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Rad9/53BP1 protects stalled replication forks from
degradation in Mec1/ATR-defective cells
Matteo Villa, Diego Bonetti, Massimo Carraro & Maria Pia Longhese*

Abstract

Nucleolytic processing by nucleases can be a relevant mechanism
to allow repair/restart of stalled replication forks. However, nucle-
ase action needs to be controlled to prevent overprocessing of
damaged replication forks that can be detrimental to genome
stability. The checkpoint protein Rad9/53BP1 is known to limit
nucleolytic degradation (resection) of DNA double-strand breaks
(DSBs) in both yeast and mammals. Here, we show that loss of the
inhibition that Rad9 exerts on resection exacerbates the sensitivity
to replication stress of Mec1/ATR-defective yeast cells by exposing
stalled replication forks to Dna2-dependent degradation. This Rad9
protective function is independent of checkpoint activation and
relies mainly on Rad9-Dpb11 interaction. We propose that Rad9/
53BP1 supports cell viability by protecting stalled replication forks
from extensive resection when the intra-S checkpoint is not fully
functional.
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Introduction

DNA replication stress is an important source of genomic instability

and can be induced by a transient slowing or stalling of replication

forks due to damaged DNA, unusual DNA structures, repetitive

sequences, or nucleotide depletion [1,2]. Stalled replication forks

generally result in the uncoupling either of leading from lagging-

strand polymerases or of polymerases from replicative helicases.

These events cause generation of tracts of replication protein A

(RPA)-covered single-stranded DNA (ssDNA) that recruits the

checkpoint kinase Mec1 (ATR in mammals) [3]. Once activated,

Mec1/ATR propagates the checkpoint signal to the downstream

checkpoint kinase Rad53 (CHK2 in mammals), whose activation

requires the interaction with the mediator protein Mrc1 [1,2]. Rad53

activation in turn prevents entry into mitosis, increases the intracel-

lular dNTP pools, represses late origin firing, and prevents fork

collapse through poorly identified pathways [1,2].

Replication stress can be experimentally induced by treatment

with the ribonucleotide reductase inhibitor hydroxyurea (HU),

which globally blocks active replication forks by depleting the cellu-

lar pool of deoxynucleotide triphosphates (dNTPs) [1,2]. Although

the molecular mechanism is still unclear, a key function of the

S-phase checkpoint in ensuring cell survival to replication stress is

to maintain the ability of the replisome to resume DNA synthesis

once the block to fork progression is relieved [4–7]. Replisome

components appear to be no longer associated with the replicative

sites in Mec1- and Rad53-defective mutants [8–10], although the

replication proteins might still remain bound to chromatin but

unable to resume replication [11].

The RecQ helicase Sgs1 (BLM in mammals) acts synergistically

with Mec1 in resuming DNA replication upon replication stress,

possibly by promoting the resolution of recombination structures

that accumulate at damaged replication forks [8,9,12,13]. Further-

more, it contributes to initiate the checkpoint in response to stalled

replication forks by promoting the recruitment of Rad53 into close

proximity of Mec1-Ddc2 [14]. Finally, in both yeast and mammals,

Sgs1 and some nucleases like Mre11, Sae2 (CtIP in mammals),

Exo1, and Dna2 have been implicated in the nucleolytic processing

of intrachromosomal DNA double-strand breaks (DSBs). In particu-

lar, Sae2-dependent Mre11 endonuclease activity generates a nick in

the 50-terminated strand that provides the access for Exo1 and Dna2

nucleases that can degrade DNA in the 50-30 direction [15–20]. The

helicase activity of Sgs1 unwinds double-stranded DNA and gener-

ates a substrate for Dna2 that cleaves ssDNA overhangs adjoining a

duplex DNA [16–19,21]. The resection activity of Sgs1-Dna2 is

thought to be inhibited by the checkpoint protein Rad9 (53BP1 in

mammals) [22,23], which provides a barrier to DNA end resection

[24,25].

The above yeast and mammalian nucleases have key roles also

in the processing of replication intermediates to allow repair/restart

of stalled replication forks and/or to prevent accumulation of repli-

cation-associated DSBs [1,2,26]. However, unrestricted nuclease

access to replication forks could destroy the fork structure and

prevent continued DNA synthesis, leading to genome instability. In

the absence of the intra-S-phase checkpoint, the genome of HU-

treated yeast cells is subjected to degradation by Exo1 [27–30] and

Sae2 [30]. Furthermore, replication stress in ATR-defective

Schizosaccharomyces pombe and mammalian cells results in MRE11-

and EXO1-dependent ssDNA accumulation [31,32], suggesting that
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the checkpoint plays a role in protecting replication forks from aber-

rant nuclease activity. Consistent with this hypothesis, phospho-

proteomic screens have identified Exo1 as a target of Rad53, which

negatively regulates Exo1 activity through phosphorylation events

[33,34]. Furthermore, the fission yeast ortholog of Rad53, Cds1,

phosphorylates and regulates Dna2 activity [35], which is involved

in the processing and restart of reversed forks in both yeast and

mammals [36,37].

Mammalian proteins involved in homologous recombination

(HR) or in the Fanconi anemia (FA) network, including FANCD2,

RAD51, BRCA1, and BRCA2, have been shown to prevent excessive

fork degradation by antagonizing MRE11 and DNA2 actions [38–

45]. Furthermore, loss of the WRN exonuclease activity enhances

degradation at nascent DNA strands by EXO1 and MRE11 [46,47],

whereas cells depleted of BOD1L protein exhibit a DNA2-dependent

degradation of stalled/damaged replication forks [48].

Here, we show that the Saccharomyces cerevisiae checkpoint

protein Rad9, ortholog of mammalian 53BP1, is important to

restrain uncontrolled nucleolytic degradation of damaged replica-

tion forks when Mec1 is not fully functional. Loss of Rad9 or

expression of a Sgs1 variant (Sgs1-G1298R), which escapes Rad9-

mediated inhibition of DNA end resection, exacerbates the

sensitivity to dNTP depletion of cells expressing the Mec1-100-

defective variant. This protective function of Rad9 is independent

of checkpoint activation and is mainly due to Rad9-Dpb11 inter-

action. The severe HU sensitivity of rad9Δ mec1-100 and sgs1-

G1298R mec1-100 cells is accompanied by increased ssDNA

generation at stalled replication forks and impaired DNA replica-

tion recovery upon dNTP depletion. These findings, together with

the observation that Dna2 inactivation decreases the amount of

ssDNA at stalled replication forks in both rad9Δ mec1-100 and

sgs1-G1298R mec1-100 cells, indicate a role for Rad9 in support-

ing viability of Mec1-defective cells by protecting replication forks

from degradation.

Results

Both Sgs1-G1298R and the lack of Rad9 exacerbate the
sensitivity to HU of mec1-100 cells

The RecQ helicase Sgs1 is involved in resection of DNA DSBs

[15,16]. The lack of Sgs1 causes cell death in sae2Δ cells, and this

synthetic lethality can be due to defective DSB resection, as it is

suppressed by either EXO1 overexpression or elimination of the

resection inhibitor Ku complex [49]. We have previously described

the sgs1-G1298R allele that fully suppresses the hypersensitivity to

genotoxic agents (Fig 1A) and the resection defect of sae2Δ cells

[22]. Unlike SGS1 deletion, the Sgs1-G1298R variant did not cause

by itself hypersensitivity to HU, camptothecin (CPT), or methyl

methanesulfonate (MMS) (Fig 1B).

Sgs1 is thought to work together with the recombination protein

Mus81 in the processing of repair intermediates that occur at the

replication forks [50]. The lack of Mus81 causes cell death in a

sgs1Δ background [14], presumably because Sgs1 is implicated in

the resolution of, or recovery from, recombination events that arise

in the absence of Mus81. We found that sgs1-G1298R did not impair

cell viability when combined with the lack of Mus81 (Fig 1C),

supporting further the finding that Sgs1-G1298R maintains most, if

not all, Sgs1 functions.

In addition to its role in promoting DSB resection, Sgs1 is consti-

tutively associated with replication forks, where it acts synergisti-

cally with Mec1 in fork maintenance under replication stress [8,9].

To understand how Sgs1 functions in DSB resection and DNA repli-

cation under stress conditions are connected to each other, we

analyzed the effects of the sgs1-G1298R allele in cells defective for

the Mec1 checkpoint kinase. As mec1-null cells (kept viable by

deleting SML1) die even in the presence of very low HU doses and

experience extensive fork degradation after exposure to replication

stress [6,29,51], we took advantage of the mec1-100 mutant allele

that causes less severe sensitivity to HU than the mec1-null allele

[52]. Furthermore, unlike mec1-null cells, mec1-100 cells are

partially defective in the intra-S checkpoint but not in the G2/M

checkpoint [52] and are able to resume DNA replication after HU

removal, although less efficiently than wild-type cells [51,53]. Simi-

lar to sgs1Δ mec1-100 cells, sgs1-G1298R mec1-100 double-mutant

cells were more sensitive to HU treatment than mec1-100 single-

mutant cells (Fig 1D), indicating that Sgs1-G1298R becomes detri-

mental for cell viability when the intra-S checkpoint is not fully

functional.

The resection activity of Sgs1/Dna2 is inhibited by the check-

point protein Rad9 [22,23], which is known to limit resection of

DNA DSBs [24,25]. We have previously demonstrated that Sgs1-

G1298R not only suppresses the resection defect of sae2Δ cells

(Fig 1A), but it also accelerates the resection process by escaping

the Rad9-mediated inhibition of DSB resection [22]. This finding

prompted us to investigate the effect of deleting RAD9 in mec1-100

cells. The lack of Rad9, which did not cause HU hypersensitivity by

itself, exacerbated the sensitivity to HU of mec1-100 cells, with

mec1-100 rad9Δ cells being more sensitive to HU than sgs1-G1298R

mec1-100 cells (Fig 1E). The HU sensitivity of sgs1-G1298R rad9Δ

mec1-100 triple-mutant cells was similar to that of rad9Δ mec1-100

double-mutant cells (Fig 1F), indicating that the lack of Rad9 or the

presence of Sgs1-G1298R impairs viability of HU-treated mec1-100

cells by affecting the same mechanism.

These synthetic effects on HU are not specific for a mec1-100

background. In fact, the lack of Rad9 or the presence of Sgs1-

G1298R exacerbated the HU sensitivity of cells carrying either MEC1

deletion (kept viable by SML1 deletion) (Fig 2A) or the hypomorphic

mec1-14 allele (Fig 2B). RAD9 deletion also increased the HU

sensitivity of cells carrying a Rad53 kinase-defective variant (rad53-

K227A) (Fig 2C), whereas it had no effect on cells lacking the down-

stream checkpoint kinase Chk1 (Fig 2D).

Both Sgs1-G1298R and the lack of Rad9 impair the ability of
mec1-100 cells to resume DNA replication under
replicative stress

We examined the effects caused by either the lack of Rad9 or the

presence of Sgs1-G1298R on the ability of mec1-100 cells to resume

DNA replication after transient HU arrest by measuring DNA

content by flow cytometry. Cells were blocked in G1 with a-factor
and released into medium containing HU. After 2 h, cells were

transferred to medium lacking HU but containing nocodazole to

prevent passage through mitosis. Wild-type, rad9Δ and sgs1-G1298R

cells completed DNA replication in 40–50 min after release, whereas
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Figure 1. The HU sensitivity of mec1-100 cells is exacerbated by either Sgs1-G1298R or the lack of Rad9.

A–F Exponentially growing cell cultures were serially diluted (1:10), and each dilution was spotted out onto YEPD plates with or without CPT, MMS, or HU at the
indicated concentrations.
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Figure 2. The synthetic effects of rad9Δ and sgs1-G129R on HU are not specific for mec1-100.

A–D Exponentially growing cell cultures were serially diluted (1:10), and each dilution was spotted out onto YEPD plates with or without HU at the indicated
concentrations.
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Figure 3.
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mec1-100 cells reached significant amounts of DNA synthesis 20–

30 min later (Fig 3A). By contrast, rad9Δ mec1-100 and sgs1-

G1298R mec1-100 double-mutant cells were unable to reach 2C DNA

content even after 90 min (Fig 3A), indicating a severe defect in

resuming DNA replication after transient HU exposure. Further-

more, both rad9Δ mec1-100 and sgs1-G1298R mec1-100 cells exhib-

ited a rapid loss of viability when synchronously released from a G1

arrest into S phase in the presence of HU (Fig 3B).

To follow the fate of stalled replication forks in a more direct

way, we used bromodeoxyuridine (BrdU) pulse–chase experiments

to label nascent strands during DNA replication in HU. We used

strains that can incorporate BrdU into DNA because they express

both the nucleoside transporter hENT and a thymidine kinase from

herpes simplex virus. Cells were synchronized in G1 with a-factor
and released into medium containing HU and BrdU (Fig 3C). After

the nascent DNA was labeled, the BrdU was chased by transferring

cells to medium lacking both HU and BrdU and containing thymidine

(Fig 3C). As previously reported [29], labeled nascent DNA replica-

tion intermediates detected by using anti-BrdU antibodies appeared

as a smear in all HU-treated cells (Fig 3D). After release, most of the

incorporated BrdU had been chased into high molecular weight

within 20 and 40 min in wild-type and mec1-100 cells, respectively

(Fig 3D). By contrast, the majority of nascent DNA in both rad9Δ

mec1-100 and sgs1-G1298R mec1-100 cells remained at the same

position even after 60 min after release (Fig 3D), indicating a failure

to resume DNA replication after HU-induced fork stalling.

Next, we measured the association with the early ARS607 and

ARS305 replication origins of Myc-tagged DNA Pole by chromatin

immunoprecipitation (ChIP) and quantitative PCR (qPCR) in cells

synchronously released from a G1 arrest into S phase in the pres-

ence of HU. DNA Pole in wild-type cells was efficiently bound to

ARS607 and ARS305 about 20 min after release in HU (Fig 3E). By

contrast, both ARS607- and ARS305-Pole association diminished in

mec1-100 cells compared with wild-type cells and decreased further

in both sgs1-G1298R mec1-100 and rad9Δ mec1-100 cells (Fig 3E).

To understand the possible impact of the sgs1-G1298R and rad9Δ

mutations on checkpoint activation, we monitored Rad53 phospho-

rylation in cells synchronously released from a G1 arrest into S

phase in the presence of HU. According to the finding that Mec1-100

does not completely abolish checkpoint activation [52], mec1-100

cells showed a delay in Rad53 phosphorylation compared with

wild-type cells, and residual Rad53 phosphorylation was under

detection level in rad9Δ mec1-100 cells (Fig 3F). By contrast, the

presence of the sgs1-G1298R allele did not decrease the amount of

Rad53-phosphorylated forms in mec1-100 cells (Fig 3F), indicating

that the increased HU hypersensitivity of sgs1-G1298R mec1-100

double-mutant cells cannot be ascribed to impaired checkpoint acti-

vation.

Dna2 dysfunction is epistatic to rad9Δ and sgs1-G1298R with
respect to the HU sensitivity of mec1-100 cells

Extensive DSB resection can be carried out by either of two path-

ways dependent on the enzymatic activities of the nucleases Exo1

and Dna2, respectively [15–19]. While Exo1 does not require a heli-

case activity to resect DNA ends, Sgs1 helicase is known to support

the nuclease activity of Dna2 that degrades DNA endonucleolytically

[16–19,21]. Thus, we analyzed the consequences of inactivating

Exo1 or Dna2 on the HU sensitivity of rad9Δ mec1-100 and sgs1-

G1298R mec1-100 double-mutant cells. As expected [29], EXO1

deletion exacerbated the HU sensitivity of mec1-100 cells and the

presence of sgs1-G1298R increased further the HU hypersensitivity

of exo1Δ mec1-100 cells (Fig 4A), indicating that sgs1-G1298R and

exo1Δ increase the HU sensitivity of mec1-100 cells by altering two

different pathways.

As Dna2 is essential for cell viability [54], we used the hypomor-

phic dna2-1 allele, which increased the HU sensitivity of mec1-100

cells possibly due to defects in DNA replication (Fig 4B). The pres-

ence of the dna2-1 allele was epistatic to both sgs1-G1298R and

rad9Δ with respect to the HU sensitivity of mec1-100 cells. In fact,

the HU sensitivity of sgs1-G1298R dna2-1 mec1-100 cells was similar

to that of dna2-1 mec1-100 (Fig 4B), suggesting that Sgs1-G1298R

and Dna2-1 increase the HU sensitivity of mec1-100 by altering the

same pathway. Furthermore, the HU sensitivity of rad9Δ dna2-1

mec1-100 cells was similar to that of dna2-1 mec1-100 cells and less

severe than that of rad9Δ mec1-100 cells (Fig 4C), suggesting that

the lack of Rad9 requires Dna2 to exacerbate the HU sensitivity of

mec1-100 cells.

Dpb11-mediated recruitment of Rad9 plays the major role in
supporting mec1-100 survival to replicative stress

We investigated whether Rad9 is recruited at stalled replication

forks by ChIP and qPCR in cells synchronously released from a G1

◀ Figure 3. The ability of mec1-100 cells to resume DNA replication under replicative stress is impaired by either Sgs1-G1298R or the lack of Rad9.

A Cells were arrested in G1 with a-factor (af) and then released in YEPD containing 0.2 M HU at time zero. After 2 h (HU), cells were transferred to medium lacking
HU but containing nocodazole to prevent passage through mitosis. Aliquots of each culture were harvested at the indicated times after HU removal to determine
DNA content by flow cytometry.

B Cell viability. Cells were arrested in G1 with a-factor and then released in YEPD containing 0.2 M HU at time zero. Cells taken at the indicated time points after
release in HU were tested for colony-forming units on YEPD plates. Plotted values are the mean values with error bars denoting s.d. (n = 3).

C, D Immunodetection of BrdU-pulsed DNA. Cells were arrested in G1 with a-factor (af) and released into YEPD containing 0.2 M HU + 25 lM BrdU. After 1 h (HU),
cells were chased with 2 mM thymidine into fresh medium and samples were taken at the indicated times after chase (�HU). DNA content during the time course
was measured by flow cytometry (C). BrdU-labeled DNA was detected with anti-BrdU antibodies (D). High molecular weight DNA molecules are indicated by an
arrow.

E ChIP analysis. Cells were arrested in G1 with a-factor and then released in YEPD containing 0.2 M HU at time zero. Relative fold enrichment of Myc-tagged DNA
Pole at ARS607 and ARS305 replication origins was determined after ChIP with anti-Myc antibodies and subsequent qPCR analysis. Plotted values are the mean
values with error bars denoting s.d. (n = 3). *P < 0.05 (Student’s t-test).

F Cells were arrested in G1 with a-factor (af) and then released in YEPD containing 0.2 M HU at time zero, followed by Western blot analysis of protein extracts with
anti-Rad53 antibodies.

Source data are available online for this figure.
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arrest into S phase in the presence of HU. Transient Rad9 associa-

tion with ARS607 replication origin was detected in both wild-type

and mec1-100 cells about 30 min after release in the presence of

HU, with mec1-100 cells showing a stronger Rad9 association

(Fig 5A).

Recruitment of Rad9 to chromatin involves multiple pathways.

Rad9 is constitutively bound to chromatin even in the absence of

DNA damage through the interaction between its Tudor domain and

histone H3 methylated at K79 (H3-K79me) [55–59]. In addition,

Rad9 binding to the damaged sites is further strengthened through

the interaction of its BRCT domain with histone H2A phosphory-

lated at S129 (cH2A) by Mec1 and Tel1 checkpoint kinases [60–62].

Finally, phosphorylation of the S462 and T474 Rad9 residues by

cyclin-dependent kinase (Cdk1) leads to Rad9 interaction with the

multi-BRCT domain protein Dpb11 (TopBP1 in mammals), which is

a replication factor that mediates histone-independent Rad9 recruit-

ment to damaged sites [63,64].

To investigate which of the above pathways could mediate Rad9

function in supporting viability of mec1-100 cells under replication

stress, we analyzed the HU sensitivity of mec1-100 cells that

were defective in Rad9 binding to H3-K79me, cH2A, or Dpb11. The
HU sensitivity of mec1-100 cells was only slightly increased by

expression of either the rad9-Y798A or the hta1-S129A allele

(Fig 5B), which abolishes Rad9 association with H3-K79me and

cH2A generation, respectively [57–63]. By contrast, the HU sensitiv-

ity of mec1-100 cells was dramatically increased by expression of

the rad9-S462A-T474A allele (rad9-STAA) (Fig 5B), which lacks the

S462 and T474 Cdk1-dependent phosphorylation sites that mediate

Rad9-Dpb11 interaction [64]. This finding indicates that Dpb11-

dependent recruitment of Rad9 plays the major role in supporting

mec1-100 resistance to replicative stress.

While the lack of Rad9 impairs checkpoint activation in response

to DNA damage in G1 and G2, the Rad9-STAA mutant variant is

fully able to activate both the G1/S and the G2/M checkpoints [64].

A

B

C

Figure 4. Epistatic relationships between rad9Δ, sgs1-G1298R, exo1Δ, and dna2-1 with respect to the HU sensitivity of mec1-100 cells.

A–C Exponentially growing cell cultures were serially diluted (1:10), and each dilution was spotted out onto YEPD plates with or without HU at the indicated
concentrations.
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Moreover, the lack of either cH2A or H3-K79me affects only activa-

tion of the G1/S checkpoint [57–63]. The increased HU sensitivity of

mec1-100 cells lacking histone-dependent or histone-independent

Rad9 association with DNA cannot be attributed to impaired activa-

tion of the downstream kinase Rad53. In fact, unlike RAD9 deletion

that reduces Rad53 phosphorylation in HU-treated mec1-100 cells

(Fig 3F), Rad53 phosphorylation in rad9-Y798A mec1-100, hta1-

S129A mec1-100, and rad9-STAA mec1-100 cell cultures synchro-

nously released from a G1 arrest into S phase in the presence of HU

was similar to that of mec1-100 cells (Fig 5C). The finding that

rad9Δ mec1-100 cells, which displayed an undetectable Rad53 phos-

phorylation upon replicative stress (Fig 3F), were more sensitive to

A

B

C

Figure 5. The lack of Rad9-Dbp11 interaction exacerbates HU sensitivity of mec1-100 cells.

A ChIP analysis. Cells were arrested in G1 with a-factor and then released in YEPD containing 0.2 M HU at time zero. Relative fold enrichment of Flag-tagged Rad9 at
ARS607 replication origin was determined after ChIP with anti-Flag antibodies and subsequent qPCR analysis. Plotted values are the mean values with error bars
denoting s.d. (n = 3). *P < 0.05 (Student’s t-test).

B Exponentially growing cell cultures were serially diluted (1:10), and each dilution was spotted out onto YEPD plates with or without HU at the indicated
concentrations. The hta1-S129A strains also carry HTA2 deletion.

C Cells were arrested in G1 with a-factor (af) and then released in YEPD containing 0.2 M HU at time zero, followed by Western blot analysis of protein extracts with
anti-Rad53 antibodies.

Source data are available online for this figure.
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HU than sgs1-G1298R mec1-100 cells (Fig 1E) and rad9-STAA mec1-

100 cells (Fig 5B) suggests that part of the rad9Δ mec1-100 HU

hypersensitivity is due to a defect in checkpoint activation.

The lack of Fun30 or Slx4 suppresses the HU hypersensitivity of
mec1-100 cells

The function of Rad9 in inhibition of DSB resection is counteracted

by the Swr1-like family remodeler Fun30 (SMARCAD1 in mammals)

[65–68] and the scaffold protein complex Slx4-Rtt107 [69,70], both

of which promote DSB resection by limiting Rad9 accumulation to

DNA DSBs [65,69]. Thus, we reasoned that if Rad9 maintains viabil-

ity of HU-treated mec1-100 cells by limiting ssDNA generation, then

the lack of Fun30 or Slx4-Rtt107 might suppress the HU hypersensi-

tivity of mec1-100 cells by increasing Rad9-mediated inhibition of

resection. Indeed, both fun30Δ mec1-100 and slx4Δ mec1-100 double

mutants were less sensitive to HU than mec1-100 cells (Fig 6A).

Moreover, the lack of Fun30 or Slx4 did not suppress the HU sensi-

tivity of rad9Δ mec1-100 cells (Fig 6A), suggesting that their

suppression effect on mec1-100 requires Rad9.

Slx4 also counteracts the function of Rad9 in allowing Rad53 acti-

vation in response to MMS treatment [71]. Suppression of the HU

hypersensitivity of mec1-100 cells by SLX4 deletion is not due to a

more efficient checkpoint activation, as the kinetics of Rad53 phos-

phorylation in HU-treated slx4Δ mec1-100 cells was similar to that

of mec1-100 cells (Fig 6B).

The interaction between Slx4 and Dpb11 is strongly induced by

Mec1-dependent Slx4 phosphorylation in response to MMS treat-

ment [70,72]. The dependency on Rad9 for survival of HU-treated

mec1-100 cells is likely not due to decreased Slx4 phosphorylation,

A

B

C

Figure 6. The lack of Slx4 or Fun30 suppresses the HU hypersensitivity of mec1-100 cells.

A–C (A, C) Exponentially growing cell cultures were serially diluted (1:10), and each dilution was spotted out onto YEPD plates with or without HU at the indicated
concentrations. (B) Cells were arrested in G1 with a-factor (af) and then released in YEPD containing 0.2 M HU at time zero, followed by Western blot analysis of
protein extracts with anti-Rad53 antibodies.
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as HU treatment did not result in changes of Slx4 electrophoretic

mobility as it did MMS treatment [73]. Furthermore, the lack of

Rad9 exacerbated also the HU sensitivity of cells defective for the

Rad53 checkpoint kinase (Fig 2C), which is not involved in Slx4

phosphorylation [73].

Fun30 not only promotes DNA end resection by counteracting

the resection block imposed by Rad9, but also it participates in

chromatin organization even in the absence of DNA lesions [74].

Fun30 is phosphorylated by Cdk1, and these phosphorylation

events generate a binding site for Dpb11 that targets Fun30 to

DSBs [68]. The Fun30-S20A-S28A mutant variant (Fun30-SSAA)

cannot be phosphorylated by Cdk1 and is defective in DSB resec-

tion but not in silencing [68], indicating that Cdk1-mediated Fun30

phosphorylation is required for Fun30 function in DSB resection

but not for its function in chromatin organization. Thus, to rule

out the possibility that general changes in chromatin organization

could be responsible for suppression of the HU sensitivity of mec1-

100 cells by the lack of Fun30, we asked whether Fun30-SSAA still

suppressed the HU sensitivity of mec1-100 cells. Indeed, fun30-

SSAA mec1-100 cells, similar to fun30Δ mec1-100 cells, were less

sensitive to HU than mec1-100 cells (Fig 6C), indicating that this

suppression effect depends on the lack of Fun30 function in DSB

resection.

Both Sgs1-G1298R and the lack of Rad9 increase ssDNA
generation at stalled replication forks in a
Dna2-dependent manner

As loss of the inhibition that Rad9 exerts on resection is sufficient

to reduce survival of mec1-100 cells to replication stress, the

increased HU hypersensitivity of sgs1-G1298R mec1-100 and rad9Δ

mec1-100 cells might be due to uncontrolled degradation of stalled

replication forks. To evaluate directly the presence of ssDNA at

stalled replication forks, we took advantage of a qPCR assay that

was previously used to detect ssDNA at DSBs [75] and at termi-

nally arrested replication forks [76]. This assay is based on ssDNA

being refractory to digestion by the restriction enzyme SspI, which

cleaves double-stranded DNA (dsDNA) but not ssDNA. SspI-

digested and mock-digested DNAs were amplified by qPCR using

primers surrounding SspI restriction sites, and the resulting

amplification products were then normalized to an amplicon on

chromosome XI.

Cells arrested in G1 with a-factor were released into medium

containing HU, and ssDNA was analyzed by qPCR at different

distances from the early efficient ARS607 replication origin. It has

been previously reported that replication forks in untreated wild-

type cells show short gaps of ~220 nt, which likely represent the

regions engaged by the replisome during replication [27]. In the

presence of HU, the size of these gaps increases by ~100 nt asym-

metrically, possibly because of uncoupling events [27]. Consistent

with these findings, an increase in ssDNA above background

levels (af) was detected in HU-treated wild-type rad9Δ, sgs1-

G1298R, and mec1-100 cells at DNA regions closed to the replica-

tion origin (Fig 7). Both the amount and the extension of this

ssDNA were dramatically increased in rad9Δ mec1-100 and sgs1-

G1298R mec1-100 double-mutant cells after release in HU

compared to mec1-100 cells, with rad9Δ mec1-100 cells showing

the strongest effect (Fig 7). The ssDNA detected in rad9Δ

mec1-100 and sgs1-G1298R mec1-100 cells was specific to DNA

regions surrounding the replication origin, as no significant dif-

ferences above background levels (af) were observed at a control

locus (Fig 7). Furthermore, the amount of ssDNA decreased

progressively as the distance from the replication origin increased.

Strikingly, the presence of the dna2-1 allele decreased the amount

of ssDNA in both rad9Δ mec1-100 and sgs1-G1298R mec1-100 cells

(Fig 7), strongly suggesting that the ssDNA accumulated in the

above double mutants is caused by Dna2-mediated nucleolytic

processing.

As ssDNA is rapidly coated by the RPA complex that coordi-

nates DNA damage signaling [77], we also evaluated the associa-

tion of Rpa1 at stalled replication forks by ChIP and qPCR in cells

synchronously released from a G1 arrest into S phase in the pres-

ence of HU. Rpa1 association at both early efficient ARS607 and

ARS305 replication origins increased in all cell cultures about

20 min after release in the presence of HU and decreased about

40 min later, with sgs1-G1298R mec1-100 and rad9Δ mec1-100

double-mutant cells showing a more persistent RPA binding

compared with both wild type and each single mutant (Fig 8A).

Interestingly, while Rpa1 association at stalled replication forks in

wild-type, rad9Δ, sgs1-G1298R, and mec1-100 cells paralleled that

of DNA Pole and showed a pick of association at 20 min after

release in HU (compare Figs 3E and 8A), the amount of ssDNA

detected directly by qPCR remained constant at 20, 40, and 60 min

after release (Fig 7). As the ssDNA molecules could re-anneal to

each other upon DNA extraction and deproteinization, the signal

detected by qPCR could represent preferentially ssDNA gaps gener-

ated asymmetrically (which therefore cannot re-anneal), rather

than ssDNA regions covered by RPA that are engaged by the repli-

some during replication.

Replication protein A is subsequently displaced by the recombi-

nase Rad51 to generate Rad51 nucleoprotein filaments that initiate

homologous recombination [77]. Consistent with an increase in

ssDNA generation, the decrease in Rpa1 binding at the replication

origins in sgs1-G1298R mec1-100 and rad9Δ mec1-100 double-

mutant cells was concomitant with an increased accumulation of

Rad51, whose association and persistence were higher in both sgs1-

G1298R mec1-100 and rad9Δ mec1-100 cells than in mec1-100 cells

(Fig 8B). Interestingly, although we could not detect any increase in

ssDNA generation at the replication origin in HU-treated mec1-100

cells (Fig 7) [9], Rad51 association appeared to be increased in

mec1-100 cells compared with wild-type cells (Fig 8B). This finding

is consistent with a possible role of Mec1 in inhibiting Rad51 associ-

ation with DNA that can be partially defective in mec1-100 cells

[78].

Finally, as the recombination protein Rad52 stimulates DNA

annealing and Rad51-catalyzed strand invasion reactions to allow

recombination-mediated fork restart [77], we analyzed the forma-

tion of Rad52 recombination foci. Rad52 foci were not detectable

in HU-treated wild-type cells, while their frequency increased

dramatically after HU treatment in both sgs1-G1298R mec1-100

and rad9Δ mec1-100 double-mutant cells compared with mec1-100

cells (Fig 8C). Collectively, these results show that both sgs1-

G1298R and the lack of Rad9 increase ssDNA generation at the

replication forks when the checkpoint is dysfunctional, pointing to

a role for Rad9 in restricting resection at arrested replication

forks.
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Discussion

Controlled degradation of replication forks by nucleases can be a

relevant mechanism to recover replication fork blockage by promot-

ing HR repair and/or by processing specific stalled replication fork

structures. However, unscheduled nuclease action could destroy the

fork structure and prevent continued DNA synthesis, leading to

genome instability. Structural analysis of DNA replication forks in

S. cerevisiae has shown that rad53 mutant cells treated with HU

accumulate replication forks with extended ssDNA gaps that appear

to be localized on only one of the two newly synthesized strands

[27]. On the one hand, formation of these ssDNA gaps is partly

Figure 7. ssDNA generation at stalled forks in mec1-100 cells is increased by either Sgs1-G1298R or the lack of Rad9 in a Dna2-dependent manner.

Analysis of ssDNA formation at different distances from ARS607 by qPCR. Exponentially growing YEPD cell cultures were arrested in G1 with a-factor (af) and then released in
YEPD containing 0.2 M HU. Genomic DNA prepared at different time points after a-factor release was either digested or mock-digested with SspI and used as template in
qPCR. The value of SspI-digested over non-digested DNAs was determined for each time points after normalization to an amplicon on chromosome XI that does not contain
SspI sites. The data shown are expressed as fold enrichments in ssDNA at different time points after a-factor release in HU relative to the a-factor (af) (set to 1.0). A locus
containing SspI sites on chromosome XI is used as a control (control locus). The mean values are represented with error bars denoting s.d. (n = 3). *P < 0.05 (Student’s t-test).
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dependent on the Exo1 nuclease [28,29], which turns out to be a

target of Mec1/ATR [31,33,34], suggesting that the intra-S check-

point suppresses Exo1-mediated processing of stalled replication

forks. On the other hand, Rad53 checkpoint kinase appears to limit

ssDNA generation at stalled replication forks by ensuring the

coupling of leading- and lagging-strand synthesis possibly through

A

B

D

C

Figure 8.
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inhibition of excessive template unwinding and upregulation of

dNTP levels [79].

In both yeast and mammals, the checkpoint protein Rad9/53BP1

is known to inhibit resection of intrachromosomal DSBs

[24,25,80,81] by counteracting the resection activity of Sgs1-Dna2

[22,23]. Here, we describe a previously undisclosed function of

Rad9 in maintaining viability of Mec1-defective cells upon dNTP

depletion by protecting stalled replication forks from detrimental

nucleolytic processing. In particular, we show that the sensitivity to

HU of cells either lacking Mec1 or expressing mec1 hypomorphic

alleles is exacerbated by loss of Rad9 or expression of an Sgs1 vari-

ant (Sgs1-G1298R) that escapes Rad9-mediated inhibition of DSB

resection. Furthermore, the HU hypersensitivity of mec1-100 cells is

suppressed in a Rad9-dependent manner by elimination of Slx4 or

Fun30, which are known to counteract the inhibition that Rad9

exerts on DSB resection [65–70]. Finally, both the rad9Δ and sgs1-

G1298R mutations dramatically increase the generation of ssDNA at

the replication forks in HU-treated mec1-100 cells in a Dna2-

dependent manner. These findings, together with the observation

that Dna2 deficiency is epistatic to rad9Δ and sgs1-G1298R with

respect to HU sensitivity of mec1-100 cells, indicate a role for Rad9

in supporting viability of Mec1-deficient cells by protecting replica-

tion forks from Dna2-mediated degradation. This Rad9 protective

function relies mainly on the interaction of Rad9 with Dpb11, which

is recruited to stressed replication origins [82] and forms nuclear

foci in response to replication stress [83]. Altogether, our data

support a model whereby survival to replication stress of Mec1-

defective cells is dependent on the Rad9-Dpb11 complex that

restrains uncontrolled Dna2-mediated nucleolytic processing of

stalled replication forks.

Whether the increased Dna2-dependent ssDNA generation in

rad9Δ mec1-100 and sgs1-G1298R mec1-100 cells arise upon nucle-

olytic degradation of nascent DNA strands and/or of DSBs that are

generated by the action of endonucleases at unprotected stalled

replication forks remains to be determined. In any case, the lack of

the Mus81 endonuclease, which cleaves branched structures that

can be generated at stalled replication forks [84,85], did not

suppress the HU hypersensitivity of rad9Δ mec1-100 (Fig EV1),

suggesting that Mus81 is not responsible for these possible DNA

cleavage events. Given the role of Dna2 in Okazaki fragment matu-

ration [21,86,87], we favor the hypothesis that Rad9 prevents Dna2

activity in degrading 50 ends generated at nascent lagging strands.

Altogether, these findings suggest a working model (Fig 8D),

in which the intra-S checkpoint prevents the generation of exces-

sive ssDNA under replication stress both by coordinating DNA

unwinding with leading- and lagging-strand synthesis [79] and by

limiting exposure of nascent DNA strands to Exo1-mediated degra-

dation [28,29]. Rad9, in turn, limits nucleolytic degradation of

nascent lagging strands by inhibiting Sgs1-Dna2 resection activity.

Inactivation of the checkpoint can cause the dislocation of the

replisome from sites of DNA synthesis and the exposure of newly

synthesized DNA to Exo1-mediated degradation. Under this condi-

tion, the lack of Rad9 relieves the inhibition of Sgs1-Dna2 activity

and this leads to uncontrolled Dna2-dependent degradation of

nascent lagging strands that, together with Exo1-mediated resec-

tion, destroys the fork structure and prevents continued DNA

synthesis.

Notably, the Dpb11-Rad9 interaction appears to be conserved in

human cells, where TOPBP1, the Dbp11 human ortholog, stabilizes

53BP1 to the sites of damage to exert its inhibitory function on DSB

resection [70,88]. As replication stress underlies a significant

proportion of the genomic instability observed in cancer cells [89],

understanding whether a similar 53BP1-mediated resection block is

active also at mammalian damaged replication forks and supports

survival to replicative stress of ATR-deficient cells can be important

to improve the use of ATR inhibitors in cancer therapy.

Materials and Methods

Yeast strains

Yeast strains used for this work are haploid derivatives of W303

and are listed in Table EV1. Gene disruptions were generated by

one-step PCR disruption method. Cells were grown in YEP medium

(1% yeast extract, 2% bactopeptone) supplemented with 2%

glucose (YEPD). The strain expressing Rad52-YFP was provided by

M. Lisby (University of Copenhagen, Denmark). The rad9-Y798A

and rad9-STAA alleles were kindly provided by S.P. Jackson

(University of Cambridge, UK) and J.F.X. Diffley (The Francis

Crick Institute, UK), respectively. The fun30-SSAA allele was

kindly provided by B. Pfander (Max Planck Institute, Germany).

Strains expressing both the nucleoside transporter hENT1 and the

herpes simplex virus thymidine kinase (HSV-TK) to allow BrdU

incorporation were constructed by transforming cells with p306-

BrdU-Inc plasmid kindly provided by O. Aparicio (University of

Southern California, USA) [90].

Analysis of cell cycle progression and Western blotting

Exponentially growing cultures were synchronized in G1 by addi-

tion of 5 lg/ml a-factor. G1-arrested cell cultures were then

◀ Figure 8. Rpa1, Rad51, and Rad52 association with stalled replication forks is increased by either Sgs1-G1298R or the lack of Rad9.

A, B ChIP analysis. Cells were arrested in G1 with a-factor and then released in YEPD containing 0.2 M HU at time zero. Relative fold enrichment of Rpa1 and Rad51 at
ARS607 and ARS305 replication origins was determined after ChIP with anti-Myc (A) or anti-Rad51 (B) antibodies and subsequent qPCR analysis. Plotted values are
the mean values with error bars denoting s.d. (n = 3). *P < 0.05 (Student’s t-test).

C Rad52 foci at the indicated times after release from a G1 arrest in 0.2 M HU. Plotted values are the mean values with error bars denoting s.d. (n = 3). *P < 0.05
(Student’s t-test).

D A model for the role of Rad9 in protecting stalled replication forks from degradation. (Left) In wild-type cells, activation of the checkpoint in response to inhibition
of DNA replication maintains replisome integrity, couples leading- and lagging-strand synthesis, and limits Exo1-mediated degradation. Rad9 limits the resection
activity of Sgs1-Dna2 to degrade nascent lagging strands. (Middle) Checkpoint dysfunction leads to the dislocation of the replisome from sites of DNA synthesis and
to the exposure of newly synthesized DNA to Exo1-mediated degradation. Rad9 still inhibits the resection activity of Sgs1-Dna2. (Right) When both the checkpoint
and Rad9 are dysfunctional, inhibition of both Exo1 and Dna2 activity is relieved, leading to uncontrolled DNA degradation.
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transferred to fresh YEPD and released into S phase in the presence

or in the absence of hydroxyurea 0.2 M. To detect Rad53, trichloroa-

cetic acid protein extracts were separated on 10% polyacrylamide

gels and Rad53 detection was carried out using anti-Rad53 poly-

clonal antibodies (ab104232) from Abcam.

Drug sensitivity assays

Overnight-grown saturated cultures of the indicated strains were

serially diluted (10-fold) in water; 10-ll drops of each dilution

were deposited on each plate. Images were scanned 2–3 days after

plating and growth at 28°C. Each experiment was repeated at least

twice.

ChIP analysis

ChIP analysis was performed as previously described [91]. Input

and immunoprecipitated DNA were purified and analyzed by qPCR

using a Bio-Rad MiniOpticon. Data are expressed as fold enrichment

at ARS607 and ARS305 over that at a region located 14 kb from

ARS607, after normalization of each ChIP signals to the correspond-

ing input for each time point. Rad51 immunoprecipitation was

carried out with anti-Rad51 antibodies from Abcam (Ab63798).

Rad9-Flag immunoprecipitation was performed with anti-Flag anti-

bodies from Sigma (F1804). Rfa1-Myc and Pole-Myc were immuno-

precipitated with anti-Myc antibodies from Abcam (Ab32). Primers

are listed in Table EV2.

Quantification of ssDNA by qPCR

Genomic DNA was digested or not with the restriction enzyme

SspI, which cuts dsDNA within the PCR amplicon. Digested and

mock-digested DNAs were subjected to amplification by qPCR (iQ

SYBR Green Supermix, Bio-Rad, 1708882) using primers annealing

on either side of the SspI restriction site. qPCR was performed

with a Bio-Rad MiniOpticon. We quantified ssDNA as previously

described [75], using the formula: ssDNA ¼ 100=½ð1þ 2DCt Þ=2�, in

which ΔCt is the difference between the threshold cycles of

digested and undigested DNA of a given time point. A control

locus on chromosome XI with no SspI restriction sites, for which

the Ct values for digested and undigested DNA would be expected

to be similar, was used to correct the ΔCt values of other primers

and to normalize the results relative to the amount of DNA initi-

ally loaded onto the plate. The control locus is located 20 and

27 kb from ARS1103 and ARS1102, respectively, on chromosome

XI. Primers are listed in Table EV2.

Other techniques

Yeast cells were grown and processed for fluorescence microscopy

as previously described [92]. Fluorophore was a yellow fluorescent

protein (YFP) that was visualized on a Nikon Eclipse 600 equipped

with a 100× 0.5–1.3 PlanFluor oil objective (Nikon). Pulse–chase

BrdU experiments and detection of BrdU-labeled DNA were

performed as described [29] with anti-BrdU antibodies from GE

Healthcare (RPN202).

Expanded View for this article is available online.
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