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Abstract Cellular quiescence is an important physi-
ological state both in unicellular and multicellular
eukaryotes. Quiescent cells are halted for prolifera-
tion and stop the cell cycle at the G, stage. Using fis-
sion yeast as a model organism, we have previously
found that several subunits of a conserved chroma-
tin remodeling complex, Ino80C (INOsitol requir-
ing nucleosome remodeling factor), are required for
survival in quiescence. Here, we demonstrate that
Ino80C has a key function in the regulation of gene
expression in G cells. We show that null mutants
for two Ino80C subunits, Iecl and Ies2, a putative
subunit Arp42, a null mutant for the histone variant
H2A.Z, and a null mutant for the Inositol kinase Aspl
have very similar phenotypes in quiescence. These
mutants show reduced transcription genome-wide and
specifically fail to activate 149 quiescence genes, of
which many are localized to the subtelomeric regions.
Using spike in normalized ChIP-seq experiments, we
show that there is a global reduction of H2A.Z lev-
els in quiescent wild-type cells but not in iec/A cells
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and that a subtelomeric chromosome boundary ele-
ment is strongly affected by Ino80C. Based on these
observations, we propose a model in which Ino80C
is evicting H2A.Z from chromatin in quiescent cells,
thereby inactivating the subtelomeric boundary ele-
ment, leading to a reorganization of the chromosome
structure and activation of genes required to survive
in quiescence.
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Introduction

Cellular quiescence is a reversible dormant state in
which cells are changing their metabolism and cytol-
ogy to adapt to an environment that does not permit
proliferation. The ability to exit the cell cycle and
enter quiescence is essential for tissue development
and homeostasis in multicellular organisms. It is also
an important survival strategy for unicellular organ-
isms in harsh conditions. When fission yeast, Schiz-
osacharomyces pombe, cells are starved for nitrogen
in the absence of cells of the opposite mating type,
they stop dividing and enter a quiescent state. In this
state, the cell cycle is halted at the G, stage before
DNA replication. In G, cells adapt the metabolism
to survive until a nitrogen source becomes available
so that the cells can re-enter the cell cycle and start
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proliferating. The survival in quiescence depends on
a global change in gene expression (Marguerat et al.
2012). RNA transcription is generally reduced; how-
ever, some genes need to be activated to cope with the
new physiological situation, for example, authophagy
genes, proteasome-encoding genes, and genes for
hexose and amino acid transporters (Takeda et al.
2010) (Oya et al. 2019). The nuclei of quiescent fis-
sion yeast cells are dramatically reorganized presum-
ably to accommodate these profound changes in gene
expression (Sajiki et al. 2009). To gain more insight
into the role of chromatin structure changes in this
process, we conducted a genetic screen in fission
yeast for genes required to maintain viability during
cellular quiescence (Zahedi et al. 2020). The screen
identified the Ino80 complex (Ino80C). Ino80 is the
catalytic subunit of this large chromatin remodeling
complex consisting of approximately 10-14 pro-
tein subunits depending on the species. In fission
yeast Ino80C consists of the following core subunits:
Ino80, Arp5, Arp8, Rvbl, Rvb2, Alp5 (Arp4), Actl,
Ies2, Ies4, Ies6, and Taf14 (Tfg3), and the accessory
subunits: Iecl, Hap2, Iec3, Iec5, and Nhtl (Hogan
et al. 2010) (Shevchenko et al. 2008) (Shan et al.
2020). The Ino80C subunit Iecl (Ino Eighty Com-
plex subunit 1) in fission yeast is similar to the Ying-
Yang 1 (YY1) subunit of the human Ino80C and the
function of Iecl is to recruit Ino80C to target genes
(Hogan et al. 2010). We have previously shown that
mutations in nine tested subunits of Ino80C: Ies6,
Nhtl, Iecl, Iec3, Tfg3, Arp8, les2, les4, and the puta-
tive Ino80C subunit Arp42, lead to quiescence mor-
tality phenotypes (Zahedi et al. 2020). Mutations in
Hap2, ITecl, Arp8, Iec3, Nhtl, ArpS, les4, and Ies2
were recently shown to be short-lived in stationary
phase in fission yeast, implicating Ino80C in chrono-
logical ageing (Romila et al. 2021). Thus, at least six
Ino80C subunits: lecl, Arp8, Iec3, Nhtl, Ies4, and
Ies2 are implicated both in survival in quiescence and
chronological ageing.

The molecular function of Ino80C is to remove the
histone variant H2A.Z from nucleosomes by a histone
exchange mechanism with H2.A in a process driven
by ATP hydrolysis (Papamichos-Chronakis et al.
2011). This function is important for the repair of
double-strand breaks, DNA replication, and the regu-
lation of transcription (Poli et al. 2017). The H2A.Z
exchange mechanism may also involve RNA poly-
merase II (Pol II) activity (Ranjan et al. 2020). Ino80
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has recently been reported to be involved in gene reg-
ulation in several different species. [no80 is required
to activate the transcription of genes involved in ther-
momorphogenesis in plants (Xue et al. 2021). This
mechanism of gene activation by Ino80 in plants
involves H2A.Z eviction in response to elevated tem-
perature. In Candida albicans, Ino80 is required for
hyphal development by H2A.Z eviction at hyphal
genes (Zhao et al. 2022). In mouse embryonic stem
cells, Ino80 is required for regulation of cell cycle
transitions by activating cell cycle genes (Yoo et al.
2022). Hence, it is likely that the requirement for
Ino80 during quiescence involves some aspect of
transcription regulation.

In fission yeast, Ino80C was shown to be impor-
tant also for histone H3 exchange (Singh et al. 2020).
We found that the genes for H2A.Z (phtl) and histone
H3 (hht2) are both essential for surviving quiescence
suggesting that H2A.Z deposition or removal and new
histone H3 expression are required to maintain viabil-
ity in G, (Zahedi et al. 2020). H2A.Z is deposited by
the SwrlC complex (Swi2/Snf2-related ATPase) in
fission yeast (Buchanan et al. 2009). However, muta-
tions affecting Swrl1C do not affect survival in quies-
cence, indicating that H2A.Z deposition in G is less
important than its removal by Ino80C. The activity
of Ino80C in budding yeast, Saccharomyces cerevi-
siae, is modulated by Inositol polyphosphates (Shen
et al. 2003). Curiously, the inositol kinase, Aspl,
was recently reported to be important for the survival
of quiescence in fission yeast (Sajiki et al. 2018).
To advance the understanding of the role of Inosi-
tol polyphosphates and histone exchange by Ino80C
in fission yeast quiescence, here, we investigate the
functions of Aspl, lecl, Arp42, Ies2, H2A.Z, and
histone H3 in the regulation of gene expression in G,
cells.

Results

Time course analysis of viability and RNA
expression in G

We performed RNA sequencing (RNA-seq) analy-
sis in wild-type cells and in three Ino80C-related
mutants: arp42A, ieclA, and ies2A, in phtIA cells
carrying a gene deletion for H2A.Z, in aspIA cells
carrying a gene deletion for an inositol kinase, and
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in hht2A cells with a gene deletion for a histone H3
encoding gene. Cells were grown to the logarithmic
phase in minimal medium and shifted to nitrogen-
free minimal medium. Samples were taken for RNA
extractions at time zero (TO, before shift) and after
24 h (T1D), 1 week (T1W), and/or 2 weeks (T2W)
of nitrogen starvation. We measured the viability of
the cultures at each time point using flow cytometry
(Fig. 1, Table 1). All the cultures entered efficiently
into G, as judged from the percentage of cells 1C
DNA content, within 24 h (T1D) from the shift to
nitrogen-free medium (Table 2). Consistent with our
previous observations the Ino80C mutants iec/AA
arp42A, ies2A and phtIA showed a reduced viabil-
ity after 1 week in G, (Table 1). We also found that
asplA cells lost their viability after 1 week in qui-
escence. This is also in agreement with a previous
report (Sajiki et al. 2018). However, hht2A cells dis-
played a milder mortality phenotype in quiescence,
only showing reduced viability after 2 weeks.

FSC-A

Table 1 Viability measurements by FACS

Genotype TO TID Tlw T2w

smt-0 (wt) 999+0,6 99,7+02 988+13 98,30+03
hht2A 98,0+58 96,5+25 951+10 92,7+238
phtlA 96,0+3,7 93,7+03 850+1,7 709+11,5
ieclA 96,8+23 92,6+14 851x1,7 681+08
asplA 99,5+0,6 98,7+0,1 951+0,1 628+37
arp42A - 994+0,5 98,7+0,1 872+1,1 754+27

ies2A *99,0; 99,6 *98,0; 98,2 *78,0; 82,5 *68,2; 65,1

The percentage of viable cells is indicated
Mean value + standard deviation (n=3)

=kShOWS two measurements

A global repression of the transcriptome in G, and an
induction of subtelomeric genes

For RNA extractions, we used biological triplicates
for wild type and each mutant. Because we expected
a global change of transcription in quiescence, we
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Fig. 1 Measurements of viability and DNA content using flow
cytometry. The gating strategy for measurement of viability
and the proportion of G, arrested cells during quiescence is

arp424 pht14 ies24

illustrated with examples of FACS profiles for wild type (sm?0)
and the different mutant cells (as indicated)
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Table 2 DNA content measurements by FACS

Genotype T1D Tlw T2w

smt-0 (wt) 81,9+ 1,91 83,3+3,23 85,0+ 0,36
hht2A 83,8 +£1,07 86,4 +2,36 87,1 £2,51
phtlA 61,4+13,1 71,6 +13,4 745+ 11,1
iecIA 40,8+ 11,5 40,8 +13,6 152+ 0,42
asplA 67,3 +0,80 71,4 +0,57 74,9 + 0,66
arp42A 67,3 +0,85 71,9 +4,13 80,4+ 1,51
ies2A *56,4; 56,9 *64,5; 64,8 *72,2; 70,6

The percentage of G cells is indicated (cells with a 1c DNA
content)

Mean value + standard deviation (n=3)

#
shows two measurements

could not normalize the RNA-seq data to the total
number of reads, since it would give false negative
and false positive results. Instead, we normalized the
data to external RNA control consortium (ERCC)
spike in controls that were added in proportion to the

number of cells in each sample (Risso et al. 2014). It
was previously shown that the fission yeast transcrip-
tome is strongly downregulated in quiescence (Mar-
guerat et al. 2012). Consistent with the earlier study,
the ERCC normalization clearly showed that gene
expression was globally repressed in wild-type cells
after 1 and 2 weeks in G (Fig. 2). The hht2A cells
showed a similar tendency as wild type. However, in
phtlA, ieclAA, arp42A, ies2A, and asplA cells, the
global repression had occurred already after 24 h
(Fig. 2).

Next, a statistical threshold (FDR adjusted
P <0.05) was used to define up- and down-regulated
genes. First, we defined genes affected by the shift to
—nitrogen in wild type at T1D, TIW, and T2W com-
pared to TO (Table 3). These results are in nice agree-
ment with earlier studies showing that most genes are
downregulated and only a few genes are upregulated
in Gy,. We compared the relatively few upregulated
genes at the three time points in wild type (smt0)
cells. There were 149 genes upregulated at T1D, 17
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Fig.2 A representation of the ERCC spike in normalized
RNA-seq data. The box plot shows triplicate RNA-seq sam-
ples as log2 values of numbers of normalized sequence reads
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(Y-axis) in wild-type cells (smz0) and the different mutants (as
indicated in the X-axis)
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Table 3 Number of genes differentially expressed in quiescent
wild-type cells compared to vegetative cells

Comparison Up Down NS
T1D_TO0_SMTO 149 1208 5255
T1W_T0_SMTO 17 6436 159
T2W_T0_SMTO 21 6360 231

The indicated gene lists were compared and the number of dif-
ferentially expressed genes (up or down) are shown for each
comparison (FDR adjusted P <0.05)

RNA levels were normalized across all groups with ERCC
spike-in controls

NS, not significant

genes at T1W, and 21 genes at T2W. However, only
16 genes which were upregulated at all time points.
Thus, we defined a set of 16 “core quiescence genes”
that were found to be upregulated throughout the
quiescence time course (Fig. 3A). Interestingly, 9
of these 16 genes (56.3%; CHI’=64; P<0.001)
reside in subtelomeric regions near fel/R and tel2L
(Table 4). To validate the data, we compared with a
previous quantitation of absolute numbers of mRNA
molecules per cell (Marguerat et al. 2012). In all
16 cases, these measurements of mRNA molecules
confirmed an induction of transcription in quiescent
cells. Thus, our RNA-seq approach with ERCC nor-
malization and a statistical cut off for affected genes
was justified.

Next, we examined the 149 genes that were upreg-
ulated only at T1D, and a significant fraction of these
genes are also localized close to telomeres. A total of
25 of the 149 genes (16.8%; CHI>=28.4; P<0.001)
are in 200 kb subtelomeric regions of chromosomes 1
and 2 (Table 5). Regarding the downregulated genes
in Gy, we found that as many as 1208 genes were
significantly down after 24 h (T1D) and 6436 genes
(including non-coding RNA genes) were down at
T1W (Table 1). This represents 97.3% of the genome
indicating that nearly the entire transcriptome is
downregulated after 1 week in quiescence.

Transcription changes in G, and reduced viability of
Aspl, Ino80C, and H2A.Z mutants

Next, we analyzed the changes of the G transcrip-
tome in the mutants. It was clear already by looking
at the total number of reads after ERCC normaliza-
tion that all mutants showed overall changes in the G,

transcriptome as compared to wild type (Fig. 2). The
overall tendency was that the mutants showed a further
reduction of global transcription as compared to the
wild type. The genes affected in the different mutants
at each time point as compared to the wild type were
defined (Table 6). This analysis revealed substantial
changes in gene expression in all the tested mutants.
Again, hht2A cells showed a weaker phenotype at T1D
and TIW compared to the other mutants, but 1286
genes were downregulated in hht2A cells at T2W. The
hh12* gene is constitutively expressed in contrast to the
other two histone H3-encoding genes (hhtl* and hht3")
in fission yeast which are strictly expressed during the
S phase (Takayama and Takahashi 2007). Thus, hht2*
is the sole histone H3 gene expressed in G, cells. The
viability of hht2A cells drops significantly compared
to wild type after 2 weeks in quiescence (TTEST;
P=0.013) and is correlated with reduced transcription
(Table 1, Fig. 2, Table 6). It is possible that this reduc-
tion of transcription, caused by reduced histone H3 lev-
els, is contributing to the mortality of hht2A cells in G,

In contrast to hht2A, phtiA cells show strong
changes of the transcriptome already at 24 h, i.e.,
prior to the reduction in viability that occurs after
1 week (Fig. 1, Fig. 2, Table 6). This observation
is consistent with a key role for the histone variant
H2A.Z in gene regulation, being essential for survival
in quiescence. Ino80C is required for the removal of
H2A.Z by its chromatin remodeling activity driven by
ATP hydrolysis (Papamichos-Chronakis et al. 2011).
Our results show that null mutations in three Ino80C-
related genes, arp42A, ieclA, and ies2A cause a mas-
sive reduction of the G, transcriptome after 24 h as
compared to the wild type, and arp42A shows a
further reductions of gene expression after one and
2 weeks. Thus, a vast majority of genes are prema-
turely downregulated in Ino80C mutants compared
to wild type (Fig. 2, Table 6). Although the observed
transcription patterns are not strictly correlated to
mortality, the generally reduced transcription is likely
explaining the essential role of Ino80C in cellular qui-
escence that we previously observed (Zahedi et al.
2020).

Failure to induce quiescence genes in Ino80C
mutants

Next, we studied the behavior of the larger set of 149
genes that are upregulated in the wild type after 24 h

@ Springer
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Fig. 3 Analysis of gene
expression changes during
quiescence in wild type
and Ino80C mutants. A
Venn diagram comparing
lists of genes upregulated
in wild-type cells (sm?0) at
24 h (T1D) 1 week (T1W)
and 2 weeks (T2W) after
removal of nitrogen. B
Venn diagram comparing
lists of genes downregulated
in Ino80C mutants iecIA,
ies2A and arp42A with a
list of genes upregulated
in wild-type cells (sm?0) at
24 h (T1D) after removal
of nitrogen. C Venn
diagram paring lists of
genes downregulated in the
Inositol kinase null mutant
asplA with iecIA and a
null mutant for the histone
variant H2A.Z (phtIA) as
well as the list of genes
upregulated in wild-type
cells (smt0) at 24 h (T1D)
after removal of nitrogen

DowninasplvssmtOT1ID ——

Down in pht1 vs smt0 T1D,,,f7// .

in nitrogen starvation (T1D). We found that none
of these genes were upregulated in arp42A, ieclA,
and ies2A cells (Fig. 3B). In fact, all the 149 genes
were downregulated in these mutants compared to
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wild type (smt0) after 24 h in G,. This shows that
Ino80C is essential for the activation of these genes in
response to nitrogen starvation. Gene ontology analy-
sis revealed that the list of 149 upregulated genes is
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Table 4 Features of 16
core quiescence genes

Quantitative data (number
of molecules per cell) from
Marguerat, S.; Schmidt,
A.; Codlin, S.; Chen, W.;
Aebersold, R.; Bihler, J.,
Quantitative analysis of
fission yeast transcriptomes
and proteomes in
proliferating and quiescent
cells. Cell 2012, 151,

Geneid Gene name Quant. veg Quant. G, Gene localization
SPNCRNA.821 0.038 0.17

SPAC22H10.13 zyml 2.7 17

SPAC3G9.11c pdc201 1.7 6.4

SPAC1F7.06 hsp3105 0.023 1.2

SPAC869.09 0.077 0.62 subtelIR
SPAC869.07c mell 0.069 0.66 subtelIR
SPAC869.06¢ hryl 0 0.19 subtelIR
SPAC869.04 0.033 28 subtelIR
SPAC869.03c 0.025 10 subtelIR
SPBPB21E7.01c enol02 0.11 04 subtel2L
SPBPB21E7.02¢ 0 0.12 subtel2L
SPBPB21E7.10 0 0.11 subtel2L
SPBPB21E7.11 0.13 0.49 subtel2L
SPNCRNA.1364 0.079 0.94

SPNCRNA.1573 0.078 0.68

SPBC2G2.17c 0.52 3.6

SPNCRNA.577 0.016 4.6

671-683

significantly enriched for several GO terms includ-
ing the fungal vacuole, amino acid, dipeptide, and
nucleobase transmembrane transport (Table 7). The
vacuole is required in quiescence for the autophagy
process to recycle amino acids, and these transmem-
brane transport processes are crucial for survival
during cellular quiescence. Thus, the upregulated
expression of these genes is required for survival in
G, by adapting the cellular metabolism. For exam-
ple, the SPACI11D3.16¢ gene located in near tellL is
annotated as being essential for viability in G, (Har-
ris et al. 2021). Two genes near fel/R encoding mem-
brane transporters, isp5" and SPAC869.03c fail to be
activated in Ino80C mutants. Therefore, it is conceiv-
able that the reason Ino80C mutants are dying in G,
is due to the inability to activate genes needed for the
metabolic change and cellular uptake that normally
occur during quiescence.

A role of Ino80 and H2A.Z in activation of
quiescence genes

To get some insights into the role of H2A.Z in qui-
escence, we compared the list of downregulated
genes in the phtIA mutant at T1D with the gene
lists of Ino80C mutants, arp42A and ieclA, and a
list of genes induced in the wild type at T1D. This
comparison revealed that all of the 149 genes that

are upregulated in wild type (smt0) at T1D fail to
be induced in phtIA cells lacking H2A.Z (Fig. 3C).
Also, there is a very strong overlap genome-wide
between genes downregulated in phtIA cells and
those downregulated in arp42A and iecIA mutants. A
total of 5951 genes were downregulated in all three
mutants. Based on this and our observations, we con-
cluded that H2A.Z and Ino80C are both somehow
required for the activation of genes induced in G, in
particularly in subtelomeric regions.

Changes of H2A.Z localization in quiescent cells at
subtelomeric LTR boundary elements

The molecular function of Ino80C is to remove
H2A.Z in a nucleosome disassembly mechanism in
which H2A.Z is exchanged with H2A (Papamichos-
Chronakis et al. 2011). Furthermore, Ino80 has been
shown to evict H2A.Z in diverse organisms lead-
ing to changes in gene expression. To test if the
observed changes in gene expression in quiescent
cells depend on H2A.Z, we performed ChIP-seq of
epitope tagged H2A.Z (phtl-myc) in wild type and
iecIA cells. We used the Drosophila spike in chro-
matin methodology to allow measurement of global
changes of H2A.Z occupancy by ChlIP-seq (see the
“Materials and methods” section). The total number
of matched reads after the spike in normalization
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revealed a strong and significant reduction of H2A.Z-
myc occupancy in quiescent wild type (smz0) cells at
T1D compared to vegetative wild-type cells (TO), but
not redusction was observed in quiescent iec/A cells
(Fig. 4A). The chromosomal browser view confirmed
this observation showing very low signals of H2A.Z-
myc along all three chromosomes in wild-type cells
at T1D, whereas signals remained high in iec/A cells
(Fig. 4B). Thus, we conclude that there is an eviction
process of H2A.Z from chromsosomes in quiescent
cells, which is dependent on Ino80C.

Next, we examined the subtelomeric regions for
changes of H2A.Z localization in quiescent cells
(Fig. 4C). As illustrated by the bar diagrams sub-
telomeric regions (0—200 kb) of chromosomes I and
IT had a significant reduction (TTEST; P<0.01) of
H2A.Z in wild-type cells at T1D. Again this reduc-
tion was not observed in iecIA cells at T1D. Fur-
thermore, it was clear that H2A.Z is localized in four
peaks to the long terminal repaet (LTR) containing
subtelomeric boundary element near tel2L (Fig. 4B;
bottom). The activity of this boundary element has
previously been shown to be maintained via Fft3
(Fun thirty homolog 3) in vegetative cells (Stralfors
et al. 2011) (Steglich et al. 2015). In vegetative cells
(TO), we observed a small but significant increase of
H2A.Z at the tel2L boundary in iecA cells compared
to wild type (Fig. 4D). However, in quiescent wild-
type cells, the H2A.Z peaks were strongly reduced
(TTEST; P<0.01) whereas the peaks could still be
detected in quiescent iecIA cells (Fig. 4D). It was not
possible to investigate if Ino80C also plays a role at
the he other subtelomeric boundary elements since
they are not cleary defined (Steglich et al. 2015).
Taken together, this suggests that Ino80 is involved in
the eviction or relocalization of H2A.Z genomewide,
in subtelomeric regions of chromosomes I and II,
and at a subtelomeric LTR boundary element (te/2L)
especially during quiescence.

T1_TO_SMTO P-value

0,0013251
0,00012036

gFC

2,33386995

274,408957

T1_TO_SMTO_lo;

SPNCRNA.519
SPCC569.09

Gene_name

2414089;2414790

End
2362725

2413,905;2414158

Start
2362179

Discussion

Chr
ML

I

A role for Ino80 in quiescence and ageing?

‘We have shown that Ino80C is required for the expres-
sion of genes in quiescence, including the hsp3105*
gene, encoding a ThiJ domain protein implicated in
autophagy and oxidative stress resistance (Table 4).

Table 5 (continued)

SPNCRNA.519
SPCC569.09

Gene id
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This gene was shown to be required for survival in
the stationary phase (Su et al. 2015). Assuming that
Ino80C drives expression of Asp3105™ in the station-
ary phase, then it could explain the short chronologi-
cal lifespan phenotype that was reported for Ino80C
mutants (Romila et al. 2021). It would also suggest
that there is some commonality between chronologi-
cal ageing in stationary phase and quiescence.

A possible role for Inositol polyphosphates restricting
Ino80C activity in fission yeast?

Aspl encodes an inositol kinase that may affect the
activity of Ino80C. Inositol polyphosphates are syn-
thesized by a series of enzymes including Aspl. The
Aspl kinase generates one specific inositol polyphos-
phate, IPg, and in fission yeast asp/A mutants, IPg
levels are strongly reduced whereas IP4 and IP, levels
are increased (Pascual-Ortiz et al. 2018). In budding
yeast IP, directly inhibits Ino80C (Shen et al. 2003).
Thus, our results showing a similar effect on the G,
transcriptome and G, mortality phenotypes between
asplA and Ino80C mutants and the strong overlap of
downregulated genes (Fig. 3B) suggest that inositol
polyphosphates IP, and IP,, which accumulate in the
asplA mutant, may inhibit Ino80C activity also in fis-
sion yeast.

A change in nuclear organization in quiescence
mediated by Ino80C?

In fission yeast, all four telomeres of chromosomes
I and 11, i.e., tellL, tellR, tel2L, and tel2R, form a
peripheral cluster near the nucleolus in quiescent
cells (Maestroni et al. 2020). It was previously shown
that genes induced during meiosis and sporulation are
enriched in subtelomeric regions (Mata et al. 2002). It
is conceivable that Ino80C is involved in the forma-
tion of a transcriptionally active nuclear compartment
comprising subtelomeres in response to nitrogen
starvation or cellular quiescence when a mating part-
ner is absent. Expression of this active compartment
may support for mating and sporulation if cells of the
opposite mating type are present. In agreement with
this notion, the iec/A mutant was reported to show
a decreased mating efficiency (Hogan et al. 2010).
In budding yeast, Ino80C and its ATPase activity
are required for chromosomal movements within the
nucleus (Neumann et al. 2012). Hence, it is possible

that the formation of this actively transcribed subtelo-
meric nuclear compartment, in response to nitrogen
starvation, involves chromatin movements facilitated
by Ino80C within the nucleus.

Based on our new results, we propose a model in
which Ino80C activity, possibly modulated by inosi-
tol kinase Aspl, is required to remove H2A.Z from
chromatin by a nucleosome disassembly mechanism
in quiescent cells (Fig. 4E). This includes H2A.Z
eviction at a subtelomeric boundary element lead-
ing to inactivation of the boundary and gene expres-
sion of subtelomeric genes, including transmembrane
transporter genes, required to survive in quiescence.
We hypothesize that this process may involve a dras-
tic reorganization of chromosome structures in quies-
cent cells and clustering of telomeres to maintain an

Table 6 Number of genes differentially expressed in mutant
cells compared to wild-type cells

Comparison Up Down NS
HHT2_SMTO0_TO 2 6 6605
PHT1_SMTO_TO 5 9 6599
IEC1_SMTO0_TO 20 11 6582
ASP1_SMTO_TO 26 19 6569
ARP42_SMTO_TO 9 114 6490
IES2_SMTO0_TO 9 29 6575
HHT2_SMTO_T1D 91 1 (hht2) 6521
PHT1_SMTO_TI1D 6 6143 464
IEC1_SMTO_T1D 8 6194 410
ASP1_SMTO_T1D 2 6368 243
ARP42_SMTO_T1D 0 6519 94
IES2_SMTO_T1D 7 6048 558
HHT2_SMTO_TIW 1 1 6611
PHT1_SMTO_TIW 29 1 6583
IEC1_SMTO_T1W 88 0 6525
ASP1_SMTO_TIW 230 3504 2879
ARP42_SMTO_TIW 5 6145 463
IES2_SMTO_T1W 24 6 6583
HHT2_SMTO_T2W 190 1129 5294
PHT1_SMTO_T2W 16 33 6564
IEC1_SMTO_T2W 43 78 6492
ASP1_SMTO_T2W 144 1898 4571
ARP42_SMTO_T2W 5 5238 1370

The indicated gene lists were compared and the number of dif-
ferentially expressed genes (up or down) are shown for each
comparison (FDR adjusted P <0.05)

RNA levels were normalized across all groups with ERCC
spike-in controls

NS, not significant

@ Springer
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Table 7 Gene ontology analysis of 149 genes induced in quiescent wild-type cells after 24 h

GO Term N Gene list TID_TO_ P-value
SMTO_up
G0:0,000,750 pheromone-dependent signal transduction involved in 14 5 9,23456E-06
conjugation with cellular fusion

GO0:0,035,442 dipeptide transmembrane transport 3 3 1,12193E-05
GO0:0,071,916 dipeptide transmembrane transporter activity 3 3 1,12193E-05
GO0:0,043,864 indoleacetamide hydrolase activity 3 2 0,001,491,016
GO0:0,015,205 nucleobase transmembrane transporter activity 3 2 0,001,491,016
GO0:0,007,267 cell—cell signaling 4 2 0,002,937,898
GO0:0,000,772 mating pheromone activity 4 2 0,002,937,898
GO0:0,000,324 fungal-type vacuole 68 6 0,004,105,498
GO0:0,035,673 oligopeptide transmembrane transporter activity 5 2 0,004,824,158
GO0:0,003,333 amino acid transmembrane transport 17 3 0,006,047,446
GO0:0,031,520 plasma membrane of cell tip 20 3 0,009,650,323
GO0:0,006,878 cellular copper ion homeostasis 9 2 0,016,367,608

Gene Ontology (GO) analysis of GO terms obtained from PomBase

Analysis done on the upregulated genes of the wild type (SMTO) cells between TO and T1D

N column, the number of genes in the GO

active nuclear compartment. Interestingly, it is known
that fft3A cells have a reduced efficiency of to enter
and exit quiescence (Sajiki et al. 2018; Zahedi et al.
2020). This is probably due to a failure in maintain-
ing and restoring the subtelomeric boundary ele-
ments during these cellular transitions. To speculate
further, the activation of quiescence genes by Ino80C
is likely linked to the observed reduction of subtelo-
meric heterochromatin regions that occurs in qui-
escent cells (Oya et al. 2019). Consistent with this
notion, it is known from studies in budding yeast that
H2A.Z incorporation into acetylated chromatin by
the SWRI1-C complex is maintains heterochroma-
tin boundary activity at silenced HMR loci and near
telomeres (Zhou et al. 2010). Hence, in two distinct
yeast species, H2A.Z is involved in maintaining het-
erochromatin boundaries.

In Drosophila, insulator boundary elements
bound by the CTCF protein play important
roles during development by partitioning the
genome into distinct topologically associating
domains (TADs), for example, in the Antennope-
dia gene complex where they prevent inappro-
priate enhancer promoter interactions between
TADs (reviewed by (Batut et al. 2022)). The fis-
sion yeast genome is also organized into cohesion
dependent TAD-like structures in vegetative cells
(Mizuguchi et al. 2014). It is therefore tempting
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to speculate that the subtelomeric TAD struc-
tures are drastically reorganized in quiescent fis-
sion yeast cells is response to H2A.Z removal by
Ino80. Finally, H2A.Z was recently implicated in
regulating CTCF binding to chromatin by modu-
lating the unwrapping of nucleosomes in mouse
ES cells (Wen et al. 2020). Yeast cells do not
have a CTCF protein; however, it is plausible that
H2A.Z has a conserved function at boundary ele-
ments related to nucleosome disassembly both in
unicellular and multicellular eukaryotes.

Materials and methods
Yeast strains and media

All five null mutants, hht2A, asplA, ieclAA,
arp42A, phtlA, and ies2A were derived from the
version 5 Bioneer library, i.e., a large collection of
gene deletion mutants carrying the kanMX4 cas-
sette marking the gene deletion and leul-32 ade6-
M216/M210 ura4-DI18 auxotrophic markers. The
Bioneer strains cannot survive under the absence
of nitrogen. Therefore, to produce prototrophic null
mutant strains, the Bioneer strains were crossed
with the Hu2843 matl-M smt0 wild-type strain
using standard methods (Ekwall and Thon 2017).
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The prototrophic mutants produced from each cross
were selected using Edinburgh Minimal Medium
(EMM) minus leucine, adenine, and uracil and subse-
quently YES medium containing G418 (150 ug/mL).
The resulting mutant strains were named Hu3103
smtO hht2A kanMX4, Hu3101 smt0 asplA kanMX4,
Hu3104 smt0 iecIA kanMX4, Hu3100 smt0 arp42A
kanMX4, Hu3102 smt0 phtlA kanMX4, and Hu3113
smt0 ies2A kanMX4. The epitope tagged H2A.Z
(phtl-myc) strains were produced from a cross using
parental strains from (Buchanan et al. 2009) and
Hu2843 resulting in the Hu3110 smt0 iecID::ura4
phtl-myc and the Hu3112 smt0 pht1-myc strains.

All strains were grown in semi-solid YES com-
plete media for 2 days 30 C for 48 h and were
regrown in liquid Pombe minimal glutamate medium

(PMG) + nitrogen in a 200 ml flask to reach 10° cells
/ml using a shaking incubator at 200 rpm at 30 °C.
Before washing the cells, take 50 ml of culture as
time O investigation and the rest of culture washed
with 200 ml pre-warmed PMG-N and incubated them
in 200 ml of PMG-N media then incubated (shaking
incubator at 200 rpm at 30 °C).

Flow cytometry and viability measurements

For flow cytometry analysis (FACS) four time points
were considered in this study, TO (before shift to
-nitrogen), T1D (24 h after shift), TIW (1 week after
shift) and T2W (2 weeks after shift). For TO and T1D
50 ml of culture and for T1D and T2W, 100 ml of cul-
ture was used. For each time point cells were pelleted

Vegetative growth

LTR boundary

—

H2AZ

=t

H2A.Z H2A.Z

i

Subtelomeric chromatin Euchromatin

H2AZ

Ino8o

H2AZ HAZ
Ijoﬂo ,_’ Ino80

A BTSN
AAAA AR A AARAA A

Fig. 4 ChIP-seq analysis of H2A.Z localisation at a subtelo-
meric boundary element in vegetative (T0) and quiescent cells
(T1D). A Quantitation of total number oif ChIP-seq reads for
H2A.Z-myc. The bar diagram shows the total number of reads
(after spike-in normalization) in wild-type cells (sm?0) and
the iec/A mutant at the vegetative stage (TO) and 24 h after
removal of nitrogen (T1D). The error bars represent Standard
deviation (SD) values from triplicate samples. Unpaired t-test
was used to determine data significance. *P <0.05, **P <0.01.
B Browser images of chromosomes I, II and the LTR bound-
ary element at fel2L. The IGV genome browser tracks present
chromosome 1, chromosome 2 and LTR boundary at chromo-
some II subtelomeric region (chrll: 93,039-102,657). C Quan-
titation of ChIP-seq reads for H2A.Z-myc in subtelomeric

Subtelomeric chromatin Euchromatin

regions. The bar diagram shows the reads in 4 subtelomeric
region, chrl:1-200,000, chrl:5,379,134-5,579,133, chrll:1-
200,000 and chrll:4,339,805-4,539,804. The error bars rep-
resent SD values from triplicate samples. Unpaired t-test was
used to determine data significance. **P <0.01. D Quantita-
tion of ChIP-seq reads for H2A.Z-myc the LTR boundary ele-
ment at fel2L. The bar diagram shown the reads in LTR bound-
ary element at chromosome II subtelomeric region (chrll:
93,039-102,657). The error bars represent SD values from
triplicate samples. Unpaired t-test was used to determine data
significance. *P <0.05, **P <0.01. E Model for regulation of
the activity of the fe/2L boundary element. For details see Dis-
cussion
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and transferred into a 96-round bottom well plate and
washed with 200 Al of PBS (centrifuged at 400 g,
5 min, at room temperature) and stained with 150 Al
of Live-or-Dye™-Fixable Viability Stain (Biotium,
Fremont, CA, USA). This stain was used at 1/1000
dilution in PBS, in the dark, and incubated for 30 min
on ice with mild shaking. Then, cells were washed
with 200 Al PBS and centrifuged (400 g, 5 min, at
room temperature) followed by a fixation step using
200 Al of 70% ethanol and incubated for 30 min on
ice in the dark. After washing with 200 Al PBS, cells
were incubated for 15 min in 200 Al sodium citrate
buffer (50 mM sodium citrate, pH 7.0), washed once
with 200 Al sodium citrate buffer, pelleted and resus-
pended in 200 Al sodium citrate buffer containing
0.2 mg/ml DNAse-free RNase A (Roche diagnostics
Scandinavia, Solna, Sweden, 10,109,169,001) and
incubated for 3 h at 37 °C. Then, cells were stained
with 100 Al of PBS containing 12.5 mg/ml propid-
ium iodide (PI) (Invitrogen AB, Stockholm, Sweden,
P4864) by incubating for 30 min at room temperature
in the dark. Before FACS analysis, 100 pl of PBS was
added into each well and the 96-well plate was imme-
diately analyzed using the multiplex flow-cytometer
CytoflexS (Beckman Coulter) and the CytExpert soft-
ware (www.mybeckman.se). Slow mode running was
used to collect and run the samples and the data was
recorded based on 20,000 events of live cells in each
sample. The total number of cells was selected via
forward (FSC) and side (SSC) scattering, and single
cells were sorted via FSC vs FSH (height) to exclude
doublets. Then, the live cell population was selected
via negative signal of Live-or-Dye™ Fixable Viabil-
ity Staining AEX/AEm 642/662 nm through the FSC-A
vs FL3A (R660) channels (FL3A::660A). The DNA
content histogram analysis and cell cycle population
analysis were performed on live cells population using
the signals of PI staining using the gating strategy
described in (Zahedi et al. 2020). At the TO time point,
the mononuclear G, cell population was selected
through the total area of DNA signal (DNA-A) vs.
the width of the DNA signal (DNA-W), and in qui-
escence, G, cells with 1C DNA content were selected
via same gating (DNA-A negative, DNA-W negative).
A minimal cut-off of 1000 single cells was considered
for each sample measurement. The selected data was
analyzed via FlowJo software version 9 (https://www.
flowjo.com/solutions/flowjo/downloads).

@ Springer

RNA isolation.

Wild type and mutant strains were grown in a
200 ml liquid PMG + N medium using a shaking incu-
bator (200 rpm at 30 °C) to reach between 1.0X 10°
and 10x 10° cells/ml. For each culture, 100 ml was
removed for the TO timepoint, and the rest of the
culture was washed with pre-warmed PMG-N and
incubated for 24 h in 500 ml of pre-warmed PMG-N
using a shaking incubator (200 rpm at 30 °C). For
RNA extraction, cells were washed with ice-cold PBS
and resuspended in 500 Al of ice-cold RNA extrac-
tion buffer (10 mM Tris—HCI pH 8.0, 1 mM EDTA,
2% Triton X-100, 1% SDS, 100 mM NaCl). Then we
added 500 pl of Phenol (acidic phenol pH 4.5, Sigma)
and 500 pl of glass beads (acid washed, Sigma). The
tubes were vortexed vigorously and incubated at
65 °C for 45-60 min. Next, the tube was placed on
ice for 5 min and centrifuged (1300 g, 5 min, 4 °C).
The upper aqueous part was collected and transferred
to a tube with 500 pl of chloroform (Sigma Aldrich),
vortexed and centrifuged (1300 g, 5 min, 4 °C). The
upper phase was collected and subjected to RNA pre-
cipitation at—20 °C overnight. The precipitated RNA
was washed once with 70% ethanol and dissolved in
30 AL H,O.

Chromatin immunoprecipitation sequencing
(ChIP-Seq)

Log phase cells grown in PMG or PMG-N media
were harvested and cross-linked by 1% formaldehyde
for 30 min, and then 125 mM Glycine was added to
quench the crosslinking for 5 min. After three time
washing with cold PBS, the cells pellet was resus-
pended in ChIP lysis buffer with 0.5 mm Zirconia/
Silica Beads, and then lysed in FastPrep machine
for 7 times at max power 6.5. Sonication was done
by using Bioruptor® Pico for 10 cycles, and then
chromatin concentration was measured with Qubit
dsDNA HS assay kit. Immunoprecipitation was per-
formed with 20 pg sheared chromatin, 40 ng spike-
in chromatin (activemotif 53,083), 1.6 ul spike-in
antibody (activemotif 61,686) and 6 ul anti-c-Myc
antibody (Sigma-Aldrich, M4439). After three times
washing with low salt wash buffer, high salt wash
buffer and LiCl wash buffer successively, ChIP-DNA
was extracted by ChIP DNA Clean & Concentra-
tor kit (ZYMO RESEARCH, D5205) and DNA
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concentration measured by Qubit dsDNA HS assay
kit. Sequence library prepared by ThruPLEX DNA-
Seq kit (TaKaRa, R400676) with DNA HT Dual
Index Kit — 96N Set A (TaKaRa, R400660). Before
sequencing, we performed quality control with bio-
analyzer high sensitivity DNA analysis, and then the
sequencing was performed using the Illumina Next-
seq 2000 platform with P3 v3 50 kit (36+8+8+36
cycles, single-end sequencing) at the BEA facility
(Huddinge, Sweden).

Raw sequencing data from Nextseq 2000 (Bcl
files) were converted and demultiplexed to fastq
files using the bcl2fastq v2.20.0.422 program. The
STAR 2.7.9a program (Dobin et al. 2013) was used
for alignment with Schizosaccharomyces pombe ref-
erence genome (ASM?294v2) and Drosophila mela-
nogaster reference genome (dm6). We used Drosoph-
ila spike in normalization strategy for ChIP-seq data
normalization described in (Egan et al. 2016). Sam-
tools was used to count the reads in specific regions,
and then we normalized the reads by following spike-
in normalization strategy. Data were visualized with
the Integrated Genomics Viewer (IGV). For bar dia-
grams, Microsoft Excel was used to create bar dia-
grams with unpaired T-test statistics.

RNA-seq and bioinformatics

To remove rRNA, 3 pg of purified total RNA was
treated with Ribominus Eukaryote System v.2 kit
(Ambion, Thermo Fisher Scientific). To gener-
ate sequencing libraries, a total of 100 ng of rRNA-
depleted stocks and Illumina Stranded mRNA Prep
Ligation kit (Illumina) were used. To quantify the
samples, Qubit (HS dsDNA) was used, and samples
were sequenced using an Illumina Nextseq 2000 plat-
form (P3 100 cycle kit, 58 +58 cycles, paired-end
sequencing) at the BEA facility (Huddinge, Sweden)
following the manufacturer’s instruction. To normal-
ize samples, ERCC RNA Spike-In Mix 1, dilution
1:100 (Invitrogen, Thermo Fisher Scientific) was
added in proportion on the number of vegetative cells
in each culture that was used for RNA isolation.

Raw sequencing data from Nextseq 2000 (Bcl
files) were converted and demultiplexed to fastq

files using the bcl2fastq v2.20.0.422 program. The
STAR 2.7.9a program (Dobin et al. 2013) was used
to index the Schizosaccharomyces_pombe refer-
ence genome (ASM?294v2) and the ERCC spike in
sequences, and then the resulting fastq files were
aligned. The mapped reads were then counted in
annotated exons using featureCounts v1.5.1 (Liao
et al. 2014). The genome fasta file and annotations
(Schizosaccharomyces_pombe.ASM?294v2.35.gft3)
were obtained from ensembl. The count table from
‘featureCounts’ was imported into the R/Biocon-
ductor program and differential gene expression
analysis was performed using the EdgeR package
(Robinson et al. 2010). The linear models pipeline
of EdgeR was used. For the gene expression anal-
ysis, genes that had>1 count per million in 3 or
more samples were used and normalized based only
on the ERCC spike in counts using the TMM nor-
malization. To correct for batch effects the second
batch with ies2 samples were normalized at TO with
the average ERCC factor from the first batch.
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