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Abstract 
The capability to control the progression of the cell cycle, including the means to enter into a stable non-
proliferative state, is essential for eukaryotic unicellular and multicellular organisms. A quiescent state 
similar to G0 of higher eukaryotes can be induced by nitrogen starvation of the fission yeast model 
organism Schizosaccharomyces pombe. Using high-resolution tiling arrays for genome-wide 
transcriptional profiling we explore the early transcriptional reprogramming on the route to quiescence. 
Furthermore, we demonstrate that cells carrying a mutation in the high mobility group (HMG) box of the 
histone lysine demethylase spLsd1 fail to acquire characteristics of quiescent cells and rapidly lose 
viability under nitrogen-starved conditions. Since no such defect is seen as a result of catalytic 
inactivation, the HMG domain of spLsd1 seems to confer a function to the protein that is independent of 
the histone demethylase activity. We show that the HMG domain of spLsd1 is required for transcriptional 
activation and repression of a large set of genes, both during vegetative growth and on the route to 
quiescence. We also confirm that spLsd1 is a repressor of antisense transcription, and that this function 
is at least partially dependent on the HMG domain of the protein. 
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Introduction 
The importance of remaining silent 

Cells are the simplest units of life capable of independent existence and reproduction. The eukaryotic 

cell cycle refers to the strictly ordered and directional events that occur during repeating rounds of 

interphase and mitosis that allow eukaryotic cells to proliferate (fig. 1). The progression of the cell cycle 

is controlled at checkpoints, where several prerequisites have to be fulfilled for the program to continue. 

The G1 checkpoint, known as the restriction (R) point in mammals and Start in yeast, also represent a 

potential arrest point, from which cells can exit the active cell cycle.  

 

 

 

 

 

 

Figure 1. A general outline of the eukaryotic cell cycle. 
Interphase comprises an initial growth phase G1, followed by 

D�A replication during S phase, and a second growth phase 

G2. Mitosis is divided into the four stages of prophase, 

metaphase, anaphase and telophase  Cytokinesis often occur 

during the later stages of the M phase. Cells are also capable 

to exit the active cell cycle from G1 and enter into the quiescent 

G0 state.  

 

Many eukaryotic cells enter such a non-proliferative state in response to various extracellular stimuli, 

and can remain is this state for long periods of time, or even indefinitely. In most tissues of the adult 

human body, the great majority of cells are differentiated and non-dividing, with disruption of this 

control ultimately being linked to unrestrained cell proliferation and cancer. Also, for many eukaryotic 

microorganisms that encounter shortage of nutrients, it is highly advantageous to be able to respond to 

these limitations by halting cell division as a part of the adaptation. Unless some structure essential for 

DNA replication or mitosis is disassembled, arrested cells retain the ability to re-enter the active cell 

cycle under appropriate conditions.  

 

Quiescence can be induced by serum-starvation or addition of a negative factor in mammalian cell 

cultures, but it is not generally agreed whether this state is identical to G0 in vivo. The fission yeast 

Schizosaccharomyces pombe, which has proven a valuable organism in molecular biology and genetics, 

has the ability to enter a quiescent state similar to G0 of higher eukaryotic cells.  In favorable conditions 

and presence of adequate nutrients, haploid S. pombe cells proliferate through asexual mitotic divisions 

(fig. 2). Nutrient starvation of sexually competent strains promotes cells of opposite h+ and h- mating 

types to undergo meiotic conjugation and karyogamy, followed by meiosis and sporulation. Homothallic 

strains undergo continuous mating-type switching, which in cell cultures rapidly results in a sexually 
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competent mixture of cells. Heterothallic strains, are unable to switch mating-type and therefore 

dependent on the presence of another strain with the opposite mating type for sexual development. In 

the absence of a partner, nitrogen starvation in the presence of an adequate carbon source forces these 

cells to exit the mitotic cell cycle and enter into a quiescent state with a  single-copy content of DNA, 

similar to G0 of higher eukaryotic cells [1].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. The life cycle of S. pombe. Haploid S. pombe cells proliferate through sexual mitotic cell divisions. �utrient 

starvation promotes meiosis in sexually competent cultures, while non-sexually competent cultures enter a quiescent state. 
 

The S. pombe quiescent state is associated with maintained long-term viability and acquirement of 

several characteristics [1, 2]. The cells rapidly adopt a small rounded morphology and start 

accumulating an increasing amount of cytoplasmic lipid globules and vacuoles (fig. 3).Eventually, the 

nucleus appears condensed and relocated close to the cell periphery. After an extended period of time in 

this state, the outer surface of the cells becomes covered with a fibrous structure and the cells look rather 

similar to spores. Quiescent cells are metabolically active and are presumed to use nitrogen sources 

recycled within the cell, as indicated by an increase in autophagy [2-4]. 

 

 

 

 

 
 

 

 

Figure 3. Characteristics of quiescent S. pombe cells. Electron 

micrograph after long-term (30 days) nitrogen-starvation. F, fibrous 

structure; �, nucleus; �u, putative  nucleolus; L, lipid globule; V, 

vacuole-like structure. Bar, 1 µm. [2] 
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Also, the G0-like state is associated with a specific mode of DNA damage response in regard to 

regulation of checkpoint proteins and the mode of repair used for double stranded breaks (DSB) [5]. The 

quiescent cells are more sensitive to UV and γ-radiation, likely due to the error-prone use of non-

homologous end-joining (NHEJ) to patch up DSBs in these constantly haploid cells.  

 

Genome-wide transcriptional profiling of cells on the course of resuming cell division has revealed that 

approximately 20% of the 5000 genes display at least four-fold transcriptional alteration in what appears 

to be a two-step program for the exit from quiescence [3]. Genes that become down-regulated in this 

process encode products involved in metabolism of nitrogen compounds, autophagy, proteolysis, 

carbohydrate metabolism and transport, generation of precursor metabolites, energy production, and 

mitochondrial ATPase functions, while genes that become up-regulated mainly are involved in ribosome 

biogenesis and protein synthesis.  

 

Little is known about the signaling pathways involved in establishment of the quiescent state in S. 

pombe. Similar to carbon-starvation, nitrogen-starvation affects the Wak1-Wis1-Sty1 mitogen activated 

protein (MAP) kinase cascade and the cAMP/PKA pathway, which via the transcription factor Atf1 

regulate expression of genes involved in stress responses, mating and sporulation [6]. However, entry 

into quiescence following nitrogen-starvation can occur even in the absence of Atf1. Nitrogen-starvation 

specifically induces a signaling route involving the RNA-binding protein Rcd1 and the telomere 

regulatory Taz1-interacting protein Taf1, which are also required for sexual development [7]. One part 

of the signal transduction pathway likely affects the G1 cell cycle checkpoint, which is under the control 

of the cyclin dependent kinase Cdc2. This master regulator is required for meiosis, as well as both 

establishment and maintenance of the G0-like state [1]. Initial G1 arrest in response to nitrogen-

starvation requires the Cdk inhibitors (CKIs) Rum1 and Nuc2, both of which targets Cdc2 [8, 9]. 

Furthermore, the Cdc2 interaction partner Psp1, which under control of the cAMP pathway and involved 

in induction of sexual development, becomes phosphorylated and re-localized specifically in the 

quiescent state [10]. Hence, there seem to be both separate and partially overlapping signaling pathways 

involved in the decision between continued mitosis, sexual differentiation and quiescence from the 

uncommitted G1 phase.  

 

In addition to cell cycle arrest, many morphological and metabolic alterations must be adapted in the 

quiescent state. A screening assay identifying genes required for maintenance of viability in G0 pointed 

out the C2H2 type zinc-finger transcription factors Klf1 and Rsv2, the RNA polymerase II C terminal 
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domain (CTD) phosphorylating cyclin Ctk2, a putative activator of protein phosphatase type 2A 

(SPAC4F10.04), the carbohydrate metabolism-regulating protein kinase activator Cbs2, and the 

autophagy-related proteins Mug179, Atg18 and Gyp7 [3]. In addition, the transporter  Fnx1, which 

mediates vacuolar amino acid uptake, has been shown to affect required long-term survival in G0 [11]. 

 

Understanding how the G0 state is established and maintained is valuable for basic and applied science. 

Fast reprogramming of the transcriptional profile and extensive reorganization of chromatin is a massive 

cellular task, for which epigenetics offer a suitable toolbox. In S. pombe, the expression of different 

histone methyltransferases have been shown to become either both up- or down-regulated upon exit 

from G0 [3]. Recently, the histone demethylase spLsd1 has been specifically implicated in the 

establishment of quiescence [Arcangioli, B., unpublished data]. 

 

Lysine specific demethylase 1  

Genomic DNA is the ultimate material for storage, transduction and expression of genetic information 

in our cells. However, since the sequencing of the human genome and the surprising finding that there 

seem to no more than approximately 25 000 protein coding genes [12], the contribution of many 

diversifying processes acting outside the sequence of nucleotide bases have gained much interest. The 

field of epigenetics revolves around regulation of gene expression through DNA methylation, 

nucleosome remodeling, posttranslational histone modifications and regulatory non-coding RNAs.  

 

Chromatin is the complex between DNA and proteins that is responsible for compaction and partitioning 

of the huge amount of genetic material harbored by eukaryotic cells. In addition, it is the biological 

template for transcription and the target for many epigenetic processes. Nucleosomes, consisting of 

DNA wrapped around an octamer formed by two copies each of four histone proteins H2A, H2B, H3 

and H4, is the fundamental units of eukaryotic chromatin (fig. 4). The protruding C- and N- terminal 

tails of these proteins provide an exposed surface and are subjected to a variety of covalent 

modifications that ascribe specific characteristics to the chromatin by directly affecting the structural 

conformation and/or recruiting proteins that mediate changes in structure and function [13-17]. The 

guanidinium group of conserved lysine residues in the N terminal tails of histone H3 and H4, as well as 

one position in the core of histone H3, can be subjected to mono, di- or tri-methylation [18]. These 

modifications play central roles in DNA methylation and repair, formation of heterochromatin, X 

chromosome inactivation, genomic imprinting, Polycomb group (PcG)-mediated gene silencing and 

euchromatic gene expression [16-22]. For example, methylation at histone H3K4, H3K36 and H3K79 
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have been directly linked to active transcription of euchromatic genes, whereas methylation of H3K9, 

H3K27  and H4K20 have been linked to transcriptional repression and formation of heterochromatin 

[18, 19, 21]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.  ucleosomes and histone 

modifications. (A) �ucleosomes consist of 

D�A wrapped around an octamer formed by 

two copies each of the four histone proteins 

H2A, H2B, H3 and H4. (B) The protruding � 

terminal tails of these proteins are subjected to 

various covalent modifications. [16] 

 

Histone lysine methylation is mediated by the SET and DOT families of histone lysine 

methyltransferases, also known as K-methyltransferases (KMTs) [16, 19, 21] and was long considered 

to be a permanent modification. The searches for histone lysine demethylases, also known as K-

demethylases (KDMs), lasted close to half a century, but eventually lead to the discovery of human 

lysine specific demethylase (LSD1) [23] and the Jumonji C (JmjC) family of enzymes [18]. 

 

LSD1 is a nuclear flavin-adenine-dinucleotide (FAD)-dependent mono amino oxidase that uses 

molecular oxygen as the electron acceptor to demethylate mono- and di-methylated lysine residues on 

histones [18, 23, 24]. LSD1 contains a C-terminal amine oxidase-like (AOL) domain, and an N-terminal 

SWIRM (Swi3p/Rsc8p/Moira) domain, which fold back to the AOL domain in an interaction that 

confers stability to the protein and creates a potential additional histone tail-binding site (fig. 5A) [18, 

23, 25]. Imbedded in the AOL-domain is a protein-interacting Tower domain. LSD1 is ubiquitously 

expressed and, based on sequence homology analysis, the enzyme displays evolutionary conservation 

across species [23]. Schizosaccharomyces pombe contain two homologues of LSD1, referred to as 

spLsd1 and spLsd2 [26-28]. They differ from human LSD1 by the lack of a Tower domain and presence 

of a high-mobility group (HMG) box, (fig. 5B) [29]. The latter is a small structurally conserved DNA 

binding motif that can be found in many species. In mammals, single-copy HMG domains found in 
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transcription factors and chromatin remodelers mediate sequence-specific DNA interactions with high 

affinity for bent, kinked or unwound regions of DNA. Interestingly, human LSD1 interacts with the 

HMG-containing protein BRCA2-associated factor 35 (BRAF35) [30]. 

 

 
Figure 5. Structure of human LSD1 and its S. pombe homologues. Schematic diagrams of human LSD1 (A) and the S. 

pombe homologues spLsd1 and spLsd2 (B). Sequence similarities between the domains of the S. pombe homologues and 

human LSD1are given (C). [26] 

 

spLsd1 and 2 form a stable tetrameric nuclear protein complex with the plant homeo domain (PHD)-

containing proteins Phf1 and Phf2 [26-28]. The PHD motif is often found in multi-domain proteins 

involved in regulation of eukaryotic transcription in response to intracellular and extracellular signals. 

Genetic ablation of spLsd2, Phf1 or Phf2 is lethal, whereas knockout of spLsd1 results in slow growth, 

flocculation, multinucleation, temperature sensitivity and reduced viability [26-28]. Over-expression of 

spLsd1 or 2 does not rescue the phenotype of a deletion of the other, indicating that their functions are 

not completely redundant [27]. Also, spLsd1 and 2 have similar, but not identical, genomic distributions 

and complexes containing only one of the proteins have been isolated [27, 28]. 

 

Human LSD1 and its yeast homologues have been shown to be enriched at euchromatic gene promoters 

[23, 26, 27, 31] and play important a dual role in regulating transcription [23, 26-28, 31, 32]. Human 

LSD1 demethylates mono- and dimethylated H3K4 (H3K4me1/2) both in vitro and in vivo, and has 

been demonstrated to function as a transcriptional repressor in vivo [23, 24, 30, 33]. It has been purified 

with several co-repressor proteins, such as the BRAF-histone deacetylase complex (BHC), which 

contains LSD1, BRAF35, HDAC1/2, CoREST, and the PHD-containing DNA-dependent ATPase 

BHC80 [34]. The complex mediates transcriptional repression of neuronal specific genes.  The activity 
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is dependent on the DNA binding capability of the HMG domain of BRAF35. Human LSD1 also play a 

role as a transcriptional activator by demethylating mono- and dimethylated H3K9 (H3K9me1/2), but so 

far only at androgen receptor- (AR-) and estrogen receptor alpha- (ERα-) dependent genes [32, 35].  

 

Knockout of spLsd1 results in both up- and down-regulation of transcription in vivo [26-28]. At the 

global level, there is a positive correlation between transcriptional down-regulation in the mutant and 

spLsd1/2-binding in wild type cells [26]. Close examination of down-regulated target genes reveal a 

reduction in RNA polymerase II occupancy and increased levels of H3K9me2 in cells lacking spLsd1 

[31]. Recombinant spLsd1, as well as the purified spLsd1 and 2 complex, exhibits demethylase activity 

towards dimethylated H3K9 in vitro [26, 31]. Thus, spLsd1 seems to play a role as a direct 

transcriptional activator through demethylation of H3K9 [26-28, 31]. Knockout of spLsd1 also results 

up-regulation of transcription and increased H3K4 dimethylation for a smaller number of genes, but 

these do not overlap significantly with identified binding targets for Lsd1/2, indicating an indirect role in 

transcriptional repression [26, 27].  

 

In addition, spLsd1 and 2 have been implicated as regulators of heterochromatin maintenance at the 

mating-type (MAT) locus, centromeres, and subtelomeric regions [27, 31]. Heterochromatin is generally 

associated with H3K9 hypermethylation and H3K4 hypomethylation, while the boundaries towards 

flanking euchromatin are characterized by the opposite modifications. spLsd1 and 2 are specifically 

associated with these boundaries and deletion of spLsd1, or catalytic inactivation of both homologues, 

results in spreading of H3K9 methylation and heterochromatin into flanking regions [27, 31].  

 

Last, spLsd1 has been ascribed a role as a general suppressor of antisense transcription, but whether this 

function is dependent on the catalytic activity is not known [28]. In fact, there are several indications 

pointing at additional and yet unexplored non-catalytic functions of spLsd1 and/or 2. In contrast to the 

cells carrying a deletion of spLsd1 or 2, cells expressing catalytically inactive forms of one or both 

proteins display a much less severe phenotype, including a less pronounced  transcriptional deregulation 

and  spreading of heterochromatin [27].  

 

This project aims to investigate transcriptional changes associated with the establishment of the 

quiescent state and to study the roles of spLsd1 in this process. We reveal that the entry into quiescence 

is associated with major transcriptional reprogramming and that the spLsd1 plays a major role in this 

process. Up to this point, transcriptional regulation by spLsd1 has been ascribed to the catalytic activity 
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of this enzyme. However, we show that the failure to properly enter and sustain viability in the quiescent 

state is uniquely seen for cells carrying a mutation in the HMG domain of spLsd1 and that this domain 

seems to play a distinct role transcriptional regulation.  

 

Experimental procedures 
S. pombe strains  

A heterothallic h
-
 wild type strain (mat1M, smt0, ∆mat2-3), and heterothallic strains carrying mutations in 

the catalytic domain (mat1M, smt0, Lsd1- K603A, K604A::Nat, otr1R(sph1)::ura4+, ura4-DS/E) [31], or the 

HMG domain (mat1M, smt0, Lsd1-18::Nat) of spLsd1 were used. The mutant strains are referred to as 

Lsd1-AO and Lsd1-HMG, respectively. Only transcriptional profiling of wild type cells and Lsd1-HMG 

mutant cells are presented in this report. 

 

Cell culture and synchronization 

For microscopy, cells were grown in minimal medium (MM) at 30°C, for wild type and Lsd1-AO 

mutant cells, or at 32°C, for wild type and temperature sensitive Lsd1-HMG mutant cells, to a density of 

1-2 × 10
6
 cells/ml. This corresponds to early log phase. The cells were collected by centrifugation at 

3000 rpm for 5 minutes at room temperature, washed three times and resuspended in an equal volume 

MM-N, lacking ammonium chloride, before continuing growth at 30°C or 32°C. For transcriptional 

profiling, cells were grown in MM at 32°C to 1-2 × 10
6
 cells/ml, collected and resuspended in an equal 

volume of MM containing 25 mM hydroxyurea for inducing cell cycle arrest in the late G1 phase. After 

four hours, the arrested cells were collected, washed three times and resuspended in an equal volume of 

MM-N containing 25 mM hydroxyurea. After one hour, part of the culture was used as a source of 

nitrogen starved pre-replicative cells (PreS1). The remaining cells were collected, washed three times 

and released from the arrest in MM-N for three hours. After completion of the first S phase this culture 

was used as a source of nitrogen starved post-replicative cells (PostS1). The completion of the S phase 

was assayed by the concomitant completion of cell separation. 

 

Microscopy 

Approximately 1-2 × 10
7
 cells were collected by centrifugation at 4000 rpm for 5 minutes at room 

temperature, resuspended in 70% ice-cold ethanol and fixed at 4°C over night. The fixed cells were 

resuspended dH2O, vortexed and collected by centrifugation at 4000 rpm for 1 minute at room 

temperature.  DNA was stained with 1 µg/ml 4′,6′-diamidino-2-phenylindole dihydrochloride (DAPI) 

and the cells mounted using Vectashield mounting media on microscopy slides covered with poly-L-
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lysine. The morphology of cells was examined using differential interference contrast microscopy and 

DNA was visualized using ultraviolet excitation of DAPI at 240-380 nm.  

 

Measure of resumed mitosis from quiescence 

Cultures of vegetative growing or quiescent cells were diluted in MM or MM-N. Triplicates of 200 cells 

were spread on yeast extract with supplements (YES) agar plates and incubated at 30°C for 3 days. The 

ability to resume mitosis was calculated by dividing the number of colonies appearing after 3 days by 

the number of plated cells.  

 

Isolation of total RNA 

2-8 · 10
8
 cells were collected by centrifugation at 4000 rpm for 5 minutes at room temperature. The 

pellet was washed one time in RNase-free water treated with 0.0001% DEPC and resuspended in equal 

volumes of extraction buffer (50 mM Tris-HCl pH 7.5, 10 mM EDTA pH 8, 100 mM NaCl, 1% SDS) 

and phenol:choloroform 5:1. Acid-washed glass beads were added and the cells lysed on a multiheaded 

vortex for 30 minutes at 4°C. After centrifugation at 13 000 rpm for 5 minutes at 4°C, the supernatant 

was transferred to a fresh tube and RNA extracted with phenol:cholroform 5:1, followed by pure 

chloroform. RNA was precipitated by adding ice-cold 99.5% ethanol and immediately collected by 

centrifugation at 13 000 rpm for 5 minutes at 4°C. The pellet was air-dried and resuspended in 50 µl of 

DEPC-treated RNase-free water. The concentration and purity of the RNA was measured using a 

Thermo Scientific NanoDrop
TM
 ND-1000 spectrophotometer, before storing at 80°C.  

 

Transcriptome analysis using tiling microarrays 

Affymetrix® GeneChip® S. pombe tiling 1.0FR microarrays were used for whole transcriptome 

mapping, using unbiased high-density 20 base pair average spacing of 25-mer probes. The arrays 

contain both sense and antisense probes, enabling detection of sense and antisense transcription when 

strand-specific amplification and labelling of the targets is used. 

 

Total RNA was amplified and converted to biotinylated sense-strand DNA targets labelled using 

Affymetrix GeneChip® Whole Transcript Sense target Labelling Assay (fig. 6). Briefly, first-strand 

cDNA synthesis using the reverse transcriptase Superscript II was primed from random hexamers 

tagged with a T7 promoter sequence. The RNA strand was degraded and double stranded cDNA 

synthesized using DNA polymerase I. The cDNA then served as a template for in vitro transcription 

using T7 RNA polymerase to produce an amplified pool of antisense cRNA.  
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Figure 6. Outline of Affymetrix GeneChip® Whole Transcript Sense target Labelling Assay. Sense strand D�A targets are 
generated from total R�A using one cycle of cD�A synthesis, followed by in vitro transcription, and a second cycle of cD�A 

synthesis. The cD�A is fragmented and end-labelled with biotin allonamide triphosphate. 

 

In a second cycle, un-tagged random hexamer oligonucleotides were added to the antisense cRNA used 

and used as primers for synthesis of dUTP-containing single-stranded sense cDNA. The cDNA was 

fragmented by treatment with uracil DNA glycosylase (UDG), which creates an abasic site at uracil 
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residues, and apurinic/apyrimidinic endonuclease 1 (APE1), which cleaves the DNA strand at the abasic 

sites. The resulting fragments ranged from 20 to 200 bases. The 3´ ends of the fragments were labelled 

with the nucleotide analogue biotin allonamide triphosphate (fig. 7) using terminal deoxynucleotidyl 

transferase (TdT). 

 

Figure 7. Structure of biotin allonamide triphosphate. A biotinylated nucleotide analogue is used for end-labelling of 

fragmented targets catalyzed by terminal deoxynucleotidyl transferase (TdT).  
 

The labelled and fragmented targets were hybridized to the probes on the microarray together with 

oligonucleotide B2 control probes. After washing, the array was stained with fluorescent biotin-

recognizing streptavidin-phycoerythrin (SAPE) (fig. 8). The signal was amplified by indirect 

immunofluorescence using goat-anti-streptavidin as a primary antibody followed by biotinylated anti-

goat as a secondary antibody. Finally, the fluorescence from the features on the array containing 

different probe-target hybrids was recorded. 

 

 

Figure 8.  Antibody staining of biotin labeled cD A targets hybridized to probes on the micro array. Biotin is recognized 

by streptavidin-phycoerythrin (SAPE) and the signal amplified by staining with goat-anti-streptavidin followed by 

biotinylated anti-goat IgG.  

 

Data presented in this report originates from a single experiment, and will have to be further validated. 

The data from each array was normalized separately and assigned genomic locations using one-sample 

detection analysis positions using Affymetrix® Tiling Array Software (TAS). The bandwidth, which 

defines the size of the window (2×bandwidth+1) from which data for each region is derived, was set to 

100 and the median intensity was scaled to 100. The signal was calculated using Hodges-Lehman 

estimation, which calculates the difference between the perfect match (PM) and mismatch (MM) probes 

and gives the signal as median of all possible pair wise averages within the window in log2. A two-sided 

upper Wilcoxon signed rank test was used to generate p-values, with the null hypothesis that there is no 

difference between PM and MM probes.  
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The intensity data was assessed in Integrated Genome Browser (IGB) (Affymetrix®) and analyzed 

using Microsoft® Office Excel® 2007. Values were calculated and assigned to annotated open reading 

frames in the S. pombe genome (Sanger September 2004) by dividing each open reading frame (ORF) 

into twenty binary fragments and calculating the average signal from the sense or antisense probes 

located closest to the middle of each fragment.  

 

Clustering of data was performed using Multiexperiment viewer (MeV) (The Institute for Genomic 

Research, TIGR) [36]. A file containing normalized and annotated absolute expression values was 

loaded into the Multiple Array Viewer as one-colour Affymetrix® data. For an overview of the 

transcriptional changes, agglomerative hierarchical clustering of the genes according to the average 

Euclidean distance was performed.  

 

GeneSpringGX (Silicon Genetics) was used to generate lists of genes displaying various patterns of 

altered transcription. Normalized absolute expression values were used to simulate two-colour array 

data, using appropriate wild type data as a control channels. 645 annotations were not recognized by the 

software and therefore omitted from this analysis. These genes mainly include genes encoding rRNA 

(34), tRNA (165), snRNA (7), snoRNA (9), ncRNA (68) and LTRs (233). The gene lists generated in 

this experiment was compared to lists of genes displaying different modes of epigenetic regulation that 

have been generated in other experiments performed in the laboratory. Similar lists were identified using 

automatic hyper-geometric distribution tests, which calculates the probability of finding the k or more 

genes overlapping with genes in a list of n fragments compared to another gene list of m fragments 

randomly sampled from a universe of u genes. The critical p-value was set to 0.001. 

 

List of genes that become at least two-fold up- or down-regulated at different points after nitrogen 

starvation were analyzed for biological interpretation using GOMiner [37]. Gene Ontology (GO) 

organizes genes into hierarchical categories based on biological process, biological function and 

subcellular localization. GOMiner organizes lists of interesting genes by calculating enrichment or 

depletion of GO categories within a gene list, compared to the total set of genes. Using a one-sided 

Fisher’s exact test the software calculates a p-value for the null hypothesis that a category is not 

enriched in interesting genes with respect to what can be expected by chance alone. The critical p-value 

was set to 0.01.  
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Results 
Acquirement of characteristic properties of quiescent cells 

A quiescent state similar to G0 of higher eukaryotic cells can be induced by nitrogen-starvation of 

prototrophic heterothallic S. pombe strains. In early log phase, the majority of cells grown in minimal 

medium have an elongated appearance and a single central nucleus, characteristic of the G2 stage of the 

cell cycle (fig. 9A). Upon nitrogen starvation, the cells divide on average twice, with a normal 

generation time (fig. 9B). During these two rounds of mitosis, there is a progressive shortening of the 

cells. A critical size typical of quiescent cells is reached after approximately 8 hours (fig. 9C). At this 

time point, dense structures resembling vacuolar-like structures and/or lipid-globules start accumulating 

in the cytosol and the nucleus appear significantly condensed.  

 

 

 

 

 

 

 

 

Figure 9. Morphological changes on the route to quiescence. S. 

pombe cells grown in MM at 30°C to early log phase were 

transferred to MM-� and incubated at the same temperature. Cells 

were fixed in 70% ethanol and stained with DAPI before nitrogen 

starvation and after various times of nitrogen starvation. 

Photomicrographs observed by �ormanski optics (upper panel) and 

as an overlay with DAPI stained fluorescence microscopy (lower 

panel) of vegetative early log phase cells (A), and cells starved for 8 

hours (B), 24 hours (C), 3 days (D) and 10 days (E). Scale bar ~8 

µm. 
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After ten days of nitrogen-starvation the nucleus appears flattened and located at the periphery of cell 

(fig. 9E). Upon continued nitrogen starvation, the cells acquire an even more rounded morphology and 

appear slightly enlarged, as indicative of a fibrous capsule (not shown). Thus, the nitrogen-starved cells 

acquire properties previously described as characteristics of the quiescent state [1, 2]. 

 

Transcriptional reprogramming on the route to quiescence 

Genome-wide transcriptional profiling reveals that large numbers of genes display up- or down-

regulation of transcription early on the route to quiescence. Genes were ordered according to their 

transcriptional level in early log phase cells, and for each gene the average of the change in transcription 

after nitrogen starvation was calculated across a window of the neighbouring 150 genes (fig. 10). Such a 

moving average, which scans along the ordered list of genes, visualizes the pattern of global changes in 

transcription, without telling the actual number of genes that are up- or down regulated. Upon entry into 

quiescence, genes that are silent or weakly transcribed during vegetative growth display a global 

transcriptional up-regulation both before and after the first S phase following nitrogen starvation (fig. 

10). Although less pronounced, there is a slight global down-regulation of genes that are highly 

transcribed in vegetative cells. Thus, entry into quiescence involves major transcriptional 

reprogramming in both directions. 

Figure 10 (top). Global 

analysis of the gene 

expression profile in wild type 

cells upon entry into 

quiescence. The moving 

average (window size=150 

genes, step size= 1 gene) of the 

mean gene expression ratio 

before or after the first S phase 

versus early log phase, is 

plotted as a function of 

transcription in log phase. The 

cells were grown in MM to 

early log phase, arrested in 

G1/S using 25 mM HU, 

transferred to MM-� still 

containing HU for 1 hour and 

released in MM-� until 

completion of the S phase.  
 

Hierarchical clustering of gene expression profiles reveals various patterns of transcriptional changes 

early on the route to quiescence including transient, consistent and delayed up- or down-regulation of 

transcription(fig. 11). In total, early transcriptional reprogramming upon entry into quiescence involves 

two-fold transcriptional changes for 1658 genes.  
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Figure 11 (right). Expression profiles on the route to quiescence. Hierarchical clustering of the 

wild type expression profiles on the route to quiescence for 5549 annotated ORFs in the S. 

pombe genome. The median (278, arbitrary units) expression value is represented by black 

colour. Expression below this value is represented by blue colour and expression above is 

represented by green colour. The upper limit (828) and lower limit (60) are set so that 20% of 

the expression values fall beyond each limit, and thus are represented by the saturated endpoint 

color.  
 

In comparison to early log phase, 471 genes are up-regulated and 879 genes are 

down-regulated at least two-fold before completion of the first S phase following 

nitrogen starvation (fig. 12). After the first S phase, 297 of these genes still 

remain up- and 268 still remain down-regulated at least two fold. In addition, 

new sets of 199 and 130 genes become significantly up- and down- regulated, 

respectively, giving at total of 496 genes at least two-fold up-regulated and 398 

at least two-fold down-regulated genes at this stage. Hence, there are several 

patterns of transcriptional reprogramming in response to nitrogen starvation, 

each involving a substantial number of genes. 

 

 

Figure 12. Two-fold transcriptional changes on the route to quiescence. Venn diagrams 

showing the number of genes displaying at least two-fold higher (up) or lower (down) 

transcription before or after the first S phase following nitrogen starvation in comparison to 

unsynchronized vegetative cells.  

 

Functional interpretation of transcriptional reprogramming on the route to 

quiescence 

Analysis in GOMiner (Supplementary table 1) reveal that genes displaying two-

fold transcriptional up-regulation only before the first S phase following nitrogen 

starvation are enriched in genes involved in various S-phase related processes. 

There is also an enrichment of genes involved in spindle formation and 

organization. Many genes are also implicated in carbohydrate metabolism, the 
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mitochondrial respiratory chain and oxidative phosphorylation. Furthermore, there is an enrichment of 

genes implicated in the handling of reactive oxygen species. Genes that are consistently up-regulated at 

both time points following nitrogen starvation are related to transport and catabolism of nitrogen-

compounds, amino acid oxidoreductase and oxidase activities, autophagy, and negative regulation of 

ubiquitin ligase activity. Also genes involved in the meiotic cell cycle fall in this group. Genes that 

become up-regulated more than two fold only after the first S phase following nitrogen starvation 

include an excess of nitrogen compound carriers and transporters. At this point, which corresponds to 

the later stages of cytokinesis, genes involved in cell wall synthesis become up-regulated.  

 

The set of genes displaying two-fold down-regulation before and/or after completion of the first S phase 

following nitrogen starvation are implicated in a wide variety of metabolic processes, mainly involving 

amino acids and other nitrogen-compounds, and to various steps of de novo protein synthesis. Both 

these sets of genes also include an excess of genes involved in organelle organization and biogenesis. 

The list of genes that are down-regulated both before and after the fist S phase is also enriched in genes 

involved in fermentation. Genes that become down-regulated specifically after the first S phase are 

mainly related to mitochondrial organization, but also for example protein folding and unfolded-protein 

binding, and ribonucleoprotein binding. Thus, specific categories of genes display specific patterns of 

transcriptional reprogramming upon entry into the quiescence. 

 

Epigenetic regulation of nitrogen starvation-responsive genes during vegetative growth 

Using hypergeometric distribution tests, the sets of genes displaying different patterns of transcriptional 

reprogramming in response to nitrogen starvation were compared to lists containing genes shown to be 

regulated by various epigenetic mechanisms during vegetative growth (Supplementary table 2). The set 

of genes displaying two-fold transcriptional up-regulation before the first S phase following nitrogen 

starvation in wild type cells overlap significantly with genes that are repressed by spLsd1 and with 

genes that are repressed by the H3K9 histone methyltransferase Clr4 during vegetative growth. In 

addition, the transiently, consistently and/or delayed up-regulated genes significantly overlap with genes 

that are repressed by the HDAC Clr6 and with genes that display increased levels of histone acetylation 

upon deletion of this protein, as well as with genes that are repressed by the CHD chromatin remodelers 

Hrp3 and/or Hrp1 during vegetative growth. Among the genes which are transiently or consistently 

down-regulated following nitrogen starvation, a significant fraction are positively regulated by spLsd1 

during vegetative growth, and many transiently down-regulated genes display increased levels of H3K9 

dimethylation in cells lacking spLsd1. Thus, spLsd1 seems to be involved in the activation of G0-
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repressed genes during vegetative growth through demethylation of H3K9 and cooperate with Clr4, 

Clr6, Hrp1 and Hrp3 in repression of these G0-induced genes during vegetative growth.   

 

Half of the top 30 transcripts are replaced after nitrogen starvation 

Among the top 30 transcripts in early log phase and at two different time points on cells the route to 

quiescence, 16 are common between all three and thus abundant transcripts both during vegetative 

growth and on the route to quiescence (Supplementary table 4). These include some carbohydrate 

metabolic enzymes, translation initiation factors, actin, histone H2A alpha and a glycoprotein of 

unknown function. Transcripts abundant specifically in vegetative cells include many genes encoding 

ribosomal proteins and amino acid biosynthetic enzymes. Many genes present among the most abundant 

transcripts before the first S phase following nitrogen starvation are involved in nucleobase and 

nucleotide metabolism. At both time points after nitrogen starvation the gene encoding the vacuolar 

serine protease Isp6, which is a regulator of nitrogen compound metabolism, belongs to the most highly 

transcribed genes. In addition, the gene encoding the glyceraldehyde 3-phosphate dehydrogenase Gpd3, 

which has been implicated in the stress response signal transduction cascade, is highly expressed at both 

time points after nitrogen starvation. Furthermore, ammonium transporter that is highly transcribed after 

the first S phase following nitrogen starvation, is stress-responsive and has been shown to act as a sensor 

for ammonium during nitrogen starvation,. Thus, changes in the identity of the top 30 transcripts further 

reflect the adjustments to nitrogen starvation.  

 

Lsd1-18 display a multinucleated phenotype following nitrogen starvation 

S. pombe cells carrying a mutation in the HMG domain of spLsd1 display a striking phenotype 

following nitrogen starvation (fig. 13A). After the two rounds of mitosis that follows nitrogen starvation, 

a significant fraction of the mutant cells have two, three or even four nuclei that appear to be separated 

by septa. Lsd1-HMG mutant cells become increasingly vacuolated and eventually lose their nuclei, 

swell, and rupture. Cells carrying a mutation in the catalytic domain are indistinguishable from wild 

type cells (compare fig. 13A with fig. 9). Following nitrogen starvation and entry into quiescence, Lsd1-

HMG mutant cells also display a progressively reduced ability to resume growth upon replenishment of 

the nitrogen source (fig. 13B). After 10 days of nitrogen starvation, only 5.7% of the cells form colonies 

when plated on rich solid agar plates. Hence, cells carrying a mutation in the HMG domain of spLsd1 

fail to acquire characteristic properties of quiescent cells after nitrogen starvation.  
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B.            
Figure 13. Lsd1-HMG fails to acquire 

characteristic properties of quiescent cells. Cells 

were grown in MM to early log phase, transferred 

to MM-� for continued growth. A. Lsd1-AO mutant 

cells (catalytically inactive) are indistinguishable 

from wild type cells (fig. 9), while Lsd1-HMG 

mutant cells accumulate several nuclei separated 

by septa. Photomicrographs observed by 

differential interference contrast microscopy (upper 

panel) and as an overlay with DAPI stained 

fluorescence microscopy (lower panel) before (VE) 

and after (8h to 10 days) nitrogen starvation. B. 

Lsd1-HMG mutant cells display reduced ability to 

resume mitosis upon nitrogen replenishment. The 

percentage of cells plated on rich YES medium 

forming colonies on this medium was calculated.  

 

 

 

 

The HMG domain of spLsd1 is involved in both positive and negative regulation of transcription  

The mutation in the HMG domain of spLsd1 results in up- or down-regulation of sense transcription at a 

large number of loci in early log phase as well as on the route to quiescence. The moving average 

between the level of transcription in mutant and wild type cells reveals a global up-regulation of genes 

that should be silent or very weakly expressed at each of the three time points (fig. 14). Thus, the HMG 

domain of spLsd1 is involved in repression of many weakly expressed genes both during vegetative 

growth and on the route to quiescence. In vegetative cells and cells that have completed the first S phase 

following nitrogen starvation there is a slight global down-regulation of genes that should be moderately 

and highly expressed at each time point. Therefore, the HMG domain of spLsd1 is required for 

transcriptional activation of many of these genes at these time points. However, before completion of 
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the first S phase following nitrogen starvation, genes that are moderately and highly expressed in wild 

type cells display a slight global up-regulation in Lsd1-HMG mutant cells. At this specific time point, 

the HMG domain of Lsd1 seems to have a role in repression of many such genes. This may reflect a role 

of the HMG domain of Lsd1 in negative regulation of many genes that are specifically induced during S 

phase, and weakly expressed during the rest of the cell cycle, so that they at the other two time points 

are represented in another part of the graph. 

 

 

Figure 14. Global changes in sense 

transcription in Lsd1-HMG mutant cells. 
The moving average (window size=150 

genes, step size= 1 gene) of the mean gene 

expression ratio of mutant versus wild type 

cells, is plotted as a function of wild type 

transcription during vegetative growth (VE), 

as well as before (PreS1) and after (PostS1) 

completion of the first S phase following 

nitrogen starvation.  

 

 

 

 

A total of 166 genes are up-regulated and a total of 761 genes are down-regulated at least two-fold in 

Lsd1-HMG mutant cells during vegetative growth. Among the up-regulated genes, as many as 130 

genes normally become up-regulated at some point in the early response to nitrogen starvation of wild 

type cells (Supplementary table 3). Thus, one major role of the HMG domain of spLsd1 during 

vegetative growth seems to be repression of genes that are specifically needed in the quiescent state. 

Among the down-regulated genes, a total of 308 genes normally display down-regulation at some point 

in the early response to nitrogen starvation of wild type cells. Thus, the HMG domain is also needed to 

maintain transcription of many G0-repressed genes during vegetative growth.  

 

After nitrogen starvation, 958 of the 1658 genes implicated in the normal transcriptional reprogramming 

early on the route to quiescence, display an at least two-fold altered transcription in Lsd1-HMG mutant 

cells before and/or after completion of the first S phase. 567 of these genes are not deregulated during 

vegetative growth, which in many cases may be due to cell cycle-dependent differences that become 

masked in an unsynchronized cell culture. However, it is also possible that some genes are specifically 

controlled by the HMG domain of spLsd1 after nitrogen starvation. In comparison to wild type cells, 

615 genes are up-regulated and 237 genes down-regulated at least two fold in Lsd1-HMG mutant cells 
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before the first S phase following nitrogen starvation (fig. 15). After the first S phase only 26 of the up-

regulated genes remain up-regulated, while 271 of these genes instead become down-regulated at least 

two fold in comparison to wild type cells at this time point. Among the genes down-regulated before the 

first S phase following nitrogen starvation, 79 genes still remain down-regulated after this event and 

only 32 instead become up-regulated. In total, there are 145 genes that are up-regulated and as many as 

1155 genes that are down-regulated at least two-fold in comparison to wild type cells after the first S 

phase following nitrogen starvation. Thus, the HMG domain of spLsd1 seems to play a prominent role 

in transcriptional repression before the first S phase, but a more prominent role in transcriptional 

activation after the first S phase following nitrogen starvation. A rather large number of genes that are 

up-regulated before completion of the first S phase following nitrogen starvation subsequently become 

down-regulated after this event, indicating a switch in the regulatory function of Lsd1.  

 

 

 

Figure 15. Two-fold transcriptional changes in Lsd1-HMG mutant cells compared to wild type cells on the route to 

quiescence. Venn diagrams showing the number of genes displaying at least two-fold higher (up) or lower (down) 

transcription in mutant compared to wild type cells before and after the first S phase following nitrogen starvation, 

respectively.  

 

Transcriptional repression by the HMG domain may be independent of the catalytic activity of spLsd1  

A comparison of gene lists generated in GeneSpring GX using hypergeomtric distribution tests 

(Supplementary table 3) reveal no significant overlap between genes that display transcriptional changes 

in either direction in Lsd1-HMG mutant cells and genes that have previously been identified as direct 

binding targets for the spLsd1/spLsd2-complex [28, 31]. However, there is a significant overlap between 

the set of genes displaying down-regulated transcription in Lsd1-HMG mutant cells and genes that have 

previously been shown to display transcriptional down-regulation, increased levels of H3K9 

dimethylation, and decreased levels of H3K4 dimethylation, respectively, when spLsd1 is deleted during 

vegetative growth [26]. There is no significant overlap between genes that display up-regulated 

transcription in Lsd1-HMG mutant cells and genes that have previously been shown to display altered 
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transcription or altered levels of H3K4 or H3K9 methylation in the knockout mutant during vegetative 

growth. Interestingly, similar to what has been observed for the knockout mutant of spLsd1, these genes 

instead overlap significantly with genes that become up-regulated upon deletion of Hrp1 and Hrp3, as 

well as genes that display increased levels of histone acetylation upon disruption of the gene encoding 

Clr6 (clr6-1). Thus, the HMG domain of spLsd1 may be involved in transcriptional activation of genes 

through demethylation of H3K9 mediated by the catalytic domain of this protein, and in transcriptional 

repression by some independent function, possibly in cooperation with Clr6, Hrp1 and Hrp3. 

 

The HMG domain of spLsd1 regulates transcription of genes involved in septation and cell separation  

Cells carrying a mutation in the HMG domain of spLsd1 display a multinucleated phenotype upon entry 

into quiescence (fig. 13A). The gene encoding Ace2, which is the major transcriptional regulator of 

genes involved in cytokinesis [38], displays a two-fold up regulation of transcription in log phase, as 

well as a five-fold up-regulation before and a more than two-fold down-regulation after the first S phase 

following nitrogen starvation in Lsd1-HMG mutant cells. All of downstream targets of Ace2, but none 

of the upstream regulators, display the same pattern of transcriptional deregulation in Lsd1-HMG 

mutant cells. The gene encoding ace2 has not been identified as a binding target for spLsd1/spLsd2 and 

does not display altered transcription or changes in H3K4/H3K9 dimethylation in the knockout mutant 

during vegetative growth. Thus, transcriptional regulation of ace2 may specifically be dependent on the 

HMG domain of Lsd1. 

 

The HMG domain of spLsd1 is a repressor of antisense transcription  

Lsd1 has previously been implicated as a suppressor of antisense transcription [28]. We detected a 

strong global correlation between the detected levels of antisense and sense transcription in both wild 

type and Lsd1-HMG mutant cells during vegetative growth, as well as on the route to quiescence 

(Supplementary figure 1). This phenomenon has previously been shown to be an experimental artifact 

due to spurious second strand cDNA synthesis by the DNA dependent polymerase activity of the reverse 

transcriptase used for synthesis of single stranded cDNA targets [39]. The illegitimate second strand 

cDNA synthesis increases proportionally with the amount of template and the bias will thus be most 

pronounced for highly expressed genes. These genes will appear to also be highly transcribed in the 

antisense direction, resulting in detection of a large amount of false positive antisense transcripts.  

 

The global pattern of transcriptional changes in Lsd1-HMG mutant cells compared to wild type cells is 

very similar for sense and antisense transcription at all time points (Supplementary figure 2). These 
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changes may thus simply appear to occur due to the corresponding changes in sense transcription. 

However, when the moving average of the change in antisense transcription is plotted as a function of 

the change in sense transcription, there is a negative correlation for genes that display decreased sense 

transcription at all time points (fig. 16). Genes that display a decrease in sense transcription tend to 

display an increase in antisense transcription at the global level. For example, in vegetative cells an 

eight-fold decrease in sense transcription is associated with approximately an average two-fold increase 

in antisense transcription at the global level. This is the opposite of what is expected if the change in 

antisense transcription only reflected the change in sense transcription. 

 

 
Figure 16. Global changes in antisense transcription compared to changes in sense transcription. The moving average 

(window size=150 genes, step size= 1 gene) of the mean ratio of antisense transcription in mutant versus wild type cells, is 

plotted as a function the ratio of sense transcription in early log phase and cells on the route to quiescence. The lines 

exemplifies that an eight fold decrease in sense transcription is associated with an average two-fold increase in antisense 
transcription. 

 

Furthermore, the genes that display increased antisense transcription in early log phase, before 

completion of the first S phase and after completion of the first S phase following nitrogen starvation, 

respectively, overlap significantly with genes that display decreased sense transcription in the mutant 

compared to wild type cells at each time point (p=4.27
-14
, p=1.58

-7
 and 1.68

-5
).  Hence, it is apparent that 

the HMG domain of spLsd1 is at least involved in repression of antisense transcription for a fraction of 

the genes that become down-regulated in the mutant. This is consistent with earlier studies of changes in 

antisense transcription from individual genes by real-time PCR [28]. However, there are also genes that 

display decreased antisense transcription in Lsd1-HMG mutant cells, and a few of these simultaneously 



24 

 

display increased sense transcription at each time point (p=9.71
-3
, p=4.23

-3
, p=0.0281). This indicates 

that the HMG domain of spLsd1 may also be involved in positive regulation of antisense transcription. 

 

Discussion 

Transcriptional reprogramming on the early route to quiescence in S. pombe has not previously been 

studied. We demonstrate that this process is associated with major alterations in the transcriptional 

profile, with two-fold up- or down-regulation of 1658 genes. This can be compared to the at least four-

fold transcriptional changes in approximately 1300 genes upon exit from quiescence until resumed 

mitosis [3]. Some alterations identified in this study are transient, and likely related the progression of 

the cell cycle or the presence of hydroxyurea rather than the response to nitrogen starvation itself. It is 

also likely additional genes are involved, and that many genes display more dramatic changes in 

transcription, at later stages of the transcriptional reprogramming.  

 

The different cellular priorities and needs in the G0-like state is reflected by the up-regulation of many 

genes that are silent or weakly expressed and down-regulation of many genes that are highly expressed 

during vegetative growth. The early changes in transcription mainly involve genes implicated in cellular 

metabolism, which seem to reflect an adjustment to the lack of an external nitrogen source as well as the 

beginning of a general decline in several cellular house-keeping processes, including biosynthetic and 

catabolic processes, organelle biogenesis and organisation. The fact that carbohydrates catabolism and 

oxidative phosphorylation, opposed to fermentation, is not down regulated indicates that quiescent cells 

use glucose as a carbon and energy source via oxidative pathways. Furthermore, the cells appear to 

adjust to nitrogen starvation by recycling cellular protein components, shuffling around nitrogen 

containing groups, and by a general decrease in de novo protein synthesis. Also, the up-regulation of 

negative regulators of ubiquitin ligase activity could reflect a way of salvaging proteins from 

proteosomal degradation and decrease their turn-over. 

 

The HMG domain of spLsd1 is important for transcriptional regulation both during vegetative growth 

and upon entry into quiescence. However, there is no significant overlap between genes that become 

transcriptionally deregulated in Lsd1-HMG mutant cells and previously identified binding targets for 

spLsd1, making it difficult to judge whether activation and/or repression of transcription is direct [28, 

31]. The lack of a significant overlap may be due to the fact that very few binding targets have yet been 

identified, thus resulting in a very incomplete and biased list of genes to which Lsd1 directly binds.  
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Genome-wide studies of transcriptional changes in the spLsd1 knockout mutant have previously been 

shown that this protein has a dual function in transcriptional regulation, with a role in repression or 

activation of transcription from different sets of genes [26, 28, 31]. This duality in transcriptional 

changes is also seen for cells carrying a mutation in the HMG box of spLsd1, indicating that this domain 

may be important for both these functions. There is a significant overlap between genes that show 

decreased transcription in Lsd1-HMG mutant cells and genes that have previously been shown to be 

down-regulated and genes that display increased levels of H3K9 dimethylation in the knockout mutant, 

respectively [26]. Thus, the HMG domain may be required for transcriptional activation though H3K9 

demethylation by the catalytic domain, for example by targeting or positive regulation of this activity 

(fig.18).  

 

There is also a global correlation between down-regulated sense transcription and increased antisense 

transcription in the Lsd1-HMG mutant cells and many genes display a simultaneous decrease in sense 

and increase in antisense transcription, which cannot be explained by spurious second strand cDNA 

synthesis during amplification of the targets for microarrays. These results indicate that the role of 

spLsd1 as a suppressor of antisense transcription is at least partially dependent on the HMG domain, but 

may also be dependent on the catalytic domain. The increase in antisense transcription may well 

contribute to, or be the cause of, the transcriptional down-regulation of many genes in the Lsd1-HMG 

mutant cells. Antisense transcription is involved in gene silencing in mammals and in the budding yeast 

Saccharomyces cerevisiae [40]. In S. Pombe, transcription from centromeric repeats and H3K9 

methylation are both involved in the establishment of centromeric heterochromatin. It was recently 

shown that an exogenous hairpin transcript can promote silencing of the corresponding target gene, and 

that this is correlated with antisense transcription and H3K9 methylation at the target locus [40]. 

Antisense transcription was suggested to be involved in the recruitment of the histone H3K9 

methylstransferase Clr4. Lsd1 may thus play a dual role in transcriptional activation by demethylation of 

H3K9 and repression of antisense transcription.  

 

The genes that become up-regulated in Lsd1-HMG mutant cells do not overlap significantly with genes 

displaying transcriptional up-regulation or altered H3K4 or H3K9 dimethylation in the knockout mutant. 

Thus, transcriptional repression by the HMG domain of spLsd1 does not appear to be related to the 

catalytic activity of the protein (fig. 17). As previously described, there are several experiments pointing 

to additional non-catalytic functions of spLsd1.  We hypothesize that at least part of this function is 

conferred by the HMG domain due to the fact that cells carrying a mutation in this domain display 
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transcriptional deregulation of a unique set of genes, and the fact that these cells display a unique defect 

upon entry into quiescence. There are several alternatives to the nature of such a catalytic-independent 

function.  

 

First, there are a few genes that display a simultaneous increase in sense and decrease in antisense 

transcription, which cannot be explained by the correlation between sense and antisense transcription 

imposed by spurious second strand cDNA synthesis during amplification of the targets for microarrays. 

Thus, the HMG domain of Lsd1 may also play a role in positive regulation of antisense transcription. 

 

 

 

Figure 17. Hypothetical model for transcriptional regulation by Lsd1. The Lsd1/2-complex plays a direct role in 

transcriptional activation through demethylation of H3K9, which inhibits the recruitment of transcriptional repressors by 

this histone modification. This function seems to be dependent on the HMG domain of Lsd1, most likely by mediating binding 

of the complex to target genes. The Lsd1/2-complex also plays a role in transcriptional activation independent of the 
catalytic activity and at least partially dependent on the HMG domain. Transcriptional repression may well be related to the 

role in regulation of antisense transcription and/or a hypothesized role in recruitment of transcriptional repressors or 

chromatin condensation.  
 

Second, the HMG domain of spLsd1 could be involved in targeting or regulation of another 

transcriptional regulator. One obvious candidate for targeting via the HMG domain of spLsd1 is spLsd2. 

Also, it has previously been observed that genes that are up-regulated in the spLsd1 knockout mutant 

overlap with genes that are up-regulated and genes that display altered levels of histone modifications in 

the HDAC clr6-1 mutant, as well as genes that are binding-targets for Hrp1 and Hrp3 [26]. Although 

genes that become up-regulated in Lsd1-HMG mutant cells during vegetative growth does not overlap 

with genes that become up-regulated in the knockout mutant, these genes also overlap with genes that 

are regulated by Hrp1, Hrp3 and/or Clr6. The spLsd1/spLsd2/Phf1/Phf2 complex co-purifies with 
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Hrp1[28], which in turn co-purifies with Hrp3 [41]. Although Clr6 has not yet been found to interact 

with spLsd1, human LSD1 physically and functionally interacts with HDAC1/2, which has an 

analogous function. Thus, the HMG domain of spLsd1 possibly acts in concert with Clr6, Hrp1 and 

Hrp3 to mediate silencing of G0-related genes during vegetative growth, and likely also in 

transcriptional reprogramming upon entry into quiescence.  

 

Third, given the property of HMG domains to affect the structure of DNA, part of the effect on 

transcription and entry into quiescence could be due to a defect in the chromatin condensation observed 

in G0 cells. Human BRAF35 is present in a complex containing the tumor suppressor BRCA2, which 

has been implicated in both transcriptional regulation and chromatin condensation [42]. No effect on 

nuclear condensation could be distinguished from nuclear staining with DAPI, but may perhaps be 

detectable using another staining protocol. 

 

The fact that there is a set of genes that display an up-regulation of the transcriptional level before 

completion of the first S phase following nitrogen starvation and a subsequent down-regulation after 

completion of this event in Lsd1-HMG mutant cells compared to wild type cells indicate that there is a 

switch between transcriptional activation and transcriptional repression by this protein. Such a switch 

may be very important for transcriptional reprogramming upon entry into quiescence, and could be 

dependent on the function of the HMG domain. When human LSD1 interacts with BRAF35 in the BHC 

complex, transcriptional repression is inhibited by another HMG box-containing protein, known as 

iBRAF, which mediates recruitment of the methyltransferase MLL and enhanced trimethylation of 

H3K4 [34]. It is thus intriguing that there is an overlap between genes that display down-regulation in 

Lsd1-HMG mutant cells, and genes that display down-regulation and decreased levels of H3K4 

dimethylation in spLsd1 knockout cells. One hypothesis is that the balance between H3K9 and H3K4 

methylation, and thus between transcriptional activation and repression, is regulated by the functions of 

opposing HMG-domains. Therefore, it would be interesting to explore the function of the HMG box 

present in spLsd2.Alternatively, a switch between the actions of the spLsd1-complex may be regulated 

by other associated factors 

 

The phenotype displayed by Lsd1-HMG mutant cells following nitrogen starvation is likely due to an 

inability to complete cell separation following the two rounds of mitosis that normally occur before 

nitrogen-starved cells become quiescent. The deregulated transcription of the master regulator of 

cytokinesis Ace2 and its downstream targets may be an explanation. The protein concentration of Ace2 
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normally peaks at late anaphase [38], which should correspond to the time point before the first S phase 

following nitrogen starvation, at which ace2 is down-regulated in Lsd1-HMG mutant cells. However, 

previous studies have shown that deletion, and not over-expression, of ace2 causes a multinucleated 

phenotype similar to the phenotype of Lsd1-HMG mutant cells. It is possible that the forced arrest of the 

cell cycle affects the induction of ace2, making the situation in the arrested cells rather different from 

the normal.  Thus, it is difficult to deduce the outcome of transcriptional deregulation in the nitrogen-

starved cells. Furthermore, any transcriptional deregulation causing the multinucleated phenotype of 

Lsd1-HMG mutant cells should be unique to nitrogen-starved cells, since it does not occur during 

vegetative mitosis. Although there is a slight transcriptional down-regulation of ace2 in log phase cells, 

most of these are in G2, where the function of Ace2 is not needed and the protein level is normally at the 

lowest level [38]. Hence, it is not known whether there is a transcriptional deregulation at the timing of 

septation that is unique to nitrogen starved cells. 

 

The transcription mapping presented in this report is preliminary data from a single experiment that will 

have to be validated by making biological and technical replicates. To further validate that the function 

of the HMG domain of spLsd1 in entry into quiescence is independent upon the histone demethylase 

catalytic activity, modulation of this phenotype could be assessed in Lsd1-HMG/Clr4∆ and Lsd-

HMG/Set1∆ double mutants. Whether the HMG domain of spLsd1 is at all involved in targeting or 

regulation of the H3K4 or H3K9 demethylation activity of the spLsd1/spLsd2- complex, or any other 

chromatin modifications, can be investigated by ChIP-chip technology. Also, the potential DNA binding 

capacity and role in chromatin condensation for the HMG domain of spLsd1 should be explored. Pull-

down or co-immunoprecipitation assays could reveal if there are any interactions between spLsd1 and 

other proteins that are specific for quiescent cells. 
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Supplementary data 
Supplementary table 1 

Only up  > 2-fold  PreS1 

GO ID Term Total In this list P-value 

9141 Nucleoside triphosphate metabolic process 40 6 0,0017 
15986 ATP synthesis coupled proton transport 31 5 0,003 
1671 ATPase stimulator activity 3 2 0,0031 
9206 Purine ribonucleoside triphosphate biosynthetic process 33 5 0,0039 
6800 Oxygen and reactive oxygen species metabolic process 64 7 0,0045 
7097 Nuclear migration 12 3 0,006 
4024 Alcohol dehydrogenase activity, zinc-dependent 4 2 0,0061 
5818 Aster 4 2 0,0061 
221 Vacuolar proton-transporting V-type ATPase, V1 domain 4 2 0,0061 
150 Recombinase activity 4 2 0,0061 
46352 Disaccharide catabolic process 4 2 0,0061 
7051 Spindle organization and biogenesis 38 5 0,0073 
15078 Hydrogen ion transporter activity 54 6 0,0078 
42776 Mitochondrial ATP synthesis coupled proton transport 25 4 0,0081 
275 Mitochondrial proton-transporting ATP synthase complex, 

catalytic core F(1) 
5 2 0,0099 

Up > 2-fold PreS1 and PostS1 
GO ID Term Total In this list P-value 

5386 Carrier activity 174 23 0,0001 
15203 Polyamine transporter activity 21 7 0,0001 
45132 Meiotic chromosome segregation 54 11 0,0002 
51321 Meiotic cell cycle 189 23 0,0003 
15932 Nucleobase, nucleoside, nucleotide and nucleic acid 

transporter activity 
7 4 0,0003 

15837 Amine transport 44 9 0,0006 
6598 Polyamine catabolic process 4 3 0,0007 
42402 Biogenic amine catabolic process 4 3 0,0007 
16641 Oxidoreductase activity, acting on the CH-NH2 group of 

donors, oxygen as acceptor 
5 3 0,0016 

5215 Transporter activity 338 32 0,0021 
7131 Meiotic recombination 54 9 0,0028 
7127 Meiosis I 75 11 0,0028 
16798 Hydrolase activity, acting on glycosyl bonds 55 9 0,0031 
256 Allantoin catabolic process 2 2 0,0031 
149 SNARE binding 6 3 0,0031 
46700 Heterocycle catabolic process 2 2 0,0031 
8131 Amine oxidase activity 2 2 0,0031 
5279 Amino acid-polyamine transporter activity 12 4 0,0034 
15290 Electrochemical potential-driven transporter activity 56 9 0,0036 
8655 Pyrimidine salvage 7 3 0,0052 
19842 Vitamin binding 50 8 0,0061 
15171 Amino acid transporter activity 22 5 0,0064 
6914 Autophagy 23 5 0,0078 
43086 Negative regulation of enzyme activity 15 4 0,0081 
46133 Pyrimidine ribonucleoside catabolic process 3 2 0,0091 
51444 Negative regulation of ubiquitin ligase activity 3 2 0,0091 
42887 Amide transporter activity 3 2 0,0091 
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15505 Uracil permease activity 3 2 0,0091 
15204 Urea transporter activity 3 2 0,0091 
279 M phase 316 28 0,0098 
Only up > 2-fold PostS1 

GO ID Term Total In this list P-value 

5386 Carrier activity 174 18 0,0001 
5275 Amine transporter activity 34 7 0,0002 
46943 Carboxylic acid transporter activity 26 6 0,0003 
5215 Transporter activity 338 25 0,0005 
6810 Transport 823 47 0,0008 
15171 Amino acid transporter activity 22 5 0,001 
8381 Mechanically-gated ion channel activity 2 2 0,0013 
51234 Establishment of localization 844 47 0,0015 
30979 Alpha-glucan biosynthetic process 7 3 0,0015 
5886 Plasma membrane 191 16 0,0016 
15359 Amino acid permease activity 3 2 0,0039 
31224 Intrinsic to membrane 656 37 0,0043 
51286 Cell tip 159 13 0,0053 
15203 Polyamine transporter activity 21 4 0,0065 
51179 Localization 938 48 0,0074 
47657 Alpha-1,3-glucan synthase activity 4 2 0,0077 
3700 Transcription factor activity 96 9 0,0082 
5279 Amino acid-polyamine transporter activity 12 3 0,0084 
16021 Integral to membrane 644 35 0,0098 
Only down > 2-fold PreS1 

GO ID Term Total In this list P-value 

6996 Organelle organization and biogenesis 866 150 0 
6400 tRNA modification 48 20 0 
6399 tRNA metabolic process 121 45 0 
6396 RNA processing 359 93 0 
6364 rRNA processing 143 57 0 
6139 Nucleobase, nucleoside, nucleotide and nucleic acid 

metabolic process 
1319 217 0 

4812 Aminoacyl-tRNA ligase activity 38 16 0 
9451 RNA modification 60 23 0 
30515 snoRNA binding 23 16 0 
30490 Processing of 20S pre-rRNA 27 14 0 
16072 rRNA metabolic process 147 60 0 
16070 RNA metabolic process 868 174 0 
16043 Cellular component organization and biogenesis 1528 233 0 
4004 ATP-dependent RNA helicase activity 40 16 0 
42254 Ribosome biogenesis and assembly 218 86 0 
5732 Small nucleolar ribonucleoprotein complex 40 20 0 
5730 Nucleolus 311 94 0 
31981 Nuclear lumen 568 126 0 
5634 Nucleus 2628 352 0 
8617 Guanosine metabolic process 5 5 0 
3723 RNA binding 311 83 0 
3676 Nucleic acid binding 728 133 0 
22613 Ribonucleoprotein complex biogenesis and assembly 285 100 0 
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8033 tRNA processing 48 17 0 
44237 Cellular metabolic process 2841 372 0,0001 
54 Ribosome export from nucleus 12 7 0,0001 
8173 RNA methyltransferase activity 27 11 0,0001 
6913 Nucleocytoplasmic transport 109 26 0,0002 
30689 Noc complex 4 4 0,0002 
30687 Nucleolar preribosome, large subunit precursor 4 4 0,0002 
43527 tRNA methyltransferase complex 4 4 0,0002 
8175 tRNA methyltransferase activity 17 8 0,0003 
6520 Amino acid metabolic process 209 41 0,0004 
44238 Primary metabolic process 2753 358 0,0004 
15450 Protein translocase activity 14 7 0,0005 
9308 Amine metabolic process 240 45 0,0006 
6519 Amino acid and derivative metabolic process 221 42 0,0007 
19752 Carboxylic acid metabolic process 289 52 0,0007 
166 Nucleotide binding 604 95 0,0007 
46128 Purine ribonucleoside metabolic process 15 7 0,0008 
3743 Translation initiation factor activity 38 12 0,0008 
30685 Nucleolar preribosome 8 5 0,0009 
17076 Purine nucleotide binding 584 92 0,0009 
51169 Nuclear transport 83 20 0,001 
51168 Nuclear export 71 18 0,001 
6365 35S primary transcript processing 34 11 0,0011 
8408 3'-5' exonuclease activity 29 10 0,0011 
8565 Protein transporter activity 45 13 0,0013 
31591 Wybutosine biosynthetic process 3 3 0,0016 
6807 Nitrogen compound metabolic process 259 46 0,0018 
6360 Transcription from RNA polymerase I promoter 26 9 0,0018 
5832 Chaperonin-containing T-complex 9 5 0,0018 
178 Exosome (RNase complex) 13 6 0,002 
103 Sulfate assimilation 6 4 0,0022 
30554 Adenyl nucleotide binding 485 76 0,003 
31072 Heat shock protein binding 33 10 0,0032 
4527 Exonuclease activity 44 12 0,0034 
6457 Protein folding 113 23 0,0048 
6611 Protein export from nucleus 20 7 0,0055 
16273 Arginine N-methyltransferase activity 4 3 0,0057 
31415 NatA complex 4 3 0,0057 
175 3'-5'-exoribonuclease activity 16 6 0,0069 
30880 RNA polymerase complex 31 9 0,007 
8026 ATP-dependent helicase activity 78 17 0,0071 
30544 Hsp70 protein binding 26 8 0,0074 
3682 Chromatin binding 21 7 0,0075 
9058 Biosynthetic process 861 121 0,0096 
Down > 2-fold PreS1 and PostS1 

GO ID Term Total In this list P-value 

6996 Organelle organization and biogenesis 866 67 0 
6807 Nitrogen compound metabolic process 259 28 0 
6555 Methionine metabolic process 25 8 0 
6520 Amino acid metabolic process 209 26 0 
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6396 RNA processing 359 46 0 
6364 rRNA processing 143 32 0 
9309 Amine biosynthetic process 107 20 0 
9308 Amine metabolic process 240 28 0 
9066 Aspartate family amino acid metabolic process 50 11 0 
42254 Ribosome biogenesis and assembly 218 49 0 
19752 Carboxylic acid metabolic process 289 30 0 
5736 DNA-directed RNA polymerase I complex 13 6 0 
5730 Nucleolus 311 62 0 
31981 Nuclear lumen 568 68 0 
55029 Nuclear DNA-directed RNA polymerase complex 28 8 0 
8652 Amino acid biosynthetic process 96 19 0 
22613 Ribonucleoprotein complex biogenesis and assembly 285 51 0 
16070 RNA metabolic process 868 64 0,0001 
6558 L-phenylalanine metabolic process 7 4 0,0002 
30490 Processing of 20S pre-rRNA 27 7 0,0002 
9073 Aromatic amino acid family biosynthetic process 14 5 0,0003 
8152 Metabolic process 2931 165 0,0003 
9067 Aspartate family amino acid biosynthetic process 30 7 0,0004 
5634 Nucleus 2628 151 0,0004 
8033 tRNA processing 48 9 0,0004 
44238 Primary metabolic process 2753 156 0,0005 
30529 Ribonucleoprotein complex 412 35 0,0005 
9086 Methionine biosynthetic process 15 5 0,0005 
6365 35S primary transcript processing 34 7 0,0009 
8175 tRNA methyltransferase activity 17 5 0,0009 
9058 Biosynthetic process 861 60 0,001 
6575 Amino acid derivative metabolic process 35 7 0,0011 
6360 Transcription from RNA polymerase I promoter 26 6 0,0011 
3723 RNA binding 311 27 0,0016 
6399 tRNA metabolic process 121 14 0,0017 
5840 Ribosome 237 22 0,0019 
43021 Ribonucleoprotein binding 12 4 0,0019 
6458 'De novo' protein folding 2 2 0,0023 
5854 Nascent polypeptide-associated complex 2 2 0,0023 
107 Imidazoleglycerol-phosphate synthase activity 2 2 0,0023 
62 Acyl-CoA binding 2 2 0,0023 
3849 3-deoxy-7-phosphoheptulonate synthase activity 2 2 0,0023 
8612 Hypusine biosynthetic process from peptidyl-lysine 2 2 0,0023 
5830 Cytosolic ribosome (sensu Eukaryota) 156 16 0,0029 
6576 Biogenic amine metabolic process 31 6 0,003 
6388 tRNA splicing 7 3 0,0033 
6568 Tryptophan metabolic process 14 4 0,0035 
9070 Serine family amino acid biosynthetic process 14 4 0,0035 
5941 Unlocalized protein complex 14 4 0,0035 
6570 Tyrosine metabolic process 8 3 0,005 
5666 DNA-directed RNA polymerase III complex 16 4 0,0059 
16283 Eukaryotic 48S initiation complex 59 8 0,0064 
5843 Cytosolic small ribosomal subunit (sensu Eukaryota) 59 8 0,0064 
1522 Pseudouridine synthesis 3 2 0,0066 
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18205 Peptidyl-lysine modification 3 2 0,0066 
6113 Fermentation 3 2 0,0066 
9331 Glycerol-3-phosphate dehydrogenase complex 3 2 0,0066 
8615 Pyridoxine biosynthetic process 3 2 0,0066 
18193 Peptidyl-amino acid modification 26 5 0,0069 
9451 RNA modification 60 8 0,0071 
Only down > 2-fold PostS1  

GO ID Term Total In this list P-value 

5740 Mitochondrial envelope 189 14 0,0002 
6457 Protein folding 113 10 0,0003 
6626 Protein targeting to mitochondrion 49 6 0,001 
43681 Protein import into mitochondrion 36 5 0,0015 
5758 Mitochondrial intermembrane space 23 4 0,002 
43021 Ribonucleoprotein binding 12 3 0,0026 
51082 Unfolded protein binding 41 5 0,0028 
42719 Mitochondrial intermembrane space protein transporter 

complex 
4 2 0,0033 

30497 Fatty acid elongation 4 2 0,0033 
7005 Mitochondrion organization and biogenesis 63 6 0,0038 
5739 Mitochondrion 716 28 0,0052 
5047 Signal recognition particle binding 5 2 0,0055 
31966 Mitochondrial membrane 163 10 0,0056 
4222 Metalloendopeptidase activity 17 3 0,0072 
Supplementary table 1. GOMiner results for sets of genes displaying various patterns of transcriptional reprogramming 

on the route to quiescence. The p-value is generated in a Fisher’s t-test with the null hypothesis that there is no enrichment 

of genes belonging to each category in the different sets. Total; total number of genes in the genome belonging to this GO 

category, In this list; number of genes in each set belonging to this category.  

 

Supplementary table 2 

Only Up > 2-fold PreS1 (174 genes) 
Similar list Genes in both lists P-value 

Up > 1.5-fold Lsd1∆ 27 3,09E-06 
Up all histone acetylation IGR Clr6-1 34 2,34E-05 
Up > 1.5 Clr6-1Clr3∆ 39 4.81E-05 
Up > 1.5-fold Clr4-681 16 6,28E-05 
Up > 2-fold Hrp3∆ 12 5,83E-04 

Up > 2-fold PreS1 and PostS1 (297 genes) 
Similar list Genes in both lists P-value 

Up > 2-fold Hrp1∆Hrp3∆ 56 6.77E-33 
Up > 1.5-fold Hrp3∆ (tiling) 42 2.05E-17 
Up all histone acetylation IGR Clr6-1 67 9,35E-17 
Up > 4-fold Hrp1∆Hrp3∆ (tiling) 39 1.27E-14 
Up > 1.5-fold Hrp1∆ (tiling) 29 9.01E-14 
Up > 1.5-fold Clr6-1 55 1,67E-09 
Up > 1.5 Clr6-1Clr3∆ 64 5.62E-09 
Up > 1.5-fold Hrp3∆ 14 1.01E-08 
Up > 1.5-fold Hrp1∆ 14 1.88E-08 
Up > 2 H3 density IGR Hrp1∆ 95 4.09E-06 

Only Up > 2-fold PostS1 (199 genes) 
Similar list Genes in both lists P-value 

Up > 2-fold Hrp1∆Hrp3∆ 56 0,000406 

Only Down > 2-fold PreS1 (611 genes) 



36 

 

Similar list Genes in both lists P-value 

Down > 2-fold H3 density IGR Hrp3∆ 124 5,33E-11 
Down > 2-fold H3 density IGR Hrp1∆ 123 2,16E-09 
Up > 1.5-fold H3K9me2 ORF or IGR Lsd1∆ 260 7,12E-05 
Up > 1.5-fold Hrp1 binding 109 0.00595 
Down > 1.5-fold Lsd1∆ 36 0.00855 

Down > 2-fold PreS1 and PostS1 (268 genes) 
Similar list Genes in both lists P-value 

Down > 1.5-fold Lsd1∆ 27 4,16E-06 

Only Down > 2-fold PostS1 (130 genes) 
Similar list Genes in both lists P-value 

Down > 2-fold H3 density ORF Hrp1∆ 35 5,42E-07 
Down > 2-fold H3 density ORF Hrp3∆ 28 0,000171 
Supplementary table 2. A selection of the gene lists that overlaps significantly with 

sets of genes displaying various patterns of transcriptional reprogramming on the 

route to quiescence. The gene lists were compared using hypergeometric distribution 

tests in GeneSpringGX.  

 

Supplementary table 3 

Up > 2-fold Lsd1-HMG vs. WT VE (166 genes) 
Similar list Genes in both 

lists 
P-value 

Up or down > 2-fold G0 142 4,97E-59 
Up > 2-fold PreS1 and PostS1 81 4.72E-64 
Up > 2-fold only PostS1 31 1,92E-17 
Up > 2-fold only PreS1 24 8,46E-05 
Up all histone acetylation IGR Clr6-1 33 2,53E-05 
Up > 2-fold Hrp1∆Hrp3∆ 21 0,000503 

Down > 2-fold Lsd1-HMG vs. WT VE (761 genes) 
Similar list Genes in both 

lists 
P-value 

Up or down > 2-fold G0 413 6.88E-74 
Down > 2-fold PreS1 and PostS1 103 2.43E-28 
Down > 2-fold only PreS1 152 2.17E-19 
Down > 2-fold only PostS1 53 1.91E-14 
Down > 1.5-fold H3K4me2 ORF Lsd1∆  120 5.63E-08 
Down > 1.5-fold Lsd1∆ 52 6.99E-08 
Down > 2-fold H3 density ORF Hrp1∆ 106 3.26E-05 
Up > 2-fold Hrp1∆Hrp3∆ 42 0.000135 
Down > 2-fold H3 density ORF Hrp3∆ 124 0.000249 
Up > 1.5-fold H3K9me2 Lsd1 ∆ 309 0.000831 
Supplementary table 3. A selection of the gene lists that overlaps significantly with 

sets of genes that are up- or down regulated in Lsd1-HMG mutant cells. The gene lists 

were compared using hypergeometric distribution tests in GeneSpringGX.  
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Supplementary table 4 
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Supplementary figure 1 

A.   B. 

  
Supplementary figure 1. Global correlation between the level of antisense and sense transcription. The moving average 

(window size=150 genes, step size= 1 gene) of the level of antisense transcription, is plotted as a function of level of sense 

transcription in wild type (A) and Lsd1-HMg mutant (B) cells during vegetative growth and on the route to quiescence.  

 

Supplementary figure 2 

 

 
 

Supplementary figure 2. Global changes in 

sense transcription in Lsd1-HMG mutant 

cells. The moving average (window size=150 

genes, step size= 1 gene) of the mean gene 

expression ratio of mutant versus wild type 

cells, is plotted as a function of wild type 

transcription during vegetative growth (VE), 

as well as before (PreS1) and after (PostS1) 

completion of the first S phase following 

nitrogen starvation.  

 

 

 

 

 


