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SUMMARY  Schizosaccharomyces pombe is an ascomycete fungus that divides by medial
fission; it is thus commonly referred to as fission yeast, as opposed to the distantly related
budding yeast Saccharomyces cerevisiae. The reproductive lifestyle of S. pombe relies on
an efficient genetic sex determination system generating a 1:1 sex ratio and using alter-
nating haploid/diploid phases in response to environmental conditions. In this review, we
address how one haploid cell manages to generate two sister cells with opposite mating
types, a prerequisite to conjugation and meiosis. This mating-type switching process
depends on two highly efficient consecutive asymmetric cell divisions that rely on DNA
replication, repair, and recombination as well as the structure and components of hetero-
chromatin. We pay special attention to the intimate interplay between the genetic and
epigenetic partners involved in this process to underscore the importance of basic
research and its profound implication for a better understanding of chromatin biology.

KEYWORDS DNA recombination, DNA replication, fission yeast, heterochromatin

INTRODUCTION

he fission yeast Schizosaccharomyces pombe was isolated over 100 years ago from

African millet beer by the German chemist and microbiologist Paul Lindner (1893)
(1) and was later used as a model organism by Leupold, Mitchison, and Robinow in the
1950s to describe the initial steps of mitotic and meiotic divisions. Indeed, early micro-
scopic observation had indicated that the fusion of two sister cells is rapidly followed
by meiosis and sporulation (2-4). This simple inspection encouraged many subsequent
studies that have led to the notion of mating-type switching (MTS) in S. pombe.

Vegetatively growing S. pombe cells exhibit a cylindrical rod shape of 4 um in diam-
eter with a length ranging between 7 and 14 um. The cells grow by elongation, and
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FIG 1 S. pombe cell cycle. (Left) Vegetative cycle (light gray area). Septation is concomitant with S phase, and
thus most of the cells in a growing population contain a nucleus with a 2C DNA content. The sister cells
resume growth only by the old ends located at the opposite side of the cytokinesis site. The transition from
monopolar to bipolar growth is called NETO (new-end takeoff). G, is the longest phase of the cell cycle during
vegetative growth, and the lengths of M, G,, and S are roughly the same. The thicknesses of the lines of the
nuclei reflect the amounts of DNA present. (Right) When cells experience starvation, the meiotic cycle is
triggered (darker gray area) and cells engage a single DNA replication and two rapid cell divisions and arrest in
G,. Note that only one daughter cell is depicted following the S phase in both the vegetative and meiotic
cycles. After G, arrest, cells enter the Gy/quiescent state. Two G, cells with complementary MTs conjugate (blue
and ocher) and form a diploid and a zygote that undergoes meiosis, followed by sporulation that gives rise to
four ascospores (2P and 2M), which upon germination and DNA replication can enter the vegetative cycle. The
nuclear DNA content of different cell types and the phases of vegetative and meiotic cycles are indicated.
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the medial position of the septum generates two sister cells of comparable length, a
feature that led to the common name of “fission yeast.” Currently, many researchers
are working on numerous molecular and cellular aspects of S. pombe and its closest rel-
atives, including Schizosaccharomyces octosporus, S. cryophilus, S. osmophilus, and the
more distant dimorphic S. japonicus (5). All S. pombe or fission yeast strains referred to
in this review are derived from the haploid wild-type strain 972h— (6, 7).

Fission yeast spends most of its time as a unicellular haploid cell that exists under
two exclusive mating types (MTs), minus (M) and plus (P), and mating is only possible
between strains of different types. When both MT partners (M and P cells) are in close
proximity, they conjugate and generate a zygote. The diploid state is only a transient
step to meiosis that generates four haploid spores in an ascus. Cell growth and cell di-
vision are intimately coordinated by the conserved cyclin-dependent kinase Cdc2 to
maintain size and ploidy, which delineate the phases of the cell cycle (8). In a cycling
population, 70% of the cells are in G,, while cells in G;, S, and M phases account for 10
to 15% each (Fig. 1). Importantly, mitosis separates the nuclei that reside in the same
cell body. DNA replication is concomitant with the formation of the septum and sepa-
rates the sister cells to produce two cells in G, (2C DNA content). As a consequence,
examination of the DNA content by flow cytometry of an exponential phase growing
culture appears homogenous with a 2C DNA content. When cells reach a critical size
(14 um) at the late G, phase, they stop elongating and enter mitosis, which is rapidly
followed by a short G, phase and the onset of DNA replication coupled with both the
assembly of a new membrane and the formation of a septum in the middle of the cell
to physically separate two sister cells of the identical size. Cytokinesis concludes with
the cleavage of the primary septum liberating two new ends facing one another. After
cell division, the cells are at the end of S phase or in G, and the sister cells resume
growth only by the old ends located at the opposite side of the cytokinesis site. The
transition from monopolar to bipolar growth is called NETO (new-end takeoff) (9, 10)
and requires DNA replication completion (11).

TWO MATING STRATEGIES
S. pombe exists as heterothallic or homothallic strains, concepts derived from filamen-
tous fungi (thallus). Each form has its own mating strategy. From a single spore (or cell),
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FIG 2 S. pombe life cycle. Under growth conditions (light gray area), haploid and transient diploid homothallic
strains switch their mating type, as indicated by double arrows. When cells experience starvation (dark gray
area), mating activities are induced and, in the absence of partners, cells enter G, (green arrows), whereas in
the presence of alternative mating-type partners, they undergo mating, meiosis, and sporulation. When the
diploid zygotes encounter favorable growth conditions, they can resume cell division, as shown by a curvy
dashed line. Under growth conditions, the ascospores germinate to resume the asexual vegetative life cycle.
Note that two different shapes correspond to zygotic and azygotic asci.

heterothallic strains produce a clonal population of cells with a unique MT, whereas homo-
thallic strains produce a population containing a mixture of P and M cells in similar propor-
tions produced by MTS. The mating phenotype of the cells is revealed by environmental
cues, in particular nitrogen availability, which triggers the major developmental decision
that brings about a transition from mitotic cell division to two reversible resting states.
When only one MT is present, sexual activity is impossible and cells arrest in quiescence
(Fig. 1 and 2), readjusting numerous important genetic and metabolic regulations (12-14).
When the alternative MT cells are present, they mate and form a diploid cell that under-
goes meiosis and sporulation, thus generating four dormant haploid spores. While quies-
cent cells are more resistant to stress than growing cells, spores exhibit the best resistance
to extreme conditions (15). The mitotically dividing haploid heterothallic and homothallic
cells are indistinguishable, and the M-P cell types or gametes are also morphologically
identical (isogamy). They reveal their gametic potential only under starving or stressful con-
ditions (Fig. 2). In contrast, gametes produced by multicellular organisms are called male
and female and they can be distinguished by their size or form (anisogamy) (16). Because a
clonal population of a heterothallic subtype is made of cells with a single MT, they are also
called cross-fertile (or self-sterile). In the absence of motility, their sexual reproduction
requires the “search” of cells with the opposite MT using a third party. However, when the
homothallic strain experiences starvation, it mates and produces roughly 90% of spores, a
proportion at the origin of the name h% of this self-crossing subtype. The h% strain can
spontaneously generate both types of heterothallic strains at a low frequency (1073 to
1074) corresponding to genetic accidents/errors during the process of MTS. Their molecular
nature has been described previously (17). The homothallic strain is slightly more abundant
in nature and is commonly proposed as the wild-type strain (18). The S. pombe ascospores
contain starch that stains darkly when exposed to iodine vapors (see below in Fig. 4B). This
iodine staining is a simple and convenient procedure to distinguish spores in individual
colonies and to identify homothallic from heterothallic strains directly on a petri dish.

The genetic advantage of one strategy over the other one in surviving adverse condi-
tions is not obvious. Upon starvation, homothallic strains can readily generate long-lived
spores upon mating between sister or cousin cells (inbreeding), thereby producing no or
low genetic variability. Under similar starvation conditions, a clonal heterothallic cell popu-
lation cannot mate to produce spores and will arrest in the quiescent state. When the con-
ditions become suitable again, the quiescent cells reenter the vegetative cycle faster than
spores (no germination) and will therefore benefit from the available nutrients to expand
their colony size. This situation frequently occurs in the laboratory, where aging colonies
emanating from a homothallic cell will tend to accumulate heterothallic variants that will
gradually dominate the parental homothallic cell population after reseeding. On the other
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hand, if the period of starvation persists, the dormant spores with a high survival rate pro-
vide an advantage to the homothallic strain. However, heterothallic or homothallic strains
can interbreed and form spores if they express complementary MTs. Mendelian distorting
elements, such as the wtf gene family, increase their transmission to progeny between
nonclonal populations. Their meiotic drive features have been used to support inbreeding
over outcrossing. However, both population evolution and experimental studies have indi-
cated frequent outcrossing in natural isolates and an active role of heterothallic strains in
fission yeast evolution (19-22). For both subtypes, the “search” for partners from a different
lineage remains the only solution to produce genetic variability for a better-adapted off-
spring. We still know very little about the S. pombe ecology (5, 18, 23), but in the absence
of motility, it is conceivable that the mating partner can be found in the gut of fruit-fed ani-
mals, honey, or fermented products (24, 25). Thus, it appears that the production of homo-
thallic and heterothallic yeast subtypes offers alternative and complementary advantages
in a rapidly changing environment and provides an optimized solution over time.

TWO LIFE CYCLES: MATING VERSUS QUIESCENCE

Nitrogen starvation has been extensively used to study cell cycle arrest, mating,
meiosis, and quiescence in fission yeast (26, 27). The absence of nitrogen is rapidly
sensed by TOR (target of rapamycin) signaling and the stress/mitogen-activated pro-
tein kinases (S/MAPK). This triggers two rapid cell divisions with one round of DNA rep-
lication that allows the cells to arrest safely in pre-Start G, with a one-cell (1C) content
by engaging Polo kinase and the cyclin-dependent protein kinase (CDK). The main
actors of this arrest are the cyclin kinase inhibitor Rum1 and the anaphase-promoting
complex/cyclosome (APC/C) activator Ste9 (28). The sequence of events leading to G,
entry is well conserved in eukaryotes. In fission yeast, haploid cells arrest with a 1C
DNA content before engaging in quiescence or sexual differentiation (Fig. 1). During
this process, the Styl S/MAP kinase phosphorylates transcription factor Atf1, which trig-
gers massive changes in gene expression, including the transcriptional activation of
the master transcription factor Ste11 required to reveal the cell-type identity and to
commit to the gametogenesis program (29, 30). The Ste11 protein is a sequence-spe-
cific DNA-binding high mobility group (HMG) box protein that binds to more than 80
promoters. Some targets are different in M and P cells, reflecting the differential associ-
ation of Ste11 with the M- and P-specific transcription factors triggering the expression
of the P and M pheromones and their respective receptors (30, 31). While transcrip-
tional controls ensure that Ste11 is transcribed at a high level only when nutrients are
scarce, posttranscriptional controls limit its function to the G, phase of the cell cycle,
where the differentiation program is initiated. Expression of Ste11 targets establishes
pheromone signaling between cells of different MTs, and several transcriptional feed-
back loops ensure that the cell fate decision is irreversible (32).

The mat1-P cassette contains two diverging Pc and Pi genes, while the mati1-M cas-
sette contains the Mc and Mi genes, with ¢ and i standing for constitutive and induci-
ble, respectively (33) (see below in Fig. 4A). They encode transcription factors. Mc
codes for a single HMG box protein highly similar to the SRY protein that transcription-
ally controls male development in mammals (34). In M cells, the Mc and Ste11 HMG
proteins associate to activate M-specific genes. In P cells, Pi contains a homeobox with
a Three Amino acid Loop Extension between helix 1 and helix 2 called TALE that is well
conserved in fungi and beyond (35). mat1-Pc and mat1-Mc are weakly and constitu-
tively transcribed during growth, while mati-Pi and mat1-Mi are not detected. The four
genes are induced via Ste11 during starvation. Mat1-Mc interacts with Ste11 while
Mat1-Pc interacts with Map1, a MAD box transcription factor, and both complexes acti-
vate the expression of their respective pheromone and pheromone receptor genes
(36, 37).

Cell agglutination is an early response to stress that brings the cells close to each
other, enhancing the action of the pheromones/receptors that guide cellular mating,
and leads to the successful fusion between mating partners (38). Numerous studies
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have reported how complementarities and asymmetries between M and P cell types
have evolved to optimize mating specificity and efficiency (39). Next, the pheromone
cascade activates mat1-Pi and mati1-Mi factors. To improve monogamous mating in a
crowded cellular environment, a cell with multiple partners can orient stably only to-
ward a single one, and a single merge is favored by an asymmetry in turgor pressure
(M > P) in the two partners. Immediately after the fusion of the cytoplasm, but still
with two distinct nuclei, the small Mi protein rapidly diffuses into the cytoplasm of the
P cell and is captured by the nuclear P cell-specific homeobox protein Pi to trigger zy-
gotic transcription from the P genome. As a consequence, the meiotic master gene
mei3 is first transcribed from the P genome and next from the M genome (40), followed
by the activation of mei2 that blocks refertilization to restrict meiosis to two partners
(41, 42). Thus, the two fission yeast gametes, although appearing isogamous at the cel-
lular level, have already evolved subtle asymmetric strategies that may foreshadow the
beginning of a commitment to sexual dimorphism.

Since the diploid phase is only transient, S. pombe spends most of its time as a haploid
and exhibits a haplophasic or haplontic life cycle. However, under laboratory conditions,
the diploid state can be artificially extended by adding nitrogen sources between mating
and the onset of meiosis prior to the Ste11 commitment to trigger the reentry into the
vegetative cycle (Fig. 2). The diploid cell population can be selected and maintained using
complementary intragenic markers. However, even under these conditions, the diploid
cells are fragile, with limited viability. This fragility can be revealed at the colony level on a
petri dish containing the red dye phloxine B. The high proportion of dead cells in a diploid
colony is used to distinguish haploid strains that appear white/pink and diploids strains
that stain red (43).

The sexual cycle is not the only solution when cells experience starvation. When a
population is made of a single MT (heterothallic) or when cells are rapidly diluted, mat-
ing is not an option anymore. In the absence of nitrogen, fission yeast has developed a
genetic program to safely enter into a quiescent state (13, 44, 45) whereby two rapid
cell divisions with no elongation of the cells convey it to G, then to G,/quiescence (Fig.
2). In this state, the cells are more resistant to stress, are metabolically active, and
ensure the homeostasis of the genetic material (46, 47). The knowledge of the genetics
of quiescence is progressing rapidly and has revealed that time is as strong a vector as
DNA replication to generate mutations and to fuel evolution (48).

TWO CONSECUTIVE ASYMMETRIC CELL DIVISIONS

Conjugation between homothallic sister cells indicating a rapid and efficient MTS
process, at least when cells are approaching nutritional starvation, was reported over a
century ago (2). A series of cell pedigrees (4, 49, 50) established to monitor the mating
process under conditions close to starvation using haploid cells has revealed that MTS
is not random but follows specific rules. MTS requires two consecutive asymmetric cell
divisions. The first division leads to switchable (s) and unswitchable (u) daughter cells;
here, the asymmetry is inferred and resides in the potential of switching that is
revealed only during the following cell division. The second division leads to MTS in
the switchable daughter cell, which can be monitored through the mating and forma-
tion of zygotic asci by microscopy.

This cell lineage generates one switched cell out of 4 cousin cells and was called
the “one-in-four” or Miyata rule (4) (Fig. 3A). This simple result raised two basic ques-
tions. How can only one sister inherit the potential for switching at the next cell divi-
sion and how can only one sister cell switch its MT? The switching pedigree using
haploid cells makes it impossible to track the fate of the sister of the switched cell
because it is involved in mating with it, but the diploid cells make it possible to over-
come this problem.

A freshly made diploid cell heterozygous at mat1 (M/P) can be maintained in growing
conditions and the switching efficiency can be studied during starvation by monitoring
azygotic asci formation in a lineage. The frequent occurrence of MM or PP diploid cells
unable to sporulate but able to divide (Fig. 2) suggests that the competence for
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FIG 3 Mating-type switching patterns in haploids and diploids. (A) Haploid cell lineage monitoring the mating between two sister
cells and ascus formation. The unswitchable Mu cells produce two M cells, while the switchable Ms cells produce a switched P cell
identified by the formation of a zygotic ascus. The suffix “s” can be inferred only after the production of an ascus. Otherwise, it is
labeled “u.” The Mu cells produce four cousins containing a single switched progeny according to the Miyata rule or the “one-in-
four” switching rule. (B) Diploid cell lineage of the mat1-Msmt0/mat1-M strain (0/M). The stable mat71-Msmt-0 allele (not indicated)
allows the monitoring of the switching of the mat7-M allele (indicated). In the diploid configuration, the switching is monitored by
the formation of an azygotic ascus. The lineage of the Ms cells generates a chain of recurrent switching called the “consecutive”
switching rule. (C) The switching pattern is characteristic of stem cell division, producing two different daughter cells: one identical
to the parent and one with a new fate. The first asymmetry relies on the process of imprinting/licensing one DNA strand at mat1,
and the second relies on the process of recombination/repair of the imprint generating MTS. A similar pedigree was observed in M
or P cells, indicating that both mat7-M and mati-P follow the same process. The back arrows indicate the fate of the upcoming
progeny.

switching operates at the level of individual chromosomes, ruling out a cytoplasmic de-
terminant for this asymmetry (49-51). Unfortunately, the frequency of switching and the
inability to distinguish the chromatids make it difficult to establish the MT switching
pedigree. However, this impediment was overcome by using diploid strains in which
one of the mat1 alleles never switches because it contains a small cis-acting deletion
that blocks switching (called mat1-Msmt-0 or mat1-PA17, and further described below),
while the other matT allele is free to switch. The diploid mat1-Msmt-0/mat1-M grows slowly
on plates containing a low concentration of nitrogen, whereas the diploid mat1-Msmt-0/
mat1-P forms an ascus that is easily distinguishable under microscopic scrutiny (Fig. 3B).

By following the formation of asci in a pedigree, the “one-in-four” switching rule
was confirmed. In addition, it was observed that the sister of the switched cell is
switchable again during the following cell division, thus generating a chain of consecu-
tive switching. The efficiencies of the “one-in-four” and “consecutive” rules (Fig. 3B) are
similar and close to 90%, indicating that the switching uses primarily the opposite MT.
Thus, this activity rapidly generates a 1:1 sex ratio in emerging colonies and brought
about the idea of a process designated “directionality of switching” (52). Furthermore,
several cis- and trans-acting switching mutants that are described below reduce both
switching rules to the same extent, suggesting that the two asymmetric divisions
use the same process (53, 54). An exception to the “one-in-four” MTS patterns was
provided by the haploid strain containing an inverted tandem duplication of mat1
(see below). In this strain, the two mat1 cassettes switch separately and generate two
switchable cells in a lineage. While most investigators have assumed that the replication
of the “Watson and Crick” cDNA strands pass the same information to the daughter cells,
Klar's model proposes that they can be differentially imprinted so that daughter cells
inherit different developmental fates (50; reviewed in reference 55). In 1987, several mo-
lecular models targeting one of the DNA strands were proposed: a protein complex seg-
regating with a specific DNA strand, a site- and strand-specific-nick, and an unrepaired
RNA primer of an Okazaki fragment. More recently, fluorescent markers specific to P or
M cell types have confirmed the pattern of switching when cells approach starvation but
still require further improvement to monitor MTS by fluorescence microscopy during
vegetative growth (22, 56, 57).

Taken together, the asymmetric cell division in fission yeast is analogous to the
stem cell division described for multicellular organisms. Stem cells are unique in their
ability to make intrinsic asymmetric divisions generating sister cells with different fates,
one retaining its stem cell potential and the other, which is more advanced in the
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differentiation program, generating cellular diversity (Fig. 3C). DNA, RNA, proteins, or
organelles have been described as major determinants of asymmetry in eukaryotes.
Due to their molecular differences, numerous segregation mechanisms are anticipated
(58), including asymmetric epigenetic inheritance (59). In S. pombe, the asymmetry is
carried by haploid cells that produce the two complementary gametes. The different
fate of the sister cells is intrinsic and is thought to be induced by the unequal segrega-
tion of master determinants. It is important to note, however, that extrinsic cues acting
mainly on the cell cycle or growth machinery are central to reveal but not to generate
the potential of the sister cells following asymmetric cell division. This is the case for
nitrogen starvation, which triggers the expression of the allele present at mat1. The ini-
tial observation of the mating of sister cells implicitly proposes a precise timing
between DNA replication and recombination leading to MTS. We discuss below the
active role of DNA replication/repair/recombination in two epigenetic processes that
helped our understanding of this well-studied and original asymmetric cell division
mode (for a review, see reference 60).

TWO SILENT DONORS AND ONE EXPRESSED ACCEPTOR

The S. pombe genome resides on three chromosomes for a total of 14 million base
pairs, which were sequenced in 2002 (23). The sequence organization of the MT region
has provided important information on the molecular strategy used for MTS. The MT
region is located on the right arm of chromosome 2 and spans 30 kb (61, 62) (Fig. 4A).
The names and locations of the components are indicated below, and their functions
in MTS are described further in the following sections.

In the homothallic strain, the MT region contains three related cassettes of about
1 kb in length: mat1 harboring either the M or the P allele, mat2-P, and mat3-M. The
three cassettes are each flanked by two short homology boxes, one of 59 bp to the
right (H1) and one of 135 bp to the left (H2). A third box of 57 bp (H3) is present only
at the two silent loci, to the left of H2 (Fig. 4A). These short boxes of homology are
used for base pairing during the initiation and resolution steps of the gene conversion
process leading to MTS and are discussed below. In vegetative growth, the MT of the
cell is phenotypically invisible and can be revealed only molecularly. The mat1 locus
contains an efficient origin of replication on its centromere distal side and is flanked by
two strong replication fork pause sites, which are described below (17). The mat2-P
and mat3-M cassettes are embedded in a heterochromatin domain of 20 kb that is
silent for transcription and mitotic/meiotic recombination (63-65). Genetically, the
mat2-P and mat3-M cassettes segregate as a single locus (51). Numerous studies have
identified functional elements that are instrumental in the choice of donors in the pro-
cess of MTS. Since they are used as a DNA template during the MTS process, the two
silent cassettes are the donors of genetic information, while the mat1 cassette is the
acceptor. Two Swi2-dependent recombination enhancers named SRE2 and SRE3 have
been found near mat2 and mat3 and are involved in the choice of the donors. The
mat1 and mat2-P cassettes are separated by the 15-kb-long L region, and mat2-P and
mat3-M cassettes are separated by the 11-kb-long K region. The middle of the mat2-P
and mat3-M interval contains the 4.3-kb cenH array made of the dg and dh repeats,
which are also present at centromeres and responsible for heterochromatin nucleation
(66). Two additional repressor elements, named REIl and REIlll, next to mat2-P and
mat3-M, respectively, induce a weaker nucleation effect and serve as a relay to rein-
force the silencing power of the constitutive heterochromatin provided by cenH (67-
70). Finally, the silent region is flanked by two boundary elements made of 2-kb
inverted repeats, IR-L and IR-R (71-73). The synergistic action between the repetitions
suggests the formation of a chromatin loop anchored at the base by the inverted
repeats and exposing the cenH nucleation center (72).

THE SITE- AND STRAND-SPECIFIC MAT1 IMPRINT
Southern blot hybridization of genomic DNA from homothallic strains showed that

Month YYYY Volume XX Issue XX

Microbiology and Molecular Biology Reviews

10.1128/mmbr.00008-21

7

Downloaded from https://journals.asm.org/journal/mmbr on 02 March 2023 by 157.99.10.136.


https://journals.asm.org/journal/mmbr
https://doi.org/10.1128/mmbr.00008-21

Fission Yeast Sexual Reproduction Microbiology and Molecular Biology Reviews

A P 10.4 kb _ P Silent heterochromatin _
HIll 54 kb 50kb HH alll 6.3 kb HIll HIl 42 kp HII
—r —> > —>
P L region 17 kb _ P K region 11 kb _
mat1 mat2-P mat3-M
l Imprint
: ! — In Ty HEEE — W
RTS1,” MPST™, RL -~ Y o JR-R
ya Mc545bp . i Pi 479 bp - e Mc 545 bp Y
H2 DI { Imprint H3H2 DI SRE2 H3H2 DI SRE3
L mat1-M o . N
(e H1 REI (GG H1 RENI H1
Mi 129 bp Pc 356 bp Mi 129 bp
Pi 479 bp, _
H2 qm_pnm E mat1-MA2-3
=i < 50
(e H1 w 239
Pc 356 bp c £
3=
B MTS C MPS1 D /mprint appearing ; x
iodine staining in 2D gel asaDSB S
— (=<l

30
20

5" count
Crick Watson

5.4 kb

5.0 kb

5" count
Crick Watson

h2% swilA

4.2kb

SWiTA

5" count
Crick Watson

swiTA ) h*°. swilA

FIG 4 Organization of the mat region and detection of mating-type switching. (A) Schematic of the mat region on chromosome 2
highlighting the major functional components. Hlll refers to a restriction site digested by Hindlll. The centromere is located to the left. The
known functions of the various elements are indicated in the main text. (B) lodine staining of colonies capable of switching, mating, and
sporulating (h*°) or severely impaired in the process (swiTA). (C) Fork pausing at MPS1 determined by 2D gel electrophoresis. Digestion of
the mat1 locus on both sides of MPS1 was probed with the M allele. (D) Quantification of nicked molecules by Southern blotting of total
DNA vortexed and digested with Hindlll before electrophoresis. The percentage of broken molecules is calculated by adding the intensity of
the 5.0-kb and 5.4-kb signals and by dividing it by the total signal (10.4 kb + 5.4 kb + 5.0 kb). The 6.3-kb and 4.2-kb bands are cross-
reacting signals from the mat2 and mat3 regions, respectively, overlapped by the Hindlll-Hindlll probe containing mati-P information. (E)
Selective focus on the mat1 imprinted site. Red bars represent the number of genomic next-generation sequencing (NGS) reads whose 5’
end starts at the indicated nucleotide in, from top to bottom, the mat1-MA2-3 strain (no mat2 or mat3 information), the mat1-PA2-3 strain
(no mat2 or mat3 information), the h*° strain, and the h% swilA strain.

a 10.4-kb Hindlll DNA fragment encompassing mat1 also includes two subfragments of
5.0 kb and 5.4 kb, regardless of the phase of the cell cycle (62) (Fig. 4D). The broken
DNA fragments account for 20 to 40% of the full Hindlll fragment, and the ends of the
broken molecules have been mapped at the nucleotide level in M and P alleles (74).
This elevated level of broken molecules has indicated that mat7 is fragmented in a
large proportion of the cells and that the level of breakage is quite stable during the
progression of the cell cycle. Pioneering genetic work has identified switching factors
(Swi) as important for double-strand-break (DSB) formation and involved in the
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sequential initiation and resolution steps for MTS (51, 75). Concomitantly, it was shown
that the heterothallic strains contain lower levels of breaks at mat1, along with specific
and stable rearrangements of the donor cassettes (17), supporting the notion that a
DSB is the initiating event controlling MTS. At first glance, this situation is similar to
that proposed for budding yeast (76, 77), with a DSB initiating MTS. However, later
work has shown that the process is very different in every detail. In Saccharomyces cere-
visiae, the determinant of sexual type asymmetry is cytoplasmic (78) and dictated by
the exclusive expression of the HO endonuclease in the mother cell, thus generating a
transient DSB at MATT during G;. The cleaved MAT locus is repaired by using the oppo-
site silent MT before genome duplication and thus generates two sister cells with a
switched MT. In the haploid fission yeast, only one of the two daughter cells changes
its MT, leading to the proposal that DSB formation and MTS take place during the G,
phase on only one of the two sister chromatids. Furthermore, the strain deleted for the
two donors, mat2-P and mat3-M, exhibits wild-type levels of DSB at mat1 and is viable
(79, 80), unlike what is observed in S. cerevisiae, where the DSB also forms in the ab-
sence of donors but results in cell death (81). This result is consistent with a recombina-
tional repair event restricted to the G, phase healing the broken chromatid with the
intact sister. From this reasoning came the idea of an epigenetic mark restricting the
DSB and subsequent MTS to one of the sister chromatids, followed by chromosome
segregation and cell division generating a single switched cell.

Soon after, using a tandem duplication of the mat1 region in an inverted or direct ori-
entation that allows determination of whether sisters differ because of unequal distribu-
tion of cytoplasmic and/or nuclear components or because of inheritance of a specific
parental DNA chain at the MT locus, Amar Klar proposed the DNA strand-specific
imprinting model of which several genetic and molecular aspects are still under study
(50). In the inverted and direct orientations, both mat1 loci are broken. DNA breaks on
the same molecule generate a fragment between mat1 duplications, whereas the ab-
sence of fragments indicates breaks on separate molecules. The DNA fragment between
the breaks is detected on a Southern blot only in the direct orientation of the duplica-
tions, indicating that the breaks arise on the same molecule. Klar concluded that the
break determinant is carried by a specific DNA strand at mat7 (50). In accordance, dupli-
cation in the direct orientation is unstable, as both mat1 loci are simultaneously cleaved
on the same chromosome (53). Pedigree studies revealed that both mat1 cassettes are
independently functional in the inverted duplication and exhibit an elevated proportion
of “two-in-four” switching patterns. These results imply that a strand-specific imprint at
the mat1 locus leads to a DSB triggering the precise replacement of the mat1 allele by
the opposite allele present in one of the two silent cassettes. Chromosomal imprinting
does not alter the DNA sequence and is not mutagenic. It implicates either a covalent
modification of one DNA strand or the establishment of a stable complex between a
DNA strand and proteins.

At the molecular level, the DSB observed at mat1 results from the artificial tear of a
fragile site during DNA extraction. When S. pombe chromosomes are analyzed by
pulse-field gel electrophoresis, a broken chromosome Il is not observed. In this prepa-
ration method, the cells are lysed and maintained in low-melting-point agarose plugs
during the entire DNA purification process to preserve the integrity of long DNA mole-
cules. The subsequent Hindlll digestion of the locus is also carried out in the plug and
generates a 10.4-kb fragment in the absence of the two subfragments of 5.4 and
5.0 kb (Fig. 4D). Finally, the gentle melting of the plugs followed by a vortexing step
leads to breakage of a subset of the molecules at a fragile site, yielding two fragments
of 5.4 and 5.0 kb. The intensity of the broken fragments relative to the total intensity
indicates that 50% of mat1 is imprinted and behaves as a mechanical fragile site (Fig.
4D). Further analysis using denaturing polyacrylamide gel electrophoresis showed that
only one DNA strand is broken at a specific sequence located at the junction between
the H1 homology box and the mat1-M and mat1-P alleles (Fig. 4E) (82). The break is
present on 50% of mat1 molecules and behaves like a fragile site during classical DNA
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extraction, thus generating the artifactual DSB through mechanical stress. The position
of the single-stranded DNA breaks has been localized to the second Tin a run of 7 T's
in mat1-M or in a run of 10 T's in mat1-P alleles (74, 82) (Fig. 4E). In parallel to this work,
it was proposed that the nick is an alkali-labile modification of the mat1 upper strand,
leaving the DNA lower strand intact (83). It was anticipated that the imprint is a DNA-
RNA-DNA that can be cleaved by a residual RNase during DNA purification. Two popu-
lations of imprints with one or two ribonucleotides have been proposed (84, 85).

To explore further the remarkable specificity of the imprint, regardless of it being a
“nick” or a ribonucleotide, six Pstl restriction sites (CTGCAG) have been introduced in
place of the natural sequence encompassing the position of the imprint. The six Pstl
substitutions scan the imprinted sequence by steps of 1 nucleotide. In these strains,
the level and position of the imprint were identical, demonstrating that the imprint is
site specific but sequence independent (86), a result independently confirmed (87).
Recently, the position of the imprint has been found by chromatin immunoprecipita-
tion coupled with sequencing (ChIP-Seq) (Fig. 4E). The experimental conditions used
for ChIP-Seq sequentially include formaldehyde fixation followed by chromatin sonica-
tion. The sheared chromatin can be used either before or after immunoprecipitation of
chromatin-associated proteins for lllumina library preparation and sequencing. This
method retains the first nucleotide of the 5" ends of all sonicated DNA fragments. The
abundance of DNA fragments initiating at the position of the imprint was striking (88).
Furthermore, the beforehand fixation of the cells with formaldehyde should prevent
the accidental cleavage of the imprinted strand by an RNase, and the absence of miss-
ing bases under these conditions supports the “nick” model, whereby sonication pref-
erentially breaks, in a window of 10 to 15 nucleotides, the intact strand facing the
strand that is nicked. More recently, new approaches have been published to map sin-
gle-strand DNA breaks at the nucleotide resolution level in bacteria, yeast species, and
humans (89-91).

The imprint is assumed to be the initiating event of MTS, indicating that the switch-
ing pattern is dictated by both the formation and maintenance of the imprint, which,
in turn, trigger the process that replaces the preexisting mat1 allele with the alternative
allele. Next, researchers attempted to separate the steps involved in imprinting and
MTS and to identify trans-acting factors as well as cis-acting elements required for one
or the other event.

THE IMPRINT IS MADE DURING MAT1 DNA REPLICATION

An important insight into the process of imprinting came with the discovery that
the polarity of DNA replication is critical for the proper establishment of the imprint
and the subsequent MTS process. By analyzing the presence of the imprint in
synchronized cultures, using the cautious agarose plug extraction approach, the bro-
ken mat1 centromere-distal DNA fragment was detected during S phase. This result
indicates that the replication fork arrives from the centromere-distal side of mat1 to
merge with the imprint and form a polar DSB (82). Two-dimensional (2D) gel electro-
phoresis, a dedicated method for studying the replication fork progression, subse-
quently revealed that the polarity of DNA replication at mat1 is established by a strong
mat1-distal DNA replication origin (92-94) (Fig. 4C). This polar replication orientation is
reinforced on the other side by the mati-proximal replication termination site 1 (RTS1),
which prevents any replication fork arriving from the opposite direction to proceed.
RTS1 is located about 1 kb centromere proximal of mat? and has been restricted to an
800-bp EcoRI fragment (Fig. 4A) (95). The deletion of the RTS1 element has only a small
impact on the formation of the imprint and MTS and probably evolved to optimize the
process. This structural organization compels mat1 to be replicated in a single direc-
tion, ultimately to position the mati-distal replication pause site 1 (MPST1) in an active
configuration for the formation of the imprint (Fig. 4A) (82, 93, 94).

The characterization of the trans-acting switching factors Swil, Swi3, and Swi7 has
provided essential information on the imprinting process required for MTS (96). Swi1
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and Swi3 are similar to Tof1/TIMELESS and Csm3/TIPIN in S. cerevisiae/mammals. This
fork protection/progression complex (FPC) is well conserved across species and
includes Swi1l and Swi3 as well as Mrc1/CLASPIN, which also participates in the activity
of MPS1 and travels with the replication fork to coordinate progression of the DNA
polymerases with that of the replicative helicases (MCM), stabilizing the fork upon fork
stalling (97-99). In the absence of Swilp or Swi3p, the intensity of the pause at MPS1
and of the DSB/imprint is drastically reduced (Fig. 4B to E). Swi7 encodes the catalytic
subunit of DNA polymerase « essential for priming Okazaki fragments at the replica-
tion origins and on lagging strands (93, 100). However, pausing and breaking can be
dissociated, since in the swi7-1 (Pola) mutant, MPST is fully active while the DSB/
imprint is barely observed. The replication polarity of mat1 allows putting forth a work-
ing model in which Swi1/3 stabilizes the replication fork pause at MPS1 in a region
that encompasses the imprinted sequence. This step is followed by Swi7-dependent
replication restart and imprinting that support the idea that the imprint is an RNA
primer synthesized by the Pola-associated primase, responsible for the initiation of
Okazaki fragments at replication origins and for lagging-strand synthesis. The ligation of
a precisely but partially processed Okazaki fragment will generate the DNA-RNA-DNA in-
termediate proposed to be the imprint at mat1 (83, 87).

A recent article from the Singh laboratory challenges the direct implication of the
Pola primase subunit and proposes instead that the minichromosome maintenance
protein 10 (Mcm10) essential for proliferation is a new imprinting enzyme that inserts
ribonucleotides at the site of the imprint (101). This view is supported by a primase ac-
tivity carried by Mcm10, although this activity has been reported only in fission yeast
(101, 102). Mcm10 is present at the replication origin to promote initiation of DNA
replication by recruiting Pola and facilitating Okazaki fragment synthesis in many eu-
karyotic systems. Mcm10 also functions during replisome elongation, coordinating the
progression of the replicative helicases with several proteins present at the replication
fork, including Pola and the Swil-Swi3 complex (for a recent review, see reference
103). In addition, Mcm10 also interacts physically and genetically with homologous
recombination (HR) proteins (104, 105) present at replication fork barriers (see below).
Finally, the genetic interaction between mcm10 mutants and swil, swi3, or swi7
mutants shows that the double mutants exhibit a cumulative reduction of MTS in com-
parison to the individual mutants, suggesting that Mcm10 functions possibly at the
crossroad of the pause at MPS1, replication restart, and imprinting.

Additional evidence for imprinting during DNA replication was obtained by con-
structing an inducible MTS strain. The nmt7 (no message in thiamine 1) promoter was
introduced upstream of mat1 to force transcription through the imprinted DNA strand.
This setup resulted in the loss of the imprint and the elimination of MTS by freezing a
cell population with unswitchable alleles at mat1 (Mu or Pu) in a reversible manner.
This system accumulates more M than P cells (see below). A population containing a
transcription-dependent stabilized mat1-M (Mu) has been synchronized. The addition
of thiamine to the medium rapidly represses the transcription from the nmt7 promoter,
restoring all functional properties of MTS and allowing the sequential monitoring of
the MTS steps on a synchronized cell population. The replication fork pausing at MPS1
is associated with Swil accumulation and formation of the site- and strand-specific
imprint during the first round of DNA replication, which remains stable for the rest of
the cell cycle. It is only during the second round of DNA replication that “one-fourth”
of the mat1-M allele switches to the P allele. In this molecular pedigree, two consecu-
tive asymmetric cell divisions are necessary to produce one mating-type-switched cell
among four related cousins, recapitulating the “one-in-four” switching rule. It also
shows that the process is effective not only under starvation conditions but also during
vegetative growth (106). To summarize, imprinting occurs on the newly synthesized
lagging strand and will generate a one-ended DSB during the following round of DNA
replication (see below in Fig. 6). At this time, we do not know where and when Mcm10
plays a role, and future work is necessary to clarify its function in MTS.
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FIG 5 Imprintosome model at mat1. The position of the cis-acting elements flanking the imprinted
site (red arrow) is indicated. In “u” cells, the nucleosome reader Phf1 is associated with a nucleosome
that overlaps the SS2 region. Durmg S phase, the imprintosome pauses the fork at MPS1. Following
imprinting, the imprintosome establishes a new contact with the nucleosome on the other side of
the imprint via Phf2 in “s” cells. The new distal DNA overlaps a region important for imprint stability.
Here, the imprint is represented as a nick that allows the free rotation of the nucleosomes. The green
and yellow lollipops represent histone modifications recognized by Phf1 and Phf2.

CIS- AND TRANS-ACTING ELEMENTS REQUIRED FOR PAUSING AND IMPRINTING
The initial strategy to identify cis-acting elements for imprinting was to analyze the
sequence flanking mat1, because M and P sequences are different and neither mat2-P
nor mat3-M is cleaved in vivo. The first series of deletion mutants on the centromere-
distal side of mat1 identified the switch-activating sites 1 and 2 (SAS1 and SAS2),
located at 140 bp and 59 bp to the right of matT, respectively (Fig. 5). Each deletion
leads to a reduced rate of MTS and imprinting (54, 62, 65). When mutations in the cis-
acting SAS1 or SAS2 are combined with the trans-acting swil, swi3, or swi7 mutants,
the resulting strains exhibit a cumulative defect in MTS, suggesting that these proteins
do not function on the sequences defined by these sites. Larger deletions called mat1-
Msmt-0 and mat1-PA17 (Fig. 5) encompassing the SAS1/2 sites exhibit a wild-type level
of pausing at MPS1 but lack the imprint, making stable M or P cell populations (hetero-
thallic) (54, 107). This result is consistent with the absence of DSBs in the heterothallic
h™ variant that fuses the mati1-P cassette with the mat2-P cassette, generating the
mati-P:2 cassette while removing the SAS1/SAS2 sequences. ChIP has indicated that
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Swilp is enriched at MPS1 during S phase regardless of the presence of the imprint
and is consistent with its association with the replication fork at the arrested and stabi-
lized replisome (106). A more precise analysis using short substitution mutations, called
mut, within the H1 repeat has identified two types of elements; mut3 participates in
MPS1 activity, whereas mut5 and mut7, which affect neither pausing at MPS1 nor
imprinting during S phase, are necessary later in the process to protect the imprint
from being repaired/removed during the cell cycle progression, resulting in a steady-
state reduction of MTS (108). More recently, Southern blot analysis of synchronized
mat1-Msmt-0 strains revealed a transient DSB at mat1 during replication that is rapidly
and fully repaired during the following G, phase, hence resulting in a stable M cell
population (unpublished result). Collectively, it was concluded that the centromere-
distal side of mat7 (H1, SAS1, and SAS2) participates mainly in the process that protects
the imprint from being erased, consistent with the idea that the imprint is made during
S phase, licensing the chromatid for MTS for the following replication round.

Since the sequences outside the mat1 cassette are not involved in the replication fork
pausing activity at MPS1 and imprinting, the sequences within the M and P alleles as well as
downstream of MPS1 have been investigated (87). The SS2 element is located in mat1-M
within the centromere-proximal 111 bp from the broken site (imprint) in H1 and is required
for both MPS1 activity and imprinting. The S573 element is located within the 205 bp further
inside mat1-M and is important for imprinting, while only mildly interfering with MPS1 activ-
ity (Fig. 5). The SS13 deletion exhibits a phenotype similar to that of mat1-Msmt-0 and mat1-
PA17, but instead of protecting the imprint from repair, it has been proposed to act directly
on its formation. The replacement of the SS73 sequences by a random sequence restores
the imprint almost completely, suggesting that this region acts as a spacer element separat-
ing functional elements important for imprinting. However, deletions further away from the
imprinted site and affecting the mat1-Mc coding or promoter regions did not provide any
insight into the process of imprinting. Nonetheless, SS73 has been proposed to influence
the positioning of the Okazaki fragment within the mat1 cassette, approximately 350 nucle-
otides away from the position of the imprint during the release from MPS1. The model sug-
gested that the one or two ribonucleotides forming the imprint are provided by a partial
processing of the next Okazaki fragment (see the model in reference 109). The replication
pause site at MPS1 was also observed at mati-P, and although the region corresponding to
$S13 and SS2 lacks sequence similarity, the deletion of the corresponding segments affects
MPS1 and imprinting activities of mati1-P as well. Interestingly, MPS1 is active only at the
mat]1 cassette and not at the silent mat2-P and mat3-M cassettes, although mat3-M is repli-
cated early and with the same polarity as mat1. On the other hand, mat2-P is replicated
mainly in the opposite direction (87, 110). At least for the mat2-P donor, the fork polarity is
not sufficient to trigger the pausing activity at MPS1.

In a search for new mutants involved in imprinting, the thiamine-inducible MTS strain
was converted into a conditional strain in an HR mutant (rad57A) background (111). In this
system, cell viability depends on the absence of an imprint at mat1, allowing selection for
spontaneous viable mutants affected in the MPS1 pause and/or the formation of the
imprint. In addition to many new swi1/3 alleles, we also isolated a new switching mutant in
the lysine-specific demethylase 1 gene. Lsd1 is highly conserved and was studied mainly
for its role in gene expression (reviewed in reference 112). In fission yeast, Lsd1 is found
within a complex with Lsd2 together with Phf1/Phf2. Lsd2 and Phf1/Phf2 are essential for
viability, and Phf1/Phf2 contain a plant homeodomain finger that binds to histone marks
according to their methylation status (113-115). In humans, a similar association between
LSD1 and PHF21A has been described (116). Both Lsd1 and Lsd2 contain an HMG domain
in their C terminus that binds A-type DNA, a domain missing in the mammalian counter-
parts. However, the mammalian proteins interact with the HMG20a/b proteins (111)
reported to interact with BRCA2 in humans (117). In fission yeast, the Lsd1 complex inter-
acts with the DNA replication machinery, the switch-activating protein 1 (Sapl), topoisom-
erase 2 (Top2), and replication protein A (Ssb1) (113). In mammals, LSD1 interacts with the
MCM helicases, replication factor C (RfC), and PCNA (118). In fission yeast, the Lsd1/2
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activities prevent H3K9 methylation at heterochromatin boundaries and telomeric regions
and were also found enriched on highly expressed genes (88, 113, 114, 119). Lsd2, Phf1,
and Phf2 are essential, but the Isd1A strain is viable and exhibits strongly reduced prolifera-
tion (120). However, the demethylase dead alleles of Lsd1/2 (single or combined) remain
viable, and the double mutant strain exhibits a reduced pausing activity at MPS1 inde-
pendently of Clr4, the sole H3K9 methyltransferase in fission yeast, indicating that the
methylation of H3K9 is required neither for viability nor for pausing at MPS1 (88, 111). The
Isd1 mutation affecting MTS was found in the HMG domain and decreases the level of
Lsd2 protein, thus reducing the overall Lsd1/Lsd2 activity. Evidence for a direct role at
MPS1 of both proteins was provided by their enrichment at mat7-M and mat1-P and not at
the silent mat2-P and mat3-M loci (88, 111). Furthermore, the binding of Lsd1 to mat1-M is
lost in the SS2 deletion, not affected by S573 or Msmt-0 deletions, and not impacted by the
absence of Swil or Swi3. Thus, the main conclusion for Lsd1 and Lsd2 is that they work
redundantly and upstream of Swi1/3 to arrest the fork at MPS1. Neither the enrichment of
Lsd1/2 at different sequences in mat1-M and mat1-P nor the lack of enrichment of Lsd1/2
at the homologous silent cassettes depends on H3K9 methylation, since a similar distribu-
tion of Lsd1/2 is observed in the absence of Clr4. It is not the DNA sequence at the mat1-M
or mat1-P allele that is recognized by the Lsd1/2 complex. Instead, it was proposed that
the Phf1/Phf2 histone code readers direct Lsd1/2 to mat1 (Fig. 5) as well as to actively tran-
scribed genes. Sapl binds the SAS1 and SS13 elements and is involved in the replication
fork barrier (RFB) at the ribosomal DNA (rDNA) and the replication fork pause at the Tf2
transposons (121, 122). The physical interaction of Lsd1 with Sapl suggests another mode
of recruitment at least to mat1-M. The situation is not as clear at mat1-P, where Sapl was
not found enriched inside the P allele (88).

The sonication applied during the ChIP experiments described above generates a
precise and unique sequencing signature at the 5" end of the imprint, exactly at the
position previously mapped by molecular approaches (74). Although Lsd1/2 was found
enriched at SS2 regardless of the presence of the imprint (in h%, h% swilA, and mati-
Msmt-0 backgrounds), it was also found associated with DNA on the distal side of the
imprint, containing the H1 sequences with the 5’ end of the imprint. Thus, it was pro-
posed that the Lsd1/2 complex interacts with both sides of the imprint. The binding to
SS2 promotes the pause at MPS1 prior to imprinting. Following imprinting, the Lsd1/
Lsd2 complex also binds the other side of the imprint, potentially protecting it from
DNA repair. This large nucleoprotein structure was called the “imprintosome” (123,
124). In the model shown in Fig. 5, we propose that Phf1/Phf2 provide the anchor
recruiting the imprintosome facilitated by the free rotation of the DNA around the
imprint, shown as a single-strand break (SSB). The imprintosome is involved during
each replication round to establish the imprint on the lagging strand in the presence
or absence of the mat2/mat3 cassettes (79, 80, 88).

OTHER REPLICATION FORK BARRIERS

DNA replication and recombination have been holding hands for a long time and
have brought answers to many different needs during evolution. The studies of repli-
some pausing at programmed replication fork barriers highlighted common features
concerning the mechanisms of replication restart. However, the growing number of
publications reporting new examples of fork barriers or pauses involved in various bio-
logical roles taught us to be cautious in overgeneralizing the conclusions reached on
one type of replication fork barrier (reviewed in reference 125). In fission yeast, Swilp
and Swi3p as well as Lsd1/2 are required to enforce MPS1 and RTS1 at mat1 and RFB at
rDNA (111, 131, 132). Sequence-specific DNA-binding proteins have also been impli-
cated in programmed replication fork barriers, among which are Rtf1 at RTS1, Sapl and
Reb1 at RFB, and Sapl at long terminal repeats (LTRs) (88, 95, 121, 122, 126). A role for
Sapl at MPS1 was supported by introducing SAS1 on plasmids (127), but so far, its func-
tion in MPS1 activity remains elusive.

The blockage of the fork is withdrawn by removing the bound protein using
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specialized DNA helicases (128-130) or by a replication fork moving in from the other
side. In response to a persisting block, the unbroken replisome can be dismantled
while the DNA can be stabilized by forming a reversed fork with a four-way junction
commonly called “chicken foot.” The annealed nascent DNA strands form a one-ended
DSB that recruits the HR machinery. Interestingly, RTS1 becomes recombinogenic and
loses its regulation by Lsd1 when placed ectopically, suggesting that Lsd1/2 is working
at a distance from SS2 on RTS1 and suggesting that Lsd1 could prevent chicken foot
formation or single-stranded DNA at stressed replication forks (111, 131, 132). For
instance, failure to pause at MPS1 in Lsd1 mutants allows the fork incoming from mat1
to replicate across RTS1, thus abolishing its function. Despite the rapid recruitment of
Rad52 (previously called Rad22 in fission yeast) only at RTS1 located at ectopic sites,
cell viability is not affected in its absence, suggesting that other processes, such as the
timely arrival of a replication fork from the opposite side prior to any pathological con-
sequence, are involved (131-133). Recovery of stalled forks at RTS1 has been described
without an associated DSB and was named recombination-dependent replication
(RDR) (134-136). A similar situation as the RDR has been reported in budding yeast
and mouse cells using the prokaryotic Tus/Ter replication barrier (137).

The break-induced replication (BIR) process is in many aspects similar to RDR but
has been studied almost exclusively during the G, phase of the cell cycle in the context
of a DSB. More recently, BIR was examined during DNA replication when the fork is
running into a site-specific nick that generates a one-ended DSB (138). In both RDR
and BIR, completion of DNA replication is not performed by the canonical replisome
machinery, and DNA synthesis of the unreplicated region is either semiconservative
(RDR) or conservative (BIR). The two complementary strands are made sequentially by
two runs of DNA polymerase delta that uncouple leading- and lagging-strand DNA
synthesis (139, 140). Under these conditions, the fidelity of DNA synthesis and sister
chromatid cohesion as well as the correct redistribution of new and parental histones
might be compromised (136, 141). In mammals, common fragile sites or telomeres are
duplicated very late, with DNA synthesis still occurring during G, or early mitosis.
These processes are highly recombinogenic and named MiDAS and ALT, respectively.
These events are reminiscent of BIR studied in the context of replication over a “nick”
or in the G, phase and require the recombination proteins Rad51, Rad52, and Rad54
along with helicases and the structure-specific nuclease Mus81 (142).

MATING-TYPE SWITCHING PROCESS

The imprint creates a single-strand discontinuity in the DNA duplex at mat1 that
triggers MTS. In both the “nick” and ribonucleotide models, the imprint was proposed
to be converted into a replicative polar or one-ended DSB upon the passage of the
leading-strand DNA polymerase, restricting MTS to only one of the two sister chroma-
tids (82, 84, 143). Synchronization of the cells in the inducible system indicated that
the first DNA replication round establishes the imprint, while the second round gener-
ates a polar one-ended DSB that initiates a replication-induced recombination process
that replaces the information present at mat1 with that of the alternative silent allele
present either at mat2 or at mat3, leading to mat1 switching (82, 86, 106). The gene
conversion repairs the imprinted strand, whereas an imprint is introduced into the
newly synthesized lagging strand, thus sustaining the chain of consecutive switching.

Key recombination proteins involved in the search for homology, such as the MRN
(Mre11-Rad50-Nbs1) complex, Rad51, and Rad52, are needed for the repair of broken
forks, and HR-deficient mutants produce dead cells in the presence of the imprint
regardless of the presence of mat2/mat3 donors. Because the mat1-Msmt-0 strain
remains fully viable in HR mutants, it was concluded that a single unrepaired imprint
generating a one-ended DSB leads to cell death in the absence of HR, emphasizing the
importance to normal DNA metabolism of repairing frequent and apparently mild
damage. Furthermore, in mat71-Msmt-0 strains, MPS1 and all the other replication fork
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pauses or arrests are fully active; thus, fork reversal is either transient or not formed,
and DNA replication resumes without breakage under physiological conditions (80).

Initiation of MTS at the one-ended DSB is supported by several observations. Following
the formation of the one-ended DSB, the H1 homology sequence present at the 3’ OH
end of the break is processed by the MRN complex to form a protruding 3’ end that
invades one of the H1 sequences of the donor cassettes (Fig. 5). This is consistent with pro-
gressive elimination as a function of the distance from the DSB during the conversion pro-
cess of the linker-scanning Pstl substitution mutations introduced upstream of the DSB
(86). This result indicates that DNA strand invasion initiates with a limited length of H1
homology (59 bp). Like other HR processes, the nucleoprotein Rad51/H1 filament catalyzes
pairing between the H1 element at mat71 and one of the H1 sequences of the donors to
promote strand invasion and form a displacement loop (d-loop) intermediate. The initial d-
loop is probably stabilized by the Rad51 mediators (Rad55-Rad57) and the Msh2 protein
(Swi8), since mutations in these proteins generate similar substitution mutations near the
H1 homology box of mat1 (80, 144). The substitution is made during aberrant gene conver-
sion and reveals cis-acting elements next to the H1 sequence of the mat1 locus important
for imprinting and subsequent MTS (80). Following the stabilization of the invading 3’ end
within the d-loop, DNA synthesis can proceed using the opposite mating type as a tem-
plate. As in the BIR process, DNA synthesis probably uses DNA polymerase delta to reach
the H2 sequence on the other side of the donor in 1 or 2 min (145). Using dedicated PCR
primers, we captured the gene conversion intermediates that extended beyond the H3
sequence that connects mat1 to the mat2 or mat3 donors (Fig. 6, step f) (143). We do not
know how and where the gene conversion tract stops, but the d-loop can progress several
kilobases further. This was substantiated by the numerous rearrangements observed in the
heterothallic strains that are even more frequent in DNA repair mutants required for the re-
solution of gene conversion (17). The annealing of the H2 sequence synthesized off the do-
nor with the H2 sequence present at mat1 can be resolved either by the mismatch repair
enzymes Msh2/Msh3, the structure-specific endonuclease complex Rad16/Swi10 initially
identified as “swi” genes 4, 8, 9, and 10 and pxd1, a platform allowing the concerted activity
of Swi9/10 and Dna2 nucleases and homologous to MSH3, MSH2, RAD1, RAD10, and SLX4
in budding yeast (96, 143, 146-150). Rad52 is essential in homothallic strains and in the
strains with mat2/mat3 deleted, exhibiting Rad52-YFP foci associated with a major enrich-
ment at mat1 during S phase. This is in sharp contrast with the mat1-Msmt-0 and mat1-
PA17 strains that are devoid of foci and enrichment although sustaining a fully active
MPS1 (80). Furthermore, the rad52-67 hypomorphic allele exhibits an MTS resolution defect
and produces heterothallic variants, indicating a function during both the imprinting-de-
pendent initiation and subsequent termination steps (146). The resolution process by syn-
thesis-dependent strand annealing (SDSA) is similar to that proposed earlier for S. cerevisiae
MTS (151, 152). In the migrating d-loop, single-stranded DNA is produced, and the synthe-
sis of the complementary strand is uncoupled, waiting for either the resolution of the gene
conversion event or for Pola (and ligase 1), as proposed for BIR, to initiate the synthesis of
the cDNA strand and explain the MTS defect observed in the mutant (153, 154). Using light
radioisotopes, we found that both of the newly synthesized DNA strands are found at the
switched mat1 locus, demonstrating a conservative process (143, 155). The parental DNA
strand containing the imprint is eliminated during MTS, and a novel imprint is deposited
on a newly synthesized DNA strand, indicating that the imprinting process needs to be reit-
erated at each round of replication. This new imprinted strand can be made by Pola along
with Mcm10 as suggested above but can also be synthesized by the processive DNA poly-
merase released from fork arrested at RTS1 (see yellow highlighted steps in Fig. 6).

Many of the HR proteins are required for cell viability in strains proficient for
imprinting, regardless of the presence of the mat2/mat3 donor loci. The noticeable
exceptions are the structure-specific endonucleases Swi9/Swi10 and Mus81/Emel. In
the presence of the donors, Swi9/Swi10 is dedicated to MTS. In their absence, Mus81/
Eme1 becomes essential for survival, but viability can be recovered in the absence of
the imprint. It was proposed that the one-ended DSB is repaired by invading the sister
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FIG 6 Recombination-dependent replication model. Starting from a virgin mat1-P(u) template, the replication forks
arrest at RTST and pause at MPST. (a) Site-specific lagging-strand reinitiation (orange arrows), also depicted in steps g
and k. (b) Upon replication restart, mat1-P(u) and mat1-P(s) are generated. (c left) Replication of mati-P(u). (c right)
During the replication of the mat1-P(s) template, RTS1 arrests the replication fork coming in from the left while that
coming in from the right converts the SSB into a polar one-ended DSB recognized by the MRN complex. Mre11-
dependent 5’-to-3’ resection produces a 3’ OH overhang. (d1) In the presence of the donors, the 3’ overhang uses
the Swi2/Swi5 complex to invade the correct donor sequence, forms a d-loop, and initiates mating-type switching. (e)
d-loop extension. (f) Resolution using the Swi9/Swil0 endonuclease (pink triangle) associated with the mismatch
repair machinery (not represented). How the old mat1 sequence is disposed of is not known, but two scenarios have
been proposed (gray triangle, endonuclease; gray “pacman,” exonuclease). (g) Site-specific lagging-strand reinitiation.
(h) Generation of the switched virgin mat1-M(u) allele and reengineering of the mati-P(s) allele. (d2) In the absence of
donors, the 3" overhang invades the replicated sister chromatid. (i) Strand invasion and d-loop formation require the
Swi2/Swi5, Swi5/Sfr1, and Rhp55/Rhp57 complexes. (j) The d-loop is next resolved by the Mus81/Eme1 complex (black
triangle) that resets a replication fork with no strand exchange. (k) Site-specific lagging-strand reinitiation. (I)
Generation of mat1-M(u) and reintroduction of the imprint at mati1-P(s). The yellow shading highlights the fact that all
three intermediates generating the imprint produce the same outcome.

chromatid to form a d-loop, which is subsequently converted into a replication fork by
Mus81 (Fig. 6). Consequently, in the absence of both the donors and Mus81, cells that
inherit the imprint die while cells that inherit the virgin chromatid survive and gener-
ate a linear growth that can be observed in a pedigree (80). A similar role for Mus81
was recently reported using an artificial system creating a long-lived nick that can be
converted into a broken fork during DNA replication and allowing the study of BIR in
the context of S phase (138). In the ribonucleotide model, a role for the flap endonucle-
ase Fenl (S. pombe Rad2), RNase H1/H2, topoisomerase 1, or tyrosyl-DNA
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phosphodiesterase in the process of repair by ribonucleotide excision has been pro-
posed. These enzymes are, therefore, good candidates for the cleaving or processing
of the imprinted strand (156-158). However, rad2A, rnh1-201A, top1A, or tdp1A mutant
strains are fully proficient in MTS (47, 93, 159, 160), and additional studies are required
to gain a more precise understanding of the molecular nature associated with the for-
mation and processing of the unusual type of imprint used for MTS in fission yeast.
This replication-dependent recombination event has been genetically strengthened by
showing, on the one hand, the formation of heteroduplex DNA during the initial strand
invasion that forms a d-loop at the H1 homology box of one of the donor cassettes
and, on the other hand, d-loop migration coupled with DNA synthesis and gene con-
version resolution at the respective H2/H3 homology boxes without any crossing over
(80, 108, 144, 161).

ESTABLISHMENT AND MAINTENANCE OF HETEROCHROMATIN AT THE MAT2/
MAT3 REGIONS

The choice between the two donors is the second aspect central to MTS that relies on
the actors involved in the silencing mechanism of the mat2/mat3 region. Heterochromatin
is a tightly packed form of chromosomal DNA that is poorly expressed. This organization
comes with flavors ranging from constitutive to facultative heterochromatin, depending
on their establishment and maintenance modes. Apart from access to DNA sequence infor-
mation, histone modifications recruit proteins that assemble higher-order chromatin struc-
tures critical for heterochromatin functions. Counterintuitively, transcription of the dg and
dh satellite repeats of the K region is required for silencing (162). These noncoding RNAs
are processed by the RNA interference (RNAi) machinery, including argonaut, dicer, and an
RNA-dependent RNA polymerase (RdRP), into small interfering RNAs (siRNAs) that are
essential for de novo formation of the constitutive heterochromatin (163-165). The siRNA
provides the guide to target the Clr4 methyltransferase to the satellite repeats for histone
H3K9 methylation, providing a platform recruiting the heterochromatin protein 1 (HP1)
homolog, Swi6 (63, 166-170). Swi6 is used as a platform for the histone remodeler and
deacetylase complex SHREC, which contains the Rik1, Clr1, Clr2, Clr3, and Mit1 proteins
involved in chromatin silencing (171, 172). Recently, the S. pombe AP1-like factor Pap1 was
reported to be recruited to cenH and to participate in silencing (173, 174). The two other
important silencing elements, REIl and REIll, recruit histone deacetylases (Clr3, -5, and -6)
and the NAD-dependent deacetylase Sir2, allowing the subsequent H3K9 methylation and
Swi6 spreading (175-177). REIl works through ClIr5, and RElll contains binding sites for the
stress transcription factors Atf1/Pcr1 (Fig. 4A). The latter (refers to REIll) recruits the histone
deacetylases CIr3 and Clr6, enabling H3K9 methylation and Swi6 recruitment independ-
ently of the RNAI process (67, 73, 178, 179). Atf1 was proposed to promote facultative het-
erochromatin formation in a context-dependent manner, globally increasing phenotypic
plasticity (180). Recently, ORC proteins and the DNA-binding protein Deb1 have been
found associated and working with REIIl. The REIll binding factors improve the mainte-
nance of silencing probably by promoting the recruitment of CIr4, Rik1, and Raf1, which
are part of the CLRC complex (73, 181) that is linked to the replication fork (182). The Sir2
deacetylase is required for removing the acetyl group on H4K16, thus facilitating methyla-
tion of H3K9 and heterochromatin spreading (183). Finally, stable epigenetic inheritance,
independent of RNAI, requires the Epe1 antisilencing factor, a member of the Jumoniji de-
methylase family (63, 184, 185).

The silent region is framed by two boundary elements made of the 2-kb inverted
repeats IR-L and IR-R (71, 72) (Fig. 4A and 7). Both repeats are bound by Sapl (88) and
are at the transition between heterochromatin (H3K9me and Swi6) and euchromatin
modifications (H3K4me). Boundary elements counteract the intrinsic properties of the
different chromatin domains to extend into the neighboring sequences. In this context,
it has been proposed that a boundary requires the combination of two histone H3 de-
methylase enzymes, including the JmjC domain protein Lid2 acting on H3K4 and the
lysine-specific demethylases (Lsd1/2) acting on H3K9 (113, 119).
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FIG 7 Directionality of switching model. Two Swi2/Swi5 recombination enhancers are located next to
H1 of mat2 (SRE2) and mat3 (SRE3). The expression of the M or P allele at mat1 triggers different
properties of the two enhancers. In M cells, the Mc transcription factor and the CENP-B homolog
Abp1 bind to the swi2 locus to activate an alternative promoter, producing a shorter Swi2 variant
(Swi2-S). The Swi2-S/Swi5 complex covers the entire mat2/mat3 region, licensing SRE2 in M cells in a
Swi6-dependent manner. In P cells, the Swi2/Swi5 complex is enriched independently of Swi6 only at
SRE3.

Each repeat contains B-box sequences bound by the TFIIC complex present at poly-
merase lll promoters and organizing chromosomal domains at the nuclear periphery (71).
The RISC complex associates with TFIIIC and spreads on H3K9me-Swi6 chromatin to tether
the K region to the nuclear envelope via the nuclear rim protein Amol1. Amo1 works
through the interaction with the Pob3 and Spt16 subunits of FACT, in a pathway similar to
that of the Fun30 chromatin remodeler Fft3, indicating that histone turnover is required
for boundary function (72, 186, 187). Sapl is also enriched on both inverted repeats and
may participate in chromosome organization (54, 88, 122, 188, 189). The implication of
TFIIIC in recruiting condensin at the B box and the role of Sapl in chromosome condensa-
tion could contribute to a robust, highly folded heterochromatin mat2/mat3 region pro-
moting an optimum configuration for MTS (187, 189-191). Finally, several reports have
indicated that DNA replication and silencing work together. Autonomously replicating
sequences (ARS) are functionally associated with DNA elements important for repression,
and Swi6 activates replication origins at pericentromeric and mat2/mat3 regions (192, 193).
Factors of the replisome, including Mrc1/Claspin, Mcl1/Ctf4/Swil/Timeless, Asf1/HIRA,
Pob3/FACT, and Fft3/SMARCAD as well as the DNA polymerase epsilon-interacting proteins
Dos1/Clr8, Dos2/Clr7, Rik1, and Lid2, have been proposed to guide nucleosome assembly
and maintain modified histones at their place at each round of DNA replication (182, 194—
196). Genome-wide mapping approaches have indicated that dg/dh transcription is tran-
sient during S phase (197, 198), potentially spreading heterochromatin with the replication
fork (182, 199). The sequence homology of several noncoding sequences indicates func-
tional constraints. For the H1 and H2 boxes, the homology is involved in base pairing for
the initiation and resolution of the MTS process (see below). For the cenH sequence, it is
still difficult to distinguish whether it is acting in trans by borrowing siRNA made from the
centromeric sequence and/or in cis by using transcripts of the K region. The 2-kb-long
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perfect homology of the repeats suggests direct DNA base pairing between them, forming
an unusual Watson-with-Watson and Crick-with-Crick pairing (200). It is possible that IR-L/
IR-R are relics of the inverted repeats used in a HR-directed process named flip/flop that is
frequently described for MTS in budding yeast species (201). Among many natural isolates,
only a single orientation of the mating-type cassettes has been reported (18), indicating
that strand exchange between IR-L/IR-R repeats are rare or nonexistent. Collectively, these
results indicate that the mat2/mat3 silent region combines redundant constitutive hetero-
chromatin and facultative heterochromatin, which collaborate in histone modifications and
nucleosome repositioning to ensure transcription silencing and global DNA recombination
repression, ultimately allowing a higher order of chromatin organization that is instrumen-
tal in the process that controls the directionality of MTS (195, 202).

TWO DONORS’ CHOICE: DIRECTIONALITY OF SWITCHING

The process of MTS observed in haploid and diploid cell pedigrees is highly efficient
(4, 49), supporting a dedicated mechanism for donor choice called directionality of
switching (52). Directionality refers to a nonrandom choice of the cassette used to
repair the broken replication fork at matl. In other words, in M cells, the one-ended
DSB containing the H1 homology box of mat1-M is directed to the H1 sequence of the
mat2-P cassette, whereas in P cells, it is directed to mat3-M. The initial experiment of
swapping the P and M sequences between the H2 and H1 homology boxes of the
silenced donors showed a drastic reduction of MTS, from 90% in h*° to nearly 9% in
the swapped cassette strain (therefore called h%). This result indicates that the allele
expressed at mat1 directs a chromosomal folding that favors the choice of the donor
locus regardless of its content to facilitate recombination, indicating that cis-acting ele-
ments located outside the silent cassettes are responding to the MT of the cell (171).
The swi2, swi5, and swi6 “switching” mutants, which exhibit a wild-type level of
imprinting but a low switching efficiency (203), have been instrumental in elucidating
how heterochromatin, traditionally hostile to mitotic and meiotic recombination, can
promote site-specific gene conversion to support the directionality of switching. The
absence of the chromodomain protein Swi6 has opposite effects on MTS in the h and
h9 strains, decreasing switching in h® and increasing it in h%. Similar results have
been obtained with mutants in the pathway of H3K9 methylation (Sir2, CIr3, Clr4, Clr7,
Clr8, and Pcu4) (52, 166, 194, 204-206). Twenty genes, including those coding for pro-
teins of the Set1 complex implicated in H3K4 methylation and Brl2 involved in
H2BK119 ubiquitination, have recently been added to this list, with only little informa-
tion concerning their function (57).

A central argument for a directionality default is the bias found in the ratio of M and P
cells in a clonal population. In this context, the h* swi6 mutant strain is biased toward M
cells, indicating that mat2-P is used relatively less efficiently than mat3-M. Conversely, h%
swi6 mutants are dominated by P cells, consistent with the poor usage of mat2-M. This
result implies a role for Swi6 in favoring the use of the mat2 locus, regardless of the infor-
mation present (52). Otherwise, as discussed above, the unbroken mat1 allele carried by
the sister chromatid is an alternative template for DSB repair when the donor locus is not
available (80).

Swi5 is found in a complex with Sfr1, with which it forms a mediator of the HR protein
Rad51 in a pathway parallel to that of Rad55/Rad57, the other mediator complex. Both me-
diator complexes are required during mitotic and meiotic DNA recombination (207-209).
Swi5 is also found in a second and less abundant complex with Swi2 that directly interacts
with Swi6 and Rad51. By analogy with Swi5/Sfr1, it has been proposed that Swi2/Swi5 cap-
tures the Rad51/H1 nucleoprotein filament and searches for the H1 homology box of the
silent cassettes surrounded by Swi6 (207). The functional study of the DNA sequences close
to the H1 boxes of the donors made it possible to discover two Swi2/5 recombination
enhancers, SRE2 located next to H1 of mat2 and SRE3 next to H1 of mat3 (Fig. 4 and 7),
which target gene conversion of the respective cassette for MTS (56, 205). The swapping of
the SRE elements recapitulates the phenotype of swapping M and P donors as in the h*

Month YYYY Volume XX Issue XX

Microbiology and Molecular Biology Reviews

10.1128/mmbr.00008-21

20

Downloaded from https://journals.asm.org/journal/mmbr on 02 March 2023 by 157.99.10.136.


https://journals.asm.org/journal/mmbr
https://doi.org/10.1128/mmbr.00008-21

Fission Yeast Sexual Reproduction

strains, while the double swap (SREs and M and P donors) restores the directionality of the
wild-type configuration (56). The expression of the M or P allele at mat7 makes it possible to
distinguish the different properties of the two enhancers. In P cells, Swi2 is enriched inde-
pendently of Swi6 only at SRE3, possibly via its AT-hook motif. In M cells, the Mc transcrip-
tion factor and the CENP-B homolog Abp1 bind to the swi2 locus to activate an alternative
promoter, producing a shorter Swi2 variant (Swi2-S) (210-212). Furthermore, swi2-S and
swi5 are transcriptionally induced, and Swi6 appears more abundant in the mat2/mat3
region (211, 213). As a consequence, the Swi2-5/Swi5 complex covers the entire mat2/mat3
region, licensing SRE2 in M cells in a Swi6-dependent manner (56, 205) (Fig. 7). These obser-
vations support the MT bias previously observed in the absence of swi6 in both the h®
(M > P) and the h? (M < P) configurations, since only SRE3 remains active. Combinations
of swapped or duplicated SREs in swi2, swi5, or swi6 mutant backgrounds further support
this model and provide a detailed example of how a cell type identity can differentiate using
heterochromatin, which is naturally refractory to recombination (for review, see reference
214). It also provides an explanation for the M > P bias observed in the MTS-inducible sys-
tem, in which the transcript coming from the nmt1 promoter could limit Mc expression and
favor Swi2 and SRE3. Thus, directionality works in two steps that go against the classic HR
dogma, i.e, the search for DNA homology and the refractory nature of heterochromatin.
The first step is the physical search for the Swi2/Swi5 mediator complex-coated SRE2 or
SRE3 elements with the resected single-stranded DNA covered with Rad51 (nucleofilament
containing the DSB). This initial search is favored by the physical proximity of the partners
that are constrained by molecular interactions between functional elements of the mat2/
mat3 region at the centromeric periphery and the nuclear envelope. It is only later, when
the cassettes are placed near one another, that the second step triggers the Rad51 and me-
diator proteins to form the d-loop using the DNA sequence homology of the H1 elements,
setting the initial structure for gene conversion.

Future studies are needed to shed light on some areas of directionality that are still
poorly defined. For example, while both Swi2 isoforms interact with Swi6, it is not clear
why Swi2-S spans the silent region while the full-length Swi2 does not. Moreover, how
Swi2-S is used selectively on SRE2 while it is also present on SRE3 even when the two
SREs are swapped remains an open question. Next, following DNA replication and
MTS, the cell enters a long G, phase with two polymorphic sister chromatids contain-
ing mat1-P and mat1-M. Hence, mat1 (M or P) is no longer by itself responsible for the
cell identity, leaving the cell with an uncertain gender that might interfere with swi2/
swi5 expression and possibly donor choice. It is possible that the newly converted al-
lele remains transiently silent until mitosis occurs, i.e., inheriting half of the H3K9me3
histones from the silent cassette. Another possibility is that the Swi2/Swi5 and Swi2-S/
Swi5 complexes remain at their respective SRE element until mitosis or cell division. A
Swi5-dependent bias in gene conversion has been proposed previously in meiosis.
This mat bias uses the histone deacetylases clr6 and hos2 and was observed only in zy-
gotic crosses, when mating is immediately followed by meiosis. The MT bias is lost in
an azygotic meiosis, when the M/P diploid cell is allowed to make a few divisions prior
to undergoing meiosis, which homogenizes the chromatids and erases the epigenetic
memory (215).

CONCLUDING REMARKS

The originality of the approaches and the formalism of the genetic questions applied to
biological principles on MTS in S. pombe are essentially attributed to Amar Klar, who sadly
passed away in March 2017. He was a pioneer in epigenetics by discovering Mar1/Sir2 in
budding yeast, showing the role of Swi6 in nucleation and spreading of heterochromatin
through mitosis and meiosis in fission yeast, and proposing the DNA strand-specific
imprinting/segregation model (60). His last discovery led him to extend his model of non-
random strand chromatid segregation (216) in the support of the immortal strand theory
proposed earlier by John Cairns (217). Today, our level of understanding of MTS and asym-
metric cell division in fission yeast has reached great molecular details at the DNA or
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chromatin level. However, the molecular nature of the imprint remains an open question.
The strong functional conservation of the swiT, swi3, swi7, and mcm10 genes in eukaryotic
DNA replication and the importance of the replication fork in the maintenance of epige-
netic marks during MTS have been established, but the precise role in imprinting requires
further work. For Isd1, the link with MTS with respect to replication fork processing and ge-
nome stability has been reported in fission yeast and to some extent in other fission yeast
species, including the highly diverged S. japonicus (5, 218). The literature in mammals
focuses on gene expression and also supports the association of LSD1 with DNA replica-
tion, recombination, and DNA repair checkpoint through genetic interactions with the
DNA methyltransferase DNMT1, BRCA1/2 interacting protein HMG20a/b, and p53, respec-
tively. How much of the asymmetric epigenetic process learned from haploid fission yeast
can be exploited to explain the strand-specific imprinting and biased chromatid segrega-
tion in other systems is not known, but it is of importance because it is a key area of
today’s research on developmental biology. Current questions rely on how these epige-
netic marks are put in place initially and how they are recognized in order to segregate
them correctly according to the pattern of differentiation in diploid cells (59).
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