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Abstract 12 

Quiescence is a reversible G0 state essential for differentiation, regeneration, stem cell 13 

renewal, and immune cell activation. Necessary for long-term survival, quiescent 14 

chromatin is compact, hypoacetylated, and transcriptionally inactive. How transcription 15 

activates upon cell-cycle re-entry is undefined. Here we report robust, widespread 16 

transcription within the first minutes of quiescence exit. During quiescence, the 17 

chromatin-remodeling enzyme RSC was already bound to the genes induced upon 18 

quiescence exit. RSC depletion caused severe quiescence exit defects: a global 19 

decrease in RNA polymerase II (Pol II) loading, Pol II accumulation at transcription start 20 

sites, initiation from ectopic upstream loci, and aberrant antisense transcription. These 21 

phenomena were due to a combination of highly robust Pol II transcription and severe 22 

chromatin defects in the promoter regions and gene bodies. Together, these results 23 

uncovered multiple mechanisms by which RSC facilitates initiation and maintenance of 24 

large-scale, rapid gene expression despite a globally repressive chromatin state. 25 

 26 

Introduction 27 

For decades scientists have used budding yeast to uncover mechanisms of chromatin 28 

regulation of gene expression; and the vast majority of these studies were performed in 29 

exponentially growing (hereafter log) cultures [1]. Log phase, however, is not a common 30 

growth stage in unicellular organism lifecycles. Furthermore, many cell populations in 31 

multicellular organisms, such as in humans, are not actively dividing [2–4]. Indeed, the 32 

majority of “healthy” cells on Earth are not sustained in a persistently dividing state [3]. 33 

Non-proliferating cells reside in a G0 state, which generally means these cells are either 34 
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terminally differentiated, senescent, or quiescent. The quiescent state provides 35 

advantages to organisms: quiescence allows cells to remain dormant for long periods of 36 

time to survive harsh conditions or to prevent over-proliferation [3–5,2]. Notwithstanding 37 

this so-called “dormant state”, quiescent cells can exit quiescence and re-enter the 38 

mitotic cell-cycle in response to growth cues or environmental stimuli, which 39 

distinguishes quiescence from other G0 states. A major hallmark of quiescence is the 40 

chromatin landscape—vast histone de-acetylation and chromatin compaction occur 41 

during quiescence entry [6–8]. These events happen alongside a global narrowing of 42 

nucleosome depleted regions (NDR) and increased resistance to micrococcal nuclease 43 

(MNase) digestion, indicating a repressive chromatin environment [6]. Together, these 44 

features of quiescent cells point to a critical role for chromatin regulation of the 45 

quiescent state. However, the role of chromatin regulation upon exit from quiescence is 46 

unknown.  47 

  Reversibility is a conserved hallmark of quiescent cells and is required for proper 48 

stem-cell niche maintenance, T-cell activation, and wound healing in metazoans [4,9]. 49 

We sought to elucidate molecular mechanisms by which cells can overcome this 50 

repressive chromatin environment to re-enter the mitotic cell cycle. Given its genetic 51 

tractability, the ease by which quiescent cells can be purified, and high level of 52 

conservation among chromatin and transcription machinery, we turned to the budding 53 

yeast Saccharomyces cerevisiae [10]. We can easily isolate quiescent yeast cells after 54 

seven days of growth and density-gradient centrifugation. In this context, we can study 55 

pure populations of quiescent yeast, a cell fate that is distinct from other cell types 56 

present in a saturated culture [11]. 57 
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Since DNA is wrapped around an octamer of histone proteins in increments of  58 

~147bp to form nucleosomes [12], enzymes must move nucleosomes to give access to 59 

transcription initiation factors [13]. One such enzyme is the SWI/SNF-family member, 60 

RSC, which is a 17-subunit chromatin remodeling enzyme complex [14]. RSC contains 61 

an ATP-dependent translocase, Sth1 [15–18], multiple subunits with bromodomains 62 

(more than half of all bromodomains in the yeast genome are in RSC) and two zinc-63 

finger DNA-binding domains, which allow RSC to target and remodel chromatin [19,20]. 64 

Many components of the RSC complex are essential for viability in budding yeast and 65 

the complex is conserved in humans, where it is named PBAF. In humans, mutations in 66 

PBAF genes are associated with 40% of kidney cancers [21]; and 20% of all human 67 

cancers contain mutations within SWI/SNF family genes [22], underscoring the 68 

importance of such complexes in human health.  69 

The best-described role for RSC in regulating chromatin architecture and 70 

transcriptions is its ability to generate NDRs, by sliding or evicting nucleosomes [23–25]. 71 

Moving the +1 nucleosome allows for TATA binding protein (TBP) promoter binding and 72 

transcription initiation [26]. To this end, RSC mostly localizes to the -1, +1, and +2 73 

nucleosomes in log cells [27–29]. However, RSC has also been implicated in the 74 

transcription elongation step where it tethers to RNA polymerase and can localize to 75 

gene bodies [30–32]. Additionally, RSC binds nucleosomes within the so-called “wide 76 

NDRs”, where there are MNase-sensitive nucleosome-sized fragments, known as 77 

“fragile” nucleosomes [33–36]. These RSC-bound nucleosomes are likely partially 78 

unwrapped to aid in rapid gene induction [36–39].  79 
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In this study, we investigated how genes are transcribed during the first minutes 80 

of quiescence exit. We were particularly interested in uncovering mechanisms to 81 

overcome highly repressive chromatin found in quiescent cells. Unexpectedly, ~50% of 82 

the yeast genome was transcribed by RNA polymerase II (Pol II) by the first 10-minutes 83 

of exit, despite the highly repressive chromatin architecture present in quiescence. We 84 

found that this hypertranscription [40] event is RSC dependent and that RSC binds 85 

across the genome to ~80% of NDRs in quiescent cells. Upon RSC depletion, we 86 

observed canonical abrogation of transcription initiation, defects in Pol II clearance past 87 

the +1 nucleosome, and gross Pol II mislocalization, resulting in abnormal upstream 88 

initiation and aberrant non-coding antisense transcripts. We further showed that RSC 89 

alters chromatin structure to facilitate these processes. Taken together, we propose a 90 

model in which RSC is bound to NDRs in quiescent cells to facilitate robust and 91 

accurate burst of transcription upon quiescent exit through multiple mechanisms.  92 

 93 

Results 94 

Hypertranscription occurs within minutes of nutrient repletion post-quiescence 95 

To determine the earliest time at which transcription reactivates during 96 

quiescence exit, we fed purified quiescent cells YPD medium and took time points to 97 

determine the kinetics of Pol II C-terminal domain (CTD) phosphorylation by western 98 

blot analysis (Fig. 1A). Unexpectedly, Pol II CTD phosphorylation occurred within three 99 

minutes (Fig. 1A, compare lanes 1 and 2), which was our physical limit of isolating cells 100 

during this time course. To determine which transcripts were generated during these 101 

early quiescence exit events, we performed nascent RNA-seq using 4-thio-uracil (4tU) 102 
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to metabolically label new transcripts [41,42]. In agreement with the western-blot 103 

analysis, we observed a high level of transcriptional activation within a few minutes of 104 

nutrient repletion (Fig. 1B). Based on our western-blot result, the highest Pol II CTD 105 

phosphorylation is observed ~ten minutes after refeeding. Consistent with this result, we 106 

observed the highest level of nascent transcripts at the ten-minute time point, where 107 

3202 RNAs (~50% of annotated loci) were statistically significantly increased by two-fold 108 

compared to the zero-minute time point (Fig.1B, Fig.1—supplement 1A). Given how 109 

quickly Pol II was phosphorylated and transcripts were generated, we sought to 110 

determine if high levels of Pol II were already bound to the early exit genes in the 111 

quiescent state, as was observed previously in a heterogenous population of stationary 112 

phase cells [43]. To this end, we performed spike-in-normalized ChIP-seq analysis of 113 

Pol II in quiescent cells and at several time points following refeeding (Fig. 1C, Figure 114 

1—supplement 1B). Low Pol II occupancy levels (compare heatmaps 1 and 5) were 115 

detected in quiescent cells, which agrees with our western blot and RNA-seq analyses 116 

and previously published literature [6–8]. This implied that Pol II is not paused (Fig. 1C, 117 

compare heatmaps 1 and 2) in quiescent cells, and suggested that Pol II needs to be 118 

recruited de novo for rapid initiation and elongation. In support of this conclusion, we 119 

detected only low levels of the pre-initiation complex subunit TFIIB bound to genes in 120 

quiescent cells, which increased ~3-fold by five minutes of exit (Figure 1—supplement 121 

1C), despite no changes in the abundance of the protein (Figure 1—supplement 1D).  122 

 Highlighting the high level of transcription occurring in the first ten minutes of 123 

quiescence exit, we observed a drop-off in Pol II occupancy levels around the first G2/M 124 

phase (240 minutes) (Fig. 1C-D, Fig. 1—supplement 1E). Indeed, when the data were 125 
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sorted into k-means clusters across the time course, we noticed that many of the genes 126 

expressed in the 240-minute time point were similar, but still not identical, to those 127 

expressed in log cells, suggesting a recovery to log-like gene expression profile takes 128 

hours post refeeding (Fig. 1C, compare columns 4 and 5, Fig. 1D). There was a ~1.7-129 

fold increase in overall Pol II occupancy in the 10-minute time point relative to that of log 130 

cells (Fig. 1D, Fig.1—supplement 1B). Genes within each cluster had some enriched 131 

gene ontology (GO) terms, particularly in cluster 1, where rRNA processing and 132 

translation-associated genes were well-represented (Fig. 1—supplement 2). Together, 133 

these results demonstrate transcription activates extremely rapidly and robustly in 134 

response to nutrient repletion. 135 

 136 

Chromatin bears hallmarks of repression during early quiescent exit time points 137 

Given the exceptionally high transcriptional response during the first ten minutes of 138 

quiescence exit, we wondered whether chromatin changes reflected hypertranscription. 139 

To this end, we performed ChIP-seq analysis of H3 to measure nucleosome occupancy 140 

levels genome wide over time. Global H3 patterns during the early exit time points, 141 

especially at the 5-minute time point, were more similar to that of the quiescent state 142 

than to the 240-minute time point (Fig. 2A, compare columns 1-3), despite higher 143 

transcription levels. The most striking changes in histone occupancy during the early 144 

time-points were within NDRs, where the pattern at the 10-minute timepoint resembles 145 

the 240-minute time point (Fig. 2A, B). However, the H3 profiles outside of NDRs (Fig. 146 

2A, compare column 1-3 and 4 to the right of NDR, and Fig.2B) remain similar to that of 147 

quiescent state during the early stage of quiescent exit. In addition to nucleosome 148 
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occupancy, we tested nucleosome positioning using MNase-seq analysis where 149 

nucleosomes with 80% of the digested chromatin is represented by mononucleosomes. 150 

Globally, nucleosome positions were stable across the early exit time points (Fig. 2C).  151 

 We next tested if a burst of histone acetylation occurred during these early exit 152 

time points to help overcome the repressive quiescent chromatin environment. To test 153 

this, we performed ChIP-seq analysis of H4ac using an antibody that recognizes penta-154 

acetylated H4. Similar to nucleosome occupancy and positions, a modest increase in 155 

histone H4 acetylation occurred, but the levels did not reflect that of log cells (Fig. 2D, 156 

E).  This suggests that, while there was a strong transcriptional response during 157 

refeeding, histone acetylation was delayed. This is consistent with a previous study of a 158 

mixed population of saturated cultures where histone acetylation was found to occur 159 

later in exit[44]. Together, our results are in agreement with a recent study 160 

demonstrating that histone acetylation takes place mostly as a consequence of 161 

transcription [45]. 162 

To assess a biological readout of the repressive chromatin environment, we 163 

turned to phenotypic analysis of TFIIS disruption. TFIIS is a general elongation factor 164 

that rescues stalled Pol II; and nucleosomal barriers have been shown to increase 165 

stalled Pol II [46]. Given that Pol II stalling is common across the genome [47], it is 166 

paradoxical that the gene encoding TFIIS is not essential for viability in actively dividing 167 

cells, and its deletion does not cause strong growth defects [48]. Since Pol II must 168 

achieve a high level of transcription in the repressive chromatin environment during 169 

early quiescence exit, we hypothesized that TFIIS may play more critical roles during 170 

this period than during log culture. Indeed, in the absence of TFIIS (dst1∆), quiescent 171 
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yeast cells exhibited defects in cell cycle re-entry, where cells lacking TFIIS stall at the 172 

first G1 during exit, which is not the case during the mitotic cell cycle (Fig. 2F). These 173 

results collectively revealed that the chromatin environment remains repressive during 174 

early quiescence exit.  175 

 176 

In quiescence, RSC re-localizes to NDRs of genes expressed in exit 177 

Given the modest changes in chromatin at most genes during the early stage of 178 

quiescence exit (Fig. 2), we wondered whether MNase-sensitive or “fragile” 179 

nucleosomes were present at the promoters of rapidly induced genes in quiescence and 180 

were removed in early exit. Thus, we performed a weaker (low) MNase digestion (10% 181 

mononucleosomes) (Fig. 3A) and compared it to the stronger (high) MNase digestion 182 

(80% mononucleosomes) (Fig. 3B). Supporting our hypothesis, comparing the weaker 183 

MNase digest to the stronger MNase digest revealed that genes in the top two quarters 184 

of the NDR width have MNase-sensitive fragments in quiescent cells, which are 185 

reduced during exit (Fig. 3A, Figure 3—supplement 1A). H3 occupancy levels as 186 

measured by ChIP-seq analysis were reduced across all four quartiles, with a greater 187 

change occurring in the top quartile (Figure 3—supplement 1B). 188 

It has been recently suggested that that the ATP-dependent chromatin remodeler 189 

RSC can remove MNase-sensitive particles or fragile nucleosomes from promoters to 190 

activate transcription [26]. Additionally, it was proposed that RSC-bound nucleosomes 191 

are remodeling intermediates that render such nucleosomes more MNase-sensitive 192 

[38]. Thus, RSC was a strong candidate for regulating rapid transcription activation 193 

during quiescence exit. We performed ChIP-seq analysis of the RSC catalytic subunit 194 
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Sth1 in quiescent cells (Fig. 3E, Figure 3—supplement 2A). In quiescence, Sth1 195 

exhibited a striking difference in binding pattern compared to log cells (Fig. 3C, D).  Sth1 196 

bound to the majority of NDRs at gene promoters in quiescent cells as judged by ChIP 197 

signal down the heatmap (Fig. 3E, Figure 3—supplement 3A). This result was distinct 198 

from log cells, where RSC was reported to occupy the widest NDRs but otherwise bind 199 

the -1, +1, and +2 nucleosomes for most highly expressed genes (Fig. 3C) [28,26,38]. 200 

Consistent with previous literature, the clusters containing more RSC ChIP signals also 201 

had MNase-sensitive fragments at NDRs (Figure 3—supplement 2B, cluster 1). 202 

The RSC binding pattern in quiescent cells instead mirrored a recently described 203 

binding pattern in heat shock, where RSC and other transcription regulators transiently 204 

relocate to the NDRs [49]. In contrast to the heat shock response, however, we 205 

observed a stable, strong binding pattern of RSC in NDRs regardless of NDR width 206 

(Fig. 3E). Another obvious distinction of RSC binding patterns between log and 207 

quiescence was observed at tRNA genes (Fig. 3F). RSC’s role in tRNA expression has 208 

been well-studied in log cells [50–52]. In quiescence, RSC was occluded from tRNAs 209 

genes. Whereas upon exit, RSC rapidly targeted tRNAs, mimicking the log pattern. 210 

Together these data suggest that RSC adopts a quiescence-specific binding profile, one 211 

in which RSC is bound to NDRs broadly across the genome.  212 

We next sought to gain insight into how quiescent RSC occupancy patterns 213 

might predict Pol II occupancy during exit. To this end, we compared localization of 214 

RSC and Pol II in quiescence and exit. We first found that the presence of RSC at 215 

NDRs in quiescent cells and strong transcription in exiting cells co-localized (Fig. 3—216 

supplement 3A). Next, we examined RSC occupancy changes during quiescence exit at 217 
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Pol II-transcribed genes. During quiescence exit, RSC began to move out of NDRs and 218 

into gene bodies as transcription increased (Fig. 3G). These results suggested that 219 

RSC facilitates transcriptional activation upon exit and raised the possibility that RSC 220 

binding in NDRs may be a mechanism for cells to prepare for quiescence exit.  221 

 222 

RSC depletion causes quiescent exit defects and global Pol II occupancy 223 

reduction during quiescence exit 224 

To test the requirement of RSC in quiescence exit, we simultaneously depleted two 225 

essential subunits of the RSC complex, Sth1 and Sfh1, using the auxin degron system 226 

[53], during quiescence entry (see methods; Figure 3—supplement 3B). Depletion of 227 

these subunits throughout the exit process (hereafter “-RSC”) caused a dramatic defect 228 

in cell cycle progression upon quiescence exit, where the cells exhibited strong delays 229 

in exiting the first G1 stage (Figure 4A). This result contrasted with that in cycling cells, 230 

where rsc mutants or conditional alleles cause G2/M arrest [54]. 231 

To determine the impact of RSC depletion on hypertranscription during 232 

quiescence exit, we performed Pol II ChIP-seq analysis on cells exiting quiescence. In 233 

the presence of RSC, Pol II levels peaked at 10 minutes and substantially decreased at 234 

30 minutes after the exit (Fig. 4B, compare columns 3 and 4). As is the case in log 235 

cultures [50,55,56], Pol II occupancy decreased in the absence of an intact RSC 236 

complex in Q-cells and upon nutrient repletion thereafter (Fig. 4B). Pol II occupancy did 237 

eventually increase over time in the RSC-depleted samples. However, even after 30-238 

minutes, Pol II did not reach the peak level of occupancy seen at the 10-minute mark in 239 

the +RSC condition (Fig. 4B, compare heatmaps 3 and 8, and 4C). This suggests that 240 
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the defect in Pol II occupancy during quiescence exit was not solely due to slower 241 

kinetics during the initial exit stage.  242 

As shown earlier in Figure 3G, we observed RSC leaving the NDRs and moving 243 

into gene bodies during quiescence exit. Therefore, we examined the impact of RSC 244 

depletion on nucleosome occupancy and positioning. H3 ChIP-seq showed that RSC is 245 

required for removal of histones within NDRs (Fig. 4D), which is consistent with RSC’s 246 

role as the “NDR creator” [24]. We then plotted the data into the same k-means clusters 247 

shown in Figure 1C and cross compared TFIIB and RSC occupancy with RSC depletion 248 

on Pol II, nucleosome positions, and H3 occupancy at these sites (Figure 4—249 

supplement 1). Genes across all clusters showed decreased Pol II occupancy, 250 

indicating Pol II loading defects shown in Fig. 4B. However, genes that had high TFIIB 251 

levels and were strongly expressed (clusters 1 and 2) still exhibited detectable Pol II 252 

occupancy when RSC was depleted (Figure 4—supplement 1B). This coincided with a 253 

reduction in MNase-sensitive nucleosomes even in the absence of RSC.  While H3 254 

levels increased at clusters 1 and 2, these genes had the lowest H3 occupancy even in 255 

the absence of RSC (Figure 4—supplement 1C). Together, these data suggest that 256 

chromatin regulation by RSC is the key contributor to Pol II occupancy defects during 257 

quiescence exit when RSC is depleted. We, however, note that transcriptional defects 258 

upon RSC depletion, rather than the loss of RSC itself, can be at least partly 259 

responsible for chromatin defects observed upon RSC depletion.  260 

 261 

RSC is required for Pol II passage through gene bodies 262 
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Given that RSC moves from NDRs into gene bodies during quiescence exit (Fig. 3G), 263 

we next tested whether RSC could aid transcription after initiation. To this end, we 264 

selected ~2000 genes where RSC moved toward gene bodies and examined RSC 265 

localization at the 10-minute time point of quiescent exit. This analysis showed uniform 266 

movement of RSC from NDR into gene bodies (Fig. 5A). We next tested whether this 267 

RSC movement is dependent on Pol II transcription. To this end, we performed Sth1 268 

ChIP-seq analyses during quiescence exit in the presence of a transcription inhibitor 269 

1,10-phenanthroline (Fig. 5B, Pol II control in Figure 5—supplement 1A). We once 270 

again utilized the clusters shown in Fig. 1C to examine changes in localization at these 271 

sites. We note that at clusters 1 and 2, where Pol II normally is highly active, RSC is 272 

dramatically sequestered in the NDR (Figure 5—supplement 1B).  This experiment 273 

demonstrated that the movement of RSC from NDRs into gene bodies was strongly 274 

inhibited by 1,10-phenanthroline, establishing that RSC re-localization during quiescent 275 

exit is dependent on Pol II transcription.  276 

 Co-transcriptional movement of RSC into gene bodies suggested a possibility 277 

that RSC may help Pol II passage through gene bodies. To test this, we determined the 278 

effects of RSC depletion on Pol II localization during early time points of quiescence 279 

exit. Fig. 5C and D show that RSC depletion affects Pol II localization in at least two 280 

ways during early quiescence exit. First, consistent with Fig 4B, the robust increase in 281 

the amount of Pol II over genes is strongly decreased upon RSC depletion. In addition, 282 

upon RSC depletion, Pol II sharply accumulates at TSSs at the 5-minute mark, which 283 

continued to the 10-minute mark. In sharp contrast, PoI II accumulates at slightly more 284 

downstream at the 5-minute mark and moves mostly to downstream regions at the 10-285 
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minute time point in the presence of RSC. At these loci, NDRs are relatively shallow in 286 

quiescence but histone density rapidly decreases upon quiescence exit in the presence 287 

of RSC (Fig. 5E). In the absence of RSC at these sites, however, histone density is 288 

unexpectedly lower at NDRs in quiescence but does not change during quiescence exit 289 

(Fig. 5F), suggesting defective chromatin structure at and downstream of the NDR. 290 

Together, these results are consistent with the notion that co-transcriptional movement 291 

of RSC facilitates passage of Pol II through nucleosomes immediately downstream of 292 

TSSs through chromatin regulation. 293 

 294 

RSC suppresses abnormal upstream transcription initiation 295 

The fact that Pol II accumulated upstream of TSSs at the 5-minute mark upon RSC 296 

depletion (Fig. 5C) suggested possible defects in transcription start site selection. To 297 

test this possibility, we examined the 4tU-seq profiles in which there appeared to be an 298 

enrichment of RNA signal directly upstream and downstream of TSSs. We took the log2 299 

ratio of RNA signal in the depleted condition versus the non-depleted condition at the 300 

ten-minute time point. We sorted the genes using k-means clusters and found 864 301 

targets in which upstream transcription was present (Fig. 6A, three clusters shown in 302 

Figure 6—supplement 1, and an example of a representative locus in Fig. 6B). At these 303 

sites, we observed RSC ChIP-seq signals at NDRs in quiescence and then spreading 304 

during exit (Fig. 6C).  Indeed, at PTP3, we observe opening of the NDR in the + RSC 305 

condition and the NDR remaining absent when RSC was depleted (Fig. 6B).  306 

This analysis revealed that upon RSC depletion, a large number of genes (864) 307 

exhibited increased nascent sense-strand RNA signals starting upstream of their normal 308 
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TSSs, demonstrating wide-spread defects in TSS selection. Canonical NDRs at these 309 

sites were severely reduced in the absence of RSC (Fig. 6D; Figure 6—supplement 310 

1D). Examination of individual loci revealed that, in addition to filling of an NDR at the 311 

normal TSSs, an NDR is created upstream, which overlaps with ectopic transcription 312 

observed at an upstream TSS (see Fig. 6B for an example).  These results suggest that 313 

RSC facilitates selection of accurate transcription initiation sites through proper NDR 314 

formation upstream of protein coding genes during the burst of transcription during 315 

quiescence exit. This is likely a quiescence-specific function of RSC, or a result of the 316 

robust hypertranscription event during exit, as depletion of Sth1 in cycling cells mostly 317 

repressed transcription initiation with relatively few new upstream transcription start 318 

sites [55,56].  319 

   320 

RSC is required for suppression of anti-sense transcripts during quiescence exit 321 

Given the robust transcriptional response during the early minutes of quiescence exit 322 

(Fig. 1), we examined whether aberrant transcripts might also arise at RSC target loci 323 

during quiescence exit when RSC was depleted. We sorted the ratio of antisense 324 

transcript levels with and without RSC depletion into five k-means clusters (Fig. 7A).  325 

We found antisense transcripts arising in the absence of RSC, particularly at clusters I 326 

and IV. RSC signals were observed at NDRs upstream of sense transcripts in all 327 

clusters, with cluster II having the lowest levels of RSC (Fig. 7B) and the highest levels 328 

of sense transcription (Fig. 7A). Most genes had RSC bound at the promoters of the 329 

sense genes in quiescence, with highest RSC binding in the cluster I genes (Fig. 7B). 330 

Strikingly, nucleosome positioning and occupancy were heavily impacted in the cluster I 331 
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and IV genes upon RSC depletion in the sense direction, where NDRs became more 332 

resistant to MNase and nucleosomes in gene bodies were shifted toward the 5’-ends of 333 

genes (Fig 7C,D). This was in contrast to genes in clusters II and V where NDRs were 334 

largely open (Fig. 7C,D). These results collectively showed that chromatin structure at 335 

the cluster I and IV genes is especially dependent on RSC. In both clusters of genes, 336 

RSC signals and RSC-dependent chromatin changes are not apparent around the start 337 

sites of anti-sense transcripts. Therefore, suppression of anti-sense transcripts is 338 

unlikely to be a direct role for RSC.  Instead, it is likely that these genes have an 339 

intrinsic property to allow anti-sense transcription to occur when not properly regulated, 340 

and RSC is targeted to them to ensure sense transcription takes place through 341 

formation of proper NDRs. 342 

 343 

Discussion  344 

In this report we have shown that there is a rapid and robust transcriptional response 345 

during the very early minutes of quiescence exit (Fig. 8A). This response is greatly 346 

dependent on the chromatin remodeling enzyme RSC. We found that RSC promotes 347 

transcription at the right place and time in four different ways: 1) RSC promotes 348 

transcription initiation by creating NDRs in quiescence and maintaining them during exit 349 

(Fig. 8B). 2) RSC moves into gene bodies and helps Pol II transcribe past the +1 350 

nucleosome (Fig. 8C). 3) RSC maintains proper NDR locations to allow for accurate 351 

transcription start site selection (Fig. 8D). 4) RSC suppresses cryptic antisense 352 

transcription via generating NDRs at the cognate sense genes (Fig. 8E). Together, our 353 
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results suggest that the massive transcriptional response requires highly accurate 354 

nucleosome positioning to allow for cells to exit from the quiescent state. 355 

Quiescent yeast must downregulate their transcriptional program and generate a 356 

repressive chromatin environment in order to survive harsh conditions for extended time 357 

periods [10,6,57,58]. How, then, do cells rapidly escape the quiescent state when 358 

conditions are favorable? In this study, we show that there is a broad and robust 359 

transcriptional response to nutrient repletion after quiescence, notwithstanding a 360 

relatively repressive chromatin environment that persists until the first G2/M phase after 361 

quiescence. Indeed, we identified a previously unidentified phenotype for the deletion of 362 

the gene encoding yeast TFIIS, dst1∆. High numbers of stalled Pol II are present in 363 

cycling cells [47] despite the little impact of deleting DST1 on cycling cell growth. We 364 

speculate cells exiting quiescence may rely more heavily on TFIIS to transcribe through 365 

repressive chromatin [59,60].  366 

During quiescence, RSC relocates to NDRs upstream of Pol II transcribed genes 367 

that are transcribed in exit. Although RSC binds and regulates chromatin around Pol III 368 

genes [27,50], RSC is depleted at tRNA genes in quiescence and only returns during 369 

quiescence exit, further supporting the notion that RSC is globally re-targeted in 370 

quiescence. This is distinct from the transient NDR-relocalization observed in heat 371 

shock [49], as what we observed in quiescence was a sustained and rather stable 372 

localization. How RSC binds to these new locations in quiescence is unknown. Given 373 

the distinct structure of quiescent chromatin there are several, non-mutually exclusive, 374 

explanations for RSC’s binding pattern in quiescence. 1) The genome is hypoacetylated 375 

and thus RSC can no longer bind to acetylated nucleosomes in quiescence via its 376 
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bromodomains [19]. However, given the highly robust response to refeeding, RSC 377 

activity must be poised to be active in this state. An intriguing possibility could be that 378 

histone acetylation inhibits RSC activity to some extent as was recently reported in vitro 379 

[61]. This would be consistent with the rapid changes in nucleosome positioning at 380 

many genes during quiescence exit in the absence of high levels of histone acetylation. 381 

2) Recent structural studies have shown that the nucleosome acidic patch is in direct 382 

contact with subunits of the RSC complex [62–65]. If the acidic patch is occluded by 383 

hypoacetylated H4 tails in quiescence for example [12,66–69], it is possible that RSC 384 

can no longer interact with this region of the nucleosome, rendering its binding abilities 385 

different in quiescence. Finally, 3) a lack of Pol II activity in quiescent cells could prevent 386 

RSC from moving out of NDRs and into gene bodies. Indeed, transcription appears to 387 

play a prominent role in RSC localization: RSC moves into gene bodies during 388 

transcription activation and this movement is blocked when transcription is inhibited, as 389 

we have reported above. It is likely that a combination of transcription and histone 390 

acetylation helps pull RSC into gene bodies, given recent work showing that acetylation 391 

is a consequence of transcription [45]. 392 

An additional model we favor is one in which RSC’s activity is reduced in 393 

quiescence, in part, due to reduced ATP levels during glucose starvation [70–72]. It is 394 

possible, then, that we could infer RSC activity from its binding pattern at NDRs versus 395 

at the +1 nucleosome and beyond. According to this model, RSC sitting at NDRs in 396 

quiescence is inactive or has low biochemical activities. RSC-dependent chromatin 397 

remodeling could then be greatly aided by high levels of Pol II upon quiescence exit. Pol 398 

II is known to disrupt nucleosomes, which facilitates binding of other chromatin 399 
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regulators [59,73–75]. Nucleosome disruption by Pol II could thus allow RSC to function 400 

more readily in low ATP conditions during early stages of quiescence exit. Consistent 401 

with this model, we see high Pol II activity relative to other sites at a subset of genes in 402 

quiescent cells, where RSC localizes to fragile nucleosomes and outside the NDR at the 403 

+1 nucleosomes. Additionally, at these sites, RSC moves more readily toward gene 404 

bodies during quiescence exit as Pol II occupancy increased. 405 

 In a separate study, we recently found that the SWI/SNF remodeling enzyme 406 

promotes transcription of a subset of hypoacetylated genes during quiescence entry, 407 

implying a specialized transcription regulation program for essential genes in the wake 408 

of widespread transcriptional shutdown [57]. In cycling cells, it was recently shown that 409 

RSC and SWI/SNF cooperate at a subset of genes [76].  Our results suggested that 410 

cooperation between the two SWI/SNF class remodeling factors may also occur during 411 

quiescence entry.  412 

Consistent with co-transcriptional re-localization, our data suggest RSC plays an 413 

active role in helping Pol II transcribe past the +1 nucleosome in addition to initiating 414 

transcription. Supporting this idea was our observation of a subset of genes where RSC 415 

depletion caused a Pol II enrichment around the +1 nucleosome. Previous reports 416 

showed that RSC can bind gene bodies and impact elongating and terminating Pol II 417 

[31,77]; and one study showed interactions between the Rsc4 subunit and all three RNA 418 

polymerases [30]. An intriguing possibility could be that RSC directly interacts with Pol II 419 

to facilitate transcription past the first few nucleosomes.  420 

The transcriptional response during quiescent exit was dampened by depleting 421 

the essential chromatin remodeler, RSC, but it did not diminish completely. Pol II 422 
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occupancy was globally decreased ~2-fold at the 10-minute time point in RSC-depleted 423 

cells. However, in some cases  we found that reduced sense transcription and 424 

increased antisense transcription. This was largely due to a nearby NDR susceptible to 425 

transcription initiation that could be co-opted for antisense transcription. The mechanism 426 

that allows for this cryptic transcription is still unknown. Chromatin remodeling enzymes 427 

are vastly important for repressing antisense lncRNAs [78].  Different chromatin 428 

remodeling enzymes function to repress lncRNA transcripts in cycling cells, including 429 

RSC [79–81]. We speculate RSC is particularly suitable to regulate global transcriptome 430 

during quiescence exit due to its high abundance, which allows it to function through 431 

multiple mechanisms. The mouse embryonic stem cell-specific BAF complex was also 432 

recently shown to globally repress lncRNA expression [82]. This raises the possibility 433 

that some of our observations in yeast quiescent cells could be conserved in 434 

mammalian quiescent cells. Given the robust transcriptional response that occurs 435 

during quiescence exit, it is likely that chromatin structure is crucial for maintaining the 436 

quality of the transcriptome. Indeed, we noted cases where transcription occurred 437 

upstream of the canonical TSS when an NDR was not generated, highlighting the 438 

defects in Pol II initiation and start site selection due to chromatin defects in the 439 

absence of RSC. Hypertranscription events similar to the one observed during 440 

quiescence exit occur throughout all organisms, particularly during development [40]. 441 

Therefore, it is quite possible that we will see similar, multifaceted roles for RSC 442 

homologues or other abundant chromatin remodeling factors in facilitating proper 443 

hypertranscription in many other systems.  444 

 445 
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Materials and Methods 446 

Key Resources 447 

Key Resources Table 

Reagent type 
(species) or 
resource 

Designation Source or 
reference 

Identifiers Additional 
information 

Strain, strain 
background (S. 
Cerevisiae) 

WT; 
prototroph 

Tsukiyama Lab YTT5781 MATa RAD5+  

Strain, strain 
background (S. 
Cerevisiae) 

WT; 
prototroph 

Tsukiyama 
Lab 

YTT5782 MATa RAD5+  
 

Strain, strain 
background (S. 
Cerevisiae) 

Sth1 and 
Sfh1 
degrons 

Tsukiyama 
Lab 

YTT7222 MATa can1-
100 RAD5+ 
Sth1-3HSV-
IAA1-T10-
KanMX Sfh1-
3HSV-IAA1-
T10-Hyg 
 

Strain, strain 
background (S. 
Cerevisiae) 

Sth1 and 
Sfh1 
degrons 

Tsukiyama 
Lab 

YTT7224 MATa can1-
100 RAD5+ 
Sth1-3HSV-
IAA1-T10-
KanMX Sfh1-
3HSV-IAA1-
T10-Hyg 
 

Strain, strain 
background (S. 
Cerevisiae) 

dst1∆ Tsukiyama 
Lab 

YTT7308 
 

MATa RAD5+ 
dst1∆::KanMX 
 



 22 

Strain, strain 
background (S. 
Cerevisiae) 

dst1∆ Tsukiyama 
Lab 

YTT7309 
 

MATa RAD5+ 
dst1∆::KanMX 
 

Chemical 
compound, drug 

Indole-3-
acetic acid 
(IAA) 

Sigma I3750-5G-A 1 mg/mL 
powder added 
to culture 

Antibody  Rpb3 
(mouse 
monoclonal) 

Biolegend 665003  WB: 
(1:1000) 
dilution 

ChIP: (2μL)  

Antibody Ser5p (rat 
monoclonal) 

Active Motif 61085 WB: (1:1000) 

Antibody Ser2p (rat 
monoclonal) 

Active Motif 61083 WB: (1:1000) 

Antibody HSV (rabbit 
polyclonal) 

Sigma  H6030-200UG 
 

WB: (1:5000) 

Antibody H3 (rabbit 
polyclonal) 

Abcam 1791 WB: (1:1000) 

ChIP: (1μL) 

Antibody Flag (mouse 
monoclonal) 

Sigma F1804 ChIP: (2μL) 

Other Protein G 
magnetic 

Invitrogen 10004D ChIP: (20μL) 
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Peptide, 
recombinant 
protein 

Zymolyase 
100T 

AMSBIO  120493-1 MNase-seq; 
10 mg per 
100 units 
OD660 cells 

Peptide, 
recombinant 
protein 

Micrococcal 
nuclease 

Worthington LS004798 MNase-seq 
50U (high 
digests) 
5U (low 
digests) 

Other AMPure XP Beckman A63880 
 

- 

Strain, strain 
background (K. 
lactis) 

Spike-in 
control strain 

Nathan Clark 
Lab 

NRRL Y-1140 
 

100:1 cell 
mixture (S. 
cerevisiae: 
K. lactis) 

Chemical 
compound, drug 

4-thiouracil Sigma  440736-1G 5 mM 

Commercial 
assay or kit 

RiboPure 
Yeast Kit 

Thermo 
Fisher 

AM1926   

Chemical 
compound, drug 

MTSEA 
biotin-XX 

Biotium  

 

90066  

 

 16.4 uM in 
20mM 
HEPES pH 
7.4 1mM 
EDTA 

Other Streptavidin 
beads 

Invitrogen 65001  (40μL) 

Commercial 
assay or kit 

miRNeasy 
kit 

Qiagen 217084 - 

Commercial 
assay or kit 

Ovation 
SoLo kit; 
custom 
AnyDeplete 

NuGEN/Teca
n 

Contact rep 
for custom 
reagent 
(yeast rRNA 
depletion) 

- 

 448 
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 449 
 450 
 451 

 452 

 453 

Yeast strains, yeast growth media, quiescent cell purification, and exit time 454 

courses 455 

The S. cerevisiae strains used in this study are listed in Supplementary Table S1 and 456 

are isogenic to the strain W303-1a with a correction for the mutant rad5 allele in the 457 

original W303-1a [83]. Yeast transformations were performed as previously described 458 

[84]. All cells were grown in YPD medium (2% Bacto Peptone, 1% yeast extract, 2% 459 

glucose). We note that quiescent (Q) yeast need to be grown in YPD using “fresh” 460 

(within ~three months) yeast extract as a source. To purify Q cells, liquid YPD cultures 461 

were inoculated with a single colony into liquid cultures (colonies were no older than 462 

one week). Yeast cells were grown in Erlenmeyer flasks ten times the liquid volume for 463 

seven days at 30C and shaking at 180 RPM. Q cells were purified by percoll gradient 464 

centrifugation as previously described [11]. Briefly, percoll was diluted 9:1 with 1.5 M 465 

NaCl into 25-mL Kimble tubes and centrifuged at 10,000 RPM for 15-minutes at 4C. 466 

Seven-day cultures were pelleted, washed with ddH2O, resuspended in 1 mL of 467 

ddH2O, and gently pipetted over a pre-mixed percoll gradient. 400 OD660 were pipetted 468 

onto a 25-mL gradient. Gradients with loaded cells were centrifuged for one hour at 469 

1000 RPM, 4C. The upper, non-quiescent cell population and the middle, ~8 mL 470 

fraction, were carefully discarded via pipetting. The remaining volume was washed 471 

twice with ddH2O in a 50 mL conical tube at 3,000 RPM, 10 minutes each.  472 
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Q exit experiments were performed as follows: Q cells were harvested and 473 

added to YPD to 1 OD660/mL. Cells were grown at 25C to slow the kinetics for 474 

feasibility. For ChIP-seq and MNase-seq experiments, cells were grown to the 475 

appropriate time and then crosslinked for 20 minutes (described in more detail in the 476 

sections below).  477 

 478 

Depletion of RSC subunits, Sth1 and Sfh1  479 

The yeast strains YTT 7222 and 7224 were grown in 5-mL overnight YPD cultures, back 480 

diluted for four doublings, and inoculated to 0.002 OD660 into the appropriate YPD 481 

volume for a given experiment. Cells were grown for 16 hours and monitored for 482 

glucose exhaustion using glucose strips. Six hours after glucose exhaustion, 1mg/mL of 483 

Indole-3-acetic acid (IAA) (Sigma, I3750-5G-A) was added, in powder form, to the 484 

culture. IAA remained in the culture for seven days before harvesting Q cells. Q cells 485 

were purified as described above and depletion efficiency was determined by western 486 

blot analysis (Figure 3—supplement 1B).  487 

 488 

Western Blot Analysis 489 

Yeast cells were lysed by bead beating in trichloroacetic acid (TCA), as previously 490 

described [85]. Proteins were resolved on 8% polyacrylamide gels and transferred to 491 

nitrocellulose membranes. Membranes were incubated with primary antibodies: anti-492 

Rpb3 (Biolegend, 665003 1:1000 dilution), anti-Ser5p (Active Motif, 61085 1:1000 493 

dilution), anti-Ser2p (Active Motif, 61083, 1:1000 dilution), and anti-HSV (Sigma, 1:500). 494 

Following primary incubation, membranes were incubated with either anti-mouse or 495 
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anti-rabbit secondary antibodies (Licor, 1:10000). Protein signals were visualized by the 496 

Odyssey CLx scanner.  497 

 498 

ChIP-seq  499 

100 OD660 U of cells were crosslinked and sonicated in biological duplicate using the 500 

protocol described in [86]. Proteins were immunoprecipated from 1 μg chromatin and 1 501 

μL of anti-H3 (Abcam, 1791) conjugated to 20 μl protein G magnetic beads (Invitrogen, 502 

10004D) per reaction. For Pol II ChIPs, we used an antibody against the Rpb3 subunit 503 

(2 μl per reaction, Biolegend 665004) conjugated to 20 μl protein G magnetic beads 504 

(Invitrogen, 10004D). For Sth1 ChIP experiments we used an antibody against the Flag-505 

epitope tag, FLAG M2 mouse monoclonal (Sigma Aldrich, F1804) and conjugated to 20 506 

μl protein G beads (Invitrogen, 10004D) Libraries were generated using the Ovation 507 

Ultralow v2 kit (NuGEN/Tecan, 0344) and subjected to 50-bp single-end sequencing on 508 

an Illumina HiSeq 2500 at the Fred Hutchinson Cancer Research Center genomics 509 

facility.  510 

 511 

ChIP-seq analysis: 512 

We used bowtie2 to align raw reads to the sacCer3 reference genome [87]. Reads were 513 

then filtered using SAMtools [88]. Bigwig files of input-normalized ChIP-seq data were 514 

generated from the filtered bam files using deepTools2 [89] and dividing the IP data by 515 

the input data. All ChIP-seq IP data were normalized to RPKM and the corresponding 516 

input samples. Pol II ChIP-seq data were both input normalized and spike-in 517 

normalized. Matrices for metaplots were generated in deepTools2 using the annotation 518 
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file from [90]. Clustering was performed using the kmeans function in deepTools2. For 519 

GO analysis, the lists of genes within each cluster were entered into 520 

http://geneontology.org/ database and the first five GO-terms with an FDR of <0.05 are 521 

shown in Figure 1—supplement 2.  522 

 523 

MNase-seq 524 

Cell growth and crosslinking was done in the same fashion as in ChIP-seq experiments. 525 

Generally, we followed the protocol in [86], with changes described here. Cells were 526 

spheroplasted using 10 mg zymolyase (100T, AMSBIO, 120493-1) per 100 OD660 cells. 527 

For Q cells, zymolyase treatment could take up to two hours. We monitored the cells via 528 

microscopy and stopped the spheroplasting step when ~80% of the cells were 529 

spheroplasted. MNase digestion was performed as described in [86]. High digests (80% 530 

mononucleosomes) required 50U of micrococcal nuclease (Worthington, LS004798) 531 

and for the low digests, chromatin was treated with 10 U of MNase. From this step, 532 

chromatin was reverse crosslinked as described in [86].  Following reverse crosslinking, 533 

RNase, and proteinase-K digestion, DNA was phenochloroform-extracted. Any large, 534 

uncut genomic DNA species was separated out using Ampure beads (Beckman). 535 

Sequencing libraries were generated from the purified DNA using the Ovation Ultralow 536 

v2 kit (NuGEN, 0344). Libraries were subjected to 50-bp paired-end sequencing on an 537 

Illumina HiSeq 2500 at the Fred Hutchinson Cancer Research Center genomics facility.  538 

 539 

MNase-seq Analysis 540 

http://geneontology.org/
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We used bowtie2 to align raw reads to the sacCer3 genome and filtered reads using 541 

SAMtools as described above for ChIP-seq analysis. Bigwig files of input-normalized 542 

ChIP-seq data were similarly generated from the filtered bam files using deepTools2 543 

and the MNase option to center the reads around nucleosome dyads. Data represented 544 

in the paper were filtered to mononucleosome sizes using deepTools2. Mapped reads 545 

were normalized by RPKM. For NDR-width quartiles shown in Figure 3, NDRs were 546 

sorted into decreasing width and then divided by four. Each cluster is 25% of the NDRs.  547 

 548 

Nascent RNA-seq 549 

Generally, nascent RNA-seq experiments were performed as described in 550 

[91,42]. For the 0-minute and 5-minute samples, we added 100 and 50 OD660 of Q cells, 551 

respectively, to YPD containing 5 mM 4-thiouracil (Sigma, 440736-1G). Cells were 552 

incubated with 4tU for 5 minutes before pelleting (one minute, 3500 RPM) and flash 553 

frozen in liquid nitrogen. For the 10-minute time points, 50 OD units of quiescent cells 554 

were released into YPD for 5 minutes before an additional 5-minute incubation with 4tU 555 

at a final concentration of 5 mM.  All time points were labeled with 4tU for a total of 5 556 

minutes before pelleting and freezing. Total RNA was isolated using Ambion’s RiboPure 557 

Yeast Kit (Thermo, AM1926). S. cerevisiae cells were lysed in the presence of 558 

Kluvomyces lactis (K. lactis) cells in a 100:1 mixture. RNA was treated with DNAseI 559 

according to the TURBO DNase kit (Thermo, AM2238). 40 ug RNA was then 560 

biotinylated with MTSEA biotin-XX (diluted in 20% DMF) at a final concentration of 16.4 561 

uM in 20mM HEPES pH 7.4 and 1 mM EDTA at room temperature for 30 minutes. 562 

Unreacted MTS-biotin was removed from samples by PCI extraction and resuspended 563 
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in 100 uL nuclease-free water. Strepavidin beads (Invitrogen 65001) were washed with 564 

high-salt wash buffer (100 mM Tris, 10 mM EDTA, 1 M NaCl, 0.05% Tween-20) and 565 

blocked for one hour in high-salt wash buffer containing 40 ng/uL glycogen. 40 uL of 566 

streptavidin beads were added to the RNA samples and incubated for 15 minutes at 567 

room temperature. Beads were washed three times in 1 mL high salt wash buffer and 568 

eluted for 15 minutes at room temperature in 50 uL streptavidin elution buffer (100 mM 569 

DTT, 20 mM HEPES, 2.7, 1 mM EDTA, 100 mM NaCl, 0.05% Tween-20). The resulting 570 

RNA was then purified and concentrated using the Qiagen miRNeasy kit (#217084). 571 

Libraries were prepared from 5 ng of RNA using the Ovation SoLo kit (NuGEN/Tecan, 572 

custom AnyDeplete; contact Tecan for ordering this kit for yeast). Libraries were 573 

subjected to 50-bp paired-end sequencing on an Illumina HiSeq 2500 at the Fred 574 

Hutchinson Cancer Research Center genomics facility.  575 

Nascent RNA-seq Analysis 576 

We used bowtie2 to align raw reads to the sacCer3 and K. lactis (Ensembl 577 

ASM251v1) genomes and filtered reads using SAMtools as described above for ChIP-578 

seq analysis. Reads were normalized to the spike-in control and RPKM. Differential 579 

expression analysis was performed using DESeq2 [92]. For Figure 6, sense transcripts 580 

from log2 ratio data (-RSC/+RSC) were sorted into 3 k-means clusters. The cluster 581 

containing enriched upstream transcripts was used for further analysis and is shown in 582 

Figure 6. Clustering information is also provided in the source data files. 583 

 584 

Data Availability 585 
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All sequencing data are uploading on the NCBI Gene Expression Omnibus under the 586 

accession number GSE166789. Information pertaining to clusters or selected genes 587 

shown in heatmaps is provided in the source data files.  588 
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 599 

 600 

Figure 1. Rapid hypertranscription occurs upon nutrient repletion of quiescent 601 

cells  602 

(A) Western blots were probed with antibodies to detect Ser5p and Ser2p of the CTD of 603 

Rpb1 subunit of Pol II. An antibody against the Rpb3 subunit of Pol II was used as a 604 

loading control. (B) Nascent RNA-seq analysis. (C) Pol II ChIP-seq analysis. Heatmaps 605 

show k-means clusters of 6030 genes. Genes are linked across the heatmaps. (D) 606 

Metaplots of ChIP-seq data shown in (C) without k-means clustering. 607 

 608 
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 609 

 610 

Figure 1—supplement 1 611 

(A) Volcano plot of nascent transcripts comparing significant changes in expression 612 

using a 2-fold cut off. (B) Boxplots illustrating the difference in Pol II ChIP-seq signals 613 

across genes. Log2 ratio values were subtracted (ex: Q log2 values were subtracted 614 

from 10 min. log2 values). (C) TFIIB ChIP-seq analysis in Q cells and exit time points. 615 

Genes are linked across the time points and are aligned to TSS. (D)  Western blot of 616 

flag-tagged Sua7 in Q and Log cells with H3 as a loading control. (E) DNA content 617 

FACS analysis indicating cell cycle progress during Q exit. 618 

 619 
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 620 
Figure 1—supplement 2  621 

Genes enriched in each cluster of genes shown in Fig. 1C. Gene Ontology (GO) 622 

analysis of genes within each cluster from kmeans clustering shown in Fig. 1C. The top 623 

five GO terms are presented per cluster and shown is the Fold-Enrichment of GO terms 624 

using an FDR cutoff of <0.05.  625 

 626 

 627 

 628 

 629 

 630 

 631 
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632 
Figure 2. Repressive chromatin persists during early quiescence exit 633 

(A, B) ChIP-seq of total H3 in quiescent cells and exit time points sorted into quartiles 634 

based on NDR width. (C) MNase-seq analysis of 6030 genes in Q (pink line), Log (black 635 

line), and Q-exit time points 5 minutes (light grey line) and 10 minutes (dark grey line).  636 

(D, E) ChIP-seq analysis of penta-acetylated H4 (H4ac) in Q and Log cells and exit time 637 

points. Genes are separated as in (B). (F) DNA content FACS analysis following Q exit 638 

in WT and a TFIIS-absent strain (dst1∆). 639 
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 640 

Figure 3. MNase sensitivity and quiescence-specific RSC relocalization indicate 641 

remodeling activity required for early exit 642 

(A) MNase-digested chromatin to 10% mononucleosomes (low digestion). (B) Metaplot 643 

of MNase-digested chromatin to 80% mononucleosomes (high digestion) in Q and 10-644 

minute time points. (C,D) ChIP-seq of the catalytic RSC subunit in quiescent and log 645 

cells at Pol II-transcribed genes. (E) ChIP-seq analysis of RSC shown across quartiles 646 

based on MNase-seq determined NDR width. (F) ChIP-seq of RSC at tRNA genes. (G) 647 

ChIP-seq of RSC and Pol II comparing RSC movement with Pol II into gene bodies.  648 

 649 

 650 

 651 
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 652 

Figure 3—supplement 1 653 

(A) MNase-digested chromatin to 10% mononucleosomes (5U) or 80% 654 

mononucleosomes (50U) in Q (dark blue line) and 10-minute time points (light blue 655 

line). (B) ChIP-seq of H3 in quiescent cells (dark blue line) and 10-minutes of exit (light 656 

blue line). All panels show quartiles based on NDR width as described in the Methods 657 

section.   658 

 659 

 660 

 661 

 662 

 663 
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 664 

Figure 3—supplement 2 665 

(A) Sth1 ChIP-seq from Q cells sorted into k-means clusters based on Sth1 occupancy. 666 

(B) MNase-seq data sorted into clusters shown in Figure 3—supplement 2A. Both low 667 

(5U) and high (50U) digests are shown on the graph for both Q and 10-minute time 668 

points.    669 

 670 

 671 

 672 

 673 
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 674 
Figure 3—supplement 3 675 

(A) ChIP-seq analysis of RSC and Pol II using antibodies against Flag-tagged Sth1 and 676 

Rpb3, respectively. Genes are sorted into k-means clustered and are linked across the 677 

different ChIPs. (B) Western blot analysis of RSC depletion. Both Sth1 and Sfh1 contain 678 

C-terminal HSV and AID tags for detection and depletion using IAA. Western blot was 679 

probed with an antibody recognizing the HSV epitope tag and Rpb3 (Pol II subunit) as a 680 

loading control. The addition of IAA is indicated by – or +. 681 

 682 
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 683 

Figure 4. RSC is required for normal quiescence exit and hypertranscription upon 684 

nutrient repletion 685 

(A) DNA content FACS analysis indicating cell cycle progression during Q exit in the 686 

presence (+) or absence (-) of RSC. (B) ChIP-seq analysis of Pol II across time in the 687 

presence or absence of RSC. Genes are sorted in the same fashion for all heatmaps. 688 

(C) Example tracks of data shown in (B) with RSC ChIP-seq in Q cells added. (D) H3 689 

ChIP-seq sorted by NDR width (as determined by MNase-seq experiments).  690 

 691 
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 692 

Figure 4—supplement 1 693 

(A) TFIIB ChIP-seq sorted into k-means clusters as in Figure 1C. (B) Pol II ChIP-seq 694 

sortedinto k-meanse clusters as in Figure 1C. (C) MNase-seq of lowly digest (5U) and 695 

highly (50U) digested chromatin and H3 ChIP-seq at the 10-minute time point with (blue 696 

line) and without (magenta line) RSC sorted into k-means clusters as in Figure 1C. (D) 697 

RSC (Sth1) ChIP-seq sorted into k-means clusters as in Figure 1C.  698 

 699 

 700 
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 701 

 702 

 703 

Figure 5. RSC depletion causes severe Pol II mislocalization defects during 704 

quiescence exit. 705 

C) ChIP-seq of RSC in Q and 10-minute time points. Genes are linked. (B) ChIP-seq of 706 

RSC at 10-minutes of exit in the presence and absence of the transcription inhibitor 707 

1,10-phenanthroline. (C, D) ChIP-seq of RSC and Pol II during exit. (E-F) H3 ChIP-seq 708 

in quiescence and during exit in the presence and absence of RSC.   709 

 710 

 711 

 712 

 713 

 714 

 715 

 716 

 717 

 718 
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 719 
Figure 5—supplement 1 720 

(A) ChIP-seq analysis of Pol II in the absence and presence of the transcription inhibitor 721 

1,10-phenanthroline. (B) MNase-seq analysis assessing differences in MNase 722 

sensitivity in Q and ten-minutes for cells with and without RSC. The +2 nucleosome 723 

MNase-digestion differences are highlighted by the pink arrows.  724 

 725 

 726 
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 727 
 728 

Figure 6. RSC depletion causes upstream transcription relative to canonical TSS  729 

(A) Heatmap showing the Log2 ratio of nascent sense transcripts in RSC-depleted 730 

versus non-depleted cells. Shown are 864 genes that have upregulated transcripts 731 

upstream of genes in the sense direction and have RSC ChIP signals. (B) Example 732 

gene of aberrant upstream transcript. Arrows direct to defects: blue arrow points to loss 733 

of NDR, yellow arrow points to gain of NDR, and pink arrow points to upstream RNA 734 

signal. (C) Heatmaps and metaplots of RSC ChIP-seq during Q and exit at genes 735 

shown in (A). (D) Heatmaps and metaplots of MNase-seq in exit at the genes shown in 736 

(A). 737 

 738 
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 739 
 740 

Figure 6—supplement 1  741 

(A) Heatmap showing the Log2 ratio of nascent sense transcripts in RSC-depleted 742 

versus non-depleted cells. Genes were clustered using k-means clustering based on 743 

nascent RNA signal. (B) ChIP-seq of RSC sorted in the same order as (A). (C) ChIP-744 

seq of Pol II sorted in the same order as in (A). (D) Mnase-seq of chromatin digested to 745 

80% mononucleosomes (50U) sorted into the same order as in (A). Note cluster III is 746 

the cluster chosen for the main Figure 6.   747 

 748 

 749 
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 750 
 751 

 752 

Figure 7. Aberrant antisense transcription arises when chromatin around sense 753 

transcripts is abrogated in the absence of RSC (A) Heatmaps of the Log2 ratio of 754 

nascent RNAs that are RSC targets and give rise to antisense transcripts. Data are 755 

sorted into 5 k-means clusters based on the antisense transcripts. All data in this figure 756 

are sorted in the same fashion. (B) ChIP-seq of RSC in quiescent cells and during exit.  757 

(C) H3 ChIP-seq at the 10-minute time point with and without RSC. (D) MNase-seq at 758 

the 10-minute time point with and without RSC.  759 
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 760 

Figure 8. RSC safeguards the quiescent genome from aberrant transcription  761 

In quiescent cells, RSC binds to NDRs upstream of Pol II transcribed genes. Upon 762 

quiescence exit, RSC shifts the +1 nucleosome to allow for Pol II occupancy and 763 

traverses into gene bodies (A). In the absence of RSC NDRs are globally narrower and 764 

transcription initiation is blocked (B). At a subset of genes, RSC is required for efficient 765 

Pol II passage past the +1 nucleosome (C) and prevent upstream TSS selection (D).   766 

NDRs that are open despite RSC depletion become cryptic promoters and are utilized 767 

by transcription machinery to generate aberrant lncRNAs and antisense transcripts (E). 768 

 769 
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