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Abstract

RecQ-like helicases are a highly conserved protein family that functions during DNA repair and, 

when mutated in humans, is associated with cancer and/or premature aging syndromes. The 

budding yeast RecQ-like helicase Sgs1 has important functions in double-strand break (DSB) 

repair of exogenously induced breaks, as well as those that arise endogenously, for example 

during DNA replication. To further investigate Sgs1’s regulation, we analyzed the subcellular 

localization of a fluorescent fusion of Sgs1 upon DNA damage. Consistent with a role in DSB 

repair, Sgs1 recruitment into nuclear foci in asynchronous cultures increases after ionizing 

radiation (IR) and after exposure to the alkylating agent methyl methanesulfonate (MMS). Yet, 

despite the importance of Sgs1 in replicative damage repair and in contrast to its elevated protein 

levels during S-phase, we find that the number of Sgs1 foci decreases upon nucleotide pool 

depletion by hydroxyurea (HU) treatment and that this negative regulation depends on the intra S-

phase checkpoint kinase Mec1. Importantly, we identify the SUMO-targeted ubiquitin ligase 

(STUbL) complex Slx5-Slx8 as a negative regulator of Sgs1 foci, both spontaneously and upon 

replicative damage. Slx5-Slx8 regulation of Sgs1 foci is likely conserved in eukaryotes, since 

expression of the mammalian Slx5-Slx8 functional homologue, RNF4, restores Sgs1 focus number 

in slx8 cells and furthermore, knockdown of RNF4 leads to more BLM foci in U-2 OS cells. Our 

results point to a model where RecQ-like helicase subcellular localization is regulated by STUbLs 

in response to DNA damage, presumably to prevent illegitimate recombination events.
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1. Introduction

The genome is constantly exposed to DNA damage induced by environmental stress or 

endogenously through cellular metabolism. Preserving genome stability through accurate 

DNA repair is a crucial cellular function, where genome instability is associated with cancer 

predisposition and aging in humans [1]. One family of highly conserved proteins that is 

critical for error-free repair of DNA damage is the homologs of the bacterial RecQ DNA 

helicase [1, 2]. While bacteria express one helicase, RecQ, five genes have been identified in 

humans- BLM, WRN, RECQ1, RECQ4, and RECQ5 [1, 2]. Importantly, mutations in three 

of the human genes (BLM, WRN, and RECQ4) lead to severe heritable diseases, namely 

Bloom, Werner, and Rothmund-Thomson syndromes, respectively. Although they are 

distinct diseases, in common to all three syndromes are genetic instability and an increased 

cancer predisposition [1]. S. cerevisiae encodes two RecQ-like helicases, Sgs1 and Hrq1. 

Hrq1, most similar to metazoan RECQ4, was recently identified to be a member of the RecQ 

family [3, 4] and is also involved in the maintenance of genome stability [5]. The more 

characterized Sgs1 is considered most homologous to mammalian BLM [6-8], and functions 

in multiple processes that require unwinding of double-stranded DNA, such as DSB repair 

by homologous recombination (HR), telomere maintenance, and replication [1, 2].

Replication stress activates the intra S-phase checkpoint to prevent late origin firing, HR, 

and premature entry into mitosis, as well as inducing the expression of specialized proteins. 

In budding yeast, stalled replication forks with increased amounts of exposed single stranded 

DNA activate the Mec1 (mammalian ATR) dependent pathway of the checkpoint, ultimately 

promoting replication fork stabilization and DNA repair. DSBs that occur during S-phase on 

the other hand activate the Tel1 (mammalian ATM) mediated checkpoint pathway 

[Reviewed in [9-12]]. Consequently, mutants of checkpoint pathways accumulate aberrant 

replication intermediates [13-15]. Both Sgs1 and BLM mutant cells are hyper-sensitive to 

agents that interfere with replication, such as hydroxyurea (HU) [16, 17], and the respective 

proteins are found at stalled replication forks, as well as unperturbed forks in the case of 

Sgs1 [16, 17]. Sgs1 is required to effectively stabilize polymerases ε and α at stalled 

replication forks and may influence the stability of the entire replication complex [17-19]. 

One way to regulate RecQ-like helicases upon DNA damage is through their subcellular 

localization. For example, BLM is normally localized in PML bodies, but upon replicative 

damage BLM is SUMOylated and subsequently re-localized into nuclear DNA damage foci 

[20-22]. Although the yeast Sgs1 protein can form a nuclear focus [19, 23], it remains 

unknown if changes in subcellular localization of Sgs1 foci occur upon DNA damage.

Many genome-wide genetic screens have been performed to identify genes or pathways that 

functionally interact with Sgs1 [24-27]. A plasmid based synthetic lethality screen 

conducted in the Brill lab identified six genes whose deletions are not viable in an SGS1 null 

background, which they then termed SLX, synthetic lethal gene X [28]. Among the genes 

identified were both members of the SUMO-targeted ubiquitin ligase (STUbL) complex 

Slx5-Slx8. Consistent with the initial screen, disruption of either of these genes in an sgs1Δ 

cell results in synthetic lethality, however the basis of this genetic interaction is poorly 

understood. Slx5 and Slx8 form a hetero-dimeric ubiquitin E3 ligase complex, which 

recognizes and ubiquitinates substrates that have already been modified with SUMO 
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[29-31]. Furthermore, Slx5 and Slx8 promote accurate replication [31, 32], where slx5 and 

slx8 mutants are highly sensitive to HU and genetically instable [28, 32-34]. A conserved 

function of STUbLs in maintenance of genome stability is underlined by the fact that 

depletion of the mammalian homolog RNF4 [35] causes increased sensitivity to DNA 

damage that requires HR for repair [31, 36, 37] and interferes with the telomeric DNA 

damage response [38].

To investigate the role of Sgs1 during DNA repair we analyzed a fluorescent fusion of 

endogenous Sgs1 and monitored its assembly into nuclear foci. Interestingly, after 

replication fork stalling by treatment with HU, the percentage of cells with an Sgs1 focus is 

significantly reduced despite up-regulation of overall Sgs1 protein levels. This repression or 

disassembly of Sgs1 foci depends on the checkpoint kinase Mec1. Consistently, an sgs1 

allele, sgs1-D664Δ, that accumulates DNA replication intermediates upon DNA damage, but 

is proficient in HR [39], is defective in Sgs1 focus regulation, where Sgs1-D664Δ foci are 

no longer repressed upon replicative damage. Using this sgs1-D664Δ allele, we screened for 

factors needed for Sgs1’s role in DNA replication and identified a strong negative genetic 

interaction with deletions of the SUMO-dependent ubiquitin ligase (STUbL) complex, slx5 

and slx8. Strikingly, wild-type Sgs1 focus regulation is impaired upon SLX8 disruption both 

spontaneously and when replication forks are stalled. Importantly, the increased focus 

number of Sgs1 in slx8Δ is rescued by expression of the mammalian STUbL RNF4, but not 

a catalytic site mutant. Finally, we find that similar to yeast, the human STUbL RNF4 also 

negatively regulates BLM focus number in human U-2 OS cells. These results indicate that 

the role of STUbLs in regulation of RecQ-like helicase nuclear foci is likely conserved. Our 

results point to a model in which Sgs1 foci are regulated by the Slx5-Slx8 complex, 

presumably to prevent illegitimate recombination as well as to allow replication fork restart.

2. Material and methods

2.1. Strains, plasmids, and media

Strains and plasmids used are listed in Table S1 and S2 of the supplemental information. 

With exception of the Y2H strains PJ69-4a and alpha [40], all strains are isogenic to W303 

[41]. Media and plates were prepared according to standard protocols, yet with twice the 

amount of leucine [42]. Yeast transformation and epitope tagging was carried out as 

described [43, 44]. The YCplac33-SLX8 and pGAD-TOP3 plasmids were constructed using 

standard molecular cloning techniques by amplifying the ORF plus 500bp of promoter and 

200bp of terminator (SLX8) or the ORF (TOP3) from purified yeast genomic DNA. SLX8 

was inserted into the yeast shuttle vector YCplac33 [45] using the restriction endonucleases 

BamHI/ SalI and TOP3 into pGAD-C1 [40] using BamHI/ SalI.

2.2. Microscopy

Yeast cultures were grown at room temperature (RT) in SC with adenine (100 mg/ml) and if 

applicable treated with 100 mM hydroxyurea (Sigma-Aldrich) or 0.033% MMS (Sigma-

Aldrich) for 2 or 2.5 hours, respectively. Prior to microscopy 1 ml of yeast culture was 

harvested (1500 g, 2 min, RT), mixed with an equal volume of liquid 1.4% agarose (in SC 

medium), and mounted on slides. Images were acquired using a Nikon TiE inverted live cell 
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system with a 100× oil immersion objective (1.45 NA), a Photometrics HQ2 camera, and 

motorized Prior Z-stage. Stacks of 11 0.3-μm sections were captured using the following 

exposure times: differential interference contrast (DIC) (60 ms), YFP–Sgs1 and YFP-Sgs1-

D664Δ (2×2 binning, 2 sec), Mcm2-RFP (2×2 binning, 1 sec), Rad52-CFP (1 sec/ 2×2 

binning 500 msec). Nikon Elements software (Nikon Instruments) was used for acquisition 

and analysis. Images were exported from Nikon Elements as 8-bit RGB TIF files and 

enhanced for contrast and brightness using Photoshop (Adobe Systems Incorporated). All 

images depicted in one panel were adjusted in identical fashion. For analysis of Sgs1 focus 

formation, all 11 z-slices of each image (3 μm in total) were analyzed manually for an YFP-

Sgs1 focus. To be counted as a focus, the signal had to be visible in at least 2-3 consecutive 

planes. Single z-slices are depicted in the figures.

For mammalian cell immunofluorescence U-2 OS cells were grown directly on cover slips 

according to standard procedures. Cells were fixed with 4% Formaldehyde for 30 min, 

permeabilized with 0.2% Triton X-100 (2 × 5 min), and washed with twice with 0.5% 

Tween20. BSA (New England Biolabs) was used for blocking (1 h at room temperature) and 

primary antibody incubation over night at 4°C. Cells were washed with TBS-T (TBS/ 0.2% 

Tween20) and incubated with secondary antibody for 2 h at room temperature. DNA was 

stained with DAPI (1 μg/ml) and cover slips mounted using Vectashield (Vector Labs). 

Image acquisition and analysis as described for yeast using Nikon Elements software (Nikon 

Instruments) and Photoshop (Adobe Systems Incorporated), using 7 (BLM) or 11 (BML/

PML) z-steps of 0.5μm each. DIC (60 ms), Cy3 (BLM: 30/70 ms), GFP (PML/γH2AX: 

30/70ms). Depicted images are maximum intensity projections of all planes. All images 

shown in one panel were processed in an identical fashion. Co-localization was assessed by 

visual analysis of BLM foci previously marked in the z-projections for co-localization with 

PML in multiple z-stack planes.

2.3. Western blots

Yeast whole-cell lysates were prepared by TCA precipitation as described [43]. Mammalian 

lysates were prepared by incubation of cells with RIPA buffer (150 mM NaCl, 50 mM Tris-

HCl pH 7.2, 1% Triton X-100, 0.5 Na-deoxycholate, 0.1% SDS, 1mM EDTA, complete 

protease inhibitor cocktail (Roche), PhosSTOP phosphatase inhibitors (Roche), 2 mM 

PMSF, 20 mM NEM, 10 mM NaF) and addition of Benzonase (Novagen Millipore). Films 

of Western blot exposures were scanned and adjusted for contrast and brightness using 

Photoshop (Adobe Systems Incorporated).

2.4. Antibodies and dilutions

The following antibodies were used at the indicated dilutions: Myc (mouse monoclonal, 

Santa Cruz Biotechnology) 1:500 (WB); Clb2 (rabbit polyclonal, Santa Cruz Biotechnology) 

1:2000 (WB); BLM (rabbit polyclonal, Bethyl Laboratories) 1:500 (IF); PML (mouse 

monoclonal, Santa Cruz Biotechnology) 1:500 (IF); γH2AX pS139 (mouse monoclonal, 

EMD Millipore) 1:500 (IF); RNF4 (rabbit polyclonal, gift of J. Palvimo) 1:1000 (WB); γ-

tubulin (mouse monoclonal, Sigma Aldrich) 1:5000 (WB); Shp1 (rabbit polyclonal, gift of 

A. Buchberger) 1:10000 (WB); Anti-Rabbit Cy3 (Jackson Immunoresearch) 1:500 (IF); 

Anti-Mouse Alexis-488 (Invitrogen Molecular Probes) 1:500 (IF); Anti-Mouse HRP (GE 
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Healthcare/ Jackson Immunoresearch); Anti-Rabbit HRP (GE Healthcare/ Jackson 

Immunoresearch).

2.5. Spore size analysis

As described in [46] by analyzing the size of individual spore colonies from tetrads using the 

Dissection Reader software developed by John Dittmar (Rothstein Lab) for use with ImageJ. 

The Dissection Reader script can be downloaded (http://www.rothsteinlab.com/tools/apps/

dissection_reader). An average of 5-9 spores was analyzed for each genotype, and standard 

deviations were calculated. Wild-type spores were set to one, and the mutants were analyzed 

relative to wild-type growth.

2.6. Yeast-2-hybrid

The yeast strain PJ-69a [40] was transformed with the indicated plasmids and plated on 

medium lacking tryptophan and leucine. To test for an interaction, cultures of the co-

transformants were grown in selective medium and a volume corresponding to 0.5 OD600 

was plated on the respective plates. Plates were incubated at 30°C, imaged after 3-5 days by 

scanning, and processed using Photoshop (Adobe Systems Incorporated).

2.7. Cell cycle synchronization

alpha factor/ nocodazole arrest for microscopy—bar1Δ strains were grown as 

indicated for microscopy and arrested for three hours at room temperature in SC medium 

with adenine containing 2 μM alpha factor (gift of A. Buchberger) or 15 μg/ml nocodazole 

(Assay Designs, Fisher Scientific).

alpha factor arrest/ release—Overnight cultures of wild-type and mutant strains were 

diluted to an OD600 of 0.1 in 50 ml YPD. The cultures were then grown at room temperature 

for approximately four hours until reaching an OD600 of 0.3 - 0.35. 10 μM alpha factor (gift 

of A. Buchberger) in DMSO were added, and the cells were allowed to arrest for three hours 

at 25°C. Directly before addition of alpha factor, a control sample from the asynchronous 

culture was collected, and the pellet was frozen in liquid nitrogen. The cultures were then 

washed two times with equal volumes of YPD and resuspended to a final OD600 of 

approximately 0.5 in YPD. The released cultures were allowed to continue growing and an 

equal amount of cells was collected at each time-point, pelleted, and frozen in liquid 

nitrogen. Whole cell lysates of each time-point were analyzed by Western blot.

2.8. Cycloheximide (CHX) chase

CHX chase experiments were performed essentially as described [47]. Briefly, yeast strains 

were grown to logarithmic phase in YPD at room temperature. Translation was stopped by 

addition of cycloheximide (Sigma-Aldrich) to a final concentration of 0.5 mg/ml and 

cultures shifted to 30°C. Equal cell numbers were harvested for each time-point and TCA 

protein extracts prepared as described [43]. Sgs1-9myc was detected by Western blot against 

myc and quantification of scanned films carried out using NIH ImageJ software [48].
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2.9. Cell culture and siRNA transfection

U-2 OS cells (ATCC) were cultured in DMEM/ 10% FBS at 5% CO2. siRNA was 

transfected using RNAimax (Invitrogen) according to the manufacturer’s protocol 48 h prior 

to analysis. siRNA pools (Thermo Fisher, Dharmacon) were used for both the non-targeting 

control (siGENOME non-targeting siRNA Pool #1; D-001206-12-05) and RNF4 

(siGENOME Human RNF4 siRNA SMARTpool; M-006557-03-0005).

2.10. Real-Time PCR

U-2 OS cells were grown and treated as for immunofluorescence but trypsinized and 

harvested. 8*10^4 cells were resuspended in PBS, lysed and reverse transcription was 

performed using the Cells-to-CT kit (Applied Biosystems). Comparative CT experiments 

were performed according to the manufacturer’s protocol using TaqMan Fast Universal No 

AmpErase UNG PCR Master Mix and TaqMan gene expression assays for RNF4 and actin 

(all Applied Biosystems).

3. Results

3.1. Sgs1 forms nuclear foci that are negatively regulated by replication fork stalling

To analyze the role of the budding yeast RecQ-like helicase Sgs1, we created an N-terminal 

yellow fluorescent protein fusion at the endogenous SGS1 locus (YFP-Sgs1) and monitored 

YFP-Sgs1 expressing cells for formation of spontaneous nuclear foci. Consistent with 

previous reports [19, 23] live-cell fluorescent imaging reveals that Sgs1 forms nuclear foci 

in approximately 6-10% of untreated asynchronous cells depending upon the genetic 

background (Figure 1A, B). To further characterize the nature of nuclear Sgs1 foci, we 

analyzed Sgs1 focus formation upon different DNA damaging conditions. To do so, we first 

incubated YFP-Sgs1 expressing cultures with hydroxyurea (HU) for two hours, which 

should primarily stall but not collapse replication forks [49, 50]. Surprisingly, replication 

fork stalling significantly reduces the number of cells with an Sgs1 focus from 

approximately 10% to 3% (Figure 1A, B; p< 0.01). To determine if Sgs1 focus repression 

generally occurs after DNA damage, we then used 40 Gy γ-irradiation (IR) to induce 

multiple DSBs (approximately 4-7 DSBs per cell [51]). In striking contrast to treatment with 

HU, irradiation leads to an increase in the number of cells with an Sgs1 focus (Figure 1A, B; 

p < 0.01). Importantly, unlike Rad52 foci, increasing the γ-irradiation dose, and therefore the 

number of DSBs per cell, does not result in an increase in the percentage of cells with an 

Sgs1 focus (Figure 1C, D). While Sgs1 foci form within 20 minutes after 40 Gy γ-irradiation 

(6.7% untreated to 12.3% after 20 min, p < 0.05), they do not significantly change over time, 

which is in contrast to Rad52 foci, which increase over the entire time-course (Figure 1E). 

Since we analyzed an asynchronous cell population, these results suggest that Sgs1 foci may 

not form during every cell cycle stage.

3.2. Sgs1 foci are cell cycle regulated

To address the possibility that YFP-Sgs1 foci are cell cycle regulated, we arrested cells 

expressing YFP-Sgs1 and Rad52-CFP in G1 using the mating pheromone alpha factor and in 

G2/M by addition of the spindle poison nocodazole. In addition to determining the 
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percentage of untreated cells with an Sgs1 or Rad52 focus, we also analyzed the effect of 

irradiation at each cell cycle stage (Figure 2A, B, C). Interestingly, we find that the YFP-

Sgs1 signal in G1-arrested cells is weak overall, with no strong detectable nuclear staining 

(Figure 2A). Furthermore, the percentage of cells with an Sgs1 focus is significantly 

decreased in G1 and does not increase following IR treatment (Figure 2B, p > 0.1). These 

results are consistent with the notion that HR is repressed during G1, since a homologous 

template is unavailable for repair [52]. Accordingly, Rad52 foci are also repressed during a 

G1 arrest and similarly do not respond to irradiation (Figure 2A, C; p > 0.1). Upon 

nocodazole treatment, Sgs1 foci do not significantly increase after irradiation during G2/M 

(Figure 2B, p > 0.1), while Rad52 foci do (Figure 2C, p < 0.005). These results suggest that 

the majority of Sgs1 focus regulation likely occurs during S/G2 and that the increase in Sgs1 

foci observed upon IR treatment of asynchronous cultures (Figure 1A, B) may be a response 

to DSB induction as well as an effect of an altered cell cycle profile after irradiation.

However, we find that Sgs1 foci are repressed upon HU treatment (Figure 1B). Since HU 

depletes cells of dNTP pools resulting in an S-phase arrest [53], we speculated that the 

reduction of Sgs1 foci observed upon HU treatment may be due to replication fork stalling 

and not to an inability of Sgs1 to form foci during S-phase. To examine if YFP-Sgs1 forms 

foci during S-phase, we identified S-phase cells by live-cell imaging of a strain expressing a 

fluorescently tagged variant of the essential replication protein Mcm2. This strain, where 

Mcm2-RFP is the only source of Mcm2, is not slow growing nor sensitive to HU or methyl 

methanesulfonate (MMS) (Supplemental Figure S1), indicating that the fusion protein is 

likely functional. Mcm2-RFP localizes to the nucleus and forms small nuclear puncta only 

during S-phase (Figure 2D). Of the YFP-Sgs1 foci that form, approximately 25% of them 

are in early S-phase cells, as marked by nuclear punctate Mcm2-RFP (Figure 2D, E), thus 

demonstrating that spontaneous Sgs1 foci form during S-phase. Therefore, repression of 

Sgs1 focus number during HU treatment is likely specific to replication fork stalling.

To further support our hypothesis that Sgs1 focus repression during HU is due to replication 

fork stalling and not a response to all types of replicative stress, we analyzed Sgs1 focus 

formation after addition of the alkylating agent MMS (Figure 2F), which induces DNA 

damage that blocks replication fork progression and must be bypassed or repaired to avoid 

fork collapse and DSB formation [54]. Interestingly, we observe a significant increase in 

cells with an Sgs1 focus (Figure 2F, G, p < 0.005), which is similar to IR treatment (Figure 

1). These results indicate that repression of Sgs1 foci following HU is specific for nucleotide 

pool depletion and not to S-phase.

3.3. Sgs1 focus repression during replication fork stalling requires the intra S-phase 
checkpoint kinase Mec1

Our analysis of YFP-Sgs1 suggests that regulation of Sgs1 focus formation is tightly linked 

to DNA replication and the repair of replicative damage. We previously characterized the 

separation-of-function allele sgs1-D664Δ, which is specifically defective in replication, but 

not HR [39, 46]. Thus we used this allele to further analyze the function and regulation of 

Sgs1 nuclear foci. sgs1-D664Δ is a complete deletion of Asp 664, located between the acidic 

regions and the helicase domain (Figure 3A). Since upon replicative damage, sgs1-D664Δ 
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cells accumulate replication intermediates as assayed by two-dimensional gel 

electrophoresis (X-structures) [39], we asked whether regulation of YFP-Sgs1-D664Δ focus 

formation is altered. Intriguingly, Sgs1-D664Δ foci are not regulated upon HU treatment, 

but remain approximately constant without a statistically significant change (7.3% vs. 9.6%, 

p > 0.1; Figure 3B). In contrast to HU, the number of cells with an Sgs1-D664Δ focus 

increases similarly to a wild-type strain after γ-irradiation (Figure 3B; p < 0.01), suggesting 

that the regulation of Sgs1 foci upon HU treatment differs from focus induction in response 

to IR. Additionally, analysis of the sgs1-D664Δ allele suggests that repression of Sgs1 foci 

may be required for its role in preventing HR at illegitimate substrates such as a stalled 

replication fork. In this scenario, premature HR could cause the accumulation of aberrant 

replication intermediates, which is consistent with the increased X-structures observed in the 

sgs1-D664Δ allele [39].

One possibility is that the reduced Sgs1 foci observed after HU treatment could be the result 

of a reduction in overall Sgs1 protein levels. To test this, we released G1-arrested 9myc-

tagged Sgs1 or Sgs1-D664Δ cells into medium containing 100 mM HU and analyzed Sgs1 

protein levels by Western blot. Strikingly, Sgs1 levels were significantly higher after HU 

treatment than in an asynchronous (as) culture (Figure 3C; compare the first two lanes in the 

Sgs1-9myc blot), thus indicating that the reduction of Sgs1 foci by HU is not merely due to 

a decrease in overall protein levels. Importantly, this finding suggests that an active 

mechanism to repress focus formation or to disassemble foci when replication forks are 

stalled likely exists.

Sgs1 protein levels fluctuate during the cell cycle and peak during S-phase [17, 19]. To 

determine if Sgs1-D664Δ protein levels are mis-regulated during the cell cycle, and thereby 

possibly cause focus mis-regulation, we synchronized 9myc tagged Sgs1 or Sgs1-D664Δ 

expressing strains in G1 with alpha factor and monitored protein levels of Sgs1 by Western 

blot after alpha factor release. Sgs1 protein levels are indeed cell cycle regulated (Figure 3C) 

and even though Sgs1-D664Δ protein levels are consistently lower, they do fluctuate similar 

to wild-type Sgs1, indicating that cell cycle regulation of its protein levels is likely not the 

cause of the phenotypic differences of sgs1-D664Δ cells.

One critical mechanism to ensure proper replication is the intra S-phase or replication 

checkpoint [9-12]. Treatment of cells with HU causes replication fork stalling [53] and 

checkpoint activation [15, 55]. Mec1 is a central kinase in the intra S-phase checkpoint that 

responds to different types of DNA damage, including replication stress. Upon replicative 

damage Mec1 activates the downstream checkpoint kinases Chk1 and Rad53 (reviewed in 

[10]). Additionally, a role for Mec1 in stabilizing the polymerase at a stalled replication fork 

has been proposed [10, 17]. Thus, the intra S-phase checkpoint could be responsible for 

repression of Sgs1 foci. To address this possibility, we analyzed Sgs1 focus formation upon 

HU treatment in the checkpoint mutant background mec1Δ sml1Δ (Figure 3D, E). In contrast 

to a wild-type cell, where Sgs1 foci are repressed upon HU treatment (Figure 1B), Sgs1 foci 

strikingly increase to approximately 70% in mec1Δ sml1Δ cells when HU treated (Figure 

3E). Furthermore we observe multiple Sgs1 foci per cell in the checkpoint mutant (Figure 

3D). Therefore, Sgs1 focus regulation during HU depends on the intra S-phase checkpoint 

kinase Mec1.
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Since we find that repression of Sgs1 foci depends on a functional intra S-phase checkpoint 

and Sgs1-D664Δ foci are not repressed by HU treatment, we next analyzed checkpoint 

signaling in sgs1-D664Δ. To do this, we first monitored Rad52 focus repression (Figure 3F, 

G), indicative of repressed HR [56, 57], and then subsequently we analyzed the expression 

of a downstream checkpoint-target gene, RNR3 (Figure 3H). Activation of the intra S-phase 

checkpoint effector kinase Rad53 in budding yeast can occur through two parallel pathways: 

via Sgs1 or Rad24 [18, 19]. Activated Rad53 phosphorylates multiple downstream targets 

leading to a cell cycle arrest, inhibition of late origin firing, inhibition of HR, and the 

elevated expression of downstream genes such as RNR3 [9]. Additionally, Rad52 foci are 

repressed upon intra S-phase checkpoint activation [56]. To test if checkpoint activation is 

functional in sgs1-D664Δ, we analyzed Rad52 focus formation in SGS1 and sgs1-D664Δ 

cells treated with HU [Figure 3F, G; p < 0.005 (WT) and p < 0.05 (sgs1-D664Δ)], and find 

that Rad52 foci are similarly repressed in both strain backgrounds (Figure 3F, G; p > 0.1). 

Since a checkpoint defect in sgs1 is reported to be only clearly visible upon additional 

deletion of RAD24 [58], we analyzed the double mutant of sgs1-D664Δ rad24Δ for Rnr3 

expression (Figure 3H). Similar to the single mutant sgs1-D664Δ, checkpoint activation, as 

determined by the strong increase in Rnr3 protein levels, is functional in sgs1-D664Δ 

rad24Δ. In contrast the positive control rad53-K227A (rad53*, Figure 3H) is partially 

defective in checkpoint activation. In summary, these results indicate that the intra S-phase 

checkpoint of sgs1-D664Δ is largely functional. Furthermore, our results demonstrate that 

Sgs1 focus regulation depends on the checkpoint kinase Mec1 and occurs independently of 

or in parallel to Rad52 focus regulation.

3.4. The STUbL complex Slx5-Slx8 genetically interacts with Sgs1

To identify genes that regulate Sgs1 in vivo, we selectively screened known negative genetic 

interactors of sgs1 for a synthetic sickness or lethal phenotype with sgs1-D664Δ. Only very 

few genetic interactions of sgs1Δ were fully phenocopied by sgs1-D664Δ, most striking 

were deletions of either of the two components of the yeast SUMO-targeted ubiquitin ligase 

(STUbL) complex Slx5-Slx8 (Figure 4A). This suggests that Sgs1 is involved in a SUMO 

and ubiquitin regulated process. To address the possibility of a physical interaction between 

Sgs1 and components of the SUMO/ubiquitin pathway, we analyzed Sgs1 and Sgs1-D664Δ 

in directed Y2H assays with Ubc9, Smt3GG, Smt3AA, and Top3 as a positive control [59] 

(Figure 4B). Indeed, both Sgs1 as well as the mutant Sgs1-D664Δ strongly interact with the 

SUMO E2 Ubc9 and the yeast wild-type SUMO Smt3. Interestingly, for both Sgs1 and 

Sgs1-D664Δ the interaction with SUMO is abolished when a non-conjugatable Smt3AA 

mutant is used (Figure 4B). This indicates that SUMO conjugation is required for its 

interaction with Sgs1 in the Y2H assays, either directly through modification of Sgs1 itself 

or by selective binding of a SUMOylated substrate to Sgs1. Given the central role SUMO 

plays in DNA repair [60], we wanted to determine if other HR proteins interact with SUMO. 

Therefore, we analyzed the interaction of several HR factors with Smt3 by Y2H 

(Supplemental Figure S2). While the positive control Rad52 showed an interaction with 

Smt3, other HR factors, including Rad55 and Rad59, do not (Supplemental Figure S2). 

Therefore, not all HR proteins interact with Smt3, suggesting that there is likely specificity 

for the interaction of Sgs1 with Smt3 and Ubc9 (Figure 4B).
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Sgs1 is SUMOylated [61] at lysine 621 in vivo and in vitro [62], making it a possible direct 

substrate of STUbLs. Furthermore, Sgs1 was suggested as a potential ubiquitination 

substrate in a large-scale screen for yeast proteins that exhibit a large difference in predicted 

and experimental molecular weight [63]. Ubiquitination of a substrate by STUbLs 

frequently leads to its degradation [64]. To test if Sgs1 is targeted to the 26S proteasome by 

the Slx5-Slx8 complex, we monitored protein stability of Sgs1-9myc in wild-type and slx8Δ 

cells (Figure 4C, D). Sgs1-9myc is indeed degraded over time; however, this degradation 

does not depend on the presence of Slx8 in untreated asynchronous cultures (Figure 4C, D). 

While we observe less overall Sgs1 protein in slx8Δ (Figure 4C), most likely due to an 

altered cell cycle profile, our results of the CHX chase show that SLX8 deletion does not 

impair degradation of the majority of Sgs1 in untreated asynchronous cultures (Figure 4D).

3.5. Regulation of Sgs1 foci requires the Slx5-Slx8 complex

Since the Slx5-Slx8 complex does not regulate the majority of Sgs1 protein levels, we 

hypothesized that the STUbL complex may affect Sgs1 function by alternative mechanisms, 

such as the regulation of its recruitment into nuclear foci (Figure 5A, B). It was previously 

demonstrated that SLX8 disruption leads to an increase in the number of Rad52 foci [65], 

which is likely linked to the hyper-recombination [32] and increased gross chromosomal 

rearrangements [33] observed in slx8Δ cells. Consistent with the increase in HR, deletion of 

SLX8 also results in more cells with a nuclear Sgs1 focus. Importantly, similar to the sgs1-

D664Δ background, these Sgs1 foci are neither repressed nor disassembled following HU 

treatment (Figure 5A, B).

To determine if other mutants that exhibit more Rad52 foci display a similar increase in 

Sgs1 foci, we deleted the DSB repair gene RAD59. While rad59Δ cells display a ten-fold 

increase in Rad52 foci ([65] and data not shown), there is no significant change in the 

percentage of cells with an YFP-Sgs1 focus (Supplemental Figure S3). This result does not 

exclude the possibility that deletion of other DNA repair factors may also alter Sgs1 focus 

regulation. However, our findings indicate that Slx5-Slx8 likely regulate a distinct sub-

pathway of HR which involves Sgs1 foci.

The vertebrate homolog of the Slx5-Slx8 complex, RNF4, performs similar functions in 

maintaining genome integrity [31, 36, 37]. We analyzed the ability of RNF4 and a 

catalytically inactive mutant, RNF4cs ([66]; RNF4-C136S, C139S, C177S, C180S), to 

rescue the synthetic lethality of sgs1Δ slx8Δ and sgs1-D664Δ slx8Δ by using a shuffle-strain 

approach. As expected [66, 67] expression of mammalian RNF4 under control of a yeast 

promoter rescues the growth defect of sgs1Δ slx8Δ, while a catalytic site mutant does not 

(Figure 5C). We find this is also true for sgs1-D664Δ slx8Δ demonstrating that the 

requirement of the catalytic activity of the STUbL is fully phenocopied by sgs1-D664Δ 

(Figure 5C). To determine if RNF4 may be performing a similar function with regard to 

Sgs1 focus formation, we examined Sgs1 foci in slx8Δ cells where mammalian RNF4 is 

expressed. Importantly, expression of the mammalian STUbL RNF4 restores the overall 

Sgs1 focus number in slx8Δ cells to wild-type levels (Figure 5D). In contrast, the catalytic 

site mutant RNF4cs does not rescue YFP-Sgs1 focus number in slx8Δ cells (Figure 5D). 

This strongly suggests that the E3 ubiquitin ligase activity of the STUbL is required to 
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properly regulate Sgs1 foci. To determine if SUMOylation of Sgs1 is similarly required for 

focus regulation we analyzed YFP-sgs1-K621R (Supplemental Figure S4), a strain mutated 

in the major SUMOylation site of Sgs1 [61, 62]. In untreated cultures, focus formation of 

this mutant is indistinguishable from wild-type Sgs1 (Supplemental Figure S4, percentage of 

cell with a focus: 10.6% for both Sgs1 and Sgs1-K621R; p > 0.1). Additionally, similar to 

wild-type Sgs1, the double sgs1-K621R slx8Δ mutant is viable and exhibits a strong increase 

in YFP-Sgs1-K621R foci (22.5%; p < 0.005). This is consistent with the initial 

characterization of this sgs1 mutant [62], where the authors showed that the sgs1-K621R 

allele has a primary defect in telomere maintenance and not in replication or recombination.

3.6. The mammalian STUbL RNF4 affects BLM focus number

Since we find that expression of mammalian RNF4 rescues Sgs1 nuclear focus regulation 

when the yeast SLX8 is absent (Figure 5D), we hypothesized that RNF4 might similarly 

regulate human BLM foci. We focused on the human RecQ helicase homolog BLM for our 

analysis, as the domain architectures of Sgs1 and BLM proteins are very similar and both 

primarily function as a complex with their respective Top3 and Rmi1 homologues [1]. Using 

siRNA, we depleted RNF4 from the human U-2 OS cell line (Figure 6C, D) and strikingly 

observe that the average number of BLM foci per cell increases by approximately 3.5 fold, 

when compared to a non-specific siRNA control (Figure 6A, B). These findings suggest that 

the regulation of RecQ-like helicase foci by STUbLs is likely conserved and that BLM/ 

Sgs1 focus numbers increase in the absence of the STUbL RNF4/ Slx5-Slx8.

Since RNF4 functions in DNA repair [36-38], we next wanted to test the possibility that the 

RNF4 knockdown leads to a severe activation of the DNA damage response. Thus we 

analyzed cells for changes in γH2AX foci, which strongly increase upon DNA damage such 

as γ-irradiation. We find that the average number of γH2AX foci per cell is slightly 

increased in RNF4 knockdown cells, but not to an extent comparable to DNA damaging 

treatment (Figure 6E, F). This is consistent with the previously reported finding that an 

RNF4 knockdown only slightly affects the percentage of γH2AX positive untreated cells 

[37]. Therefore these results suggest that the increase of BLM foci observed when RNF is 

depleted is likely not solely due to an increased DNA damage response.

BLM [68], as well as other DNA repair proteins such as the MRN complex, RAD51 and 

RPA [69] co-localize with the promyelocytic protein (PML) at a distinct nuclear structure 

called PML nuclear body (NB) [70, 71]. Interestingly, PML is modified by SUMO [72] and 

RNF4 is required for the degradation of SUMOylated PML in vivo [73, 74]. Cellular 

regulation of PML-NBs is crucial, as PML-NBs are mis-regulated in leukemia and absent in 

some solid tumors [70]. Furthermore, PML −/− cells display an elevated number of sister 

chromatid exchanges (SCEs) [68], a characteristic phenotype of Bloom syndrome cells [75], 

strongly suggesting a physiological importance of BLM recruitment to PML-NBs. We 

hypothesized that the association of BLM with PML-NBs is an important contributor to 

genome stability that is dependent upon RNF4. We therefore investigated if RNF4 

knockdown causes 1) an alteration in PML-NB number and 2) affects BLM localization to 

PML-NBs. To address this hypothesis, we performed immunofluorescence against PML and 

BLM in cells treated with control siRNA or siRNA against RNF4 and find that the number 
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of PML bodies increases approximately two-fold upon RNF4 knockdown (Figure 6G, H). 

Despite the increase in BLM foci upon RNF4 knockdown, the majority of these foci co-

localize with PML bodies (87% +/− 1.1%). Therefore, the increase in BLM foci in 

mammalian cells may be due to an altered PML body homeostasis upon RNF4 knockdown.

4. Discussion

In this study we provide insights into the cellular regulation of the RecQ-like helicase Sgs1 

and identify STUbLs as a regulator of yeast and mammalian RecQ-like helicase recruitment 

into nuclear foci. Both budding yeast Sgs1 as well as the mammalian RecQ-like helicase 

BLM function to either promote or repress HR depending on the cell cycle stage during 

which the DNA damage occurs, as well as the type of damage incurred [1]. One way to 

regulate protein activity is through its localization, as well as its post-translational 

modification [22]. Recent studies show that the activity of the mammalian homolog BLM is 

regulated by different forms of post-translational modification, which in turn affect its 

localization and protein-protein interactions [20-22, 76]. In contrast, no mechanism of 

regulation by alteration of subcellular localization has been reported for the yeast RecQ-like 

helicase Sgs1. Here, we demonstrate that similar to BLM, the subcellular localization of 

Sgs1 is regulated in response to DNA damage. We find that Sgs1 forms cell cycle-regulated 

nuclear foci, which are significantly reduced if cells are treated with hydroxyurea (HU), 

even though overall Sgs1 protein levels are not decreased (Figure 1A, B; Figure 2C). The 

reduced number of Sgs1 foci upon HU treatment is specific to replication fork stalling and is 

not observed upon other types of DNA damage such as IR, MMS, or generally during S-

phase (Figure 1, Figure 2). We also do not observe a clear co-localization of YFP-Sgs1 with 

Mcm2-RFP (Figure 2D), which is in line with our hypothesis that Sgs1 foci form 

predominantly upon DSB-inducing damage and not at unperturbed replicons. Furthermore, 

the finding that Sgs1-D664Δ foci are not regulated upon HU treatment (Figure 3B), 

indicates a potential importance of Sgs1 focus regulation during replication fork stalling, as 

sgs1-D664Δ cells specifically exhibit replication defects [39]. Importantly, we find the 

STUbL complex Slx5-Slx8 is a negative regulator of Sgs1 focus number. The effect of 

STUbLs on RecQ-like helicases is likely conserved, as expression of mammalian RNF4 in a 

yeast slx8Δ mutant restores Sgs1 focus number to wild-type levels. Intriguingly, this rescue 

depends on the catalytic activity of RNF4, indicating that ubiquitination is likely required 

for regulation of Sgs1.

DNA damage during S-phase can cause a replication fork to either stall, stall and then 

subsequently collapse, or to directly collapse (Figure 7). Treatment of cells with HU 

depletes nucleotide pools and causes replication fork stalling, while at the same time 

activating the intra S-phase checkpoint. Upon checkpoint activation the stalled polymerase 

is stabilized by a mechanism partly dependent on Sgs1 [77] and allows replication fork re-

start. In this situation, HR is repressed to prevent illegitimate recombination events (Figure 

7). Our results show that Sgs1 foci are repressed during HU treatment (Figure 1A, B), even 

though Sgs1 protein levels are elevated in S-phase (Figure 3C), leading us to hypothesize 

that there is an active mechanism to prevent focus formation or to promote focus 

disassembly upon replication fork stalling. If recombination at a stalled fork is not properly 

inhibited, this leads to increased or aberrant HR, likely causing the accumulation of 
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illegitimate replication intermediates such as X-structures [13, 61, 78]. Interestingly, we find 

that the YFP-Sgs1-D664Δ focus number is not decreased upon HU treatment, while the 

regulation of Sgs1-D664Δ foci in response to IR remains intact (Figure 3B). Previously we 

demonstrated that the sgs1-D664Δ mutant exhibits a defect in replication, which is marked 

by an increased accumulation of X-structures after MMS treatment [39]. Therefore, we 

propose a functional link between proper processing of stalled replication forks, likely 

inhibiting HR, and the repression of Sgs1 foci (Figure 7). Collectively these results point us 

to a model where HR is actively repressed at a stalled replication fork to prevent illegitimate 

recombination. In contrast, the HR machinery would be recruited when a fork collapses to 

enable repair and re-start. This model is further supported by our finding that Sgs1 foci 

increase after irradiation and MMS treatment, which both can cause DSBs that require HR 

for repair (Figure 7). Interestingly, replication stress can also lead to sister-chromatid 

bridging that causes the formation of different types of anaphase bridges [79]: chromatin 

bridges and ultra-fine bridges (UFBs). BLM localizes to UFBs and Bloom syndrome (BS) 

cells contain increased numbers of anaphase bridges [80]. Very recently similar structures 

were identified in budding yeast. Sgs1 localizes to UFBs and sgs1Δ mutants exhibit 

increased numbers of chromatin bridges [81]. Thus, given the defects of sgs1-D664Δ in the 

resolution of replication intermediates and our hypothesis that HR at stalled replication forks 

may not be properly repressed in this mutant, an increased incidence of chromatin bridges in 

anaphase is possible.

Furthermore, we find that Sgs1 foci are regulated upon intra S-phase checkpoint activation. 

Like Sgs1, formation of spontaneous Rad52 foci is inhibited during replication fork stalling 

by HU [56, 57, 82]. Inhibition of the central checkpoint kinases Mec1 and Tel1 restores 

Rad52 focus formation during an HU-induced S-phase arrest, indicating that the repression 

of Rad52 foci depends on intra S-phase checkpoint signaling, but not Rad53 activity [56]. 

Similarly, we demonstrate that deletion of MEC1 leads to a striking increase of Sgs1 foci 

upon HU-treatment. Furthermore, the morphology of these foci differs from a wild-type cell, 

as we frequently observe more than one Sgs1 focus per cell (Figure 3D, E). However, using 

the sgs1-D664Δ allele, we demonstrate that Rad52 focus repression and checkpoint 

activation are both functional, while Sgs1-D664Δ foci are mis-regulated (Figure 3B). It has 

been speculated that Rad52 focus inhibition is mediated through its phosphorylation by 

Mec1 or Chk1 [56] and it appears conceivable that a similar mechanism of Sgs1 focus 

regulation may exist. Recent work has indeed uncovered Sgs1 as a Mec1 substrate upon 

checkpoint activation [58]. Using an sgs1 mutant affecting a region proximal to D664, the 

authors demonstrate that Sgs1 phosphorylation is necessary for efficient Rad53 recruitment 

and activation [58]. As we find a strong induction of the downstream checkpoint target gene 

RNR3 through Dun1, which is itself activated by Rad53, we do not believe that Rad53 

activity is significantly reduced in sgs1-D664Δ. Therefore, the defect in Sgs1-D664Δ focus 

regulation is likely not an effect of reduced Rad53 activity. However, we cannot exclude 

that an additional checkpoint-dependent phosphorylation event on Sgs1 is required for focus 

regulation and is absent in the sgs1-D664Δ mutant. This scenario appears plausible since 

BLM is modified by ATR upon replication fork stalling to allow fork re-start [83, 84].
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Post-translational modification by SUMO and/or ubiquitin is important for regulation of 

many DSB repair proteins including BLM and Sgs1 [20-22, 62, 76, 85]. Interestingly, we 

find that upon deletion of SLX8, the number of Sgs1 foci significantly increases, both 

spontaneously and with damage (Figure 5A, B). Thus, Slx5-Slx8 is important for the 

regulation of Sgs1 foci in an unperturbed cell. This function is likely conserved in higher 

eukaryotes, as mammalian RNF4 rescues Sgs1 focus formation in yeast slx8Δ (Figure 5D). 

Importantly, our results provide strong evidence that ubiquitination is required for the 

regulation of Sgs1 foci, as the catalytic mutant of RNF4 is not able to rescue this phenotype 

in slx8Δ (Figure 5D). The STUbL complex Slx5-Slx8 could control Sgs1 focus formation by 

ubiquitination of a critical factor at a damaged replication fork, a hypothesis suggested by 

previous studies [34]. While it is tempting to speculate that Sgs1 may be the unknown 

critical substrate, we are currently technically unable to provide clear evidence that Sgs1 is 

itself modified by Slx5-Slx8. Despite the fact that we do weakly detect Sgs1 in a His-

ubiquitin pull-down (data not shown), the modified pool only represents a very small protein 

amount at the detection limit of our experimental system, making it difficult to differentiate 

if a certain fraction of this modification depends on Slx5-Slx8. However, our results do 

provide evidence against Slx5-Slx8 targeting bulk amounts of Sgs1 to the 26S proteasome 

for degradation in untreated asynchronous cultures, as Sgs1 protein stability in a CHX chase 

is independent of Slx8 (Figure 4C). This does not fully exclude Sgs1 as a Slx5-Slx8 

substrate, as ubiquitination and degradation of Sgs1 may only affect a small pool of the total 

cellular protein, i.e. at a damaged replication fork. Alternatively, ubiquitination by Slx5-Slx8 

may not target Sgs1 to the proteasome, but rather modulate its localization or ability to 

interact with other proteins through addition of an alternative ubiquitin chain type such as 

lysine 63-linkage. An alternative hypothesis that is equally plausible is that replication 

stress, for example caused by elevated 2μ DNA levels in slx8Δ cells [32], may lead to an 

increased number of collapsed or severely damaged replication forks [32], which in turn are 

marked by an Sgs1 focus. In this scenario the mis-regulation of a critical Slx5-Slx8 substrate 

causes severe defects during replication in an Sgs1-independent manner. Sgs1 is then 

required to act on these structures and in doing so is recruited into a nuclear focus. Due to 

the pleiotropic phenotypes of both sgs1 as well as slx8 mutants it is currently difficult to 

differentiate between the two possibilities.

Importantly, the mammalian STUbL RNF4 has also been implicated in DSB repair as it 

accumulates at micro-irradiation-induced DSBs, dependent on the DNA repair proteins 

MDC1, NBS1, RNF8, 53BP1, and BRCA1 [36, 37]. Consistent with its recruitment to a 

damage site, RNF4 promotes DSB repair and its depletion sensitizes cells to IR and HU [36, 

37]. RNF4 regulates the dynamics of multiple DNA damage associated proteins such as 

RPA1 and MDC1. Interestingly, it has been proposed that BLM may itself be an RNF4 

substrate [37]. This hypothesis would be in line with our experimental data demonstrating 

that RNF4 affects BLM focus regulation. BLM is SUMOylated in vivo and a non-

SUMOylate-able mutant of BLM does not localize to PML bodies, but rather induces and 

localizes to DNA damage foci [21]. Regulation of BLM function is critical to human health, 

as mutations in BLM cause Bloom syndrome [86], as well as potentially lead to cancer 

predisposition [87-89]. RNF4 itself is also a potential target for certain cancer treatments 
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[90], making it even more important to fully understand the mechanistic details of how 

RNF4 regulates BLM.

In summary, we identify a novel regulatory mechanism of Sgs1/ BLM function through 

recruitment into nuclear foci and find the STUbL ligases Slx5-Slx8 and RNF4 to be 

regulators of RecQ-like helicase foci. This adds an additional level of regulation to BLM 

and its sub-nuclear localization.
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HU hydroxyurea

Y2H yeast-2-hybrid

DSB double-strand break

HR homologous recombination

STUbL SUMO-targeted ubiquitin ligase

SUMO small ubiquitin-like modifier

YFP yellow fluorescent protein

CFP cyan fluorescent protein

RFP red fluorescent protein

DIC differential interference contrast
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Highlights

- S. cerevisiae RecQ-like helicase Sgs1 forms nuclear foci

- HU treatment causes a reduction of Sgs1 foci dependent on the checkpoint 

kinase Mec1

- Deletion of the STUbL Slx5-Slx8 alters Sgs1 focus regulation

- Expression of the mammalian STUbL RNF4 rescues Sgs1 focus regulation in 

yeast slx8Δ

- Focus numbers of the mammalian Sgs1 orthologue BLM are increased upon 

RNF4 knockdown
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Fig. 1. Sgs1 forms nuclear foci that are regulated by hydroxyurea (HU)
A) Asynchronous cultures of YFP-Sgs1 were treated as indicated (100 mM HU for 2 hours 

or 40 Gy IR and analyzed after 30 min) and analyzed by live-cell microscopy. 

Representative z-plane images for YFP-Sgs1 are shown, each arrow indicates a focus. B) 

Quantification of A). Graph depicts the average percentage of cells with a focus and 

standard error of the mean (SEM) for each condition (n>100 per condition). C) Sgs1 foci do 

not increase with increasing amounts of IR. Analysis of a strain expressing YFP-Sgs1 and 

Rad52-CFP without and 10- 15 min after irradiation with the indicated doses. Graph depicts 
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percentage of cells with an YFP-Sgs1 focus and SEM [n(untreated)= 536, n(40 Gy)= 843, 

n(100 Gy)= 567, n(200 Gy)= 718 cells; p>0.1 for irradiated samples]. D) Rad52 focus 

number increases with increasing IR doses. Analysis of C) for Rad52 foci (p<0.025 for 

irradiated samples). E) Sgs1 foci form early after irradiation and do not increase over time. 

Graph depicts the percentage of cells with an YFP-Sgs1 or Rad52-CFP focus at the 

indicated time-points with the SEM [n>150 cells per time-point].
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Fig. 2. Sgs1 foci are cell cycle regulated
A) Sgs1 focus formation is cell cycle dependent. B) Quantification of Sgs1 foci in A. C) 

Quantification of Rad52 foci in A. D) Spontaneous Sgs1 foci are present during S-phase. A 

YFP-Sgs1 Mcm2-RFP strain was analyzed as in Fig.1), the filled arrows in the middle and 

right panel mark S-phase nuclei, and YFP-Sgs1 foci, respectively. The black arrow points to 

an early S-phase cell with an YFP-Sgs1 focus. E) Percentage of YFP-Sgs1 cells with a Sgs1 

focus that are also in early S-phase, marked by nuclear Mcm2-RFP puncta [n(foci total)=62] 

in D) depicted with SEM. F) Sgs1 focus formation is induced after exposure of a YFP-Sgs1 
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Rad52-CFP to 0.033% MMS for 2.5 hours. G) Quantification of F) depicted with SEM 

[n(untreated)= 516, n(MMS)= 502; p<0.005]
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Fig. 3. The intra S-phase checkpoint is required for Sgs1 focus regulation
A) Schematic model of Sgs1 illustrating the position of D664, which is deleted in sgs1-

D664Δ. B) Sgs1-D664Δ foci are not repressed by replication fork stalling. Asynchronous 

YFP-Sgs1-D664Δ were treated as indicated (100 mM HU for 2 hours or 40 Gy IR and 

analyzed after 30 min) and analyzed by live-cell microscopy as in Fig.1A). Graph depicts 

the percentage of cells with a focus with SEM. C) Sgs1 protein levels fluctuate during the 

cell cycle. Sgs1-9myc and Sgs1-D664Δ-9myc strains were arrested with α-factor, released, 

and samples taken every 20 min. The first two lanes are protein extracted from HU arrested 
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and asynchronous cells. Western blot against Sgs1/Sgs1-D664Δ-9myc (myc), Clb2, Shp1 

(loading). D) Sgs1 focus repression upon HU treatment requires Mec1. YFP-Sgs1 Rad52-

CFP mec1Δ sml1Δ bar1Δ strains were analyzed without treatment or after incubation with 

100 mM HU for 2 hours. Representative z-planes are shown. E) Quantification of the 

percentage of cells with one or more Sgs1 or Rad52 foci in D) with SEM [n(untreated) = 

716, n(HU)= 438 cells; p (untreated to HU)< 0.005 for Sgs1 and Rad52]. F) Rad52 foci are 

repressed in sgs1-D664Δ upon treatment with HU. Cultures of Rad52-CFP and sgs1-D664Δ 

Rad52-CFP were directly analyzed or treated with 100 mM HU for 2 hours and analyzed by 

live-cell microscopy. G) Quantification of the percentage of cells with Rad52-CFP foci in F) 

with the SEM plotted [n (−/+HU)= 271/254 (SGS1), n (−/+HU)= 265/220 (sgs1-D664Δ)]; p 

< 0.005 (WT untreated to HU), p < 0.05 (sgs1-D664Δ untreated to HU); p > 0.1 (WT to 

sgs1-D664Δ, both conditions)]. H) Analysis of Rnr3 expression in different genetic 

backgrounds. Cultures of the indicated genotypes were grown to log phase and divided into 

the untreated control or treated with 100 mM HU for 2 hours. Whole cell lysates were 

analyzed by Western blot against HA (Rnr3-3HA) and a loading control (Shp1). rad53* is 

the checkpoint-deficient mutant rad53-K227A used as a positive control.
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Fig. 4. Sgs1 interacts with the SUMO and ubiquitin systems
A) Spore size analysis of progeny of sgs1-D66Δ crossed with slx5Δ and slx8Δ. Graph shows 

relative colony size normalized to wild-type (WT), 5-9 individual spores of each genotype 

were quantified. B) Y2H of Sgs1 and Sgs1-D664Δ. The denoted proteins fused to either the 

activation (AD) or binding (BD) domain were expressed in the reporter strain PJ69-4a. 

Growth on the control plate (SC-Leu-Trp) shows transformation of both plasmids, while 

growth on the stringent selection plate (SC-Ade) indicates a strong interaction of the two 

fusion proteins. C) Sgs1-9myc protein stability does not depend on Slx8. Cycloheximide 

(CHX) chase of Sgs1-9myc in WT and slx8Δ. Whole-cell lysates of each time-point were 

analyzed by Western blot against Sgs1 (myc) and Shp1 (loading). D) Quantification of B), 

the Western blot signal of each time-point was normalized to the 0 min value using ImageJ. 

The mean of three independent experiments with standard deviation is plotted.
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Fig. 5. Sgs1 foci are regulated by the STUbL complex Slx5-Slx8
A) Sgs1 focus regulation depends on Slx8. Microscopy as in Fig. 1A of YFP-Sgs1 and slx8Δ 

YFP-Sgs1 without or with 100 mM HU. B) Quantification of A) with SEM plotted. Graph 

depicts the percentage of cells with an YFP-Sgs1 focus [n (−/+HU)= 423/321 (WT), n (−/

+HU)= 213/172 (slx8Δ)]. C) Rescue of synthetic lethality shown in Fig. 3A by the 

mammalian STUbL RNF4. Serial dilutions of sgs1Δ slx8Δ and sgs1-D664Δ slx8Δ 

transformed with a rescuing URA3-marked SLX8 plasmid (YC33-SLX8) and the indicated 

RNF4 plasmids (pRS415 based). Counter-selection against YC33-SLX8 on 5-FOA reveals 

RNF4 but not RNF4cs rescue of synthetic lethality. D) The mammalian STUbL RNF4 

rescues Sgs1 focus number in slx8Δ. Microscopy as in A) of slx8Δ strains transformed with 

the indicated plasmids. Percentage of cells with an YFP-Sgs1 focus with SEM [n=781 

(pRS415), n=1107 (SLX8), n=566 (RNF4), n=885 (RNF4cs)].
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Fig. 6. BLM focus regulation is affected by RNF4 knockdown
A) Knockdown of RNF4 increases the average number of BLM foci per cell. Z-projections 

of BLM immunofluorescence (IF) in U-2 OS cells with DAPI stain 48 h after transfection 

with non-targeting (siCtrl) or siRNA against RNF4 (siRNF4). B) Quantification of A). BLM 

foci were counted in DAPI/BLM z-projection overlays. Average number of foci per cell 

with standard deviation [n(cells)=121 (siCtrl), n=120 (siRNF4)]. C), D) RNF4 knockdown 

efficiency. C) Lysates of cells in A) were analyzed by Western blot against RNF4. γtubulin 

serves as a loading control. (*) denotes an unspecific cross-reactive band. D) qPCR for 
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RNF4 mRNA-levels. Representative experiment of triplicates normalized to the untreated 

control. Comparative CT RNF4: actin. E) Immunofluorescence against γH2AX and BLM in 

U-2 OS cells 48 h after transfection with non-targeting (siCtrl) or siRNA against RNF4 

(siRNF4). Representative maximum intensity z-projections are shown. F) Quantification of 

E). Graph depicts the average number of γH2AX foci upon treatment with non-targeting 

siRNA (Ctrl) or siRNA against RNF4 (RNF4) with standard deviations plotted [n(cells)= 68 

(Ctrl); n(cells)= 59 (RNF4)].G) Immunofluorescence against PML and BLM as in E). H) 

Quantification of PML-NBs in G) [n(cells)= 101 (Ctrl); n(cells)= 98 (RNF4)].
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Fig. 7. Model of Sgs1 focus regulation with respect to the types of DNA damage incurred
Treatment with hydroxyurea (HU) stalls replication forks, which can either re-start or 

collapse. During replication fork stalling, Sgs1 focus formation is repressed dependent on 

the intra S-phase checkpoint kinase Mec1. If replication forks collapse, or cells are irradiated 

(IR) or treated with methyl methanesulfonate (MMS), double-strand breaks (DSB) form. 

DSBs cause or promote the formation of Sgs1 foci and repair by homologous recombination 

(HR). The Slx5-Slx8 complex negatively affects Sgs1 focus formation either by inhibiting 

their formation or promoting their disassembly, perhaps to regulate illegitimate 

recombination events.
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