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SUMMARY

DNA damage tolerance plays a key role in protecting
cell viability through translesion synthesis and tem-
plate switching-mediated bypass of genotoxic
polymerase-blocking base lesions. Both tolerance
pathways critically rely on ubiquitylation of the prolif-
erating-cell nuclear antigen (PCNA) on lysine 164 and
have been proposed to operate uncoupled from
replication. We report that Ubp10 and Ubp12 ubiqui-
tin proteases differentially cooperate in PCNA deubi-
quitylation, owing to distinct activities on PCNA-
linked ubiquitin chains. Ubp10 and Ubp12 associate
with replication forks in a fashion determined by
Ubp10 dependency on lagging-strand PCNA resi-
dence, and they downregulate translesion polymer-
ase recruitment and template switch events
engaging nascent strands. These findings reveal
PCNAK164 deubiquitylation as a key mechanism for
the modulation of lesion bypass during replication,
which might set a framework for establishing
strand-differential pathway choices. We propose
that damage tolerance is tempered at replication
forks to limit the extension of bypass events and
sustain chromosome replication rates.

INTRODUCTION

Cells are exposed to the challenge of endogenous and

exogenous DNA damage, a major source of genomic instability

and, in multicellular organisms, a driving force for cancer. Cells

are particularly sensitive to DNA damage occurring during

replication due to the stringent nature of replicative DNA

polymerases, which fail to accommodate damaged bases and

can get blocked, with harmful effects for cell viability and

genome integrity. To cope with base damage during DNA

replication, cells have evolved damage-tolerance mechanisms

that allow circumventing DNA lesions and allegedly ensure a

timely coordination between the progression of replication forks

and DNA repair (Chang and Cimprich, 2009; Friedberg, 2005;

Lawrence, 1994).
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DNA damage tolerance (DDT) is exerted through two major

pathways: translesion synthesis (TLS) and template switching

(TS), which employ different mechanisms to overcome the

potentially lethal effects of the engagement by replication ma-

chineries of lesions impeding the progression of replicative

DNA polymerases (Friedberg, 2005). Though DDT has been

referred to as post-replication repair, it is currently accepted

that it is more than a repair mechanism per se, as it allows

circumventing DNA lesions, either by the use of specialized

polymerases or by employing newly synthesized sister chroma-

tids as damage-free templates (Chang andCimprich, 2009; Garg

and Burgers, 2005; Ghosal and Chen, 2013; Ulrich, 2006).

Indeed, the identification of specialized, evolutionary conserved,

alternative DNA polymerases with the ability to replicate across

damaged bases and effectively bypass lesions was a landmark

discovery, revealing the existence of mechanisms to tolerate

DNA damage during replication (Friedberg and Gerlach, 1999).

These enzymes, known as TLS DNA polymerases, are error

prone and potentially mutagenic, as their ability to accommo-

date templates with bulky lesions contributes to a low fidelity,

and they lack intrinsic proofreading activities. Conversely, TS-

based DDT mechanisms are, in principle, error-free, as they

are thought to involve the pairing of a blocked nascent strand

with its sister in order to copy an intact base. TS plays an

important but not yet fully understood role during chromosome

replication, evolutionarily conserved throughout eukaryotes (re-

viewed by Branzei, 2011).

The proliferative cell nuclear antigen (PCNA) replicative

polymerase processivity factor is a key mediator of DDT in eu-

karyotes (Bergink and Jentsch, 2009; Hoege et al., 2002; Ulrich,

2009).Monoubiquitylation of PCNA on Lys164 (ubPCNAK164) pro-

motes DNA polymerase-mediated error-prone TLS. Instead, the

addition of Lys63-linked ubiquitin moieties to mono-ubPCNAK164

promotes an error-free mechanism based on TS (Branzei and

Foiani, 2010; Kannouche et al., 2004; Stelter and Ulrich, 2003;

Ulrich, 2009; Vanoli et al., 2010; Watanabe et al., 2004; Zhang

and Lawrence, 2005). PCNAK164 monoubiquitylation is catalyzed

by the Rad6/Rad18 (E2/E3) ubiquitin ligase (Hedglin and Ben-

kovic, 2015; Hoege et al., 2002; Stelter and Ulrich, 2003), while

PCNAK164 polyubiquitylation depends on a PCNA-ubiquitin ligase

complex conformed by Rad5, Mms2, and Ubc13 (Lawrence,

1994; Zhang and Lawrence, 2005). As PCNA polyubiquitylation

relies on the previous monoubiquitylation of PCNA on K164,
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Rad6/Rad18 function is essential for both TLS and TS DDT

pathways (Hedglin and Benkovic, 2015). Rad6 group proteins

are conserved from unicellular eukaryotes to mammals and,

in all models tested to date, Rad6/Rad18 monoubiquitylates

PCNAK164 in response to replication stress and a variety of

DNA damaging agents, highlighting the significance of this

pathway (Arakawa et al., 2006; Frampton et al., 2006; Hoege

et al., 2002; Kannouche et al., 2004; Watanabe et al., 2004). It

is therefore broadly considered that PCNAK164 is ubiquitylated

in response to DNA damage. In line with this view, PCNA mono-

ubiquitylation is not observed during unchallenged replication in

most organisms (Daigaku et al., 2010; Davies et al., 2008; Hoege

et al., 2002; Karras and Jentsch, 2010), with the exception of

fission yeast and Xenopus eggs, in which the role played by

this modification in S phase remains obscure (Álvarez et al.,

2016; Daigaku et al., 2017; Frampton et al., 2006; Leach and

Michael, 2005).

The Rad6/Rad18 complex is recruited to replication forks

upon replication protein A (RPA) accumulation downstream of

DNA lesions during the initial steps of the cellular response to

DNA damage (Chang et al., 2006; Davies et al., 2008; Haracska

et al., 2006; Hedglin and Benkovic, 2015; Hoege et al., 2002;

Niimi et al., 2008). However, the spatiotemporal context in

which Rad6/18-mediated PCNAK163 ubiquitylation triggers

DDT mechanisms is still under debate, as Rad18 has also

been identified at nascent DNA in unperturbed cells (Alabert

et al., 2014; Dungrawala et al., 2015; Kile et al., 2015). Despite

conflicting evidence, it was initially suggested that DTT occurs

during the S phase to facilitate the completion of chromosome

replication (Daigaku et al., 2010; Ulrich, 2011). However, it was

later shown that Rad18-dependent PCNA ubiquitylation can

operate after bulk genome replication (Daigaku et al., 2010;

Karras and Jentsch, 2010), supporting the notion that DDT

may work as a post-replicative mechanism (Karras and Jentsch,

2010). It is generally accepted that TLS may operate on the fly

to prevent replication fork blockage, though direct evidence for

this fact is missing to date. This, however, might not be a

preferred option, as the low fidelity of TLS polymerases in-

creases the risk of introducing mutations opposite to DNA le-

sions (Hoege et al., 2002; Stelter and Ulrich, 2003). Lesion

bypass through TS is error free, but it involves certain risks

for cells due to the formation of structures linking sister chroma-

tids that must be effectively resolved to achieve chromosome

segregation (Branzei, 2011; see also references therein). Hence,

mechanisms limiting lesion bypass events at nascent DNA

might be required to minimize deleterious side effects associ-

ated with the TLS and TS pathways’ usage.

Ubiquitin moieties conjugated to PCNA-K164 can be removed

by specialized ubiquitin proteases (or PCNAK164-deubiquitylat-

ing enzymes [DUBs]). Mammalian Usp1, Usp7, and Usp10 and

budding yeast Ubp10 revert PCNA ubiquitylation occurring in

response to exogenous DNA damage (Gallego-Sánchez et al.,

2012; Huang et al., 2006; Mailand et al., 2013; Park et al.,

2014). Additionally, the Ubp10-ortholog Ubp16 cooperates

with the Ubp2, Ubp12, and Ubp15 ubiquitin proteases to revert

PCNAK164 ubiquitylation in the fission yeast Schizosaccharomy-

ces pombe (Álvarez et al., 2016). Based on indirect evidence,

PCNAK164-DUBs have been proposed to suppress DDT events
1324 Cell Reports 29, 1323–1335, October 29, 2019
(Gallego-Sánchez et al., 2012; Huang et al., 2006; Mailand

et al., 2013; Park et al., 2014). However, the mechanistic involve-

ment of PCNA deubiquitylation in controlling both DDT pathways

and the timing of PCNAK164-DUBs action during the replication

of damaged DNA templates remains unknown.

Here, we show that in budding yeast cells, the Ubp10 and

Ubp12 PCNAK164-DUBs physically interact with the PCNA and

cooperate in its deubiquitylation, exhibiting a differential prefer-

ence in the removal of K164-linked ubiquitin chains. While ad-

dressing the spatiotemporal framework of PCNA deubiquityla-

tion, we found that both Ubp10 and Ubp12 associate with

replication forks, the former in a fashion influenced by PCNA

unloading from lagging strands. Furthermore, inactivation of

Ubp10 and Ubp12 exacerbates both TS events and the recruit-

ment of TLS polymerase z-associated protein Rev1 to stalled

replication forks, which hints at a complex regulation of lesion

bypass pathways. Our data reveal that the reversion of

PCNAK164-ubiquitylation is a key mechanism modulating DDT

during DNA synthesis, which we propose might limit the exten-

sion of bypass events and support normal replication rates

during unperturbed replication.

RESULTS

Ubp10 and Ubp12 Proteases Diversely Cooperate to
Deubiquitylate PCNA in the S Phase
The Ubp10 ubiquitin protease reverts PCNA ubiquitylation in

Saccharomyces cerevisiae (Gallego-Sánchez et al., 2012). How-

ever, Ubp10 ablation does not result in the accumulation of

Ub-PCNA in unperturbed cells, pointing at the involvement of

additional enzymes in PCNA deubiquitylation during replication

in this organism (Gallego-Sánchez et al., 2012). To identify

additional PCNA-DUBs, we screened cells lacking individual

ubiquitin proteases in combination with UBP10 deletion for an

accumulation of Ub-PCNA (unpublished data). Using this

approach, we found that a combined ablation of Ubp10 and

Ubp12 resulted in the accumulation of both mono- (Ub) and

di-ubiquitylated (Ub2) PCNA in asynchronously cycling cells

(Figure 1A; Asyn), with equivalent sumoylated (SUMO) PCNA

levels. Elimination of Ubp12 alone did not result in a robust

accumulation of ubiquitylated PCNA in unperturbed cycling

cells—similar to what was observed for UBP10 deletion—or

upon the induction of replication stress by treatment with the

alkylating agent methyl methanesulphonate (MMS) or the

ribonucleotide reductase inhibitor hydroxyurea (HU) (Figure 1B;

compare lanes 1 and 3). In contrast, a combination of ubp10D

and ubp12D determined a marked synergistic increase in

ubiquitylated PCNA levels in both cycling and HU/MMS-treated

cells (Figure 1B; compare lanes 1 and 4), which did not take

place in G1-arrested cells (Figure 1A), suggesting that Ubp10

and Ubp12 cooperate to achieve PCNA deubiquitylation in the

S phase.

We next directly analyzed the in vivo and in vitro abilities of

Ubp12 to counteract PCNA ubiquitylation owing to MMS-

induced S-phase damage. In keeping with previous observa-

tions (Gallego-Sánchez et al., 2012), overexpression of UBP10

counteracted the accumulation of both Ub- and Ub2-PCNA (ab-

sent in cells ablated for the Rad18 E3 ligase) (Figure 1C). In



Figure 1. Ubp10 and Ubp12 Ubiquitin

Proteases Cooperate to Revert PCNA

Ubiquitylation

(A and B) Accumulation of ubiquitylated PCNA in

exponentially growing (Asyn), a-factor blocked

(G1), MMS- or HU-treated wild-type, ubp10D,

ubp12D, and ubp10D ubp12D cells. MMS- or HU-

treated rad18D controls are shown (lanes A and B,

respectively). Cell extracts were resolved in 12%

polyacrylamide SDS gels and immunoblotted with

a-FLAG antibodies. Ponceau stainings are shown

as additional loading controls.

(C) Immunodetection of ubiquitylated and di-

ubiquitylated PCNA forms in wild-type cells, in

cells induced (GAL1:UBP) for Ubp10 or Ubp12

expression and in controls, after a 90-min treat-

ment with 0.02%MMS. Trichloroacetic acid (TCA)

extracts were processed for immunoblotting with

affinity purified rabbit a-PCNA antibodies.

(D) Ten-fold dilutions of GAL1-driven UBP10-,

UBP11- (negative control), and UBP12-over-

expressing cells incubated at 25�C in glucose or

galactose plates in the absence or the presence of

0.01% MMS for 60 h.

(E) Co-immunoprecipitation assay of Ubp12-myc

and FLAG-tagged PCNA. PCNA-FLAG was

immunoprecipitated from both untreated cells or

after 90 min of treatment with 0.02% MMS (as

indicated). Blots were incubated with a-myc or

a-FLAG antibodies. Whole-cell extracts (WCEs)

are shown for reference. Strains used in the assays

are indicated.

(F) PCNA in vitro deubiquitylation assay. Mono-

and di-ubiquitylated PCNA was obtained by

immunoprecipitation with anti-FLAG antibodies

from ubp12, ubp15, and ubp16 pcn1-FLAG

S. pombe cells. PCNA samples were split and

incubated with immunoprecipitated Ubp10-myc

or Ubp12-myc in the absence or in the presence of

UbVS to inhibit ubiquitin-processing protease

(UBP) activity (see STAR Methods for details). An

untreated aliquot serves as a reference for immu-

noprecipitated PCNA. PCNA ubiquitylation state

was inferred by the distinctive mobility on SDS-

PAGE gels of PCNA forms.

(G) Forward mutation analysis in GAL1:UBP12

strains. Canavanine resistance was assayed in

wild-type,GAL1:UBP12, rev3D, andGAL1:UBP12

rev3D cells incubated in either galactose (GAL ON)

or glucose to induce or repress UBP12 expression, respectively, and treated or not with 0.005% MMS (spontaneous and MMS induced, as indicated).

Means and SDs of three independent experiments are shown.
contrast, UBP12 overexpression preferentially downregulated

Ub2-PCNA forms (not present in mms2 mutants) (Figure 1C).

Consistent with a putative failure to effectively activate DDT

pathways owing to suppressed PCNA ubiquitylation, overex-

pression of Ubp12 conferred sensitivity to MMS-induced dam-

age similarly, though to a lesser extent, as to that observed for

Ubp10 (Figure 1D). We addressed the physical interaction be-

tween Ubp12 and PCNA by testing PCNA immunoprecipitates

for the presence of myc-epitope tagged Ubp12 and found that

Ubp12 interacts in vivo with the sliding clamp in both unper-

turbed and MMS-treated cells (Figure 1E), similarly to what

was previously described for Ubp10 (Gallego-Sánchez et al.,

2012). The intensity of Ubp12-PCNA interaction, nonetheless,
lessened as cells progressed through S phase in the presence

of the alkylating chemical (Figures S1A and S1B), likely as a

consequence of a progressive decline in the number of stalled

replication forks (Jossen and Bermejo, 2013; Tercero andDiffley,

2001).

We next performed in vitro ubiquitin protease assays to

examine the activity of Ubp10 and Ubp12 on ubiquitylated

PCNA. As a source of Ub- and Ub2-PCNA, we immunoprecipi-

tated it from S. pombe ubp12 ubp15 ubp16 pcn1-FLAG-epitope

tag (FLAG) cell extracts (Álvarez et al., 2016), as fission yeast

cells do not SUMOylate the sliding clamp (Álvarez et al., 2016;

Daigaku et al., 2017; Frampton et al., 2006). Ubp10-myc effi-

ciently deubiquitylated both Ub- and Ub2-PCNA in a fashion
Cell Reports 29, 1323–1335, October 29, 2019 1325



blocked by the ubiquitin vinyl sulfone (UbVS) irreversible DUB

inhibitor (Figure 1F) and dependent on its catalytic activity

(Figure S1C). In contrast, Ubp12-myc removed Ub2-PCNA

forms only, showing poor activity on Ub-PCNA in the same con-

ditions (Figures 1F and S1C). This differential in vitro activity is

unlikely to be caused by a defective interaction of Ubp12 with

Schizosaccharomyces pombe PCNA (SpPCNA), as Ubp12

can effectively remove Ub2-SpPCNA and is consistent with the

in vivo effects observed upon DUBs overexpression. In concor-

dance with the reduction in poly-Ub PCNA levels, we found that

UBP12 overexpression causes a dosage mutator phenotype

that depends on Rev3 (Figure 1G) and is hypostatic to that of

mms2 deletion (Figure S1D) (Ang et al., 2016), likely caused by

an abrogation of TS events driving tolerance through TLS. This

in vivo and in vitro evidence reveals a differential preference of

these enzymes during PCNA deubiquitylation, as Ubp10 may

efficiently remove all ubiquitins linked to PCNAK164 (single ubiq-

uitin monomers or K63-linked poly-ubiquitin chains), whereas

Ubp12 may preferentially deconjugate K63-linked ubiquitin moi-

eties from poly-ubiquitylated PCNA. Such differential abilities of

PCNA-DUBs to render either Ub- or Ub2-PCNA establishes a

potential to diversely influence DDT pathways.

Association of Ubp10 and Ubp12 with Replication Forks
Is Differentially Influenced by PCNA Association to
Nascent Strands
The functional significance of PCNA deubiquitylation remains

unclear to date. The reversion of Rad18-mediated ubiquitylation

may represent a mean to locally influence the activity of DDT

pathways. In order to address this issue, we investigated

Ubp10 and Ubp12 localization genome-wide through chromatin

immunoprecipitation (ChIP), followed by hybridization of micro-

arrays (ChIP-on-chip) (Katou et al., 2003). We mapped the

association of PCNA-DUBs with chromosomal DNA in cells

released from a G1 arrest and synchronously replicating in the

presence of 0.2 M HU. Under these conditions, replication

forks emanating from early origins slow down and progress for

about 5 kb (Bermejo et al., 2007; Shirahige et al., 1998). Approx-

imate positions of replication forks along the genome were

determined by analysis of the Mec1 checkpoint kinase co-factor

Ddc2 (Figure 2A), which associates with single-stranded DNA

(ssDNA) generated upon fork stalling (Lucca et al., 2004; Zou

and Elledge, 2003). Ubp12 binding peaked, among other

genomic loci, around the active early replication origins in the

environment of stalled forks, as determined by Ddc2 signals. In

contrast, an equivalent localization of Ubp10 at the replication

forks was not detected in HU-arrested cells. We detected

additional Ubp12 and Ubp10 signals in association with

different genomic features (including telomeres, rDNA, and

mating-type loci) unrelated to the stalled forks. These might

reflect functions of these DUBs mediated by deubiquitylation

of targets presumably different from PCNA, as in the case of

the Ubp10 function in loci silencing (Emre et al., 2005; Gardner

et al., 2005; Schulze et al., 2011).

We reasoned that a lack of Ubp10 association with replica-

tion forks could be a consequence of PCNA unloading from

stalled lagging strands. When replication forks stall owing to

reduced deoxynucleotide triphosphates (dNTPs) levels, an
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Elg1 alternative replication factor C (RFC) complex removes

PCNA molecules from lagging strands (Ben-Aroya et al.,

2003; Kubota et al., 2015, 2013). Thus, elg1 deletion provides

a genetic tool for strand-specific genomic analysis of proteins

that interact with PCNA (Kubota et al., 2015; Yu et al., 2014).

Indeed, when we compared Ubp10 localization in HU-arrested

S-phase cells, additional enrichment clusters correlating with

Ddc2 signals at replication forks became evident in elg1D

mutants (Figures 2B and S2A), suggesting that the retention

of lagging-strand PCNA determines Ubp10 binding to stalled

replication forks. This association, quantitatively measured by

ChIP-qPCR close to the ARS305 replication origin, increased

roughly 10-fold upon Elg1 ablation (Figure 2C), rendering an

enrichment higher than that observed for Ubp12 in ELG1 cells.

In contrast, ablation of Elg1 did not influence the Ubp12 asso-

ciation with replication forks (Figures 2C and S2B), suggesting

that this DUB does not bind lagging-strand PCNA. A transient

enrichment of both Ubp10 and Ubp12 close to ARS305 with

timings consistent with fork passage was observed in the un-

perturbed S phase (Figure 2D), indicating that Ubp10 is present

at forks when the lagging-strand PCNA is not unloaded. We

note that Ubp12 and Ubp10 chromosome binding signals, simi-

larly to Ddc2 binding, were not observed near late-firing or

dormant origins inactive in HU-treated cells, indicating that

origin-proximal DUB binding corresponds to sites of active

replication only (Raghuraman et al., 2001; Santocanale and

Diffley, 1998; Shirahige et al., 1998; Wyrick et al., 2001). In

agreement with this notion, robust Ubp10 and Ubp12 active

origin-related signals were not detected in G1- or G2-arrested

cells (Figures 2D and S2C).

PCNA Deubiquitylation Counteracts Nascent Strand
Engagement in TS Intermediates
We next examined the impact of PCNA deubiquitylation on

the DDT at replication forks. We analyzed first the error-

free DDT branch by visualizing TS intermediates through

neutral/neutral 2D-gel electrophoresis (2D gels) in wild-

type cells and ubp10 ubp12 mutants replicating in the

presence of MMS. TS drives the error-free branch of DNA

damage bypass via a Rad51-/Rad52-mediated strand inva-

sion mechanism that results in intermediates migrating in 2D

gels as fully replicated X-shaped molecules (González-Prieto

et al., 2013; Liberi et al., 2005; Mankouri and Hickson, 2006;

Sollier et al., 2009; Vanoli et al., 2010), which link nascent

sister chromatids before being dissolved by the Sgs1-Top3-

Rmi1 complex (Bernstein et al., 2009; Giannattasio et al.,

2014; Lopes et al., 2003). Single and double PCNA-DUB

ubp10 ubp12 mutants showed increased X-shaped intermedi-

ate levels during the replication of damaged chromosomal

templates in a SGS1 dissolution-proficient background (Fig-

ure 3A), indicating that PCNA deubiquitylation counteracts

TS events. Accumulation of these molecules was transient,

though they were still visible at later time points, particularly

in mutants lacking Ubp10 that exhibit a delayed replication

progression in the presence of MMS (Figure S3A), suggesting

that either formation of these intermediates was promoted,

or their resolution counteracted upon the impairment of

PCNA-DUBs. Of note, the detection of X-shaped molecules



Figure 2. Ubp10 and Ubp12 PCNA-DUBs

Associate with Replication Forks

(A) UBP10-myc-, UBP12-myc-, DDC2-myc-, and

elg1D UBP10-myc-tagged cells were synchro-

nized with a-factor and released for 1 h in 0.2 M

HU. Samples were processed for ChIP with a-myc

monoclonal antibodies. Orange histogram bars on

the y axis show the average signal ratio of loci

significantly enriched in the immunoprecipitated

fraction in log2 scale. The x axis shows co-

ordinates along chromosome III in kilobases.

Early-firing (in red) and late/dormant (in black)

replication origins are evidenced. The relative po-

sitions of early-firing origins and the extent of fork

progression are indicated by red dots and dotted

squares, respectively.

(B) ChIP analysis along chromosome VI performed

as in (A), including UBP10-myc elg1D cells. Addi-

tional Ubp10 clusters localized around early-firing

replication origins are indicated by red arrow-

heads.

(C) The indicated cells were cultured as in (A) and

processed for ChIP-qPCR. Means and standard

deviations of three independent experiments are

shown. A schematic of the ARS305-proximal DNA

fragment amplified is provided.

(D) Ubp10 and Ubp12 ChIP was performed at the

indicated time points after release from an a-factor

block in unperturbed conditions.

Means and SDs of three independent experiments

are shown. ‘‘C�’’ denotes untagged controls.
in ubp10 and ubp12 mutants was abolished by ablation of

Rad52, and their accumulation was precluded by expression

of non-ubiquitylatable PCNA (in pol30K164R cells) (Figures 3B,

S3B, and S3C), indicating that a vast majority of Ubp10/12
Cell Repo
ablation-related intermediates detected

in 2D gels reflect bona fide TS events.

We performed similar experiments

upon elimination of Sgs1 tomonitor TS in-

termediate levels in a dissolution-defec-

tive background. Ablation of ubp10 or

ubp12 largely anticipated the accumula-

tion of TS intermediates (Figures 3C and

S3D), supporting the notion that defective

PCNA deubiquitylation due to DUB

ablation promotes the engagement of

daughter strands to form these mole-

cules. Strikingly, analysis of replication

intermediates upon HU-induced fork

stalling revealed the accumulation of

small Y-shaped intermediates in ubp10

and, to a higher proportion, ubp10

ubp12 mutants (Figure 4A), which differ

from the canonical bubble and large Y

molecules resulting from origin firing and

fork progression (Figure 4B). Of note,

accumulation of non-canonical small Ys

was mirrored by a decrease in large Ys

and, to a lesser extent, in bubble signals,
suggesting that these molecules arise from transitions in which

nascent DNA strands rearrange to alter the normal branched

structure of replication intermediates. Accumulation of these

small Y-shaped molecules was abolished by the ablation of
rts 29, 1323–1335, October 29, 2019 1327



Figure 3. PCNA-DUBs Mutants Accumulate X-Shaped TS Intermediates

(A)Wild-type, ubp10D, ubp12D, and ubp10D ubp12D cells were synchronizedwith a-factor and released in the presence of 0.033%MMS. Samples were taken at

the indicated times and processed for FACS analysis of DNA content (Figure S3A) and 2D-gel analysis of replication intermediates. Genomic DNA was cut with

NcoI, electrophoresed in N:N 2D gels, transferred to nylon membranes, and hybridized to a probe spanning the ARS305 early origin of replication. Quantification

of the relative abundance of X-shaped DNA signals (indicated by open triangles) is shown.

(B) Wild-type, ubp10D, ubp12D, and ubp10D ubp12D cells in a RAD52wild-type or rad52Dmutant background were treated as in (A). Samples were taken at the

indicated times and pooled before preparation for 2D-gel analysis as in (A). Histogram plots show the quantification of the X-shaped DNA signals. FACS analysis

is shown in Figure S3B.

(C) sgs1D, sgs1D ubp10D, sgs1D ubp12D, and sgs1D ubp10D ubp12D cells were treated as in (A). Samples were taken at the indicated intervals and processed

for analysis of DNA content by FACS (shown in Figure S3C) and 2D-gel analysis as in (A). Histogram plots of the X-shaped DNA signals are shown.

All experiments in the figure were replicated two times.
Rad52 (Figure 4A), indicating that they likely result from TS

events, described to be triggered upon polymerase stalling

owing to dNTP shortage (Gallo et al., 2019). Taken together,

these observations reveal the existence of a PCNA-DUB-driven

mechanism counteracting the engagement of nascent DNA

strands in TS events upon replication fork stalling by template le-

sions or dNTP shortage.

PCNA-DUBs Restrain TLS Polymerase z Complex
Recruitment to Replication Forks
We next analyzed whether PCNA deubiquitylation influences

the error-prone branch of the DDT pathway as well. For this,

we studied the chromosomal localization of TLS polymerase
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z-associated Rev1 protein by ChIP-on-chip in cells released

from a G1 arrest into a synchronous S phase in the presence

of HU. We failed to observe Rev1 recruitment to replication forks

in wild-type or PCNA-DUB-proficient cells or ubp10 ubp12

double mutants (Figure S4A), suggesting that if Polymerase z

is recruited to stalled forks in these conditions, its binding

might be too weak or transient to be detected by ChIP. We

also analyzed the impact of combined defects in PCNA

deubiquitylation and Elg1-mediated unloading on Rev1 chromo-

somal binding (see strategy in Figure 5A). Strikingly, while Elg1

ablation alone bore no effect, its combination with the deletion

of ubp10 and ubp12 resulted in the detection of sharp origin-

proximal Rev1 signals (Figures 5B and S4A)—tightly matching



Figure 4. Accumulation of Putative Rad52-

Dependent TS Intermediates at Stalled

Forks in ubp10D ubp12D Mutants

(A) Wild-type, ubp10D, ubp12D, ubp10D ubp12D,

ubp10D rad52D, and ubp10D ubp12D rad52D

cells were synchronized with a-factor and

released in the presence of 0.2 M HU. Samples

were taken after 60 min and processed for 2D-gel

analysis. Membranes were consecutively hybrid-

ized to probes spanning ARS305 and ARS1200-1

replication origins. Histogram plots of small/large

Y-shaped intermediate ratios in RAD52 and

rad52D backgrounds of wild-type, ubp10, ubp12,

and ubp10 ubp12 DUB mutants are shown.

(B) Schematic of canonical replication in-

termediates and fully replicated joint molecules

detected by 2D-gel analysis. Canonical small Ys

reflect passive replication by forks emanating

outside the probed fragment.

All experiments in the figure were replicated three

times.
the positions of stalled forks, evidenced by Ddc2 binding—along

entire chromosomes (Figure S4B). These results indicate that

Rev1 association with stalled replication forks is counteracted

by both PCNA deubiquitylases and PCNA unloading from lag-

ging strands. Rev1 association to forks was not affected by

the ablation of Mms2, required for PCNA di/poly-ubiquitylation

(Figure S4C), consistent with its recruitment being promoted

by PCNA mono-ubiquitylation only. Quantitative analysis close

to the ARS305 origin by ChIP-qPCR failed to detect robust

Rev1 enrichment in ubp10D elg1D or ubp12D elg1D cells (Fig-

ure 5C), suggesting that the action of either DUB is sufficient to

counteract Rev1 binding to forks. These data suggest that

DNA polymerase z might be electively recruited to replication

forks in an attempt to bypass replication blocks on the fly. In

addition, they suggest that error-prone TLS lesion bypass events

at forks are suppressed through a dual mechanism, requiring

both PCNA deubiquitylation and removal from lagging strands.

PCNA Deubiquitylation Promotes Processive
Replication by Suppressing TLS Events
Our findings point at the use of TS and TLS damage-tolerance

pathways being controlled by Ubp10 and Ubp12 PCNA-DUBs

at replication forks. In addition, the slow completion of bulk

genome replication in ubp10 MMS-treated cells (Figure S3)

signified a key role for this PCNA-DUB in promoting replication

in the presence of alkylating damage. Hence, we examined the

biological significance of PCNA deubiquitylation-mediated

DDT suppression in supporting the progression of chromosome

replication. Replication defects in ubp10D cells most likely result

from an excessive PCNA ubiquitylation, as they are suppressed

by mutation of lysine 164 of PCNA to a non-ubiquitylatable argi-

nine residue (Figure S5), which abrogates both the error-prone
Cell Repo
and error-free DDT pathways (Hoege

et al., 2002; Stelter and Ulrich, 2003). Of

note, cells ablated for Ubp10 also exhibit

delayed bulk genome replication and

S-phase completion in the absence of
genotoxic insults (Figure S6), arguing for a fundamental require-

ment of PCNA deubiquitylation in sustaining normal chromo-

some replication rates.

One possibility is that PCNA-DUBs are constitutively recruited

to replication forks to limit engagement in DDT processes and

support steady replication progression. We tested this hypothe-

sis by monitoring bulk replication progression in wild-type cells,

ubp10D mutants, and cells in which ubp10 deletion was com-

bined with TLS Polymerase z and Pol h ablation by deletion of

REV1 REV3 and RAD30 genes (ubp10D tlsD). Cells were

released from G1 into S phase, and bulk genome replication

was followed by fluorescence-activated cell sorting (FACS) in

the absence or presence of MMS (Figures 6A and 6B). In

both conditions, ablation of TLS DNA polymerases alleviated

the replication progression defect of ubp10D cells. These obser-

vations suggest that the Ubp10 PCNA-K164 deubiquitylation-

dependent role in supporting normal replication rates is linked

to the function of, at least, the TLS branch of DDT. Taken

together with our previous observation that PCNA-deubiquityla-

tion counteracts Polymerase z association to replication forks,

this evidence also indicates that PCNA-DUBs might help sustain

replication rates by limiting exchanges between replicative and

TLS DNA-polymerases. Based on these findings, we propose

that fork-coupled DUBs act to constitutively promote PCNA

deubiquitylation in order to limit excessive engagement of DDT

processes and ensure processive chromosome replication.

DISCUSSION

Here, we studied the spatiotemporal determinants and func-

tional impact of PCNA deubiquitylation as a mean to control

DDT in budding yeast. We identified Ubp12 as a player acting
rts 29, 1323–1335, October 29, 2019 1329



Figure 5. TLS Polymerase z-Associated Rev1 Protein Binding to Replication Forks Is Counteracted by PCNA-DUBs and Lagging-Strand

PCNA Unloading

(A) Analysis of TLS polymerase z-associated Rev1 localization to sites of active DNA replication by ChIP-on-chip and ChIP-qPCR.

(B) ChIP-on-chip analysis of REV1-myc ubp10D ubp12D elg1D (Rev1 dde), DDC2-myc (Ddc2), and REV1-myc elg1D (Rev1 elg1D) cells pre-synchronized with

a-factor and released for 1 h in the presence of 0.2 M HU. Orange histogram bars on the y axis show the average signal ratio of loci significantly enriched in each

immunoprecipitated fraction in log2 scale. The x axis shows chromosomal coordinated in kilobases along regions in chromosomes III and VI. Early-firing (in red)

and late/dormant (in black) replication origins are shown. Positions of early-firing origins are indicated by dotted red lines. Centromere (CEN) positions are shown.

(C) ChIP-qPCR analysis of Rev1 enrichment at ARS305 in the indicated cells upon release from G1 into 0.2 M HU.

Means and SDs of three independent experiments are shown.
in conjunction with Ubp10 to deubiquitylate PCNA in the S

phase. We report that Ubp10 and Ubp12 associate with replica-

tion forks and that in their absence, TS and TLS events are

exacerbated at sites of DNA synthesis, suggesting that PCNA

deubiquitylation at replication forks serves DDT regulation, as

opposed to simply mediating PCNA recycling.

In eukaryotes, cells mutated in PCNAK164 or lacking the Rad18

ubiquitin ligase are hypersensitive to alkylating damage induced

by MMS, reflecting the pivotal role played by ubiquitylation of

this residue in activating pathways that bypass DNA lesions to

promote cell viability (Hoege et al., 2002; Stelter and Ulrich,

2003). We show here that the ablation of Ubp10 or Ubp12 results

in an accumulation of ubiquitylated PCNA, and, conversely,

overexpression of either DUB determines a reduction in PCNA

ubiquitylation in response to genotoxic agents. Hence, the sensi-
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tivity to MMS conferred by DUB overexpression is likely due to a

failure in achieving PCNA ubiquitylation levels necessary to

trigger lesion bypass mechanisms. We note that Ubp10-overex-

pressing cells are more sensitive to MMS than those overpro-

ducing Ubp12, suggesting that Ubp10 may act as the main

PCNA deubiquitylase in budding yeast. Nonetheless, ablation

of Ubp10 results in an accumulation of ubiquitylated PCNA

forms following exposure to DNA damage or replication blocks

(Gallego-Sánchez et al., 2012), while elimination of Ubp12 only

enhances the accumulation of Ub- and Ub2-PCNA
K164 in

Ubp10-defective cells, suggesting that DUBs functionally over-

lap and that Ubp12 can take over some of Ubp10 roles in its

absence (e.g., suppressing Rev1 binding to forks in ubp10D

cells). Strikingly, ubiquitylated PCNA is robustly detected in

ubp10 ubp12 double mutants during unperturbed replication.



Figure 6. TLS DNA-Polymerases Determine

Replication Progression Defects in ubp10D

Cells

(A and B) DNA content analysis of wild-type,

ubp10D, rev1D rev3D rad30D (tlsD), and ubp10D

rev1D rev3D rad30D (ubp10D tlsD) strains. Cells

were synchronized with a-factor and released in

fresh yeast complex media (YPAD; unperturbed

conditions) (A) or in 0.015% MMS YPAD (damage

conditions) (B). The progression of the bulk

genome replication was monitored at the indi-

cated time points by FACS. Red boxes indicate

approximate S-phase duration in wild-type cells.

Red arrows indicate time points in which tlsD su-

presses the replication defect of ubp10D cells.

(C) Hypothetical model for DDT suppression at

replication forks through Ubp10- and Ubp12-

mediated PCNA deubiquitylation (see text for

details).
We contend that spontaneous DNA lesions, likely due to endog-

enous damage, or futile Rad6/Rad18 activation may account for

such PCNA ubiquitylation in the absence of genotoxic stimuli;

these are therefore likely to underlie chromosome replication de-

fects owing to DDT enhancement in PCNA-DUB ubp10mutants.

However, Ubp10 and Ubp12 exhibit diverse preferences for

ubiquitin-chain removal, a remarkable characteristic of the in vivo

enzymatic activity of PCNAK164-ubiquitin proteases. Indeed,

Ubp10 and Ubp12 preferences for completely deubiquitylating

PCNA or removing polyubiquitin chains, respectively, suggest

that these enzymes are likely not just to primarily back up each

other, but also to play dedicated roles in damage bypass control.
Cell Repo
It will be interesting to investigate if addi-

tional PCNA-DUBs operate in yeast cells,

which could add further layers of

complexity to DDT regulation at replica-

tion forks, and if an equivalent enzymatic

diversity and cooperation between edi-

tors of PCNA ubiquitin chains also occurs

in human cells.

We show here that the enzymes

driving PCNAK164 deubiquitylation down-

regulate DDT events at replication forks.

First, Rad52-dependent replication inter-

mediate transitions, consistent with the

engagement of nascent strands in TS

events, accumulate in PCNA-DUB-defi-

cient cells when forks negotiate damaged

templates or dNTPs shortage. X-shaped

TS intermediates accumulate during the

replication of alkylated DNA, owing to

nascent strand exchange events medi-

ated by Rad52, which lead to joint mole-

cules primarily dissolved by the Sgs1

RecQ family helicase (Giannattasio et al.,

2014; González-Prieto et al., 2013; Liberi

et al., 2005; Lopes et al., 2003; Mankouri

and Hickson, 2006). Accumulation of
these molecules in PCNA-DUB mutants is likely the conse-

quence of a lack of leverage on the activity of PCNAK164

ubiquitin ligases, resulting in an overall increase of PCNA

poly-ubiquitylation, presumably close to polymerase-blocking

lesions. Of particular interest is the accumulation of non-ca-

nonical molecules in HU-treated PCNA-DUB mutants. These

intermediates are Rad52 dependent and are observed upon

DUBs ablation only, suggesting that they represent transi-

tions engaging nascent strands that are normally suppressed

by PCNA deubiquitylation. The migration properties of these

intermediates on 2D gels are indicative of a Y-shaped struc-

ture and a mass lower than fully replicated molecules, the
rts 29, 1323–1335, October 29, 2019 1331



latter suggesting an incomplete synthesis of the nascent

strands. This fact, together with the observation that these

molecules accumulate at the expense of canonical large Y-

shaped intermediates, suggests that they might arise from

TS attempts by nascent strands close to sites of replicative

polymerase stalling. Further work will be required to analyze

the precise molecular nature and functional meaning of these

intermediates.

In addition, binding of the TLS polymerase z-associated Rev1

protein to stalled replication forks is also increased upon the

ablation of Ubp10 and Ubp12 DUBs, along with the RFC

PCNA unloader Elg1 subunit. Rev1 plays a role in Rev3–Rev7

(TLS Polymerase z) complex formation (Haracska et al., 2001;

Nelson et al., 1996). Hence, PCNA-DUBs counteract the fork

recruitment, and presumably the function, of the Polymerase z

TLS polymerase, most likely resulting in a downregulation of

error-prone lesion bypass. As mentioned, PCNAK164 ubiquityla-

tion occurs in S phase in yeast and other model systems

(Álvarez et al., 2016; Daigaku et al., 2010, 2017; Davies et al.,

2008; Hoege et al., 2002; Huang et al., 2006; Stelter and Ulrich,

2003), and Rad18 PCNAK164-E3-ubiquitin ligase binding to forks

is promoted by the presence of RPA-coated ssDNA (Davies

et al., 2008). PCNA ubiquitylation can be genetically forced to

occur after genome replication without impairing genome integ-

rity or cell viability (Daigaku et al., 2010; Karras and Jentsch,

2010), which raised the notion that lesion bypass may work

primarily as a repair mechanism acting on ssDNA gaps,

persisting after the completion of bulk damaged chromosome

replication (Karras and Jentsch, 2010). Our findings suggest

that the reversion of PCNA ubiquitylation by Upb10 and Ubp12

DUBs represents a key regulatory layer to limit fork engagement

in DDT mechanisms. This raises the possibility that in certain

circumstances, cells might resort to ‘‘on the fly’’ lesion bypass

in the context of replication forks, though such a co-replicative

mechanism would be constitutively downregulated by DUB-

mediated PCNA deubiquitylation.

The PCNA-ubiquitin ligase Rad18, the FANCD2/PCNA-DUB

USP1, and TLS DNA polymerase h associate with sites of DNA

synthesis, along with replisome factors in mammalian cells

(Despras et al., 2016; Dungrawala et al., 2015; Kile et al.,

2015). In line with these observations, we report that yeast

Ubp10 and Ubp12 PCNA-DUBs associate with replication

forks in unperturbed conditions. However, upon fork stalling

Upb10, but not Ubp12, binding to forks is counteracted by

Elg1, a factor that unloads PCNA from lagging strands (Kubota

et al., 2013, 2015; Yu et al., 2014). It has been estimated that

two PCNA molecules are present at lagging strands per each

complex present at leading strands (Yu et al., 2014), and, owing

to defective unloading from lagging strands, PCNA detection at

stalled forks increases in Elg1-ablated cells (Kubota et al., 2013,

2015; Yu et al., 2014). Nonetheless, PCNA is detectable at stalled

forks in wild-type cells, as a fraction of clamp loader molecules

remains associated with leading strands (Yu et al., 2014). In

contrast to PCNA, we failed to observe the Ubp10 association

with stalled forks in ELG1 wild-type cells, arguing that Ubp10

is likely absent from leading strands. In agreement with the in-

ferred preferential lagging-strand association of Ubp10, coIP

analysis evidenced that Ubp10, but not Ubp12, interacts with
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the Okazaki-fragment processing factor Fen1/Rad27, acting

exclusively during the last steps of lagging-strand synthesis (Fig-

ure S6E). In contrast, Ubp12 association with replication forks in

HU-treated cells is not influenced by the presence of a functional

Elg1, suggesting that it might primarily associate with leading-

strand PCNA.

We envision, based on these observations, that PCNA-DUBs

might asymmetrically associate with nascent DNA strands

(Figure 6C). This, taken together with the distinct preference of

the two DUBs for PCNA deubiquitylation, might establish a

framework for differential PCNA deubiquitylation and handling

of lesion bypass at leading- or lagging-strand templates. Though

further work will be required to firmly establish this notion, it is

tantalizing to speculate that the substrate preference of Ubp10

may favor full PCNA deubiquitylation at lagging strands and

that, conversely, Ubp12 may preferentially deconjugate K63-

linked ubiquitinmoieties, permitting the residence ofmono-ubiq-

uitylated PCNA at leading strands. In this scenario, leading

strands may be relatively permissive for engagement in TLS

events owing to the presence of mono-ubiquitylated PCNA.

Instead, both DDT pathways might be counteracted at lagging

strands, as a consequence of full PCNA deubiquitylation and,

in the case of HU-induced fork stalling, PCNA unloading.

The evidence presented here argues that PCNA-DUBs

revert PCNA ubiquitylation to limit lesion bypass events in the

environment of replication forks, raising the key question of

what the biological meaning of DDT suppression is during

replication. An obvious option is that the extension of DDT events

requires limitation in order to avoid increased mutagenesis or

excessive sister chromatid junctions owing to TLS and TS

events, respectively. In addition, the presence of PCNA-ubiquitin

ligases at replication forks might lead to unscheduled ubiquityla-

tion of the replicative clamp, which may in turn trigger futile

bypass events encumbering the progression of replication

machineries. In this respect, we found that the ablation of TLS

polymerases alleviates the replication defects of ubp10mutants,

suggesting that an exacerbation of TLS polymerase recruitment

might basally hamper a processive function of replicative

polymerases.

In light of our findings, we propose that fork-associated Ubp10

and Ubp12 revert PCNAK164 ubiquitylation to restrain DDT at

nascent DNA, likely to limit the extension and deleterious impact

of lesion bypass events, and, in doing so, facilitate a processive

replication of chromosomal DNA.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse anti-Flag (M2) Sigma-Aldrich Cat#F1804; RRID:AB_259529

Anti-HA (12CA5) Roche Cat#11666606001; RRID:AB_514506

Anti-Myc Tag (9E10) Sigma-Aldrich Cat#M5546: RRID:AB_439695

Anti PK Anti-V5 Tag (E10/V4RR) Thermo Fisher Cat#MA5-15253; RRID:AB_2537639

Anti-Myc-HRP Miltenyi Biotech Cat#120-002-532; RRID:AB_871937

Anti-PCNA rabbit polyclonal Dr. Kaufmann’s Lab N/A

Anti-Clb2 Santa Cruz Biotech Cat#SC-9071; RRID:AB_667962

Anti-Clb5 Santa Cruz Biotech Cat#SC-20170; RRID:AB_671845

Anti-Sic1 Santa Cruz Biotech Cat#SC-50441; RRID:AB_785671

Anti-PGK Molecular Probes Cat#A-6457;RRID:AB_221541

Anti-Mouse-HRP GE Healthcare Cat#NXA931V; RRID:AB_2721110

Anti-Rabbit-HRP GE Healthcare Cat#NA934V; RRID:AB_772191

Chemicals, Peptides, and Recombinant Proteins

Raffinose Sigma-Aldrich Cat#R0250

Galactose Sigma-Aldrich Cat#G0750

RNase A Sigma-Aldrich Cat#R5503

Proteinase K Roche Cat#03115852001

Hydroxyurea Ibian Tecnologies Cat#HDU0250

Complete Protease Inhibitor-EDTA free Roche Cat#11873580001

Dynabeads Protein-G Life Tecnologies Cat#10765583

Methyl Methanesulfonate Sigma-Aldrich Cat#129925

Canavanine Sigma-Aldrich Cat#C9758

SYTOX Green Invitrogen Cat#S7020

Alpha-factor Mating Pheromone GenSCRIPT Cat#RP01002

Ubiquitin Vinyl Sulfone (UbVS) Enzo Life Sciences Cat#BML-UW155-0025

Spermine Sigma-Aldrich Cat#S1141

Spermidine Sigma-Aldrich Cat#S2501

Phenol/Chlorophorm/Isoamylalcohol pH 8.0 Sigma-Aldrich Cat#P4803

Formaldehyde Sigma-Aldrich Cat#F8775

Amersham Hybond-XL GE Healthcare Cat#RPN203S

QIAGEN Genomic-Tips 100/G QIAGEN Cat#50910243

Illustra Microspin G-50 columns GE Healthcare Cat#11753309

Critical Commercial Assays

QIAquick PCR purification kit QIAGEN Cat#28106

iQ-SYBRE Green supermix Bio-Rad Cat#1708882

Prime-a-Gene� Labeling System Promega Cat#U1100

Deposited Data

Microarray data This paper GSE90157

Experimental Models: Organisms/Strains

Saccharomyces cerevisiae W303 Mata ade2-1 can1-

100 his3-11,15 leu2-3,112 trp1-1 ura3-1 RAD5

bar1D::LEU2

Lab stock 55.34

55.34 with ubp10::hphMX4 Lab stock 61.33

55.34 with ubp12::kanMX Lab stock 69.03

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

55.34 with ubp12::kanMX6a; ubp10::natMX6a Lab stock 74.79

55.34 with kanMX6:GAL1,10:GST:ubp10 Lab stock 60.62

55.34 with kanMX6:GAL1,10:ubp11 Lab stock 67.78

55.34 with kanMX6:GAL1,10:ubp12 Lab stock 69.01

55.34 with siz1::kanMX6 Lab stock 58.25

55.34 with ubp10:13MYC:hphMX4 Lab stock 59.57

55.34 with ubp10:13MYC:hphMX4; elg1::kanMX6 This study 77.40

55.34 with ubp12:13MYC:hphMX4 This study 71.01

55.34 with ubp12:13MYC:hphMX4; elg1::kanMX6 This study 77.45

55.34 with pol30:3FLAG:KanMX6 Lab stock 61.45

55.34 with pol30:3FLAG:KanMX6;

ubp12:13MYC:HphMX4

Lab stock 70.73

55.34 with rev1:13MYC:HIS3 Lab stock 62.29.

55.34 with rev1:13MYC:HIS3 ubp10::kanMX6 This study 62.30

55.34 with rev1:13MYC:HIS3, ubp12::hphMX4,

ubp10::natMX6

This study 71.72

55.34 with elg1::kanMX6 This study 77.38

55.34 with rev1:13MYC:HIS3; ubp10::NatMX6;

ubp12::hphMX4; elg1::kanMX6

This study 80.18

55.34 with rev1:13MYC:HIS3; ubp10::NatMX6;

ubp12::hphMX4; elg1::kanMX6;mms2::TRP1

This study 82.80

55.34 with elg1::kanMX6; rev1:13MYC:HIS3 This study 77.44

55.34 with rad52::natMX6 This study 79.68

55.34 with rad52::natMX6; ubp10::hphMX4 This study 79.71

55.34 with rad52::natMX6; ubp12::kanMX6 This study 79.73

55.34 with rad52::hphMX4; ubp12::kanMX6;

ubp10::natMX6

This study 79.75

Mata ADE2 ura3-1 leu2-3,112 his3-11,15 trp1-1

can1-100 DDC2::MYC::TRP1

R. Bermejo RB292

55.34 with ubp10C371S:13MYC:hphMX4:URA3 This study 77.72

55.34 with ubp12C373S:13MYC:hphMX4:URA3 This study 82.25

55.34 with sgs1::natMX6 This study 79.04

55.34 with ubp10::hphMX4; sgs1::natMX6 This study 79.08

55.34 with ubp12::kanMX6; sgs1::natMX6 This study 79.11

55.34 with ubp10::hphMX4; ubp12::kanMX6;

sgs1::natMX6

This study 79.14

55.34 with ubp10::natMX6; elg1::kanMX6;

rev1:13MYC:HIS3

This study 80.31

55.34 with ubp12::hphMX4; elg1::kanMX6;

rev1:13MYC:HIS3

This study 80.32

55.34 with ubp10:13MYC:hphMX4;

fen1:3FLAG:kanMX6

This study 81.13

55.34 with ubp10:13MYC:hphMX4;

fen1:3FLAG:kanMX6

This study 81.14

55.34 with ubp12:13MYC:hphMX4;

fen1:3FLAG:kanMX6

This study 81.16

55.34 with ubp10::hphMX4 This study 61.33

55.34 with rev1::kanMX6; rev3::TRP1; rad30::natMX6 This study 64.01

55.34 with ubp10::hphMX4; rev1::kanMX6; rev3::TRP1 This study 64.30

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

55.34 with ubp10::hphMX4; rev1::kanMX6;

rev3::TRP1; rad30::natMX6

This study 64.31

55.34.08 with pol30K164R Lab stock 68.66

55.34.08 with pol30K164R ubp10::KanMX6 Lab stock 68.51

55.34.08 with pol30K164R ubp12::hphMX4 Lab stock 79.59

55.34.08 with pol30K164R ubp10::KanMX6;

ubp12::hphMX4

Lab stock 68.53

BY4741 Mata his3D1 leu2D0 met15D0 ura3D0 Lab stock 58.45

BY4741 58.45 with ubp12:GAL1,10:HA:UBP12: HIS3 This study 82.64

BY4741 58.45 with rev3D::KanMX6 Lab stock 61.81

BY4741 58.45 with rev3D::KanMX6;

ubp12:GAL1,10:HA:UBP12: HIS3

This study 82.66

BY4741 58.45 with mms2D::KanMX6 Lab stock 69.11

BY4741 58.45 with mms2D::KanMX6;

ubp12:GAL1,10:HA:UBP12: HIS3

This study 82.67

Schizosaccharomyces pombe h-;

pcn1:3FLAG:KanMX6; ubp12:GFP-NES:NatMX4;

ubp15:mRFP-NES:KanMX6; ubp16::HphMX4; ade6-

M210; leu1-32; ura4D18

Lab stock 73.69

Oligonucleotides

50GTAACTTACACGGGGGCTAA30 ARS305fw This paper N/A

50ACTTTGATGAGGTCTCTAGC30 ARS305rev This paper N/A

50CACATTATTCGGCACAGTAGG30 ARS607fw This paper N/A

50GTGTCGCAGTCCATAGAAGG30 ARS607rev This paper N/A

Software and Algorithms

Tiling Array Suite Software (TAS) Affymetrix https://www.thermofisher.com/

us/en/home/life-science/

microarray-analysis.html
LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Avelino

Bueno (abn@usal.es). Yeast strains generated in this study are available on request without restriction.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Yeast Strains
All the budding yeast used in our studies originate from aMATaW303RAD5 bar1::LEU2 strain (Gallego-Sánchez et al., 2012) with the

exception of themutagenesis analysis made in BY4741 derivatives and are listed in the Key Resources Table. For the in vitro analysis

of DUB activity, a fission yeast strain listed in the Key Resources Table was used as a source of ubiquitylated PCNA. Yeast strains

were grown in YPAmedium (1%yeast extract, 2%peptone, supplementedwith 50 mg/ml adenine) containing 2%glucose. For block-

and–release experiments, cells were grown in YPAwith 2%glucose (except where indicated) at 25�C and synchronized with a-factor

pheromone in G1 by adding 40 ng/ml (final concentration, 2.5 hours). Cells were then collected by centrifugation and released in fresh

media in the absence or in the presence of HU or MMS (or other drugs as indicated). Overexpression experiments with cells grown in

YPA medium with 2% raffinose at 25�C were conducted by adding to the medium 2.5% galactose (to induce) or 2% glucose (to

repress) and further incubating with / without HU or MMS.

METHOD DETAILS

General Experimental Procedures and Flow Cytometry
General experimental procedures of yeast Molecular and Cellular Biology were used as described previously (Calzada et al., 2005;

Cordón-Preciado et al., 2006; Sánchez et al., 1999). For flow cytometry, 107 cells were collected by centrifugation, washed once with

water, and fixed in 70% ethanol and processed as described previously (Calzada et al., 2001; Sánchez et al., 1999). The DNA content
e3 Cell Reports 29, 1323–1335.e1–e5, October 29, 2019
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of individual cells wasmeasured using a Becton Dickinson FACScan. Cells were prepared for flow cytometry, using a modification of

the method of Hutter and Eipel (1979) (Calzada et al., 2001), by staining them with SYTOX Green (Molecular PROBES) following a

technique previously described (Haase, 2004; Haase and Reed, 2002).

MMS and HU Sensitivity Assays
Exponentially growing or stationary cells were counted and serially diluted in YPAmedia. Ten-fold dilutions of equal numbers of cells

were used. For each sample, 10 mL of each dilution were spotted onto YPAD (2%glucose) or YPAGal (2.5%galactose) plates (always

supplemented with 50 mg/ml adenine), YPAD or YPAGal plates containing MMS (Sigma) or hydroxyurea (HU, FORMEDIUM), incu-

bated at 25�C and scanned. MMS plates were always freshly made.

Tagging Yeast Proteins and Gene Deletion
To construct tagged alleles the single step PCR-based gene modification strategy by Longtine et al. (1998) was used. A similar strat-

egy was used to generate specific gene deletions. The selection markers used were KANMX6, which allows selection with Geneticin,

HphMX4, which allows selection with hygromicin or NatMX6, which allows selection with nourseothricin. We used also URA3, TRP1

and HIS3 markers (as indicated in Key Resources Table). The resulting genomic constructions were confirmed by PCR and

sequencing. In the case of tagged alleles, the presence of tagged proteins was further confirmed by western blot. Since we used

some C-terminally myc-tagged, FLAG- tagged and V5-tagged strains we carefully checked them all for growth rate, sensitivity to

HU and MMS and found no differences with untagged controls.

Mutagenesis assays
Forwardmutation analysis at theCAN1 locuswas performed essentially as described previously (Gallego-Sánchez et al., 2012). Cells

of the strain backgroundBY4741 (Key Resources Table) were grown in richmedium (YPAGalactose) to log phase andMMS (0.005%

v/v) was added to the half of each culture, which were further incubated until the saturation point was reached (60 hours). Then, cells

were plated on solid medium, without arginine, containing 60 mg/ml canavanine (Sigma) and also in control YPAD plates (for refer-

ence). After 4 days, colonies were counted and the mutagenesis frequency (canavanine resistant cells versus total population/sur-

vivors) was calculated for each culture.

Immunoprecipitation, Western Blot Analysis and Antibodies
Protein Extract Preparation for Western Blot Analysis

TCA cell extracts were prepared and analyzed as described previously (Cordón-Preciado et al., 2006; Longhese et al., 1997). SDS-

PAGE gels at 9%, 10%, and 12% were used for detection of Ubp10, Ubp12, and PCNA, respectively.

Protein Extract Preparation for Immunoprecipitations

Soluble protein extracts were prepared as described previously (Calzada et al., 2000; Gallego-Sánchez et al., 2012). Cells were

collected, washed, and broken in HB2T buffer using glass beads. The HB2T buffer contained 60 mM b-glycerophosphate, 15 mM

p-nitrophenylphosphate, 25 mM 4-morpholinepropanesulfonic acid (pH 7.2), 15 mM MgCl2, 15mM EGTA, 1 mM dithiothreitol,

0.1 mM sodium orthovanadate, 2% Triton X-100, 1 mM phenylmethylsulfonyl fluoride, and 20 mg/ml leupeptin and aprotinin. Glass

beads were washed with 500 mL of HB2T, and supernatant was recovered. Protein concentrations were measured using the BCA

assay kit (Pierce). After immunoprecipitation of PCNA or PCNA-FLAG, tagged proteins were detected by immunoblotting with spe-

cific monoclonal antibodies.

Western Blotting

Protein extracts and immunoprecipitates were electrophoresed using from 10 to 12% SDS-polyacrylamide gels. For western blots,

40-80 mg of total protein extracts from each sample were blotted onto nitrocellulose, and proteins were detected using a character-

ized anti-PCNA affinity-purified polyclonal antibody (1:1500; a generous gift from Dr. Paul Kaufmann). We also used the anti-FLAG

monoclonal antibody (1:3000) the anti-V5(PK) monoclonal antibody (1:3000), or the anti-Myc monoclonal antibody (1:3000). Horse-

radish peroxidase-conjugated anti-rabbit, anti-goat, or anti-mouse antibodies (as required) and the ECL kit (Amersham Pharmacia

Biotech) were used. The antibodies required for immunoblots were used at the indicated dilutions for western blot analysis.

In vitro deubiquitylation assays
PCNA-FLAG was efficiently immunoprecipitated from a ubp12-NES ubp15-NES Dubp16 pcn1-FLAG S.pombe strain (see Key Re-

sources Table), synchronyzed in S-phase (2 hours in 20 mM HU). S.pombe PCNA is a reliable and abundant source of ubiquitylated

PCNA lacking SUMO-PCNA (that would otherwise hamper our in vitro assay) (Álvarez et al., 2016). Ubp10-myc13 or Ubp12-myc13

were immunoprecipitated from asynchronous cultures of S.cerevisiae strains (we have found that budding yeast Ubp10 and Ubp12

are active all throughout the cell cycle). The immunoprecipitations were washed two times with lysis buffer and then twice with DUB

buffer (60 mMHEPES at pH 7.6, 5 mMMgCl2, 4% glycerol). Beads were incubated overnight at 30�C. As negative controls, we used

catalytically inactive Ubp10 and Ubp12 (Ubp10CS and Ubp12CS mutants) or (as well as active) Ubp10 and Ubp12 bound to ubiquitin

vinyl sulfone (UbVS) DUB activity probe. This probe covalently captures active DUB enzymes and therefore acts as a potent and irre-

versible inhibitor of DUBs through the covalent modification of the active site, as previously described (Borodovsky et al., 2001). The

UbVS probe was used as suggested by the manufacturer (Enzo Life Sciences).
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ChIP-on-chip analysis
We adapted a ChIP-on-chip protocol for the analysis of PCNA-DUBs, myc-tagged Ubp10 and Ubp12, Mec1-associated protein

Ddc2 and TLS polymerase z-associated Rev1 chromosomal binding (Bermejo et al., 2007; 2009b; Katou et al., 2003).

S. cerevisiae oligonucleotide microarrays were provided by Affymetrix. The ChIP-on-chip method employed has been described

in detail (Bermejo et al., 2009b). In brief, we disrupted 1.5 3 108 cells by FAstPreP FP120 (BIO101, Savant) using glass beads

(G8772, Sigma-Aldrich) and anti-myc monoclonal antibodies clone 9E10 (M5546, Sigma-Aldrich) were used for ChIP. Control and

chromatin-immunoprecipitated DNAs were purified and amplified using random priming PCR (WGA2 kit from Sigma-Aldrich): A total

of 10 mg of amplified DNA was digested with DNase I to an average size of 100 bp and purified, and the fragments were end-labeled

with biotin-N6-ddATP. Hybridization, washing, staining, and scanning were performed according to the manufacturer’s instructions

(Affymetrix).

ChIP-qPCR analysis
We also adapted a described protocol for the analysis of myc-tagged Ubp10, Ubp12, and TLS polymerase z-associated Rev1

ARS305 or ARS607 binding in S. cerevisiae cells in different genetic backgrounds and conditions as indicated (Frattini et al.,

2017). In brief, after 30 min of crosslinking with 1% formaldehyde, cells were washed and homogenized. After cell breakage and son-

ication, extracts were clarified and soluble fractions were used for immunoprecipitation (3 to 4 hours at 4�C). Beads were washed as

for CoIPs and chromatin was eluted in Elution Buffer (50 mM Tris-HCl ph 8.0, 10 mM EDTA, 1% SDS) incubating 10 min at 65�C.
Samples were incubated overnight at 65�C in TE (+1% SDS) for de-crosslinking, treated with Proteinase K, DNA extracted by

phenol/chlorophorm/isoamylalcohol pH 8.0 and treated with 0.3 mg/ml RNase A in TE. Finally, DNA was purified with QIAquick�
PCR purification kit. 1-10 ng of immunoprecipitated or input DNA were amplified with iQTM SYBR Green Supermix (BioRad) using

a Real-Time PCR machine (BioRad IQTM 5).

Two-dimensional DNA gels (2D-gel analysis)
DNA samples for neutral-neutral two-dimensional gel electrophoresis were prepared and analyzed as described previously (Calzada

et al., 2005; Lopes et al., 2001). DNA was cut with the NcoI restriction enzyme and hybridized to probes spanning the ARS305,

ARS306 and ARS1201 origins of DNA replication. For each origin of replication tested, the specific probe corresponds to the

following coordinates (retrieved from SGD): ARS305 (39073-40557, Chr III), ARS306 (73001-73958, Chr III) and ARS1200-1

(458000-458985, Chr XII).

QUANTIFICATION AND STATISTICAL ANALYSIS

Mutagenesis assays
Mutagenesis frequency (measured by the appearance canavanine resistant colonies versus total population) was obtained by a fluc-

tuation test as the median value of three independent cultures, with or without added MMS, for each indicated genotype. The given

mutagenesis frequency is the mean and standard deviation of the median values from three biological replicates.

Statistical Analysis of Microarray data
Primary data analyses were carried out as described in the Supplemental Statistical Analysis document (section 1.5.a) in Bermejo

et al. (2009a). In brief, clusters were identified using the Tilling Array Suite Software (TAS) as ranges within the chromosomes

respecting the following conditions: estimated signal (IP/SUP binding ratio) positive in the whole range; change P value of the Wil-

coxon signed rank test < 0.2 in the whole range, except for segments within the range shorter than 600 bp; size of the region of

at least 600bp.

ChIP-qPCR analysis
All data in the bar graphs are presented as an average of nR 3 replicates ± standard deviation (SD), where n represents the number of

biological replicates. The number of biological replicates are given in the figure legends when appropriate.

2D gel analysis of replication intermediates
Images were acquired using a Molecular Imager FX (BioRad) and different replication-associated DNA molecules were quantified

using Quantity One 4.6 software (BioRad).

DATA AND CODE AVAILABILITY

Microarray data can be obtained from Gene Expression Omnibus database (GEO). The accession number for the ChIP-chip data

reported in this database is GEO: GSE90157.
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