (CGCTTTTCCGCCTCTGTTAATTC) and
OW4160 (AACCACTTGTTGGGCGACTC). The amplified DNA was digested
using Psil restriction enzyme followed by gel electrophoresis.

Calculation of Contact Frequencies. For maximal consistency with prior studies,
all contact frequencies were extracted from the yeast genomic Hi-C map
reported by Duan et al. (30), specifically from the experiments using HindllI-
digested genomic DNA at a false-discovery rate of 1% [the source data for
Lee et al. (27)]. Moreover, like Lee et al. (27), we used contacts between
regions +30 kb around each ADE2 suicide deletion query locus and +20 kb
around each LEUZ trans target locus. We first combined SI appendix, tables
S5 and S6, from Duan et al. (30) (files nature08973-s2.xls and nature08973-s3.
xls), containing intrachromosomal and interchromosomal data, respectively.
We next empirically determined that the data were derived from yeast
genome version sacCer2 based on the reported restriction fragment mid-
points, to accurately localize the positions of all query and target loci. We
finally summed the measured contacts between all query and target frag-
ments within the stated genomic windows. Contacts to restriction fragments
contained entirely within a query or target region were counted fully, while
contacts to restriction fragments overlapping the edges of a region were
weighted by their fractional overlap with the region.

DSB-Monitoring Assay. DSB and repair product formation were monitored as
described (35). Overnight cultures were typically reinoculated in YPA-glycerol
and grown to a final ODggo of 0.3-0.5 followed by addition of galactose to
induce endonuclease expression. Alternatively, cultures were pregrown in SD-
Met medium for 2 d as described above for colony counting experiments
before transfer to YPA galactose. Samples were drawn at various time points,
genomic DNA was extracted, and gPCR was performed to measure the cutting
efficiency using the following sets of primers: (i) ADE2 cassette first cut site
breakage, OW3613 (GGTGCGTAAAATCGTTGGATCTC), OW3614 (AGCGTAT-
TACTGAAAGTTCCAAAG); (ii) ADE2 cassette second cut site breakage, OW3617
(TCTCTGTTGGTATCGAATTTATTGATG), OW3618 (TGTCCCCCTCCTAATA-
TACCAACTG); (iii) ADE2 cassette repair product, OW3613 and OW3618;
(iv) LEU2 cassette, OW3660 (GCTTCGGCTGTGATTTCTTGAC), OW3661
(TGCCCAGATGCGAAGTTAAGTG); and (v) control allele (ACT7), OW3058
(AGAGTTGCCCCAGAAGAACA) and OW3059 (GGCTTGGATGGAAACGTAGA).
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