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SUMMARY

Histone chaperones are an important class of proteins that regulate chromatin accessibility 

for DNA-templated processes. Spt6 is a conserved histone chaperone and key regulator of 

transcription and chromatin structure. However, its functions outside of these roles have been 

little explored. In this work, we demonstrate a requirement for S. cerevisiae Spt6 in DNA 

replication and, more broadly, as a regulator of genome stability. Depletion or mutation of Spt6 

impairs DNA replication in vivo. Additionally, spt6 mutants are sensitive to DNA replication 

stress-inducing agents. Interestingly, this sensitivity is independent of the association of Spt6 

with RNA polymerase II (RNAPII), suggesting that spt6 mutants have a transcription-independent 

impairment of DNA replication. Specifically, genomic studies reveal that spt6 mutants have 

decreased loading of the MCM replicative helicase at replication origins, suggesting that Spt6 

promotes origin licensing. Our results identify Spt6 as a regulator of genome stability, at least in 

part through a role in DNA replication.

In brief

Spt6 has been primarily studied for its roles during transcription. Miller and Winston show that 

it also has a role in DNA replication. They demonstrate that spt6 mutants are defective for 

replication in vivo, at least in part by defects in loading the MCM helicase complex, which is 

required for origin firing.
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Graphical Abstract

INTRODUCTION

Histone chaperones are conserved eukaryotic proteins that directly regulate histone-DNA 

interactions to enable transcription, DNA replication, and DNA repair.1,2 They function in 

cooperation with histone-modifying enzymes and chromatin remodelers to coordinate the 

dynamic opening of chromatin to allow DNA-templated activities while also modulating 

the closing of chromatin to prevent the loss of nucleosomes and genome integrity. Insights 

into the functions of histone chaperones are important to understand chromatin-regulated 

processes as well as how mutations that alter histones and histone chaperones contribute to 

cancer and other human diseases.3–5

Spt6 is a highly conserved histone chaperone of great biological importance. It is essential 

for viability in S. cerevisiae,6,7 and it is required for proper development in C. elegans,8 

zebra-fish,9,10 and Drosophila.11,12 In mammalian systems, Spt6 is required for embryonic 

stem cell maintenance, muscle cell differentiation, epithelial cell differentiation, and 

immunoglobulin class-switch recombination.13–17 Additionally, loss-of-function alleles of 

the human homolog SUPT6H are greatly underrepresented,18 indicating that it is likely 

essential in humans.

Spt6 is a large multi-domain protein that is a vital component of the transcription 

elongation complex.19–22 The C-terminal tandem SH2 domains of Spt6 directly interact 
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with phosphorylated residues in the C-terminal domain (CTD) and linker region of Rpb1, 

the largest subunit of RNA polymerase II (RNAPII).23–27 Furthermore, Spt6 directly 

interacts with histones and nucleosomes and can assemble nucleosomes in vitro.28–32 As 

such, Spt6 plays critical roles regulating transcription initiation,33,34 elongation,12,35–37 

repression of intragenic transcription,38–42 and termination.36,43,44 At transcribed genes, 

Spt6 is required to establish and/or maintain nucleosome positioning28,34,39,45–48 as well as 

for certain histone modifications, including methylation of H3K4,17,46,49,50 H3K27,13,15,51 

and H3K36.46,52–55 Combined, these works demonstrate the important roles Spt6 plays 

in regulating eukaryotic transcription. However, the roles of Spt6 outside of transcription 

remain poorly understood.

Several lines of evidence have hinted that Spt6 may also have a role in DNA replication. 

Yeast spt6 mutants have phenotypes consistent with DNA replication defects, such as an 

increase in recombination frequency,56,57 chromosome segregation errors,58 and sensitivity 

to the DNA replication inhibitor hydroxyurea (HU).59,60 Consistent with this potential role, 

depletion of Spt6 from mammalian cells decreases total DNA synthesis.36 Outside of this 

result, no studies have been performed to address if and how Spt6 might be required for 

DNA replication.

In this study, we provide evidence that Spt6 has a critical role in DNA replication in S. 
cerevisiae. First, DNA replication is impaired in vivo either after Spt6 depletion or in spt6 
mutants. In addition, spt6 mutants have several phenotypes common to replication mutants, 

including sensitivity to DNA-damaging agents, an increased level of DNA double-strand 

breaks, and enhanced growth defects when combined with the loss of the DNA replication 

factor Ctf4 or with the loss of DNA replication checkpoints. Furthermore, Spt6 is required 

for origin licensing, as the association of the MCM helicase with replication origins is 

severely decreased in spt6 mutants. Finally, our results suggest that RNA-DNA hybrids are 

not driving the genome instability observed in spt6 mutants, as RNA-DNA hybrid levels are 

not elevated in spt6 mutants. Taken together, these results demonstrate the importance of 

Spt6 in DNA replication and, as a consequence, for genome stability.

RESULTS

Spt6 depletion causes DNA replication defects

To examine the requirement for Spt6 in DNA replication, we first tested whether loss of 

Spt6 impaired DNA replication in vivo. As Spt6 is essential for viability in S. cerevisiae, 

yeast strains were constructed in which we could deplete Spt6 using an auxin-inducible 

degron (AID) system39,61 and then assay the level of newly synthesized DNA by measuring 

the incorporation of the thymidine analog BrdU.62,63 We synchronized cells in G1 with the 

yeast mating pheromone α-factor, followed by treatment with the auxin indole-acetic acid 

(IAA) for 60 min to deplete Spt6-AID, or with DMSO as a non-depletion control (Figure 

1A). In the depleted samples, Spt6 protein levels were reduced to ~10% of non-depleted 

levels, and cells remained arrested in G1 following depletion (Figures S1A and S1B). 

Importantly, cell viability was greater than 88% in all Spt6-depleted samples. After release 

from α-factor arrest, samples were harvested at an early time point in S phase (30 min). 

Newly replicated DNA was isolated by immunoprecipitation with an anti-BrdU antibody, 
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followed by qPCR at well-characterized early and late yeast replication origins (ARSs). For 

normalization between samples, an equal amount of BrdU-labeled S. pombe genomic DNA 

was spiked into each sample prior to immunoprecipitation.

Our results showed a requirement for Spt6 for DNA synthesis. In the non-depleted samples, 

there was a high level of BrdU incorporation at the early replication origin ARS1 but not at 

the late-firing origin ARS301, as expected. In contrast, in the Spt6-depleted samples, BrdU 

incorporation was undetectable at either origin (Figure 1B). These results are in agreement 

with recent work in mammalian cells where depletion of Spt6 also resulted in loss of BrdU 

incorporation.36

To test whether the Spt6-depleted cells had arrested growth rather than impaired DNA 

synthesis, we also assayed S-phase progression following Spt6 depletion by monitoring total 

DNA content by flow cytometry (Figure 1C). Our results showed that Spt6-depleted cells 

completed S phase but with a delay in DNA synthesis (Figure 1D). The median fluorescence 

value for non-depleted samples at 30 min was similar to the median fluorescence value 

for Spt6-depleted cells at 45 min. By 75 min, the Spt6-depleted cells had completed DNA 

synthesis, showing that cells were capable of completing at least one cell cycle in the 

absence of Spt6. These data indicate that Spt6 has a role in DNA replication.

spt6 mutants are sensitive to chemicals that cause DNA replication stress, and they have 
elevated DNA double-strand breaks

To investigate the requirement for Spt6 in DNA replication in greater depth, we analyzed 

spt6 mutants. The spt6 mutants provide the opportunity to analyze DNA replication when 

Spt6 is impaired during continuous cell division at 30°C, in contrast to Spt6 depletion, 

which eventually leads to inviability. For these experiments, we chose four spt6 mutations 

(Figure 2A): (1) spt6-YW,59,60 (2) spt6-14057,64 (3) spt6-1004,38,39 and (4) spt6-50.59 For 

each allele, the Spt6 mutant proteins are present at near wild-type levels during growth 

at 30°C (Figure S2A). Previous studies and this work show that these mutations cause 

distinct phenotypes with respect to transcription, histone modifications, RNAPII binding, 

and nucleosome organization39,53,60,65,66 (Figures 2A, S2B, and S2C).

As a first step to understand if these spt6 mutants have defects in DNA replication, we tested 

their sensitivity to agents that induce DNA replication stress, including HU, phleomycin, 

and methyl methanesulfonate. Our results showed sensitivities to all of these agents, in 

agreement with previous reports.60,65 Our analysis also showed allele specificity, as spt6-
YW and spt6-50 were the most sensitive (Figure 2B; Table S1).

One consequence of increased replication stress is the formation of DNA double-strand 

breaks (DSBs).67 DSBs formed during S phase are primarily repaired by the homologous 

recombination (HR) pathway.68 As spt6 mutants had sensitivities associated with replication 

stress and, as shown later, showed a dependence on S-phase checkpoints, we hypothesized 

that they may also have elevated levels of DSBs.

To measure the level of DSBs, we took advantage of the observation that DSBs can be 

assayed by the presence of Rad52-YFP foci.69 In yeast, Rad52 is a critical component of 
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the HR repair pathway. Our results showed that spt6 mutants have an increased level of 

Rad52-YFP foci, ranging from a modest effect for spt6-YW to a large increase for spt6-50. 

Thus, spt6 mutants have an elevated level of DSBs (Figure 2C).

Evidence that the DNA replication stress phenotypes of spt6-50 and spt6-YW are 
independent of transcription

The spt6-50 mutation causes loss of the C-terminal SH2 domains, which were previously 

shown to be necessary for the association of Spt6 with Rpb1, the largest subunit of 

RNAPII.23–27 The greatly reduced Spt6-Rpb1 interaction in spt6-50 (Figure S2C) provided 

an opportunity to test whether the sensitivity of spt6-50 to chemicals that cause replication 

stress is independent of the Spt6-Rpb1 interaction. To do this, we took advantage of a 

mutation in RPB1, rpb1-FSP, that also disrupts the Spt6-Rpb1 interaction in the presence 

of wild-type Spt6.27 When we compared the rpb1-FSP mutant with spt6-50, as well as 

with spt6-YW, our results showed that only the spt6 mutants were sensitive to chemicals 

that cause DNA replication stress (Figure 2D), in agreement with a previous study.70 In 

contrast, as expected, both the rpb1 and spt6 mutants exhibited transcription defects, as 

measured by their Spt− phenotype (the ability to suppress the Lys− phenotype caused by the 

lys2-128δ mutation [Figure 2D]). The broader phenotypes of the spt6-50 mutant compared 

with rpb1-FSP support a role for Spt6 in both transcription and DNA replication.

Previous transcriptional studies of spt6-YW also suggested that its sensitivity to chemicals 

that cause replication stress, as well as the DNA replication defects shown later, is 

independent of transcription. During growth at 30°C, spt6-YW mutants did not have major 

changes in mRNA levels, including for genes encoding the G1 cyclins, DNA replication 

machinery, or ribonucleotide reductase (Figures S2D and S2E) (data available at GEO: 

GSE16082160). Therefore, for the spt6-YW mutant, any defects in DNA replication are 

unlikely to be the consequence of transcriptional changes.

spt6 mutants have negative genetic interactions with DNA replication-associated factors

To test for genetic evidence for a role for Spt6 in DNA replication, we analyzed spt6 
mutants with respect to altered growth in combination with different classes of mutations 

that cause replication stress. For these experiments, we focused on the spt6-YW and spt6-50 
mutants, given their extreme sensitivity to chemicals that cause replication stress. First, 

we hypothesized that if Spt6 is involved in DNA replication, spt6 mutants would exhibit 

growth defects in combination with replisome mutants such as Ctf4, an important but 

non-essential member of the DNA replication machinery. Ctf4 acts as a structural hub within 

the replisome to coordinate DNA replication.71–74 We found that, compared with each single 

mutant, the spt6-YW ctf4Δ and spt6-50 ctf4Δ double mutants had increased growth defects 

under permissive growth conditions and were extremely sensitive to low doses of DNA 

replication stress-inducing agents (Figures 3A and 3B; Table S1). The severe growth defects 

of spt6 mutants in combination with loss of a DNA replication factor provide additional 

evidence that Spt6 is involved in DNA replication.

Second, if spt6 mutants impair DNA replication, we expected that they would have an 

increased reliance on S-phase checkpoint factors. There are two main branches of the yeast 
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S-phase checkpoint. One branch responds to DNA damage, mediated by Rad9, while an 

alternate branch responds to stalled DNA replication forks, mediated by Mrc1.75 Our results 

showed that both spt6-YW and spt6-50 caused increased sensitivity to treatments that induce 

S-phase checkpoint activation when combined with mrc1Δ (Figures 3C and 3D; Table S1). 

We observed milder effects when spt6 mutants were combined with rad9Δ, as only spt6-50 
rad9Δ double mutants had synthetic growth defects (Figure 3E; Table S1). As a control, we 

also combined spt6 mutations with mad2Δ; Mad2 is a spindle-assembly checkpoint factor.76 

We observed no genetic interactions for these double mutants under the same conditions 

(Table S1). The strong negative genetic interactions of spt6 mutations with mrc1Δ suggest 

that stalled DNA replication forks are particularly difficult for spt6 mutants to overcome in 

the absence of this S-phase checkpoint.

Given the elevated level of Rad52-YFP foci, we also tested for genetic interactions between 

spt6 mutations and a deletion of RAD52. Our results showed a mild growth defect for both 

spt6-YW rad52Δ and spt6-50 rad52Δ double mutants compared with the single mutants at 

permissive and elevated temperatures (Table S1). These growth defects were exacerbated 

when the cells were treated with drugs that induce replication stress. In contrast, we 

observed no growth effects when spt6 mutants were combined with a deletion of LIG4, 

a member of the non-homologous end joining pathway (Table S1). This suggests that the 

increased level of DSBs in spt6 mutants makes the cells more dependent on homologous 

recombination.

spt6 mutants have S-phase progression defects

As we had observed a delayed S-phase progression after Spt6 depletion, we asked 

whether this delay was also present in spt6 mutants. Similar to our previous experiments, 

we synchronized cells in G1, released them into fresh medium, and harvested samples 

throughout one 90 min cell cycle for analysis of total DNA content by flow cytometry 

(Figure 4A). From these results, we observed an increase in DNA content over time in 

wild-type cells that follows the well-defined timing of the yeast cell cycle. However, both 

the spt6-YW and spt6-50 mutants exhibited a delay in DNA synthesis compared with wild 

type, which was apparent from the shift in the curve of median fluorescent intensity values 

(Figure 4B). This delay was also apparent by plotting the distribution at 30 min, when 

cells are in early S phase, where we observed an increased number of cells between 1N 

and 2N content for both mutants, similar to what we observed after Spt6 depletion (Figure 

4C). Combined, our results showed that loss or impairment of Spt6 function causes DNA 

replication defects.

spt6 mutants have DNA replication initiation defects in vivo

We hypothesized that DNA replication could be impaired by several different mechanisms 

in spt6 mutants. Among these possibilities, we considered a requirement for Spt6 for a 

normal level of initiation or elongation by DNA polymerases, similar to how Spt6 regulates 

initiation and elongation of RNAPs.12,33–37,39 In this general model, the impairment in 

spt6 mutants would decrease the level of DNA synthesis around known origins. We also 

considered the possibility that Spt6 controls the fidelity of DNA replication initiation, 

similar to how Spt6 prevents intragenic initiation of transcription from within gene 
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bodies.38–42,46,60 By this model, Spt6 impairment would result in the initiation of replication 

from ectopic or dormant sites, thereby diluting replication factors and reducing the overall 

level of functional replication.

To begin to differentiate between these possibilities, we measured the level and genomic 

location of newly synthesized DNA by measuring BrdU incorporation in wild-type and 

spt6 mutant strains. Cells were first synchronized in G1 by treatment with α-factor and 

then released into medium containing 0.2 M HU and BrdU for 1 h, resulting in arrest 

in early S phase (Figure 4D). After the HU arrest, DNA was extracted, BrdU-labeled 

DNA was immunoprecipitated, and next-generation sequencing libraries were prepared. For 

normalization between libraries, we used a spike-in control of BrdU-labeled S. pombe DNA. 

Biological duplicates were performed for each strain, and the replicates correlated well, with 

Pearson correlations for spike-in normalized immunoprecipitation (IP) signals at all loci 

ranging from 0.93 to 0.99 (Figure S3A). Importantly, we showed that the 1 h treatment with 

0.2 M HU did not greatly affect spt6 mutant cell viability despite the HU sensitivity of these 

mutants when grown on plates (wild type: 91%–100%, spt6-YW: 77%–93%, and spt6-50: 

72%–99% viability). We also note that, for reasons we do not understand, the integration of 

the genes necessary for BrdU uptake and incorporation (hENT1 and HSV-1 TK62) caused 

a growth defect specifically in spt6-50 strains, increasing their generation time from 2.5 

to 3.8 h (compared with 1.5 h for wild type). We also assayed global BrdU incorporation, 

comparing wild type with the two spt6 mutants in G2-arrested cells in which DNA synthesis 

should be complete. While spt6-YW has approximately the same incorporation, spt6-50 has 

a reduced level, consistent with its growth defect when it contains the genes enabling BrdU 

uptake (Figure S3B).

To analyze our results, we first plotted the spike-in normalized BrdU-IP signal for wild type 

and spt6 mutants at a set of 228 high-confidence S. cerevisiae replication origins.77–79 For 

the wild-type strain, BrdU incorporation occurred at a subset of the origins, as expected 

for early-S-phase-arrested cells (Figure 4D). These were primarily early origins based on 

previously reported replication timing information80 (Figure S3C). For the two spt6 mutants, 

we observed a striking decrease in the number of origins that were activated in HU-arrested 

cells as well as in the level of BrdU incorporation at those origins, with incorporation in the 

spt6-50 mutant barely detectable (Figure 4D).

To specifically identify which origins were activated across samples, we calculated the 

overlap between peaks of BrdU signal and the 228 origins (see STAR Methods). In wild-

type cells, we identified BrdU incorporation at 97 origins. In contrast, we detected only 

50 and 37 origins in spt6-YW and spt6-50, respectively. An example of origins that are 

activated compared with the BrdU-IP signal is shown for chromosome VII, one of the 

largest chromosomes (Figure 4E). All but one detected origin in each spt6 mutant was in the 

subset of the 97 origins identified in wild-type cells (Figure S3E). Our results indicate that 

after HU arrest, only a subset of origins are activated in each of the spt6 mutants, with the 

level of activation generally less than in wild type.

As HU treatment might confound our analysis by inducing replication stress or by reducing 

the level of RNAPII on chromatin,81 we repeated our BrdU-IP without HU treatment. 
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Instead, we released α-factor-synchronized cells into fresh medium and harvested cells after 

30 min (Figure 4F). Based on flow cytometry data, this time point represents early-S-phase 

cells, similar to the block imposed by HU. Again, duplicate biological replicates were 

collected, and they correlated well, with the Pearson correlations for spike-in normalized IP 

signals at all loci ranging from 0.86 to 0.98 (Figure S3D).

Our results from these samples were similar to our results from the HU-treated samples in 

that many fewer origins were activated in spt6 mutants compared with wild type (Figures 4F 

and 4G). In the early-S-phase wild-type samples, we identified 114 origins. We identified 45 

origins in spt6-YW and 12 origins in spt6-50, which were largely a subset of peaks observed 

in wild-type samples (Figures 4F, 4G, and S3E). Similar to our HU results, we again 

observed a dramatic reduction in signal at origins in both spt6-YW and spt6-50 (Figures 4F 

and 4G).

As we did not observe aberrant activation of late-firing origins in spt6 mutants, nor did we 

observe significant signals at non-origin regions (Figure 4; data not shown), we conclude 

that spt6 mutants do not regulate DNA replication initiation fidelity. Rather, our data suggest 

that initiation and/or elongation is impaired at early replication origins in spt6 mutants.

Spt6 promotes origin licensing

To test directly whether Spt6 plays a role in DNA replication initiation, we assayed the 

genomic localization of the MCM complex, a helicase essential for DNA replication that is 

loaded at all origins as cells enter G1, a process known as origin licensing.82 If spt6 mutants 

impair the association of the MCM complex with origins, this would strongly support a 

requirement for Spt6 at an essential step in the initiation of DNA replication.

To assay MCM localization, we performed chromatin IP followed by sequencing (ChIP-

seq) of the MCM complex in α-factor-arrested cells. Briefly, cells were α-factor arrested, 

chromatin was isolated, and IP was performed using native antisera targeting the MCM2-7 

complex. For normalization between sequencing libraries, we used a spike-in control of S. 
pombe chromatin. Each strain was analyzed in three or four biological replicates, and the 

replicates correlated well, with Pearson correlations for spike-in normalized IP/input signals 

ranging from 0.70 to 0.94 (Figure S4A).

We analyzed our results in terms of the peaks identified in each strain as well as for the 

level of occupancy at each peak. Overall, our results showed that the spt6 mutants had 

a striking decrease in MCM occupancy (Figure 5). First, we identified reproducible peak 

regions genome-wide. We detected 235, 142, and 202 peaks for wild type, spt6-YW, and 

spt6-50 respectively (Figure S4B). Over 80% of peaks identified in wild-type cells were also 

detected in spt6 mutants. Furthermore, there is a strong overlap between detected peaks and 

known replication origins. These data indicate that MCM positioning is not altered in spt6 
mutants.

Second, we compared the spike-in normalized occupancy of MCM at each of the 235 

identified wild-type peak regions (Figure 5A) and at high-confidence origins (Figures 5B 

and 5C). spt6 mutants had a significant decrease in MCM occupancy at peak regions 
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(Figures S4C and S4D). These results indicate that Spt6 promotes origin licensing at or 

before MCM loading.

Spt6 may physically interact with the DNA replication machinery

If Spt6 functions directly in DNA replication, we might be able to detect a physical 

interaction between Spt6 and the DNA replication machinery. Therefore, we assayed for an 

Spt6-MCM interaction by co-immunoprecipitation experiments. As described below, while 

our results showed that Spt6 and MCM physically interact in cell extracts, the results do not 

allow us to conclude that this interaction occurs specifically during DNA replication.

First, in asynchronous cells, we observed co-immunoprecipitation between wild-type Spt6 

and both Mcm4 (Figures 6A, lanes 4 and 6, 6B, and 6C) and Mcm2 (Figures S5A–

S5C). The Spt6-Mcm co-immunoprecipitations were largely resistant to treatment with 

the endonuclease benzonase (Figures S5A–S5C), suggesting that the interactions were 

not caused by DNA-mediated interactions between two chromatin-associated factors. 

Furthermore, this interaction was stable when tested up to 1 M NaCl (Figure S5D). When 

we tested the spt6 mutants, we found that the Spt6-Mcm4 co-immunoprecipitation was 

greatly decreased in spt6-50 mutants, suggesting that the Spt6 SH2 domains are required 

for the Spt6-MCM interaction (Figures 6A–6C). In the rpb1-FSP mutant, in which Spt6 no 

longer co-immunoprecipitates with RNAPII, Spt6-MCM co-immunoprecipitation was still 

detected, albeit reduced (Figure S5E).

We then assayed Spt6-Mcm4 co-immunoprecipitation across the cell cycle by testing wild-

type cells arrested in G1, in S phase, and in G2/M. We did not observe any cell-cycle 

dependence of the Spt6-Mcm4 interaction when we quantified the IP/input signal, despite 

seeing a reduced interaction in G1 phase (Figure 6D). Given previous evidence that Mcm 

proteins are cytoplasmic in G2/M83–85 while Spt6 is nuclear,86 the Spt6-Mcm4 interaction 

that we observed could reflect a fortuitous interaction of Spt6 and Mcm4 in cell extracts 

rather than a regulated interaction in vivo. To test this further, we assayed whether Spt6 and 

Mcm4 co-immunoprecipitate after mixing lysates in which only one of each pair is epitope 

tagged. In this case, we also observed co-immunoprecipitation (Figure S5F). Together, these 

results show that Spt6 and Mcm proteins interact, raising the possibility of a direct role for 

Spt6. However, we have as yet been unable to determine whether this interaction is relevant 

to the function of Spt6 during DNA replication.

Transcription also contributes to spt6-mediated genome instability

While our focus has been on Spt6 and DNA replication, previous studies also suggested 

that Spt6 regulates genome stability, at least in part, by transcription. Through its role in 

transcription, Spt6 has been shown to cause cell-cycle defects,87 to regulate DSB repair in 

cancer cells,88 and to lead to the accumulation of harmful RNA-DNA hybrids at non-coding 

RNA loci.43 Given that both DNA replication and transcription can independently lead 

to genome instability,89 we addressed whether replication and/or transcription was the 

underlying cause of a particular aspect of Spt6-associated genome instability, an elevated 

level of recombination.
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We examined hyper-recombination in spt6 mutants, as it was previously reported that an 

spt6-140 mutant is hyper-recombinogenic.56,57 Using a previously described recombination 

reporter system,57 our results showed that all four spt6 alleles caused increased levels 

of recombination compared with wild type (Figure 7A), from a 3-fold increase for 

spt6-1004 to a 30-fold increase for spt6-50. Previous studies showed that a mutant in 

the histone chaperone FACT also caused a 3-fold increase in recombination frequency 

under similar conditions.90 To test if transcription contributes to the hyper-recombination 

phenotype, we used a second reporter that contains a transcription terminator that prevents 

transcription across the reporter locus (Figures 7B and S6).57 Our results showed that 

inhibiting transcription reduces, but does not abolish, the hyper-recombination phenotype 

for the spt6-140 and spt6-50 mutants. This indicates that both transcription-dependent and 

-independent defects contribute to Spt6-mediated hyper-recombination in spt6 mutants.

R-loops are not a major contributor to spt6-mediated genome instability

Next, we asked if R-loops are elevated in yeast spt6 mutants, as a recent study showed 

that human Spt6 controls R-loop levels over some non-coding regions.43 R-loops are 

transcription-dependent nucleic acid structures that consist of an RNA-DNA hybrid and 

an extruded single-stranded DNA loop. They have both regulatory and toxic effects on cells 

and have been the focus of many recent studies.91–94

If increased RNA-DNA hybrid formation in spt6 mutants contributed to genome instability 

phenotypes, we would expect that altering RNA-DNA hybrid levels might enhance or 

suppress spt6 mutant phenotypes. To test this, we manipulated the levels of the RNA-

DNA hybrid-specific endoribonuclease RNaseH in our mutants. First, we combined 

each of the four spt6 mutations with deletion mutations of the genes encoding the 

two yeast RNaseH enzymes, RNH1 and RNH201. In these mutants, RNA-DNA hybrid 

levels are greatly increased.95 Our results showed no change in the spt6 phenotypes, 

suggesting that increasing RNA-DNA hybrid levels does not exacerbate the spt6 genome 

instability phenotypes (Table S1). Next, we tested whether reducing RNA-DNA hybrid 

levels by overexpression of RNH1 would suppress hyper-recombination. We found that 

overexpression of RNH1 did not reduce the recombination frequency compared with 

expression of an empty vector control in spt6-YW, spt6-140, or spt6-1004 strains (Figure 

7C). The spt6-50 mutant had more variable results, although there was no statistical 

difference compared with wild type.

Finally, we measured the level of RNA-DNA hybrids in two spt6 mutants using DNA-RNA 

hybrid IP (DRIP) (see STAR Methods). Genome-wide experiments in spt6-YW indicated 

that the level of RNA-DNA hybrids is decreased compared with wild type. We note that 

there was no spike-in to normalize for the genome-wide data (Figure 7D). Therefore, we 

repeated these experiments adding exogenous spike-in S. pombe genomic DNA and assayed 

by DRIP-qPCR in both spt6-YW and spt6-50 (Figure 7E). We observed variable RNA-DNA 

hybrid levels across two tested loci in wild-type samples compared with spt6 mutants. 

However, we did not generally observe increased levels of RNA-DNA hybrids in spt6 
mutants. These findings are in agreement with reduced RNAPII occupancy in the spt6-YW 
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mutant.60 In conclusion our results suggest that altered RNA-DNA hybrid levels do not 

cause the spt6 genome instability phenotypes.

DISCUSSION

The results presented in this article provide strong evidence that Spt6, a histone chaperone 

previously shown to control transcription and chromatin structure, is also critically required 

for DNA replication, likely at the level of initiation. A functional requirement for Spt6 

in DNA replication was demonstrated from the analysis of Spt6 depletion and of spt6 
mutants, both of which revealed a delayed S phase and reduced DNA synthesis from 

early origins of replication. The cause of these defects can be accounted for by the 

result that Spt6 is required for a normal level of association of the MCM complex with 

replication origins, as MCM association is required for origin licensing.96–99 Supporting 

data also include extensive genetic analyses that showed the sensitivity of spt6 mutants to 

DNA-damaging agents, as well as double-mutant analyses that indicated greatly enhanced 

mutant phenotypes when spt6 mutations were combined with mutations that impair 

DNA replication factors, S-phase checkpoint regulators, and recombination factors. Taken 

together, these results suggest that Spt6, like some other histone chaperones, including 

Asf1100 and FACT,101 are required for both DNA replication and transcription.

While the precise function of Spt6 in DNA replication remains uncertain, our results 

have pointed to a role in origin licensing. While origins are nucleosome free, likely 

due to a combination of the AT-rich sequence and the nucleosome remodeling ability of 

ORC,102 there are several aspects of chromatin structure that control initiation.103 These 

include nucleosome positioning around origins,104–107 histone modifications at replication 

origins,108–110 and transcription across origins.111–113 Given the multi-functional nature of 

Spt6 in chromatin and transcription, its requirement for the association of MCM with origins 

might be dependent upon these functions. However, under the permissive growth conditions 

of our experiments, nucleosome positioning, histone modifications, and transcription across 

origins are not strongly affected. This is particularly true for spt6-YW mutants, which 

have been extensively characterized.60 Therefore, additional Spt6 functions must also be 

considered, such as possible direct interactions of Spt6 with the MCM complex, ORC, or 

other proteins involved in replication initiation.

Our BrdU-seq analysis showed that the defect in spt6 mutants occurs by reduced synthesis 

from known origins. Before these experiments, we had considered the possibility that 

spt6 mutants might allow ectopic synthesis from non-origin loci, given that these mutants 

also allow transcription initiation from intragenic promoters that are normally repressed. 

However, the fidelity of the initiation of replication is not detectably altered in the spt6 
mutants we have studied. This difference between replication and transcription may reflect 

the different sequence requirements for the two events, with less specific information 

required for the initiation of transcription versus the initiation of DNA replication, which 

is defined by the ARS sequence in S. cerevisiae.79 It would be interesting to see if loss of 

Spt6 function resulted in cryptic replication in mammalian cells, where DNA origins are not 

defined by known DNA-binding motifs.114
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Histone chaperones contribute to genome instability through a variety of different 

mechanisms. One mechanism that has been the focus of recent studies is the relationship 

between histone chaperones, such as FACT,90,115 and R-loops. A recent study depleted Spt6 

from mammalian cells and demonstrated that the abundant R-loop signatures at mRNA loci 

were decreased genome-wide, while the small proportion of R-loops present at non-coding 

loci increased.43 These changes correlated with the level of transcription present at each 

transcription unit, as has been previously seen.116 Our finding, that yeast spt6 mutants do 

not have elevated levels of R-loops, agrees with this work. It further highlights that the 

replication stress observed in spt6 mutants, or the depletion of Spt6 from mammalian cells, 

may be caused by a direct role of Spt6 in replication or a role for Spt6 in mediating 

transcription-replication conflicts.

As a protein required for both DNA replication and transcription, Spt6 may be 

required to resolve transcription-replication conflicts, either independently or as part of 

a histone chaperone network. Interestingly, a recent study showed that Spt2, another 

histone chaperone, is required to help resolve transcription-replication conflicts.117 As the 

recruitment of Spt2 to chromatin is partially dependent upon Spt6,118 this suggests one 

mechanism by which Spt6 might help to maintain genome stability. Another intriguing 

aspect of our results relates to the close functional connections between Spt6 and 

FACT,30,40,45,60,119 an essential histone chaperone that functions in transcription and 

replication and mediates transcription-replication conflicts.90,101,120 FACT may play a 

different role in replication than Spt6, as FACT appears to function at a post-initiation 

step.121,122 However, the respective contributions of Spt6 and FACT to DNA replication and 

genome stability are interesting topics for future studies, especially as FACT emerges as a 

potential therapeutic target in cancer.123

In conclusion, our studies have unveiled a role for Spt6 in DNA replication. Further work 

is needed to define the precise function of Spt6 in replication and to continue to understand 

the connection between the roles of Spt6 in replication, transcription, and conflicts between 

the two. Future studies will benefit from the identification of spt6 alleles that specifically 

impair replication and not transcription, as such alleles have been valuable in studies of both 

FACT124 and another factor that controls both transcription and replication, Sen1.125

Limitations of the study

Our study reveals an import function of Spt6 in DNA replication. However, to fully 

demonstrate a role of Spt6 in DNA replication, in vitro DNA replication assays with 

purified components should be performed. Another limitation of our study is the growth 

defect that occurs in the spt6-50 mutant when combined with BrdU incorporation 

components. This could lead us to overestimate the effect of the spt6-50 mutant on DNA 

replication as measured by BrdU-IP. We note that the spt6-50 mutant strains used in 

co-immunoprecipiation and ChIP experiments do not have this defect. Finally, while we 

have tried to separate the transcription and replication defects observed in spt6 mutants, 

true separation of function alleles is still lacking and could further differentiate direct and 

indirect mutant phenotypes.
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STAR★METHODS

RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents 

should be directed to and will be fulfilled by the lead contact, Fred Winston 

(winston@genetics.med.harvard.edu).

Materials availability—The unique reagents generated in our study, yeast strains and 

plasmids, are available upon request without restriction.

Data and code availability

• Genome-wide sequencing data have been deposited at GEO and are publicly 

available as of the date of publication. Accession numbers are listed in the key 

resources table. All data reported in this paper will be shared by the lead contact 

upon request.

• All original code has been deposited at GitHub and is publicly available as of the 

date of publication. The DOI is listed in the key resources table.

• Any additional information required to reanalyze the data reported in this paper 

is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Yeast strains and growth—All S. cerevisiae strains used in this study are in an S288C 

GAL2 background. They were constructed by standard methods either by transformation, 

cross, or CRISPR-Cas9 mutagenesis.131 All S. cerevisiae liquid cultures were grown in 

YPD (1% yeast extract, 2% peptone, 2% glucose) at 30°C unless otherwise mentioned. For 

spike-in normalization, S. pombe liquid cultures were grown in YES (0.5% yeast extract, 3% 

glucose, 225 mg/l each of adenine, histidine, leucine, uracil, and lysine) at 32°C.

METHOD DETAILS

Yeast dilution plating (spot tests)—Yeast strains were grown to saturation in liquid 

YPD and were then serially diluted 10-fold and plated onto the indicated media: YPD 

30°C (permissive), YPD 37°C (high temperature), hydroxyurea (HU), phleomycin, methyl 

methanesulfonate (MMS), ultra-violet light (UV), or SC-Lys. Plates were incubated for three 

days. All experiments were performed at least in duplicate. Each plate contained a wild-type 

and single mutant control, although only one representative example of these controls is 

shown.

Recombination assays—Recombination frequency reporters were previously 

described.57 Recombination frequencies were determined as the average frequency of six 

independent colonies. For each strain, two independent experiments were performed, for 

a total of 12 independent colonies per strain. For each colony, strains were plated on 

SC complete to determine cell viability and SC-His to determine His+ recombinants. 

Recombination frequencies are reported as the ratio of these two values. Yeast RNH1 
was cloned into pRS414 under the expression of an estradiol-inducible promoter (pKW26). 
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Strains expressing the Z3EV activator were transformed with pRS414 or pKW26, and grown 

under selective conditions SC-Trp. RNaseH overexpression was induced by addition of 

estrodiol overnight. Recombination frequencies were determined as described above, except 

only six colonies were assayed per genotype.

DNA-RNA IP (DRIP)—Yeast strains were harvested during mid-log phase (OD~0.6). For 

DRIP-seq, genomic DNA was isolated using Qiagen Tip kit according to manufacturer’s 

protocol with the exception that RNase was not added to buffer G2. Genomic DNA was 

first treated with S1 nuclease for 30 minutes at 50°C (as described in 95). Samples were 

then fragmented by sonication to ~300 bp. For qPCR analysis, genomic DNA was isolated 

by phenol:chromoform extract followed by a brief treatment with RNaseA/T1 in 300 mM 

NaCl. DNA was fragmented by overnight digestion at 37°C with restriction enzymes (AccI, 

EcoRV, NcoI, HaeIII, BsrG1) in cutsmart buffer in the presence or absence of 20 U 

RNaseH. For DRIP-seq and DRIP-qPCR, following fragmentation, samples were purified 

by phenol:chloroform extraction then ethanol precipitated. Samples were resuspended in 

1XFA buffer (1% TritonX-100, 0.1% sodium deoxycholate, 0.1% SDS, 50 mM HEPES, 

150 mM NaCl, 1 mM EDTA). Antibody S9.6 (25 μg) was pre-bound to 100 μL Protein 

A Dynabeads for 1 hour at 4°C in 1XFA buffer. 100 μg fragmented DNA was incubated 

with the S9.6-protein A beads for 2 hours at 4°C. Beads were washed in 5 successive 

washes: 1XFA, 1XFA with 0.5M NaCl, LiCl wash buffer (0.25M LiCl, 0.5% NP-40, 0.5% 

sodium deoxycholate, 1 mM EDTA, 10 mM Tris-HCl), twice with TE buffer. DNA was 

eluted in 300 μL elution buffer (1%SDS, 0.1M NaHCO3)for 2 hr at 65°C. Samples were 

then treated with 1 μL Proteinase K (20 mg/mL) for 1 hour at 42°C, extracted with 

phenol:chloroform, and then ethanol precipitated. The final DNA pellet was resuspended 

in 50 μL TE buffer. The percent hybrid signal for input and IP samples were quantified 

by qPCR. Sequencing libraries were prepared using the Qiagen GeneRead kit according 

to manufacturer’s instructions. For spike-in normalized qPCR samples, S. pombe genomic 

DNA was prepared as described above and was added after RNase treatment in equal 

amounts.

Cell cycle synchronization—(alpha factor) Yeast strains were grown to an OD~0.2 and 

then synchronized by treatment with alpha factor (5 nM for bar1Δ or 5 μM for BAR1) 

for 2 hours. Visual inspection confirmed >90% of cells had shmoo-like morphology. Cells 

were then washed three times with YPD media lacking glucose supplemented with fresh 50 

μg/mL pronase. Cells were released into indicated media and harvested as described below. 

(HU arrest) Yeast strains were grown to an OD~0.2 and then synchronized by treatment with 

0.2 M HU for 3 hours. (Nocodazole arrest) Yeast strains were grown to an OD~0.2 and then 

synchronized by treatment with 15 μg/mL nocodazole for 3 hours.

Flow cytometry cell cycle analysis—Following alpha-factor arrest (see above), cells 

were released into fresh YPD supplemented with 50 μg/mL pronase. Yeast samples were 

harvested at the indicated time points and fixed in 1 mL 70% EtOH overnight at 4°C. 

Fixed cells were washed once in 50 mM Tris-HCl pH7.5, then treated with RNaseA 

overnight at 37°C. Following removal of RNaseA, cells were treated with Proteinase K 

and incubated at 37°C for 2 hours. Cells were resuspended in 50 mM Tris-HCl pH7.5. Cells 
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were briefly sonicated and then treated with 1 mL 50 mM Tris-HCl pH7.5 with 1μL of 1mM 

SYTOX green in DMSO. Flow cytometry analysis was immediately performed (Fortessa, 

BD Biosceince). Data was analyzed with FlowCytometryTools (https://eyurtsev.github.io/

FlowCytometryTools/).

BrdU-IP—Following alpha-factor arrest (see above), cells were released into fresh YPD 

supplemented with 50 μg/mL pronase and 400 μg/mL BrdU. For HU-treated samples, 

hydroxyurea was added to a final concentration of 0.2 M HU. Cells were harvested after 

30 minutes (untreated) or 60 minutes (HU treatment) by the addition of sodium azide 

to a final concentration of 0.1%. Cell pellets were washed once with cold 1XTBS and 

stored at −80°C. Cell pellets were resuspended in lysis buffer (2% SDS, 2% Triton-X100, 

100 mM NaCl, 10 mM Tris pH 8.0, 1 mM EDTA) and 500 βL acid washed glass beads 

were added. Cells were lysed by vortexing for a total of 30 minutes at 4°C. Genomic 

DNA was isolated by phenol-chloroform isolation followed by ethanol precipitation with 

NaCl salt. DNA pellet was washed once with 70% ethanol and then resuspended in sterile 

water. DNA was treated with RNaseA/T1 for 30 minutes at 37°C followed by Proteinase 

K for 30 minutes at 50°C. Genomic DNA (gDNA) was column purified by a PCR 

purification kit. gDNA was fragmented by sonication to ~300 bp. Sonication efficiency 

was confirmed by gel electrophoresis. DNA concentration was measured by nanodrop 

and an equal amount of sonicated S. pombe genomic DNA was added to each sample. 

Input samples were removed immediately following spike-in addition. For next-generation 

sequencing experiments, libraries were prepared with the Qiagen GeneRead kit according 

to manufacturer’s instructions prior to IP. For the IP, gDNA was boiled for 5 minutes at 

95°C. Samples were incubated on ice for 3 minutes. 50 μL of gDNA (50-500 ng in EB) 

was combined with 50 μL anti-BrdU (1:250 in 2X IP buffer (2XPBS, 0.001% Triton-X100)) 

and incubated on a rotisserie for 2 hours at 4°C. 15 μL of washed Protein G Dynabeads 

was added. Samples were incubated on a rotisserie for 1 hour at 4°C. Samples were washed 

thrice in 1XIP buffer. Sample was eluted by the addition of TES and incubating for 10 min 

at 65°C. Samples were column purified prior to qPCR or sequence analysis.

Co-immunoprecipitation—For co-immunoprecipitation experiments, we used two 

epitope-tagging schemes. For Spt6 (Figures 3 and 4) and Spt6-YW (Figure 4), we used 

a C-terminal 3XFLAG epitope tag. For spt6-50, a nonsense mutation resulting in a C-

terminal truncation of the protein, we used N-terminally tagged 3X-FLAG-Spt6 and 3X-

FLAG-Spt6-50 (Figure 4). Yeast strains were harvested during mid-log phase (150 mL, 

OD~0.6). Cell pellets were washed once and stored at −80°C. Cell extracts were prepared 

by resuspending cell pellets in IP buffer (10% glycerol, 100 mM HEPES, 2mM EDTA, 150 

mM KOAc, 0.1% NP-40, 10 mM MgOAc, 2 mM NaF, supplemented with 1 mM DTT and 

SIGMAFAST protease inhibitor tablet (Sigma) at time of use;132) and bead-beating for a 

total of 6 min at 4°C, with 5 minutes incubation on ice after every minute. For Benzonase 

treatment, 300U of Benzonase was added for 30 minutes rotating at 4°C. For all samples, 

cell lysate was then cleared for 20 minutes, 12500 rpm, 4°C. Total protein concentration was 

measured by Pierce BCA Protein Assay Kit (Thermo Fisher). For V5 immunoprecipitation, 

5 μg anti-V5 (Invitrogen) was pre-bound to 30 μL Protein G Dynabeads for 1 hour at 

4°C in 1XIP buffer. For FLAG immunoprecipitations, anti-FLAG-M2-FLAG affinity gel 
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(Sigma A2220) was washed and resuspended in 1XIP buffer. An equal concentration of 

total protein (10-20 μg/μL) was incubated with antibody-beads for 2 hours, rotating, 4°C. 

Samples were washed thrice in IP buffer and were eluted in 30 μL 3X protein loading dye 

(9% SDS, 10% BME, 187.5 mM Tris-HCl, 30% glycerol, bromophenol blue) at 105°C 

for 3 minutes. The beads were then spun down and the supernatant was transferred to a 

new tube and either stored or used for western blots (6% SDS-PAGE gels). The following 

antibodies were used for western blots analysis: 1:5,000 anti-FLAG-M2 (Sigma), 1:5,000 

anti-V5 (Invitrogen), 1:2,500 anti-RNAPII-CTD (8WG16). Licor secondary antibodies were 

used. Images were quantified with ImageStudioLite. Quantifications were normalized to 

the signal for the wild-type tagged sample for each blot and the standard deviations were 

calculated in Microsoft Excel.

Chromatin immunoprecipitation (ChIP)—Following alpha-factor arrest (see above), 

samples were fixed with 1% formaldehyde at room temperature for 30 minutes. Crosslinking 

was quenched with the addition of glycine at a final concentration of 125 mM for 10 

minutes. Samples were pelleted, washed with cold TBS, and flash frozen. Cell pellets were 

resuspended in LB140 (50 mM HEPES-KOH pH 7.5, 140 mM NaCl, 1 mM EDTA, 1% 

Triton-X, 0.1% sodium deoxycholate, 0.1% SDS, 100 μg leupeptin, 100 μg pepstatin A, 

1/100 vol 100 mM PMSF, 1/250 vol. 0.1M DTT) and lysed by bead beating at 4°C for 

8 minutes, with 5 minutes on ice in between every minute. The lysate was collected and 

the chromatin extract was pelleted and washed with LB140. The pellet was sonicated to 

~200-400 bp fragments. Protein concentration was measured by Bradford and an equal 

amount (400 μg) was loaded per sample, with 5% w/w S. pombe chromatin spiked-in. 

Samples were diluted 1:1 with WB140 (50 mM HEPES-KOH pH 7.5, 140 mM NaCl, 1 mM 

EDTA, 1% Triton-X, 0.1% sodium deoxycholate), 5% input was removed, and incubated 

with 2.5 μg UM174 (MCM antisera) overnight at 4°C. 50 μL Protein G Dynabeads were 

added per sample and incubated at 4°C for 3 hours. Samples were washed twice with 

WB140, WB500 (50 mM HEPES-KOH pH 7.5, 500 mM NaCl, 1 mM EDTA, 1% Triton-X, 

0.1% sodium deoxycholate), and WBLiCl (10 mM Tris-HCl pH 7.5, 250 mM LiCl, 1 

mM EDTA, 0.5% NP-40, 0.5% sodium deoxycholate). Samples were washed once in TE. 

Samples were eluted with 100 μL TES at 65°C for 30 minutes. Crosslinking was reversed by 

incubating samples and inputs in TES at 65°C overnight. Inputs and IPs were treated with 

RNaseA/T1 and ProtK prior to column purification with Zymo DNA column kit according 

to manufactures instructions.

Rad52-foci microscopy—Cells were grown to mid-log phase. Samples were washed 

once with 1XPBS, briefly sonicated, and placed on a 2% agarose pad on imaging slide. 

Images were acquired with a Nikon Elipse Ti2 using 60X lens. Cells were manually staged 

based on cell morphology and foci were manually counted.

Bioinformatics analysis—A custom pipeline was used to process both BrdU-IP-seq, 

ChIP-seq, and DRIP-seq data. The custom pipeline was generated using the workflow 

manager Snakemake.126 Briefly, data was aligned to a combined S. cerevisiae + S. pombe 
genome (S. cerevisiae R64-2-1, S. pombe ASM294v2) using Bowtie2.127 Sequences were 

trimmed with cutadapt and processed using samtools,128 bedtools, and deeptools129 to 
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generate genome coverage tracks. This pipeline is available on the Winston lab GitHub 

(https://github.com/winston-lab). Deeptools was used to generate heatmaps of signal at 

desired regions and MACS2133 was used to call peaks on individual samples. For HU-

treated BrdU-IP samples and ChIP-seq data, irreproducible discovery rate (IDR) analysis 

was performed to identify common peaks across samples. As peaks were much broader 

and weaker for the BrdU-IP 30-minute samples, IDR analysis was not feasible. Instead, for 

30-minute BrdU-IP samples, MACS2 peaks per sample were first filtered to isolate peaks 

larger than 1 kB in length and then merged to combine peaks within 5 kB. Peak regions 

present in both samples were then used as reproducible peaks across samples.

Northern blotting—RNA extraction from S. cerevisiae was done using hot acid phenol 

extraction. Ten μg of RNA was resuspended in RNA loading buffer (6% formaldehyde, 1X 

MOPS, 2.5% Ficoll, 10 mM Tris-HCl pH 7.5, 10 mM EDTA, 7 μg/ml ethidium bromide, 

0.025% bromophenol blue, 0.025% Orange G), heated at 65°C for 10 minutes, then loaded 

on a 1% agarose/formaldehyde gel. The gel was run for 400 volt hours. Samples were 

denatured in the gel in 0.05M NaOH for 30 minutes at room temperature followed by 

neutralization in Tris-HCl, pH 7.5 for 30 minutes at room temperature. Samples were 

transferred to Genescreen membrane by upward capillary transfer in 1XSCC solution. The 

membrane was UV-crosslinked prior to hybridization. The membrane was incubated in 

pre-hybridization solution (50% deionized formamide, 10% dextran sulphate, 1M NaCl, 

0.05M Tris-HCl pH 7.5, 0.1% SDS, 0.1% sodium pyrophosphate, 10X Denhardts reagent, 

500 μg/mL denatured salmon sperm DNA) at 42°C for 5 hours. Membrane was hybridized 

to 32P-dATP labeled probe overnight at 42°C. The membrane was washed: 2 washes with 

2XSCC for 15 minutes at room temperature, 2 washes with 2XSCC+0.5% SDS for 30 

minutes at 65°C, and 2 washes with 0.1X SCC for 30 minutes at room temperature. Blots 

were imaged with a Typhoon phosphor-imager.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical details, including the numbers of biological replicates (n) and the measures of 

precision (standard deviation), can be found in the figure legends and Method Details. 

In all cases, n represents the number of biological replicates. The values for n for the 

relevant experiments are provided in the legends of Figures 1,2, 3, 4, 5, 6, and 7. In all 

cases, error bars represent standard deviation, which was calculated using Microsoft Excel. 

Bioinformatics analysis was done as described in Method Details using a custom pipeline 

(https://doi.org/10.5281/zenodo.7644131) and tools that are listed in the key resources table.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Spt6 has been primarily studied as a histone chaperone important for 

transcription

• Spt6 mutants exhibit genomic instability, consistent with DNA replication 

defects

• Spt6 mutants are defective for DNA replication in vivo

• The replication defect is likely at the initiation stage, during origin licensing

Miller and Winston Page 26

Cell Rep. Author manuscript; available in PMC 2023 April 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. DNA replication defects following Spt6 depletion
(A) Schematic of cell synchronization, Spt6 depletion, and harvesting strategy for the 

experiment shown in (B).

(B) BrdU-IP-qPCR IP/input (n = 2), data are normalized to 10% BrdU-labeled S. pombe 
genomic DNA. The error bars indicate the standard deviations.

(C) Schematic of cell synchronization, Spt6 depletion, and harvesting strategy for the 

experiment shown in (D).

(D) Representative flow cytometry analysis of DNA content for samples stained with 

SYTOX green. Shown is one of two similar replicates.
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Figure 2. spt6 mutants exhibit elevated DNA replication stress phenotypes
(A) Schematic of spt6 mutations. Conserved domains26 are indicated as gray boxes. An “X” 

indicates a point mutation, a dashed line indicates a deleted region, and an octagon indicates 

a nonsense mutation. The amino acid changes caused by each mutation are indicated to the 

right of the diagram. Additional information for each mutant is in the chart to the right with 

a check indicating wild-type phenotypes, an X indicating undetectable, and a down arrow 

indicating a decrease.

(B) Testing of spt6 mutants for sensitivity to DNA-damaging agents. Strains were serially 

diluted 10-fold, spotted onto the indicated plates, and incubated at 30°C for 3 days. A 

representative image is shown; all strains were tested at least three times with similar results.

(C) Quantification of Rad52-YFP foci in G2/M cells. Cells were staged based on cell 

morphology, and the foci were manually counted. Average values are plotted for at least 

two replicates (n = 2) and over 500 cells per genotype. The error bars indicate the standard 

deviations.
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(D) Testing of an rpb1-FSP mutant for sensitivity to DNA-damaging agents, with spt6 
mutants shown as controls. Strains were serially diluted 10-fold, spotted onto the indicated 

plates, and incubated at 30°C for 3 days. A representative image is shown; all strains were 

tested at least three times with similar results.
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Figure 3. spt6 mutants have negative genetic interactions with mutations that impair a DNA 
replication factor and S-phase checkpoint factors
(A and C) Schematic of genetic interactors.

(B, D, and E) Strains were serially diluted 10-fold, plated on the indicated plates, and 

incubated at 30°C for 3 days. A representative image is shown; all genotypes were tested at 

least three times (n = 3) with similar results from two independently derived sets of strains.

(A and B) Ctf4 is a non-essential member of the DNA replication fork complex.

(C and D) Mrc1 is an S-phase checkpoint mediator that responds to stalled DNA replication 

forks.

(C and E) Rad9 is an S-phase checkpoint mediator that responds to DNA damage.
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Figure 4. spt6 mutants have DNA replication defects in vivo
(A) Schematic of cell synchronization and harvest strategy for the experiments shown in (B) 

and (C).

(B) Flow cytometry analysis was performed for wild type (n = 2), spt6-YW (n = 2), and 

spt6-50 (n = 3). The median fluorescence signal over time was plotted and normalized for 

the signal in α-factor-arrested cells. Error bars indicate the standard deviations.
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(C) A representative flow cytometry histogram of total DNA content for the indicated strains 

at 30 min following release from α-factor. Median values with standard deviation were 

plotted versus time.

(D and F) Spike-in normalized BrdU-IP-seq signal at 228 origins (ARSs) in indicated strains 

and growth conditions. The signal represents the average of biological duplicates (n = 2).

(E and G) Representative genome browser views of S. cerevisiae chromosome VII. 

Previously identified ARSs are indicated by vertical lines above. Black circles represent 

ARSs called in our peak-calling pipeline. The results for S-phase-arrested cells (gray, E) and 

early-S-phase cells (blue, G) are shown for biological duplicates.

See also Figure S3.
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Figure 5. spt6 mutants have a reduced level of MCM complexes associated with ARSs
(A) Spike-in normalized MCM-ChIP-seq signal at 235 high-confidence wild-type peak 

regions in indicated strains in α-factor-arrested cells; each line represents the median, and 

the shading indicates the interquartile range for each strain from experiments done in 

biological triplicate (n = 3).

(B) A representative genome browser view of S. cerevisiae chromosome VII. Previously 

identified ARSs are indicated by vertical lines above the track. Black circles represent 

origins called in our peak-calling pipeline.

(C) Spike-in normalized MCM-ChIP-seq signal at 228 origins in indicated strains in α-

factor-arrested cells, average signal across biological triplicate samples. See also Figure S4.
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Figure 6. Spt6 may physically interact with the MCM complex
(A) A representative western blot showing the immunoprecipitation of either wild-type or 

mutant Spt6 and the co-immunoprecipitation (coIP) of Rpb1 and Mcm4.

(B) Quantification of three independent coIP experiments as shown in (A) (n = 3). The error 

bars represent the standard deviations.

(C) Quantification of three independent coIP experiments in which Mcm4-V5 was 

immunoprecipitated and wild-type or mutant Spt6 coIP was assayed (n = 3). The error 

bars represent the standard deviations.

(D) A representative western blot of Spt6 immunoprecipitation in synchronized cells: G1 

(α-factor arrest), S (0.2 M HU arrest), and G2 (15 μg/mL nocodazole arrest).

(E) Quantification of four independent coIP experiments shown in (D) (n = 4). The error 

bars represent the standard deviations.

See also Figure S5.
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Figure 7. Transcription contributes to spt6 genome instability
(A) Quantification of an inverted repeat recombination assay.56 Two independently derived 

strains and six independent colonies were assayed per genotype (n = 12). The values 

represent the average across all samples of a particular genotype. Wild-type values were 

averaged across replicates.

(B) Quantification of inverted repeat recombination assay in the absence of transcription; 

conducted as in (B).
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(C) Quantification of an inverted repeat recombination assay, as in (A) except that strains 

were grown in SC-Trp media and RNH1 transcription from plasmid pKW26 was induced 

by overnight treatment with estrodiol. Two independently derived strains were tested per 

condition (n = 2).

(D) Metagene profile of all S. cerevisiae non-overlapping genes scaled to their respective 

transcription start site (TSS) and transcription end site (TES) from DRIP-seq. Data represent 

the average of two biological replicates (n = 2).

(E) Spike-in normalized DRIP-qPCR data IP/input for two known R-loop-containing mRNA 

genes: RPL15A and HSP150. The average value for biological duplicates is shown (n = 2). 

The error bars show the standard deviations.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-V5 Invitrogen R960-25; RRID: AB_2556564

ANTI-FLAG M2 Affinity Gel Sigma A2220; RRID: 10063035

ANTI-FLAG M2 Sigma F3165; RRID: 259529

Anti-RNA Polymerase II CTD MilliporeSigma clone 8WG16; RRID: 1977470

Purified Mouse Anti-BrdU BD Pharmingen 555627; RRID: 395993

S9.6 provided by Koshland lab N/A

MCM antisera UM174 provided by Bell lab N/A

IRDye 800 Goat anti-Mouse IgG Secondary Licor 925032210; RRID: 621842

Chemicals, peptides, and recombinant proteins

alpha-factor BioSynthesis custom peptide: 
WHWLQLKPGQPMY

N/A

Pronase from Streptomyces griseus Roche 10165921001

RnaseA Solution Sigma R6148

Proteinase K, recombinant PCR grade Roche 3115801001

SYTOX Green nucleic acid stain Invitrogen 57020

Hydroxyurea Sigma H8627

Nocodazole Sigma M1404

Methyl methanesulfonate (MMS) Sigma M4016

Phleomycin from Streptomyces verticillus Sigma P9564

3-Indoleacetic acid (IAA) Sigma 12886

RnaseH NEB M0297L

AccI NEB R0161S

EcoRV NEB R3195S

NcoI NEB R3193S

HaeIII NEB R0108S

BsrG1 NEB R3575S

SigmaFAST protease inhibitor cocktail tablets Sigma S8820-20TAB

RNaseA/T1 Mix Thermo EN0551

Benzonase Sigma E1014-5KU

Dynabeads Protein G Invitrogen 10004D

Dynabeads Protein A Invitorgen 10002D

Critical commercial assays

Genomic-tip 100/G Qiagen 10243

Genomic DNA Buffer Set Qiagen 19060

GeneRead DNA Library I Core Kit Qiagen 180434

Deposited data

RNAPII ChIP-seq 60 GEO: GSE160821
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REAGENT or RESOURCE SOURCE IDENTIFIER

DRIP-seq This study GEO: GSE201633

BrdU-IP-seq This study GEO: GSE201632

MCM ChIP-seq This study GEO: GSE221913

Experimental models: Organisms/strains

Listed as Table S2. N/A N/A

Oligonucleotides

qPCR ARS1 F: AATGACCCGATTCTTGCTAG This study N/A

qPCR ARS1 R: GGATACGGAGAGAGGTATGT This study N/A

qPCR ARS301 F: GGATCTAGGGTTTTATGCCTT This study N/A

qPCR ARS301 R: TATCTTCTGGTGTCTCGTCC This study N/A

qPCR HSP150 F: CGGTAACTTGGCTATTGGTGA Wahba et al.95 N/A

qPCR HSP150 R: CGATAGCTTCCAAGTGGACTG Wahba et al.95 N/A

qPCR RPL15A F: ACC GCT GAA GAA AGA GTT GG Wahba et al.95 N/A

qPCR RPL15A R: TGT TGA GGG TCG ACC AAG AT Wahba et al.95 N/A

Additional oligos used for strain construction are listed 
in Table S2.

N/A N/A

Recombinant DNA

pKW26 This study N/A

Software and algorithms

Original code This study https://github.com/winston-lab;
https://doi.org/10.5281/zenodo.7644131

Snakemake Köster and Rahmann126 https://snakemake.readthedocs.io/en/
stable/

Bowtie2 Langmead and Salzberg127 http://bowtie-bio.sourceforge.net/bowtie2/
index.shtml

Cutadapt N/A https://cutadapt.readthedocs.io/en/stable/

Samtools Li et al.128 http://samtools.sourceforge.net/

Bedtools N/A https://bedtools.readthedocs.io/en/latest/

Deeptools Ramírez et al.129 https://deeptools.readthedocs.io/en/
develop/

DiffBind Stark and Brown130 http://bioconductor.org/packages/release/
bioc/html/DiffBind.html

FlowCytometryTools N/A https://eyurtsev.github.io/
FlowCytometryTools/

ImageStudioLite Licor https://www.licor.com/bio/image-studio-
lite/

Microsoft Excel N/A N/A
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