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Abstract

DNA damage tolerance relies on homologous recombination (HR)
and translesion synthesis (TLS) mechanisms to fill in the ssDNA
gaps generated during passing of the replication fork over DNA
lesions in the template. Whereas TLS requires specialized poly-
merases able to incorporate a dANTP opposite the lesion and is
error-prone, HR uses the sister chromatid and is mostly error-free.
We report that the HR protein Rad52—but not Rad51 and Rad57—
acts in concert with the TLS machinery (Rad6/Rad18-mediated
PCNA ubiquitylation and polymerases Revl/Pol () to repair MMS
and UV light-induced ssDNA gaps through a non-recombinogenic
mechanism, as inferred from the different phenotypes displayed in
the absence of Rad52 and Rad54 (essential for MMS- and UV-
induced HR); accordingly, Rad52 is required for efficient DNA
damage-induced mutagenesis. In addition, Rad52, Rad51, and
Rad57, but not Rad54, facilitate Rad6/Rad18 binding to chromatin
and subsequent DNA damage-induced PCNA ubiquitylation. There-
fore, Rad52 facilitates the tolerance process not only by HR but
also by TLS through Rad51/Rad57-dependent and -independent
processes, providing a novel role for the recombination proteins in
maintaining genome integrity.
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Introduction

Apart from a number of specialized DNA repair mechanisms aimed
to deal with the different types of DNA damage, cells are endowed
with mechanisms to tolerate DNA lesions that hinder the advance of

& Félix Prado™”

replication forks, thus ensuring timely chromosome replication
(Broomfield et al, 2001; Friedberg, 2005). The mechanisms of DNA
damage tolerance (DDT) help replication forks to pass through the
lesions and fill in the stretches of single-stranded DNA (ssDNA)
generated during the blocking of the fork. The DDT response
involves two different evolutionarily conserved strategies to fill in
the ssDNA gaps: translesion synthesis (TLS) and homologous
recombination (HR) (Sale, 2013; Prado, 2014, 2018; Branzei &
Psakhye, 2016). TLS mechanisms use specialized polymerases that
are able to incorporate a nucleotide opposite the lesion (Fig 1A), yet
this process can be mutagenic as these polymerases display low
fidelity. In Saccharomyces cerevisiae, there are three TLS poly-
merases: Revl, Pol { (formed by the catalytic subunit Rev3 and the
regulatory subunits Rev?7, Pol31, and Pol32), and Pol n (encoded by
RAD30) (Sale, 2013; Zhao & Washington, 2017). Their contribution
to DDT is influenced by the dose and type of blocking lesions, and
their activity (at least for Revl/ Pol {) is most dominant in G2/M
(Prakash, 1981; Paulovich et al, 1997; Baynton et al, 1998; Torres-
Ramos et al, 2002; Lopes et al, 2006; Waters & Walker, 2006;
Daigaku et al, 2010).

In marked contrast to TLS, HR mechanisms use the intact sister
chromatid to fill in the ssDNA gaps and are considered error-free
(Fig 1A). These mechanisms have been extensively studied in yeast,
where they require different components including Rad51, Rad52,
Rad55/Rad57, and Rad54 (Prado, 2018). The recombinase Rad51
provides strand annealing and exchange activities. The mediator
Rad52 competes with the ssDNA-binding replication protein A (RPA
complex; formed by Rfal, Rfa2, and Rfa3) to load Rad51 and form
the ssDNA/Rad51 nucleofilament that initiates the search for homol-
ogy. The helper complex Rad55/Rad57 is involved in the stabiliza-
tion of the ssDNA/Rad51 nucleofilament. Finally, the translocase
Rad54 is involved in the processing of early and late recombination
intermediates.

A key component in the control of DDT is the replication proces-
sivity factor PCNA (Hoege et al, 2002). In response to replicative
DNA damage, but not double-strand breaks (DSBs), the Rad6/Rad18
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complex monoubiquitylates PCNA at lysine 164 (Hoege et al, 2002;
Davies et al, 2008), a modification that promotes the recruitment of
the TLS polymerases (Bienko et al, 2005). This ubiquitin residue is
further extended with a K63-linked polyubiquitin chain by the activ-
ity of the Mms2/Ubc13/Rad5 complex (Hoege et al, 2002; Lopes
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et al, 2006; Daigaku et al, 2010). The HR proteins act in concert with
polyubiquitylated PCNA to form sister chromatid junctions (SCJs)
as an intermediate to fill in the gaps of ssDNA (Liberi et al, 2005;
Mankouri et al, 2007; Branzei et al, 2008; Minca & Kowalski, 2010;
Vanoli et al, 2010; Karras et al, 2013; Giannattasio et al, 2014). HR
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Figure 1. Persistence of MMS-induced Rad52 foci in TS-deficient cells.

EMBO reports

A Scheme for the two major mechanisms of DDT: HR and TLS. An asterisk represents a blocking DNA lesion for the replicative polymerase.

B Representative image of wild-type cells with MMS-induced Rad52-YFP foci (bright field and fluorescence signal)

C-G ssDNA repair efficiency of the indicated TS mutants as determined from the maximal and final percentages of cells with Rad52 foci during the time course (right
panels). Cells were synchronized in G1 and released into S phase in the presence of 0.033% MMS for 1 h (60+), treated with 2.5% sodium thiosulfate to inactivate
the MMS, washed, and released into fresh medium for different times. They were also released into medium without MMS for 1 h to control the formation of
spontaneous Rad52-YFP foci (60-). The percentage of cells with foci at each point was normalized to the highest value of the wild type, taken as 100 (left panels).
Cell cycle progression was determined by cell sorting. The mean and SEM of 3 (wild type, rad18A, mms2A, rad51A, rad57A, rad54A), 4 (pol30-K164R), and 5 (rad5A)
independent experiments are shown. Statistically significant differences according to an unpaired two-tailed Student’s t-test are shown, where three asterisks

represent P-values < 0.001.

Source data are available online for this figure.

can also deal with ssDNA gaps through an UbPCNA-independent
mechanism. This UbPCNA-independent HR mechanism is also asso-
ciated with SCJs (Branzei et al, 2008) and seems to deal with ssSDNA
fragments that remain unrepaired after S phase; accordingly, it is
inhibited during S phase by Ubc9/Siz1-dependent PCNA sumoyla-
tion at lysines 164 and 127 and further recruitment of the antirecom-
binogenic helicase Srs2 (Schiestl et al, 1990; Pfander et al, 2005;
Papouli et al, 2005). In contrast to UbPCNA/HR, the UbPCNA-inde-
pendent HR pathway can lead to chromosomal rearrangements
(Motegi et al, 2006). The UbPCNA-dependent and UbPCNA-inde-
pendent HR pathways are also termed template switching (TS) and
salvage pathway, respectively (Karras et al, 2013; Prado, 2014,
2018; Branzei & Psakhye, 2016).

Epistatic analyses between HR and TLS mutants on DNA damage
sensitivity have genetically separated the role of HR proteins from
TLS (Rattray et al, 2002; Ball et al, 2009). In fact, the frequency of
UV light-induced mutagenesis in cells defective in nucleotide-
excision repair (NER)—essential for the removal of UV-induced
photoproducts—is increased in a rad5S2A mutant. This has been
interpreted as a consequence of channeling the filling of most
ssDNA gaps to TLS (Paulovich et al, 1998). However, the interplay
between HR proteins and TLS is more complex. Thus, the absence
of RadS2 in NER proficient cells decreases the frequency and alters
the type of UV- and ethyl methanesulfonate (EMS)-induced muta-
tions (Prakash & Higgins, 1982; Kunz et al, 1992; Armstrong et al,
1994), which might reflect a role for Rad52 in TLS (Armstrong et al,
1994). However, these phenotypes might also be due to the loss of
recombinational repair, a process that can increase the rate and type
of mutations (Hicks et al, 2010). An additional level of complexity
in the interplay between HR and TLS proteins comes from their role
in spontaneous and DSB-induced events. However, a distinctive
feature with the DDT mechanisms is that the repair of spontaneous
and DSB lesions is not associated with PCNA ubiquitylation (Hoege
et al, 2002; Stelter & Ulrich, 2003; Hirano & Sugimoto, 2006; Chen
et al, 2006; Sharma et al, 2012).

Here, we show that Rad52—but not Rad51 or Rad57—acts in
concert with the TLS machinery to repair methyl methanesulfonate
(MMS)- and UV-induced ssDNA gaps in a non-recombinogenic
manner, as inferred from the different phenotypes displayed by
rad52A and rad54A mutants. Accordingly, Rad52 is required for effi-
cient DNA damage-induced mutagenesis. In addition, Rad52 cooper-
ates with Rad51 and Rad57—but not Rad54—to promote efficient
Rad6/Rad18 binding to chromatin and in response to replicative
DNA lesions, PCNA ubiquitylation. Therefore, Rad52 can facilitate
both HR and TLS at DNA repair centers, suggesting a regulatory

© 2020 The Authors

function for this protein in the decision of tolerating DNA damage
through mutagenic or recombinogenic mechanisms.

Results
Persistence of MMS-induced Rad52 foci in TS-deficient cells

DNA damage induces the formation of DNA repair centers that can
be visualized as nuclear foci using recombination proteins fused to
a fluorescent protein (Fig 1B; Lisby et al, 2001). In the case of MMS,
these foci mark post-replicative Rad52-mediated gap filling events
(Gonzalez-Prieto et al, 2013; Wong et al, 2020). We decided to
follow the disappearance of Rad52 centers formed in response to
MMS to explore the genetic contribution of the different DDT path-
ways to the post-replicative repair of ssDNA gaps. For this, cells
expressing Rad52-YFP, which is functional in response to MMS
(Gonzalez-Prieto et al, 2013), were synchronized in G1 and released
into fresh medium in the presence of 0.033% MMS for 1 h, treated
with sodium thiosulfate to inactivate the MMS, washed, and incu-
bated in fresh medium for different times. All time courses included
a wild type to control the experimental variation in the G1 release
and cell cycle progression between different sets of experiments.
The maximal fraction of wild-type cells with Rad52 foci was ~40-
60% and was reached 1-2 h after MMS inactivation, coinciding with
completion of DNA replication. This percentage of wild-type cells
with Rad52-YFP foci dropped to ~10% 5-6 h later (Fig 1, left panels;
note that plotted values have been normalized to the highest value
of the wild type, taken as 100). The efficiency of ssDNA repair,
determined from the maximal and final percentages of cells with
Rad52 foci during the time course, was ~80% (Fig 1, right panels;
see Material and Methods for calculation). To address the relevance
of DDT-induced PCNA modifications on Rad52-associated gap
filling, we analyzed the effect of pol30-K164R, which expresses a
PCNA complex mutated in its major site of ubiquitylation and
sumoylation (Hoege et al, 2002). The efficiency of repair in pol30-
K164R cells was reduced to ~20% (Fig 1C), suggesting that the
modification of PCNA at lysine 164 is important for the resolution of
Rad52 foci. Since PCNA polyubiquitylation at lysine 164 cooperates
with recombination proteins in the process of TS (Prado, 2014,
2018; Branzei & Psakhye, 2016), we followed the accumulation of
Rad52 foci in the absence of PCNA ubiquitylation (Rad18, Mms2,
and Rad5) and HR (Rad51, Rad57, and Rad54) factors. The percent-
age of cells with Rad52 foci 1-2 h after MMS release was similar in
these mutants to that displayed by the wild type, except for the

EMBO reports  22:e50410(2021 3 of 20



EMBO reports

Gp::RAD18

1

cells with foci (normalized %) cells with foci (normalized %) €

O

cells with foci (normalized %)

100 4

80 1

601

401

201

Rad52-YFP

B wt
M rad18A
Gp::RAD18

efficiency of ssDNA repair (%)

cells with foci (normalized %)

Rad52-YFP

Gp::MMS2

Maria | Cano-Linares et al

80 1

60

404

20 4

efficiency of ssDNA repair (%)

0
wt Wéfbv O% abec
& .?‘V
rad18A o
N ;
G1 60- 60+ 1 2 3 5 7 G1 60+ 1 2 3 5 7
time after release from 0.033% MMS (h) time after release from 0.033% MMS (h)
'''' > o Gal > G G1 G > a
Gal Gal Gal
----- » G1—pG1 > b
Gal Glu Glu
G1—» Gt > » C
Gal Gal Glu
Rad52-YFP
W wt
001 reviA
o1 oo ot L Lol ALl L [T
rad30A
. e | LA L Al [l
40
rev3A
20 J J J u
0 = ' = rad30n
G1 60-
reviA I | '
W wt rev3hA
0o M reviA rev3A m
rev
80 rev1A rad30A r rad30A AL ' ' ' ‘ I‘
rev3A rad30A . ”
T rev.
60 revi1A rev3A rad30A T rad30n J_ ‘ Ii ‘ ' I l I‘
40 reviA
20 l ‘ rev3A
rad30A
G1 60- 60+ 1 2 7
ol Bilbder - - -
G1 60- time after release
from 0.033% MMS (h)
time after release from 0.033% MMS (h)
Rad52 foci Rad52-YFP

Figure 2.

4 of 20

efficiency of ssDNA repair (%)

o
S

©
o

@
=1

N
S

n
=1

o

WE D o o> oV > >
e® &0 gb q,o &bs &QV

EMBO reports 22: 50410 | 2021

100 4

804

60 4

404

204

cells with foci (normalized %) m

wt

pol32a

Hwt

M pol32A

1=
=}

-3
S

@
=}

N
S

N
=}

efficiency of ssDNA repair (%)

i

G1

60-

60+

1

2

3

o

wtrbrbv

5

time after release
from 0.033% MMS (h)

© 2020 The Authors



Maria | Cano-Linares et al EMBO reports

Figure 2. Persistence of MMS-induced Rad52 foci in TLS-deficient cells.

A ssDNA repair efficiency of cells expressing RAD18 from the GALI promoter as determined from the maximal and final percentages of cells with Rad52 foci during the
time course (right panel). Cells were synchronized in G1 from galactose-containing medium and released into S phase in the presence of 0.033% MMS for 1 h,
treated with 2.5% sodium thiosulfate to inactivate the MMS, washed, and released into fresh medium for different times. Cells were shifted to glucose-containing
medium 1 h after MMS inactivation. The percentage of cells with foci at each point was normalized to the highest value of the wild type, taken as 100 (left panel).
See Fig EV1A for control cells released in galactose-containing medium during the entire time course.

B ssDNA repair efficiency of cells expressing MMS2 from the GAL1 promoter as determined from the maximal and final percentages of cells with Rad52 foci during the
time course (right panel). Cells were synchronized in G1 from galactose-containing medium and maintained in galactose (a, c) or shifted to glucose (b) for 1 h in
G1; subsequently, cells were released into S phase in the presence of 0.033% MMS for 1 h, treated with 2.5% sodium thiosulfate to inactivate the MMS, washed,
and released into fresh medium for different times. Cells were maintained either in galactose (a), glucose (b) or shifted to glucose 2 h after MMS inactivation (c).
The percentage of cells with foci at each point was normalized to the highest value in galactose, taken as 100 (left panel). Wild-type and mms2A controls were
analyzed in parallel (Fig EV1B).

C-E ssDNA repair efficiency of the indicated TLS mutants as determined from the maximal and final percentages of cells with Rad52 foci during the time course (D and
E, right panel). Cells were synchronized in G1 and released into S phase in the presence of 0.033% MMS for 1 h, treated with 2.5% sodium thiosulfate to inactivate
the MMS, washed, and released into fresh medium for different times. The percentage of cells with foci at each point was normalized to the highest value of the
wild type, taken as 100 (C and E, left panel).

Data information: The mean and SEM of 4 (A), 3 (B, E) and 3-12 (C, D; 12 (wild type), 6 (rev1A, rev3A, rad30A, revlA rad30A, rev3A rad30A), and 3 (revIA rev3A and
revlA rev3A rad30A) independent experiments are shown. Statistically significant differences according to an unpaired two-tailed Student’s t-test are shown, where one,
two, and three asterisks represent P-values < 0.05, < 0.01, and < 0.001, respectively.

Source data are available online for this figure.

rad57A and radS54A mutants that exhibited an unexpected lower
percentage (Fig 1D-G). Importantly, in all cases the efficiency of
ssDNA repair dropped to less than 20% (Fig 1D-G). These results
suggest that the TS machinery is required for efficient post-
replicative ssDNA gap repair at Rad52 foci.

Persistence of MMS-induced Rad52 foci in TLS-deficient cells

TS operates mostly in S phase (Karras & Jentsch, 2010; Daigaku et al,
2010; Ortiz-Bazan et al, 2014). Thus, PCNA polyubiquitylation
should be dispensable for HR after completion of DNA replication.
To address this point, the RADI8 promoter was replaced by the
GALI promoter (Gp::RADI8), which is expressed in the presence of
galactose and repressed in the presence of glucose. Accordingly, the
kinetics of Rad52 foci accumulation in Gp::RADIS8 cells grown in
galactose was similar to that displayed by wild-type cells (Fig EV1A),
indicating that Rad18 expression from the GALI promoter sustained
DNA repair. Interestingly, if Rad18 expression was repressed after
completion of DNA replication (1 h after MMS inactivation) by shift-
ing the cells from galactose to glucose-containing medium, a signifi-
cant percentage of Rad52 foci persisted at the end of the time course
compared to the wild type (Fig 2A). This suggests that PCNA ubiqui-
tylation is required for efficient ssDNA gap repair at Rad52 centers
after completion of S phase. To confirm that this requirement was
for PCNA monoubiquitylation and not polyubiquitylation, we
repeated the analysis using a strain in which the MMS2 gene was
under control of the GALI promoter (Gp::MMS2). In this case, cells
expressing MMS2 from the GALI promoter in galactose repaired the
MMS-induced ssDNA gaps with lower efficiency (~50%; Fig 2B,
condition a) than wild-type cells (~80%; Fig EV1B). Repression of
Mms2 expression for only 1 h before release into S phase was suffi-
cient to cause a complete defect in Rad52-associated ssDNA repair
(Fig 2B; compare conditions a and b). In contrast, repression of
Mms2 expression after completion of DNA replication (2 h after
MMS inactivation) did not compromise repair efficiency as compared
with cells continuously expressing Mms2 (Fig 2B; compare condi-
tions a and c), indicating that PCNA polyubiquitylation is unlikely to
be important in G2/M. These results are consistent with a specific
role for PCNA monoubiquitylation in the resolution of Rad52 foci.

© 2020 The Authors

In addition to priming PCNA polyubiquitylation for TS, Rad18-
mediated PCNA monoubiquitylation is required for the recruitment
of TLS polymerases to DNA lesions (Hoege et al, 2002; Stelter &
Ulrich, 2003; Bienko et al, 2005). Moreover, Revl-dependent TLS
occurs preferentially in G2/M (Waters & Walker, 2006). Thus, we
examined if blocking TLS by eliminating the TLS polymerases also
impairs ssDNA processing at Rad52 repair centers. Remarkably, the
absence of any of the highly mutagenic polymerases, Rev1 or Pol {,
in revIA or rev3A cells reduced the efficiency of ssDNA repair at
Rad52 foci (~35-40%), whereas the absence of Pol 1 in rad30A had
a much weaker effect (Fig 2C and D). Interestingly, the lack of a
regulatory subunit of Pol { in pol32A cells caused a more severe
defect (~20%; Fig 2E). This might be related to the role of Pol32 as
part of the replicative polymerase Pol § in the formation of SCJ
during TS (Vanoli et al, 2010).

The effects of rev1A and rev3A were not additive (Fig 2C and D),
consistent with a cooperation between Revl and Pol { (Haracska
et al, 2001). In fact, the double mutant reviA rev3A increased ssDNA
repair efficiency as compared to the single mutants, and this
increase required the activity of the polymerase Pol n (Fig 2D;
compare revlA rev3A rad30A with revIA rev3A). These results indi-
cate that Pol n can operate in the absence of the entire Revl/Pol {
complex but not of just either Revl or Pol {, suggesting that the
presence of a non-functional Rev1/Pol { complex hampers the entry
and/or activity of Pol n at the ssDNA gap. In sum, these results
suggest that Rad6/Rad18-mediated PCNA monoubiquitylation, the
activities of Rev1/Pol {, and to a lesser extent Pol n are required for
efficient post-replicative processing of the ssDNA gaps that occurs at
the Rad52 repair centers in response to MMS.

Persistence of Rad52 foci in TLS mutants is not due to a demand
for TLS polymerases during HR

Since cells are released into S phase in the presence of MMS in
our experimental setup, the blocking lesions accumulate not only
ahead of the fork but also within the nascent strands. Thus, one
possibility to explain the genetic connection between the process-
ing of ssDNA gaps at Rad52 repair centers and the TLS machin-
ery would be that DNA synthesis at the invaded sister chromatid
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Figure 3. Persistence of Rad52 foci in TLS mutants is not due to a demand for TLS polymerases during HR.

A ssDNA repair efficiency of the rev1IA mutant treated with MMS only in G1 as determined from the maximal and final percentages of cells with Rad52 foci during
the time course (right panel). Cells were synchronized in G1 and treated with 0.033% MMS for 1 h; after that the MMS was inactivated with 2.5% sodium
thiosulfate and cells were released into fresh medium in the absence of DNA damage. The percentage of cells with foci at each point was normalized to the
highest value of the wild type, taken as 100 (middle panel). A scheme on the left shows the experimental set up followed in this (MMS in G1 only) and the other
experiments (MMS in S/G2). An asterisk represents a blocking DNA lesion for the replicative polymerase.

B Effect of the revlA and rev3A mutations in spontaneous and MMS-induced uSCE. The frequency of spontaneous and MMS-induced recombinants was determined
from colonies grown in the absence or presence of 0.01% MMS. The mean and SEM of four independent fluctuation tests are shown.

C, D ssDNA repair efficiency of the rad5A and revIA mutants as determined from the maximal and final percentages of cells with Rad54 foci during the time course
(right panels). Cells were synchronized in G1 and released into S phase in the presence of 0.033% MMS for 1 h, treated with 2.5% sodium thiosulfate to inactivate
the MMS, washed, and released into fresh medium for different times. The percentage of cells with foci at each point was normalized to the highest value of the

wild type, taken as 100 (left panels).

Data information: The mean and SEM of 4 (A) and 3 (C, D) independent experiments are shown. Statistically significant differences according to an unpaired two-tailed
Student’s t-test are shown, where one, two, and three asterisks represent P-values < 0.05, < 0.01, and < 0.001, respectively.

Source data are available online for this figure.

during HR was blocked by additional lesions and therefore
required TLS polymerases (Fig 3A; MMS in S/G2). To address
this possibility, cells were synchronized in G1 and treated with
MMS for 1 h; after that, the MMS was inactivated, and then,
cells were released into S phase in the absence of DNA damage.
Under these conditions, the MMS-induced blocking lesions are
restricted to the parental molecule, leaving intact the nascent
DNA molecules (Fig 3A; MMS in G1 only). In this case, Rad52

6 of 20  EMBO reports 22: 50410 | 2021

foci also persisted in the absence of Revl (Fig 3A). Therefore,
the requirement of Revl for ssDNA processing at Rad52 repair
centers is not due to a demand for TLS polymerases to bypass
lesions in the newly synthesized DNA. Hence, TLS polymerases
are unlikely to be required for the HR process. To confirm this,
we analyzed HR using an unequal sister chromatid exchange
(uSCE) recombination system (Fasullo & Davis, 1987) in cells
growing on MMS-containing solid medium. Neither Revl nor

© 2020 The Authors
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Rev3 was required for recombination; actually, the frequency of
MMS-induced HR increased in both revIA and rev3A mutants
(Fig 3B), consistent with the channeling of ssDNA gaps to HR in
the absence of TLS.

The failure of TLS mutants to resolve Rad52 foci might be a
consequence of HR being the only operative DNA repair process to
deal with ssDNA gaps. Rad54 plays critical roles in HR, but contrary
to Rad52 that functions early during the formation of the ssDNA/
Rad51 nucleofilament, Rad54 also plays a role at a later stage during
the processing of recombination intermediates (Ceballos & Heyer,
2011). We performed the time course analyses of foci accumulation
in cells expressing Rad54-YFP, which was functional in the response
to MMS (Appendix Fig S1A). Wild-type cells with Rad54 foci
reached a peak (~40% of cells) ~1-2 h after MMS inactivation that
dropped to ~5-10% ~5 h later (Fig 3C and D, left panels; note that
plotted values have been normalized to the highest value of the wild
type, taken as 100). As expected by the cooperation between HR
proteins and PCNA polyubiquitylation, the efficiency of ssDNA
repair at Rad54-YFP foci was dependent on Rad5 (Fig 3C). However,
and in contrast to what we had observed with Rad52 foci, the elimi-
nation of Revl did not affect the accumulation or resolution of
Rad54 foci during the time course (Fig 3D), despite the fact that
Rad54 operates downstream of Rad52 in HR and accordingly did not
form foci in rad52A cells (Appendix Fig S1B). This suggests that the
absence of TLS does not affect the kinetics of ssDNA filling by HR.

Rad52 is required for post-replicative ssDNA gap filling through a
non-recombinogenic process

The fact that MMS-induced Rad54 foci displayed a wild-type kinetics
in the absence of Revl1 raised the possibility that the requirement of
the TLS machinery for the resolution of Rad52 foci reflected a non-
recombinogenic role of Rad52 in TLS. To test this possibility, we
determined the contribution of the HR and TLS processes to Rad52-
mediated ssDNA repair. To analyze the impact of disrupting HR, we
used a rad54A mutant, as Rad54 foci kinetics was not affected in the
absence of Rev1 (Fig 3D).

First, we confirmed that Rad54 is essential for MMS-induced HR.
We used the uSCE system to quantitatively determine the impact of
the lack of Rad52 and Rad54 on MMS-induced HR. Since radS2A
and rad54A mutants cannot grow on MMS-containing solid
medium, the analyses were performed with cell cultures grown until
mid-log phase and then treated with 0.02% MMS for 4 h. The
frequency of uSCE was determined before and after DNA damage by
measuring the frequency of His" recombinants. Thus, DNA damage-
induced HR includes the recombinants that arose spontaneously
before MMS addition. In wild-type cells, MMS treatment increased
the frequency of recombinants by about 6-fold (Fig 4A). As
expected, Rad52 was required for spontaneous and MMS-induced
HR, whereas Rad54 was dispensable for spontaneous HR. This is
likely due to the fact that spontaneous HR arises from multiple
lesions that are processed by different mechanisms, including DSB-
induced SCE events that depend totally on Rad52 and partially on
Rad54 (Cortes-Ledesma et al, 2007). In contrast, MMS-induced HR
was completely abolished in the absence of Rad54 (Fig 4A), consis-
tent with previous studies showing that Rad54 is strictly required
for SCJ accumulation (Mankouri et al, 2007) and salvage pathway
functionality (Schiestl et al, 1990; Pfander et al, 2005) in response to

© 2020 The Authors
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MMS. In agreement with the importance of HR in the response to
MMS, cell viability was severely reduced in the rad54A mutant as
compared to the wild type (~100 times). Interestingly, the loss of
viability was more severe in the rad52A mutant (~1,000 times),
suggesting that Rad52 was preventing MMS-induced DNA damage
through additional mechanisms.

Next, we addressed the effect of eliminating HR and TLS on the
resolution of MMS-induced Rad52 foci. The defect in the efficiency
of Rad52 foci disappearance in the rad54A mutant was not increased
in the double mutant rad54A revliA (Fig EV2A). A more exhaustive
quantitative analysis showed that the number of foci per cell in cells
with foci was reduced from ~2 at 1-2 h to ~1 at 7 h after MMS
release in wild-type and revIA cells, but not in rad54A and radS54A
reviA cells (Fig EV2B). This is consistent with our previous results
showing that the repair defect in the absence of TS was not further
increase by the absence of TLS (compare radl8A with mms2A in
Fig 1D and E). These results suggest that HR is the main pathway to
repair MMS-induced ssDNA gaps. However, the Rad52-YFP foci
intensity was similar during the time course analysis in rad54A and
wild-type cells (Fig EV2C). Thus, we cannot discard the possibility
that ssDNA filling occurs to some extent at the Rad52-associated
centers in the rad54A mutant. Actually, the Rad52 foci signal was
significantly increased in the rad54A revIA double mutant as
compared to the rad54A and revlA single mutants (Fig EV2C).

To better address ssDNA processing at DNA repair centers, we
followed the kinetics of MMS-induced RPA foci in cells expressing
Rfal-YFP. RPA foci mark post-replicative ssDNA filling events
(Gonzalez-Prieto et al, 2013; Wong et al, 2020). Importantly, RPA
binds to and signals all ssDNA lesions irrespective of the gap filling
mechanism and is therefore an excellent readout for the accumula-
tion of unrepaired ssDNA gaps. After MMS treatment, RPA foci were
detected in more cells (~80-90%) and slightly earlier than Rad52
foci, but were also efficiently resolved 7 h after MMS release in
wild-type cells (Figs 4B and EV2D and E; note that plotted values
have been normalized to the highest value of the wild type, taken as
100) (Gonzalez-Prieto et al, 2013). As previously reported, Rad52
was essential for the repair of MMS-induced ssDNA gaps as inferred
by the percentage of cells that retained RPA foci at the end of the
time course (Gonzélez-Prieto et al, 2013). The lack of Rad54 had a
similar effect, regardless of the presence or absence of Rev1, further
supporting a major role of HR in MMS-induced ssDNA repair (Figs
4B and EV2D and E).

The number of foci per cell in cells with foci was also similar for
RPA and Rad52 (Figs 4C and EV2B), consistent with their overlap-
ping at the same repair centers (Wong et al, 2020). However, the
kinetics of RPA accumulation in response to MMS was different
from that observed for Rad52. RPA intensity at foci was higher at
the end of the time course (7 h) than at the peak of cells with foci
(1-2 h after MMS release; Fig 4D), suggesting an accumulation of
unrepaired ssDNA fragments in these foci. The highest accumula-
tion was observed in the radS2A mutant; the rad54A and reviA
mutants displayed wild-type levels of RPA signal per focus, and only
the double mutant rad54A revIA reached a signal close to that
observed in the absence of Rad52 (Fig 4D). Therefore, we calculated
the fluorescence signal at RPA foci per cell to determine more accu-
rately the repair efficiency of MMS-induced ssDNA gaps (Fig 4E).
This analysis revealed a stronger effect of rad52A relative to rad54A
on the accumulation of RPA signal in response to MMS. This milder
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effect of rad54A was not due to the activity of its homolog Rdh54 as
the double mutant rad54A rdh54A displayed no significant dif-
ferences with the rad54A mutant (Fig EV2F), consistent with the
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complete requirement of Rad54 for MMS-induced HR (Fig 4A). Only
the elimination of Rad54 and Rev1 together caused an accumulation
of RPA signal similar to that observed in rad52A cells (Fig 4E).
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Figure 4. Rad52 is required for post-replicative ssDNA gap filling through a non-recombinogenic process.

Effect of the rad54A and rad52A mutations in spontaneous and MMS-induced uSCE. The frequency of spontaneous and MMS-induced recombinants was

frequency of DNA damage-induced uSCE includes the recombinants that arose spontaneously before MMS addition. The frequency of uSCE was determined at
0.02% MMS because at higher MMS concentrations the loss of viability of rad52A and rad54A mutants did not allow us to select for His" recombinants. The mean

ssDNA repair efficiency of the indicated mutants as determined from the maximal and final percentages of cells with RPA foci during the time course (see Fig EV2D
and E for the time course analyses; cells were synchronized in G1 and released into S phase in the presence of 0.033% MMS for 1 h, treated with 2.5% sodium

Number of foci per cell in cells with foci (C), fluorescence signal per focus (D) and fluorescence signal of RPA foci per cell (E) at times 1 or 2 (peak) and 7 h from the
time course shown in (B). Counting and quantification were done with the MetaMorph software. Representative images of wild-type and mutant cells with MMS-

A
determined in mid-log phase cell cultures before (spontaneous uSCE) and after treatment with 0.02% MMS for 4 h (DNA damage-induced uSCE). Thus, the
and SEM of five independent fluctuation tests are shown; n.a., not applicable.
B
thiosulfate to inactivate the MMS, washed, and released into fresh medium for different times).
C-E
induced RPA foci (bright field and fluorescence signal) are shown (D; left panels).
F

ssDNA repair efficiency of the indicated mutants as determined by ChIP against Rfal-YFP at the ARS305 replication origin. Cells were synchronized in G1 and
released into S phase in the presence of 0.033% MMS for 1 h, treated with 2.5% sodium thiosulfate to inactivate the MMS, washed, and released into fresh
medium. The amount of Rfal at ssDNA was determined at 1 and 7 h after MMS release. RPA enrichment was calculated as the ratio between immunoprecipitate
and input values. All values were normalized to the wild type at 7 h, taken as 1.

Data information: (B—F) The mean and SEM of three independent experiments are shown. (A-F) Asterisks indicate statistically significant differences according to an
unpaired two-tailed Student’s t-test. One, two, and three asterisks represent P-values < 0.05, < 0.01, and < 0.001, respectively. In (F), all values were significant relative

to the untagged controls (not shown for clarity).
Source data are available online for this figure.

To address more directly the accumulation of DNA damage, we
measured the amount of RPA bound to ssDNA by chromatin
immunoprecipitation (ChIP). For this, we repeated the kinetics of
MMS-induced DNA damage and repair and immunoprecipitated
Rfal-YFP at 1 and 7 h after MMS released. The kinetics of RPA bind-
ing to the ssDNA generated at the ARS305 replication origin deter-
mined by ChIP was similar to that observed for RPA intensity by
fluorescence microscopy, with the radS2A and radS5S4A revIA
mutants accumulating more RPA at ssDNA gaps than the radS4A
and reviA mutants (Fig 4F). Altogether, these results indicate that
Rad52 contribute through independent mechanisms to both HR and
TLS in the processing of MMS-induced DNA damage.

Rad52 is required for efficient MMS-induced mutagenesis

To genetically demonstrate that Rad52 is required for TLS, we stud-
ied DNA damage-induced mutagenesis. We followed the same strat-
egy used to measure uSCE; cell cultures were grown until mid-log
phase and then treated with MMS for 4 h. The frequency of mutants
was determined before and after DNA damage by measuring the
frequency of forward mutagenesis at the CANI locus (selected as
canavanine-resistant cells). Thus, the frequency of DNA damage-
induced mutagenesis includes the mutants that arose spontaneously
before MMS addition. MMS treatment increased the frequency of
mutants by about 50-fold in the wild type (Fig 5). The frequency of
MMS-induced mutants was similar in wild-type and rad52A cells.
However, the absence of Rad52 augmented the frequency of sponta-
neous mutagenesis (Borstel et al, 1971; Roche et al, 1995; Paulovich
et al, 1998; Rattray et al, 2002) to similar levels (Fig 5), hiding a
possible effect of rad52A on MMS-induced mutagenesis. In any case,
a direct comparison of wild-type and radS2A cells does not allow us
to determine the effects of the absence of Rad52 in MMS-induced
mutagenesis, because the error-free HR mechanisms are operative
in the wild type and not in the rad52A mutant, and consequently,
the amount of DNA gaps that are channeled to the mutagenic TLS
pathway is different in each strain. To avoid this problem, we
repeated the assay in a rad54A background to completely eliminate
HR. The absence of Rad54 augmented the frequency of spontaneous

© 2020 The Authors

mutagenesis to the same levels than the absence of Rad52, further
supporting a role for HR in preventing the accumulation of sponta-
neous mutations. Furthermore, the absence of Rad54 caused a 4-fold
increase in the frequency of MMS-induced mutagenesis as compared
to the wild type, in accordance with the elimination of the HR mech-
anisms and the channeling of the MMS-induced DNA gaps to TLS.
More importantly, this increase depended on Rad52 (Fig 5; compare
rad54A with rad54A rad52A), indicating that Rad52 is required for
efficlent DNA damage-induced mutagenesis. Note that we cannot
determine to what extent Rad52 is required for MMS-induced muta-
genesis due to the high level of spontaneous mutagenesis in the HR
mutants, which arises through different and PCNA ubiquitylation-
independent mechanisms (Stelter & Ulrich, 2003; Davies et al,
2008).

Next, we asked whether the early HR proteins Rad51 and
Rad57 cooperate with Rad52 in TLS. First, we calculated the flu-
orescence signal at RPA foci per cell upon MMS-induced DNA
damage and repair and observed that the rad5IA and radS7A
mutants displayed a defect similar to that of the rad54A mutant
(Fig EV3). Next, we analyzed the frequency of MMS-induced
mutagenesis as indicated above. The absence of Rad57, but not
of RadS1, caused a slight reduction in the frequency of rad54A-
associated mutagenesis. However, the absence of Rad57 alone
did not significantly reduce mutagenesis as compared to the
rad54A mutants (Fig 5).

Rad52 is required for efficient UV-induced TLS

We used UV light to test whether the role of Rad52 on TLS was
specific for MMS or could also be observed with another agent that
induced the DDT response. First, we confirmed that Rad54 was also
essential for UV-induced HR using the uSCE system (Fig 6A). Next,
we analyzed the kinetics of RPA accumulation by fluorescence
microscopy in cells synchronized in G1, irradiated with 20 J/m?,
and released into S phase for different times. The peak of wild-type
cells with RPA foci was ~60% and was reached 2 h after UV irradia-
tion (Fig 6B, middle panel; note that plotted values have been
normalized to the highest value of the wild type, taken as 100). The
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Figure 5. Rad52 is required for MMS-induced mutagenesis.

Effect of the lack of HR factors in spontaneous and MMS-induced mutagenesis. The frequency of spontaneous and MMS-induced forward mutagenesis at the CAN1 locus
was determined in mid-log phase cell cultures before (spontaneous mutagenesis) and after treatment with 0.01% MMS for 4 h (DNA damage-induced). Thus, the
frequency of DNA damage-induced mutagenesis includes the mutants that arose spontaneously before MMS addition. The frequency of mutagenesis was determined at
0.01% MMS because at higher MMS concentrations the loss of viability of the rad mutants did not allow us to select for canavanine-resistant cells. Survival (%) after

4 hin MMS relative to the wild type (taken as 100) is shown below the genotypes. The mean and SEM of 6 (wild type), 9 (rad54A), and 3 (rest) independent fluctuation
tests are shown. Asterisks indicate statistically significant differences according to an unpaired two-tailed Student’s t-test (one, two, and three asterisks represent P-
values < 0.05, < 0.01 and < 0.001, respectively). Only the statistical analysis of the effect of rad52A, rad57A, and rad51A on rad54A-mediated mutagenesis is included
for clarity. All mutants displayed statistically significant differences with the wild type and not with each other in the absence of MMS.

Source data are available online for this figure.

fraction of wild-type cells with RPA foci dropped to ~20% 3 h later,
suggesting that the efficiency of ssDNA repair was ~70% (Fig 6B,
right panel). In contrast to MMS, RPA foci persisted in most cells
until the end of the time course not only in rad52A and radS4A but
also in the revIA mutant (Fig 6B). In fact, the analysis of the fluores-
cence signal at RPA foci showed a stronger DNA repair defect in the
revlA mutant than in the rad54A mutant (Figs 6C and EV4), consis-
tent with the predominant role of TLS over HR in the response to
UV light (Daigaku et al, 2010). However, the repair defect of both
rad54A and reviA mutants was milder than that displayed by the
rad52A mutant, and only the double mutant rad54A revIA reached
a signal close to that observed in the absence of Rad52 (Fig 6C).
These results suggest that Rad52 acts through independent mecha-
nisms with HR and TLS in the processing of both MMS and UV-
induced ssDNA gaps.

Finally, we analyzed the effect of the rad52A mutation on UV-
induced mutagenesis in the presence and absence of Rad54. This
study showed two differences with the MMS treatment. First, the
absence of HR in the rad52A and rad54A mutants did not signifi-
cantly affect cell viability upon UV light irradiation (Fig 6D, right
panel); second, the absence of Rad54 did not increase the frequency
of UV-induced mutagenesis (Fig 6D, left panel). Both observations
are consistent with a major role of TLS in the response to UV light
(Daigaku et al, 2010). The absence of Rad52 partially suppressed
UV-induced mutagenesis as previously reported (Fig 6D, left panel;
Armstrong et al, 1994). Importantly, the absence of Rad54 did not
reduce the frequency of mutagenesis, indicating that the effect of
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the rad52A mutation is not due to the elimination of HR. Therefore,
we conclude that Rad52 is partially required for TLS in response to
agents that activate DDT. It is worth noting that UV-induced muta-
genesis was still high in the absence of Rad52, which might explain
why cell viability was not significantly affected in the rad52A
mutant as compared to the wild type.

Rad52, Rad51, and Rad57, but not Rad54, promote efficient Rad6/
Rad18 binding to chromatin and PCNA ubiquitylation

To understand how Rad52 promotes TLS during DDT, we explored
the possibility that it was required for Rad6/Rad18 DNA binding. It
was previously shown by ChIP analyses that Rad18 accumulates at
early replication origins in cells released into S phase in the pres-
ence of the replication inhibitor hydroxyurea (HU) (Davies et al,
2008). We analyzed the accumulation of a functional chimera of
Rad18 (Rad18-YFP; Appendix Fig S2A) at the replication origin
ARS305 in cells released into S phase in the presence or absence of
0.05% MMS for 1 h. Under these conditions, we did not detect
Rad18 even slowing down replication at 22°C (Appendix Fig S2B).
Thus, we repeated the experiment releasing the cells in the presence
of both 0.05% MMS and 200mM HU to further increase the amount
of ssDNA. In this case, Rad18 was detected at the replication origin
independently of the presence of Rad52 (Appendix Fig S2C).
However, HU triggers a fork-specific checkpoint response that
differs from that elicited by lesions in the replication template
(Garcia-Rodriguez et al, 2018).

© 2020 The Authors
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Figure 6. Rad52 is required for efficient UV-induced TLS.

A Effect of the rad54A and rad52A mutations in spontaneous and UV-induced uSCE. The frequency of spontaneous and UV-induced recombinants was determined
by irradiating or not cells plated onto solid medium after the corresponding dilutions (SMM and SMM without histidine to calculate total and recombinant cells,
respectively). The mean and SEM of 3-5 independent fluctuation tests are shown. Asterisks indicate statistically significant differences according to an unpaired
two-tailed Student’s t-test. Two and three asterisks represent P-values < 0.01 and < 0.001, respectively.

B,C

ssDNA repair efficiency (B) and fluorescence signal at RPA foci per cell (C) of the indicated mutants. ssDNA repair efficiency was determined from the maximal and

final percentages of cells with RPA foci during the time course (B, right panel). Cells were synchronized in G1, irradiated with 20 J/m? and released into S phase for
different times. The percentage of cells with foci at each point was normalized to the highest value of the wild type, taken as 100 (B, middle panel). Cell cycle
progression was determined by cell sorting (B, left panel). Counting and quantification were done with the MetaMorph software. The mean and SEM of four
independent experiments are shown. Statistically significant differences according to a paired two-tailed Student’s t-test are shown, where two and three asterisks

represent P-values < 0.01 and < 0.001, respectively.

D Effect of the rad54A and rad52A mutations in spontaneous and UV-induced mutagenesis. The frequency of spontaneous and UV-induced forward mutagenesis at
the CANI locus was determined by irradiating or not cells plated onto solid medium after the corresponding dilutions (SMM and SMM with canavanine to
calculate total and mutant cells, respectively). Cell viability (right panel) was calculated from total irradiated cells relative to non-irradiated cells. The mean and
SEM of six independent fluctuation tests are shown. Two asterisks represent a P-value < 0.01, according to a two-way ANOVA followed by a Bonferroni test.

Source data are available online for this figure.

An alternative method to detect protein chromatin binding is the
chromatin endogenous cleavage (ChEC) method (Schmid et al,
2004). In this assay, cells expressing a chimera of the protein of
interest fused to MNase are permeabilized with digitonin and
treated with Ca*" ions for different periods to activate the nuclease;
then, total DNA is extracted and analyzed for the presence of speci-
fic cuts. We have used this method to follow the binding of repair
factors to ssDNA gaps scattered throughout the genome as those
generated by MMS (Gonzélez-Prieto et al, 2013, 2020). Here, total
DNA is analyzed on an agarose gel. The rationale behind this
approach is that the chimera will generate a detectable cut only if it

© 2020 The Authors

is targeted to a lesion that is not a DSB (Fig 7A). Therefore, we can
infer the binding of a protein to non-DSB DNA from the extent of
DNA digestion.

We applied this assay to follow Rad6 binding to chromatin in the
absence and presence of MMS (Rad6-MN but not Rad18-MN was
functional; Fig EV5A). A wild-type strain was included in all time
course analyses to control the approach-intrinsic variability in the
extent of DNA digestion among different experiments. A time course
analysis of cells synchronized in G1 and released into fresh medium
showed that Rad6-MN was bound to DNA in the presence of
0.033% MMS during the S phase and that this binding was reduced
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Figure 7. Rad52, Rad51, and Rad57, but not Rad54, are required for efficient Rad6/Rad18 binding to chromatin.
A Scheme with the rationale of the ChEC approach for non-DSB lesions. Rad6 fused to MNasel will induce a detectable cut only if it is bound to a DNA lesion other

than a DSB.

B Rad6 binds to DNA in the absence and presence of MMS. ChEC analysis of G1-synchronized cells released in the absence or the presence of 0.033% MMS for the

indicated times.

C-F Rad6 binding to DNA depends on Rad18, Rad52 (C), Rad51 (D), and Rad57 (E) but not Rad54 (F) as determined by ChEC analyses of asynchronous cell cultures

without or with 0.05% MMS for 2 h.

Data information: (B—F) DNA gel electrophoresis, DNA content (cell sorting), and quantification of DNA digestion profiles are shown. The experiments were repeated twice

with similar results.
Source data are available online for this figure.

as cells reached G2/M (Fig 7B). Intriguingly, the extent of DNA
digestion was larger in the absence of MMS, suggesting that Rad6
was bound to chromatin under unperturbed conditions and partially
released upon DNA damage. To validate this result, we analyzed
the binding of Rad18 to DNA by chromatin fractionation followed
by Western blot. Rad18 was bound to chromatin under unperturbed
conditions and displayed a slight increase in the presence of MMS
(Fig EV5B). An explanation for this discrepancy is that chromatin-
associated factors sterically hinder the ability of Rad6-MN to cut the
DNA in the presence of MMS.

Importantly, DNA digestion by Rad6-MN, both with and without
MMS, was partially prevented in the absence of Rad18 (Fig 7C),
which provides the DNA binding activity of the complex (Bailly
et al, 1997; Davies et al, 2008), demonstrating that DNA digestion
by the Rad6-MN chimera (i) requires Rad6 binding to chromatin,
and (ii) is specific to the Rad6/Rad18 complex. Since some DNA
remained digested in the absence of Radl8 (especially at longer
incubation times), we analyzed the effect of the absence of Brel,
which can also recruit Rad6 to chromatin (Wood et al, 2003). The
absence of Brel did not affect the binding of Rad6-MN to chromatin
(Fig EV5C). Thus, the remaining DNA digestion in the radl8A
mutant may reflect the binding of Rad6 through a different mecha-
nism and/or the DNA affinity of the MNase domain of the chimera
(Schmid et al, 2004). Importantly, DNA digestion by Rad6-MN was
partially prevented in rad52A cells in the absence and presence of
MMS (Fig 7C), indicating that Rad52 promotes efficient Rad6/Rad18
binding to chromatin.

This function was not specific to Rad52, as both the recombinase
Rad51 and its helper Rad57 facilitated Rad6/Rad18 binding to DNA
with and without MMS, as inferred from the partial suppression of
the Rad6-MN-mediated DNA digestion provoked by radSIA and
rad57A (Fig 7D and E). Therefore, we asked whether HR was
required to facilitate Rad6/Rad18 chromatin binding. For this, we
tested the role of Rad54, previously shown to be essential for MMS-
induced HR (Fig 4A; Schiestl et al, 1990; Pfander et al, 2005; Mank-
ouri et al, 2007). The lack of Rad54 did not affect Rad6 binding to
chromatin either in the absence or presence of MMS (Figs 7F and
EVSD). Therefore, the reduced efficiency of Rad6 binding to chro-
matin in rad52A, rad51A, and radS7A cells is not a consequence of
defective HR.

To validate the ChEC results, we analyzed PCNA ubiquitylation,
which is carried out by Rad6/Radl8 at chromatin during DDT
(Hoege et al, 2002; Garg & Burgers, 2005; Davies et al, 2008). An
expectation from our previous results was that rad52A, radS1A, and
radS7A, but not rad54A cells, were affected in PCNA ubiquitylation.
DDT activation in wild-type cells led to PCNA mono- and polyubig-
uitylation in S phase; PCNA polyubiquitylation decreased as cells

© 2020 The Authors

completed replication, whereas PCNA monoubiquitylation reached
its maximal peak in G2/M (Fig 8A-D). Importantly, consistent with
the ChEC results, the absence of Rad52, Rad51, or Rad57, but not
that of Rad54, reduced the amount of both mono- and polyubiquity-
lated PCNA to similar levels (Fig 8A-D). The effect was more severe
on PCNA polyubiquitylation than monoubiquitylation, although this
might be related to the fact that they are detected with different anti-
bodies. In sum, the early HR factors Rad51, Rad52, and Rad57
promote efficient Rad6/Rad18 binding to chromatin and DNA
damage-dependent PCNA ubiquitylation through a non-recombino-
genic mechanism.

Discussion

A major role for recombination proteins in the DDT response was
established long time ago, but it was assumed to be restricted to HR
mechanisms (TS and salvage pathways). Here, we show that Rad52
deals with MMS- and UV light-induced ssDNA gaps together with
the TLS machinery through a non-recombinogenic process; accord-
ingly, Rad52 is required for efficient MMS- and UV light-induced
mutagenesis. We also show that Rad52, Rad51, and Rad57—but not
Rad54—facilitate Rad6/Rad18 binding to chromatin and in response
to DNA damage the subsequent ubiquitylation of PCNA. Therefore,
Rad52 plays recombinational and non-recombinational roles in DDT
that might impact the choice between TLS and HR and therefore
genome integrity.

Rad52 is required for efficient TLS

HR proteins are required for the post-replicative filling of the ssDNA
gaps generated during DDT, and genetic and molecular evidence
demonstrate that they operate in the recombinogenic TS and salvage
pathways (Prado, 2014, 2018; Branzei & Psakhye, 2016). The partial
requirement of Rad52 in UV- and EMS-induced mutagenesis led to
hypothesize a putative role for this HR factor in TLS (Prakash &
Higgins, 1982; Kunz et al, 1992; Armstrong et al, 1994). This idea
was later supported by the finding of Rad51 at unperturbed replica-
tion forks in both yeast and Xenopus (Hashimoto et al, 2010).
However, a role for recombination proteins in TLS was unexpected
as inferred from epistatic analyses of DNA damage sensitivity and
mutagenesis between HR and TLS mutants (Paulovich et al, 1998;
Rattray et al, 2002; Ball et al, 2009). Here, we show that Rad52 acts
in concert with the TLS machinery in the repair of ssDNA gaps
induced during DDT. Several mechanisms could be invoked to
explain this cooperation. TLS polymerases have been implicated in
DSB-induced HR (McVey et al, 2016); however, the amount of MMS
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Figure 8. Rad52, Rad51, and Rad57, but not Rad54, are required for efficient PCNA ubiquitylation.

A-D Effect of rad52A, rad51A (A), rad57A (B), and rad54A (C) on PCNA ubiquitylation in cells synchronized in G1 and released into fresh medium in the presence of
0.025% MMS. Cell cycle progression was followed by cell sorting analysis and Western blot against Clb2. Pgkl was used as loading control. The amounts of mono-
and polyubiquitylated PCNA were normalized to the total amount of PCNA. For each time point, rad mutant values were relativized to those of the wild type, taken
as 1. The mean and SEM of three independent experiments are shown (D). An asterisk indicates a mean significantly different than 1, according to a one-sample t-

test.

E Model for Rad52-mediated tolerance during DDT. The recombination factors Rad52, Rad51, and Rad57 promote efficient Rad6/Rad18 binding to chromatin under
unperturbed conditions. In response to blocking lesions that impair replication fork advance, the Rad6/Rad18 complex is mobilized to ssDNA gaps where, together
with Mms2/Ubc13/Rad5, ubiquitylates PCNA, and promotes TS. The ssDNA gaps that escape from this error-free pathway during S phase accumulate in G2/M,
where they are filled in by two additional, less accurate mechanisms regulated by Rad52: UbPCNA-independent HR (recombinogenic) and TLS (mutagenic). Apart
from facilitating Rad6/Rad18 chromatin recruitment, Rad52 plays an additional uncharacterized Rad51/Rad57-independent role in TLS.

Source data are available online for this figure.

used in our study does not lead to the formation of DSBs
(Gonzalez-Prieto et al, 2013). Moreover, PCNA ubiquitylation is not
required for the function of Pol { or Pol n in DSB-induced HR
(Hirano & Sugimoto, 2006; Sharma et al, 2012). Therefore, a contri-
bution of the TLS polymerases to DSB repair appears unlikely in this
context. Alternatively, PCNA ubiquitylation and TLS polymerases
might operate at the newly synthesized invaded strand during HR.
However, Revl is required for repairing ssDNA gaps even if the
generation of blocking lesions in the newly synthesized DNA is
prevented (Fig 3A). Furthermore, Pol { and Pol n are required
neither for SCJ formation (Vanoli et al, 2010) nor MMS-induced HR
(Fig 3B). We therefore propose an alternative mechanism, based on
the following observations: (i) RadS54, which is essential for HR
during DDT (Figs 4A and 6A; Schiestl et al, 1990; Pfander et al,
2005; Mankouri et al, 2007; Ceballos & Heyer, 2011; Prado, 2014,
2018), does not cooperate with the TLS machinery in the filling of
ssDNA gaps (Fig 3D); (ii) Rad52 is required for the filling of MMS-
and UV-induced ssDNA gaps through a Revl-dependent, Rad54-
independent mechanism (Figs 2D, 4C-F and 6B and C); and (iii)
Rad52, but not Rad54, is required for MMS- and UV-induced muta-
genesis (Figs 5 and 6D). Altogether, these results support a novel
non-recombinogenic function for Rad52 in TLS during DDT.

What is the function of Rad52 in TLS? We provide evidence that
Rad52 facilitates Rad6/Rad18 chromatin binding (Figs 7 and 8).
However, this function alone cannot explain the observed defects in
TLS-mediated ssDNA filling and mutagenesis of the rad52A mutant,
because Rad51 and Rad57 cooperate with Rad52 in the recruitment
of Rad6/Rad18 but neither radSIA nor radS7A display substantial
defects in Rad52 foci resolution and mutagenesis. The function of
Rad52 in TLS is expected to be independent of its recombinogenic
ssDNA annealing and mediator activities and could be rather
related to the recruitment of factors that promote TLS. Future stud-
ies will be required to decipher this specific Rad51/Rad57-indepen-
dent role of Rad52 in TLS during DDT, which underlies the
complex interdependence of the DNA tolerance pathways. It is
worth noting that the absence of Rad52 reduces the efficiency but
does not eliminate TLS, as inferred from the up to ~40-fold increase
in mutagenesis induced by UV light in rad52A cells (Fig 6D, 40 J/
m?; the levels of spontaneous mutagenesis mask the real contribu-
tion of Rad52 to MMS-induced TLS). Therefore, DNA damage-
induced TLS is still partially operative in the rad52A mutant, which
might explain the synergistic sensitivity to MMS and UV light previ-
ously observed in the absence of both Rad52 and TLS polymerases
(Zgaga, 1991; Ball et al, 2009).

© 2020 The Authors

Rad52, Rad51, and Rad57 facilitate Rad6/Rad18 chromatin
binding and DNA damage-induced PCNA ubiquitylation through a
non-recombinogenic process

TLS during DDT relies on PCNA monoubiquitylation by the Rad6/
Rad18 complex, an evolutionarily conserved modification that facili-
tates the recruitment of TLS polymerases (Hoege et al, 2002). Rad6
and Rad18 form a complex with ubiquitin-conjugating (Rad6) and
ubiquitin-ligase (Rad18) activities (Bailly et al, 1997; Hoege et al,
2002) that ubiquitylates the pool of PCNA that is bound to DNA in
response to replicative DNA damage (Garg & Burgers, 2005; Davies
et al, 2008). Rad6/Rad18 is targeted to DNA through different mech-
anisms: Rad18 binding to ssDNA (Bailly et al, 1997) and Rad18
interactions with RPA and sumoylated PCNA (Davies et al, 2008;
Parker & Ulrich, 2012). RPA binds to and protects ssDNA fragments
that result during DNA replication and repair, but it has to be
replaced with Rad51 with the help of Rad52 and Rad55/Rad57 for
HR to occur (Heyer et al, 2010). It is unlikely that this replacement
completely removes RPA from the ssDNA fragments generated
during DDT, as PCNA ubiquitylation requires the continuous pres-
ence of RPA (Davies et al, 2008). Therefore, RPA and early HR
proteins are expected to coexist at ssDNA fragments, and according
to our results, they both contribute to Rad6/Rad18 recruitment to
ssDNA gaps and PCNA ubiquitylation. Indeed, the competition
between RPA and Rad51 at the ssDNA might explain why the PCNA
ubiquitylation defect is modest and had no significant effects on
mutagenesis in the HR mutants.

Importantly, Rad54, which is essential for MMS-induced HR
(Fig 4A; Schiestl et al, 1990; Pfander et al, 2005; Mankouri et al,
2007; Ceballos & Heyer, 2011; Prado, 2014, 2018), was dispensable
for Rad6/Rad18 recruitment and PCNA ubiquitylation, indicating
that they occur through a non-recombinogenic process. Moreover,
the lack of effect of the rad54A mutant rules out the possibility that
the defects in Rad6/Radl8 recruitment to chromatin and PCNA
ubiquitylation observed in the rad52A, radSIA, and rad57A mutants
were due to replication defects, which were similar or even more
severe in cells lacking Rad54 (Appendix Fig S3).

Interestingly, Rad6/Rad18 was already detected at chromatin in
the absence of MMS, although PCNA ubiquitylation occurs specifi-
cally in response to DNA damage (Hoege et al, 2002). This observa-
tion is consistent with the fact that the physical interaction between
Rad18 and RPA is not damage-dependent (Davies et al, 2008). The
contribution of the same HR factors to Rad6/Rad18 binding to chro-
matin before and after MMS opens the possibility that the complex
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is present under unperturbed conditions at specific chromatin
regions from where it is mobilized to ssDNA gaps in response to
DNA damage. In accordance with this model, we have observed by
chromatin fractionation that Rad52 and Rad51 accumulate at the
DNA in G1 and are released during S phase; however, they remain
at chromatin in the presence of MMS to facilitate the repair of
ssDNA gaps through a non-recombinogenic process (Cabello-Lobato
et al, manuscript in preparation).

How Rad52, Rad51, and Rad57 facilitate Rad6/Rad18 binding to
chromatin is currently unknown. One possibility is that some of the
recombination proteins interact directly or indirectly with Rad6/
Rad18. The Rad55/Rad57 complex is the main candidate, as its
absence does not prevent Rad52 or Rad51 binding to ssDNA (Suga-
wara et al, 2003), and the human homolog of Rad57—
Rad51C—interacts physically with human Radl8 (Huang et al,
2009). However, we have so far been unable to detect physical inter-
actions between Rad18 and Rad57, suggesting that either the inter-
actions are weak/transient, another recombination factor interacts
with Rad6/Rad18, or Rad52, Rad51, and Rad57 promote Rad6/
Rad18 recruitment by different means.

Rad52 as a molecular switch for HR and TLS?

In sum, we provide evidence for non-recombinogenic roles of Rad52
in TLS during DDT. Rad52, together with Rad51 and Rad57, facilitates
Rad6/Rad18 binding to chromatin in the absence of DNA damage.
This accumulation might take place at replication forks and/or not-
yet defined regions (Fig 8E). In response to DNA lesions that trigger
DDT, Rad6/Rad18 would be mobilized to ssDNA gaps to ubiquitylate
PCNA (Hoege et al, 2002). RadS, which interacts physically with
Rad6/Rad18 (Ulrich & Jentsch, 2000) and peaks in S phase (Ortiz-
Bazan et al, 2014), assembles a polyubiquitin chain that leads to TS
(Hoege et al, 2002; Stelter & Ulrich, 2003) through a mechanism that
additionally requires recombinogenic activities provided by Rad51
and Rad54 (Liberi et al, 2005; Mankouri et al, 2007; Branzei et al,
2008; Vanoli et al, 2010; Minca & Kowalski, 2010; Karras et al, 2013).
We propose that the ssDNA gaps that escape from the error-free TS
pathway during S phase can be repaired in G2/M by two additional,
less accurate mechanisms regulated by Rad52 through Rad51/Rad57-
dependent and -independent mechanisms: the salvage pathway and
TLS. An important implication of this model is that Rad52 might
potentially exert an additional control on genome integrity by influ-
encing the choice between the different mechanisms of DDT at the
repair centers: Rad6/Rad18 recruitment together with not-yet known
functions would promote TLS and mutagenesis, whereas DNA strand
invasion and exchange would lead to HR.

Materials and Methods

Yeast strains, plasmids, and growth conditions

Yeast strains used in this study are listed in Table EV1. Tagged,
deleted, and GALIpr-driven genes were constructed by a PCR-
based strategy (Longtine et al, 1998). The integrative plasmid
PRS306CANT1 was used to replace canl-100 with CANI in the W303
strain. Briefly, the strain was transformed with pRS306CAN1 (cut
with HindIll) and grown first in medium without uracil to select the
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integration event and then in medium with 5-fluoroorotic acid to
select strains that had lost one of the two canl copies and the inter-
vening sequence. CAN1 was confirmed by DNA sequencing and
canavanine sensitivity. pRS306CAN1 was constructed by inserting a
PCR-amplified fragment of CANI containing the wild-type region
corresponding to the canl-100 mutation at the Xhol-Xbal site of
pRS306. Oligonucleotide sequences are available upon request.
pWJ1213 (Feng et al, 2007) and pRS314R52YFP (Murillo-Pineda
et al, 2014) are centromeric plasmid expressing RADS52-YFP and
HIS3 or TRPI, respectively. Yeast cells were grown at 30°C in
supplemented minimal medium (SMM), except for the analyses of
PCNA ubiquitylation, which were performed in YPAD rich medium.
Cell cultures were synchronized in G1 with a-factor at 250 ng/ml
(W303 and BY strains) or 50 ng/ml (DF5 strains) for 2.30 h. Then,
cells were washed and released into fresh medium with 50 pg/ml
pronase in the absence or presence of MMS at the indicated concen-
trations. MMS sensitivity was determined by spotting ten-fold serial
dilutions of the same number of mid-log growing cells onto medium
with or without the drug.

Flow cytometry

DNA content analysis was performed by flow cytometry as reported
previously (Prado & Aguilera, 2005). Cells were fixed with 70%
ethanol, washed with phosphate-buffered saline (PBS), incubated
with 1 mg of RNaseA/ml PBS, and stained with 5 pg/ml propidium
iodide. Samples were sonicated to separate single cells and analyzed
in a FACSCalibur flow cytometer.

DNA repair foci

For MMS Kkinetics, cells were grown in liquid cultures under the
indicated conditions and processed as indicated below. For UV light
kinetics, G1 synchronized cells were washed twice with water,
resuspended in water, and UV irradiated in a petri dish. Then, cells
were collected, resuspended in SMM medium, and grown in dark-
ness to avoid photolyase activation. To visualize the foci, the cells
were fixed with 2.5% formaldehyde in 0.1 M potassium phosphate
pH 6.4 for 10 min, washed twice with 0.1 M potassium phosphate
pH 6.6, and resuspended in 0.1 M potassium phosphate pH 7.4.
Finally, cells were fixed with 80% ethanol for 10 min, resuspended
in H,0, and visualized with a Leica CTR6000 fluorescence micro-
scope. The percentage of cells with foci was counted directly on the
processed samples under the microscope, except for Figs 4B-E, 6B
and C, EV2B, C, E and F, EV3, and EV4, in which six contrast and
fluorescence images along the z-axis (at 0.49 pm steps) were
acquired to find well-defined foci. Images were processed and
analyzed with the MetaMorph software (Molecular devices). A total
number of approximately 100 cells were analyzed for each time
point and experiment. The efficiency of ssDNA repair was inferred
from the foci kinetics and calculated as [100 - percentage of cells
with foci at the end of the time course x 100/ maximal percentage of
cells with foci during the time course].

Genetic recombination and mutagenesis assays

HR was determined by measuring the frequency of His" recombi-
nants generated by uSCE in a chromosomal-integrated system
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(Fasullo & Davis, 1987), whereas mutagenesis was determined by
measuring the frequency of forward mutagenesis at the CANI locus
(selected as canavanine-resistant cells). Recombination frequencies
were determined by fluctuation tests as previously reported (Prado
& Aguilera, 1995). Briefly, for revIA and rev3A mutants, cells from
six independent colonies of similar size and isolated on medium
with or without MMS were plated with the appropriate dilutions
onto SMM without histidine and SMM to calculate recombinants
and total viable cells (as colony-forming units), respectively. The
frequency of HR was calculated using the median of recombinants
and the mean of total cells. To have a more accurate value, the
mean and SEM of at least three independent fluctuation tests are
given. Since rad mutants do not form colonies in the presence of
MMS, MMS-induced HR in these strains was calculated from six
independent cell cultures (started with a colony) grown to the same
mid-log phase and then treated with MMS for 4 h. Recombinants
and total cells were determined as previously mentioned by plating
on specific media from the liquid cultures just before and after MMS
addition, and the HR frequencies calculated as the mean of at least
three independent fluctuation tests. The same approach was used to
calculate MMS-induced mutagenesis in the rad strains, but mutants
were selected on SMM plates lacking arginine but containing 60 pg/
ml canavanine. Therefore, MMS-induced recombination/mutagene-
sis frequencies from liquid cultures also include the recombi-
nants/mutants that arose spontaneously before MMS addition.

The frequencies of UV-induced HR and mutagenesis were deter-
mined with the same genetic systems. For fluctuation tests, cells
from six independent colonies of similar size were plated with the
appropriate dilutions onto specific media, irradiated or not with
different doses of UV-C light, and grown for 3-4 days to isolate
His" recombinants (or canavanine-resistant mutants) and total
viable cells. Cells were grown in darkness to avoid photolyase
activation.

For each test, the survival percentage was determined from total
viable cells in the presence of DNA damage relative to total viable
cells in the absence of DNA damage.

Chromatin immunoprecipitation (ChIP)

Chromatin immunoprecipitation analyses were performed as
described previously with some modifications (Maya-Miles et al,
2019). Cells were fixed for 15 min with 1% formaldehyde. Glycine
was added to quench the reaction at a final concentration of
125 mM. Cells were sedimented by centrifugation, washed twice
with cold PBS, and stored at —80°C until use. ChIP samples were
obtained by breaking cells with a homogenizer (Multibeads shocker,
Yasui Kikai) for 1 h at 2,500 rpm (60 s on/60 s off intervals) in lysis
buffer (50 mM HEPES, 140 mM NaCl, 1 mM EDTA, 1% Triton,
0.1% sodium deoxycholate) supplemented with protease cocktail
inhibitors (Roche) and 3 mM PMSF. Supernatant was transferred to
new tubes by soft centrifugation piercing the bottom of the tube
with a G25 needle. Chromatin was further concentrated by centrifu-
gation and then resuspended in lysis buffer (supplemented with
protease cocktail inhibitors). Chromatin was sheared via sonication
to a size between 200 and 600 bp using a sonicator (Branson Digital
Sonifier, Branson Ultrasonics). About 10 pl of supernatant was kept
on ice and used as the input DNA control; the rest was incubated
overnight with gtma-20 GFP-trap_MA magnetic beads (Chromotek)
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to immunoprecipitate the GFP-tagged proteins. After immunoprecip-
itation, samples were washed twice with 1 ml of the following solu-
tions: lysis buffer, lysis buffer plus 0.5 M NaCl, wash buffer (0.25 M
LiCl, 10mM Tris—HCI pH 8, 1mM EDTA, 0.5% NP-40, 0.5% sodium
deoxycholate), and TE 1x, all supplemented with protease cocktail
inhibitors (Roche), and then eluted from magnetic beads with a 1%
SDS-TE solution. Input and immunoprecipitated samples were incu-
bated 2 h at 42°C and 6 h at 65°C to reverse crosslinking, treated
with 1.5 mg/ml of pronase, and extracted using a standard phenol/
chloroform DNA purification. ChIP data were obtained by real-time
gPCR using iTag™ Universal SYBR Green (Bio-Rad).

In vivo ChEC

Chromatin endogenous cleavage (ChEC) of Rad6-MN cells was
performed as reported (Gonzélez-Prieto et al, 2013, 2020). For
cleavage induction, digitonin-permeabilized cells were incubated
with 2 mM CaCl, at 30°C under gentle agitation. Total DNA was
isolated and resolved into 0.8% TAE 1x agarose gels. Gels were
scanned in a Fuji FLA5100, and the signal profile quantified using
ImageGauge. The area of the DNA digestion profiles was equalized
to eliminate DNA loading differences.

Chromatin fractionation

Chromatin fractionation was performed as described for young yeast
cells (Feser et al, 2010) with some modifications. Samples
(15-30 ml) from mid-log phase cultures were collected by centrifu-
gation, washed with cold 0.1 mM Tris pH 9.4, 10 mM DTT, and
incubated for 15 min in 1 ml of the same buffer on ice. Cells were
then washed with cold spheroplasting buffer (20 mM Hepes pH 7.4,
1.2 M sorbitol, Roche Complete EDTA free protease inhibitor cock-
tail) and incubated with 1 ml of the same buffer with 210 ug zymo-
lyase 20T for 1 h at 30°C. The spheroplasts were collected, washed
twice with cold washing buffer (20 mM Tris pH 7.4, 20 mM KCl,
1 M sorbitol, 0.1 pM spermine, 0.25 uM spermidine, protease inhi-
bitors), and resuspended in 1 ml lysis buffer (20 mM Tris pH 7.4,
20 mM KCl, 0.4 M sorbitol, 0.1 uM spermine, 0.25 pM spermidine,
1% Triton X-100, protease inhibitors) for 5 min on ice. An aliquot
(80 pl) was removed for the total sample, and the remaining sample
was centrifuged for 15 min at 13,000 g at 4°C to separate soluble
(supernatant) and chromatin-enriched (pellet) fractions. Each pellet
was washed with 0.5 ml cold lysis buffer and resuspended in 160 pl
of water. Chromatin, soluble, and total samples were mixed with
SDS buffer for Western blot analyses. Similar volumes were loaded
from each time point for each kinetics, and similar cell equivalents
of the chromatin and soluble fractions were loaded for the fractiona-
tion controls. Rad18-YFP, histone H4, and Pgkl were analyzed by
SDS-PAGE and Western blot using antibodies against GFP (632381,
Clontech), Pgkl (22C5D8, Invitrogen), or H4 (ab10158, Abcam). All
signals were acquired and quantified in a ChemiDoc MP image
system (Bio-Rad).

PCNA ubiquitylation
PCNA ubiquitylation was detected by Hiss-PCNA isolation and anal-

ysis as previously reported (Daigaku et al, 2010). Briefly, total cell
extracts were prepared under denaturing conditions and subjected
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to Ni-NTA affinity purification, and samples were analyzed by SDS—
PAGE and Western blot using antibodies against PCNA (H. Ulrich
Lab) and ubiquitin (P4D1; Cell Signaling). Polyclonal anti-Clb2 (y-
180; Santa Cruz) was used to monitor cell cycle progression. Mono-
clonal anti-Pgkl antibody 22C5D8 (Invitrogen) was used for loading
controls. Proteins were detected and quantified using either fluo-
rophore-conjugate secondary antibodies with an ImageSudio system
(Odyssey; for PCNA, Clb2 and Pgkl) or a peroxidase-conjugate
secondary antibody and the ECL Prime detection kit (GE Healthcare)
in a ChemiDoc MP system (Bio-Rad; for ubiquitin).

Statistical analyses

Statistical analyses were performed using the Prism software
(GraphPad). Mean, SEM, sample size, and statistical tests are indi-
cated in the Figure legends. Sample size was not predetermined
using statistical methods. Given the reduced sample size, the analy-
ses were performed assuming that they follow normal distributions.
Scatter SuperPlots were done as recently reported (Lord et al, 2020).

Data availability

No datasets have been produced. Data are uploaded as source data
or available upon request.

Expanded View for this article is available online.
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