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recombination events at DNA replication forks

Michela Galli,1 Chiara Frigerio,1 Chiara Vittoria Colombo,1 Erika Casari,1 Maria Pia Longhese,1,*

and Michela Clerici1,2,*
SUMMARY

Tel1/ataxia telangiectasia mutated (ATM) kinase plays multiple functions in response to DNA damage,
promoting checkpoint-mediated cell-cycle arrest and repair of broken DNA. In addition, Saccharomyces
cerevisiae Tel1 stabilizes replication forks that arrest upon the treatment with the topoisomerase poison
camptothecin (CPT). We discover that inactivation of the Exo1 nuclease exacerbates the sensitivity of
Tel1-deficient cells to CPT and other agents that hamper DNA replication. Furthermore, cells lacking
both Exo1 and Tel1 activities exhibit sustained checkpoint activation in the presence of CPT, indicating
that Tel1 and Exo1 limit the activation of a Mec1-dependent checkpoint. The absence of Tel1 or its kinase
activity enhances recombination between inverted DNA repeats induced by replication fork blockage in
an Exo1-dependent manner. Thus, we propose that Exo1 processes intermediates arising at stalled forks
in tel1 mutants to promote DNA replication recovery and cell survival.

INTRODUCTION

Tel1/ataxia telangiectasiamutated (ATM) andMec1/ATMandRad3 related (ATR) play crucial functions inmaintaining genome stability, being

the master regulators of the DNA damage response (DDR). Tel1/ATM and Mec1/ATR are serine/threonine protein kinases with a head-to-

head dimeric conformation, which detect aberrant DNA structures and orchestrate a complex signal transduction cascade that coordinates

DNAdamage repair with the progression of the cell cycle.1–4 Once activated, Tel1/ATMandMec1/ATR temporarily halt cell-cycle progression

through the phosphorylation of the checkpoint effector kinases Rad53/CHK2 and Chk1, along with their adaptors Rad9/53BP1 and Mrc1/

Claspin.3,5,6 Mec1/ATR, together with Ddc2/ATR-interacting protein (ATRIP), recognizes long single-strandedDNA (ssDNA) stretches coated

by the replication protein A (RPA) complex,7,8 while Tel1/ATM is activated at both DNAdouble-strand breaks (DSBs) and protein-boundDNA

ends through interaction with the MRX/MRN (Mre11-Rad50-Xrs2/NBS1) complex.9–11

DSBs can be repaired by either non-homologous end-joining (NHEJ), which catalyzes the direct ligation of the broken ends, or homolo-

gous recombination (HR), which uses an intact homologous chromosome as a template to repair the break.12,13 HR is initiated by a two-step

nucleolytic processing of the 50-terminated DSB ends, a mechanism referred to as resection. The Mre11 subunit of the MRX/MRN complex,

stimulated by Sae2/CtIP, incises the 50-terminated strands at the DSB end.14 This nick allows Mre11 to degrade DNA back toward the end

through its 30–50 exonucleolytic activity, and concomitantly creates an entry site for the long-range resection nucleases Exo1 and Sgs1-

Dna2 that degrade the same strand in the 50-30 direction.15–19 The Rad51 recombinase rapidly covers the ssDNA tails generated by resection,

thus stimulating the invasion of a homologous duplex and the completion of HR.12

Saccharomyces cerevisiae Tel1 has been initially identified because of its function in maintaining the ends of linear chromosomes in the

nucleoprotein structures called telomeres.20,21 Further evidence has shown that Tel1 supports DSB repair in the presence of hindrances by

participating in themetabolism of different DSB-containing structures. Specifically, Tel1 promotes DSB repair throughHR by stimulating DSB

end resection and by holding the two DSB ends in close proximity.22–26 Both these functions likely rely on a kinase-independent Tel1 function

that stabilizes theMRX complex onto theDNA.26,27 On the contrary, Tel1 kinase activity stimulates a relocation of the Ku heterodimer from the

DSB ends to more internal chromosome regions.25,28 Since Ku promotes NHEJ and simultaneously restricts access of resection nucleases to

DNA ends, this Tel1-mediated Ku relocation likely contributes to HR. In addition, the persistence of histones in the surroundings of DSB ends

in the absence of Tel1 kinase activity suggests that Tel1 activity may also stimulate, directly or indirectly, chromatin remodeling at DSBs.25

Furthermore, in both yeast andmammals, Tel1/ATM supports DNA replication in conditions that induce replication fork reversal, including

the persistence of the Top1 topoisomerase onto the DNA caused by camptothecin (CPT).29 Reversed forks result from unwinding and anneal-

ing of the nascent DNA strands, forming a four-way junction with a regressed arm.30,31 Controlled degradation of the regressed arm by

nucleases can aid replication recovery, while an excessive degradation of the nascent strand can lead to fork disassembly, uncomplete chro-

mosome duplication, or unscheduled HR-mediated events. Therefore, both the formation and the nucleolytic processing of reversed forks
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must be tightly regulated to promote replication recovery.30–32 In budding yeast, Tel1 stabilizes reversed forks in CPT-treated cells by counter-

acting their degradation by Mre11, and this likely contributes to replication recovery and cell survival.33 Interestingly, Exo1 appears to be

dispensable for fork degradation in the absence of Tel1,33 while it is responsible for fork degradation both in checkpoint mutants treated

with methyl methanesulfonate (MMS) or hydroxyurea (HU)34,35 and in recombination mutants in which a protein-induced barrier arrests

fork progression.32,36,37 Besides being involved in fork processing and DSB resection, Exo1 participates in DNA mismatch repair (MMR)

and crossover (CO) promotion during meiosis.16,38,39

In mammals, ATM promotes fork reversal together with the TIP60 acetyltransferase by recruiting the SMARCAL1 translocase to stalled

replication forks.40 Reversed forks are protected against excessive nucleolytic degradation by the BRCA tumor suppressor pathway, whose

deficiencies cause extensive fork degradation byMRE11 and other nucleases.41–43 Although TIP60 andATMpromote fork reversal by acting in

the same pathway, TIP60 inactivation suppresses chemotherapy sensitivity of BRCA-deficient cells, whereas ATM inhibition exacerbates it.40

This suggests that ATM may play additional functions at stalled replication forks.

By investigating the interplays between Tel1 and Exo1, here we discover that the lack of Exo1, or of its nuclease activity, exacerbates the

sensitivity of cells lacking Tel1, or its kinase activity, to treatments with compounds that perturb DNA replication. tel1 exo1 mutant cells

released in CPT in S-phase showed persistent checkpoint activation, while they are still capable to repair a DNA DSB by ectopic recombina-

tion. By using an inducible system that causes a replication block, we found that Tel1 limits recombination between inverted DNA repeats

adjacent to a stalled replication fork through its kinase activity. Exo1 is strictly required for these HR-dependent events in Tel1-deficient cells,

suggesting that Exo1 supports the viability of tel1 mutant cells by promoting HR-dependent events that allow fork recovery.
RESULTS

Exo1 supports the viability of cells lacking Tel1 or its kinase activity in response to DNA damage and replication stress

Cells lacking Tel1 or its kinase activity show a mild sensitivity to CPT (Figure 1A),23,33,44 which can be due, at least in part, to a Tel1 function in

protecting reversed forks from degradation.33 While Exo1 degrades stalled forks in wild-type cells and in the absence of the intra-S check-

point,34,35 it does not appear to be involved in degrading the regressed arm of reversed forks in the absence of Tel1.33 This finding does not

exclude that Exo1 may contribute to other DDR pathways in the absence of Tel1.

To thoroughly investigate the interplays between Tel1 and Exo1 in the DDR, we analyzed the sensitivity to genotoxic treatments of cells

carrying TEL1 deletion or the tel1-kd allele that abolishes Tel1 kinase activity,45 either in the presence or in the absence of Exo1. Exponentially

growing wild-type, tel1D, tel1D exo1D, tel1-kd, tel1-kd exo1D, and exo1D cell cultures were spotted out onto YEPD plates with or without

different concentrations of CPT, the replication inhibitor HU or the alkylating agent MMS. While tel1D and tel1-kd cells exhibited reduced

viability after three days of growth on plates containing 15 mM CPT, tel1D exo1D and tel1-kd exo1D double mutant cells lost viability even

in the presence of lower CPT doses, as well as in the presence of HU or MMS (Figure 1A). Since inactivation of Tel1 or its kinase activity by

itself conferred CPT sensitivity, we confirmed the synthetic growth defects in CPT due to the concomitant inactivation of Exo1 and Tel1 by

quantifying the survival of wild-type, tel1D, tel1D exo1D, and exo1D cell cultures spread onto YEPD plates containing increasing CPT con-

centrations. After three days of growth onto 6–9 mM CPT-containing plates at 25�C, tel1D exo1D cells exhibited an increased viability loss

compared to tel1D and exo1D cells, which formed colonies as wild-type cells (Figure 1B). Conversely, tel1D and exo1D cells lost viability start-

ing from 12 mMCPT, where tel1D exo1D cells were unable to form colonies (Figure 1B). Similar results were obtained with tel1-kd and tel1-kd

exo1D cell cultures (Figure S1A).

Interestingly, Exo1 and Tel1 inactivation did not cause synthetic growth defects after UV irradiation. In fact, wild-type, tel1D, tel1-kd,

tel1D exo1D, tel1-kd exo1D, and exo1D cells lost viability to similar extents when they were exposed to different UV doses (Figures 1C

and S1B). CPT, MMS, and HU mainly exert their toxicity during DNA replication, while UV light, which was administered as an acute

treatment to asynchronous cell cultures, likely induces lesions that are detected and repaired outside of the S-phase. In addition,

UV-induced DNA lesions are known to slow down but not to stop DNA replication, thanks to the existence of DNA lesion tolerance

and lesion bypass pathways that allow the replication fork to pass over the lesion or to restart DNA replication downstream to damaged

site.46–48

We hypothesized that Exo1 supports Tel1 functions specifically in the context of DNA replication stress. To assess this possibility, we

exposed wild-type, tel1D, exo1D, and tel1D exo1D cells to acute or chronic treatment with the radiomimetic drug phleomycin (phleo), which

is thought to generate single-strand breaks andDSBs that are sensedby the DDR in any cell-cycle phase.49 For the acute treatment, we added

high concentrations of phleo for 2 h to cells arrested in G2 with nocodazole, followed by the evaluation of cell survival on YEPD plates (Fig-

ure 1D). For chronic exposure, we determined the viability of cells spread onto YEPD plates containing different phleo concentrations (Fig-

ure 1E). sae2D cells were used as a control since they lose viability after both acute and chronic treatments with phleo (Figures 1D and 1E).27

The acute treatments with phleo in G2 slightly reduced cell viability of wild-type, tel1D, exo1D, and tel1D exo1D cells to similar extents (Fig-

ure 1D). Conversely, tel1D exo1D cells displayed an increased sensitivity to chronic phleo exposure compared to both tel1D and exo1D cells

(Figure 1E). Similarly, tel1-kd exo1D cells were more sensitive than tel1-kd and exo1D cells to chronic treatments with phleo, while they lost

viability as tel1-kd and exo1D cells after acute treatments (Figures S1C and S1D). These results suggest that the lack of Exo1 exacerbates the

sensitivity of cells lacking Tel1 or its kinase activity to genotoxic treatments that interfere with DNA replication.

Most, if not all, of the functions carried out by Exo1 during a mitotic cell cycle require its nuclease activity.50 To investigate whether the

nuclease activity of Exo1 is necessary to support the viability of tel1 mutants, we transformed wild-type, tel1D, and tel1D exo1D cells with

plasmids carrying a wild-type EXO1 gene or the exo1-D171A allele, which encodes a nuclease-defective Exo1 variant.51 Expression of
2 iScience 27, 110410, August 16, 2024



Figure 1. The lack of Exo1 exacerbates the sensitivity to DNA damage and replication stress of Tel1-deficient cells

(A) Exponentially growing cell cultures were serially diluted (1:10) and spotted out onto YEPD plates with or without camptothecin (CPT), hydroxyurea (HU), and

methyl methanesulfonate (MMS) at the indicated concentrations.

(B) Appropriate dilutions of each cell culture were spread onto YEPD plates with or without CPT at the indicated concentrations. Plates were incubated 3 days at

25�C to determine the colony-forming units. Plotted values are the mean values with error bars denoting SD (n = 3).

(C) Appropriate dilutions of each cell culture were spread onto YEPD plates followed by the exposure to different UV doses. Plates were incubated 3 days at 25�C
to determine the colony-forming units. Plotted values are the mean values with error bars denoting SD (n = 3).

(D) Cell cultures arrested in G2 with nocodazole were treated for 2 h with the indicated concentrations of phleomycin (noc+phleo), followed by spreading of

phleomycin-treated and untreated cell cultures onto YEPD plates to determine the colony-forming units. Plotted values are the mean values with error bars

denoting SD (n = 3).

(E) Appropriate dilutions of cell cultures with the indicated genotypes were spread onto YEPD plates containing the indicated concentrations of phleomycin

(phleo), followed by determination of colony-forming units after 3 days at 25�C. Plotted values are the mean values with error bars denoting SD (n = 3).

(F) Exponentially growing cell cultures of the indicated strains were serially diluted (1:10) and spotted out onto YEPD plates with or without CPT, HU, and MMS.
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EXO1 or exo1-D171A alleles did not affect the survival of both wild-type and tel1D cells to CPT, HU, and MMS in the presence of the endog-

enous EXO1 gene (Figure S1E).33 On the contrary, when the exo1-D171A allele was the only Exo1 source, it increased the sensitivity of tel1D

cells to CPT, MMS, and HU similarly to EXO1 deletion (Figure 1F), indicating that the Exo1 nuclease activity is essential to support cell viability

of tel1D cells in response to genotoxic stress.

Here, we considered different possibilities that can explain the synthetic effect of Tel1 and Exo1 mutations in cell survival to genotoxic

stress. First, Exo1 could support checkpoint activation in the absence of Tel1 kinase activity by promoting the activation of aMec1-dependent

checkpoint. Second, Exo1 could support DNA repair in the absence of Tel1. Third, the nuclease activity of Exo1 could become crucial for

processing structures generated in the absence of Tel1 activity when replication forks are blocked by DNA lesions, torsional stress, or insuf-

ficient dNTPs levels.
iScience 27, 110410, August 16, 2024 3
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Tel1 and Exo1 contribute to restrict a Mec1-dependent checkpoint

Since the kinase activity of Tel1 is essential only for some of the Tel1 functions,23,25,27,45,52–56 but tel1D exo1D and tel1-kd exo1D cells show the

same hypersensitivities to CPT, MMS, and HU (Figure 1A), we investigated how Exo1 supports the viability of tel1-kd cells. Furthermore, we

focused on CPT treatment, because the lack of Exo1 and Tel1 activity strongly enhance the hypersensitivity to this agent.

Exo1 contributes to checkpoint activation in G1 or in the absence of functional Top1 and Top2 topoisomerases.50,57,58 Since a Mec1-

dependent checkpoint is activated in CPT-treated tel1D and tel1-kd cells,33 Exo1 might support the viability of tel1-kd cells by contributing

to the activation of this checkpoint. If this were the case, the lack of Exo1 should attenuate the Mec1-dependent checkpoint in CPT-treated

tel1-kd cells. Alternatively, if Exo1 promotes DNA repair or the removal of intermediates generated at replication forks in the absence of Tel1,

the absence of Exo1 should further enhance Mec1 activation in tel1-kd cells.

We have already shown that high CPT doses induced Rad53 phosphorylation in both tel1D exo1D cells and tel1D cells, suggesting that

Exo1 does not contribute to activate the Mec1-dependent checkpoint in CPT.33 However, checkpoint inactivation in these cells was not as-

sessed.We now investigated checkpoint activation and switch off in wild-type and tel1-kd cells with or without EXO1by assessing the ability of

cells to halt cell-cycle progression and phosphorylate the checkpoint effector kinase Rad53 after exposure to a sublethal dose of CPT. Check-

point activation in CPT is known to delay nuclear division, without affecting the G1/S transition or the rate of bulk DNA replication.33,59 When

this checkpoint is switched off, we expect the cells to undergo nuclear division and cytokinesis and generate unbudded daughter cells. Cells

were arrested in G1 with a-factor and released into fresh medium with or without CPT to analyze the kinetics of budding (Figures 2A and 2B),

nuclear division (Figures 2C and 2D), and Rad53 phosphorylation (Figure 2E). Untreated cell cultures underwent budding (Figure 2A) and nu-

clear divisionwith similar kinetics (Figure 2C). CPT treatment had no effect on bud formation in any cell culture (compare Figures 2A and 2B). A

slight delay in nuclear division was observed in wild-type cells treated with CPT compared to untreated conditions (compare Figures 2C and

2D). The delay was extended in the absence of Exo1, and even more in the absence of Tel1 kinase activity (Figure 2D). Following nuclear di-

vision, wild-type, exo1D, and tel1-kd strains re-accumulated unbudded cells (Figure 2B), indicating the recovery from the checkpoint-medi-

ated cell-cycle block. Strikingly, after 4 h from the release in CPT, approximately 90% of tel1-kd exo1D cells were still arrested as large-budded

cells with undivided nuclei (Figures 2B and 2D), indicating that Exo1 inactivation exacerbated the cell-cycle delay caused by the tel1-kd allele.

This persistent cell-cycle arrest correlated with a sustained Rad53 hyperphosphorylation in tel1-kd exo1D cells. In fact, slow-migrating Rad53

bands persisted longer in CPT-treated tel1-kd exo1D cells than in the other analyzed strains (Figures 2E and 2F).

The sustained checkpoint-dependent cell-cycle block caused by the inactivation of both Exo1 and of Tel1 kinase activity was confirmed by

plating G1-arrested cells onto CPT-containing plates and monitoring the formation of microcolonies with more than two cells (Figure 2G). In

fact, 80% of tel1-kd exo1D cells were arrested as large-budded cells for at least 4 h on CPT plates, while over 60% of tel1-kd cells and about

90% of wild-type and exo1D cells had recovered from the checkpoint arrest and formed microcolonies after 4 h on CPT-containing plates

(Figure 2G). These findings indicate that the checkpoint is hyperactivated in CPT-treated tel1-kd exo1D cells compared to each singlemutant.

Therefore, Exo1 is not required for Mec1 activation in the absence of Tel1 activity but rather both Exo1 and Tel1 are required to resolve CPT-

induced impediments.
The absence of Tel1 and Exo1 activities does not impair DSB repair by ectopic recombination

We asked if the increasedDNAdamage sensitivity and the checkpoint persistence of tel1-kd exo1D cells could be due to DNA repair defects.

Exo1 participates in DNA MMR,16,60,61 which is critical to repair mismatches that can arise during DNA replication and contributes to CPT

resistance inmammals.62,63 Therefore, the lack of Exo1 could exacerbate the phenotype of tel1-kd cells because it causesMMRdefects. How-

ever, cells lacking Tel1 kinase activity and the core MMR factors, Mlh1 or Msh2, formed colonies as tel1-kd cells in the presence of CPT, HU,

and MMS, and more efficiently that tel1-kd exo1D cells (Figure 3A), indicating that Exo1 supports the resistance of tel1 mutant cells to gen-

otoxic treatments independently of MMR.

Alternatively, the hypersensitivity and the checkpoint persistence in tel1-kd exo1Dmutant cells could be due toDSB repair defects, consid-

ering that replication of parental DNA with trapped Top1 can generate DSBs and both Tel1 and Exo1 are involved in DSB repair by

HR.15,16,22,23 In particular, Tel1 and Exo1 were proposed to contribute to DSB end resection, as the lack of both Tel1 and Exo1 caused a severe

resection defect when a site-specific DSB was induced in cells arrested in G2.22 Although the lack of Tel1 itself delayed resection initiation,

wild-type and tel1-kd cells process DNA ends with similar kinetics, suggesting that Tel1 kinase activity is dispensable for end resection.23,27,64

However, we considered the possibility that a contribution of Tel1 kinase activity to resection might be overshadowed by the efficient pro-

cessing exerted by Exo1 and, therefore, could be detected only in the absence of Exo1. To directly measure DSB end processing, we took

advantage of the JKM139 background, where theHO gene is expressed from a galactose-inducible promoter and creates a single irreparable

DSB at theMATa locus.65 To get rid of potential effects caused by the cell-cycle phase on DSB processing, galactose was added to cells ar-

rested and maintained in G2. ssDNA generation at the HO-induced DSB was assessed by Southern blotting under denaturing conditions as

previously described (Figure S2A).66 As expected,23,27,64 DSB processing occurred with similar kinetics in both wild-type and tel1-kd cells

(Figures 3B and 3C), whereas the 1.7 kb (r1) and 3.5 kb (r2) resection products accumulated in exo1D cells in which resection struggled to

proceed beyond 3.5 kb from DSB ends (Figures 3B and 3C). These r1 and r2 resection bands accumulated with similar kinetics in exo1D

and tel1-kd exo1D cells (Figures 3B and 3C), indicating that the lack of Exo1 and of Tel1 kinase activity do not have additive effects on resec-

tion kinetics in G2-arrested cells. Similar results were obtained when we monitored resection after HO induction and DSB formation in expo-

nentially growing cells (Figures S2B and S2C). Therefore, while the lack of Tel1 synergizes with the lack of Exo1 for the resection defects,22 the

lack of Tel1 kinase activity does not. Despite the different DSB ends resection kinetics, tel1D exo1D, and tel1-kd exo1D cells exhibit the same
4 iScience 27, 110410, August 16, 2024



Figure 2. The lack of Exo1 and Tel1 extends the persistence of Mec1-dependent checkpoint activation in CPT

(A–F) Exponentially growing cell cultures were arrested in G1 with a-factor (af) and released into YEPDwith or without CPT (10 mM). Samples were harvested at the

indicated time points to evaluate budding index by optical microscopy (A and B), or nuclear division by fluorescence microscopy (C and D), or Rad53

phosphorylation by western blot with anti-Rad53 antibodies (E). (F) Quantitative analysis of Rad53 phosphorylation was performed by calculating the ratio of

band intensities for slowly–migrating bands to the total amount of protein. Plotted values are the mean values with error bars denoting SD (n = 3). Statistical

analysis: Student’s t test; *p < 0.05, **p < 0.005, and ***p < 0.001.

(G) G1-arrested cell cultures were spread onto YEPD plates with CPT (10 mM). Microcolony formation was evaluated by optical microscopy at the indicated time

points. The mean values are represented with error bars denoting SD (n = 3).
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sensitivity to genotoxic treatments, suggesting that these sensitivities are likely not ascribable to the increased defect of tel1D exo1D cells in

resecting DSB ends.

We also assessed whether the lack of Exo1 and Tel1 kinase activity affects HR by monitoring HO-induced ectopic recombination between

two homologous DNA sequences located on different chromosomes in G2-arrested cells. We used a strain carrying the galactose-inducible

HO gene, aMAT allele (MATa-inc) that cannot be cleaved by HO at chromosome III and an extra wild-type copy of the HO-cleavableMATa
iScience 27, 110410, August 16, 2024 5



Figure 3. An HO-induced DSB is repaired in the absence of Exo1 and Tel1 activity

(A) Exponentially growing cell cultures of the indicated strains were serially diluted (1:10) and spotted out onto YEPD plates with or without CPT, HU, and MMS.

(B) YEPR JKM139 derivative strains were arrested in G2 with nocodazole and transferred to YEPRG at time zero in the presence of nocodazole. SspI-digested

genomic DNA was hybridized with the MATa ss-RNA probe.

(C) Resection products in (B) were analyzed by densitometry. The mean values are represented with error bars denoting SD (n = 3).

(D) All the strains carry the deletion of the LIG4 gene. G2-arrested YEPR cell cultures were transferred to YEPRG at time zero in the presence of nocodazole.

Southern blot analysis of EcoRI-digested genomic DNA with a MATa probe.

(E) Densitometric analysis of NCO andCOband signals. Plotted values are themean values with error bars denoting SD (n= 3). Statistical analysis: Student’s t test;

**p < 0.005 and ***p < 0.001.
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Figure 4. Tel1 limits recombination between inverted repeats at a stalled replication fork, whereas Exo1 promotes it

(A) Schematic representation of the ade2 reporter and Tus/Ter barrier in the blocking orientationwith regards toARS607. The ade2-n allele carries a +2-frameshift

mutation, indicated by a bold line. The ade2-D50 allele lacks the first 176 nucleotides and the promoter. Primers to score inversions and gene conversions are

schematically represented.

(B) Strains with the indicated genotypes were plated on YEP plates containing glucose (�Tus) or galactose (+Tus). White sectors and papillae on red colonies are

indicative of Ade+ phenotype.

(C) Quantitative analysis of red colonies with white sectors or papillae (indicative of Ade+ phenotype) to total colonies in the strains with the indicated genotypes.

Plotted values are the mean values with error bars denoting SD (n = 3). Statistical analysis: Student’s t test; **p < 0.005.

(D) Frequency of Ade+ recombinants without (green data points) and with (orange data points) induction of Tus expression with galactose. Black lines indicate

medians. Statistical analysis: one-way ANOVA with a Bonferroni post-test; *p < 0.05 and ****p < 0.0001.
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Figure 4. Continued

(E) Ade+ recombinants formed by gene conversion or by inversion of the TRP1 locus were scored by PCR. Distribution of gene conversion or inversion events is

represented.

(F) Frequency of Ade+ recombinants without (green data points) andwith (red data points) CPT (0.5 mM). Black lines indicatemedians. Statistical analysis: one-way

ANOVA with a Bonferroni post-test; *p < 0.05, **p < 0.005 and ****p < 0.0001.
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gene at chromosome V.67 The HO-induced DSB on chromosome V can be repaired by HR using the homologous MATa-inc sequence on

chromosome III as a donor, resulting in both noncrossover (NCO) and CO products (Figure S2D). In all the strains, the NHEJ ligase Lig4

was inactivated to abolish NHEJ contribution to the HO-induced DSB repair. CO and NCO products appeared with similar kinetics in

wild-type and tel1-kd cells, indicating that Tel1 kinase activity is not required for ectopic recombination (Figures 3D and 3E). These products

accumulated also in exo1D and tel1-kd exo1D cells with similar kinetics, although they appeared slightly later than in cells expressing wild-

type EXO1 (Figures 3D and 3E). This finding indicates that Tel1 kinase activity and Exo1 do not cooperate to repair a DSB by ectopic recom-

bination in G2.
Tel1 counteracts Exo1-driven recombination between inverted repeats at a stalled replication fork

Besides inducing DSBs during DNA replication, CPT slows down the progression of replication forks and induces their reversal in both yeast

andmammals.29 Considering that reversed forks becomeunstable in the absenceof Tel1, and this instability likely contributes to the sensitivity

of tel1mutants toCPT,33 Exo1might support viability of tel1mutant cells toCPT by facilitating the recovery of DNA replication at unstable fork

sites. To investigate this possibility, we employed the Escherichia coli Tus/Ter replication barrier that can induce a replication block in both

yeast and mammals.36,37,68–71 Similar to Top1 trapping on DNA induced by CPT, the Tus protein binding to TerBDNA repeats creates a tran-

sient barrier to the passage of the replication fork, thus stimulating mutagenesis, chromosomal rearrangements, and recombination events

without necessarily causing DNA breaks.68,69,71–74 Importantly, both CPT and Tus/Ter barrier were proposed to induce fork reversal.29,37,71

To explore whether Tel1 and Exo1 regulate Tus/Ter-induced recombination between inverted DNA repeats, we took advantage of strains

in which the TUS gene is expressed from a galactose-inducible promoter and 14 TerB repeats are located on chromosome VI in the blocking

orientation respect to ARS607, and adjacent to a reporter system with two ade2 heteroalleles separated by a TRP1 gene (Figure 4A).71 Cells

with this genetic background display an Ade� phenotype and form red colonies (Figure 4B),75 whereas recombination between the inverted

ade2 alleles can result in the formation of a wild-type ADE2 gene and of Ade+ white offspring (Figures 4A and 4B). Since the lack of the core

recombination factor Rad52 results in the formation of red colonies only (Figure 4C),71 the presence of Ade+ white colonies or white sectors

within a red colony serves as a readout for non-allelic HR events.

Exponentially growing cell cultures were spread either on glucose-containing plates, where the TUS gene is repressed (�Tus), and on

galactose-containing plates (+Tus), where the expression of the TUS gene is induced, and plates were incubated 3–4 days at 30�C. The
appearance of white or sectored colonies on glucose- and galactose-containing plates was indicative of spontaneous or replication block-

induced recombination between the inverted ade2 repeats, respectively. Single colonies of similar size from the different plates were diluted

and a fixed number of cells were spread on YEPDplates and on selectivemedium lacking adenine to evaluate the frequency of Ade+ recombi-

nants both in the presence and absence of Tus induction. Consistent with previous findings,71 an increased proportion of colonies with white

sectors formedongalactose-containing plates (+Tus), compared to YEPDplates (�Tus) (Figures 4B and 4C), and Tus expression increased the

recombination frequency from 1.43% to 9.47% in wild-type cells (Figure 4D; Table S1). As the contribution of Tel1 in the regulation of recom-

bination between inverted repeats near a stalled fork was not assessed before, we evaluated recombination frequencies in both tel1D and

tel1-kd cells. Notably, both the proportion of sectored colonies on galactose-containing plates (Figures 4B and 4C) and the frequency of

Ade+ colonies after galactose addition increased in the absence of Tel1 or its kinase activity (22.57% for tel1D cells and 21.55% for tel1-kd

cells) (Figure 4D, +Tus; Table S1). Rad52 was absolutely required for the formation of sectored colonies in the absence of Tel1 or its kinase

activity (Figure 4C), indicating that they result from recombination events. Importantly, the lack of Tel1 or its kinase activity did not increase the

percentage of both sectored colonies (Figures 4B and 4C) and Ade+ colonies when Tus was not expressed (Figure 4D,�Tus; Table S1), indi-

cating that Tel1 does not limit spontaneous recombination. Therefore, the anti-recombination activity of Tel1 is specifically triggered by the

replication block.We can conclude that Tel1 kinase activity constrains recombination events between inverted repeats near stalled replication

forks.

Interestingly, spontaneous recombination between inverted repeats was found to require Mre11 and not Exo1, while Exo1 is strictly

required for recombination events stimulated by a replication block, which are only partially reduced in the absence of Mre11.71 As we found

that Tel1 restricts recombination specifically after the induction of a replication fork barrier, we asked whether Exo1 is required for these

recombination events. Indeed, it is, as the absence of Exo1 reduced the frequency of Ade+ recombinants in both galactose-induced wild-

type and tel1 mutant cells to levels comparable to those observed in non-induced cells (Figure 4D). In conclusion, replication fork stalling

at a polar Tus/Ter barrier stimulates Exo1-mediated recombination between inverted repeats, while Tel1 counteracts these recombination

processes through its kinase activity.

Ade+ recombinants can arise through either gene conversion or inversion of the TRP1 locus, and Tus expression in wild-type cells was

found to induce both events almost equally.71 We sought to determine whether Tel1 specifically counteracts one of these processes and

whether they both require Exo1. The nature of Tus/Ter-induced recombination events was assessed in approximately 30 independent

Ade+ recombinants from each genomic background through PCR reactions performed by using pairs of primers specific for gene conversion
8 iScience 27, 110410, August 16, 2024
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or inversion products (Figure 4A).71 The absence of Tel1 or its kinase activity did not alter the proportion of the two events compared to the

wild-type strain. In fact, the PCR products corresponding to inversions were observed in approximately 60% of wild-type, tel1-kd, and tel1D

Ade+ recombinants, while the remaining 40% exhibited gene conversions (Figure 4E; Table S2). Both gene conversions and inversions were

also detectable in the rare tel1-kd exo1D, tel1D exo1D, and exo1DAde+ recombinants, although the proportion of gene conversions in favor

of inversions was slightly reduced compared to strains expressing wild-type Exo1 (Figure 4E; Table S2). We can conclude that the increased

recombination frequency in tel1-mutant cells is not attributable to the hyperactivation of specific recombination processes.

Tel1 restricts Exo1-mediated recombination between inverted repeats near ARS607 in CPT

Interestingly, the same HR events triggered by the Tus/Ter barrier near ARS607 can be stimulated by genome-wide replication stress, such as

the one imposedbyMMSor CPT treatment.71We askedwhether the lack of Tel1 or of its kinase activity also increases the frequency of recom-

bination between inverted repeats near ARS607 in CPT. When wild-type, tel1D, and tel1-kd cells were spread onto YEPD plates with or

without CPT, an increased proportion of colonies containing white sectors became clearly visible on CPT-containing plates compared to

YEPD plates (Figure S3). Quantification of Ade+ recombinants revealed that in wild-type cells recombination frequency increased from

1.43%, under untreated conditions, to 7.59% in the presence of CPT (Figure 4F; Table S1). Similar to what was observed after the induction

of the Tus/Ter barrier, recombination events between inverted repeats that are stimulated by topoisomerase poisoning require Exo1, whose

lack strongly reduced recombination frequency to the levels observed in untreated cells (Figure 4F; Table S1). Conversely, the frequency of

Ade+ recombinants significatively increased from 2.15% to 15.11% and from 2.57% to 16.54% in cells lacking Tel1 or its kinase activity, respec-

tively (Figure 4F; Table S1). HR events in tel1 mutants are strongly dependent on Exo1, whose absence reduced the frequency of Ade+ re-

combinants in tel1D and tel1-kd cells to 4.88% and 4.28%, respectively (Figure 4F; Table S1). These findings indicate that Tel1 prevents or

restricts HR between inverted repeats in the presence of genome-wide torsional stress, and that Exo1 promotes hyper-recombination in

the absence of Tel1 activity.

The Mre11 nuclease activity and Ku contribute to hyper-recombination at a stalled replication fork in Tel1-deficient cells

Since the nuclease activity of Mre11 was found to be responsible for the instability of reversed forks in the absence of Tel1,33 we tested the

effect of the absence of Mre11 nuclease activity in tel1mutants. We considered that if reversed fork instability stimulates recombination be-

tween inverted repeats at the Tus/Ter barrier, the absence ofMre11 nuclease activity would reduce the elevated recombination rate observed

in tel1 mutants to wild-type levels. Indeed, the frequency of Tus/Ter-induced Ade+ recombinants in tel1D and tel1-kd cells expressing the

nuclease-dead Mre11-H125N variant76 was significantly lower compared to tel1D and tel1-kd cells (7.5% and 11.32% compared to 22.57%

and 21.55%, respectively) and similar to that observed in wild-type and mre11-H125N cells (9.47% and 7.37, respectively) (Figure 5A;

Table S1). The finding that the lack of Mre11 nuclease activity did not significantly reduce the replication block-induced recombination

compared to wild-type cells indicates that Mre11 nuclease activity promotes HR between inverted repeats specifically in Tel1-deficient cells.

In both yeast and mammals, the processing of stalled or broken replication forks is negatively regulated by the Ku heterodimer, which is

known to counteract Exo1-mediated DNA end resection.77–85 As Tel1 kinase activity stimulates the removal of the Ku heterodimer from the

DNA ends,25,28 we investigated the contribution of Ku in the Tus/Ter-induced recombination both in the presence and in the absence of Tel1

kinase activity. As the inactivation of Ku and of Tel1 or its kinase activity causes a reduced viability also at the permissive temperature of 25�C,
due to telomere shortening and precocious replicative senescence (Figure S4A),86 we used the ku70-Y494N allele, which reduces the binding

of Ku with DNA ends and allows Exo1 to resect DSB ends.25,87 This allele was inserted in the strain carrying the Tus/Ter inducible system and

the inverted ade2 repeats, alone or in combination with tel1-kd allele. Experiments to evaluate spontaneous and Tus/Ter-induced recombi-

nation were carried out as described previously but at 25�C. At this temperature, the ability of tel1-kd ku70-Y494N cells to form colonies was

only slightly reduced compared to wild-type and tel1-kd and ku70-Y494N single mutant cells (Figures S4B and S4C).

The Ku-Y494N variant, which per se did not affect the rate of both spontaneous and replication block-induced recombination, reduced the

formation of Ade+ recombinants in galactose-induced tel1-kd cells (Figure 5B; Table S3), indicating that Ku contributes to the hyper-recom-

bination at stalled forks in the absence of Tel1 kinase activity. Although the ku70-Y494N mutation reduced to wild-type levels the hyper-

recombination caused by the tel1-kd allele, this mutation did not restore the resistance of tel1-kd cells to genotoxic agents, but rather

tel1-kd ku70-Y494N cells weremore sensitive to CPT, HU, andMMS than both tel1-kd and ku70-Y494N cells (Figure S4C). As the DNAbinding

of Ku70 is required both for NHEJ and DSB end tethering, and both Ku and Tel1 promote DNA end tethering that supports DSB repair,25,87

the hypersensitivity of tel1-kd ku70-Y494N cells could be due to a defect in DSB repair. Alternatively, it could simply result from the slow

growth phenotype of these cells, whose growth was slightly defective at 25�C and strongly reduced at higher temperatures (Figure S4B).

As both ku70-Y494N andmre11-H125Nmutations reduced the hyper-recombination in tel1-kd cells to similar extents, we asked whether

they act in the same or in different pathways for Tus/Ter-induced recombination. We therefore generated strains carrying both the ku70-

Y494N andmre11-H125N alleles and the tel1-kdmutations. Interestingly, tel1-kd ku70-Y494N mre11-H125N cells generates Ade+ recombi-

nants as tel1-kd ku70-Y494N and tel1-kd mre11-H125N cells (8.13%, 7.32%, and 12.3%, respectively) and significantly less than tel1-kd cells

(24.56%) (Figure 5B; Table S3). Therefore, the nuclease activity of Mre11 and the DNA end binding capacity of Ku appear to sustain hyper-

recombination at stalled forks in the absence of Tel1 kinase activity by acting in the same pathway.

Altogether, our findings indicate that Tel1 exerts an anti-recombination activity at stalled replication forks, likely by stabilizing intermedi-

ates that aid in the resumption of DNA replication. In the absence of Tel1, these intermediates are exposed to Mre11 and Exo1 activities, as

well as to Ku-dependent control, that channel them into HR events.
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Figure 5. The Mre11 nuclease activity and Ku promote recombination between inverted repeats near early replication origins

(A and B) Frequency of Ade+ recombinants without (green data points) and with (orange data points) induction of Tus expression. Black lines indicate medians.

Statistical analysis: one-way ANOVA with a Bonferroni post-test; ***p < 0.001 and ****p < 0.0001.
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DISCUSSION

In this study, we found that Exo1 nuclease activity supports the viability of Tel1-deficient cells to compounds that hinder DNA replication, and

particularly to CPT and MMS, which can induce replication fork stalling and reversal, and replication-born DSBs.29,73,88–90 Furthermore, Exo1

supports Tel1 in restricting the activation of a Mec1-dependent checkpoint in CPT, suggesting an interplay between Tel1 and Exo1 in

removing toxic ssDNA-rich structures caused by Top1 trapping onto DNA. tel1 exo1 mutant cells do not exhibit increased defects in either

processing or repair of an endonuclease-induced DSB compared to tel1 and exo1 single mutant cells. This suggests that the strong hyper-

sensitivities caused by both Tel1 and Exo1 inactivation are not due to increased DSB repair defects. Rather, we found that Tel1, through its

kinase activity, restricts HR events between inverted repeats when a replication fork stalls because of CPT treatment or the induction of Tus/

Ter barrier, which both cause a transient stabilization of protein-DNA complexes, fork reversal, and recombination between inverted re-

peats.29,36,37,68–71,73 Exo1 andMre11 nucleases, as well as the Ku complex, are responsible for this hyper-recombination in Tel1-deficient cells,

suggesting that Tel1 limits the generation of intermediates that trigger Mre11- and Exo1-dependent recombination events associated with

chromosome rearrangements. These events likely support the completion of DNA replication and cell survival, albeit at the cost of increased

genome instability.
10 iScience 27, 110410, August 16, 2024



Figure 6. Model for the interplays between Tel1, Exo1, Ku and MRX at stalled replication forks

Fork reversal ahead a replication block leads to the recruitment of Ku and Tel1, which restrict the action of Exo1 and MRX, respectively. By promoting Ku release

from the regressed arm, Tel1 allows a controlled degradation of nascent strands by Exo1, which, in turn, promotes the restoration of a functional fork through

either fork remodeling or HRwithin the parental duplex (left). The absence of Tel1maintains Exo1 inhibition induced by Ku persistence at the regressed arm, while

an unrestricted Mre11 nucleolytic activity can either extensively degrade nascent DNA strands or cleave the branched structure. Exo1 can access to the

intermediates generated by the unscheduled MRX action at reversed forks, and, through its 50-30 exonucleolytic activity, can generate 30-ended ssDNA tails

that trigger HR in the presence of homologous sequences.
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We have previously observed a decrease in the number of reversed forks in CPT-treated Tel1-deficient cells compared to wild-type cells.33

Furthermore, the inactivation ofMre11 nuclease restores the levels of reversed forks in Tel1-deficient cells to those observed in wild-type cells,

suggesting that Tel1 has a protective function against reversed forks degradation byMre11. In contrast, Exo1 was found to be dispensable for

reversed forks disruption in Tel1-deficient cells, as the absence of Exo1 does not increase the levels of the reversed forks in tel1mutant cells.33

Our finding that both Mre11 and Exo1 are required for HR events induced by fork stalling in Tel1-deficient cells, while Mre11, but not Exo1,

participates in reversed fork degradation, suggests that Exo1 does not directly act on the regressed arms of the reversed forks, but possibly it

promotes HR by processing other structures generated at stalled forks. These structures are likely more abundant in the absence of Tel1 ac-

tivity. In fact, Exo1 is required for fork stalling-induced recombination between inverted repeats both in wild-type cells and in cells with

dysfunctional Tel1. On the contrary, the lack of Mre11 nuclease activity reduced Tus/Ter-induced recombination in tel1 mutants to wild-

type levels without affecting recombination in wild-type cells, suggesting that Mre11 activity generates the structures that require Exo1 pro-

cessing to be channeled into HR. The inability of Exo1 to degrade reversed forks in the absence of Tel1 might be attributed to the persistence

of the Ku heterodimer at these structures. In fact, Ku is known to counteract resection of stalled or broken replication forks in both yeast and

mammals,77–85 and its binding/persistence at DNA ends has been shown to be restricted by the Tel1 kinase activity.25 We found that a reduc-

tion of Ku70 DNA end-binding activity relieves the hyper-recombination at stalled forks in tel1-kd cells without affecting recombination in the

presence of wild-type Tel1, and that Ku and Mre11 appear to act in the same pathway in limiting hyper-recombination in the absence of Tel1

activity. These findings suggest that the persistence of Ku complex at regressed DNA ends in the absence of Tel1 somehow allows Mre11-

dependent degradation of the stalled fork. This unscheduled Mre11 action can be due to a positive regulation exerted by Ku on Mre11 or by

the fact that Ku persistence inhibits the action of Exo1 on the regressed arm, thus favoring an Mre11-dependent processing of the

reversed fork.

Altogether, these data support a model in which reversed forks, which form ahead a replication block, engage Ku, which limits Exo1 action

on the regressed arm, while Tel1 counteracts theMre11 nucleolytic function through its kinase activity (Figure 6). Similar to what was observed
iScience 27, 110410, August 16, 2024 11
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at DSBs,25 Tel1 can promote Ku removal from the regressed arm, thus allowing the access of Exo1.31,32 Therefore, the presence of Tel1 and Ku

at reversed forks and the interplays between these two factors can result in a controlled degradation of nascent strands by Exo1 and possibly

Mre11, which is necessary to restore a functional fork through either fork remodeling or HR within the parental duplex. In the absence of Tel1,

Ku persistence at the regressed arm could prevent the action of Exo1 but not of Mre11. The unrestricted Mre11 nucleolytic activity might

disrupt the reversed structure, either by excessively degrading nascent DNA strands or cleaving the branched structure. Given that both

Mre11 and Exo1 are required for HR between inverted repeats in the absence of Tel1, we propose that structures generated in tel1mutants

by an unscheduled MRX action at reversed forks can represent suitable substrates for Exo1. Through its 50-30 exonucleolytic activity, Exo1

generates 30-ended ssDNA tails capable of searching for homologous sequences, thereby facilitating their engagement in HR events (Fig-

ure 6). Structures generated in the absence of both Tel1 and Exo1 are not channeled into HR, possibly because the ssDNA tails are either

too short to stably pair with homologous sequences or terminate with 50-overhangs that are unsuitable for initiating DNA synthesis. The

persistence of these aberrant structures can lead to cell death either by impeding the recovery of DNA replication or by inducing toxic genetic

instability.

HowMre11 disrupts reversed forks in the absence of Tel1 is still unclear. It can either degrade the nascent leading strand through its 30 to 50

exonucleolytic activity or cleave the branched structure with its endonucleolytic activity (Figure 6). This cleavage could be achieved in conjunc-

tion with structure-specific nucleases, such as Mus81-Mms4 and Yen1.91,92 Cleaved molecules are potential substrates for Exo1, which re-

moves mononucleotides from the 50-end of blunt-ended, 50-recessed termini, DNA nicks, and DNA structures carrying a flap with a 50 over-
hang.93 Homology-dependentmechanisms triggered by Exo1 can either restore a functional replication fork or repair the brokenDNA strand,

whose replication is then accomplished by an incoming replication fork in the opposite direction.

Interestingly, Tel1 was proposed to counteract genetic instability triggered by replication errors or replication fork stalling at telomeres.

Indeed, Tel1 deficiency was found to enhance recombination and chromosome instability, and this instability was further increased in the

absence of the helicase Rrm3, that prevents fork stalling.94 It will be intriguing to evaluate whether Exo1 can be responsible for instability trig-

gered at telomeres in the absence of Tel1.

It is known that ATM and EXO1 play crucial and evolutionarily conserved functions in genome integrity mechanisms also in mammals,

where germline mutations in these genes are associated with increased cancer susceptibilities.95–98 From yeast to mammals, EXO1 plays a

major function in generating 30-ended ssDNA overhangs during several DNA damage repair pathways, including MMR, nucleotide excision

repair, base excision repair, and bothmitotic andmeiotic recombination.16,38,39,93 As yeast Tel1, ATM activates HR pathway for repair of DNA

DSBs and participates to the metabolism of reversed forks, which are common intermediates of both unperturbed and stressed DNA repli-

cation, and requires EXO1-mediated processing.29,31,43,90,97 Notably, EXO1 was recently found to support the viability of BRCA1-deficient

cells and cells lacking both BRCA1 and EXO1 activities accumulate replication-associated DNA lesions.99 It will be interesting to assess

whether EXO1 supports ATM functions in response to replication stress, as our findings in yeast suggest. As ATM dysfunctions sensitize can-

cer cells to radiations and ATM inhibition is considered as a promising strategy for cancer therapy,97 a synthetic genetic interaction between

EXO1 and ATM mutations suggests that therapy of tumors with EXO1 mutations can benefit of ATM inhibition.
Limitations of the study

The finding that Tel1 kinase activity is required for the anti-recombination function at stalled forks indicates that Tel1 limits HR through the

phosphorylation of specific substrates. The identity of these factors remains to be defined. An intriguing possibility is that they include chro-

matin remodeling factors, as Tel1 was proposed to regulate nucleosome eviction at DNA DSBs,25 and chromatin modifiers were recently

involved in reversed forks protection.37

In addition, how Exo1 triggers the resolution of intermediates generated in tel1 mutants remains to be elucidated. Besides promoting

extensive resection of DSB ends, Exo1 promotes nucleotide excision repair and error free post replicative repair.39,51,58,100,101 The activation

of one or a combination of these pathways can promote the survival of Tel1-deficient cells to CPT.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-Rad53 Abcam Cat#Ab104232; RRID: AB_2687603

Bacterial and virus strains

Subcloning EfficiencyTM DH5alpha Competent Cells Invitrogen Cat#18265017

Chemicals, peptides, and recombinant proteins

SspI-HF NEB Cat#R3132L

EcoRI-HF NEB Cat#R301L

Hygromycin B Roche Cat#10843555001

ClonNAT (nourseothricin) Jena Bioscience Cat#AB-102

G-418 disulfate Merck Cat#A1720

Phleomycin Merck Cat#P9564-100MG

(S)-(+)-Camptothecin Merck Cat#C9911-1G

Hydroxyurea Merck Cat#H8627-100G

Methyl methanesulfonate Merck Cat#129925

Zymolyase 20T Nacalai Tesque Cat#07663-91

EASYTIDES UTP [alpha-32P] Perkin Elmer Cat#NEG507T250UC

EASYTIDES dATP [alpha �32P] Perkin Elmer Cat#NEG512H250UC

D(+)-Raffinose pentahydrate Merck Cat#83400-100G

D(+)-Galactose Merck Cat#48260-500G-F

D(+)-Glucose monohydrate Merck Cat#49159-5KG

Yeast Extract Difco BD Cat#212750

Peptone Difco BD Cat#211677

Peptone Oxoid OXOID Cat#LP0037T

Yeast extract Oxoid OXOID Cat#LP0021T

Agar Bacto Difco BD Cat#214030

Agarose LE EuroClone Cat#EMR920500

TAE buffer (50X) EuroClone Cat#APA16911000

Methanol Merck Cat#179337-2.5L

Trichloroacetic acid Merck Cat#91230-1KG

RNase A Roche Cat#10109169001

Bromophenol Blue sodium salt Merck Cat#B6131-25G

tRNA Roche Cat#10109495001

Sodium Chloride Merck Cat#31434-M

Formamide Merck Cat#47671-1L-F

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

Dimethyl sulfoxide Merck Cat#D4540-1L

SSPE buffer 20X concentrate Merck Cat#S2015-1L

Deoxyribonucleic acid, single stranded from salmon testes Merck Cat#D7656-5X1ML

Yeast nitrogen base with amino acids Merck Cat#Y1250-250G

Hydrochloric acid Merck Cat#30721-1L-M

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Ethanol absolute Merck Cat#02860-2.5L

Ammonium persulfate Merck Cat#A3678-25G

N,N,N0,N’ -Tetramethylethylenediamine Merck Cat#T9281-50ML

Dextran sulfate sodium salt from Leuconostoc spp Merck Cat#D8906-100G

Acrylamide 4X solution Serva Cat#10677.1

N,N0-Methylene-bisacrylamide 2X Serva Cat#29197.01

2-Propanol Merck Cat#I9516-500ML

Glycine for electrophoresis, R99% Merck Cat#G8898-1KG

Sodium hydroxide Merck Cat#1064621000

Sodium dodecyl sulfate Merck Cat#L3771-500G

Trizma base Merck Cat#33742-2KG

Ponceau s sodium practical grade Merck Cat#P3504-100G

D-Sorbitol Merck Cat#S7547-1KG

Clarity Western ECL Substrate Bio-Rad Cat#1705061

2-Mercaptoethanol Merck Cat#97622

Nocodazole Merck Cat#1404-10MG

Sodium phosphate dibasic Merck Cat#S9763-1KG

Sodium phosphate monobasic Merck Cat#S3139-500G

Critical commercial assays

Riboprobe System-T7 Promega Cat#P1440

Invitrogen� DECAprime� II DNA Labeling Kit Invitrogen Cat#AM1455

QIAGEN QIAquick PCR Purification Kit QIAGEN Cat#28106

QIAquick Gel Extraction Kit QIAGEN Cat#28704

Experimental models: Organisms/strains

Saccharomyces cerevisiae, see Table S4 This study N/A

Oligonucleotides

PRP 2969: CATAGCACACACCCACTTGC Marie and Symington N/A

PRP 2970: GAACAGTTGGTATATTAGGAGGG Marie and Symington N/A

PRP 2971: GTGGCAAGAATACCAAGAGTTCC Marie and Symington N/A

PRP 2972: GGACCAGAACTACCTGTG Marie and Symington N/A

Software and algorithms

Scion Image Beta 4.0.2 Scion Corporation N/A

OriginPro Lab OriginLab Corporation N/A

Other

HYBOND-NX Nylon membrane GE Healthcare Cat#GEHRPN203T

Nitrocellulose blottingmembrane, Amersham� Protran� 0.45mmNC GE Healthcare Cat#GEH10600002

Hyperfilm MP GE Healthcare Cat#GEH28906844
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Michela Clerici

(michela.clerici@unimib.it).
Materials availability

All unique/stable reagents generated in this study are available from the lead contact without restriction.
18 iScience 27, 110410, August 16, 2024

mailto:michela.clerici@unimib.it


ll
OPEN ACCESS

iScience
Article
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.
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

All the strains used in this work are listed in Table S4 and are isogenic toW303, JKM139 and tGI354. Strains JKM139 and tGI354 used to detect

DSB resection and DSB repair by ectopic recombination, respectively, were kindly provided by J. Haber (Brandeis University, Waltham, USA).

The strain containing the TerB repeats in the blocking orientation at and the TUS gene under the control of the GAL1 promoter71 is derived

fromW303 and was kindly provided by L. Symington (Columbia University, New York, NY, USA). Gene deletions were carried out by one-step

polymerase chain reaction (PCR) methods and standard yeast transformation methods. All genetic manipulations were verified by PCR.

The 2 mm plasmids carrying either the wild-type EXO1 gene or the exo1-D171A allele51 and the control vector was kindly provided by E.

Alani (Cornell University, New York, NY, USA).

Cells were grown in YEP medium (1% yeast extract, 2% bacto-peptone) supplemented with 2% glucose (YEPD), 2% raffinose (YEPR) or 2%

raffinose and 3% galactose (YEPRG). All experiments were performed at 26�C. CPT was dissolved in 2% DMSO before addition to the

medium.
METHOD DETAILS

Spot assays and colony formation assay

Cells grown overnight were diluted to 13 107 cells/mL. 10-fold serial dilutions were spotted onto YEPD plates with or without DNAdamaging

agents, or before and after phleomycin treatment. Plates were incubated 25�C and pictures were taken after 3 days, except for HU-containing

plates, which have been captured after 4 days at 25�C. For the colony formation assay, the number of colonies were determined after 3 days at

25�C and three technical duplicates from each strain were averaged.
Analysis of cell-cycle progression and western blotting

Exponentially growing cells were synchronized in the G1 phase of the cell cycle with 3 mg/mL a-factor. G1-arrested cells were then released

into fresh YEPDmediumwith or without CPT at 10 mM. Cells were harvested, samples were analyzed to evaluate the budding index by optical

microscopy andDNAwas stained with propidium iodide to evaluate nuclear division by fluorescencemicroscopy. Protein extracts for western

blotting were prepared following cell fixation with trichloroacetic acid (TCA) and were separated in 10% polyacrylamide gels, and then trans-

ferred to a nitrocellulose membrane.33 Briefly, frozen cell pellets were resuspended in 100 mL 20% TCA. After the addition of acid-washed

glass beads, the samples were vortexed for 10 min. The beads were washed with 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 (60 mM Tris, pH 6.8, 2% SDS, 10% glycerol, 100 mM DTT, 0.2% bromophenol blue) and 30 mL 1M Tris (pH 8.0).

Samples were boiled at 99�C and centrifuged at 3000 rpm for 10 min. Supernatant containing the solubilized proteins were separated on

10% polyacrylamide gels. Rad53 was detected by using anti-Rad53 polyclonal antibodies (AB104232, Abcam) (1:2000).
Microcolony formation assay

Exponentially growing cells were synchronized in the G1 phase of the cell cycle with 3 mg/mL a-factor. G1-arrested cells were plated onto

YEPD plates with CPT 10 mM dissolved in 1.2% DMSO.

Microcolony formation was assessed by counting cell bodies at optical microscope. G1-arrested cells were counted as one cell body, G2/

M arrested cells (dumbbell shape cells) were counted as two cell bodies. Microcolonies contain more than two cell bodies. Microcolonies

formation was scored until 8 h from G1-phase arrest.
Double-strand break end resection

YEPR exponentially growing cell cultures of JKM139 derivative strains, carrying the HO cut site at theMAT locus, were either synchronized in

the G2 phase of the cell cycle with 5 mg/mL nocodazole for 2 h and transferred to YEPRG or directly transferred to YEPRG at time zero. SspI-

digested genomic DNA was run on alkaline agarose gels and visualized after hybridization with a single-stranded RNA probe that anneals

with the unresected strand at one side of the HO-induced DSB.66 This probe was obtained by in vitro transcription using Promega Riboprobe

System-T7 and plasmid pML514 as a template. Plasmid pML514 was constructed by inserting in the pGEM7Zf EcoRI site a 900-bp fragment

containing part of theMAT locus (coordinates 200870 to 201587 on chromosome III). Quantitative analysis of DSB resection was performed by

calculating the ratio of band intensities for ssDNA and the 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.
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Double-strand break repair by ectopic recombination

DSB repair by ectopic recombination was detected in tGI354 background. Briefly, YEPR exponentially growing cell cultures of tGI354 deriv-

ative strains were synchronized in theG2 phase of the cell cycle with 5 mg/mL nocodazole, and after 2 h cells were transferred to YEPRG. EcoRI-

digested genomic DNA was run on agarose gels and visualized after hybridization with a DNA probe that anneals at the MATa locus.102

To determine the repair efficiency, the intensity of the uncut band at 2 h after HO induction (maximum efficiency of DSB formation) was

subtracted from the normalized values of NCO and CO bands at the subsequent time points after galactose addition. The obtained values

were divided by the normalized intensity of the uncut MATa band at time zero before HO induction (100%).

Densitometric analysis of band intensities was performed using Scion Image Beta 4.0.2 software.
Measurement of Ade+ recombination frequencies

To determine the percentage of Ade+ recombinants, strains were grown for 3 days on YEPD or 4 days on YEPG (1% yeast extract, 2% bacto-

peptone, 2% galactose) plates. Colonies of similar size were suspended in 1 mL of water, serially diluted (10-fold) and plated onto YEPD or

synthetic complete-adenine (SC-Ade) medium.71

Colonies were counted 2 days after plating and two dilutions from each initial colony were averaged. The percent Ade+ recombinants

were determined by the ratio of the number of colonies growing on SC-Ade plates and YEPD plates 3 100. Each data point in the graphs

shows the percentage of Ade+ recombinants measured from one initial colony. Recombination frequencies were determined using the

method of the median.
Distribution of Ade+ recombinants

Inversions and conversions were scored by PCR.71 Primer PRP2969 that anneals to the his2 sequence upstream of the ade2 reporter was used

together with primer PRP2972 that anneals to the TRP1 sequence in the opposite orientation to detect inversions. PRP2972 was used together

with PRP2970 that anneals to the ade2-n cassette to detect gene conversions events. The number of independent recombinants tested for

each strain and condition, together with the number of inversions and conversions, is indicated in the Supplemental information. Primer se-

quences are reported in key resources table.
QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis

Data are expressed as mean valuesGSD or SEM. quantification and statistical analysis were done using OriginLab Pro. p-values were calcu-

lated by two-tailed Student’s t test.

Ade+ recombination frequencies were analyzed on log transformed values by one-way ANOVA with a Bonferroni post-test. Spontaneous

and Tus/Ter associated data were analyzed separately. Distributions of inversions and conversions amongAde+ recombinants were analyzed

by a two-tailed Chi-square test. Stars indicate a significant difference with the wild-type strain in the same condition: *p-value <0.05, **p-value

<0.005, ***p-value <0.001, ****p-value <0.0001. Exact p-values are provided in the supplemental information file.
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