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Abstract 

DNA lesions trigger the activation of DNA damage checkpoints (DDCs) that stop cell 

cycle progression and promote DNA damage repair. Saccharomyces cerevisiae Tel1 is a homolog 

of mammalian ATM kinase that plays an auxiliary role in DDC signaling. γH2A, equivalent to 

γH2AX in mammals, is an early chromatin mark induced by DNA damage that is recognized by a 

group of DDC and DNA repair factors. We find that both Tel1 and γH2A negatively impact 

G2/M checkpoint in response to DNA topoisomerase I poison camptothecin independently of 

each other. γH2A also negatively regulates DDC induced by DNA alkylating agent methyl 

methanesulfonate. These results, together with prior findings demonstrating positive or no roles 

of Tel1 and γH2A in DDC in response to other DNA damaging agents such as phleomycin and 

ionizing radiation, suggest that Tel1 and γH2A have DNA damage-specific effects on DDC. We 

present data indicating that Tel1 acts in the same pathway as Mre11-Rad50-Xrs2 complex to 

suppress CPT induced DDC possibly by repairing topoisomerase I-DNA crosslink. On the other 

hand, we find evidence consistent with the notion that γH2A regulates DDC by mediating the 

competitive recruitment of DDC mediator Rad9 and DNA repair factor Rtt107 to sites of DNA 

damage. We propose that γH2A serves to create a dynamic balance between DDC and DNA 

repair that is influenced by the nature of DNA damage.  

 

1. Introduction 

Genotoxins cause genome instability by damaging DNA and/or blocking DNA replication. 

Cells have evolved intricate mechanisms for safeguarding genome integrity that are collectively 

called DNA damage response (1). DNA damage response recognizes DNA lesions, activates 

checkpoint pathways to arrest cell cycle progression, stabilizes DNA replication forks during S 

phase, and promotes DNA damage repair. In mammals, DNA damage checkpoint (DDC) 
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signaling requires both the apical ATM and ATR kinases (2), whereas in the yeast 

Saccharomyces cerevisiae, the ATR homolog Mec1 plays an essential role in DDC, but the ATM 

homolog Tel1 only plays an auxiliary role that is usually masked by the prevailing activity of 

Mec1 (3-6). 

The activation of DDC is intimately coupled with the generation of single stranded DNA 

(ssDNA) due to DSB end resection or replicative stress (7,8). The 3’ ssDNA resulted from DSB 

end resection also allows DSB repair by homology-based repair mechanisms. DSBs are 

recognized by Mre11-Rad50-Xrs2 (MRX) complex together with Sae2 (9) (Fig. 1B). MRX 

recruits Tel1 to DSBs and activates its kinase activity (9-11). Tel1 then supports MRX function 

in a positive feedback loop by stabilizing MRX association with DSBs, which is important for 

MRX mediated DSB repair (9,12). In addition, Tel1 phosphorylates Sae2, stimulating its activity 

(13,14) (Fig. 1B). Tel1 also phosphorylates histone H2A at its carboxyl-terminal serine 129 

(equivalent to serine 139 of histone variant H2AX in mammals) creating H2A-S129-P, or γH2A 

(equivalent to mammalian γH2AX) containing nucleosomes (15) (Fig. 1B). Note H2A-S129 in 

chromatin surrounding DSB is also subject to phosphorylation by Mec1 later during DDC 

signaling (7,16-18) (Fig. 1D).  

The Mre11 subunit of MRX has both ssDNA endonuclease activity and 3’à5’ dsDNA 

exonuclease activity (19-22). Sae2 activates the ssDNA endonuclease activity of Mre11 that is 

responsible for the incision of the 5’ strand of DSB (23,24) (Fig. 1B, blue arrow). MRX also 

helps to recruit the 5’à3’ exonuclease Exo1 and Dna2 endonuclease complexed with Sgs1 

helicase, Top3 and Rmi1 (Dna2-STR) to DSBs (25). The combined action of exonuclease 

activities of Mre11 and Exo1 then carry out the initial resection of the 5’ strand of DSB, leading 

to a short 3’ ssDNA overhang covered by the ssDNA binding complex RPA (Fig. 1C). DNA 

damage clamp 9-1-1 (Rad17-Mec3-Ddc1) binds the junction between dsDNA and 5’ ssDNA 
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(ds/ssDNA junction) (8) (Fig. 1D). 9-1-1 and ssDNA-RPA activate Exo1 and Dna2-STR, 

allowing them to perform more extensive (long range) DNA end resection (8) (Fig. 1D).  

The generation of 3’ ssDNA triggers the dissociation of Tel1 from DSBs and termination 

of its signaling function, while promoting the activation of Mec1-dependent signaling (7,26). 

Mec1 (in complex with Ddc2) is recruited to DSBs by binding RPA associated ssDNA (7,8) (Fig. 

1D). Mec1 phosphorylates Ddc1 of 9-1-1 and histone H2A (which maintains and expands γH2A 

containing chromatin) (7,16-18,27) (Fig. 1D). Phosphorylated 9-1-1 recruits the scaffold protein 

Dpb11 (human TopBP1 homolog) that performs multiple functions in initiation of DNA 

replication, DDC signaling, and DNA repair (28-30). Dpb11 functions in DDC by activating 

Mec1 and helping recruit DDC adaptor/mediator kinase Rad9 (28,31,32) (Fig. 1E). Dpb11 bears 

4 BRCT domains (referred to as B1 to B4 here) that are known to interact with phosphoproteins. 

Dpb11 binds phosphorylated 9-1-1 via its BRCT motifs 3+4 (B3/4), and phosphorylated Rad9 via 

its B1/2 (Fig. 1E). Note, Rad9 can be phosphorylated by CDK1 in a cell cycle dependent fashion 

independently of DNA damage, and by Mec1 in response to DNA damage (7,33,34). Besides 

binding Dpb11, Rad9 also recognizes γH2A and methylated lysine 79 of histone H3 (H3-K79-me) 

via its double BRCT and double Tudor domains, respectively (35-37) (Fig. 1E). Note whereas the 

formation of γH2A is induced by DNA damage, H3-K79 methylation by Dot1 occurs 

independently of DNA damage (37). 

Upon activation via Mec1-dependent phosphorylation, Rad9 binds and activates the 

checkpoint effector kinase Rad53 that then undergoes intermolecular autophosphorylation 

(33,38,39) (Fig. 1F). Rad53 is also phosphorylated by Mec1 (39,40) (Fig. 1F). Mec1 and Tel1 

also phosphorylate and activate Chk1 kinase (not illustrated in Fig. 1) (41). Activated Rad53 and 

Chk1 molecules are then released from sites of DNA damage to transduce signals to downstream 

targets as part of a signaling cascade leading to cell cycle arrest and DNA repair (8). In the 
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above-described DDC mechanism, ssDNA and ds/ssDNA junction resulted from DSB end 

resection are critically required for checkpoint signaling (Fig. 1D-F). Note that long (~200 nt) 

ssDNA gaps can also be generated at stalled replication forks during replicative stress, which 

would potentially also trigger Rad9-dependent DDC similarly as would ssDNA generated by 

DSB end resection (42,43) (Fig. 1C-F).     

As the processes of DDC and DNA end resection are intertwined with each other, they 

may influence each other in multiples ways. For example, DDC negatively impacts DNA end 

resection. Exo1 activity is inhibited by its phosphorylation by Mec1 (44) (Fig. 1F).  Moreover, 

Rad9 associated with chromatin is believed to serve as a physical barrier to DNA resection by 

Dna2-STR (45-48) (Fig. 1F). Recently, the Fun30 chromatin remodeler has been shown to 

promote long range DSB resection by counteracting Rad9 (49-51). 

Activation of DDC and recovery from it need to be orchestrated to both allow time for 

DNA repair and ensure timely resumption of cell cycle progression afterwards. However, there is 

only limited understanding of mechanisms for the down regulation DDC that are important for 

preventing DDC hyperactivation and promoting DDC recovery. Protein phosphatases PP2C and 

PP4 have been found to dephosphorylate Rad53-P, thereby aiding in recovery from cell cycle 

checkpoints (52-54). Moreover, Sae2 and the Slx4/Rtt107 complex, a DNA repair scaffold, have 

been shown to negatively regulate DDC signaling (55,56). Sae2 limits the retention of MRX at 

DSBs, thereby preventing heightened DDC signaling by MRX if it is persistently associated with 

DSBs (55,57). Slx4/Rtt107 competes with Rad9 for recruitment to chromatin at sites of DNA 

damage, thereby reducing DDC signaling (29,56).  

We recently found that Fun30 negatively impacts DDC signaling induced by 

camptothecin (CPT), a DNA topoisomerase I (Top1) poison that traps Top1 when it is 

crosslinked to DNA during its enzymatic function of relaxing DNA supercoiling (58). While 
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investigating how Fun30 modulates DDC, we discovered that, interestingly, deleting Tel1 or 

blocking H2A-S129 phosphorylation (γH2A) enhanced CPT-induced phosphorylation of Rad53 

and Rad9, which points to negative roles of Tel1 and γH2A in DDC. We showed that Tel1 and 

γH2A suppress G2/M checkpoint in response to CPT. Moreover, found that γH2A also negatively 

regulates DDC induced by DNA alkylating agent methyl methanesulfonate. We obtained 

evidence consistent with the hypothesis that Tel1 functions in the same pathway as MRX in 

processing DNA-protein crosslinks, whereas γH2A and Fun30 modulate the access of Rad9 to 

sites of DNA damage, thereby regulating DDC.   

 

2.  Materials and Methods 

 

2.1. Yeast strains 

Yeast strains used in this work are listed in Table 1. Gene deletion was done by replacing 

the ORF of the gene of interest with KanMX, NatMX or TRP1, which was verified by Southern 

blotting or PCR.  Strains W303a, MC42-2d, RCY337-26a, RCY337-6c, and RCY337-3d were 

obtained from Dr. Thomas Petes (Duke University); W303-1A, SKY2939, QY364 and QY375 

from Dr. Stephen Kron (University of Chicago); JKM139 and R726 from Dr. James Haber 

(Brandeis University); and YXC723 from Dr. Grzegorz Ira (Baylor College of Medicine). 

 

2.2.  SDS-PAGE and Western blotting 

Proteins were isolated from yeast by TCA extraction as described (63).  Ten µg of 

proteins from each sample of cells was subjected to SDS-PAGE in 4-12% gradient gels. Western 

blotting was performed using LI-COR Odyssey CLx Infrared Imaging System (LI-COR 

Biosciences) (63). Antibodies used in the work were: goat polyclonal anti-Rad53 (yC-19: sc6749, 
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Santa Cruz Biotechnology), rabbit polyclonal anti-Clb2 (y-180: sc9071, Santa 

Cruz  Biotechnology), rabbit polyclonal anti-HA (H6908, Sigma-Aldrich), rabbit polyclonal anti-

G6PD (A9521, Sigma-Aldrich).  Secondary antibodies used are LI-COR IRDye 800CW goat 

polyclonal anti-rabbit IgG (H+L) 926-32211 and LI-COR IRDye 800CW donkey anti-goat IgG 

(H+L) 926-32214. 

 

2.3.  Fluorescence activated cell sorting (FACS)  

FACS analyses of yeast cells were performed as described (63) and analyzed on a 

FACSCalibur (Becton, Dickinson and Company). Data analysis was done using FlowJo software.  

 

3. Results 

 

3.1. Tel1 negatively impacts G2/M DNA damage checkpoint in response to CPT 

independently of Fun30  

We recently found that Fun30 has a negative effect on Rad53 phosphorylation (Rad53-P) 

induced by CPT (58). Since Rad53 can be phosphorylated by both Mec1 and Tel1, we wondered 

if Fun30 compromises the abilities of Mec1 and/or Tel1 to phosphorylate Rad53. To address this 

question, we examined the level of Rad53-P in CPT-treated fun30Δ and wild type (WT) cells 

lacking Mec1 and Tel1 individually or simultaneously. Rad53 can be phosphorylated at multiple 

serine or threonine (S/T) residues (39,64), and Rad53-P molecules migrate more slowly than 

Rad53 in SDS-PAGE as a smear and/or band(s) above the band corresponding to Rad53. As such, 

the level of Rad53-P in a particular culture of cells can be estimated as the intensity of Rad53-P 

species relative to that of Rad53 on a Western blot. As shown in Fig. 2A, there was a moderate 

level of Rad53-P in exponentially growing WT cells treated with 5 µg/ml (14 µM) of CPT 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted March 9, 2019. ; https://doi.org/10.1101/572271doi: bioRxiv preprint 

https://doi.org/10.1101/572271


 8 

(compare lane 1c with 1). This is consistent with the previous finding that CPT triggers only a 

modest checkpoint response, despite its ability to slow down DNA replication forks and 

potentially induce DSBs (58,65-67). Rad53-P abundance in fun30Δ cells was significantly higher 

than that in WT cells (Fig. 2A, compare lane 2c with 1c), confirming our prior observation (58). 

Little or no CPT-induced Rad53-P was present in mec1Δ and mec1Δ fun30Δ mutants (Fig. 2A, 

lanes 5c and 6c). On the other hand, Rad53-P still existed in tel1Δ cells, and its abundance was 

increased by fun30Δ (Fig. 2A, lanes 3c with 4c). These results demonstrate that it is Mec1-

mediated, not Tel1-mediated, Rad53-P in response to CPT that is negatively impacted by fun30Δ.  

Notably, Rad53-P in CPT-treated tel1Δ cells was robust and clearly more abundant than 

that in WT cells (Fig. 2A, compare 3c with 1c). Therefore, Tel1 per se plays a negative role in 

Rad53-P in response to CPT, which is apparently at odds with the notion that Tel1 serves as an 

auxiliary DDC activator (3,4,8). We wondered whether this unexpected phenotype of tel1Δ was 

specific to the genetic background of the cells used in our experiment.  Our strains were derived 

from RCY337-26a bearing the sml1Δ mutation that offsets the lethal effect of mec1Δ mutation 

(Table 1) (59). Since Sml1 is involved in DNA damage response, it is possible that the effect of 

tel1Δ on Rad53-P observed was dependent on sml1Δ. To test this notion, we repeated the above 

experiment using strains derived from W303-1A, BCY123, or JKM139 (all of which contain 

intact SML1) (51,60,61) (Table 1) and obtained the same result, namely tel1Δ increased CPT-

induced Rad53-P (Fig. S1, A-C). Moreover, Menin et al. also reported recently a similar finding 

(68) while this manuscript was under preparation. Therefore, Tel1 appears to exert a negative 

impact on DDC signaling in response to CPT. The fact that Rad53-P in tel1Δ fun30Δ double 

mutant was more robust than that in tel1Δ and fun30Δ single mutants and WT strain (Fig. 2A and 

S1) suggests that Tel1 and Fun30 function independently of each other to hinder CPT-induced 

DDC signaling.  
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In the presence of DNA damage, checkpoint pathways may be activated in G1, S and/or 

G2/M phases of the cell cycle (1,8). Given that Fun30 and Tel1 negatively impact CPT-induced 

Rad53-P in cycling cells (Fig. 2A), we wondered whether they promote cell cycle progression in 

the presence of CPT by countering S and/or G2/M checkpoints. To address this question, we 

monitored the synchronous progression of fun30Δ and tel1Δ single and double mutants as well as 

WT cells in the cell cycle in the presence of CPT following their release from G1 arrest. 

Asynchronous cells (designated Asy) were first arrested in G1 by α-factor and then released into 

fresh medium with or without 5 µg/ml CPT for a 105 minute incubation. Aliquots of the culture 

were taken every 15 minutes for monitoring Clb2 and Rad53-P in them as indicators of cell cycle 

progression and checkpoint signaling, respectively. Clb2 is a B-type cyclin involved in the 

control of G2/M transition that steadily accumulates during G2 and disappears at mitosis (69). 

Mitochondrial porin (Por1) was also detected as a loading control.  

We found that in the absence of CPT, Clb2 in WT cells was not detectable in G1 and 15 

min after G1 release, but started to appear 30 min after G1 release, peaked around 45 min and 

subsided afterwards (Fig. 3, row 1 in Clb2 panel). This indicates that WT cells entered G2 around 

30-45 min and exited mitosis around 75-90 min. Similar results were obtained for fun30Δ mutant 

(Fig. 3, compare row 2 to 1 in Clb2 panel), suggesting that Fun30 is not required for cells to 

traverse S and G2 phase or exit from mitosis. Tel1 also did not affect S phase progression, but 

slightly delayed the exit from mitosis (Fig. 3, compare row 3 to 1 in Clb2 panel). Consistent with 

that neither fun30Δ nor tel1Δ caused a significant delay in cell cycle progression, Rad53-P was 

not readily detectable in fun30Δ or tel1Δ cells after G1 release (Fig. 3, rows 2 and 3 in Rad53 

panel). The tel1Δ fun30Δ double mutation had little or no effect on S or G2 progression, but 

moderately delayed the exit from mitosis (Fig. 3, row 4 in Rad53 panel). This was accompanied 

by a modest accumulation of Rad53-P at 75 min and later time points after G1 release (Fig. 3, 
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compare row 4 to 1 in Rad53 panel). Taking together, the above results suggest that Fun30 and 

Tel1 have small and redundant roles in promoting efficient G2/M transition during unperturbed 

cell growth. 

CPT caused little or no delay in S phase progression of WT cells (Fig. 3, compare rows 1 

and 5 in Clb2 panel), which is in line with the notion that CPT does not induce a robust intra-S 

checkpoint (58,65). In fact, CPT-induced DNA damage in S phase was previously considered 

checkpoint blind (65). We found that none of fun30Δ and tel1Δ single and double mutants had 

any significant delay in S phase progression in the presence of CPT (Fig. 3, Clb2 panel, compare 

rows 6-8 with 2-4, respectively, at 15, 30 and 45 min). This suggests that the apparent lack of an 

intra S-phase checkpoint in the presence of CPT is not because the checkpoint is suppressed by 

Fun30 or Tel1. On the other hand, we observed that fun30Δ, tel1Δ and fun30Δ tel1Δ mutants 

experienced an increasingly more severe retardation in the exit from mitosis, as reflected by the 

delayed disappearance of Clb2 after 45 min of incubation with CPT (Fig. 3, Clb2 panel, compare 

rows 6-8 with 5), which was correlated with increasingly higher levels of Rad53-P found in these 

strains (Fig. 3, Rad53 panel, compare rows 6-8 with 5). These results indicate that CPT induces a 

G2/M arrest that is modest in fun30Δ cells, robust in tel1Δ cells and strongest in fun30Δ tel1Δ 

cells. Therefore, we conclude that Fun30 and Tel1 independently mitigate a G2/M checkpoint 

induced by CTP. 

Since a loss in proper regulation of DDC may result in a decline in cell survival in the 

presence of a genotoxin, we examined the effects of tel1Δ, fun30Δ and mec1Δ single, double and 

triple mutations on cell survival in the presence of CPT. As shown in Fig. 2B and S1A-C, each 

double mutant was more sensitive to CPT than the corresponding single mutants, and the triple 

mutant more sensitive to double and single mutants. This indicates that Tel1, Fun30 and Mec1 

can contribute to CPT-resistance independently of each other. It is noteworthy that heightened 
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DDC signaling in tel1Δ and fun30Δ single and double mutants in response to CPT (Fig. 2A and 

S1A-C) was correlated with reduced CPT-resistance of these mutants (Fig. 2B and S1A-C). On 

the other hand, diminished DDC activation in mec1Δ mutant (Fig. 2A) was also correlated with 

reduced CPT-resistance (Fig. 2B). Therefore, there does not appear to be a simple, 

straightforward correlation between the level of DDC signaling and CPT-resistance.  

 

3.2.  γH2A also plays a negative role in CPT-induced G2/M checkpoint  

 Histone H2A-S129 phosphorylation, or γH2A (equivalent to γH2AX in mammals), is an 

early chromatin mark in response to DNA damage or DNA replication stress (1,16-18) (Fig. 1). 

Phosphorylation of H2AX/H2A is carried out redundantly by ATM/Tel1 and ATR/Mec1 kinases 

(1,17,70). Consistently, we showed that γH2A was there in cells deleted for Mec1 or Tel1, but 

was abolished in cells lacking both Mec1 and Tel1 (Fig. 2A, 3, 5, 7, 3c, 5c and 7c in γH2A panel). 

We wondered whether the effect of Tel1 on CPT-induced Rad53-P was related to its role in 

phosphorylating histone H2A. In addition, given that γH2A has been shown to hinder Fun30 

binding to nucleosomes in vitro (51), we also wondered if γH2A influenced how Fun30 impacts 

CPT-induced Rad53-P. To address these questions, we measured Rad53-P in a series of tel1Δ, 

fun30Δ, and hta-S129A (with S129 of H2A changed to alanine) single and double mutants as well 

as WT cells upon CPT treatment.  

 We found that CPT-induced Rad53-P level in tel1Δ hta-S129A double mutant was higher 

than that in hta-S129A mutant (Fig. 4A). Rad53-P abundance in fun30Δ hta-S129A double mutant 

was similar with that in hta-S129A mutant (Fig. 4A). We corroborated these results by showing 

that Rad53-P in tel1Δ hta-S129* mutant was higher than that in hta-S129* mutant, whereas 

fun30Δ hta-S129* double mutant and hta-S129* mutant had similar levels of Rad53-P in the 

presence of CPT (Fig. S2A). Note H2A-S129* is a truncated allele of histone H2A deleted for its 
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C-terminal four amino acids including S129, and is thus unable to be phosphorylated at S129 (16). 

The above results indicate that Tel1 modulates DDC independently of γH2A, whereas Fun30 

does so in a γH2A-dependent fashion.  

Interestingly, we observed that Rad53-P in hta-S129A or hta-S129* mutant was clearly 

higher than that in wild type cells (Fig. 4A and S2A). In fact, hta-S129A or hta-S129* enhanced 

Rad53-P to a larger extent than fun30Δ did (Fig. 4A and S2A). These results demonstrate that 

γH2A also plays a negative role in DDC signaling in response to CPT. This role of γH2A is not 

dependent on Tel1 or Fun30 as hta-S129A or hta-S129* mutation increased Rad53-P in cells 

lacking Tel1 or Fun30 (Fig. 4A and S2A). CPT-sensitivity test of hta-S129A, tel1Δ and fun30Δ 

single and double mutants revealed that γH2A plays a larger role than Tel1 and Fun30 in CPT-

resistance that is independent of Tel1 and Fun30 (Fig. 4B).    

 We next examined whether the increase in CPT-induced Rad53-P due to the lack of γH2A 

in cycling cells reflected an enhancement of DDC in S and/or G2/M phases. We arrested hta-

S129* and WT cells in G1 by α-factor and then released them into fresh medium with or without 

CPT for a further 150 min incubation. Aliquots of the culture were taken every 15 minutes after 

G1 release for FACS and Western blotting analyses. As shown in Fig. 5A, FACS data showed 

that WT cells reached G2 about 45 min after G1 release, and started to exit mitosis at about 75 

min in the absence of CPT (-CPT panel). At 150 min, the culture consisted of significant 

proportions of cells in G1, S and G2/M phases, which is similar to an asynchronous cell culture 

(Fig. 5A), likely reflecting a loss of synchrony in cell cycle progression after prolonged 

incubation. The presence of CPT had no effect on the progression of WT cells from G1 to G2 (up 

to ~60 min) (Fig. 5A, WT, compare -CPT and +CPT panels), demonstrating again that CPT does 

not induce an intra-S checkpoint. On the other hand, only a small portion of cells was able to exit 

mitosis in the presence of CPT (Fig. 5A, WT, 90-150 min), indicating again that CPT triggered a 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted March 9, 2019. ; https://doi.org/10.1101/572271doi: bioRxiv preprint 

https://doi.org/10.1101/572271


 13 

G2/M checkpoint response. The progression of hta-S129* cells in the cell cycle following G1 

release in the absence of CPT was similar to that of WT cells (Fig. 5A, compare WT and hta-

S129*, -CPT panels), suggesting that hta-S129* does not significantly affect cell proliferation. In 

the presence of CPT, hta-S129* did not delay S phase progression (Fig. 5A, compare WT+CPT, 

and hta-S129*+CPT panels, 15-60 min), but caused a tighter blockage of the exit from mitosis 

(Fig. 5A, compare WT+CPT, and hta-S129*+CPT panels, 75-150 min). These results indicate 

that hta-S129* enhances CPT-induced G2/M checkpoint.     

Consistent with the above FACS results showing an enhancement of CPT-induced G2/M 

cell cycle checkpoint by hta-S129* mutation, we found that hta-S129* increased the level of 

CPT-induced Rad53-P when cells entered G2 phase (Fig. 5B, compare panels 2 and 4). This was 

accompanied by an increase in the phosphorylation of DDC adaptor Rad9 (Rad9-P) (Fig. 5B, 

compare panels 6 and 8). Therefore, γH2A negatively impacts the activation of CPT-induced 

DDC signaling. It is noteworthy that in WT cells, CPT-induced Rad53-P and Rad9-P peaked 

around 60 min when WT cells entered G2/M and declined afterwards (Fig. 5B, panels 2 and 6). 

On the other hand, in hta-S129* cells, Rad53-P and Rad9-P levels stayed high after reaching their 

maximum values between 60 and 75 min (Fig. 5B, panels 4 and 8). These results suggest that 

γH2A also negatively regulates the recovery of G2/M checkpoint.  

 

3.3.  Tel1 suppresses CPT-induced DDC in the same pathway as MRX, and independently 

of Tdp1 and Wss1  

It is intriguing that Tel1 negatively impacts CPT-induced DDC (Fig. 2 and 3), while 

having positive or no effects on DDC triggered by other DNA damages including those inflicted 

by phleomycin or methyl methanesulfonate (MMS) as well as DSBs made by HO or restriction 

endonucleases (6,68,71,72). These findings suggest that Tel1 modulates DDC in a DNA damage-
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dependent manner. Phleomycin is a radiomimetic agent that generates single or double stranded 

DNA termini (73,74), and MMS alkylates DNA mainly on guanine and adenine (75). Note that 

these DNA lesions and DSBs made by endonucleases are protein-free, but CPT traps a unique 

crosslinked DNA-protein complex (DPC) called Top1 cleavable complex (Top1cc) consisting of 

a nick with its 3’ end covalently linked to Top1 via a phosphodiester bond (67,76). DPCs are 

processed/repaired differently from other types of DNA lesions. Specifically, DPCs can be 

repaired by three distinct mechanisms mediated by Tdp1 tyrosyl-DNA phosphodiesterase, Wss1 

protease, and MRX nuclease, respectively，that target different parts of a DPC (76). Tdp1 

hydrolyzes the covalent tyrosyl-DNA phosphodiester bond between Top1 and DNA, Wss1 

degrades the protein moiety of DPC, whereas MRX attacks the DNA (76).  

It is possible that Tel1 specifically participates in, or regulates, the processing of Top1cc, 

in a way that prevents the generation of DDC inducing DNA structures. We tested this hypothesis 

by examining whether Tel1’s effect on CPT-induced Rad53-P was dependent on any of the 

aforementioned factors involved in DPC repair (76). As shown in Fig. 6A, tel1Δ and tdp1Δ had a 

synthetic effect on CPT-induced Rad53-P, and so did tel1Δ and wss1Δ (Fig. 6A), indicating that 

Tel1 can negatively impact CPT-induced DDC signaling independently of Wss1 and Tdp1. 

Notably, we observed that similar to tel1Δ, tdp1Δ or wss1Δ alone also increased CPT-induced 

Rad53-P (Fig. 6A, +CPT panel). Moreover, mre11Δ, rad50Δ or xrs2Δ alone also elevated the 

level of CPT-induced Rad53-P (Fig. 6B, +CPT panel). These results suggest that the repair of 

Top1cc by Tdp1, Wss1 and MRX down regulates DDC signaling. Importantly, we found that 

deletion of Tel1 from mre1Δ, rad50Δ or xrs2Δ mutant didn’t affect the level of CPT-induced 

Rad53-P (Fig. 6B, +CPT panel), indicating that the negative impact of Tel1 on DDC is dependent 
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on MRX. Therefore, Tel1 negatively impacts CPT-induced DDC in the same pathway as MRX, 

and independently of Tdp1 and Wss1.  

 

3.4.  γH2A and Fun30 may down regulate DDC by hindering Rad9 recruitment to DNA 

lesions   

 Our finding that γH2A negatively impacts CPT-induced DDC (Fig. 4 and 5) is apparently 

counterintuitive as γH2A is known to help recruit Rad9 to chromatin at DNA lesions (35-37). 

This conundrum might stem from the competition between Rad9 and DNA repair scaffold 

Slx4/Rtt107 for binding γH2A and Dpb11 at DNA damage sites (29,56,77-79). Rad9 bears a 

double BRCT domain that recognizes γH2A, and Rad9 phosphorylated at S464 and T474 by 

CDK binds to the B1/2 domain of Dpb11 tethered to 9-1-1 complex (35,79) (Fig. 7A, left). On 

the other hand, the BRCT domain of Rtt107 also recognizes γH2A, and Slx4 phosphorylated by 

CDK also binds to B1/2 domain of Dpb11 (77,80) (Fig. 7A, right). The competition between 

Rad9 and Slx4/Rtt107 for binding γH2A and Dpb11 is believed to yield a dynamic balance 

between DNA lesions associated with Rad9 and those with Slx4/Rtt107 (56) (Fig. 7A). In line 

with this model, deletion of Rtt107 has been shown to increase DDC signaling likely by allowing 

Rad9 to bind γH2A and Dpb11 more efficiently (56) (Fig. S3B). Loss of γH2A (as in hta-S129* 

mutant) would eliminate γH2A-mediated recruitment of Rad9 and Slx4/Rtt107 to damaged 

chromatin, but Rad9 and Slx4/Rtt107 can still interact with Dpb11, and Rad9 can additionally 

associate with H3-K79-me (Fig. S3C). We propose that under this circumstance in hta-S129* 

mutant, Rad9 outcompeted Slx4/Rtt107 for engaging DNA lesions (Fig. S3C), resulting in an 

increase in DDC signaling as was shown in Fig. 4A.  

 In the above model, the negative role of γH2A in DDC is mediated by its association with 

Rtt107 to damaged chromatin. Consistently, we showed that γH2A no longer negatively impact 
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Rad9-P or Rda53-P in the absence of Rtt107 (Fig. 7B, top, compare rtt107Δ and rtt107Δ hta-

S129* in +CPT panel). Note that the abundance of Rad53-P or Rad9-P in rtt107Δ hta-S129* 

mutant was slightly lower than that in rtt107Δ mutant (Fig. 7B, top, +CPT panel), indicating that 

γH2A makes a minor contribution to DDC signaling, which can be revealed when its prevailing 

negative function is eliminated (by removing Rtt107) (see Fig. S3D). We found that γH2A plays 

a smaller role in cellular resistance to CPT than Rtt107, and this role is lost in the absence of 

Rtt107 (Fig. 7B, bottom). In fact, we noticed that the rtt107Δ hta-S129* mutant was slightly more 

resistant to CPT than rtt107Δ mutant (Fig. 7B, bottom).     

Unlike γH2A that can interact with both Rad9 and Rtt107, H3-K79-me is recognized by 

Rad9, but not Rtt107, and should therefore play a positive role in DDC. Consistently, H3-K79-

me or Dot1 responsible for H3-K79 methylation has been shown to aid in DDC induced by 

phleomycin or ionizing radiation (IR) (37,61,81,82). We found here that dot1Δ reduces CPT-

induced Rad9-P (Fig. 7C). However, CPT-induced Rad53-P level in dot1Δ cells was similar to, 

or only slightly lower than, that in WT (DOT1) cells (Fig. 7C). The lack of a robust effect of 

dot1Δ on Rad53-P might reflect the fact only limited Rad53-P was induced by CPT in WT cells 

to begin with (Fig. 7C). Deletion of DOT1 moderately reduced CPT-induced Rda9-P and Rad53-

P in hta-S129* cells (Fig. 7C), which is consistent with the notion that H3-K79-me helps recruit 

Rad9 independently of γH2A. Note that Rad9-P and Rad53-P in hta-S129* dot1Δ double mutant 

were more robust than those in dot1Δ and WT cells (Fig. 7C), suggesting that blocking Rad9 

recruitment via association with chromatin marks (γH2A and H3-K79-me) does not markedly 

reduce DDC signaling. This is consistent with the notion that DDC signaling can proceed via 

Dpb11-mediated recruitment of Rad9 independently of the chromatin (γH2A and H3-K79-me) 

dependent pathway of Rad9 recruitment (61) (Fig. S3F). We showed although Dot1 contributes 

to DDC, it has little or no effect on CPT-resistance in the presence or absence of γH2A (Fig. 7C, 
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right). 

Fun30 was recently found to be phosphorylated at serine 28 (S28) by CDK in a cell cycle 

dependent fashion (62). Notably, phosphorylated Fun30 (Fun30-S28-P) interacts with B1/2 of 

Dpb11, the same domain that interacts with Rad9 and Slx4 phosphorylated by CDK (30,62,78). 

The fun30-S28A allele with S28 replaced by alanine fails to be phosphorylated and cannot 

interact with Dpb11 (30). Based on these finding, we posit that Fun30 inhibits Rad9 function by 

competing with it for binding Dpb11, thereby negatively regulating DDC. Consistent with this 

notion, we found that fun30-S28A mutation increased CPT-induced Rad53-P and made cells 

more sensitive to CPT, as fun30Δ did (Fig. 7D). Moreover, we showed that fun30Δ and slx4Δ had 

a synthetic effect on CPT-induced Rad53-P (Fig. 7E, left), indicating that Fun30 and Slx4 

separately impact DDC. Slx4 and Fun30 also separately contribute to cellular resistance to CPT 

(Fig. 7E, right).  

 

3.5.  The effect of γH2A on checkpoint signaling is DNA damage-dependent  

 That γH2A exhibits a negative effect on CPT-induced G2/M checkpoint (Fig. 4 and 5) is 

not in line with previous studies suggesting positive or no functions of γH2A in DDC. For 

example, γH2A was found to contribute to G1 checkpoint but not G2/M checkpoint induced by 

IR or phleomycin (35,61,82). Moreover, γH2A was shown to play a minor role in intra-S 

checkpoint induced by MMS (35,61,82). Our work differs from these studies in the genotoxin 

used (CPT vs. IR, phleomycin or MMS) and genetic backgrounds of yeast cells used, which may 

influence the DDC responses examined (8). In an attempt to uncover the cause of the apparent 

discrepancies between our and other studies, we systematically tested the effects of hta-S129* on 

DDC in response to MMS and phleomycin in addition to CPT in the same genetic background of 

JKM139 (Table 1). Both Rad53-P and Rad9-P were measured as indicators of DDC signaling in 
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exponentially growing cells. Effects of deleting known DDC regulators Slx4, Rtt107 and Sae2 on 

DDC were also monitored as controls.  

 As shown in Fig. 8A, htaS-129A*, slx4Δ, rtt107Δ and sae2Δ increased CPT-induced 

Rad53-P and Rad9-P to various degrees (compare panels CPT and WT), confirming that γH2A, 

Slx4, Rtt107 and Sae2 all play negative roles in DDC in response to CPT. MMS induced robust 

Rad53-P and Rda9-P in wild cells (Fig. 8A, MMS panel). The hta-S129* mutation increased 

MMS-induced Rad53-P, and to a lesser extent, Rad9-P (Fig. 8A, MMS panel), indicating that 

γH2A also negatively impact DDC signaling in response to MMS. Consistent with previous 

studies, rtt107Δ, slx4Δ and sae2Δ were all found to markedly increase MMS-induced Rad53-P 

(Fig. 8A, MMS panel) (55,56). We showed here that these mutations also enhanced Rad9-P in 

response to MMS (Fig. 8A, MMS panel).  

Phleomycin induced a moderate level of Rad53-P and a relatively higher level of Rad9-P 

(Fig. 8A, Phleo panel). The hta-S129* mutation moderately reduced phleomycin-induced Rad53-

P and Rad9-P (Fig. 8A, Phleo panel).  On the other hand, the rtt107Δ, slx4Δ and sae2Δ mutations 

all increased both Rad53-P and Rad9-P in response to phleomycin (Fig. 8A, Phleo panel). 

Therefore, phleomycin-induced DDC signaling is partially dependent on γH2A, and is inhibited 

by Slx4/Rtt107 and Sae2.  

Results from the above experiment revealed that γH2A plays a negative role in checkpoint 

signaling induced by CPT or MMS, but a positive role in checkpoint induced by phleomycin. 

This was corroborated by data obtained from independent experiments on the effects of hta-

S129A on DDC signaling (Fig. S4A). Therefore, γH2A exhibits DNA damage-specific effects on 

DDC signaling, which is in contrast to Slx4, Rtt107 or Sae2 that dampens checkpoint induced by 

any DNA damage tested above. 
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We also examined how hta-S129* as well as slx4Δ, rtt107Δ and sae2Δ mutations affect 

cell survival in the presence of CPT, MMS or phleomycin. As shown in Fig. 8B, each mutation 

decreased cellular resistance to all three genotoxins to various degrees, except that hta-S129* and 

rtt107Δ did not have a significant effect on phleomycin resistance. The latter is interesting since 

hta-S129* and rtt107Δ had opposite effects on phleomycin-induced DDC signaling (Fig. 8A, 

Phleo panel). On the other hand, slx4Δ and sae2Δ mutants had similar levels of DDC signaling in 

the presence of CPT (Fig. 8A, CPT panel), but exhibited drastically different degrees of CPT-

resistance (Fig. 8B). These results demonstrate again a lack of a straightforward correlation 

between the degree of DDC signaling and cell survival in the presence of DNA damage.  

3.6.  Impacts of γH2A on checkpoint signaling in different phases of the cell cycle  

  The above data revealing genotoxin-specific effects of γH2A were obtained from 

asynchronously growing cells, and thus did not reveal what checkpoint(s) (G1, intra-S or G2/M) 

was affected by γH2A. To address this question, we examined the levels of Rad53-P and Rad9-P 

in cells arrested in G1 or G2/M treated with CPT, MMS or phleomycin, and compared them to 

those in asynchronous cells.  It is known that Rad53 and Rad9 are subject to phosphorylation in 

the absence of DNA damage by cyclin-dependent kinase CDK and Cdc5 (for Rad53 only) that is 

most prominent in G2/M phase (34,83-85). These DNA damage independent phospho-forms of 

Rad53 and Rad9 are referred to as Rad53-Pc and Rad9-Pc, respectively, and have faster mobility 

than the DNA damage-induced phospho-forms (referred to as Rad53-P and Rad9-P above) 

(33,83,85-87). Accordingly, we found Rad53-Pc and Rad9-Pc to be abundant in G2/M phase, less 

so in asynchronous cells, and hardly detectable in G1 phase (Fig. 8C and S4B, “No drug” panel). 

The hat-S129* mutation had little or no effect on Rad53-Pc and Rad9-Pc in asynchronous, G1 or 
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G2/M cells (Fig. 8C and S4B, “No drug” panel), indicating that γH2A is not involved in DNA 

damage-independent phosphorylation of Rad53 and Rad9.   

  CPT treatment induced modest levels of Rad53-P and Rad9-P in asynchronous WT cells 

(Fig. 8C, compare CPT/Asy with No drug/Asy; also see Fig. S4C), which is consistent with 

results shown in Fig. 8A.  CPT had little effect on Rad53-P and Rad9-P in G1 cells (Fig. 8C, 

compare CPT/G1 with No drug/G1). In G2/M cells, CPT increased Rad9-P, and to a lesser extent, 

Rad53-P (Fig. 8C, compare CPT/G2 with No drug/G2). The hta-S129* mutation significantly 

increased CPT induced Rad53-P and Rad9-P in asynchronous cells, but had little or no effect in 

G1 or G2/M cells (Fig. 8C, CPT panel). As a consequence, CPT-induced Rad53-P and Rad9-P in 

asynchronous hta-S129* cells were clearly more robust than those in G2 cells (Fig. 8C, CPT 

panel), suggesting that although CPT-induces a G2/M checkpoint (Fig. 3 and 5), activation of this 

checkpoint requires cells to traverse S phase. This is consistent with the notion that CPT-induced 

DNA lesions originate from encounters between Top1ccs and DNA replication forks in S phase, 

which triggers DDC signaling in G2/M. γH2A may function in S and/or G2/M phases to suppress 

DDC signaling induced by CPT. 

  MMS induced abundant Rad53-P and Rad9-P in asynchronous WT cells (Fig. 8C, MMS 

panel), as have been shown above (Fig. 8A). Lower levels of Rad53-P and Rad9-P were also 

observed in G2/M cells, but little was detected in G1 cells in the presence of MMS (Fig. 8C, 

MMS panel). MMS at the concentration used in this work (0.01%) would induce a salient G2/M 

arrest (see ref. 88; J.S. and X.B. data not shown). The fact MMS-induced Rad53-P and Rad9-P 

were much higher in asynchronous cells than G2/M cells (Fig. 8C, MMS panel) suggests that the 

activation of G2/M checkpoint in response to MMS also requires cell progression through S 

phase, similarly as CPT-induced G2/M checkpoint. This is likely because G2/M checkpoint 

induced by MMS is triggered by ssDNA at replication forks stalled by MMS mediated DNA 
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methylation that is left behind after replication restart, and is subject to post-replication repair in 

G2/M phase (8). The hta-S129* mutation increased MMS-induced Rad53-P and Rad9-P in both 

asynchronous and G2/M cells (Fig. 8C, MMS panel), suggesting that γH2A can function in S and 

G2/M phases to suppress G2/M checkpoint in the presence of MMS.  

  Phleomycin induced modest levels of Rad53-P and Rad9-P in asynchronous and G1-

arrested cells, and higher levels of Rad53-P and Rad9-P in cells arrested in G2/M (Fig. 8C and 

4SC, Phleo panel). The hat-S129* mutation reduced Rad53-P and Rad9-P in G2/M cells (Fig. 8C 

and 4SC, Phleo panel). Note Rad53-P and Rad9-P were still readily detectable in hat-S129* cells 

in G2/M (Fig. 8C, Phleo panel), suggesting that γH2A plays only a partial role in the activation of 

G2/M checkpoint in response to phleomycin. We observed a moderate decrease in phleomycin-

induced Rad53-P and Rad9-P in asynchronous or G1 cells as a result of hta-S129* mutation (Fig. 

8C and S4C, Phleo panel).  

  The above results revealed that γH2A has a moderate negative effect on MMS-induced 

DDC signaling in G2/M phase, and a barely detectable negative effect on CPT-induced DDC in 

G2/M. On the other hand, γH2A has a positive effect on phleomycin-induced DDC signaling in 

G2/M as well as G1 albeit to a lesser extent.  They also showed an S phase requirement for CPT- 

or MMS-induced G2/M checkpoint that is subject to suppression by γH2A.   

 

4.  Discussion 

 In this report we showed that Tel1 and γH2A have DNA damage-specific effects on DDC 

signaling. They negatively impact CPT-induced G2/M checkpoint independently of each other. 

γH2A also down regulates MMS-induced DDC signaling, but plays a positive role in DDC in 

response to phleomycin. Tel1 suppresses CPT-induced DDC in the same pathway as MRX 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted March 9, 2019. ; https://doi.org/10.1101/572271doi: bioRxiv preprint 

https://doi.org/10.1101/572271


 22 

possibly by processing/repairing Top1cc without yielding DDC-inducing DNA structures. γH2A 

may negatively impact DDC by serving as a platform for the recruitment of DDC inhibitor 

Slx4/Rtt107 to DNA lesions.  

 

4.1.  Tel1 negatively impacts DDC signaling in response to CPT 

Although Tel1 is a homolog of mammalian ATM kinase, it does not play an essential role 

in DDC in yeast (3,4). For instance, tel1Δ slightly reduces, or does not affect, DDC signaling in 

response to DNA lesions induced by phleomycin, MMS, or endonucleases (5,68,71,72). It is 

intriguing that we found tel1Δ to enhance CPT-induced DDC signaling (Fig. 2A and 3), which 

was also reported recently by Menin et al. when this manuscript was being prepared (68). It is 

possible that the DNA lesion induced by CPT is distinct from those inflicted by the other above-

mentioned genotoxins, and that Tel1 plays a unique role in cellular response to this lesion. CPT is 

a topoisomerase I specific poison that traps/stabilizes Top1ccs that, upon collision with 

replication forks, can give rise to DSBs that induce DDC (66,89,90). Tel1 is known to participate 

in initial DSB resection and early DDC signaling in response to DSBs (9) (Fig. 1B). Tel1 

phosphorylates histone H2A (to make γH2A) and Sae2 (Fig. 1B). However, we showed that the 

negative impact of Tel1 on DDC is not dependent on γH2A or Sae2 (Fig. 4A and S1D). We also 

showed that the effect of Tel1 on DDC signaling is independent of Fun30 chromatin remodeler 

that promotes long range DSB end resection (58) (Fig. 2A). These results suggest that the role of 

Tel1 in controlling CPT-induced DDC may be different from its function in cellular response to 

DSBs.  

It has long been noticed that DDC signaling induced by CPT is relatively limited 

compared to that induced by other DNA damaging agents such as MMS (58,65). In fact, although 

Top1cc presents a potential obstacle to DNA replication, sublethal doses of CPT do not induce 
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intra-S phase DDC or significantly delay S phase progression (Fig. 3) (58,65). There may be a 

mechanism(s) in the cell for preventing DNA replication forks from colliding with CPT-trapped 

Top1ccs on the DNA, thereby avoiding the formation of DDC-inducing DSBs. Consistent with 

this notion, there is evidence suggesting that CPT-trapped  Top1cc can retard the incoming 

replication-fork and promote fork reversal (91). Fork stalling is likely due to the accumulation of 

positive supercoils in front of the fork as a consequence of the inhibition of Top1 activity by CPT 

(92). The reversed replication fork can be resolved by fork fusion or Top1cc repair, which does 

not generate a DSB or extended ssDNA region, thereby avoiding DDC activation (68,91). 

Consistent with this notion, we found that disrupting any of the 3 factors involved in the 

processing of Top1cc-like DNA-protein crosslinks (DPCs), Tdp1, Wss1 or MRX, leads to a 

significant increase in Rad53-P, similarly as tel1Δ (Fig. 6).  

Tdp1, Wss1 and MRX are each able to promote Top1 removal from DNA (11,93-96). It is 

noteworthy that MRX functions in Top1 removal from DNA and cellular resistance to CPT are 

independent of its role in DSB repair (97). We found evidence suggesting that Tel1 acts in the 

same pathway as MRX in impacting CPT-induced DDC, and independently of Tdp1 and Wss1 

(Fig. 6). That mre11Δ, rad50Δ and xrs2Δ are each epistatic to tel1Δ in increasing Rad53-P in the 

presence of CPT (Fig. 6) suggests that Tel1 acts upstream of MRX to suppress CPT-induced 

DDC signaling. We propose that Tel1 promotes the function of MRX in removing Top1 from 

DNA in the presence of CPT, thereby reducing the chance of collision between Top1cc and 

replication fork and DDC activation. Menin et al. reported that tel1Δ reduces the frequency of 

CPT-induced replication fork reversal and increases the abundance of long ssDNA regions at 

replication forks, both of which are suppressed by disrupting the nuclease activity of Mre11 (68). 

They therefore posited that Tel1 inhibits Mre11 mediated nucleolytic degradation of reversed 

replication fork that can lead to the formation of long ssDNA stretches and trigger DDC (68). It is 
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possible that Tel1 suppresses CPT-induced DDC signaling both by positively regulating Top1 

removal from DNA and by negatively regulating nucleolytic degradation of reversed replication 

fork. 

 

4.2.  DNA damage-specific impacts of γH2A on DDC  

γH2A/γH2AX plays key roles in DNA damage response by serving as a docking site for 

multiple DDC or DNA repair factors including Rad9 and Slx4/Rtt107 (see Fig. 7A). Given the 

mutually exclusive nature of γH2A association with these factors, γH2A has the potential to 

positively or negatively regulate various processes involved in DNA damage response. For 

example, γH2A can serve dual, opposing functions in DDC activation, one is to promote DDC by 

recruiting Rad9 to DNA lesions, and the other is to inhibit DDC by recruiting Slx4/Rtt107 (56) 

(see Fig. 7A). The outcome of the competition between these two functions would determine 

whether γH2A has a net positive or net negative impact on DDC. As such, our finding that 

blocking γH2A increases DDC signaling induced by CPT or MMS (Fig. 8, A and C) likely 

reflects that γH2A-mediated recruitment of Slx4/Rtt107 outweighs Rad9 recruitment in the 

presence of CPT or MMS. On the other hand, Rad9 recruitment by γH2A seems to prevail over 

Slx4/Rtt107 recruitment in response to phleomycin or IR, as the lack of γH2A reduces 

phleomycin- or IR-induced DDC (35,61) (see Fig. 8, A and C).   

That γH2A differentially impacts DDC in response to CPT, MMS, phleomycin or IR can 

be explained by assuming that the result of the competition between Rad9 and Slx4/Rtt107 for 

binding γH2A at a DNA lesion is dependent on the nature/type of the lesion. Both CPT and MMS 

trigger DDC by inducing replicative stress in S phase, whereas phleomycin and IR can induce 

DSBs and DDC in any phase of the cell cycle (see Fig. 8C). It is tempting to propose that a DNA 

replication stress-induced DNA lesion presents a more favorable context for Slx4/Rtt107-γH2A 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted March 9, 2019. ; https://doi.org/10.1101/572271doi: bioRxiv preprint 

https://doi.org/10.1101/572271


 25 

interaction than Rad9-γH2A interaction, whereas a DSB induced by phleomycin or IR is more 

favorable for Rad9-γH2A interaction.  

It is noteworthy that although CPT and MMS each trigger a G2/M checkpoint (Fig. 3 and 

5), checkpoint activation requires the host cell to traverse S phase (58,65) (Fig. 8C). CPT-trapped 

Top1cc or MMS-mediated DNA methylation stalls DNA replication in S phase, which has to be 

resolved to allow the completion of DNA replication. Mechanisms for the restart of DNA 

replication may involve the generation of altered fork structures (as fork restart intermediates) 

harboring ssDNA gaps that can trigger DDC (98). We imagine that these distorted fork structures 

are different from resected (simple) DSBs induced by phleomycin or IR in influencing γH2A 

interaction with Rad9 and/or Slx4/Rtt107. Specifically, we posit that Slx4/Rtt107 outcompetes 

Rad9 for binding γH2A within the fork restart intermediates induced by CPT or MMS, whereas 

Rad9 is favored for binding γH2A at resected DSBs in the presence of phleomycin or IR.  

Consequentially, γH2A plays a net negative role in DDC signaling in response to CPT or MMS, 

but a positive role in DDC triggered by phleomycin or IR.  

 

4.3.  Relationship between DDC signaling and cell survival in the presence of genotoxins 

Cells defective in proper DDC signaling are usually sensitive to genotoxins (1). However, 

our survey of DDC signaling and CPT-sensitivities of the series of mutants described in this work 

revealed a lack of a causative link between the level of DDC signaling and the degree of CPT-

resistance, which is line with prior observations (99-101). This could be because efficient cellular 

resistance to a genotoxin requires an “optimal” level of DDC signaling. Alternatively, or in 

addition, genotoxin resistance may reflect aggregated effects of the genotoxin on different aspects 

of cellular response to DNA damage. Given that many factors involved in DNA damage response 

have multiple functions that are not restricted to DDC, deletion of a particular factor may have 
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effects on not only DDC, but also DNA replication and/or DNA repair in the presence of a 

genotoxin. The combination of these effects likely determines the ability of the mutant to 

withstand DNA damage induced by the genotoxin. Separation-of-function mutations of DDC 

factors would be particularly useful for examining how these factors contribute to DCC signaling 

and genotoxin resistance.    

 

Conflict of interest 

The authors declare that there are no conflicts of interests.   

 

Acknowledgement  

We thank Ms. Carina Wong and Dr. Anhui Wei for assistance. We thank Drs 

Thomas Petes (Duke University), Stephen Kron (University of Chicago), James Haber (Brandeis 

University), Grzegorz Ira (Baylor College of Medicine) and Elizabeth Grayhack (University 

of Rochester) for gifts of yeast strains. This work was supported by NSF grant MCB-

1158008 to X.B. 

 

References 

1 Ciccia A, Elledge SJ. The DNA damage response: making it safe to play with knives. Mol 

Cell. 2010; 40: 179–204.  

2 Maréchal A, Zou L. DNA damage sensing by the ATM and ATR kinases. Cold Spring 

Harb Perspect Biol. 2013;5. pii: a012716. 

3 Morrow DM, Tagle DA, Shiloh Y, Collins FS, Hieter P. TEL1, an S. cerevisiae homolog 

of the human gene mutated in ataxia telangiectasia, is functionally related to the yeast checkpoint 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted March 9, 2019. ; https://doi.org/10.1101/572271doi: bioRxiv preprint 

https://doi.org/10.1101/572271


 27 

gene MEC1. Cell. 1995;82:831-40. 

4 Sanchez Y, Desany BA, Jones WJ, Liu Q, Wang B, Elledge SJ. Regulation of RAD53 by 

the ATM-like kinases MEC1 and TEL1 in yeast cell cycle checkpoint pathways. Science. 1996; 

271:357-60. 

5. Clerici M, Baldo V, Mantiero D, Lottersberger F, Lucchini G, Longhese MP. 

A Tel1/MRX-dependent checkpoint inhibits the metaphase-to-anaphase transition after UV 

irradiation in the absence of Mec1. Mol Cell Biol. 2004;24:10126-44. 

6. Mantiero D, Clerici M, Lucchini G, Longhese MP. Dual role for Saccharomyces 

cerevisiae Tel1 in the checkpoint response to double-strand breaks. EMBO Rep. 2007;8:380-7.  

7. Villa M, Cassani C, Gobbini E, Bonetti D, Longhese MP. Coupling end resection with the 

checkpoint response at DNA double-strand breaks. Cell Mol Life Sci. 2016; 73:3655-63.  

8 Hustedt N, Gasser SM, Shimada K. Replication checkpoint: tuning and coordination of 

replication forks in s phase. Genes (Basel). 2013;4(3):388-434.  

9. Gobbini E, Cassani C, Villa M, Bonetti D, Longhese MP. Functions and 

regulation of the MRX complex at DNA double-strand breaks. Microb Cell. 2016;3(8):329-337 

10. Lee JH, Paull TT. ATM activation by DNA double-strand breaks through the Mre11 

Rad50-Nbs1 complex. Science. 2005;308(5721):551-4.  

11. Fukunaga K, Kwon Y, Sung P, Sugimoto K. Activation of protein kinase Tel1 through 

recognition of protein-bound DNA ends. Mol Cell Biol. 2011;31(10):1959-71.    

12 Cassani C, Gobbini E, Wang W, Niu H, Clerici M, Sung P, Longhese MP. Tel1 and Rif2 

regulate MRX functions in end-tethering and repair of DNA double-strand breaks. PLoS Biol 

2016;14:e1002387.  

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted March 9, 2019. ; https://doi.org/10.1101/572271doi: bioRxiv preprint 

https://doi.org/10.1101/572271


 28 

13 Baroni E, Viscardi V, Cartagena-Lirola H, Lucchini G, Longhese MP. The functions of 

budding yeast Sae2 in the DNA damage response require Mec1- and Tel1-dependent 

phosphorylation. Mol Cell Biol. 2004;24:4151-65.  

14 Cartagena-Lirola H, Guerini I, Viscardi V, Lucchini G, Longhese MP. Budding 

Yeast Sae2 is an In Vivo Target of the Mec1 and Tel1 Checkpoint Kinases During Meiosis. 

Cell Cycle; 2006;5:1549-59.  

15  Gobbini E, Cesena D, Galbiati A, Lockhart A, Longhese MP. Interplays between 

ATM/Tel1 and ATR/Mec1 in sensing and signaling DNA double-strand breaks. DNA Repair 

(Amst). 2013;12:791-9.  

16 Downs JA, Lowndes NF, Jackson SP.A role for Saccharomyces cerevisiae 

histone H2A in DNA repair. Nature. 2000;408:1001-4.  

17 Ward IM, Chen J. Histone H2AX is phosphorylated in an ATR-dependent manner in 

response to replicational stress. J Biol Chem. 2001;276:47759-62.  

18 Foster ER, Downs JA. Histone H2A phosphorylation in DNA double-strand break repair.  

FEBS J. 2005;272:3231-40.  

19 Furuse M, Nagase Y, Tsubouchi H, Murakami-Murofushi K, Shibata T, Ohta K. Distinct 

roles of two separable in vitro activities of yeast Mre11 in mitotic and meiotic recombination. 

EMBO J. 1998;17(21):6412-25. 

20 Paull TT, Gellert M. The 3’ to 5’ exonuclease activity of Mre 11 facilitates repair of 

DNA double-strand breaks. Mol Cell. 1998;1:969–79. 

21 Usui T, Ohta T, Oshiumi H, Tomizawa J, Ogawa H, Ogawa T. Complex formation and 

functional versatility of Mre11 of budding yeast in recombination. Cell. 1998;95:705–16.  

22 Moreau S, Ferguson JR, Symington LS. The nuclease activity of Mre11 is required for 

meiosis but not for mating type switching, end joining, or telomere maintenance. Mol Cell Biol. 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted March 9, 2019. ; https://doi.org/10.1101/572271doi: bioRxiv preprint 

https://doi.org/10.1101/572271


 29 

1999; 19:556–66. 

23 Reginato G, Cannavo E, Cejka P. Physiological protein blocks direct the Mre11-Rad50-

Xrs2 and Sae2 nuclease complex to initiate DNA end resection. Genes Dev. 2017;31:2325-2330.  

24 Wang W, Daley JM, Kwon Y, Krasner DS, Sung P. Plasticity of the Mre11-Rad50-Xrs2-

Sae2 nuclease ensemble in the processing of DNA-bound obstacles. Genes Dev. 2017;31:2331-

2336.  

25 Shim EY, Chung WH, Nicolette ML, Zhang Y, Davis M, Zhu Z, et al. Saccharomyces 

cerevisiae Mre11/Rad50/Xrs2 and Ku proteins regulate association of Exo1 and Dna2 with DNA 

breaks. EMBO J. 2010;29: 3370–3380.  

26 Symington LS. Mechanism and regulation of DNA end resection in eukaryotes. Crit Rev 

Biochem Mol Biol. 2016;51(3):195-212.  

27 Paciotti V, Lucchini G, Plevani P, Longhese MP. Mec1p is essential for phosphorylation 

of the yeast DNA damage checkpoint protein Ddc1p, which physically interacts with Mec3p. 

EMBO J. 1998;17(14):4199-209. 

28 Mordes DA, Nam EA, Cortez D. Dpb11 activates the Mec1-Ddc2 complex. Proc Natl 

Acad Sci USA. 2008;105: 18730 – 18734. 

29 Cussiol JR, Dibitetto D, Pellicioli A, Smolka MB. Slx4 scaffolding in homologous 

recombination and checkpoint control: lessons from yeast. Chromosoma. 2017;126(1):45-58.  

30 Bantele SC, Ferreira P, Gritenaite D, Boos D, Pfander B. Targeting of 

the Fun30 nucleosome remodeller by the Dpb11 scaffold facilitates cell cycle-regulated DNA 

end resection. Elife. 2017;6. pii: e21687.  

31 Navadgi-Patil VM, Burgers PM. Yeast DNA replication protein Dpb11 activates the 

Mec1/ATR checkpoint kinase. J Biol Chem. 2008;283(51):35853-9. 

32 Pfander B, Diffley JF. Dpb11 coordinates Mec1 kinase activation with cell cycle 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted March 9, 2019. ; https://doi.org/10.1101/572271doi: bioRxiv preprint 

https://doi.org/10.1101/572271


 30 

regulated Rad9 recruitment. EMBO J. 2011;30(24):4897-907 

33 Vialard JE, Gilbert CS, Green CM, Lowndes NF. The budding yeast Rad9 checkpoint 

protein is subjected to Mec1/Tel1-dependent hyperphosphorylation and interacts with Rad53 

after DNA damage. EMBO J. 1998;17:5679-88. 

34 Wang G, Tong X, Weng S, Zhou H. Multiple phosphorylation of Rad9 by CDK is 

required for DNA damage checkpoint activation. Cell Cycle. 2012;11:3792-800.  

35 Hammet A, Magill C, Heierhorst J, Jackson SP. Rad9 BRCT domain interaction with 

phosphorylated H2AX regulates the G1 checkpoint in budding yeast. EMBO Rep. 2007;8:851-7.  

36 Grenon M, Costelloe T, Jimeno S, O'Shaughnessy A, Fitzgerald J, Zgheib O, Degerth L, 

Lowndes NF. Docking onto chromatin via the Saccharomyces cerevisiae Rad9 Tudor domain. 

Yeast. 2007;24:105-19.  

37 Nguyen AT, Zhang Y. The diverse functions of Dot1 and H3K79 methylation. Genes 

Dev. 2011;25(13):1345-58. 

38 Schwartz MF, Duong JK, Sun Z, Morrow JS, Pradhan D, Stern DF. Rad9 phosphorylation 

sites couple Rad53 to the Saccharomyces cerevisiae DNA damage checkpoint. Mol Cell. 

2002;9:1055-65.  

39 Sweeney FD, Yang F, Chi A, Shabanowitz J, Hunt DF, Durocher D. Saccharomyces 

cerevisiae Rad9 acts as a Mec1 adaptor to allow Rad53 activation. Curr Biol. 2005;15(15):1364 

75. 

40 Pellicioli A, Foiani M. Signal transduction: how rad53 kinase is activated. Curr Biol. 

2005;15(18):R769-71.  

41 Sanchez Y, Bachant J, Wang H, Hu F, Liu D, Tetzlaff M, Elledge SJ. Control of the DNA 

damage checkpoint by chk1 and rad53 protein kinases through distinct mechanisms. 

Science. 1999;286:1166-71. 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted March 9, 2019. ; https://doi.org/10.1101/572271doi: bioRxiv preprint 

https://doi.org/10.1101/572271


 31 

42.  Sogo, J.M.; Lopes, M.; Foiani, M. Fork reversal and ssDNA accumulation at stalled 

replication forks owing to checkpoint defects. Science 2002;297, 599–602. 

43 Pardo B, Crabbé L, Pasero P. Signaling pathways of replication stress in yeast. 

FEMS Yeast Res. 2017;17(2). 

44 Morin I, Ngo HP, Greenall A, Zubko MK, Morrice N, Lydall D. Checkpoint-dependent 

phosphorylation of Exo1 modulates the DNA damage response. EMBO J. 2008;27(18):2400-10.  

45 Lazzaro F, Sapountzi V, Granata M, Pellicioli A, Vaze M, Haber JE, Plevani P, Lydall D, 

Muzi-Falconi M. Histone methyltransferase Dot1 and Rad9 inhibit single 

stranded DNA accumulation at DSBs and uncapped telomeres. EMBO J.  2008;27(10):1502-12.  

46 Ngo GH, Lydall D. The 9-1-1 checkpoint clamp coordinates resection at DNA double 

strand breaks. Nucleic Acids Res. 2015;43(10):5017-32.  

47 Ferrari M, Dibitetto D, De Gregorio G, Eapen VV, Rawal CC, Lazzaro F, Tsabar M, 

Marini F, Haber JE, Pellicioli A. Functional interplay between the 53BP1-ortholog Rad9 and the 

Mre11 complex regulates resection, end-tethering and repair of a double-strand break. PLoS 

Genet. 2015;11(1):e1004928. 

48 Bonetti D, Villa M, Gobbini E, Cassani C, Tedeschi G, Longhese MP. Escape of Sgs1 

from Rad9 inhibition reduces the requirement for Sae2 and functional MRX in DNA end 

resection. EMBO Rep. 2015;16:351-61. 

49 Chen X, Cui D, Papusha A, Zhang X, Chu CD, Tang J, et al. The Fun30 nucleosome 

remodeller promotes resection of DNA double-strand break ends. Nature. 2012; 489: 576–580.  

50  Costelloe T, Louge R, Tomimatsu N, Mukherjee B, Martini E, Khadaroo B, et al. The 

yeast Fun30 and human SMARCAD1 chromatin remodellers promote DNA end resection. 

Nature. 2012; 489: 581–584. 

51  Eapen VV, Sugawara N, Tsabar M, Wu WH, Haber JE. The Saccharomyces cerevisiae 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted March 9, 2019. ; https://doi.org/10.1101/572271doi: bioRxiv preprint 

https://doi.org/10.1101/572271


 32 

chromatin remodeler Fun30 regulates DNA end resection and checkpoint deactivation. Mol Cell 

Biol. 2012; 32: 4727–4740.  

52 Leroy C, Lee SE, Vaze MB, Ochsenbein F, Guerois R, Haber JE, Marsolier-Kergoat MC. 

PP2C phosphatases Ptc2 and Ptc3 are required for DNA checkpoint inactivation after a double 

strand break. Mol Cell. 2003;11(3):827-35.  

53 O'Neill BM, Szyjka SJ, Lis ET, Bailey AO, Yates JR 3rd, Aparicio OM, Romesberg FE. 

Pph3-Psy2 is a phosphatase complex required for Rad53 dephosphorylation and replication fork 

restart during recovery from DNA damage. Proc Natl Acad Sci U S A. 2007;104(22):9290-5 

54 Jablonowski CM, Cussiol JR, Oberly S, Yimit A, Balint A, Kim T, Zhang Z, Brown 

GW, Smolka MB. Termination of Replication Stress Signaling via Concerted Action of the Slx4 

Scaffold and the PP4 Phosphatase. Genetics. 2015; 201(3):937-49. 

55 Clerici M, Mantiero D, Lucchini G, Longhese MP. The Saccharomyces 

cerevisiae Sae2 protein negatively regulates DNA damage checkpoint signalling. EMBO Rep. 

2006; 7(2):212-8. 

56 Ohouo PY, Bastos de Oliveira FM, Liu Y, Ma CJ, Smolka MB. DNA-repair scaffolds 

dampen checkpoint signalling by counteracting the adaptor Rad9. Nature. 2013; 493:120-4.  

57 Chen H, Donnianni RA, Handa N, Deng SK, Oh J, Timashev LA, et al. Sae2 promotes 

DNA damage resistance by removing the Mre11-Rad50-Xrs2 complex from DNA and 

attenuating Rad53 signaling. Proc Natl Acad Sci USA. 2015;112: 1880–1887. 

58 Siler J, Xia B, Wong C, Kath M, Bi X. Cell cycle-dependent positive and negative 

functions of Fun30 chromatin remodeler in DNA damage response. DNA Repair (Amst). 

2017;50:61-70.  

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted March 9, 2019. ; https://doi.org/10.1101/572271doi: bioRxiv preprint 

https://doi.org/10.1101/572271


 33 

59 Craven RJ, Greenwell PW, Dominska M, Petes TD. Regulation of genome stability by 

TEL1 and MEC1, yeast homologs of the mammalian ATM and ATR genes. 

Genetics. 2002;161:493-507.  

60 Wasserman RA, Austin CA, Fisher LM, Wang JC. Use of yeast in the study of anticancer 

drugs targeting DNA topoisomerases: expression of a functional recombinant human DNA 

topoisomerase II alpha in yeast. Cancer Res. 1993;53:3591-6.  

61 Javaheri A, Wysocki R, Jobin-Robitaille O, Altaf M, Côté J, Kron SJ. Yeast G1 DNA 

damage checkpoint regulation by H2A phosphorylation is independent of chromatin remodeling. 

Proc Natl Acad Sci U S A. 2006;103:13771-6.  

62 Chen X, Niu H, Yu Y, Wang J, Zhu S, Zhou J, Papusha A, Cui D, Pan X, Kwon Y, Sung 

P, Ira G. Enrichment of Cdk1-cyclins at DNA double-strand breaks stimulates Fun30 

phosphorylation and DNA end resection. Nucleic Acids Res. 2016;44: 2742-53.  

63 Bi X, Yu Q, Siler J, Li C, Khan A. Functions of Fun30 chromatin remodeler in regulating 

cellular resistance to genotoxic stress. PLoS One. 2015;10:e0121341.  

64 Smolka MB, Albuquerque CP, Chen SH, Schmidt KH, Wei XX, Kolodner RD, Zhou H. 

Dynamic changes in protein-protein interaction and protein phosphorylation probed with amine 

reactive isotope tag. Mol Cell Proteomics. 2005;4(9):1358-69.   

65 Redon C, Pilch DR, Rogakou EP, Orr AH, Lowndes NF, Bonner WM. Yeast histone 2A 

serine 129 is essential for the efficient repair of checkpoint-blind DNA damage. EMBO Rep. 

2003; 4:678-84. 

66 Hsiang YH, Hertzberg R, Hecht S, Liu LF. Camptothecin induces protein-linked DNA 

breaks via mammalian DNA topoisomerase I. J Biol Chem. 1985; 260: 14873–14878. PMID: 

2997227 

67 Pommier Y, Barcelo JM, Rao VA, Sordet O, Jobson AG, Thibaut L, Miao ZH, Seiler JA, 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted March 9, 2019. ; https://doi.org/10.1101/572271doi: bioRxiv preprint 

https://doi.org/10.1101/572271


 34 

Zhang H, Marchand C, Agama K, Nitiss JL, Redon C. Repair of topoisomerase I-mediated DNA 

damage. Prog Nucleic Acid Res Mol Biol. 2006;81:179-229.   

68 Menin L, Ursich S, Trovesi C, Zellweger R, Lopes M, Longhese MP, Clerici M. 

Tel1/ATM prevents degradation of replication forks that reverse after topoisomerase poisoning. 

EMBO Rep. 2018;19. pii: e45535.  

69 Futcher B. Cyclins and the wiring of the yeast cell cycle. Yeast. 1996;12:1635-46.  

70 Szilard RK, Jacques PE, Laramée L, Cheng B, Galicia S, Bataille AR, Yeung M, Mendez 

M, Bergeron M, Robert F, Durocher D. Systematic identification of fragile sites via genome-wide 

location analysis of gamma-H2AX. Nat Struct Mol Biol. 2010;17:299-305.  

71 Nakada D, Shimomura T, Matsumoto K, Sugimoto K. The ATM-related Tel1 protein of 

Saccharomyces cerevisiae controls a checkpoint response following phleomycin treatment. 

Nucleic Acids Res. 2003 Mar 15;31(6):1715-24.  

72 Grenon M, Magill CP, Lowndes NF, Jackson SP. Double-strand breaks trigger MRX- 

and Mec1-dependent, but Tel1-independent, checkpoint activation. FEMS Yeast 

Res. 2006;6:836-47.  

73 Sleigh MJ. The mechanism of DNA breakage by phleomycin in vitro. Nucleic Acids Res. 

1976;3:891-901.  

74 Chen J, Ghorai MK, Kenney G, Stubbe J. Mechanistic studies on bleomycin-mediated 

DNA damage: multiple binding modes can result in double-stranded DNA cleavage. Nucleic 

Acids Res. 2008;36:3781-90.  

75  Beranek DT. Distribution of methyl and ethyl adducts following alkylation with 

monofunctional alkylating agents. Mutat Res. 1990; 231: 11–30.  

76 Stingele J, Bellelli R, Boulton SJ. Mechanisms of DNA-protein crosslink repair. Nat Rev 

Mol Cell Biol. 2017;18:563-573. 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted March 9, 2019. ; https://doi.org/10.1101/572271doi: bioRxiv preprint 

https://doi.org/10.1101/572271


 35 

77 Ohouo PY, Bastos de Oliveira FM, Almeida BS, Smolka MB. DNA damage signaling 

recruits the Rtt107-Slx4 scaffolds via Dpb11 to mediate replication stress response. Mol Cell. 

2010;39:300-6.  

78 Princz LN, Gritenaite D, Pfander B. The Slx4-Dpb11 scaffold complex: coordinating the 

response to replication fork stalling in S-phase and the subsequent mitosis. Cell 

Cycle. 2015;14:488-94.  

79 di Cicco G, Bantele SCS, Reusswig KU, Pfander B. A cell cycle-independent mode of the 

Rad9-Dpb11 interaction is induced by DNA damage. Sci Rep. 2017;7:11650.  

80 Li X, Liu K, Li F, Wang J, Huang H, Wu J, Shi Y. Structure of C-terminal tandem BRCT 

repeats of Rtt107 protein reveals critical role in interaction with phosphorylated histone H2A 

during DNA damage repair. J Biol Chem. 2012;287:9137-46.  

81 Vidanes GM, Bonilla CY, Toczyski DP. Complicated tails: histone modifications and the 

DNA damage response. Cell. 2005;121:973-6.  

82 Wysocki R, Javaheri A, Allard S, Sha F, Côté J, Kron SJ. Role of Dot1-dependent histone 

H3 methylation in G1 and S phase DNA damage checkpoint functions of Rad9. Mol Cell Biol. 

2005;25:8430-43.  

83 O'Shaughnessy AM, Grenon M, Gilbert C, Toh GW, Green CM, Lowndes NF. Multiple 

approaches to study S. cerevisiae Rad9, a prototypical checkpoint protein. Methods Enzymol. 

2006; 409:131-50.  

84 Schleker T, Shimada K, Sack R, Pike BL, Gasser SM. Cell cycle-dependent 

phosphorylation of Rad53 kinase by Cdc5 and Cdc28 modulates checkpoint adaptation. Cell 

Cycle. 2010;9:350-63.  

85 Abreu CM, Kumar R, Hamilton D, Dawdy AW, Creavin K, Eivers S, Finn K, Balsbaugh 

JL, O'Connor R, Kiely PA, Shabanowitz J, Hunt DF, Grenon M, Lowndes NF. Site-specific 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted March 9, 2019. ; https://doi.org/10.1101/572271doi: bioRxiv preprint 

https://doi.org/10.1101/572271


 36 

phosphorylation of the DNA damage response mediator rad9 by cyclin-dependent kinases 

regulates activation of checkpoint kinase 1. PLoS Genet. 2013;9:e1003310.  

86 Grenon M, Gilbert C, Lowndes NF. Checkpoint activation in response to double-strand 

breaks requires the Mre11/Rad50/Xrs2 complex. Nat Cell Biol. 2001;3:844-7.  

87 Emili A. MEC1-dependent phosphorylation of Rad9p in response to DNA damage. Mol 

Cell. 1998;2(2):183-9.  

88 Bloom MS, Koshland D, Guacci V. Cohesin Function in Cohesion, Condensation, and 

DNA Repair Is Regulated by Wpl1p via a Common Mechanism in Saccharomyces cerevisiae. 

Genetics. 2018; 208:111-124. 

89 Avemann K, Knippers R, Koller T, Sogo JM. Camptothecin, a specific inhibitor of type I 

DNA topoisomerase, induces DNA breakage at replication forks. Mol Cell Biol. 1988; 8: 3026–

3034.  

90 Strumberg D, Pilon AA, Smith M, Hickey R, Malkas L, Pommier Y. Conversion of 

topoisomerase I cleavage complexes on the leading strand of ribosomal DNA into 5'-

phosphorylated DNA double-strand breaks by replication runoff. Mol Cell Biol. 2000; 20:3977-

87.  

91 Ray Chaudhuri A, Hashimoto Y, Herrador R, Neelsen KJ, Fachinetti D, Bermejo R, 

Cocito A, Costanzo V, Lopes M (2012) Topoisomerase I poisoning results in PARP-mediated 

replication fork reversal. Nat Struct Mol Biol. 2012;19: 417 – 423 

92 Koster DA, Palle K, Bot ES, Bjornsti MA, Dekker NH. Antitumour drugs impede DNA 

uncoiling by topoisomerase I. Nature. 2007; 448(7150):213-7.  

93 Kawale AS, Povirk LF. Tyrosyl-DNA phosphodiesterases: rescuing the genome from the 

risks of relaxation. Nucleic Acids Res. 2018;46:520-537. 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted March 9, 2019. ; https://doi.org/10.1101/572271doi: bioRxiv preprint 

https://doi.org/10.1101/572271


 37 

94 Stingele J, Schwarz MS, Bloemeke N, Wolf PG, Jentsch S. A DNA-dependent protease 

involved in DNA-protein crosslink repair. Cell. 2014;158:327-338.  

95 Hartsuiker E, Neale MJ, Carr AM. Distinct requirements for the Rad32(Mre11) nuclease 

and Ctp1(CtIP) in the removal of covalently bound topoisomerase I and II from DNA. Mol Cell. 

2009; 33:117-23. 

96 Sacho EJ, Maizels N. DNA repair factor MRE11/RAD50 cleaves 3'-phosphotyrosyl 

bonds and resects DNA to repair damage caused by topoisomerase 1 poisons. J Biol Chem. 2011; 

286:44945-51. 

97 Hamilton NK, Maizels N. MRE11 function in response to topoisomerase poisons is 

independent of its function in double-strand break repair in Saccharomyces cerevisiae. PLoS 

One. 2010;5:e15387.  

98 Ait Saada A, Lambert SAE, Carr AM. Preserving replication fork integrity and 

competence via the homologous recombination pathway. DNA Repair (Amst). 2018;pii: S1568-

7864(18)30182-4. 

99 Weinert TA, Kiser GL, Hartwell LH. Mitotic checkpoint genes in budding yeast and 

the dependence of mitosis on DNA replication and repair. Genes Dev. 1994;8:652-65.  

100 Sanchez Y, Bachant J, Wang H, Hu F, Liu D, Tetzlaff M, Elledge SJ. Control of the DNA 

damage checkpoint by chk1 and rad53 protein kinases through distinct mechanisms. Science. 

1999;286:1166-71. 

101 D'Amours D, Jackson SP. The Mre11 complex: at the crossroads of dna repair and 

checkpoint signalling. Nat Rev Mol Cell Biol. 2002;3:317-27. 

 

 

 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted March 9, 2019. ; https://doi.org/10.1101/572271doi: bioRxiv preprint 

https://doi.org/10.1101/572271


 38 

Figure legends: 

Fig. 1. Mechanism of DNA damage checkpoint activation in S. cerevisiae. Red arrows denote 

phosphorylation. Black arrows denote recruitment and/or activation. Phosphorylation of Ser129 

of histone H2A and methylation of lysine 79 of histone H3 on the nucleosome are indicated in 

the inset.  See the text for descriptions.  

Fig. 2. Tel1 negatively impacts DDC and promotes CTP resistance independently of Fun30. 

(A) Western blot analysis of Rad53, γH2A and G6PD from indicated strains (listed as #6-13 in 

Table 1) with or without CTP treatment. Exponentially growing cells were treated with (+CPT) 

or without (-CPT) CPT at 5 µg/ml for 90 minutes.  Protein extracts form these cells were 

subjected to SDS-PAGE and Western blotting followed by detection of Rad53, γH2A and G6PD 

(glucose-6-phosphate dehydrogenase) with respective antibodies.  (B) Growth phenotypes of 

indicated strains (#6-13 in Table 1) on media with or without CTP. Ten-fold serial dilutions of a 

late log phase culture of each strain were plated on synthetic complete plates with or without 

CPT, and incubated for three days.  

 

Fig. 3. Tel1 and Fun30 down regulate CPT-induced G2/M checkpoint independently of 

each other.  Asynchronous (Asy) cells of the indicated strains (#14-17 in Table 1) were arrested 

in G1 by a 2-hour α-factor treatment, and then released into medium with or without (No drug) 5 

µg/ml CTP, and incubated for 105 minutes. Aliquots of cells were collected at the indicated time 

points during CTP treatment. Clb2, Rad53 and Por1 in protein extracts from the aliquots were 

examined by SDS-PAGE and Western blotting.  

 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted March 9, 2019. ; https://doi.org/10.1101/572271doi: bioRxiv preprint 

https://doi.org/10.1101/572271


 39 

Fig. 4. γH2A inhibits DDC signaling and promotes CTP-resistance independently of Tel1 

and Fun30. (A) Western blot analysis of Rad53, γH2A and G6PD from indicated strains (#30-36 

in Table 1) with (+CPT) or without (-CPT) CTP treatment. (B) Growth phenotypes of indicated 

strains (#30-36 in Table 1) on media with or without CTP. 

 

Fig. 5. γH2A hinders G2/M checkpoint in response to CPT.  Asynchronous (Asy) cells of WT 

(YXB1812-24) and hta-S129* (YXB1812-25) (#49 and 50 in Table 1) were arrested in G1 by α-

factor (α-F), and released into medium with (+CPT) or without (-CPT) 5 µg/ml CTP, and 

incubated for 150 minutes. Aliquots of cells were collected at the indicated time points for FACS 

analysis (A) and protein extraction for examining Rad53 and HA-tagged Rad9 by SDS-PAGE 

and Western blotting (B).  

 

Fig. 6. Tel1 negatively impacts CPT-induced DDC signaling in the same pathway as MRX 

and independently of Tdp1 and Wss1. Shown are results from Western blot analysis of Rad53 

from indicated strains with or without CPT treatment as well as growth phenotypes of the strains 

on media with or without CTP. (A) Strains #14, 16 and 18-21 were tested. (B) Strains #14 and 16 

and 22-27 were tested. 

 

Fig. 7. γH2A and Fun30 may down regulate DDC by hindering Rad9 recruitment to DNA 

lesions. (A) Model for negative regulation of DDC by γH2A and Fun30. See the text for 

descriptions. (B-E) Shown are results from Western blot analysis of Rad53 and Rad9-HA from 

indicated strains with or without CPT treatment as well as growth phenotypes of the strains on 

media with or without CTP. Strains tested are #43, 44, 51 and 52 (Table 1) in (B); #43, 44, 53 

and 54 in (C); #37, 38 and 41 in (D); and #57-60 in (E). Note the bands and smears 
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corresponding to Rad53 and Rad53-P in each blot in (D) and (E) were quantified/scanned using 

NIH ImageJ software. The profiles are displayed to the right of the blot image.  

 

Fig. 8. γH2A impacts DDC in a DNA damage-specific manner.  (A) Western blot analyses of 

Rad53 and Rad9-HA (Rad9) from indicated strains (#43, 44, 51, 55 and 56 in Table 1) treated 

with CPT, MMS or phleomycin (Phleo), or mock treated (No drug). Exponentially growing cells 

of each strain were treated for 90 minutes with 5 µg/ml CPT, 0.01% MMS or 5 µg/ml 

phleomycin.  Bands and smears corresponding to Rad53, Rad53-P, Rad9 and Rad9-P in the blots 

were quantified/scanned using NIH ImageJ software, and the profiles displayed to the right of the 

blot images. (B) Growth phenotypes of strains #43, 44, 51, 55 and 56 (Table 1) on media with or 

without the indicated genotoxins. (C) Impact of γH2A on checkpoint signaling in different phases 

of the cell cycle.  An exponentially growing culture of WT (#49 in Table 1) or hta-S129* (#50) 

was divided into three aliquots, two of which were arrested in G1 and G2/M (designated G2 for 

simplicity) by α-factor and nocodazole, respectively, whereas the other one was not treated and 

remained asynchronous (Asy).  Asy, G1 and G2 cultures were each divided into four aliquots, 

three of which were treated for 90 minutes with 5 µg/ml CPT, 0.01% MMS and 5 µg/ml 

phleomycin (Phleo), respectively, whereas the other was mock treated (No drug).  Rad53, Rad9-

HA (Rad9) and Por1 in each sample were examined by Western blotting.   

 

Table 1.   Yeast strains  

---------------------------------------------------------------------------------------------------------------------  

#    Name       Genotype      Source/Reference 

---------------------------------------------------------------------------------------------------------------------  

1 W303a  MATa  leu2-3,112  trp1-1  can1-100  ura3-1  Ref. 59 
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ade2-1 his3-11,15 rad5-535 

2 YXB1812-6 W303a,  fun30Δ::NatMX      This work 

3 YXB1812-7 W303a,  tel1Δ::KanMX     This work 

4 YXB1812-8 W303a,  tel1Δ::KanMX  fun30Δ::NatMX    This work 

5 MC42-2d  W303a, CAN1 RAD5     Ref. 59 

6 RCY337-26a MC42-2d, sml1Δ::HIS3    Ref. 59 

7 YXB1812-1 RCY337-26a, fun30Δ::NatMX      This work 

8 YXB1812-2 RCY337-26a, tel1Δ::KanMX     This work 

9 YXB1812-3 RCY337-26a, tel1Δ::KanMX  fun30Δ::NatMX   This work 

10 RCY337-6c RCY337-26a, mec1Δ::HIS3    Ref. 59 

11 YXB1812-4 RCY337-6c, fun30Δ::KanMX    This work 

12 RCY337-3d RCY337-26a, mec1Δ::HIS3 tel1Δ::KanMX  Ref. 59 

13 YXB1812-5 RCY337-3d, fun30Δ::NatMX     This work 

14 BCY123 MATa pep4::HIS3 prb1::LEU2 bar1::HISG   Ref. 60 

lys2::GAL1/10-GAL4 can1 ade2 trp1 ura3 

15 YXB1812-9 BCY123,  fun30Δ::NatMX      This work 

16 YXB1812-10 BCY123,  tel1Δ::KanMX     This work 

17 YXB1812-11 BCY123,  tel1Δ::KanMX  fun30Δ::NatMX    This work 

18 YXB1812-26 BCY123, tdp1Δ::KanMX     This work 

19 YXB1812-27 BCY123, wss1Δ::KanMX     This work 

20 YXB1812-28 BCY123, tdp1Δ::KanMX, tel1Δ::NatMX  This work 

21 YXB1812-29 BCY123, wss1Δ::KanMX, tel1Δ::NatMX  This work 

22 YXB1812-30 BCY123, mre11Δ::KanMX     This work 

23 YXB1812-31 BCY123, rad50Δ::KanMX     This work 
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24 YXB1812-32 BCY123, xrs2Δ::KanMX     This work 

25 YXB1812-33 BCY123, mre11Δ::KanMX, tel1Δ::NatMX  This work 

26 YXB1812-34 BCY123, rad50Δ::KanMX, tel1Δ::NatMX  This work 

27 YXB1812-35 BCY123, xrs2Δ::KanMX, tel1Δ::NatMX  This work 

28 YXB1812-43 BCY123, sae2Δ::KanMX     This work 

29 YXB1812-44 BCY123, sae2Δ::KanMX, tel1Δ::NatMX  This work 

30 W303-1A  MATa  leu2-3,112  trp1-1  can1-100  ura3-1  Ref. 61 

ade2-1 his3-11,15 rad5-535 

31 YXB1812-15 W303-1A,  fun30Δ::NatMX      This work 

32 YXB1812-16 W303-1A,  tel1Δ::KanMX     This work 

33 YXB1812-17 W303-1A,  tel1Δ::KanMX  fun30Δ::NatMX   This work 

34 SKY2939 W303-1A, hta1S129A::his3MX6 hta2S129A::TRP1 Ref. 61 

35 YXB1812-18 SKY2939,  fun30Δ::NatMX      This work 

36 YXB1812-19 SKY2939,  tel1Δ::KanMX     This work 

37 JKM139 MATa hoΔ hml::ADE1 hmr::ADE1 ade1–100  Ref. 51 

leu2–3,112 trp1::hisG lys5 ura3–52 

ade3::GAL::HO  

38 YXB1812-12 JKM139,  fun30Δ::NatMX      This work 

39 YXB1812-13 JKM139,  tel1Δ::KanMX     This work 

40 YXB1812-14 JKM139,  tel1Δ::KanMX  fun30Δ::NatMX    This work 

41 YXC723  JKM139, fun30-S28A-KanMX   Ref. 62 

42 R726  JKM139, hta1-S129A hta2-S129A   Ref. 51 

43 QY364  JKM139, RAD9-HA-KanMX6   Ref. 61  

44 QY375  QY364, hta1-S129*, hta2-S129*   Ref. 61 
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45 YXB1812-20 QY364, fun30Δ::NatMX      This work 

46 YXB1812-21 QY375, fun30Δ::NatMX      This work 

47 YXB1812-22 QY364, tel1Δ::NatMX      This work 

48 YXB1812-23 QY375, tel1Δ::NatMX      This work 

49 YXB1812-24 QY364, bar1Δ::TRP1     This work 

50 YXB1812-25 QY375, bar1Δ::TRP1     This work 

51 YXB1812-36 QY364, rtt107Δ::NatMX      This work 

52 YXB1812-37 QY375, rtt107Δ::NatMX      This work 

53 YXB1812-38 QY364, do1Δ::NatMX      This work 

54 YXB1812-39 QY375, dot1Δ::NatMX      This work 

55 YXB1812-41 QY364, slx4Δ::NatMX      This work 

56 YXB1812-42 QY364, sae2Δ::NatMX      This work 

57 YXB0916-1 MATa ura3 his3 ade2 can1 trp1 his5 LEU2-  Ref. 58 

GAL10-FLP hhf1D::HIS3 hhf2D::LEU2   

hht1D::LoxP hht2D::LoxP FRT-hml::URA3 [ciro] 

+ pRS412-HHT2-HHF2 

58 YXB0916-2 YXB0916-1, fun30D::NatMX    Ref. 58 

59 YXB1812-39 YXB0916-1, slx4D::KanMX    This work 

60 YXB1812-40 YXB0916-1, slx4D::KanMX fun30D::NatMX This work 

----------------------------------------------------------------------------------------------------------------- 
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Fig. 1 
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Fig. 2 

 

 

Fig. 3 
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Fig. 4 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5 
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Fig. 6 
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Fig. 7 
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Fig. 8  
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Supplemental Figures Fig. S1 - S4 with legends: 

 
Fig. S1. Functional relationships of Tel1 with Fun30 and Sae2 in affecting DDC signaling 
and CPT-resistance. Shown are data from Western blot analysis of Rad53 and G6PD from 
indicated strains with or without CPT treatment (5 µg/ml for 90 minutes) as well as growth 
phenotypes of the strains on media with or without CTP. (A) W301-1A and its derivatives (#1-4 
in Table 1) were tested. (B) BCY123 and its derivatives (#14-17 in Table 1) were tested. (C) 
JKM139 and its derivatives (#37-40 in Table 1) were tested. (D) BCY123 and its derivatives 
(#14, 16, 28 and 29 in Table 1) were tested.  
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Fig. S2. Effects of hta-S129* mutation on CPT-induced Rad53-P and CPT-resistance. (A) 
Western blot analysis of Rad53 from indicated strains (#43-48 in Table 1) with (+CPT) or 
without (-CPT) CTP treatment. (B) Growth phenotypes of indicated strains (#43-48 in Table 1) 
on media with or without CTP. 
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Fig. S3. Illustration of the competition between Rad9 and Slx4/Rtt107 for binding γH2A 
and Dpb11 in various genetic backgrounds in response to DNA damage. See the text for 
descriptions. The genetic background considered here are (A) Wild type, (B) rtt107Δ, (C) hta-
S129*, (D) hta-S129* rtt107Δ, (E) dot1Δ, and (F) dot1Δ hta-S129*.  
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Fig. S4. The effect of γH2A on DDC is DNA damage-specific.  (A) Western analysis of Rad53 
from JKM139 and R726 (JKM139, hta-S129A) as well as W303-1A and SKY2939 (W303-1A, 
hta-S129A) treated with 5 µg/ml CPT, 0.01% MMS or 5 µg/ml phleomycin, or mock treated (No 
drug). (B) Part of Fig. 8C with bands/smears corresponding to Rad53, Rad53-P, Rad53-Pc, Rad9, 
Rad9-P, and Rad9-Pc indicated.  (C) A darker image of Fig. 8C. 
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