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SUMMARY

Expanded CAG repeats form stem-loop secondary structures that lead to fork stalling and collapse. Previous
work has shown that these collapsed forks relocalize to nuclear pore complexes (NPCs) in late S phase in a
manner dependent on replication, the nucleoporin Nup84, and the SIx5 protein, which prevents repeat
fragility and instability. Here, we show that binding of the Smc5/6 complex to the collapsed fork triggers
Mms21-dependent sumoylation of fork-associated DNA repair proteins, and that RPA, Rad52, and Rad59
are the key sumoylation targets that mediate relocation. The SUMO interacting motifs of SIx5 target collapsed
forks to the NPC. Notably, Rad51 foci only co-localize with the repeat after it is anchored to the nuclear pe-
riphery and Rad51 exclusion from the early collapsed fork is dependent on RPA sumoylation. This pathway
may provide a mechanism to constrain recombination at stalled or collapsed forks until it is required for fork

restart.

INTRODUCTION

The nucleus has well-defined regions; however, the various
functions of these distinct areas are still not completely under-
stood. In recent years, the role that nuclear domains play in
DNA repair has been investigated. Knowing where in the nucleus
the DNA is being repaired could help elucidate the mechanisms
behind the repair event itself. The nuclear periphery has emerged
as an important site of repair for several types of DNA damage.
For example, induced double-strand breaks (DSBs) in Saccharo-
myces cerevisiae that lack a nearby homologous repair template
(Nagai et al., 2008; Kalocsay et al., 2009; Oza et al., 2009; Hori-
gome et al., 2014) and breaks induced in heterochromatin in
Drosophila (Ryu et al., 2015; Amaral et al., 2017) both relocate
to the nuclear periphery. Eroded or broken telomeres relocate
from the inner nuclear membrane to the nuclear pore complex
(NPC) (Khadaroo et al., 2009; Chung et al., 2015; Churikov
et al., 2016). Breaks induced in the rDNA move out of the nucle-
olus for repair and interact with the NPC (Hauer and Gasser,
2017; Horigome et al., 2019). Less is known about the influence
of the nuclear periphery in the repair of replication-associated
breaks.

DNA sequences that form alternative DNA structures such as
hairpins, cruciforms, triplex DNA, or G-quadruplexes are found
frequently in genomes at every 10-50 kb, depending on the
type (Zhao et al., 2010). CAG/CTG repeats >35 repeat units are
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unstable and can form hairpin structures that interfere with repli-
cation and repair, leading to repeat expansions or contractions
(reviewed in Usdin et al., 2015; Polleys et al., 2017). Long tracts
of CAG repeats stall replication and are prone to fork reversal
(Fouché et al., 2006; Kerrest et al., 2009; Nguyen et al., 2017)
and breakage (Freudenreich et al., 1998; Callahan et al., 2003).
S phase delays caused by expanded CAG tracts inserted into
the yeast genome require Rad52-dependent repair for recovery,
suggesting that fork collapse events are occurring (Sundararajan
and Freudenreich, 2011). Therefore, long CAG repeats are a use-
ful model to study the effects of fork stalling and collapse at DNA
structure-mediated barriers and the mechanisms of fork restart
or repair.

Along with the physiological relevance, there are distinct dif-
ferences in the nuclear localization pattern for expanded CAG re-
peats as compared to other types of DNA damage. In
S. cerevisiae, a persistent DSB can relocate to both the NPC
and the nuclear envelope protein Mps3 in both G1 and S phase,
whereas eroded telomeres move from Mps3 to the NPC (Khada-
roo et al., 2009; Horigome et al., 2016; Chung et al., 2015). In
contrast, when a cell is not actively replicating its DNA,
expanded CAG repeats can be found in the middle of the nu-
cleus. However, during S phase, CAG-70 and CAG-130 repeats
that interfere with replication relocalize to the NPC, but not the
nuclear envelope. This relocation has been shown to be depen-
dent on replication and repeat length (Su et al., 2015). These
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differences suggest potentially distinct pathways to relocate
collapsed forks and target them to the NPC as compared to
DSBs or eroded telomeres. Other conditions that create
collapsed forks such as hydroxyurea+methyl methanesulfonate
(HU+MMS) or longer HU treatment also cause movement to the
nuclear periphery, although treatment with MMS alone or HU
alone for shorter times does not lead to relocation (Nagai et al.,
2008; Su et al., 2015). This suggests that fork collapse, not fork
stalling due to nucleotide depletion, or post-replication gaps, is
necessary for relocation. Although the exact structure provoking
the relocation is not known, it could include broken forks or
unbroken but altered forks, (e.g., stalled at a DNA structure, con-
taining gaps or single-stranded DNA [ssDNA], reversed) and
either an intact or uncoupled/dissociated replisome. For
simplicity, we refer to both CAG repeats and collapsed forks
when describing what is relocalizing to the NPC.

The pathway(s) that enable collapsed forks caused by
expanded CAG repeats to migrate to the NPC remain to be
understood. Su et al. (2015) showed that the SUMO-targeted
ubiquitin ligase (STUbL) complex SIx5/8, which interacts with
the nucleoporin Nup84 (Nagai et al., 2008), plays a key role in
the relocation process. The deletion of Nup84 has been shown
to cause a delay in replication fork progression (Gaillard et al.,
2019). SIx5 has SUMO-interacting motifs (SIMs) that allow the
complex to interact with sumoylated proteins (Xie et al., 2007,
2010), suggesting a potential mechanism for relocation. A role
for the SIx5/8 STUbL complex (or its homologs) and SUMO
have also been implicated in the relocation of persistent or het-
erochromatic DSBs and telomeres (Nagai et al., 2008; Horigome
et al., 2016; Ryu et al., 2015, 2016; Churikov et al., 2016). The
ubiquitin ligase SIx8 has been suggested to modify sumoylated
proteins, targeting them for removal from chromatin and/or
degradation, which could help facilitate fork restart at the NPC
(Freudenreich and Su, 2016). The sumoylated proteins involved
in the relocation of collapsed forks are not fully understood,
but the recombination factor Rad52 was implicated because
Rad52 associated with the CAG repeat before relocation but
was no longer associated once the CAG tract was at the nuclear
periphery (Su et al., 2015). The association of Rad52 with the
CAG repeat at the nuclear periphery was significantly increased
in six54 cells, and sumoylated forms of Rad52 persisted in six84
cells after fork collapse upon HU+MMS treatment (Su et al.,
2015). Thus, it was hypothesized that SUMO removal could facil-
itate fork restart at the NPC. Preventing Rad52 sumoylation
leads to increased repeat fragility and instability to the same level
as the lack of SIx8. These data suggested that sumoylated
Rad52 contributes to the relocation of CAG repeats and is
removed through STUbLs at the NPC, allowing for fork restart
or repair and therefore reduced repeat instability and fragility.

The goal of this study was to determine how collapsed forks
caused by expanded CAG repeats relocalize to the NPC. Our
aim was to determine whether the collapsed forks relocalize to
the NPC via a SUMO-dependent mechanism, and if so, what spe-
cific sumoylated proteins facilitated the relocation. We show that
mono-sumoylation of proteins by the SUMO ES3 ligase Mms21 is
required for collapsed fork relocation. In addition, the interaction
with the SIM domains of SIx5 are required. We identified specific
sumoylated repair proteins that facilitate the relocation (Rad52,
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Rad59, RPA, and Smcb5) and found that resection by Mre11 and
either the Exo1 or the Sgs1-Dna2 pathway is required to generate
sufficient ssDNA for these proteins to bind. Notably, Rad51 only
associates with the CAG tract after its association with the NPC
and is excluded from CAG tracts in the interior of the nucleus, sug-
gesting a regulatory mechanism for homologous recombination
(HR) at collapsed forks. Rad51 exclusion was lost in a replication
protein A (RPA) mutant unable to be modified by SUMO, suggest-
ing that RPA sumoylation regulates Rad51 binding to collapsed
forks. Our data support an important role for the Smc5/6 complex
and its SUMO ligase subunit Mms21 (Nse2) in the sumoylation of
target proteins at stalled forks to control Rad51 association and
mediate relocation to the NPC. A deficiency in this process results
in increased chromosome breakage, showing that proper reloca-
tion of the collapsed fork caused by CAG repeats to the NPC has a
genome-protective effect.

RESULTS

Relocation of Collapsed Forks to the NPC Depends on
Mono-sumoylation and SIx5-SUMO Interaction

We used the zoning assay system from Su et al. (2015) to visu-
alize the CAG repeat in relation to the nuclear periphery. The sys-
tem contains 130 CAG repeats on chromosome VI 6.4 kb away
from a LacO/GFP-Lacl array and Nup49-GFP to mark NPCs, al-
lowing for the visualization of both the nuclear periphery and the
CAG repeat locus in the same nucleus. A mathematical program
was used to separate images of each nucleus analyzed into three
equal areas to determine the frequency of CAG repeat localiza-
tion in each zone. As shown in Figure 1A, zone 1 represents
the nuclear periphery (where the NPC is located), zone 3 is the
middle of the nucleus, and zone 2 is the area in between.

Previous findings of the involvement of SIx5 in collapsed fork
relocation to the NPC pointed to a SUMO-dependent mecha-
nism (Su et al., 2015). We tested this model by examining muta-
tions of sumoylation pathway proteins. Plasmids containing
either the unaltered SLX5 gene or one in which the four SIM do-
mains were mutated (Xie et al., 2007) were used to complement
the six54 strain to test whether the defect in CAG repeat reloca-
tion in six54 was specifically due to its role in interacting with
sumoylated proteins. The wild-type (WT) SLX5 gene comple-
mented the relocation defect, but the SIM domain mutant did
not, indicating that one or more SIM domains are required for
mediating movement to the NPC (Figure 1B; Table S1). In addi-
tion, a smt3-337 mutant that lowers overall sumoylation levels
(Biggins et al., 2001; Bustard et al., 2016) was found to be as
defective as sIx54 cells (Figure 1B).

Proteins can be mono- or poly-sumoylated, so we tested
which was required for CAG tract relocation. The mutant smt3-
3KR, which largely eliminates poly-sumoylation (Tatham et al.,
2001; Bylebyl et al., 2003), showed no significant decrease in
relocation (Figure 1B). Although we cannot eliminate the possi-
bility that a low amount of SUMO modification of other Smt3 ly-
sines occurs, the smt3-3KR results indicate that mono-sumoyla-
tion is most likely sufficient. We conclude that mono-sumoylation
of a protein or proteins and the subsequent SUMO-mediated
interaction with SIx5 is required for the relocation of collapsed
forks.
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Relocation of Collapsed Forks to the NPC Depends on
Mms21-Mediated Sumoylation and Protects against
Chromosome Breakage

We next tested the effects of each of the three mitotic SUMO E3
ligases (Siz1, Siz2, and Mms21 [Nse2]) to determine which was
required for CAG tract relocation. Different from what was found
for persistent DSBs (Horigome et al., 2016), neither Siz1 nor
Siz2 deletion had a significant effect in our assay (Figure 1C). In
contrast, a mutation of Mms21 that removes the C-terminal region
and abolishes its SUMO ligase activity (Zhao and Blobel, 2005)
had a significant defect on relocation to zone 1, similar to the
SIx5 mutant (Figure 1C). We conclude that Mms21 is the primary
SUMO ligase required for the relocation of the CAG repeat. It is
possible that Siz2 plays a minor role due to a larger decrease in
relocation in the mms21-11 siz24 double mutant, although this
is not significant (Figure 1C). As Mms21 is mainly responsible for
mono-sumoylation in both G1 and S phase, while Siz1/2 activity
leads to poly-sumoylation (Horigome et al., 2016), the requirement
for Mms21 and not Siz1/2 is consistent with our result that mono-
sumoylation is sufficient for CAG repeat relocation. We conclude
that Mms21 is responsible for sumoylation of proteins that facili-
tate the relocation of the collapsed fork to the NPC.

Suetal. (2015) previously showed that the deletion of SIx5 led to
an increase in chromosome fragility using a yeast artificial chro-
mosome (YAC) that contained 70 CAG repeats. We re-tested
this result using a YAC that contains a second marker distal to
the repeat to more accurately measure end loss rates and 105

represent standard error of the mean (SEM)
See also Table S2.

CAG repeats to better correlate with the CAG-130 repeat in the
zoning assay system (Figure S1C). Consistent with our previous
finding, we observed a 2-fold increase in chromosome breakage
in the six54 mutant (Figure 1D). We tested smt3-337 and mms21-
11 strains and both mutants also showed a significant increase in
chromosome end loss (Figure 1D). Therefore, we conclude that
members of the sumoylation pathway that are required for reloca-
tion also protect against chromosome breakage.

Loss of Rad52, Rad59, and RPA Sumoylation Impairs the
Relocation of Expanded CAG Repeats to NPC

Su et al. (2015) showed that Rad52 was bound to the CAG repeat
before relocation and removed afterward in a manner dependent
on the SIx5/8 complex. Preventing sumoylation of Rad52 led to
increased repeat fragility and instability to the same level as in
sIx84 cells. These data suggest that sumoylated Rad52 could
be involved in the relocation of the collapsed fork and is removed
through a STUbL-mediated mechanism. However, no decrease
in CAG tract relocation in rad524 cells was observed. One
possible explanation for this is that the Rad52 paralog Rad59
compensates for Rad52 functions. The deletion of both Rad52
and Rad59 resulted in a significant decrease in relocation to
zone 1, although the single rad594 had no effect (Figure 2A).
To determine whether sumoylated Rad52 and Rad59 are
required for relocation, a rad52-3KR rad59-2KR double mutant
was tested. This mutant prevents sumoylation of Rad52 and
Rad59, but it is still expressed and functional (Silva et al.,
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Figure 2. Sumoylated Repair Proteins Rad52, Rad59, and RPA
Facilitate the Relocation of Expanded CAG Repeats to the NPC

(A) Percentage of zone 1 foci for CAG-130 S phase cells in repair protein
mutant strains.

(B) Percentage of zone 1 foci for CAG-130 cells at indicated time points after
release from alpha factor arrest in WT and strains with rad52-smt3 4GG rad59-
smt34GG (smt34GG, missing the last 2 glycines of Smt3 to prevent conju-
gation to other proteins (Silva et al., 2016; Johnson and Blobel, 1997) and rfa’-
smt3 fusion proteins (Smt3 at the C terminus of each). *p < 0.05, **p < 0.01, and
***p < 0.001 compared with WT by Fisher’s exact test. "p < 0.05 compared to
rad52-3KR rad59-2KR by Fisher’s exact test. The number of cells analyzed per
strain ranges from 150 to 270.

See Tables S1 and S4 for the exact number of cells analyzed, percentages,
and p values.

See Table S1 and Figure S6B for zoning data for individual strains.
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2016). A significant decrease in relocation comparable to the full
deletions was observed (Figure 2A). We conclude that
sumoylated Rad52 and Rad59 facilitate the relocation of CAG re-
peats to the NPC.

RPA, which is composed of Rfa1-3 subunits, was also of inter-
est because it binds to ssDNA at the collapsed fork and has
several mono-sumoylation sites. We recently defined four Rfa1
sumoylation sites and showed that mutating these four lysines
(rfa1-K170, -180, -411, and -427R or rfa1-4KR) largely eliminated
Rfa1l sumoylation (Dhingra et al., 2019). We also confirmed that
mutating the previously identified sumoylation sites on Rfa2
(rfa2- K199R) and Rfa3 (rfa3-K46R) (Psakhye and Jentsch, 2012)
greatly reduced the sumoylation of these proteins. A strain that
combined mutations of these sumoylation sites in all three sub-
units of RPA, rpa-6KR, showed a significant decrease in relocation
comparable to rad52-3KR rad59-2KR (Figure 2A). A similar
decrease was seen in the rfa’-4KR mutant (Figure 2A). It was
also possible that rpa-6KR is defective in the recruitment of
Rad52-Rad59, and the defect in relocation seen in rpa-6KR is
an indirect effect. However, rpa-6KR did not affect Rad52-GFP
foci levels in response to MMS treatment; therefore, the observed
rpa-6KR defect is not due to the impairment of Rad52 recruitment
to DNA lesions (Figure S1A; Table S3). We conclude that sumoy-
lated RPA is involved in CAG repeat relocation to the NPC.

Neither of the rpa-KR mutants nor the rad52/59-KR mutant
showed a reduction in relocation down to the six54 level. One
possibility is that sumoylation of all three repair proteins is
required. The triple mutant in which the sumoylation of all three
factors is eliminated showed a more severe decrease in CAG
repeat relocation, similar to the defect seen in six54 and signifi-
cantly decreased from the rad52-3KR rad59-2KR double mutant
(p = 0.03; Table S1), indicating that sumoylation of all three sub-
strates plays arole in the relocation of collapsed forks to the NPC
(Figure 2A). We conclude that sumoylated RPA along with
Rad52 and Rad59 facilitates the movement of CAG repeats to
the NPC.

SUMO Fusion of Rad52, Rad59, and Rfa1 Advances the
Timing of CAG Repeat Relocation to NPC

To further test the roles of sumoylation of Rad52, Rad59, and Rfa1
in mediating relocation and to complement our sumoylation
mutant analysis, we asked whether a gain-of-function allele in
which SUMO is fused to Rad52 and Rad59 or to Rfal to mimic
constitutive sumoylation would promote CAG repeat relocation.
The radb52-smt3 rad59-smt3 strain was previously shown to
have a mild sensitivity to MMS and zeocin and slightly increased
protein expression levels (Silva et al., 2016). Neither the rad52-
smt3 rad59-smt3 strain nor our rfa1-smt3 fusion strain, which con-
tains a linker between Rfal and Smt3, exhibited sensitivity to
0.01% MMS (Figure S2). When tested in the zoning assay, we de-
tected a non-significant increase in S phase cells in zone 1, and
there was no difference from WT cells in G1 for either the rfai-
smt3 or the rad52-smt3 rad59-smt3 mutants (Figure S1B). We
then assessed the timing of re-localization by examining synchro-
nized S phase cells. Consistent with our previous Nup84 chro-
matin immunoprecipitation (ChIP) data (Su et al., 2015), in WT
cells, the CAG-130 repeat was rarely found at the NPC in early
S phase (20 min after release), but the percentage of cells in
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Figure 3. The Effects of the Mms21 SUMO E3 Mutant on RPA, Rad52, and Rad59 Sumoylation

(A-E) Cell lysates of the indicated genotypes were examined by western blotting using antibodies against the tag or the protein as described in Method Details.
Sumoylated forms are indicated by “S.” Note that due to the low level of sumoylation, some sumoylated proteins were not visible at the short exposure shown, but
they were detected at long exposures. Plots show the relative ratios of the sumoylated forms to unmodified forms based on at least 2 independent experiments
using different spore clones of the same genotype (see Method Details). Significant differences between mms2-11 and WT cells are indicated by *p < 0.05 or **p <

0.01 and based on Student’s t test. Error bars show the SEM.

(F) Percentage of zone 1 fociin S and G1 phase cells for a CAG-0 strain (containing the LacO-Lacl-GFP array near ARS607, same as CAG-130 shown in Figure 1A)
treated with 0.2 M HU* 0.033% MMS or 0.3 mg/mL zeocin as compared to untreated. **p < 0.01 and ***p < 0.001 Fisher’s exact test compared to CAG-0 without

drug treatment. The number of cells analyzed ranges from 92 to 159.

zone 1 started to increase slightly by 40 min and was maximal at
60 min (Figure 2B). In contrast, when Rad52 and Rad59 or Rfa1
are fused with SUMO, the CAG repeat relocalized to the NPC
earlier than in WT cells, being significantly increased by the 40-
min time point (Figure 2B; Table S4). This coincided with the
time that Rad52 was detected at the CAG tract by ChIP (Su
et al., 2015). Thus, the attachment of SUMO to Rad52 and
Rad59 or to Rfal advances relocation timing, supporting our
conclusion that sumoylated Rad52, Rad59, and Rfa1 contribute
to the relocation of the collapsed fork to NPCs and that this is a
direct effect.

Mms21 Contributes to the Sumoylation of RPA Subunits
and Rad59

We next tested whether the Mms21 SUMO E3 ligase contributes
to the sumoylation of Rad52, Rad59, and RPA. Biochemically
measurable amounts of sumoylation of these proteins can be de-
tected upon treatment by zeocin, which generates DNA breaks,
including DSBs (Chung and Zhao, 2015). We found that zeocin,
like HU+MMS, leads to an increase in zone 1 foci at ARS607 in
S phase (Figure 3F). This suggests that zeocin, in addition to
causing DSBs, also causes collapsed forks in S phase. This is
different from MMS treatment, which does not cause relocation
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to the nuclear periphery. We thus examined how removing the
Mms21 SUMO ligase domain (mms21-11) affects the sumoyla-
tion of RPA, Rad52, and Rad59 in zeocin-treated cells.

As shown in Figure 3, mms21-11 reduced the sumoylation of
RPA subunits by up to 75% compared to WT levels and repro-
ducibly reduced Rad59 sumoylation levels ~25%, although no
effect was detected for Rad52. This finding provides a link be-
tween the Mms21 SUMO E3 and substrates involved in CAG
repeat relocation and suggests that RPA and Rad59 may be
particularly important targets for Mms21-mediated effects. The
lack of Mms21-dependent sumoylation of Rad52 could be due
to a difference between zeocin-induced damage and a struc-
ture-induced replication barrier, or it could indicate a secondary
role for Siz2, as was hinted at by our zoning data (Figure 1C). We
hypothesize that the presence of the Smc5/6 complex and its
associated Mms21 SUMO ligase at collapsed forks (Lindroos
et al., 2006) provides the required proximity for sumoylation of
RPA and Rad59 by Mms21, whereas Siz1 and Siz2 are recruited
more readily to DSBs, a common byproduct of both zeocin and
MMS-induced DNA damage. This would explain why the more
relevant modification at collapsed forks is Mms21-dependent
sumoylation, even though in other contexts these same repair
proteins are sumoylated by Siz2 (Sacher et al., 2006; Psakhye
and Jentsch, 2012). Our results support the conclusion that
Mms21-dependent sumoylation of key repair proteins occurs
at collapsed forks and indicate that RPA and Rad59 may be
particularly important targets in this situation.

Resection Is Required for the Relocation of Collapsed
Forks to the NPC

For sumoylated RPA, Rad52, and Rad59 to bind at the collapsed
fork and facilitate relocation to the NPC, there needs to be pro-
cessing at the fork. Therefore, we next asked whether fork resec-
tion is required for collapsed fork relocation to the NPC. We
found that independently removing each of the two redundant
enzymes required for longer-range resection, namely the Sgs1
helicase and the Exo1 nuclease, did not affect CAG-130 reloca-
tion to zone 1 (Figure 4A). However, the double mutant did have a
significant decrease (Figure 4A). Since Exo1 and Sgs1/Dna2 are
known to play redundant roles in 5’ to 3’ resection (Mimitou and
Symington, 2008), the requirement for removing both pathways
supports a role for long-range resection. Although RPA is also
involved in long-range resection, loss of Rfal sumoylation, which
reduced CAG repeat localization at the NPC (Figure 2A), did not
affect resection (Figure S3), excluding the possibility that the
observed defects of Rfal sumoylation are due to impaired
resection.

We further tested the Mre11 protein that acts upstream of
Sgs1 and Exo1 to initiate resection. Our previous study found
that cells lacking Mre11 showed a decrease in CAG-130 S
phase relocation to the NPC, but the decrease did not reach
significance. Here, with more cells analyzed, we now find that
the decrease in mre114 cells is significant (Figure 4A, com-
bined data). Mre11 has many functions and we tested several
of these to determine which was required for the relocation of
the collapsed fork. An endonuclease dead allele mre171-D56N
(Moreau et al., 1999; Krogh et al., 2005) showed no effect, indi-
cating that the endonuclease function of Mre11 is not required
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(Figure 4B). Consistent with this conclusion, deletion of Sae2,
which stimulates the Mre11 endonuclease (Cannavo and Cejka,
2014), also had no effect (Figure 4B). However, the mre11-3
mutant, which impairs the exonuclease function of the protein
and the resection at stalled replication forks (Bressan et al.,
1998; Tittel-Elmer et al., 2009), was found to be defective in
CAG repeat relocation to a comparable level as the mre114
(Figure 4B). This suggests that the exonuclease function of
Mre11 is required for CAG repeat relocation. It has been shown
that Mre11 plays a role in removing the heterodimer Ku from
DNA ends to expose them to resection (Mimitou and Syming-
ton, 2010; Teixeira-Silva et al., 2017). This can also occur at
reversed fork ends, which are prominent structures observed
when forks encounter expanded CAG repeats (Nguyen et al.,
2017) and are subjected to Exo1-mediated processing (Cotta-
Ramusino et al., 2005; Lemacon et al., 2017). However, delet-
ing Ku70 did not rescue the mre114 defect in CAG repeat
localization to the NPC (Figure 4B), indicating that the main
role of Mre11 in this process is not to remove Ku70. We did
notice a small decrease in the percentage of zone 1 foci in
ku704 compared to WT cells, suggesting that Ku70 may play
a minor or supporting role in relocation. This effect may be
linked to a previous observation that Ku70 sumoylation partially
requires Mms21 (Zhao and Blobel, 2005). Based on our find-
ings, we conclude that processing the stalled or reversed fork
by the Mre11 exonuclease and resection by Exo1 and Sgs1/
Dna2 are required for the relocation of collapsed forks, likely
by generating ssDNA for repair proteins to bind.

The Smc5/6 Complex Plays a Role in the Relocation of
Expanded CAG Repeats to the NPC

We wanted to test the role of the Smc5/6 complex in the reloca-
tion of CAG repeats to the NPC for several reasons. First, the
Smc5/6 complex is known to be important for rescuing
collapsed forks and has been found to accumulate at replication
pausing sites and collapsed forks (Ampatzidou et al., 2006; Lind-
roos et al., 2006; Menolfi et al., 2015). Second, the movement of
CAG repeats to the NPC is dependent on sumoylation by
Mms21, which is a subunit of Smc5/6. It has been proposed
that the Smc5/6 complex could be a scaffold center for sumoy-
lation in response to DNA damage (Branzei et al., 2006; Chavez
etal., 2010; Bustard et al., 2016). Third, the Smc5/6 complex has
been shown to be required for the relocation of DSBs to the nu-
clear periphery for both heterochromatic breaks in Drosophila
and persistent DSBs in yeast (Ryu et al., 2015; Horigome et al.,
2016). Smc5 is a SUMO target of Mms21 (Zhao and Blobel,
2005), making it an intriguing target to test for a role in relocation.
The nseb-ts1 mutation exhibits reduced Smc5 sumoylation
(Bustard et al., 2012); thus, it was tested here. The nse5-ts1
strain showed reduced collapsed fork relocation to the NPC,
suggesting a role for Smc5 sumoylation (Figure 4C). In addition,
a nse5-ts1 rfa-4KR strain was tested and showed a further
decrease in zone 1 association to the level of mms21-11
(although not significant), supporting the idea that the sumoyla-
tion of Smc5 and repair proteins could both play a role in CAG
tract relocation (Figure 4C). Since the nse5-ts1 mutation could
affect other complex functions, including Mms21 activity, we
also made a Smc5-SUMO fusion construct by fusing Smt3



Cell Reports

>

CAG-130, S-phase

(o]
I3)
S

501

40+

30+

204

101

CAG-130, S-phase

¢? CellPress

OPEN ACCESS

Figure 4. Long-Range Resection and the

release from alpha factor arrest in WT and the smc5-
smt3 fusion strain (Smt3 at the C terminus). p =
0.025 for time point 40. *p < 0.05, **p < 0.01, and

% Zone 1 foci
o
L
*
3
*
3
H
% Zone 1 foci
—_ N w S
e e

> >
(/] ‘\f_-, )

Smc5/6 Complex Are Required for the Relo-
cation of Collapsed Forks to the NPCs
Percentage of zone 1 foci for CAG-130 S phase cells
- in (A) resection mutant strains, (B) mutants removing
ok specific functions of Mre11, (C) Smc5/6 complex
mutants, and (D) cells at indicated time points after
***p < 0.001 compared with WT by Fisher’s exact

test. The number of cells analyzed per strain ranges

N> A> A> A 6_)'> A S D o> > a2
PP S OO A g @ & g OIS from 150 to 288.
&'\\ N N\ @ ‘(\ e\" N I\ See Tables S1 and S4 for the exact number of cells
9,%6 ((\( ((\@ analyzed, percentages, and p values.
See Table S1 and Figure S7A for zoning data for
C 60- CAG-130, S-phase D g0, CAG-130 Timecourse individual strains.
50+ 50+
- - )
£ 404 2 40
© 304 i P 304 tion and disappearance of Rad51 foci par-
= Aokok okt = . . . .
S S alleled the kinetics of repair as in WT cells
) 201 ) 201 — (Waterman et al., 2019). We tested the
10 104 o WWid-ype MMS sensitivity of the complemented
- smch-smt3 . .
0- : 0 ; . ; . . Rad51-mCherry construct in our strain
e ’,\\ A ‘{g 6{& Q o KN N S background and found only a slight sensi-
N N o (K o i ) tivity in line with what was reported for
Q¢ 6‘9 & & & Time after o-factor release (min) "
Q A BN Rad51-GFP* Rad51 (Waterman et al.,
ec:,'e 2019) (Figure S2). The co-localization of

onto the Smc5 C terminus. This construct did not affect growth
or the MMS sensitivity of the cells (Figure S2), but it did result
in a higher percentage of S phase zone 1 foci for the CAG-130
tract, although not a significant one (Figure 4C). To observe the
timing of relocation, G1 cells with the Smc5-SUMO fusion
construct were released into S phase and time points collected.
Similar to the Rfal- and Rad52-Rad59-SUMO fusions, the
Smc5-SUMO fusion led to an earlier association of the CAG tract
with the nuclear periphery (Figure 4D; Table S4). These data are
consistent with the notion that the Smc5/6 complex is involved in
CAG repeat relocation to the NPC in a manner that is mediated
by its sumoylation.

Differential Timing of Mre11, Smc5, Rfa1, SIx5, and
Rad51 Association with the CAG Repeats

To better understand the timing of repair protein association with
the CAG tract, we investigated whether and when Mre11, Smc5,
Rfa1, SIx5, and Rad51 interact with the repeat. To do this, we
tagged each of these proteins with mCherry. An amino acid linker
was added between the protein and a C-terminal mCherry tag in
all of the cases (Mre11, Smc5, SIx5, and Rad51: GGSGGS, Rfa1:
AAAAAAAAG). The tagged proteins were shown to be functional
through MMS sensitivity assays (Figure S2). Rad51 fusions are
known to affect protein function, but it was recently shown that
a Rad51-GFP fusion was non-functional but also not dominant
negative; the repair functionality of both an induced DSB or
MMS-induced damage could be complemented by the addition
of WT Rad51 protein expressed from a plasmid, and the forma-

each protein with the CAG repeat (marked

with GFP at the nearby LacO array) was as-

sessed, and whether the co-localization
was occurring at the nuclear periphery (NP) or not was scored
(Figure 5A).

The actual percentage of co-localization with the CAG repeat
was normalized for both before and after relocation to estimate
specifically the co-localization of the proteins with collapsed
forks. For the data before relocation, Mre11-mCherry was
used as a proxy for collapsed forks, as Mre11 has been shown
to promote the resection and restart of collapsed forks (Trenz
et al., 2006; Tittel-Elmer et al., 2009; Zhu et al., 2018). The data
were normalized by dividing the actual co-localization percent-
ages by 35% (the actual percentage of co-localization for
Mre11-mCherry) to give an estimated percentage of each
tagged protein at collapsed forks. For the data after relocation,
we assumed 75% collapsed forks at the nuclear periphery, as
there is a 25% background based on CAG-0 relocation data
(Su et al., 2015), which was also the remaining percentage in
the six54, smt3-331, and mms21-11 strains (Figure 1). The
data were normalized by dividing the actual co-localization per-
centages by 75% to give an estimated percentage of each
tagged protein at the collapsed forks. Both the normalized and
non-normalized data are shown in Figure 5B.

Before relocation to the NPC, Mre11, Smc5, Rfal, and SIx5
strongly co-localize with collapsed forks caused by the CAG-
130 repeat (77%-100% of the time; normalized data) (Fig-
ure 5B; Table S5). After relocation, they all are still co-localized
with the CAG tract, but to varying strengths, with Smc5 and
SIx5 more strongly associated with the collapsed fork at the
NPC (77% and 97%, respectively) and Mre11 and Rfal less
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Figure 5. Differential Timing of Mre11, Smc5, Rfa1, SIx5, and Rad51 Association with the CAG-130 Repeat Locus Near ARS607

(A) Example images of the CAG locus (GFP) and Rad51 foci (mCherry) co-localization.

(B) Co-localization of mCherry-tagged Mre11, Smc5, Rfa1, SIx5, and Rad51 with the GFP-marked CAG repeat in S phase cells. The location of the CAG repeat, at
the NP or not, was scored along with the co-localization. See also Table S5. The Rad51-mCherry strain contained a CEN plasmid expressing Rad51 under its own
promoter as used in Waterman et al. (2019). Both the actual percentage observed and the estimated percentage at collapsed forks is shown for each tagged
protein. "Estimated percentage at collapsed forks before relocation was calculated by normalizing the percentage of co-localization for each tagged protein to the
percentage of co-localization of Mre11-mCherry with the CAG-130 (35%). Mre11 is used as a proxy for collapsed forks as it has been shown to promote resection
and restart of collapsed forks. “(After relocation) estimated percentage at collapsed forks at the NP was calculated by normalizing the percentage of co-
localization for each tagged protein to 75%, as we see a 25% background of the locus at the NPC based on CAG-0 data (Su et al., 2015).

For before relocation data, **p < 0.01 compared with Mre11-mCherry co-localization by Fisher’s exact test. Comparisons were not done for after relocation data
since it was not normalized to Mre11 occupancy.

See Table S5 for the exact number of cells analyzed, percentages, and p values.

See Figures S4 and S5 for example co-localization images of Mre11-mCherry, Smc5-mCherry, Rfal-mCherry, SIx5-mCherry, and Rad51-mCherry.

strongly associated (39% and 56%, respectively) (Figure 5B; normalized data) (Figure 5B; Table S5). These data indicate
Table S5). These data provide support that the proteins identi-  that most Rad51 protein is recruited only once the CAG repeat
fied as important for relocation are associating with the CAG is at the NPC, which is consistent with Rad51 not being
repeat both before and after the movement to the NPC. In required for relocation (Su et al., 2015). We conclude that
contrast, Rad51 is predominantly co-localized with the Mre11, Smc5, Rfal, and SIx5 associate with the CAG repeat
collapsed fork only when it is at the periphery (77%; normalized before relocation, and Rad51 is primarily recruited after the
data) and very rarely within the internal nuclear space (16%; repeat is at the NPC.
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Figure 6. Rad51 Association with the CAG Repeat Is Restricted Until after Relocation to the NPCs in a Manner That Is Dependent on RPA

Sumoylation
(A) Co-localization of mCherry-tagged Rad51 with the GFP-marked CAG repeat

across several time points after alpha factor release. The location of the CAG

repeat, at the NP or not, was scored along with the co-localization. See Table S6.

(B) Co-localization of mCherry-tagged Rad51 with the GFP-marked CAG repeat in various mutants. The location of the CAG repeat, at the NP or not, was scored
along with the co-localization. See Table S7. Both the actual percentage observed and the estimated percentage at specifically collapsed forks is shown for each
mutant. "Estimated percentage at collapsed forks was calculated as outlined in the Figure 5 legend. *p < 0.05 compared with number of Rad51 fociin WT cells by

Fisher’s exact test.
See Tables S7 and S8 for the exact number of cells analyzed, percentages, and

RPA Sumoylation Is Critical for Restraining the
Association of Rad51 with the CAG Repeat before
Relocating to the NPC

To further investigate the timing of Rad51 co-localization with the
CAG repeat, we scored the co-localization of Rad51 with the
CAG repeat locus across several time points (Figure 6A; Table
S6). At the peak of CAG repeat association with the NPC
(60 min), Rad51 is co-localized with the repeat at the nuclear pe-
riphery 48% of the time. For CAG tracts that are already associ-
ated with the periphery at 50 min, there is also significant Rad51
co-localization (37%), indicating that it is an early event after
NPC association. However, by 70 min, a time point at which
some CAG tracts are being released from the periphery, co-

p values.

localization with Rad51 drops to 22% (Figure 6A). Most notably,
when the CAG tract is not at the nuclear periphery, Rad51 is
almost never co-localized with the repeat in S phase (0%-3%
for 50- to 70-min time points) (Figure 6A; Table S6). This is strik-
ing when compared to the co-localization of the other proteins
associated with the CAG tract in the inner nuclear space (Fig-
ure 5). These data provide strong support that Rad51 mostly as-
sociates with collapsed forks only after relocation to the NPC has
occurred, although it is possible that a small amount of Rad51
not visible as foci could associate earlier. All repair proteins are
most often found at the nuclear periphery (73%-97%; Tables
S5 and S6), regardless of the interaction with the CAG repeat,
pointing to the nuclear periphery being an active area for repair.
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To assess whether sumoylation of the key targets required for
relocation is needed to prevent Rad51 recruitment to the
collapsed fork in the internal nuclear space, we assessed co-
localization of Rad51-mCherry and CAG-130 in several mutants
(rpa-4KR, rpa-6KR, smt3-331, rad52-3KR rad59-2KR, and
six54). The same normalization methods were used as
described for Figure 5B. In the smt3-331 mutant, in which overall
sumoylation is decreased, we saw significantly more co-locali-
zation of the CAG repeat and Rad51-mCherry before relocation
to the nuclear periphery occurs (69% in smt3-331 versus 16% in
WT) (Figure 6B; Tables S7 and S8). Similar results were seen for
rpa-6KR (74%), and both of these values were significantly
different from the level of Rad51 association in the WT strain (p
< 0.05). The rfa1-4KR mutant also had an increase in the co-
localization of Rad51-mCherry with the CAG repeat before relo-
cation to 46%, although the increase was not significant
compared to WT (Figure 6B; Tables S7 and S8), suggesting
that the remaining sites for sumoylation available on Rfa2 and
Rfa3 are providing some level of interference with Rad51 bind-
ing. In contrast, the rad52-3KR rad59-2KR mutant was statisti-
cally equivalent to WT, with no Rad51 co-localizing with the
CAG tract while in the internal nuclear space (Figure 6B; Tables
S7 and S8). Thus, despite their role in relocation, Rad52 and
Rad59 sumoylation are not playing a significant role in excluding
Rad51 binding. The similar increase in Rad51 focus formation in
the smt3-331 and rpa-6KR strains indicates that RPA sumoyla-
tion is primarily preventing Rad51 binding at the collapsed fork
before relocation to the nuclear periphery.

After relocation, there was a marked increase in Rad51 foci co-
localizing with the CAG tract in WT cells from 16% to 77%.
Rad51 association with collapsed forks remained similar to
that before relocation in the rpa-6KR and rfa1-4KR and smt3-
331 mutants (Figure 6B; Tables S7 and S8), as expected since
Rad51 was already associated due to lack of sumoylation at
the fork in these backgrounds. In contrast, Rad51 foci increased
in the rad52-3KR rad59-2KR mutant to 76% as in WT, showing
that the modification state of Rad52 and Rad59 is not a signifi-
cant factor in determining Rad51 binding levels (Figure 6B; Ta-
bles S7 and S8). However, the six54 strain showed significantly
less Rad51 association at the nuclear periphery (40%) compared
to WT (Figure 6B; Tables S7 and S8). It is possible that since SIx5
is needed to tether the collapsed fork to the NPC, Rad51 asso-
ciation is disrupted when tethering is non-functional but sumoy-
lated proteins are still present at the fork, as in this mutant.

DISCUSSION

In this study, we used long CAG repeats as a model to study the
effects of fork stalling and collapse. We aimed to determine the
mechanism by which forks stalled by a DNA structure relocalize
to the NPC. We previously showed that the six54 mutant, which
has a defect in relocation to the NPC, results in increased
genome instability, manifested as increased chromosome
breakage at the expanded CAG tract. We further confirmed
that the deletion of other members of the sumoylation pathway,
which are required for relocation, also have increased chromo-
some breakage. Thus, a better understanding of how sumoyla-
tion is involved in relocation to the NPC will provide insight into
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the mechanisms of fork restart and repair. Our data indicate
that the mechanism by which a fork impeded by expanded
CAG repeats relocalizes to the NPC is dependent on mono-su-
moylation of repair proteins by the Mms21 SUMO ligase that is
associated with the Smc5/6 complex. The sumoylated proteins
then interact with the SIM domains of SIx5 to mediate relocation
to the NPC. Sumoylation is known to be induced in response to
DNA damage, and multiple sumoylated events are often required
to generate a strong effect via a so-called group effect (Sarangi
and Zhao, 2015a, 2015b; Garcia-Rodriguez et al., 2016; Zhao,
2018). Here, we show that sumoylation of repair proteins is
also a critical response to replication stress and replication bar-
riers and demonstrate a group effect of sumoylation in this
context.

We identified specific sumoylated repair proteins (RPA,
Rad59, and Rad52) that are required for the relocation of a
collapsed fork to the NPC in late S phase. Sumoylation of all
three proteins appears to be required, as the mutation of each
one individually was not sufficient to completely impair reloca-
tion, but instead there was an additive effect. This result
suggests that a critical level of sumoylation must be achieved
for efficient relocation to the NPC. Consistently, a minimal level
of resection was also important, presumably to provide a plat-
form for RPA and Rad52/59 binding. Removal of sumoylated
RPA, Rad52, and Rad59 at the same time abolished relocation,
indicating that these proteins are the principal players in medi-
ating interaction with the SIx5 SIM domains. Their sumoylation
loss likely reduces the SUMO moieties at collapsed forks below
a threshold required for the effective recruitment of SIx5 via its
SIMs. Nonetheless, other Mms21 sumoylation targets, such as
Smc5/6, the Ku complex, and Sgs1, are also known to be asso-
ciated with impaired replication forks and could play a support-
ing role. Our data are consistent with a role for Smc5 sumoylation
in this relocation process. Although we found that Sgs1 loss
alone did not affect relocation, it could also play a supporting
role. Sgs1 preferentially interacts with sumoylated Smc5/6 and
RPA via its SIM domain, and Sgs1 sumoylation modulates its
resection activity (Bermudez-Lopez et al., 2016; Bonner et al.,
2016). Therefore, the presence of the Smc5/6 complex and sub-
sequent RPA sumoylation at the stalled fork could promote the
recruitment and sumoylation of Sgs1. This could result in the
activation of resection (together with Dna2 and Exo1), promoting
further RPA binding and sumoylation in a positive feedback loop.
We also showed that constitutive sumoylation of several proteins
(Rfa1, Rad52, Rad59, and Smcb5) advanced the timing of reloca-
tion, indicating that a minimal level of sumoylation is sufficient for
an increase in retention at the periphery. However, the effect is
not observed until 40 min into S phase, which is when Rad52
is detected at the CAG repeat by ChIP (Su et al., 2015). This
result suggests that fork collapse causes additional sumoylation,
leading to more robust relocation. Our data indicate that there is
a threshold of sumoylation required for efficient relocation of the
collapsed fork to the NPC.

One unexpected result was that Mms21 is the main SUMO E3
ligase required for the relocation of an expanded CAG repeat,
even though the Siz2 E3 sumoylates Rad52, Rad59, and RPA
in response to other types of damage (Sacher et al., 2006; Psa-
khye and Jentsch, 2012). Our data show that Mms21 contributes
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significantly to the sumoylation of Rfa1, Rfa2, Rfa3, and Rad59.
We hypothesize that since the Smc5/6 complex accumulates at
collapsed forks (Lindroos et al., 2006), Mms21 is in close prox-
imity to RPA and Rad52/59, favoring Mms21-dependent sumoy-
lation. It is possible that Siz2 plays a small role—for example,
targeting Rad52 —as we did see a non-significant but consistent
decrease in CAG-130 relocation in siz24 mutants. As an
example, initial RPA sumoylation by Mms21 could recruit Siz2
to boost sumoylation of RPA, Rad52, and Rad59 (Chung and
Zhao, 2015). Nonetheless, our results are different from what
was observed at persistent DSBs, where both Mms21 and
Siz2 were found to be necessary for efficient relocation to the
NPC, and a role for Siz2-dependent poly-sumoylation was
observed (Horigome et al., 2016). Consistent with the require-
ment for Mms21 and not Siz2, we also observed that mono-su-
moylation was mainly responsible for CAG-130 relocation. Thus,
the SUMO response at a collapsed fork differs from a persistent
DSB. Furthermore, we confirm that the SIx5 SIM domain is the
critical factor mediating the relocation of collapsed forks, pre-
sumably through interaction with sumoylated RPA, Rad52/59,
and the Smc5/6 complex, and that SIx5 binding occurs both
before and after association with the nuclear periphery.
Mms21 and Smc6 mutants accumulate Rad51-dependent
recombination intermediates at damaged replication forks
(Branzei et al., 2006; Sollier et al., 2009), which is consistent
with our model that Mms21-dependent sumoylation normally re-
strains recombination at stalled forks. Our data provide insight
into the role of Smc5/6 at collapsed forks and link its SUMO
ligase activity to its known function in fork protection.

A key observation was that Rad51 foci were mostly excluded
from the CAG tract while in the internal nuclear space and only
became associated at the nuclear periphery. Notably, this exclu-
sion was dependent on sumoylation of all three RPA subunits,
but not on Rad52 or Rad59 sumoylation. Therefore, RPA sumoy-
lation inhibits Rad51 binding at the collapsed fork. Such a mech-
anism could serve to limit recombination at more transiently
stalled forks that have not collapsed or accumulated extensive
resection. There is evidence that initial Rad51 exclusion from le-
sions is a conserved strategy. For example, heterochromatic
breaks in Drosophila move out of the chromocenter and over
to the nuclear periphery, and Rad51 foci only appear once the
break is at the periphery (Chiolo et al., 2011; Ryu et al., 2015).
For a heterochromatic DSB, sumoylation in general was shown
to prevent Rad51 recruitment in the heterochromatin (Ryu
et al., 2015). We have now identified a specific sumoylation
target, RPA, that is required to prevent Rad51 recruitment to
collapsed forks caused by CAG repeats. In mouse cells, DSBs
move to the periphery of the heterochromatin, and again,
Rad51 is recruited after relocation occurs (Tsouroula et al.,
2016). Similarly, in S. cerevisiae, recombination at DSBs induced
in the rDNA is excluded from the nucleolus in a manner that is
dependent on Rad52 SUMO modification and the Smc5/6 com-
plex (Torres-Rosell et al., 2007). In addition, type Il recombina-
tion at eroded telomeres is promoted by the relocation of the
eroded telomere to NPCs (Géli and Lisby, 2015; Churikov
etal., 2016). However, at a protein-mediated replication fork bar-
rier in Schizosaccharomyces pombe, which causes a much more
pronounced stall compared to a CAG-130 repeat, Rad51 is
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required for relocation to the NPC (K. Kramarz and S. Lambert,
personal communication). We did observe a few Rad51 foci
co-localized with the CAG-130 tract in the nuclear interior (in 3/
94 cells) and short Rad51 filaments will not be visible as a focus
(Mason et al., 2019). Thus, the subtleties of the timing and level of
Rad51 binding and its effect on relocation could depend on the
severity or type of fork collapse. Nonetheless, our result that su-
moylation of RPA by Mms21 prevents the formation of Rad51
foci provides a mechanism to explain the previous observations
of delayed Rad51 association and its dependence on Smc5/6.

Presumably, NPCs and associated components can relieve
the inhibition of Rad51 binding. It is possible that upon NPC
association, the SIx5/8 STUbL enzyme can ubiquitinate sumoy-
lated proteins at the fork, leading to their extraction from chro-
matin and/or degradation. This in turn could facilitate Rad51 ac-
cess to ssDNA. The human RNF4 protein, a SIx5/8 homolog,
interacts with RPA via SIM domains and promotes RPA clear-
ance and Rad51 accumulation at DSBs (Galanty et al., 2012).
Another SIx8 homolog, RFWDS3, can ubiquitinate RPA upon
fork collapse induced by HU and ataxia telangiectasia and
Rad3-related (ATR) inhibition and remove RPA from chromatin
to facilitate the restart of collapsed forks (Elia et al., 2015). As
we observed reduced levels of collapsed fork-associated RPA
at the NPC compared to before relocation, a similar mechanism
involving SIx5/8-mediated RPA clearance may occur in yeast at
the NPC to facilitate Rad51 filament formation. This hypothesis is
in line with our finding that six5 4 both blocks collapsed fork relo-
cation and reduces Rad51 foci levels at peripheral CAG tracts.
Future studies will be needed to further test this model.

Our data support a model that a SUMO-dependent mecha-
nism moves collapsed forks to NPCs, where Rad51 association
occurs (Figure 7). Specifically, upon replication fork stalling at the
CAG repeats in S phase, we envision that collapsed forks can be
produced in the form of reversed or broken forks, although the
exact structure that initiates the response remains to be deter-
mined. Impaired fork structures are then recognized by Mre11,
which could play both a structural role (e.g., recruiting Sgs1/
Dna2) and a nuclease role. Upon Mre11- and Exo1-mediated
DNA resection, the produced ssDNA creates a platform for
RPA binding. The Smc5/6 complex is also recruited to the
collapsed fork, bringing the Mms21 SUMO E3 ligase into close
proximity to sumoylate RPA and other repair factors. Sumoy-
lated RPA disfavors Rad51 accumulation, potentially restricting
recombination at this stage. These sumoylation events facilitate
the relocation of the collapsed fork to the NPC, where SIx5
serves as a bridge between sumoylated proteins (via SIx5
SIMs) and Nup84. Once at the NPC, we hypothesize that SIx8
ubiquitylates the sumoylated forms of repair proteins, potentially
targeting them for removal and/or degradation. Our previous re-
sults provide evidence for SIx8-mediated Rad52 degradation (Su
et al., 2015); however, the details of this part of the pathway
remain to be elucidated. We hypothesize that the removal of
these proteins from the collapsed fork allows for Rad51 loading
at the NPC, which then stimulates HR-mediated fork restart.
Replication through the CTG hairpin (on the leading strand tem-
plate in the construct used here) could be promoted by the Srs2
helicase, which was previously shown to unwind hairpins and
promote fork restart at expanded CTG tracts (Dhar and Lahue,
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Figure 7. Model for the Relocation of Collapsed Forks Caused by Expanded CAG Repeats to the NPC
Refer to the Discussion for a detailed description of the model. Mms21-dependent sumoylation is represented by red arrows. The red circles on the proteins

represent SUMO.

2008; Anand et al., 2012; Nguyen et al., 2017), or by other D-
loop-associated factors. Events at the NPC may also promote
the resolution of HR intermediates or of the stalled fork and the
converging fork. As CAG repeat fragility increases when sumoy-
lation is impaired, our findings indicate that SUMO-mediated
relocation of collapsed forks to the NPC is an important protec-
tive mechanism to maintain genome stability.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Chemicals, Peptides, and Recombinant Proteins

5-FOA US Biological F5050

5x GC rich buffer Empire Genomics IDLO28

Alpha factor Zymo Research Y1001

ID pol Tag polymerase Empire Genomics IDLOO7
Metaphor agarose VWR 50184

Methyl methanesulfonate (MMS) Fisher Scientific AC15689-0050
Zeocin Invivogen ant-zn-05
Hydroxyurea Fisher Scientific AC151680250
NEB Thermo buffer Fisher B9004S
Paraformaldehyde Fisher Scientific AC41678-0250

Cover glasses, high performance, square
2-well concave microscope slides

Zeiss
VWR

474030-9000-000
470019-020

Experimental Models: Organisms/Strains

See Table S9 for a list of yeast strains used
in this study. The background for the yeast
strains used were W1588-4C, W303, or
BY4705.

Freudenreich Lab

Strain number

Oligonucleotides

See Table S10 for a list of primer sequences Eton Bioscience Inc. Primer name

used in this study.

Recombinant DNA

plasmid pFA6a-kanMX6 Longtine et. al 1998 CHF136

plasmid pYM-N35 Janke et al., 2004 CHF397

plasmid pRS415 LEU2 Brachmann et al., 1998 CHF188

plasmid pFA6a-GFP(S65T)-kanMX6 Longtine et al., 1998 CHF139

plasmid pFA6a-13Myc-kanMX6 Longtine et al., 1998 CHF145

plasmid pFA6a-link-yoPA-mCherry-Kan Addgene #44950 CHF677

Software and Algorithms

Fluctuation analysis FLUCALC http://flucalc.ase.tufts.edu/
Image processing and analysis in Java ImagedJ https://imagej.nih.gov/ij/

Image processing and analysis in Zen

ZEN Pro/Zen Lite

https://www.zeiss.com/microscopy/us/
products/microscope-software/zen.html
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Catherine H. Freudenreich (catherine.freudenreich@tufts.edu).

Materials Availability

All unique/stable reagents generated in this study are available from the Lead Contact without restriction.

Data and Code Availability

All raw data are available in the supplemental tables

el Cell Reports 37, 107635, May 12, 2020


mailto:catherine.freudenreich@tufts.edu
http://flucalc.ase.tufts.edu/
https://imagej.nih.gov/ij/
https://www.zeiss.com/microscopy/us/products/microscope-software/zen.html
https://www.zeiss.com/microscopy/us/products/microscope-software/zen.html

Cell Reports ¢? CellP’ress

OPEN ACCESS

EXPERIMENTAL MODEL AND SUBJECT DETAILS

All yeast strains were derivatives of either strain W303, BY4705, or W1588-4C, a RADS5 derivative of W303. Details of strain genotypes
are listed in Table S9. Yeast strains were grown at 30°C and frozen at —80°C for long term storage.

METHOD DETAILS

Yeast strains and genetic manipulation

Standard procedures were used in cell growth and medium preparation. C.H. Freudenreich lab strains are listed in Table S9 and had
either W303 or BY4705 backgrounds. Several point mutant alleles used here have been previously characterized: pSLX5g17234 (Xie
et al., 2007), smx3-331, smt3-3KR, mms21-11 (Bustard et al., 2016), rad52-3KR, rad59-2KR (Silva et al., 2016), rpa-6KR (Dhingra
et al., 2019), rad52-smt34GG, rad59-smt34GG (Silva et al., 2016), mre11-D56N (Moreau et al., 1999), mre11-3 (Bressan et al.,
1998; Tittel-Elmer et al., 2009), and nse5-ts1 (Bustard et al., 2016). The smc5-smt3 and rfa1-smt3 mutants were generated by trans-
formation of a SMT3-KANMX fragment such that Smt3 with a stop codon was fused to the C-terminal end of Smc5 and Rfa1 respec-
tively. Neither the Smc5-Smt3, Rfa1-Smt3 or Smt3-mCherry fusion proteins were sensitive to MMS, indicating that protein function
was not impaired (Figure S2). mCherry was fused to Mre11, Smc5, Rfa1, SIx5, and Rad51 with a linker sequence integrated between
the protein and C-terminal mCherry tag (Mre11, Smc5, SIx5, and Rad51: GGSGGS, Rfal: AAAAAAAAG). For Rad51-mCherry a
plasmid expressing Rad51 under its own promoter was also transformed into the strain; the plasmid is the same one used in
Waterman et al., 2019 and the complemented strain shows a slight MMS sensitivity as previously published (Figure S2). X. Zhao
Lab strains used are listed in Table S9 and were isogenic to W1588-4C, a RAD5 derivative of W303 (MATa ade2-1 can1-100
ura3-1 his3-11,15 leu2-3, 112 trp1-1 rad5-535). The rfa1-4KR mutant allele used here has been previously characterized (Dhingra
et al., 2019). The rfa2-KR and rfa3-KR mutant alleles were generated using the previously published sumoylation sites for Rfa2
(K199) and Rfa3 (K46) (Psakhye and Jentsch, 2012). All rfa mutant alleles were generated using the URA3-based pop-in-pop-out
method as previously described (Reid et al., 2002). Mutations were generated at their endogenous loci and proteins were expressed
from their own promoters, no tag or selection marker was present unless specified. All alleles were verified by sequencing. Similarto a
previous report (Psakhye and Jentsch, 2012) our rfa2-KR and rfa3-KR mutants had undetectable levels of Rfa2 and Rfa3 sumoylation
after treatment with MMS.

Zoning assay

Colonies were checked for 130 CAG repeats by PCR with primers flanking the repeat (CTGRev2/T720). Cells from colonies with the
correct repeat length were grown to approximately 5 x 10° cells per ml in YC media. Cells were fixed with 4% paraformaldehyde and
washed 3 times with 1X PBS. 1.4% YC agar was used to make agar pads on depression slides and 5uL of cells were added on top
with a coverslip. Z stack images were taken using a Zeiss AX10 fluorescent microscope under 100x magnification. Step interval size
was 0.15um and approximately 30 stacks were taken per field of cells. Exposure time was DIC: 100ms; GFP: 500ms. Images were
deconvolved, and three-zoning criteria was used to evaluate the location of the GFP foci for S-phase cells with the ImageJ point
picker program as described in Meister et al. (2010). Only the middle two-thirds of the stacks were used for analysis. S-phase cells
were determined by yeast morphology using bud size criteria of 2/3™ or less the size of the mother cell as described in Hediger et al.
(2004).

Rad52-GFP foci microscopy

Cells were grown overnight in YC media at 30°C, diluted to ODggg of 0.1, and grown to ODggg of 0.3. MMS was added at a concen-
tration of 0.5%. Cultures grown at 30°C for 15 min then washed twice with sterile water. Cell pellets were resuspended in 2mL YC
media and grown for 30 min. Cells were fixed with 4% paraformaldehyde. Z stack images were taken using a Zeiss AX10 fluorescent
microscope under 100x magnification. Step interval size was 0.15um and approximately 30 stacks were taken per field of cells. Expo-
sure time was DIC: 100ms; GFP: 500ms. The number of Rad52-GFP foci per S-phase cells was scored.

MMS+HU and zeocin treatment for zoning assay

Cells were grown overnight in YC media at 30°C, diluted to ODggo of 0.1, and grown again until ODggg reached 0.2. 40 uL of alpha
factor mating pheromone was added to each culture and grown at 30°C for 90 min. Alpha factor was rinsed out by washing three
times with sterile water. Cells were resuspended in YC media with either 0.2M HU+0.033% MMS or 0.3mg/mL zeocin and grown
at 30C for 1 h. Cells were washed with sterile water, resuspended in YC media and allowed to recover for 30 min at 30C. Cultures
were then processed and imaged as outlined in the zoning assay method.

Microscopy time-courses

Colonies were checked for 130 CAG repeats by PCR with primers flanking the repeat. Cells from colonies with the correct repeat
length were grown overnight in YC media at 30°C, diluted to ODggg of 0.1, and grown again until ODggo reached 0.2. 40 uL of alpha
factor mating pheromone was added to each culture and grown at 30°C for 90 min. Alpha factor was rinsed out by washing three
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times with sterile water. The cell pellets were resuspended in YC media and 20, 30, 40, 50, and 60-minute time points were taken.
Each time point was processed and imaged as indicated in the Zoning Assay method.

Mre11, Smc5, Rfa1, SIx5, and Rad51 co-localization assays

Assays were set up and imaged the same as the Zoning assay previously outlined. In addition to exposure to GFP and DIC, cells were
exposed to dsRed for 500ms to visualize the mCherry tagged protein of interest. Only cells with mCherry foci were scored. mCherry
was added to proteins of interest such that it disrupted the stop codon and an appropriate linker sequence was added. For Rad51-
mCherry a plasmid expressing Rad51 under its own promoter was also transformed into the strain as outlined in Waterman et al.
(2019) and cultures were grown in YC-LEU to maintain the plasmid.

Detection of the sumoylation of Rad52, Rad59 and RPA

As sumoylated forms of proteins are dynamic and difficult to detect, in order to quantitively assess the effects of SUMO E3 mutants
on the sumoylation levels of Rad52, Rad59 and RPA, we examined cells treated with 0.3 mg/ml Zeocin (Life Technologies) for 2 hr,
which give rise to abundant sumoylated species of the proteins examined. For Rad52, Rad59 and Rfa1, TCA method was used to
make cell lysates as described (Chung et al., 2015). Briefly, 2x108 cells were collected and lysed by bead beating in the presence
of 20% TCA. The pellet was recovered by centrifugation and incubated with 1X Laemmli buffer at 95°C for 5 min. Proteins were sepa-
rated on 3%-8% Tris-acetate gels (Life Technologies) followed by western blotting with antibodies against Rfa1 (gift from S. Birill) or
TAP- (Peroxidase-Anti-Peroxidase, Sigma). For Rfa2 and Rfa3, the Ni-NTA pull-down method, which minimizes protein desumoyla-
tion, was followed as previously described (Bonner et al., 2016). In brief, yeast SUMO (Smt3) was tagged with either His8 or His6-Flag
atits N terminus and expressed from its endogenous promoter in cells containing WT Rfa2 or HA-tagged Rfa3. 5x108 cells were har-
vested and the prepared protein extract was incubated overnight at room temperature with Ni-NTA resin (QIAGEN) containing 0.05%
Tween20 and 4.4 mM Imidazole. The resin was then washed and eluents were subjected to SDS-PAGE and western blotting with
anti-Rfa2 antibody (gift from S.Brill) to detect sumoylated and unmodified Rfa2 or anti-HA antibody (SC-7392, Santa Cruz) to detect
sumoylated and unmodified Rfa3. Accurate quantification of protein bands was achieved by scanning the western blots using a LAS-
3000 luminescent image analyzer (Fujifilm) with a linear dynamic range of 10*. The signal intensities of non-saturated bands were
measured using Imaged software. Signals of sumoylated Rad52, Rad59 and Rfal from the long exposure blots are divided by
that of their unsumoylated forms from the short exposure blots, in order to use signal values with a linear range of detection. For
Rfa2 and Rfag, signals of their sumoylated forms were divided by the stain. For graphs, data are shown as mean and SEM. Statistical
differences were determined using Student’s t tests.

CAG fragility assay

The CAG repeat tract was amplified from yeast colonies using primers (NewCAGFor/NewCAGRev) spanning the repeats (P1 and P2
in Figure S1C) as described in Sundararajan et al. (2010) to confirm correct tract length. Colonies were grown in YC-Leu liquid media
for 6-7 cell divisions to allow breakage and were plated on FOA-Leu and YC-Leu plates. To assay fragility, colonies growing on FOA-
Leu and YC-Leu were counted, and a rate of mutation was calculated using the method of maximum likelihood with the online pro-
gram FLUCALC (Polleys and Freudenreich, 2018; Radchenko et al., 2018). A representative number of FOA-Leu plates for each strain
were replica plated to YC-HIS plates and percent end loss was calculated. At least three independent assays were performed per
strain.

Resection assay

DSB resection assays were performed as previously described (Chen et al., 2013). A DSB at the MAT a locus was introduced by
galactose-inducible HO endonuclease. Cells were collected at the indicated time points after HO induction. Genomic DNA was iso-
lated and an aliquot was subjected to Xbal and Styl digestion. Digested DNA was then subjected to native agarose gel electropho-
resis, transferred to Hybond XL membrane (GE Healthcare) and hybridized with two radiolabeled DNA probes that recognize regions
0.7 kb and 3.0 kb away from the HO cut site. A Dnl4 probe was used to indicate loading. The proportion of unresected DNA at each
time point was calculated as the ratio of the signal intensity at that time point to that at 30mins after HO induction and then normalized
to the Dnl4 signal. The values at 30mins were set to 100%.

QUANTIFICATION AND STATISTICAL ANALYSIS
Prism software was used to calculate statistical significance. For microscopy experiments Fisher’s exact test was used. For CAG
fragility assays Student’s t test was used. Error bars for CAG fragility assays are representing SEM. The number of cells analyzed,

assays performed, and p values are denoted in the supplementary tables. For western blot quantifications statistical differences
were determined using Student’s t tests.
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Figure S1 Related to Figures 1 and 2: A) Percentage of S-phase cells with the indicated number of MMS induced
Rad52-GFP foci in wild-type and rpa-6KR strains. 138 cells were analyzed for wild-type and 236 cells were
analyzed for rpa-6KR; raw values in Table S3. B) Percent of Zone 1 foci for CAG-130 G1- and S-phase cells in
wild-type, and rad52-smt3 rad59-smt3, and rfal-smt3 strains. Smt3 is at the C-terminus of each. The number of
cells analyzed per strain ranges from 150-283. See Table S1 for the exact number of cells analyzed, percentages, and
P-values. See Table S1 and Figure S7B for zoning data for individual strains. C) Schematic of the CAG fragility
assay. Pland P2 arrows indicate primers used to confirm CAG tract length prior to each experiment. The G4T4
sequence proximal to the CAG repeat facilitates recovery of end loss events by providing a seed for telomere
addition by telomerase.
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Figure S2: MMS sensitivity spot assay for mutants. Related to Figures 2, 3, 5, and 6.
Growth of mutants on YEPD media containing 0.005% and 0.01% methyl methanesulfonate (MMS) as compared to
YEPD media without MMS. Cells were 10-fold serially diluted six times and grown at 30C for two days.
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Figure S4: Co-localization example images in S-phase cells. Related to Figure 5. Example images of the CAG
locus (GFP) and tagged protein foci (mCherry) co-localization for data in Figure 5. A) Mrel1-mCherry B) Smc5-
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Figure S6: Raw zoning assay data separated by strain. Related to Figures 1and 2. Percentage of zone 1 foci for
individual strains from A) Figure 1 and B) Figure 2. Each mutant has a unique color and the data for individual
strain numbers is shown followed by the combined data labeled with the mutant name. See Table S1 for the exact

number of cells analyzed, percentages, and P-values.
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Figure S7: Raw zoning assay data separated by strain. Related to Figures 4 and S1. Percentage of zone 1 foci
for individual strains from A) Figure 4 and B) Figure S1. Each mutant has a unique color and the data for individual
strain numbers is shown followed by the combined data labeled with the mutant name. See Table S1 for the exact

number of cells analyzed, percentages, and P-values.



Supplementary Table 2: Fragility Analysis of CAG-105 repeats on the LEU2-URA3-HIS3 YAC. Related to
Figure 1.

Average
Rate of
FOAR (x10°6)
+* SEM

Rate of FOAR
(x10°%) for each
assay

111
10.2
Wild-type 10.1+0.52 112 5 96
9.6
8.4
26.3
29.3
slxS/ 24.53 +1.99 500 2.4 4 92 0.0001
216
55.1
216
smt3-331 38.1+8.53 60.4 3.8 5 98 0.0113
35
184
16.4
29.8
134
mms21-11 19.45 +2.49 233 1.9 6 97 0.0087
18.7
15.1

Fold over | No.of | % End | p-value
WT assays loss to WT

Supplementary Table 3: Rad52-GFP foci analysis in wild-type and rpa-6KR strains. Related to Figure S1.

No. of Rad52-GFP foci per cell
Strain 0 1 2 3 Tg:ile:\llso'
e | % | e | % | e | %] i | %
Wild-type 39 28.2 82 59.4 15 11 2 1.4 138
rpa-6KR 69 29 149 63 18 8 0 0 236

Supplementary Table 4: Zoning Assay time course analysis of rad52-smt3rad59-smt3 and smc5-smt3. Related
to Figures 2 and 4.

Strain
. rad52-smt3
Wild-type rad59-smi3 smch-smt3 rfal-smt3
No. Zone 1 foci 44 37 44 45
Time % 21.8 24.7 27 29
after a- 20 Total No. cells 202 150 161 154
factor
release p-value to WT* 0.5254 0.2672 0.1106
(minutes) 4o |_No- Zone 1 foci 57 57 43 53
% 32 36.5 28.2 33




Tagged
Protein

Mrell
Smc5
Rfal
SIx5

Rad51

Total No. cells 179 156 152 159
p-value to WT* 0.4186 0.5484 0.8164
No. Zone 1 foci 47 88 72 58
% 26.9 38.2 38.3 38.4
40 ™ Total No. cells 175 230 188 151
p-value to WT* 0.02 0.025 0.0323
No. Zone 1 foci 71 93 75 83
- % 34 46.5 38.7 45
Total No. cells 206 200 194 185
p-value to WT* 0.0153 0.4068 0.0386
No. Zone 1 foci 89 75 77 69
% 489 46 42.8 46
60 Total No. cells 182 163 180 151
p-value to WT* 0.6659 0.2481 0.5828

*using the Fisher’s exact test

Supplementary Table 5: Co-localization of mCherry tagged proteins with the CAG repeat in S-phase cells.
Related to Figure 5.

A B c D E F G H I J 0 (i K
5
% (#) of %H | %EH | CAG

% | % % | %E | %E | Cca

%) | %) CAG CAG = CAG
Toal# | caGat | CAG | (G | CAC | ang | TAC CACEL | CAC | at NP
WI

of cells NOT at NOT
at NP, | without with tagged

NOT | % (#) of
NOT at NOT at NP tagged

NP at NP tagged NP at NP with protein at

NP at NP

counted | ithout | with protein without | with the NP
; f . tagged e
et e U oo gl W S e (0
protein | protein rg?ein rg?ein but not patNP ?A+E) p(B) (B/(G*+ | protein | protein (©/(1+ = [Total)
P P co-loc B)) (C+F) (D) D))

75 | 13(1) | 20(15) | 0(0) 1(%)7 48(36) | 20(15)  49(37) | 20(15)  29(15)  20(15)  11(8) @ 35(8) @ 88 (66)
263 | 358 242 | 137

95 4@ BEH | 66 14013 20D 1BAD (g e BEH | gn | oy B 7602

90 1) | 274 1) | 1009 ?gz? %5’3? 36(33) | 27(24) | 42(24) | 27(24)  10(9) @ 27(9) = 88(79)

105 3(3) | 44(46) 3(3) | 13(14) 10(11) | 27(28)  13(14) | 44(46) 73(46) 30(31) 13 (14) 31(14) 81 (85)

94 5() | 25(23)  18(17)  3(3) | 13(12) 36(34)  18(17) K 25(23) 58(23)  54(51) 3 (3) (g)'f* 73 (69)

For before relocation (**) p=0.002 compared with Mrell-mCherry by Fisher’s exact test. Comparisons were not
done for after relocation data since it wasn’t normalized to Mrel1 occupancy.
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Supplementary Table 6: Timecourse of Rad51 co-localization with the CAG repeat. Related to Figure 6.

A B C D E F G H
% (#)
%@#H) | %@H) | CAG | %@ | %@H) | %@ | %@of
Total # C?{g\é#;t (é’ A(‘é) CAG CAG and CAG | CAGat | CAG CAG at
of cells NP anp | NOTat | NOT | Rad5l | NOT NP at NP NP with
counted without | with NP atNP | atNP, | atNP, | without | with Rad51
Radel | Ragsy | Without | with but | Rad51 @ Rad51 @ Rads1 @ (B/(G*B))
Rad51 | Rad51 not at NP (A+E) (B)
co-loc
25 13 36 25
94 5 (5) 23) 18(17) | 3(d) (12) (39) 18 (17) (23) 58 (25)
16 25 48 15.9
63 2(1) (10) 9 (6) 0 (0) (16) (30) 27 (17) (10) 37 (10)
30 27 30 29.8
94 5 (5) (28) 7(7) 1(1) (25) (28) 32 (30) 28) 48 (28)
31 57 30.5
95 0(0) 8 (8) 4 (4) 0 (0) 29) (54) 29) 8.4 (8) 22 (8)
28 52 30.2
96 2(2) 9 (8) 5 (5) 4 (4) @7) (50) 29) 8.3(8) 22 (8)

Supplementary Table 7:

J

Figure 6.
A B C D E F G
% (#)
%) | %) %) | %@ | %)
Total # coﬁc(s#;t A A(’é) CAG | CAG iﬁf CAG CAGat CAG
of cells NP anp | NOTat | NOT | .., NOTat NP at NP
counted without | with NP at NP at NP NP, without | with
Rad51 Rad51 without with but nc;t Rad51 Rad51 Rad51
Radsl | Radsl | "M% atNe | (A+E) | (B)
9% 5(6) | 22 | 18(17)  3(3)  13(12) 36(34)  18(17) @ 2>
23) 23)
54 2(1) | 28(15) | (0)0 | 7(4)  39(21) 24(13) @ 41(22) ég)
253 101 253 | 253
| 130 | Go | 130 | g | 269 | BE0) | B | o
94 2020 | 100)  5(0) (ﬁ) 17(16) | 54(51)  19(18) = 9(9)
106 33 22 | 2@ | 00 1637 5467 190 | 22
27) @7)
68 30 X 302 | 4@  34@3) 0@ | 37es) | 1
(11) (11)

% (#)
of
CAG
at NP
with
Rad51
(B/(G
+B))

58
(23)

57
@7)

30
(11)*

% (#)
CAG
NOT at
NP
without
Rad51
(C+F)

54 (51)

57.1
(36)

37 (35)
61.1
(58)

57.3
(55)

% (#)
CAG
NOT
at NP
with
Rad51
(D)

3(3)
0(0)
1(1)
0(0)

4.2 (4)

Rad51 co-localization with the CAG repeat in mutant S-phase strains. Related to

J

% (#)
CAG
NOT at
NP
without
Rad51
(C+F)

54 (51)
24 (13)
39 (31)

60 (56)

56 (59)

43 (29)

(*)p<0.05 compared with wild-type by Fisher’s exact test. Exact p-values listed below in Table S8.

% (#)
CAG
NOT
at NP
with
Rad51
(D)

3(3)

7(4)

10.1
(®)

(11)

0 (0)

4(3)

% (#) of
CAG
NOT at
NP with
Rad51
(DI(1+D))
5.6 (3)
0(0)
2.7 (1)
0(0)

6.8 (4)

10 3)

% (#) of
Rad51 at
the NP
((B+E+F
)/Total)
73 (69)
88 (56)
86 (81)
97 (91)

89 (85)

% (#) of
Rad51 at
the NP
((B+E+F
)/Total)
73 (69)
91 (49)
87 (69)

81 (76)

95 (101)

90 (61)



Supplementary Table 8: p-values for Rad51 co-localization with CAG repeat in mutant S-phase strains.

Related to Figure 6.

Mutant strain

p-value to WT (Fisher’s
exact) for % CAG NOT
at NP with Rad51

p-value to WT (Fisher ‘s
exact) for % CAG at
NP with Rad51

smt3-331 0.05 0.1733
rpa-6KR 0.046 0.654
rfal-4KR 0.087 0.0805
rad52-3KR rad59-
KR 0.106 1.0
six54 0.6664 0.0224
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