
iScience

Article

ll
OPEN ACCESS
Proteasome-mediated degradation of long-range
nucleases negatively regulates resection of DNA
double-strand breaks
Marco Gnugnoli,

Carlo Rinaldi, Erika

Casari, Paolo

Pizzul, Diego

Bonetti, Maria Pia

Longhese

mariapia.longhese@unimib.it

Highlights
Proteasome dysfunction

leads to hyper-resection

Proteasome dysfunction

increases the amount of

Exo1 and Dna2 nucleases

Exo1 and Dna2 are

ubiquitylated

The proteasome restrains

DSB resection by limiting

the abundance of Exo1 and

Dna2

Gnugnoli et al., iScience 27,
110373
July 19, 2024 ª 2024 The
Authors. Published by Elsevier
Inc.

https://doi.org/10.1016/

j.isci.2024.110373

mailto:mariapia.longhese@unimib.it
https://doi.org/10.1016/j.isci.2024.110373
https://doi.org/10.1016/j.isci.2024.110373
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2024.110373&domain=pdf


iScience

Article

Proteasome-mediated degradation of long-range
nucleases negatively regulates resection
of DNA double-strand breaks

Marco Gnugnoli,1 Carlo Rinaldi,1 Erika Casari,1 Paolo Pizzul,1 Diego Bonetti,1 and Maria Pia Longhese1,2,*

SUMMARY

Homologous recombination is initiated by the nucleolytic degradation (resection) of DNA double-strand
breaks (DSBs). DSB resection is a two-step process. In the short-range step, theMRX (Mre11-Rad50-Xrs2)
complex, together with Sae2, incises the 50-terminated strand at the DSB end and resects back toward the
DNA end. Then, the long-range resection nucleases Exo1 and Dna2 further elongate the resected DNA
tracts.We found thatmutations lowering proteasome functionality bypass the need for Sae2 inDSB resec-
tion. In particular, the dysfunction of the proteasome subunit Rpn11 leads to hyper-resection and in-
creases the levels of both Exo1 and Dna2 to such an extent that it allows the bypass of the requirement
for either Exo1 or Dna2, but not for both. These observations, along with the finding that Exo1 and Dna2
are ubiquitylated, indicate a role of the proteasome in restraining DSB resection by negatively controlling
the abundance of the long-range resection nucleases.

INTRODUCTION

DNA double-strand breaks (DSBs) can be repaired through two primary mechanisms: non-homologous end joining (NHEJ) and homologous

recombination (HR). NHEJ allows a direct ligation of the DNA ends with very little or no complementary base pairing, while HR uses an un-

damaged homologous duplexDNA as a template for repair.1,2 For HR to occur, the 50-terminatedDNA strands of a DSBmust undergo degra-

dation by a concerted action of nucleases in a process termed resection.3 Resection at the DSB ends generates 30-ended single-stranded

DNA (ssDNA) that serves as a substrate for the recombinase Rad51, allowing homologous pairing and strand invasion.

DNADSBs also trigger a checkpoint response that is regulated by the apical protein kinases Tel1/ataxia telangiectasia mutated (ATM) and

Mec1/ataxia telangiectasia and Rad3-related (ATR), which transmit the checkpoint signal to the effector kinases Rad53/CHK2 andChk1/CHK1

through the adaptor protein Rad9/53BP1.4 Tel1/ATM is recruited to DSBs via interaction with theMRX/N (Mre11-Rad50-Xrs2/NBS1) complex,

while Mec1 recruitment depends on Ddc2/ATR-interacting protein (ATRIP) association with Replication Protein A (RPA)-coated ssDNA result-

ing from end resection. Thus, DSB resection also causes a transition from a Tel1- to a Mec1-mediated checkpoint signaling.5

In both yeast andmammals, resection of DNADSBs occurs in two steps. Initially, the Sae2/CtIP protein, upon its phosphorylation by cyclin-

dependent kinases (Cdk1 in yeast), promotes the endonuclease activity ofMre11 to incise the 50-terminated strands on both sides of theDSB.6

Subsequently, the Mre11 exonuclease resects in a 30-50 direction back toward the DNA ends to generate 100–300 nucleotides of ssDNA.

Following this initial step, the 50-30 exonuclease Exo1/EXO1 and the endonuclease Dna2/DNA2 elongate the resected tracts in the 50-30 di-
rection, moving away from the DSB.7–13 Dna2 acts in conjunction with Sgs1/BLM, whose helicase activity unwinds the double-stranded DNA

(dsDNA) to generate a 50 DNA flap that is cleaved by Dna2.

This Exo1- and Dna2-dependent step, referred to as long-range resection, is essential for processes like interchromosomal HR repair,

when the donor allele is located on a different chromosome or on the same chromosome but at a distance greater than 50–100 kb from

the DSB.14–16 Conversely, it is dispensable for DSB-induced HR when a repair template is located in close proximity on the same chromo-

some,16 suggesting that MRX-Sae2 generates sufficient ssDNA for Rad51-catalyzed repair.

DSB resection must be tightly regulated to prevent an excessive generation of ssDNA, and this control in Saccharomyces cerevisiae is ex-

erted by a complex interplay of regulatory proteins. Firstly, Rad9 limits extensive resection directly by counteracting the activity of Sgs1-Dna2,

and indirectly by activating Rad53, which restrains Exo1 activity by phosphorylating its C-terminal regulatory domain.17–22 Exo1 and Dna2-

Sgs1 are negatively regulated also by the Ku70/Ku80 heterodimer, which inhibits Exo1 from binding to DSB ends,23–27 and by the heterotri-

meric 9-1-1DNAdamage clamp (Ddc1-Mec3-Rad17 in yeast), which attenuates the Sgs1-Dna2 pathway by stabilizing Rad9 binding toDSBs.28

Finally, the Mre11 endonuclease activity is inhibited by the 9-1-1 complex14 and by the Rif2 (Rap1-Interacting Factor) protein that competes

with Sae2 for Rad50 binding.29,30
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The lack of Sae2 increases the DNA damage sensitivity and impairs resection of DNA DSBs.31 Specifically, Sae2 deficiency enhances MRX

and Tel1 persistence at DSBs, leading to an increased Rad9 association with DSBs and Rad53 hyperactivation.17–19,21,32–35 This heightened

Rad9 association with DSBs and Rad53 hyperactivation counteract the resection activity of both Sgs1-Dna2 and Exo1, thus explaining the

resection defect of sae2D cells. Furthermore, they are in part responsible for the increased DNA damage sensitivity of sae2D cells. In fact,

reducing Tel1 function, by decreasing either its association with DSBs or its kinase activity, partially suppresses the sensitivity to DNA damage

of sae2D cells.18 A similar effect is observed when Rad9 is deleted or when Rad53 activity is impaired by reducing either its interaction with

Rad9 or its kinase activity.17–19,21

In eukaryotes, most proteins are removed via the 26S ubiquitin-proteasome system, a multimeric complex that binds polyubiquitylated

proteins and deubiquitylates and unfolds them to allow their degradation.36 Interestingly, a proteomic analysis of yeast chromatin, before

and after DNA damage induced by the radiomimetic drug Zeocin, has revealed alterations in protein composition at sites of DSBs with his-

tones partially removed from chromatin in a proteasome-mediated manner.37 Furthermore, most components of the proteasome are found

to be enriched at sites of DNAdamage in yeast,37,38 and they are part of repair foci inmammalian cells,39–41 suggesting a proteasome involve-

ment in the degradation of components of the DSB response. Consistent with this hypothesis, treatment with caffeine results in a rapid pro-

teasomal degradation of both Sae2 and Dna2 in yeast cells,42 whereas Dna2 sumoylation attenuates its nuclease activity and facilitates Dna2

degradation.43 In humans, EXO1 undergoes ubiquitin-mediated degradation following DSB induction and in response to stalled replication

forks. In addition, EXO1 sumoylation was shown to facilitate its ubiquitin-mediated degradation.44–47

By searching for extragenic suppressors of the DNA damage sensitivity caused by the lack of Sae2, we found that a reduction in protea-

some functionality causes hyper-resection of DNADSBs and bypasses the need for Sae2 in both DNA damage resistance and DSB resection.

This bypass of the Sae2 function is due to an increased amount of the long-range resection nucleases Exo1 and Dna2 that turned out to be

ubiquitylated. These findings indicate that proteasome-mediated degradation negatively regulates long-range resection by controlling the

levels of Exo1 and Dna2 nucleases.

RESULTS

Mutations in the proteasome subunits suppress the DNA damage sensitivity of sae2D cells

Sae2 stimulates the endonuclease activity of the MRX complex and negatively regulates the persistence of MRX and Tel1 at DSBs.6,21,33–35 In

cells lacking Sae2, there is an increased MRX and Tel1 association with DSBs, leading to enhanced binding of Rad9 to DSBs. This increased

Rad9 association counteracts the resection activity of Sgs1-Dna217,19–21 and induces the hyperactivation of Rad53, which in turn leads to the

inhibitory phosphorylation of Exo1.22

To identify pathways that can bypass Sae2 function in DNA damage resistance and DSB resection, we conducted a genetic screen for mu-

tations that suppress the sensitivity of sae2D cells to camptothecin (CPT), a compound that stabilizes DNA topoisomerase I cleavage com-

plexes leading to replication-dependent DSBs.48 The increased DNAdamage sensitivity of sae2D cells is partly attributed to persistent Rad53

activation.17–19,21,34 To circumvent the identification of mutations that suppress the DNAdamage sensitivity of sae2D cells bymerely reducing

checkpoint activation, the screening was performed in sae2D cells that lack also the RIF2 gene. This approach was based on the finding that

the absence of Rif2 reduces Rad53 activation in sae2D cells to wild-type levels by decreasing the amount of MRX and Tel1 bound at DSBs in

these cells.29 Consequently, RIF2 deletion partially suppressed the CPT sensitivity of sae2D cells (Figure 1A).

We isolated 15CPT-resistant sae2D rif2D clones that fell into 7 distinct allelism groups. Through genetic analyses and genome sequencing,

we could establish that the suppressingmutations hit the TOP1 gene, encoding the CPT target topoisomerase I, and the RPN11, RPN5, PRE6,

PRE7, PRE8, and PRE10 genes, encoding subunits of the 26S proteasome. Each suppressor mutation in the proteasome subunits was due to a

single nucleotide substitution except for the rpn5 allele that carried a stop codon after leucine 412 (Figure 1A). Furthermore, these mutations

suppressed the DNA damage sensitivity not only of sae2D rif2D but also of sae2D cells (Figure 1B).

The 26S proteasome is a macromolecular machine that leads to the degradation of protein tagged with a polyubiquitin chain.49 It is made

up of the 20S core particle (CP), which contains the proteolytic active sites and is composed of a-type and b-type subunits arranged in four

stacked heptameric rings. This core is capped on one or both ends by a regulatory particle (RP) that comprises two sub-complexes, referred to

as the lid and the base, and is responsible for the recognition, unfolding, and transfer of protein substrates into the core.50 While Pre6, Pre7,

Pre8, and Pre10 proteins belong to the CP, Rpn5 and Rpn11 are part of the lid, with Rpn11 possessing a Zn2+-dependent deubiquitylase

activity.51,52

The identified RPN and PRE genes are essential for cell viability. The correspondingmutations did not show significant sensitivity to DNA-

damaging agents, but all were temperature-sensitive to varying degrees (Figure 1C), suggesting that the corresponding mutant variants

reduce proteasome functionality without completely abolishing it. All these mutations completely restored the resistance of sae2D cells to

CPT and methyl methanesulphonate (MMS) (Figure 1B). However, the sensitivity of sae2D cells to phleomycin was only partially reduced,

with the most significant suppression correlating with the highest degree of temperature sensitivity (Figure 1B). This suggests that the mech-

anism restoring phleomycin resistance differs from the one involved in suppressing CPT and MMS sensitivity.

To assess whether the suppression of sae2D DNA damage sensitivity is indeed due to impairment of proteasome activity, we introduced

the D122A amino acid substitution into the MPN (Mpr1, Pad1 N-terminal) motif of Rpn11. This substitution is known to diminish Rpn11 deu-

biquitylation activity leading to the accumulation of ubiquitylated proteins.53 The rpn11-D122A allele effectively alleviated the DNA damage

sensitivity of sae2D cells (Figure 1D), indicating that the suppression of sae2D results from a reduction of proteasome activity.
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The rpn11-E169G allele suppresses the resection defect of sae2D cells and increases DSB resection and repair by single-

strand annealing

We focused on Rpn11 because its human ortholog, POH1, has been implicated in DSB repair and promotes DSB resection by relieving the

resection barrier exerted by the RAP80 protein.54,55 Moreover, the rpn11-E169G allele does not reduce cell viability at 25�C and is one of the

most effective in counteracting the sensitivity of sae2D cells to phleomycin at 25�C (Figure 1B).

We first investigated whether the rpn11-E169G mutation suppressed the sensitivity to genotoxic agents of sae2D cells by restoring DSB

resection. We directly monitored ssDNA generation at the DSB ends by introducing the rpn11-E169G allele in a haploid JKM139 strain car-

rying the homothallic (HO) gene under the control of a galactose-inducible promoter (GAL-HO).56 In this strain, the addition of galactose in-

duces HO expression, resulting in a single DSB at the MAT locus. This DSB cannot be repaired by HR because the homologous donor loci,

HML and HMR, are deleted. Cells exponentially growing in raffinose were shifted to galactose to induce HO expression, and genomic DNA

Figure 1. Suppressors of the DNA damage sensitivity of sae2D cells

(A–D) Exponentially growing cells were serially diluted (1:10), and each dilution was spotted out onto yeast extract peptone dextrose (YEPD) plates that were

incubated at 25�C or at 37�C and onto YEPD plates containing CPT, MMS, or phleomycin that were incubated at 25�C.
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was analyzed at different time points after HO induction. Since ssDNA is resistant to restriction enzyme cleavage, the 50-30 nucleolytic degra-
dation at the DSB ends progressively exposes SspI sites located at increasing distances from the HO-cut site (Figure 2A), leading to the

appearance of slower-migrating bands (r1-r6) detectable by denaturing gel electrophoresis and Southern blot analysis with a single-stranded

probe that hybridizes to the unresected strand on one side of the DSB.57 The appearance of the ssDNA intermediates at the HO-inducedDSB

wasmarkedly increased in rpn11-E169G sae2D cells compared to sae2D cells (Figures 2B and 2C), indicating that rpn11-E169G suppresses the

resection defect caused by the lack of Sae2.

Sae2, when phosphorylated by Cdk1, stimulates the Mre11 endonuclease activity that catalyzes an incision of the 50 strand at the DSB

ends.6 Thus, we asked whether the rpn11-E169G mutation might circumvent the need for Sae2 in the activation of Mre11 endonuclease.

We found that rpn11-E169G suppressed the DNA damage sensitivity of both wild-type and sae2D cells carrying the nuclease-defective

mre11-H125N allele (Figure 2D), indicating that the suppression of sae2D DNA damage sensitivity does not require Mre11 nuclease activity.

Conversely, it was unable to suppress the DNA damage sensitivity of sae2D cells lacking Mre11 (Figure 2E). These findings indicate that the

rpn11-E169G allele requires the physical presence of the MRX complex, but not its nuclease activity, to bypass the function of Sae2 in sup-

porting DNA damage resistance. Finally, the rpn11-E169Gmutation does not bypass the requirement of HR to support DNA damage resis-

tance, as it was unable to suppress the DNA damage sensitivity of rad52D cells (Figure 2F).

Interestingly, DSB resection occurred more efficiently in rpn11-E169G cells compared to wild-type cells (Figures 2B and 2C). To assess

whether this increased DSB resection is physiologically relevant, we measured the efficiency of DSB repair by single-strand annealing

(SSA), a mechanism that repairs a DSB flanked by direct DNA repeats when resection of the DSB ends reaches the complementary DNA se-

quences that can then anneal.58 The rpn11-E169G allele was introduced in the YMV45 strain, which carries two tandem repeats of the LEU2

gene located 4.6 kb apart on chromosome III, with an HO recognition site adjacent to one of the repeats (Figure 3A).59 This strain also harbors

aGAL-HO construct to induceHOexpression upon galactose addition. Accumulation of the SSA repair products after HO induction occurred

more efficiently in rpn11-E169G cells compared to wild-type cells (Figures 3B and 3C), indicating that the rpn11-E169G mutation improves

DSB repair by SSA.

The rpn11-E169G allele suppresses the resection defect of exo1D but not of exo1D sgs1D cells

The MRX complex not only provides the nuclease activity to initiate DSB resection but also stimulates long-range resection independently of

Mre11 endonuclease by promoting the association of both Exo1 and Sgs1-Dna2 with the DSB ends.26,27 The finding that the resection prod-

ucts accumulated more efficiently in galactose-induced rpn11-E169G cells compared to wild-type cells (Figures 2B and 2C) raises the possi-

bility that the rpn11-E169G mutation might enhance the resection activities of Exo1 and/or Sgs1-Dna2. Thus, we investigated whether the

rpn11-E169G allele could suppress the DNA damage sensitivity of cells lacking Exo1 and Sgs1, or carrying the temperature-sensitive

dna2-1 allele. As exo1D, sgs1D, and the dna2-1 cells are primarily sensitive to CPT, we compared their CPT sensitivity either in the presence

or in the absence of rpn11-E169G. The rpn11-E169G allele restored resistance to CPT of exo1D (Figure 4A), sgs1D (Figure 4B), and dna2-1

(Figure 4C) cells. However, it failed to alleviate the sensitivity to DNA-damaging agents of cells devoid of both Exo1 and Sgs1 (Figure 4D),

indicating that the suppression requires the presence of either or both Exo1 and Sgs1-Dna2.

While sgs1D cells show no resection defect, resection of the HO-induced DSB in exo1D cells does not extend beyond the SspI site located

3.5 kb from the HO-cut site.60 By contrast, the generation of ssDNA in cells lacking both Exo1 and Sgs1 is confined to a region of 100–300

nucleotides from the DSB ends, due to the action of Mre11 nuclease activity.7,8,14,15 Therefore, to investigate the effect of rpn11-E169G

on Exo1- and Sgs1-mediated DSB resection, we introduced the rpn11-E169G mutation into exo1D and exo1D sgs1D cells. We observed

longer resection products in exo1D rpn11-E169G cells compared to exo1D cells that, as expected, accumulated mainly r1 and r2 resection

products (Figures 5A and 5B), indicating that rpn11-E169G suppresses the resection defect of exo1D cells. Conversely and consistent with

the failure of rpn11-E169G to restore DNA damage resistance of exo1D sgs1D cells (Figure 4D), the rpn11-E169Gmutation did not suppress

the resection defect of exo1D sgs1D cells (Figure 5C).

Given that the detection of SspI-resistant ssDNA by Southern blotting only assesses resection events that go beyond the SspI site located

0.9 kb from the HO-cut site, we also used a quantitative PCR (qPCR)-based approach to monitor the generation of ssDNA close to the DSB

end in exo1D sgs1D and exo1D sgs1D rpn11-E169G cells. This method, in addition to utilizing the SspI sites used in the Southern blot, also

relies on two RsaI cut sites situated at distances of 0.15 and 0.65 kb from the HO-induced DSB (Figure 2A). Resection extending beyond these

sites leaves the DNA region uncut, allowing its amplification by PCR with primers surrounding the restriction site. We found that ssDNA in

both exo1D sgs1D and exo1D sgs1D rpn11-E169G cells can be detected in close proximity to the HO-cut site (0.15 kb) but not at more distant

locations (0.65 and 0.9 kb) (Figure 5D). This finding confirms that the rpn11-E169Gmutation does not suppress the resection defect of exo1D

sgs1D cells, indicating that the enhanced resection in rpn11-E169G cells requires the presence of either Exo1 or Sgs1, or both.

The rpn11-E169G mutation increases Exo1 and Dna2 protein levels

Rpn11 is a deubiquitylating enzyme that plays a critical role in protein degradation by removing ubiquitin chains from substrates that are be-

ing targeted for degradation. This function is crucial for the proper functioning of the proteasome and efficient proteolysis.49 As Exo1 over-

expression can partially bypass the requirement of Sae2 to support DNA damage resistance,61 one possible explanation for the suppression

of the phenotypes due to the loss of Sae2 or of either Exo1 or Sgs1-Dna2 is that the rpn11-E169G allele increases the levels of Exo1, Sgs1, and/

or Dna2 proteins. To test this hypothesis, we compared the amount of Exo1, Dna2, and Sgs1 in exponentially growing wild-type and rpn11-

E169G cells, both before and after the addition of phleomycin. In the absence of DNA damage, the amounts of Exo1 and Dna2 were higher in
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Figure 2. The rpn11-E169G mutation suppresses the resection defect of sae2D cells

(A) Schematic representation of the MAT locus and the distance of RsaI (R) and SspI (S) restriction sites from the HO-cut site. The DNA fragments detected in

(B) before (uncut) and after HO cleavage (HO-cut) were also indicated.

(B) DSB resection. Cell cultures exponentially growing in YEPR at 25�C were transferred to YEPRG at 25�C (time zero) to induce HO expression. SspI-digested

genomic DNA prepared at the indicated times after HO induction was separated on alkaline agarose gel and hybridized with a single-strandedMAT probe that

anneals to the unresected 30 end at one side of the break. 50-30 resection progressively eliminates SspI sites, producing larger SspI fragments (r1 through r6) that

can be detected by the probe.

(C) Densitometric analysis. The experiment as in (B) was independently repeated three times, and the mean values are represented with error bars denoting SD.

(D–F) Exponentially growing cells were serially diluted (1:10), and each dilution was spotted out onto YEPD plates with or without CPT or MMS that were

incubated at 25�C.
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rpn11-E169G cells than in wild-type cells (Figures 6A and 6B). The addition of phleomycin did not significantly increase the levels of Exo1 and

Dna2 in either cell type (Figures 6A and 6B). However, as previously reported,62–64 it decreased Dna2 electrophoretic mobility due to phos-

phorylation events and increased Rad51 expression 6 h after phleomycin addition (Figures 6A and 6B). In contrast, the expression of the rpn11-

E169G allele did not increase the amount of Sgs1, regardless of whether DNA damage was present or not (Figure 6C). The elevated levels of

Exo1 and Dna2 in rpn11-E169G cells, both in the absence and in the presence of DNA damage, were not due to higher EXO1 andDNA2 RNA

levels. In fact, similar amounts of EXO1 andDNA2 RNA were detected by quantitative reverse-transcription PCR (RT-qPCR) in both wild-type

and rpn11-E169G cells regardless of phleomycin exposure (Figure 6D). This finding suggests that Exo1 and Dna2 are normally degraded in a

proteasome-dependent manner independently of DNA damage.

The rpn11-E169Gmutation also leads to an increased association of Exo1 and Dna2 with DNADSB ends. Chromatin immunoprecipitation

(ChIP) coupled with qPCR analysis showed that the levels of Exo1 and Dna2 bound at the HO-induced DSB site were higher in rpn11-E169G

cells compared to wild-type cells (Figures 6E and 6F), indicating that the recruitment of these proteins at DSBs in a wild-type context has not

reached saturation.

Figure 3. The rpn11-E169G mutation increases DSB repair by SSA

(A) Schematic representation of the YMV45 chromosome III region, where a unique HO-cut site is adjacent to the leu2::cs sequence, which is 4.6 kb apart from the

homologous leu2 sequence. HO-induced DSB results in generation of 12 kb and 2.5 kb DNA fragments (HO-cut) that can be detected by Southern blot analysis

with a LEU2 probe of KpnI-digested genomic DNA. DSB repair by SSA generates a product of 8 kb (SSA). K, KpnI.

(B) Cell cultures of YMV45 derivative strains exponentially growing in YEPR at 25�Cwere transferred to YEPRG at 25�C (time zero). Southern blot analysis of KpnI-

digested genomic DNA.

(C) Densitometric analysis of the SSA product. The experiment as in (B) was independently repeated three times, and the mean values are represented with error

bars denoting SD. ***p < 0.005, t-test.

Figure 4. The rpn11-E169G mutation suppresses the CPT sensitivity of exo1D and sgs1D cells, but not that of exo1D sgs1D cells

(A–D) Exponentially growing cells were serially diluted (1:10), and each dilution was spotted out onto YEPD plates with or without CPT, phleomycin, or MMS that

were incubated at 25�C.
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Exo1 and Dna2 are ubiquitylated

In S. cerevisiae, Dna2 has been shown to undergo degradation in response to caffeine treatment in a manner dependent on the 26S protea-

some activity,42 whereas EXO1 appears to be ubiquitylated anddegraded followingDNAdamage in human cells.46 Considering that proteins

are targeted to the proteasome primarily through the attachment of polyubiquitin chains, we investigated whether Exo1 and Dna2 are ubiq-

uitylated in vivo. For this purpose, wild-type and rpn11-E169G strains, both expressing Myc-tagged Exo1 and HA-tagged Dna2 from their

native chromosomal loci, were transformed with a high-copy-number plasmid containing a construct for the expression of hexa-histidine-

tagged ubiquitin (His-Ubi) under a copper-inducible promoter. Following induction with copper sulfate, His-Ubi-protein conjugates were iso-

lated using nickel-nitrilotriacetic acid (Ni-NTA) resin. Western blot analysis was then performed with anti-Myc and anti-HA antibodies to

detect Exo1-Myc and Dna2-HA, respectively. We observed slower-migrating forms of Exo1 and Dna2 in samples expressing histidine-

tagged-Ubi (Figures 6G and 6H). These bands increased in amount in rpn11-E169G cells, whereas these were absent in samples where

Figure 5. The rpn11-E169G mutation suppresses the resection defect of exo1D but not of exo1D sgs1D cells

(A) Cell cultures of JKM139 derivative strains exponentially growing in YEPR at 25�Cwere transferred to YEPRG at 25�C (time zero). Southern blot analysis of SspI-

digested genomic DNA after alkaline gel electrophoresis with a probe that anneals to the unresected strand. 50-30 resection progressively eliminates SspI sites (S),

producing SspI fragments (r1 through r6) detected by the probe.

(B) The experiment as in (A) has been independently repeated three times, and the mean values are represented with error bars denoting SD.

(C) Cell cultures of JKM139 derivative strains exponentially growing in YEPR at 25�Cwere transferred to YEPRG at 25�C (time zero). Southern blot analysis of SspI-

digested genomic DNA was performed as described in (A).

(D) Quantification of ssDNA by qPCR at the indicated distances from the HO-cut site. Plotted values are themean values of three independent experiments, with

error bars denoting SD. ***p < 0.005, t-test.
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Figure 6. Exo1 and Dna2 protein levels and ubiquitylation

(A–C) Protein extracts were prepared from cells exponentially growing in YEPD at 25�C either untreated (exp) or after addition of 10 mg/mL phleomycin.

(D) Total RNA extracted from cells exponentially growing in YEPD at 25�C (time zero) or at different time points after phleomycin addition (10 mg/mL) was

subjected to RT-qPCR with primer pairs located into the EXO1 and DNA2 coding sequences. Data are expressed as enrichment of RNA relative to wild type

at time zero that was set up at 1. Plotted values are the mean values of three independent experiments, with error bars denoting SD.

(E and F) ChIP and qPCR. Exo1-Myc (E) and Dna2-HA (F) ChIP at the indicated distances from the HO-induced DSB. Data are expressed as fold enrichment at the

HO-cut site over that at the non-cleavableARO1 locus, after normalization to the corresponding input for each time point. Fold enrichment was normalized to cut

efficiency. Plotted values are the mean values G SD from three independent experiments. ***p < 0.005, t-test.

(G and H) Ni-NTA affinity pulldowns of 6xHis-Ubi-protein conjugates. Ni-NTA pull-down assays were carried out using cell extracts from wild-type and rpn11-

E169G strains expressing Exo1-Myc (G) or Dna2-HA (H) at endogenous levels and overexpressing 6xHis-tagged ubiquitin from the CUP1 promoter. Exo1 and

Dna2 ubiquitylation was revealed by western blotting with an anti-Myc (G) and an anti-HA (H) antibody, respectively.
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Exo1 and Dna2 were untagged or where histidine-tagged-Ubi was not induced (Figures 6G and 6H), indicating that the slower-migrating var-

iants of Exo1 and Dna2 represent modifications with multiple ubiquitin molecules.

DISCUSSION

The process of DSB resection serves important functions not only in HR but also in DNA damage signaling and in determining the balance

between HR and NHEJ repair mechanisms.1–4 However, unscheduled or extensive resection can pose risks to genomic integrity, as ssDNA

created by resection is vulnerable to chemical changes or degradation by nucleases and these events can lead to clustered mutations or loss

of single-stranded overhangs.65,66 Furthermore, an excess of ssDNA can exhaust the RPA nuclear pool, which can lead to replication fork

breakage.67 Finally, the resected ssDNA tracts can become substrates for mutagenic repair mechanisms, such as SSA and microhomol-

ogy-mediated end joining that can result in deletions.68 The overcoming of these threats needs a tight control of end resection.

Current models of DSB resection posit that MRX-Sae2 catalyzes resection initiation, and this is followed by long-range resection per-

formed by Exo1 and Dna2-Sgs1, which partially overlap in function as indicated by synergistic defects in resection upon inactivation of

both of them.7,8

Here, we found that mutations in the proteasome components can bypass the need for Sae2 in DNA damage resistance and DSB resec-

tion. In particular, the rpn11-E169G mutation affecting the Rpn11 proteasome subunit causes hyper-resection by itself and increases the

amount of both Exo1 and Dna2, highlighting a function of the proteasome in restricting DSB resection by targeting Exo1 and Dna2 for degra-

dation. The increased Exo1 andDna2protein levels allow to compensate for the lack of Exo1 or Sgs1-Dna2, but not when Exo1 and Sgs1-Dna2

are simultaneously absent. Consistent with the knowledge that proteins are targeted to the proteasome primarily through the attachment of

polyubiquitin chains, we showed that both Exo1 and Dna2 are modified with multiple ubiquitin molecules, indicating that proteasome-medi-

ated degradation negatively regulates long-range resection by controlling the levels of Exo1 andDna2. By contrast, the amount of Sgs1 is not

increased in rpn11-E169G cells, implying that the Sgs1 protein level is not a limiting factor for the resection activity of the Sgs1-Dna2 complex.

Interestingly, although the identified proteasome mutations suppress the sensitivity of sae2D cells to CPT and MMS, they only partially

restore resistance to phleomycin. Considering that the rpn11-E169Gmutation fully suppresses the resection defect of sae2D cells, this finding

suggests that end resection is more critical in repairingCPT-inducedDNA lesions, whichmay be transformed to DSBs and/or to unusual repli-

cation intermediates requiringHR for repair and resolution. This hypothesis aligns with the finding that deletion of Ku70, which suppresses the

sae2D resection defect by relieving inhibition of Exo1,26,27 restores resistance to CPT and MMS of sae2D cells but fails to reduce their phleo-

mycin sensitivity.69 In contrast, the repair of phleomycin-induced DNA lesions appears to depend on the end tethering of DNA DSBs, as the

ku70-C85Y mutation, which suppresses the end tethering but not the resection defect of sae2D cells, partially restores phleomycin

resistance.69

While human EXO1 turns out to be ubiquitylated and rapidly degraded following DNA damage,46 in yeast the proteasome-mediated con-

trol of Exo1 and Dna2 protein levels is not induced by DNA damage, implying a constitutive negative regulation of Exo1 and Dna2 also under

normal conditions. Indeed, Dna2 is involved in Okazaki fragment maturation,70 and Exo1 and Sgs1-Dna2 have been implicated in the pro-

cessing of replication intermediates to allow repair/restart of stalled replication forks and/or to prevent accumulation of replication-associ-

ated DSBs.71 Although controlled degradation of replication forks by nucleases can be a relevant mechanism to recover replication fork

blockage, unrestricted Exo1 and Dna2 nuclease activity could destroy the fork structure and prevent the restart of DNA synthesis, leading

to genome instability.

In conclusion, our study uncovers a role for the proteasome in regulating the DNA damage response by mediating the degradation of the

key resection nucleases Exo1 and Dna2. This regulation is part of a broader control network over these nucleases, including protein-protein

interactions,26,27,72–74 post-translational modifications,22,43–45,75–77 and the regulation of mRNA biogenesis.78 The existence of such multiple

layers of regulation underscores the need for tight control over Exo1 and Dna2 activities to avoid excessive DNA resection that could lead to

genomic instability. Increased levels of human DNA2 and EXO1 have been observed in a variety of tumors, where they are thought to coun-

teract replication stress.79,80 Since elevated replication stress is a common feature of cancer cells, overexpression of EXO1 andDNA2may play

a role in helping cancer cells to overcome this barrier. Thus, our findings identify amechanism that helps to restrict Exo1 andDna2 functions to

ensure genome stability.

Limitations of the study

Our work sheds light on the role of the proteasome in restraining DSB resection by negatively controlling the abundance of the long-range

resection nucleases. However, the E3 ubiquitin ligase(s) involved in Exo1 and Dna2 ubiquitylation remains undefined. Furthermore, the path-

ological outcomes resulting from unscheduled DNA degradation upon proteasome dysfunction at DNA DSBs and stalled replication forks

remain to be determined and will need further experimental investigation to be addressed.
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Denhardt’s Solution 50x Merck Cat#D2532-5X5ML

Ficoll� PM 400 Merck Cat#F4375-25G

Triton� X-100 for molecular biology Merck Cat#T8787-100ML
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Trizma� base Merck Cat#33742-2KG
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DECAprime� II DNA Labeling Kit Invitrogen Cat# AM1456

QIAGEN QIAquick PCR Purification Kit QIAGEN Cat#28106

QIAquick Gel Extraction Kit QIAGEN Cat#28704

QIAprep Spin Miniprep Kit QIAGEN Cat#27104

Aurum� Total RNA Mini Kit Bio-Rad Cat#7326820

iScript� Reverse Transcription Supermix, 100 Rxns Bio-Rad Cat#1708841

SsoFast EvaGreen Supermix, 500 Rxns Bio-Rad Cat#1725201

Experimental models: organisms/strains

S. cerevisiae, see Table S1 This paper N/A
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Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Maria Pia Longh-

ese (mariapia.longhese@unimib.it).

Materials availability

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

Data and code availability

� All data reported in this paper will be shared by the lead contact upon request.

� This paper does not report original datasets or code.
� Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
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ARO+: TGAGTCGTTACAAGGTGATGCC This paper N/A
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DSB 0.2+(ChIP): TCAGACTCAAGCAAACAATCAA This paper N/A

DSB 0.2-(ChIP): CCCGTATAGCCAATTCGTTC This paper N/A

DSB 0.6+(ChIP): CACCCAAGAAGGCGAATAAG This paper N/A

DSB 0.6-(ChIP): CATGCGGTTCACATGACTTT This paper N/A

DSB 0.15+(resection): CCTGGTTTTGGTTTTGTAGAGTGG This paper N/A

DSB 0.15-(resection): GAGCAAGACGATGGGGAGTTTC This paper N/A

DSB 0.65+(resection): GGAAACACCAAGGGAGAG This paper N/A

DSB 0.65-(resection): TCTTATTCGCCTTCTTGGGT This paper N/A

DSB 0.9+(resection): CGATATTAAGTCCTCCGT This paper N/A

DSB 0.9-(resection): CGGCATATTTGTATTAACCC This paper N/A

KCC4+: TCGTATCAGGTCTGCCCTATGAA This paper N/A

KCC4-: CTCTGGAAATTTCGGTGTCATTG This paper N/A

HO CUT+: GTGGCATTACTCCACTTCAA This paper N/A

HO CUT-: TCACCACGTACTTCAGCATA This paper N/A

EXO1+: GACAAGCGGAAGACAAACTGAC This paper N/A

EXO1-: TCCACAACAGTCATGGAGGG This paper N/A

DNA2+: GAGTAGGCATCACGATTTCAC This paper N/A

DNA2-: GTAGTCATCAGAGTATTCGGCA This paper N/A

ALG9+: CCAGGTGATTTTCCAGAGAG This paper N/A

ALG9-: GGCCACTCTTTACCGGTATC This paper N/A

Software and algorithms

Bio-Rad CFX Maestro 1.1 Version: 4.1.2433.1219 Bio-Rad N/A

Image Lab Version 5.2.1 Bio-Rad N/A

Scion Image Beta 4.0.2 Scion Corporation N/A

Other

Primo� FrameStar� 96well PCR Plate, semi-skirted, clear wells Euroclone Cat#ECPCR0770C

HYBOND-NX Nylon membrane GE Healthcare Cat#GEHRPN203T

Nitrocellulose blotting membrane, Amersham� Protran� 0.45 mm NC GE Healthcare Cat#GEH10600002

Hyperfilm MP GE Healthcare Cat#GEH28906844
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Saccharomyces cerevisiae is the experimentalmodel used in this study. Strain genotypes are listed in Table S1. Strains JKM139, used to detect

DSB resection and to performChIP analyses, and YMV45, used to detect SSA, were kindly providedby J. Haber (Brandeis University,Waltham,

USA). The plasmid expressing 6xHis-tagged ubiquitin (2m CUP1-6HIS-UBI4) was kindly provided by R. Fraschini (University of Milan-Bicocca,

Milan, Italy).81 Gene disruptions and tag fusions were generated by one-step PCR and standard yeast transformation procedures. Cells were

grown in YEP medium (1% yeast extract, 2% bactopeptone) supplemented with 2% glucose (YEPD), 2% raffinose (YEPR) or 2% raffinose and

3% galactose (YEPRG). All the experiments were performed at 25�C. YEPD plates for dna2-1 cells also contain sorbitol (0.5M).

METHOD DETAILS

Search for suppressors of sae2D sensitivity to CPT

To search for suppressor mutations of the CPT sensitivity of sae2D rif2Dmutant, 5 x 106 sae2D rif2D cells were plated on YEPD in the presence

of 25 mMCPT. Survivors were recovered and crossed to rif2D cells to identify by tetrad analysis the suppression events that were due to single-

gene mutations. The suppressor genes were identified by genome sequencing. To confirm that a mutation was responsible for the suppres-

sion, a URA3 or a TRP1 gene was integrated downstream of the stop codon and the resulting strain was crossed to wild-type cells to verify by

tetrad dissection that the suppression of the sae2D rif2D CPT sensitivity co-segregated with the URA3 or the TRP1 gene.

DSB repair by single-strand annealing (SSA) and DSB resection at the MAT locus

DSB repair by SSA in YMV45 derivative strains was detected by Southern blot analysis using part of the LEU2 gene as a probe. Quantitative

analysis of the repair product was determined by calculating the ratio of band intensities for SSA to the total amount of SSA andDSB products

for each time point. DSB resection at the MAT locus in JKM139 derivative strains was analyzed on alkaline agarose gels, by using a single-

stranded probe complementary to the unresected DSB strand, as previously described.82 Quantitative analysis of DSB resection was per-

formed by calculating the ratio of band intensities for ssDNA to total amount of DSB products. The resection efficiency was normalized

with respect to the HO cleavage efficiency for each time point. Densitometric analysis of band intensities was performed using Scion Image

Beta 4.0.2 software. Quantitative PCR (qPCR) analysis of DSB resection at theMAT locus in JKM139 derivative strains was carried out as pre-

viously described.83 Briefly, genomic DNAwas extracted at different time points followingHO induction and digested with both SspI and RsaI

restriction enzymes. A mock reaction without the restriction enzymes was set up in parallel. qPCR was performed on both digested andmock

samples with oligonucleotides that anneal at specific distances from the DSB and using SsoFast EvaGreen supermix (Bio-Rad) on the Bio-Rad

CFXConnect Real-Time Systemapparatus. For each timepoint, Ct valueswere normalized to those obtained from themock sample, and then

further normalized to values obtained from an amplicon in the KCC4 control gene. The obtained values were normalized to the HO-cut ef-

ficiency measured by qPCR by using oligonucleotides that anneal on opposite sides with respect to the HO-cutting sequence. The percent-

age of HO-cut was calculated by comparing the Ct values before and after HO induction in undigested samples.

Chromatin immunoprecipitation and qPCR

ChIP analysis was performed as previously described.84 Quantification of immunoprecipitated DNA was achieved by qPCR on a Bio-Rad CFX

Connect Real-Time System apparatus and Bio-Rad CFXMaestro 1.1 software. Triplicate samples in 20 mL reactionmixture containing 10 ng of

template DNA, 300nM for each primer, 2x SsoFast EvaGreen supermix (Bio-Rad #1725201) (2x reaction buffer with dNTPs, Sso7d-fusion po-

lymerase, MgCl2, EvaGreen dye, and stabilizers) were run in white 96-well PCR plates Multiplate (Bio-Rad #MLL9651). The qPCR program was

as follows: step 1, 98�C for 2min; step 2, 90�C for 5 s; step 3, 60�C for 15 s; step 4, return to step 2 and repeat 45 times. At the end of the cycling

program, a melting program (from 65�C to 95�C with a 0.5�C increment every 5 s) was run to test the specificity of each qPCR. Data are ex-

pressed as fold enrichment at the HO-induced DSB over that at the non-cleaved ARO1 locus, after normalization of each ChIP signal to the

corresponding input for each time point. Fold enrichment was then normalized to the efficiency of DSB induction.

Protein extract preparation and western blotting

Protein extracts for western blot analysis were prepared by trichloroacetic acid (TCA) precipitation. Frozen cell pellets were resuspended in

100 mL 20% TCA. After the addition of acid-washed glass beads, the samples were vortexed for 10min. The beads were washedwith 400 mL of

5% TCA, and the extract was collected in a new tube. The crude extract was precipitated by centrifugation at 3000 rpm for 10 min. TCA was

discarded and samples were resuspended in 70 mL 2X Laemmli buffer (60mM Tris, pH 6.8, 2% SDS, 10% glycerol, 100mM DTT, 0.2% bromo-

phenol blue), neutralized with 30 mL 1M Tris (pH 8.0). Prior to loading, samples were boiled and centrifuged at 3000 rpm for 10 min. Super-

natants containing the solubilized proteins were separated on 10% polyacrylamide gels. Rad51 and Pgk1 were detected by using anti-Rad51

polyclonal antibodies (Ab63798) from Abcam and anti-Pgk1 polyclonal antibodies. HA- and Myc-tagged proteins were detected by using an

anti-HA (12CA5) or an anti-Myc (9E10) antibody, respectively. Images were collected using the ChemiDoc (Bio-Rad) and ImageLab software.

Quantitative reverse transcriptase PCR (qRT-PCR)

Total RNA was prepared with the Bio-Rad Aurum total RNA mini kit. First strand cDNA was synthetized with the Bio-Rad iScript� cDNA Syn-

thesis Kit. After qRT-PCR on a MiniOpticon Real-time PCR system (Bio-Rad), EXO1 and DNA2 RNA levels were quantified using the DDCt

method and normalized to ALG9 RNA levels as previously described.78
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Detection of ubiquitin conjugates

Cells carrying a multicopy plasmid expressing 6xHis-tagged ubiquitin (2m CUP1-6HIS-UBI4) from the copper-inducible CUP1 promoter were

grown to log phase at 25�C in a selective medium. 6xHis-Ubi was induced in half of the culture by the addition of 250 mMCuSO4 for 3 h. Cells

were then harvested by centrifugation, resuspended in 10% TCA and lysed by mechanical shearing with glass beads. TCA precipitates were

resuspended in buffer A (6 M guanidium-HCl, 100 mM NaCl, 100 mM NaPO4 pH 8, 20 mM Tris-Cl pH 8) with shaking for at least 1 h, and the

debris was removed by centrifugation at 2000g. Lysates were incubated overnight at room temperature with Ni-NTA agarose beads (Qiagen,

Valencia, CA) in the presence of 10 mM imidazole and 0.1% Triton X-100. Beads were then washed twice with buffer A supplemented with

0.1% Triton X-100 and four times with a wash buffer (100mMNaCl, 100 mMNaPO4 pH 8, 20 mM Tris-Cl pH 8, 10 mM imidazole). Bound pro-

teins were eluted by the addition of 15 ml of elution buffer (100mM NaCl, 100 mM NaPO4 pH 8, 20 mM Tris-Cl pH 8, 500 mM imidazole) and

15 mL of 2X Laemmli buffer (60mMTris, pH 6.8, 2% SDS, 10%glycerol, 100mMDTT, 0.2%bromophenol blue) before heating 5min at 95�C. The
extracts were then subjected to SDS-PAGE on 10% polyacrylamide gels followed by western blot analysis.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data are expressed as mean values G standard deviation. Statistical analyses were performed using Microsoft Excel Professional 365 soft-

ware. p values were determined by using an unpaired two-tailed t-test. No statistical methods or criteria were used to estimate sample

size or to include or exclude samples.
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