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Abstract The occupancy of nucleosomes governs access
to the eukaryotic genomes and results from a combination
of biophysical features and the effect of ATP-dependent
remodelling complexes. Most promoter regions show a
conserved pattern characterized by a nucleosome-depleted
region (NDR) flanked by nucleosomal arrays. The con-
served RSC remodeler was reported to be critical to estab-
lish NDR in vivo in budding yeast but other evidences sug-
gested that this activity may not be conserved in fission
yeast. By reanalysing and expanding previously published
data, we propose that NDR formation requires, at least par-
tially, RSC in both yeast species. We also discuss the most
prominent biological role of RSC and the possibility that
non-essential subunits do not define alternate versions of
the complex.

Keywords Yeast - Chromatin - RSC - Nucleosome -
Mitosis
Introduction

A fundamentally different logic of gene regulation between
prokaryotes and eukaryotes was previously proposed based
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on the existence of chromatin in the latter, which results in
a closed, less accessible genome (Struhl 1999). Despite the
fact that this view may be too simplistic—there are struc-
tural proteins associated with the DNA in prokaryotes
(Anuchin et al. 2011) and eukaryotes use more repressors
than anticipated (Kemmeren et al. 2014)—the general con-
cept still stands true (Estrada et al. 2016). Strikingly, the
human genome harbours the blueprint of about 200 highly
specialized cell types characterized by very different mor-
phology, metabolism and capacities including, for exam-
ple, neurons, hepatocytes or gametes. By comparison, most
prokaryotes have a limited range of cellular states. There-
fore, the invention of chromatin may have been pivotal
for the emergence of highly differentiated cell types, most
likely because the expression of specific programmes must
be tightly regulated to allow diverse and sometimes antago-
nistic differentiated states to co-exist. For example, yeast
differentiation during gametogenesis must be very strictly
limited to diploid cells to avoid massive cell death resulting
from haploid meiosis and recent data support that chroma-
tin-based mechanisms play a key role in that process (van
Werven et al. 2012). The understanding of how chromatin
is established and how it contributes with most, if not all
nuclear processes including transcription, DNA replication,
DNA repair, recombination or chromosome segregation
therefore constitutes an outstanding focus in current biol-
ogy. In that context, an important and long-standing ques-
tion is to decipher how nucleosomes, which constitute the
basic unit of chromatin, are positioned genome-wide. There
have been abundant debates about what dictates the posi-
tion of nucleosomes with models fully relying on biophys-
ics—the position is DNA encoded—and a model encom-
passing a layer of active, ATP-dependent modelling of
the chromatin template. The reader is redirected to excel-
lent reviews addressing these issues (Korber 2012; Lieleg
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et al. 2015; Struhl and Segal 2013). In the meantime, the
discovery of a large set of chromatin remodelers supported
the second possibility and the development of more refined
nucleosome occupancy maps in various species led to the
discovery of general features of nucleosome positioning
along the eukaryotic genomes. Particularly, nearby the
promoter, there is often a stereotypical organization just
upstream of the transcription start site (TSS) with a large
nucleosome-depleted region (NDR) flanked by highly posi-
tioned nucleosomes referred to as the +1 and the —1. From
these two landmarks, arrays of regularly spaced nucle-
osomes often extend. The remodel the structure of chroma-
tin (RSC) complex has a specific role in the generation of
NDR in budding yeast (Badis et al. 2008; Hartley and Mad-
hani 2009; Parnell et al. 2008; Wippo et al. 2011). RSC is
an abundant and essential paralog of the canonical SWI/
SNF remodeler (Cairns et al. 1996) that contains a DNA-
dependent ATPase (Sthl in budding yeast, Snf21 in fission
yeast) that translocates DNA and allows to shift nucleo-
some positions, or even completely eject nucleosomes.
Importantly, RSC show compositional and functional dif-
ferences between budding and fission yeasts (Monahan
et al. 2008) and it was suggested that RSC is not required
for NDR formation in the latter (Pointner et al. 2012). In
addition, not all subunit of RSC are essential, which may
indicate that subcomplexes exist and may have specialized
functions. Finally, it is unclear what is the most prominent
biological role of RSC, in other words which nuclear pro-
cess is mainly affected upon RSC inactivation and results
in lethality. Here we briefly comment on these issues by
reanalysing previously published data from budding yeast
and by building on our recent work in fission yeast.

Defects in the RSC remodeler affects NDR formation
in both budding yeast and fission yeast

One of the early difficulties in comparing the two model
yeast species (the budding yeast Saccharomyces cerevi-
siae, hereafter S. cerevisiae, and the fission yeast Schizo-
saccharomyces pombe, hereafter S. pombe) was the very
poor annotation of the transcription start sites in S. pombe.
This is an issue when plotting the average nucleosome sig-
nal obtained from MNase-Seq experiments to transcripts
coordinates. Very recently, several groups (Booth et al.
2016; Eser et al. 2016; Li et al. 2015) have used differ-
ent approaches to address that issue and Fig. la shows a
comparison of the average nucleosome signal when plot-
ted to the Pombase annotation (the reference of the com-
munity working on fission yeast) and the most recent work
performed by the Lis laboratory using precision run-on 5’
cap sequencing (PRO-cap) (Booth et al. 2016), which cor-
responds to the annotation used in this manuscript. Com-
paring the overlay of MNase-Seq data after alignment at
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Fig. 1 Average nucleosome occupancy nearby the TSS in fission and
budding yeasts. a Average nucleosome signals centered on two dif-
ferent fission yeast TSS annotations. b Average nucleosome signals
centered on TSS in fission yeast and budding yeasts

the TSS between the two yeast species confirms previous
observations from the pioneer work of the Korber labora-
tory in fission yeast, namely the absence of a clearly posi-
tioned —1 nucleosome and shorter nucleosome spacing in
S. pombe (Lantermann et al. 2009). In addition, the +1
nucleosome is positioned further away from the TSS and
there are clear, albeit weak nucleosome arrays upstream of
NDR in fission yeast (Fig. 1b). Importantly, the low ampli-
tude of the peaks and the absence of a positioned —1 nucle-
osome were previously shown to result from the larger
variation in the size of individual NDRs in fission yeast
(Soriano et al. 2013). Therefore, nucleosomal arrays ema-
nate bidirectionally from the NDRs in fission yeast as well.

It is now well established that the ablation of RSC activ-
ity in budding yeast strongly affects the majority of NDRs
(Badis et al. 2008; Hartley and Madhani 2009; Parnell et al.
2008). Recent data further confirmed that in the inactiva-
tion of RSC (resulting from switching-off the expression
of rsc8) leads to upstream and downstream nucleosomal
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arrays to shift to and eventually occlude the NDR. This
work also supports the idea that phasing patterns reflect the
resultant of phasing signals emanating from neighbouring
NDRs (Ganguli et al. 2014). Most recently, it was reported
by the Cairns laboratory that RSC and ISW1 have func-
tional antagonism, which is supported by the fact that the
gain in nucleosome occupancy in rsc mutant is attenuated
by the additional inactivation of ISW1 (Parnell et al. 2015).

In the fission yeast, the RSC complex was also asso-
ciated with the generation of NDR in the context of het-
erochromatin. Indeed the deletion of rsc/ that encodes a
non-essential subunit of RSC suppresses the requirement
of the histone deacetylase (HDAC) CIr3 for NDR elimi-
nation (Garcia et al. 2010), which indirectly supports that
RSC is responsible for acetylation-dependent NDR forma-
tion in that species. However, that study did not expand to
euchromatin. Finally, it was reported that CHD1 remod-
elers, Hrpl and Hrp3 are required in fission yeast to link
nucleosomal arrays to most TSS (Pointner et al. 2012). In
the same study, the role of RSC in nucleosome position-
ing was also analysed using the only conditional (thermo-
sensitive) mutant allele available for the gene snf2/ that
encodes the catalytic subunit of RSC (Yamada et al. 2008).
Unexpectedly, no effect on nucleosome positioning around
TSS was obvious upon thermal inactivation of the mutant,
which suggested that RSC plays no role in NDR formation
in S. pombe.

Our recent work identified RSC as a key downstream
effector of a cascade controlling the level of acetylation
around the NDR of stell, which encodes the master regu-
lator of gametogenesis in S. pombe (Anandhakumar et al.
2013; Cassart et al. 2012; Coudreuse et al. 2010; Devos
et al. 2015). Deletion of non-essential subunits of RSC
or transcriptional switch-off of snf2/ both impede stell
expression and correlate with higher nucleosome occu-
pancy at the ste/l NDR (Materne et al. 2015, 2016). This
effect led us to analyse the genome-wide effect of both
RSC mutants on nucleosome positioning using MNase-
Seq, which allows us to assess the conservation of the chro-
matin remodelling function of the RSC complex in budding
and fission yeast.

We have reanalysed the data presented in the Parnell
et al. (2015) paper with the following modifications com-
pared to the published work. First, no filtering for spe-
cific gene organization was applied. Second, the data are
presented at single base pair resolution rather that within
50 bp windows relative to the TSS as done before. This was
made possible as we used the MNase-Seq data rather than
the Agilent 244 K mircoarrays used for the main figures of
the original study. Third, the TSS annotation was obtained
from a different source (Ganguli et al. 2014). Figure 2a
shows the profile of nucleosome occupancy ratios between
the sthl degron (a strain that allows rapid and conditional
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Fig. 2 Defects in the RSC remodeler affects NDR formation in both
budding yeast and fission yeast. a The profile of nucleosome occu-
pancy ratios between budding yeast sthl degron (sth1%%) and control
strains is presented as an heatmap, where blue represents a gain in
nucleosome occupancy and red represents a loss within a region rang-
ing from —750 bp to 4750 bp around the TSS at single nucleotide
resolution. Rows represent genes and are organized into five groups
by k-means clustering. b Same as in a, except that the fission yeast
rscl deletion mutant (rscI A) and control strains are presented

degradation of the Sthl protein RSC subunit) and control
strains =750 bp relative to the TSS. Genes were organized
into clusters based on their rsc—/RSC+ ratio. As reported
in the published work, a leftward shift in nucleosome posi-
tions over the transcribed region is observed, confirming
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that nucleosomal arrays emanate from the NDR flank-
ing nucleosomes. Most likely thus, NDR filling reflects
encroachment by the flanking —1 and +1 nucleosomes,
rather than insertion of an additional nucleosome within the
NDR region as previously discussed (Ganguli et al. 2014).

We next applied identical analyses to the data obtained
in a fission yeast rsc/ mutant. It should be noted straight
away that Rsc1 is a non-essential subunit of RSC while the
work done in budding yeast targeted the gene encoding the
catalytic subunit. Nonetheless, the general picture obtained
when rscl is absent (Fig. 2b) is reminiscent of the budding
yeast data (Fig. 2a). Compared to budding yeast, the short-
ening of NDR is observed with a slight shift towards the
TSS that recalls the shift of the position of the 41 nucleo-
some between budding and fission yeast (Fig. 1b). In addi-
tion, the leftward shift in nucleosome positions over the
transcribed region is also obvious in most clusters. These
data suggest that similarly to budding yeast, RSC also play
an important conserved role in the establishment of NDRs
in fission yeast in contrast to previous conclusions (Point-
ner et al. 2012). However, it is important to keep in mind
that the previous study relies on a fs allele of snf21. As
rightly pointed by the authors in their manuscript, it is pos-
sible that the inactivation of the snf27-ts was not complete
despite the fact that the strain has obvious phenotypes (see
below), somehow masking an effect of most NDR. Sup-
porting this possibility, we report here that while switch-
ing-off snf21 expression using a Tet-off system eventually
results in cell death on plates (Materne et al. 2015), it has
a weak genome-wide effect on NDR formation when a
short time point is used (Fig. 3a). This suggests that lower-
ing RSC activity by switching-off the transcription of the
snf21 gene (with about 35 % of the snf2] mRNA left) may
only affect the most sensitive RSC-dependent processes.
These data claim for the generation of a much more effi-
cient switch-off system that could quickly deplete the vast
majority of the Snf21 protein pool in the cell.

A single RSC complex containing non-essential
subunits likely fulfils all RSC functions

Interestingly, the analysis of rscl deletion in fission yeast
reveals a genome-wide effect on NDR, yet the effect
appears milder than the inactivation of the catalytic subunit
in S. cerevisiae (compare Fig. 2a, b). However, the shrink-
age of NDR when rscl is deleted is statistically signifi-
cant (one-sample Wilcoxon test p < 0.01), Fig. 3b). To us,
these data do not support that the non-essential subunits
constitute an RSC submodule with specific functions but
rather indicates that within RSC, the non-essential subu-
nits may have a less prominent structural role than essen-
tial subunits. In line with this, all the phenotypes reported
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when inactivating RSC, including chromosomal segrega-
tion defects, and sensitivity to drugs, are shared to various
degrees by all mutants (Monahan et al. 2008).

A Kkey role of RSC in mitotic chromosome
condensation

Despite the genome-wide defect observed in NDR for-
mation (Fig. 2b), the rsc/ mutant has a subtle impact on
steady-state transcription. Expression alteration effects
in either direction were seen for only 1.4 % of S pombe
genes in the rsc/ mutant and other non-essential subunit
similarly affect the transcriptome (Monahan et al. 2008).
Interestingly, the third cluster in Fig. 2b harbours the high-
est frequency of genes affected in the rsc/ mutant (Fig. 3c),
including ste/l (Materne et al. 2015, 2016). That cluster
is characterized by an increase in occupancy over a broad
region upstream of the TSS that may be typical of highly
regulated genes relying on larger regulatory sequences, as
typically seen for ste/1 (Anandhakumar et al. 2013). None-
theless, the main phenotypes of the rsc/ mutant, and the
snf21-ts mutant for that matter, are cell elongation asso-
ciated with chromosomes segregation defects. Although
these phenotypes may result from the reduced expression
of specific genes, a recent study rather points to a direct
role of RSC and nucleosome eviction in condensin load-
ing and chromosome condensation (Toselli-Mollereau et al.
2016). A genetic screen for functional partners of conden-
sin in fission yeast (synthetic lethality with cuz3-477 that
encodes a condensin ATPase subunit) identified alleles of
arp9 and snf21 that both showed high frequency of chro-
matin bridges in anaphase (Robellet et al. 2014). Further
analyses revealed the preferred localization of condensin
at, or near NDR and that increased nucleosome occupancy
upon RSC downregulation is sufficient to decrease conden-
sin binding. These data point to a prominent role of RSC
is establishing the landscape of condensin binding during
mitosis by establishing NDR.

In conclusion it appears that the role of RSC in NDR
formation is conserved between both S. pombe and S. cer-
evisiae. The milder effect observed with the rsc/ mutant in
fission yeast may be caused by (1) the fact that this subunit
is not essential and its deletion could only partially impair
RSC activity; (2) the presence of an additional remodeler
involved in NDR formation; (3) the fact that S. pombe lacks
ISW1-type remodelers that are known to oppose the action
of RSC in NDR formation in budding yeast (Parnell et al.
2008, 2015). Future work will clarify this issue. Biologi-
cally, the most prominent role of RSC may be to maintain
proper chromosome segregation and may extend to kine-
tochore function, sister chromatid cohesion and DNA
repair, in addition to its role in promoting transcription
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Fig.3 Comparison of the fission yeast rsc/ deletion mutant and
the snf21 switch-off strains. a The profile of nucleosome occupancy
ratios between fission yeast rsc/ deletion mutant (rsc/A) and control
strains on the left panel (note that this panel is identical to Fig. 2b and
repeated here for clarity), and between the fission yeast snf2] switch-
off mutant [fetO-snf21, 3 h of inhibition, (Materne et al. 2015)] and
control strains on the right panel are presented as a heatmap, where
blue represents a gain in nucleosome occupancy and red represents
a loss within a region ranging from —750 bp to +750 bp around the
TSS at single nucleotide resolution. Rows represent genes and are
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organized into five groups by k-means clustering. b Box plot repre-
senting the difference in NDR length between the rsc/A and fetO-
snf21 strains and the corresponding wt strains. Statistical signifi-
cance was calculated by a one-sample Wilcoxon test (pval <0.01). ¢
Frequency of genes downregulated (log2 fold change < —0.5, based
on (Monahan et al. 2008) in rsc/A strain sorted by cluster. Clus-
ter 3 includes the stel] gene and is enriched (Fisher’s exact test P
value <0.05) for genes whose expression is downregulated in the
rscl A strain
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(Cao et al. 1997; Hsu et al. 2003; Huang et al. 2004; Shim
et al. 2007).

Bioinformatic analyses

TSS annotations for S. pombe were obtained from pombase
(http://www.pombase.org/, ASM294v2.26) and (Booth
et al. 2016). TSS annotation for S. cerevisiae was obtained
from (Ganguli et al. 2014). Nucleosome genome-wide
occupancy profiles at 1 bp resolution were generated as
described (Bauer and Hermand 2012; Drogat et al. 2012;
Lenglez et al. 2010; Materne et al. 2015) using DANPOS
for the S. pombe data or directly downloaded from GEO
(supplementary of GSE65593) for the S. cerevisiae data
(Parnell et al. 2015).

Nucleosome occupancy ratios were computed as the
log2 ratio between treatment and control profiles centered
at TSS for all protein coding genes. A pseudocount of +1
was added to both the numerator and the denominator to
avoid division by zero. Clustering of the nucleosome occu-
pancy ratio was made using the kmeans() function in base
R with default parameters and k = 5 and visualized with
the heatmap.2() function from the “gplots” package.

Nucleosome positions were computed for each data-
set as the local maximum of nucleosome occupancy in a
100 bp window using the localMaximum() function from
the “MassSpecWavelet” package. Promoter NDR length is
computed as the distance in bases between the position of
the first nucleosome before the TSS and the first nucleo-
some after the TSS. This metric was computed for mutants
and wild type strains and subtracted accordingly to obtain
the NDR length difference as in Fig. 3b.

Data access

The nucleosome sequencing data are available in the GEO
database under the accession numbers GSE84912 (S.
pombe datasets) and GSE65593 (S. cerevisiae datasets).
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