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Inner nuclear membrane proteins interact with chromosomes in the nucleus and are important

for chromosome activity. Lem2 and Man1 are conserved members of the LEM-domain

nuclear membrane protein family. Mutations of LEM-domain proteins are associated with

laminopathy, but their cellular functions remain unclear. Here, we report that Lem2 maintains

genome stability in the fission yeast Schizosaccharomyces pombe. S. pombe cells disrupted for the

lem2+ gene (lem2Δ) showed slow growth and increased rate of the minichromosome loss. These

phenotypes were prominent in the rich culture medium, but not in the minimum medium.

Centromeric heterochromatin formation was augmented upon transfer to the rich medium in

wild-type cells. This augmentation of heterochromatin formation was impaired in lem2Δ cells.

Notably, lem2Δ cells occasionally exhibited spontaneous duplication of genome sequences

flanked by the long-terminal repeats of retrotransposons. The resulting duplication of the

lnp1+ gene, which encodes an endoplasmic reticulum membrane protein, suppressed lem2Δ
phenotypes, whereas the lem2Δ lnp1Δ double mutant showed a severe growth defect. A combi-

nation of mutations in Lem2 and Bqt4, which encodes a nuclear membrane protein that

anchors telomeres to the nuclear membrane, caused synthetic lethality. These genetic interac-

tions imply that Lem2 cooperates with the nuclear membrane protein network to regulate

genome stability.

Introduction

The eukaryotic genome is organized within the
nucleus, and the functional organization of the
nucleus is crucial for its activities. Heterochromatin is
formed preferentially beneath the nuclear envelope
(reviewed in Van de Vosse et al. 2011; Towbin et al.
2013). The nuclear envelope is composed of the

inner and outer nuclear membranes (INM and
ONM). A number of nuclear membrane proteins
have been identified in vertebrates (Schirmer et al.
2003; reviewed in Schirmer & Gerace 2005; Korfali
et al. 2012). INM proteins affect spatial organization
and genetic activities of chromosomes through their
interaction with chromatin (reviewed in Harr et al.
2016). However, roles of INM proteins in chromo-
some functions remain to be elucidated. One of the
difficulties in studying INM proteins in vertebrates
arises from the fact that some of these proteins possi-
bly share redundant functions (Liu et al. 2003; Huber
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et al. 2009). In contrast, fungi have a relatively small
number of INM proteins, which makes phenotypic
assays and interpretations easier.

The fission yeast Schizosaccharomyces pombe has pro-
vided a striking example of nuclear reorganization, in
which telomeres drastically change their positions
within the nucleus through the interaction with INM
proteins. In S. pombe, centromeres are clustered at the
spindle pole body (SPB) in vegetative cells, whereas
telomeres become clustered at the SPB in meiotic pro-
phase (Chikashige et al. 1994). S. pombe Sad1 plays a
key role in this process. Sad1 is a founding member of
the SUN-domain (Sad1 and Unc-84) family of con-
served INM proteins (Hagan & Yanagida 1995;
Malone et al. 1999; reviewed in Hiraoka & Dernburg
2009). SUN-domain proteins form a complex with
KASH-domain proteins (Klarsicht/ANC-1/Syne
homology), a group of conserved ONM proteins. The
SUN–KASH protein complex, also referred to as
LINC (linker of nucleoskeleton and cytoskeleton)
complex, plays a role in connecting the nucleus to the
cytoskeleton (reviewed in Tzur et al. 2006; Mekhail &
Moazed 2010). It has been shown that the SUN–
KASH protein complex (the Sad1-Kms1 complex in
S. pombe) plays an active role in moving chromosomes
along the nuclear envelope through the interaction
with telomeres (Chikashige et al. 2006; reviewed in
Chikashige et al. 2007; Hiraoka & Dernburg 2009). In
vegetative cells of S. pombe, telomeres are anchored to
the nuclear membranes through the interaction
between the telomere protein Rap1 and INM protein
Bqt4 (Chikashige et al. 2009). While entering meiosis,
telomeres become connected to the SPB/INM protein
Sad1 through the meiosis-specific proteins Bqt1 and
Bqt2, which bridge Rap1 and Sad1. Telomeres associ-
ated with the Sad1–Kms1 complex are tethered to the
SPB by the dynein microtubule motor protein
(Chikashige et al. 2006; reviewed in Chikashige et al.
2007; Hiraoka & Dernburg 2009). This provides a
clear example of the effect of INM proteins on the
chromosome organization within the nucleus.

Ima1, Lem2 and Man1 are other INM proteins
identified in S. pombe (Hiraoka et al. 2011; Gonzalez
et al. 2012; Steglich et al. 2012). S. pombe Ima1 is a
homologue of the human Samp1 and rat NET5 pro-
teins (Schirmer et al. 2003; Schirmer & Gerace 2005;
Buch et al. 2009), but no obvious homologues to
these mammalian proteins have been identified in the
budding yeast Saccharomyces cerevisiae. Lem2 and Man1
belong to the conserved LEM-domain INM protein
family characterized by the presence of the LEM
domain of approximately 40 amino acid residues

shared by its metazoan founding members (Lap2,
Emerin and Man1) at the N-terminal nucleoplasmic
region (Lin et al. 2000; Laguri et al. 2001; Brachner
et al. 2005; Ulbert et al. 2006; Huber et al. 2009). In
metazoans, the conserved LEM-domain protein fam-
ily consists of LAP2, emerin, Man1, Lem2 (NET25),
Lem3, Lem4 and Lem5 (reviewed in Lee & Wilson
2004; Gruenbaum et al. 2005; Wagner & Krohne
2007; Brachner & Foisner 2011; Barton et al. 2015).
Among them, emerin is known to be mutated in a
human disease called laminopathy (Bione et al. 1994;
Yorifuji et al. 1997; reviewed in Berk et al. 2013;
Worman & Schirmer 2015). Heh1 (also called Src1)
and Heh2, identified in S. cerevisiae (King et al. 2006;
Grund et al. 2008), contain the LEM-like domain
called HEH (helix-extension-helix) domain (Mans
et al. 2004; Brachner & Foisner 2011). S. cerevisiae
Heh1 and Heh2 also contain the MSC (MAN1/
Src1C-terminal) domain in the C-terminal region,
which is homologous to a similar domain present in
metazoan Lem2 and Man1 proteins (Mans et al.
2004; Brachner & Foisner 2011). S. pombe Lem2 and
Man1 share a similar domain structure containing the
HEH/LEM and MSC domains and two transmem-
brane domains (Hiraoka et al. 2011; Gonzalez et al.
2012; Steglich et al. 2012; Barrales et al. 2016). Chro-
matin is anchored to the nuclear periphery through
the HEH/LEM domain (Gonzalez et al. 2012).

In S. pombe, it has been shown that Lem2, Man1
and Ima1 are localized in the nuclear envelope
(Hiraoka et al. 2011; Gonzalez et al. 2012; Steglich
et al. 2012). These three proteins apparently share
redundant roles, at least in mitotic cell growth,
because a loss of any one of these proteins shows no
obvious defects, whereas a loss of all three proteins
impairs viability (Hiraoka et al. 2011). However, in
the present study, we found a distinct role for Lem2,
as depletion of this protein, but not of Man1 or
Ima1, led to increase in the minichromosome loss
and defects in heterochromatin formation in response
to changes in nutritional conditions.

Results

Lem2 and Man1 are conserved inner nuclear

membrane proteins

Schizosaccharomyces pombe Lem2, Man1 and Ima1 have
been shown as nuclear membrane proteins by fluores-
cence microscopy (King et al. 2008; Hiraoka et al.
2011; Gonzalez et al. 2012; Steglich et al. 2012). In
addition, the N-terminus of the Ima1 protein was
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detected at the nucleoplasmic side by immuno-elec-
tron microscopy, indicating that Ima1 is an inner
nuclear membrane protein (King et al. 2008). To
establish detailed topologies of Lem2 and Man1 in
the nuclear envelope, which had not been experi-
mentally determined in S. pombe previously, we
detected Lem2 and Man1 by immuno-electron
microscopy. Cells expressing GFP-tagged Lem2 or

Man1 at the N- or C-terminus were chemically fixed
and analyzed by pre-embedding methods using an
anti-GFP antibody as a primary antibody (see Experi-
mental procedures). Both GFP-tagged N- and C-
terminal regions of Lem2 and Man1 were detected
beneath the INM (Fig. 1A). Thus, S. pombe Lem2
and Man1 are INM proteins with both N- and C-
termini facing toward the nucleoplasm (Fig. 1B).
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Figure 1 Immuno-electron microscopy of Lem2 and Man1. (A) Immuno-electron micrographs of N- or C-terminally tagged

Lem2 (GFP-Lem2 or Lem2-GFP, respectively) and N- or C-terminally tagged Man1 (GFP-Man1 or Man1-GFP, respectively) in

Schizosaccharomyces pombe cells. N- and C-termini tagged with GFP were detected with an anti-GFP antibody and a secondary anti-

body doubly conjugated with a fluorescent dye and 1.4-nm colloidal gold particles. Colloidal gold particles were enlarged by the

silver enhancement treatment. Magnified images are shown in the right panels together with the color-superimposed images:

yellow shades indicate the nuclear membrane; arrows indicate positions of colloidal gold particles. Bars represent 100 nm. (B)

Structure of the Lem2 and Man1 proteins. Upper panel: domain structures of Lem2 and Man1. Lower panel: topology of S. pombe

Lem2 and Man1 in the nuclear membranes according to the results of the present study.

Figure 2 Phenotypes of lem2Δ cells. (A) Loss of minichromomosomes. Colonies of wild-type (YT694), ima1D (YT2205), man1D
(YT2207) and lem2D (YT2212) strains were grown on YE plates at 30 °C for 4 days. (B) Comparison of colony sizes between the

wild-type (YT694) and lem2D (YT2212) strains. Colonies were grown on YE plates at 30 °C for the indicated number of days.

Upper panels show colonies on 9-cm culture dishes; lower panels show magnified views of the square areas of the upper panels.

(C) Growth curve of the wild-type (YT2414) and lem2D (YT2416) cells. Strains precultured in the liquid EMMG medium were

transferred to the fresh liquid YE or EMMG media and cultured at 30 °C. Cells were counted at each time point indicated on the

x-axis. The time of transfer is indicated as 0 h. (D) Minichromosome stability in the lem2Δ csi1Δ double mutant. Colonies of

lem2D (YT2384), csi1D (YT2385) and lem2D csi1D (YT2386) strains were grown on YE or EMMG plates at 30 °C for 4 days.
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Minichromosome loss and slow growth in lem2Δ
cells

To examine whether the INM proteins Lem2, Man1
and Ima1 affect chromosomal functions, we examined
the stability of minichromosomes in mutant strains that
lacked either of these proteins. We measured rates of
minichromosome loss in S. pombe cells using the half-
sector assay (Javerzat et al. 1996). In this assay, a
minichromosome bearing the ade6-216 allele is intro-
duced to cells bearing the ade6-210 allele. Cells carry-
ing the minichromosome (ade+) produce white
colonies, whereas cells lacking the minichromosome
(ade-) produce red colonies. Thus, a colony with a red-
white half sector indicates that the parental cell lost the
minichromosome during the first cell division on the
plate (see Experimental procedures for details).

Figure 2A shows colonies formed on the YE plate
by the wild-type and mutant strains. Cells disrupted
for the lem2+ gene (lem2Δ) had a relatively large
number of red-white half-sector colonies (9.7%) indi-
cating a high rate of minichromosome loss (Fig. 2A;
Table 1). In contrast, cells lacking the man1+ gene
(man1Δ) or the ima1+ gene (ima1Δ) showed loss rates
of 0.027% and 0.046%, respectively, only slightly
higher than the loss rate of 0.012% observed in wild-
type cells (Fig. 2A; Table 1). These results indicate
that minichromosomes were frequently lost specifi-
cally in the absence of Lem2 and that this defect was
not compensated by the presence of Man1 or Ima1.
This phenotype of the minichromosome loss in
lem2Δ cells was prominent in the rich YE medium
(9.2% compared with 0.012% in wild-type cells), but
moderate in the minimum EMMG medium (0.054%
compared with 0.0074% in wild-type cells) (Table 1).
Therefore, minichromosome stability in lem2Δ cells
depends on the nutritional properties of the culture
medium.

We also investigated vegetative cell growth of
lem2Δ cells and found that lem2Δ cells displayed a
slow growth phenotype as they formed smaller colo-
nies on YE plates than wild-type cells (compare wild
type and lem2Δ at the ‘3 days’ point in Fig. 2B). The
slow growth phenotype of lem2Δ cells was also illus-
trated by the growth curves. This phenotype was
obvious in the rich YE medium, but not in the syn-
thetic minimum EMMG medium (Fig. 2C). These
results indicate that defects in lem2Δ cells depend on
nutritional conditions.

The slow growth phenotype of lem2Δ cells was
more prominent when the cells had a minichromo-
some. Mutant lem2Δ cells bearing a minichromo-
some, which are distinguished by white colonies,
formed smaller colonies on YE plates than wild-type
cells (compare wild type and lem2Δ at the ‘3 days’
point in Fig. 2B). The lem2Δ cells that had lost
minichromosomes, which are distinguished by red
colonies, grew faster than the white ones (compare
‘3 days’ with ‘4 days’ for lem2Δ in Fig. 2B), indicat-
ing that the loss of minichromosomes accelerated
lem2Δ cell growth. This phenomenon can also con-
tribute to a possible overestimation of half-sector
colonies because red colonies become prominent
when minichromosomes are lost.

Phenotypes of lem2Δ are distinct from phenotypes

of csi1Δ

It has been reported that cells lacking Csi1 (csi1Δ),
which is necessary for clustering centromeres to the
SPB, show a high rate of minichromosome loss (Hou
et al. 2012). Thus, in order to examine the genetic
interaction between Lem2 and Csi1, we compared
phenotypes of lem2Δ, csi1Δ and the lem2Δ csi1Δ dou-
ble mutant. Phenotypes of csi1Δ were distinct from
those of lem2Δ. In csi1Δ cells, minichromosome loss
was independent of nutritional conditions, as red and
red-white colonies occurred in both the rich YE
medium and the minimum EMMG medium
(Fig. 2D). In addition, csi1Δ cells formed red and
white colonies of a similar size (Fig. 2D), indicating
that cell growth was not affected by the presence of
minichromosomes. This was in contrast to observa-
tions in the lem2Δ mutant as red colonies were larger
than white ones (Fig. 2B,D): lem2Δ cells with a
minichromosome (white colony) showed more severe
growth defects than those without it (red colony).
Finally, a larger number of red and red-white lem2Δ
csi1Δ colonies indicated that the minichromosome
loss was more severe in the double mutant than in

Table 1 Minichromosome loss rate in lem2D

Genotype

Strain

name

Minichromosome loss rate (%)

YE EMMG

Wild type YT694 0.012 (8/66480) 0.0074 (5/68000)

lem2D YT2212 9.2 (42/458) 0.054 (32/59420)

ima1D YT2205 0.046 (35/76080) NA

man1D YT2207 0.027 (17/62640) NA

Numbers indicate minichromosome loss rates measured by a

half-sector assay in YE and EMMG.
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either of the single mutants (Fig. 2D). These results
suggest that effects of Lem2 and Csi1 on minichro-
mosome stability are additive and that these proteins
likely function in separate pathways.

Defective heterochromatin formation in lem2Δ
cells

Because the high rate of the minichromosome loss
suggested that segregation of chromosomes was
impaired in the absence of Lem2, we examined
whether Lem2 is associated with centromere struc-
tures. We first examined localization of Lem2 on the
centromeric sequences by chromatin immunoprecipi-
tation (ChIP) in cells cultured in YES. We found that
Lem2 was localized to the central core region of the
centromere, but not outside it (Fig. 3A,B). Specifi-
cally, localization of Lem2 was restricted to the cnt
region and a portion of the imr region, that is, the
so-called CENP-A chromatin characterized by the
presence of the CENP-A protein.

We next examined centromeric heterochromatin
formation using ChIP with specific antibodies against
the dimethylated form of histone H3 at the lysine 9
residue (H3K9me2) that is characteristic of hete-
rochromatin at outer centromere regions. We found
that the level of H3K9me2 was reduced in lem2Δ
cells at the heterochromatic dg and dh repeats as well
as at the marker gene inserted in heterochromatin
(imr::ura4) (Fig. 3C). This indicated that centromeric
heterochromatin was defective in the absence of
Lem2. We confirmed that localization of histone H3
and CENP-A (Cnp1) at the centromere was
unchanged by the depletion of Lem2 despite Lem2
co-localized with CENP-A chromatin (Fig. 3D).

In S. pombe, centromeric heterochromatin is
formed in separate, RNA interference (RNAi)-
dependent and RNAi-independent pathways. The
latter pathway depends on the histone deacetylase
Sir2 and heterochromatin protein Swi6 (Alper et al.
2012; Buscaino et al. 2013). Heterochromatin formed
at the dg and dh centromeric repeats depends on both
pathways, whereas heterochromatin formed at the
marker gene inserted at imr depends only on the
RNAi-dependent pathway. This conclusion was
drawn from a complete absence of H3K9me2 at imr::
ura4 and presence of residual H3K9me2 at dh and dg
in cells lacking dcr1, which is essential for RNAi
(Fig. 3C). A moderate amount of H3K9me2 is
retained at imr::ura4, and this methylation was almost
completely prevented in the lem2Δdcr1Δ double
mutant (Fig. 3C). Moreover, although residual

amounts of H3K9me2 at the dg and dh repeats could
be observed in lem2Δ and dcr1Δ cells, the H3K9me2
level was even lower (P < 0.001; two-sided Student’s
t-test) in lem2Δdcr1Δ cells (Fig. 3C). These results
indicated that Lem2 takes part in the centromeric
heterochromatin formation mainly via the RNAi-
independent pathway.

The lem2Δ phenotypes of slow growth and
minichromosome loss were observed in the rich YES
medium but not in the minimum EMMG medium.
These results prompted us to examine H3K9me2
levels after cells grown in EMMG were transferred to
YES. H3K9me2 levels in wild-type cells became
gradually higher at the outer regions of the cen-
tromere (imr195, dg and dh in Fig. 3A) for 12 h in
the YES medium (Fig. 4A). Interestingly, this
increase was considerably reduced in lem2Δ cells
(Fig. 4A). These results suggest that centromeric
heterochromatin formation was augmented after the
transfer from the minimum to the rich medium. Fur-
thermore, we found that localization of Lem2 at
CENP-A chromatin occurred only in the YES med-
ium but not in the EMMG medium (Fig. 4B),
whereas protein levels of Lem2 as measured by Wes-
tern blotting showed no obvious differences in either
of the culture media (Fig. 4C). Thus, the augmenta-
tion of centromeric heterochromatin formation was
mediated by the nutrition-dependent localization of
Lem2 at CENP-A chromatin.

Suppressors of lem2Δ cells

Suppressors of lem2Δ cells were obtained sponta-
neously during culturing lem2Δ cells on YE plates.
Although lem2Δ cells typically showed a slow growth
phenotype on YE plates and formed colonies smaller
than those of wild-type cells, we noticed that large
colonies occasionally appeared among the predomi-
nantly small lem2Δ colonies (Fig. 5A). Results of the
half-sector assay (Table 2) indicated that the
minichromosome loss was also rescued in these sup-
pressors (lem2Δ suplem2Δ). We picked large colonies
and carried out their genetic analysis. In the tetrad
analysis, after crossing with a wild-type cell, the phe-
notype of the suppressor that formed large colonies
on the background of lem2Δ showed 2 : 2 segrega-
tion. This indicated that the phenotype was linked to
a single gene locus. Then, we chose a tetratype tetrad
(a tetrad containing four different genotypes) and
determined the whole-genome sequence in each of
the tetrad progenies to search for mutations associated
with the large and small colony size. We failed to
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detect any base substitutions linked to the phenotype
in protein coding and promoter regions, but found
that the number of reads of a 40-kb region on chro-
mosome III was twice larger in the lem2Δ suplem2Δ

than in lem2Δ (Fig. 5B), suggesting that a duplication
of that sequence complemented the small colony
phenotype of lem2Δ cells.

Interestingly, this 40-kb duplicated region was
flanked by the long-terminal repeat (LTR) sequences
of retrotransposons at both ends (Fig. 5B). Three
LTR sequences with nucleotide identity over 95% in
the same direction were annotated in this 40-kb
region (LTR1, LTR2 and LTR3 in Fig. 5B). By
analyzing genomic DNA of the lem2Δ suplem2Δ strain
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using PCR, we detected a PCR product that was
expected to be generated if duplication occurred by
recombination between the LTR1 and LTR3
sequences: nucleotide sequences determined for the

PCR product confirmed the presence of the recom-
bined LTR3–LTR1 sequences (Fig. 5C,D). We iso-
lated 15 additional suppressor strains of lem2Δ and
analyzed their genomic DNA by PCR in an attempt
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Figure 4 Nutrition-dependent accumulation of Lem2 and H3K9me2 at the centromere. (A) Time course of H3K9me2 changes
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to detect recombination between LTR1, LTR2 and
LTR3 sequences. Among these 15 suppressor strains,
four strains possessed the recombined LTR3–LTR1
sequences identified in the initial suppressor strain
that contained the 40-kb duplication and six strains
had recombined LTR3–LTR2 sequences that were
caused by a duplication of 10-kb sequences between
LTR2 and LTR3 (Fig. 5E,F). Thus, we concluded
that the small colony phenotype of lem2Δ cells was
suppressed by the duplication of 10-kb sequences
flanked by LTR2 and LTR3.

Duplication of the lnp1+ gene suppresses lem2Δ
phenotypes

The region between LTR2 and LTR3 on chromo-
some III harbors six genes (Fig. 6A). We further nar-
rowed the chromosome region responsible for the
suppressor phenotype by integrating an extra copy of
each of these genes at the lys1 site and found that a
duplication of a single ORF was sufficient to suppress
the slow growth phenotype of lem2Δ cells (Fig. 6B).
This ORF encodes a homologue of the human
Lunapark protein; thus, we named this gene lnp1+.
Lnp1/Lunapark is an endoplasmic reticulum (ER)
membrane protein conserved in yeast (Chen et al.
2012) and mammals (Spitz et al. 2003). It has been
proposed that Lnp1/Lunapark stabilizes three-way
ER junctions in yeast and mammals (Chen et al.
2012, 2015).

We constructed lem2Δ cells bearing an extra copy
of the lnp1+ gene integrated at the lys1 locus (lem2Δ
lnp192). In lem2Δ lnp192 cells, normal growth was
rescued. Thus, increased dosage of Lnp1 can com-
pensate the loss of Lem2, although the endogenous
level of Lnp1 is not sufficient for the compensation.
In addition, cells of the lem2Δ lnp1Δ double mutant
showed severe growth defects in both the rich and
the minimum medium (Fig. 6B). These results indi-
cate that Lem2 and Lnp1 have partially redundant
roles in regulating cell growth. However, lem2Δ cells
with an extra copy of the man1+ gene integrated at
the lys1 locus (lem2Δ man192) did not compensate
the small colony phenotype of lem2Δ cells (Fig. 6C).
Therefore, it is unlikely that Man1 shares functions
with Lem2 in cell growth regulation.

Cells of lem2Δ lnp192 also showed a lower rate of
the minichromosome loss (Table 2). In these cells,
the level of H3K9me2 at the centromere was rescued
to the level observed in wild-type cells in the YES
medium (compare ‘lem2Δ lnp192’ with ‘lem2Δ’ in
Fig. 7B). Interestingly, the level of H3K9me2 at the
centromere at imr and dg repeats was higher in lem2+

cells bearing two copies of the lnp1+ gene than in
wild-type cells (compare ‘lnp192’with ‘WT’ in
Fig. 7B). However, levels of H3K9me2 were not sig-
nificantly different in lem2Δ and lem2Δ lnp192 cells
in the minimum EMMG medium (Fig. 7B). This
finding was consistent with the result that lem2Δ phe-
notypes were most prominent in the rich medium.

Figure 5 Suppressors of Lem2 depletion. (A) Suppression of the small colony size phenotype in lem2D by the suppressor mutation.

Strains of indicated genotypes were inoculated on the YE plate media and incubated at 30 °C for 2 days. The following strains were

used: wild type (YT2414), suplem2D (YT2567), lem2D (YT2416) and lem2D suplem2D (YT2566). (B) Overlap of the long-terminal repeat

(LTR)-flanked region of chromosome III in a suplem2D strain. The number of reads at the indicated region of chromosome III in the

lem2D (YT2565) and lem2D suplem2D (YT2566) strains was plotted as normalized values of the number of reads in a wild-type strain

(YT2568) according to the results of whole-genome sequencing analysis. Blue arrowheads indicate positions and directions of the

LTR sequences (LTR1, LTR2 and LTR3). (C) Schematic diagrams of the genome structure between LTR1 and LTR3 in the wild-

type (upper) and suplem2D (lower) strains. Blue arrowheads indicate positions and directions of the LTR sequences. Magenta arrows

indicate positions and directions of PCR primers used for amplification of the fused regions. (D) Recombination between LTR1 and

LTR3 in the suplem2D strain. Upper panel—a schematic diagram of the recombined region amplified by the specific PCR primers.

Thick line represents the LTR sequence; thin line represents a flanking sequence of LTR1 or LTR3. Lower panel—nucleotide

sequences of the recombined region in the chromosome III of the suplem2D strain. Red letters represent the LTR sequence. The region

highlighted in yellow represents sequences specific to LTR3 and its flanking region. The region highlighted in blue represents

sequences specific to LTR1 and its flanking region. The region highlighted in green represents overlapping sequences common in

LTR1 and LTR3. (E) Summary of obtained suppressor mutants. (F) Recombination between LTR2 and LTR3 in suppressor strains.

Upper panel—a schematic diagram of the recombined region amplified by the specific PCR primers. Thick line represents the LTR

sequence; thin line represents a flanking sequence of LTR2 or LTR3. Lower panel—nucleotide sequences of the recombined region

in chromosome III of the suplem2D strain. Red letters represent the LTR sequence. The region highlighted in yellow represents

sequences specific to LTR3 and its flanking region. The region highlighted in blue represents sequences specific to LTR2 and its

flanking region. The region highlighted in green represents overlapping sequences common in LTR2 and LTR3. In these strains, the

potential recombined region includes the full length of the LTR2 sequence.
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Collectively, these results suggest that Lnp1 augments
centromeric heterochromatin formation upon transfer
to the rich medium and compensates the loss of
Lem2 by restoring centromeric heterochromatin
levels.

In an attempt to understand how Lnp1 compen-
sates for the loss of Lem2, we examined the localiza-
tion of Lnp1 in the presence or absence of Lem2 in
the rich YES medium and the minimum EMMG
medium. In both culture media, Lnp1-GFP showed
dim fluorescence staining at the peripheral regions of
the nucleus or ER, indicating a low level of

expression. No obvious differences in the localization
of Lnp1-GFP were observed in the presence or
absence of Lem2 (Fig. 7C). Thus, it is unlikely
that Lnp1 can directly substitute for the lost function
of Lem2 in the INM when Lem2 is absent (see
Discussion).

The MSC domain of Lem2 plays a major role in

its functions

To determine functional domains of the Lem2 protein
responsible for the observed phenotypes, we
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constructed the following fragments of Lem2
(Fig. 8A): the N-terminal fragment of Lem2 contain-
ing the first TM (amino acid residues 1–363; desig-
nated Lem2N), Lem2N lacking the first TM (amino
acid residues 1–315; designated Lem2N-ΔTM),
Lem2N lacking the HEH/LEM domain (Δ11-44; des-
ignated Lem2N-ΔLEM) and the C-terminal fragment
spanning the first TM of Lem2 (amino acid residues
306–688; designated Lem2C). We integrated these
fragments into the chromosome to replace the lem2+

gene (see Experimental procedures) and examined
phenotypes of respective mutant cells. Expression of
the Lem2C fragment, which contained the MSC
domain, led to a striking reduction in the minichro-
mosome loss in lem2Δ cells (Fig. 8B, Table 3). Expres-
sion of the Lem2C fragment also rescued the slow
growth phenotype of lem2Δ cells (‘lem2Δ + Lem2C’ in
Fig. 8B). Thus, the Lem2C fragment has a major role
in minichromosome stability.

In contrast, the minichromosome loss in lem2Δ
cells was partially restored by expression of the
Lem2N fragment, and this partial rescue was pre-
vented by the lack of either the HEH/LEM domain
(Lem2N-ΔLEM) or the first TM (Lem2N-ΔTM)
(Fig. 8B, Table 3). Lem2N may exert some effects
on chromosomal functions through the HEH/LEM
domain when localized to the nuclear envelope.

The combination of mutations in Lem2 and Bqt4
(lem2Δ bqt4Δ) conferred a synthetic lethal phenotype
to S. pombe cells (Fig. 9). Bqt4 is an INM protein
that is necessary for anchoring telomeres to the
nuclear envelope (Chikashige et al. 2009). Cells of
the lem2Δ bqt4Δ double mutant terminated growth
within several cycles of aberrant cell division after
spore germination (Fig. 9A). The synthetic lethal

phenotype was rescued again by expression of the
Lem2C fragment, but neither by introduction of the
Lem2N fragment (Fig. 9B) nor by expression of an
extra copy of the lnp1+ gene (Fig. 9D). These
results suggested that the Lem2C fragment is suffi-
cient to compensate the loss of Bqt4 and that the
Lem2C fragment and Bqt4 share an essential func-
tion of maintaining cell viability. However, none of
the truncated Bqt4 fragments examined rescued the
synthetic lethal phenotype (Fig. 9C). Even expres-
sion of a nearly complete Bqt4 fragment, lacking
only the C-terminal TM necessary for nuclear
envelope localization, failed to compensate double-
mutant phenotypes. This finding showed that Lem2
and Bqt4 perform their essential functions in the
nuclear envelope.

Discussion

Schizosaccharomyces pombe lem2Δ cells showed pheno-
types distinct from those observed in mutations of
other known INM proteins. In particular, we noted a
high rate of minichromosome loss and defective
centromeric heterochromatin formation. The
minichromosome loss rate in lem2Δ cells was similar
to that reported in some mutants defective in the
spindle assembly checkpoint (Tange & Niwa 2008).
It has been reported that lem2Δ cells show an extre-
mely high frequency of the ‘cut’ (cell untimely torn)
phenotype when treated with hydroxyurea (Hayles
et al. 2013). Furthermore, Rad3-mediated replication
checkpoint is severely compromised in lem2Δ cells
(Xu 2016). These observations suggest that S. pombe
Lem2 has a regulatory role in checkpoint signaling.
However, it has been recently shown that S. pombe
Lem2 directly affects formation of heterochromatin at
centromeres and telomeres (Barrales et al. 2016).
Roles for Lem2 distinct from those of Man1 in
nuclear integrity have also been reported previously
(Gonzalez et al. 2012). Our present study shows that
S. pombe Lem2 plays a role in augmentation of hete-
rochromatin formation in response to changes in
nutritional conditions.

Two separate pathways involving Lem2 and Lnp1

Although defects in centromeric heterochromatin and
slow growth phenotypes were observed in lem2Δ cells,
these phenotypes were probably separate events,
because growth defects have not been reported in
well-characterized mutants defective in centromeric
heterochromatin formation such as swi6Δ or clr4Δ. The

Table 2 Minichromosome loss rate in suppressors of lem2D

Genotype

Strain

name

Minichromosome

loss rate (%)

Wild type YT694 0.017 (12/70601)

lem2D YT2366 10 (87/864)

lem2D suplem2D YT2363 0.18 (96/53337)

Wild type YT694 <0.01 (5/79994)

lem2D YT2366 9.5 (299/3139)

lnp192 YT2442 0.018 (14/78382)

lem2D lnp192 YT2444 0.038 (19/49899)

Suppression of minichromosome loss of lem2D by the suppres-

sor mutation. Numbers indicate minichromosome loss rates

measured by a half-sector assay in YE: wild-type (YT694),

lem2D (YT2366) and lem2D suplem2D (YT2363) strains.
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slow growth phenotype in lem2Δ cells may reflect
reduced viability in vegetative culture as previously
detected by the staining of dead cells with phloxine B
(Gonzalez et al. 2012). Interestingly, these phenotypes
in lem2Δ cells were suppressed by a duplication of the
lnp1+ gene (Figs 6B and 7B). Similarly, defective cen-
tromeric heterochromatin in lem2Δ cells was also sup-
pressed by an increased expression of Lnp1 (Barrales
et al. 2016). A possible explanation for this compensa-
tion is that up-regulated Lnp1 may extend its localiza-
tion beyond the ER membrane to the nuclear
membranes in the absence of Lem2 and functionally
substitute for the latter protein. However, the detected
protein levels of Lnp1 were much lower than those of
Lem2, and no obvious changes in the localization of
Lnp1 occurred in the absence or presence of Lem2
(Fig. 7C). Therefore, it is unlikely that Lnp1 directly
substitutes for the function of Lem2. In addition, Lnp1

duplication leads to an increased accumulation of
H3K9me2 at the centromeric heterochromatin in the
rich YES medium regardless of the presence or absence
of Lem2 (Fig. 7B). Thus, we wish to emphasize the
possibility that Lnp1-dependent suppression may be
caused, at least in part, through as yet unknown meta-
bolic pathways that are also engaged in nutrition signal-
ing. Here, we suggest the presence of separate Lem2-
mediated and Lnp1-mediated pathways for the aug-
mentation of heterochromatin as illustrated in Fig. 10.
The nutrition-dependent accumulation of Lem2 at
CENP-A chromatin mediates H3K9me2 accumulation
at the outer regions of the centromere. H3K9me2
accumulation also occurs downstream of Lnp1 inde-
pendently of Lem2. In contrast, the synthetic lethal
phenotype of the lem2Δ bqt4Δ double mutant does not
depend on the nutrition status and is not rescued by a
duplication of the lnp1+ gene (Fig. 9D). Thus,
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Figure 6 Suppression of effects of Lem2 depletion by Lnp1 duplication. (A) Genes found between LTR2 and LTR3 on chromosome

III. Locations of the genes are indicated as brown boxes. (B) Suppression of phenotypes associated with Lem2 depletion by Lnp1 duplica-

tion. Strains of indicated genotypes on the left were inoculated on the YE or EMM2 plate medium and incubated at 30 °C for 2 (YE) or

3 days (EMMG). Then, colony sizes were compared. The following strains were used: wild type, YT2414; lem2D lnp1D, YT2425; lem2D
lnp1+92, YT2417; lem2D, YT2416; and lnp1+92, YT2415. (C) Man1 does not rescue the slow growth phenotype of lem2D cells. Strains

of indicated genotypes were inoculated on the YE plate medium and incubated at 30 °C for 2 days. The following strains were used: wild

type, YT2414; lem2D, YT2416; lem2D+vector, YT2555; and lem2D+man1+x2, YT2554. LTR, long-terminal repeat.
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overlapping functions of Lem2 and Bqt4 essential for
cell viability are independent of the Lnp1-mediated
pathway.

Functional domains of Lem2

In S. pombe, it has been recently shown that the
N-terminal HEH/LEM domain and the C-terminal
MSC domain of Lem2 have distinct functions. The
HEH/LEM domain mediates association with chro-
matin and tethering of centromeres to the nuclear
envelope, whereas the MSC domain mediates

silencing of centromeric heterochromatin (Barrales
et al. 2016). The S. pombe HEH/LEM domain in
both Lem2 and Man1 anchors chromatin to the
nuclear envelope (Gonzalez et al. 2012). The meta-
zoan LEM domain binds to the barrier-to-autointe-
gration factor (BAF) (Haraguchi et al. 2001; Lee et al.
2001; Shumaker et al. 2001). BAF is a DNA binding
protein that was initially discovered as the host cell
protein that facilitated integration of HIV viral DNA
into the host genome by preventing the viral DNA
from suicidal autointegration (Chen & Engelman
1998; Lee & Craigie 1998). Because S. pombe has no
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homologues of BAF, the S. pombe HEH/LEM
domain may bridge chromatin to the nuclear envel-
ope directly or through yet unknown proteins. How-
ever, tethering of telomeres to the nuclear envelope
and silencing of telomeric heterochromatin are both
mediated by the MSC domain of Lem2 (Barrales
et al. 2016). Our study showed that expression of the
MSC domain of S. pombe Lem2 compensated the
phenotypes of the minichromosome loss and slow
growth in lem2Δ cells. Expression of this domain also
compensated the synthetic lethal phenotype of lem2Δ
bqt4Δ cells. Thus, the C-terminal MSC domain of
Lem2 has a major regulatory influence on chromatin.

Despite the similarity of domain structures in Lem2
and Man1, these two proteins apparently have distinct
roles in cell growth regulation as the phenotypes of
slow growth and minichromosome loss in lem2Δ
were not compensated by expression of an extra copy
of man1 (Fig. 6C) and because man1Δ, unlike lem2Δ,
had no genetic interaction with bqt4Δ (Fig. 9D).
Therefore, regulation of cell growth by Lem2 is
specifically mediated by its MSC domain.

Importance of Lem2 for centromere function

We showed that Lem2 binds to CENP-A chromatin
of the centromere and thereby enhances heterochro-
matin formation at the outer centromeric regions in
parallel with the RNAi-dependent pathway. This
result is consistent with a recent report by Barrales
et al. (2016) and suggests that one role of Lem2 is to
anchor CENP-A chromatin to the nuclear envelope,
providing a platform for the enhancement of hete-
rochromatin formation at the outer centromeric
regions. It is expected that the presence of the
minichromosome may consume more proteins
required for heterochromatin formation, thus causing
more severe growth defects. This notion may explain
why the lem2Δ cells that had lost the minichromo-
some grew faster than those bearing it did.

A striking new finding of the present study was
that Lem2-mediated centromeric heterochromatin
formation depended on the nutritional status: cen-
tromeric heterochromatin formation was augmented
when wild-type cells were moved to the rich med-
ium; however, this augmentation did not occur in
the absence of Lem2 (Fig. 4A). Thus, it is possible
that Lem2 regulates heterochromatin formation by
acting downstream of nutritional signaling. This idea
is supported by the fact that epigenetic modification
patterns of chromatin are altered by cellular
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lem2D phenotype by Lem2 fragments. The minichromosome
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Table 3 Minichromosome loss rates in lem2D cells expressing

Lem2 fragments

Genotypes/Fragment Strain names

Minichromosome

loss rate (%)

lem2D YT2535 9.0 (171/1894)

lem2D/Lem2C YT2533 0.16 (3/1885)

lem2D/Lem2N YT2531 1.9 (69/3651)

lem2D/Lem2N-DLEM YT2532 13.7 (224/1636)

lem2D/Lem2N-DTM YT2530 7.4 (136/1836)

Suppression of minichromosome loss in lem2D by Lem2 frag-

ments. Numbers indicate minichromosome loss rates measured

by a half-sector assay in YE.
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metabolism (reviewed in Meier 2013; Keating & El-
Osta 2015). It has been also suggested that the
LEM-domain proteins in metazoans regulate TGFb
signaling during differentiation (reviewed in Bengts-
son 2007). These findings provide general insight into
a role for the nuclear envelope acting as a platform
for transduction of extracellular and intracellular sig-
nals to chromatin.

Although it was previously reported that Csi1 is
required to connect centromeres to the SPB (Hou

et al. 2012), Lem2 and Csi1 were proposed to have
additive roles in mediating the centromere–SPB con-
nection (Barrales et al. 2016). Our study complements
those findings by showing additive effects of lem2Δ
and csi1Δ mutations on the minichromosome loss.
Therefore, the Lem2-mediated potentiation of cen-
tromeric heterochromatin formation additively con-
tributes to the Csi1-mediated centromere–SPB
connection and, thereby, to minichromosome stabil-
ity. It also merits a comment that csi1Δ cells grew
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ization: NE, nuclear envelope. (D) Genetic interactions among nuclear membrane proteins and telomere proteins.
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similarly well in the presence or absence of the
minichromosome, unlike lem2Δ cells. Another nota-
ble difference between these mutants is that the csi1Δ
phenotypes were observed in both the rich medium
and the minimum medium, whereas the lem2Δ phe-
notypes were only prominent in the rich medium.
These results suggest that Lem2 and Csi1 play distinct
roles and regulate minichromosome stability through
separate mechanisms.

Importance of Lem2 for telomere function

Our study showed a synthetic interaction of Lem2
with the Bqt4 telomere protein that affected cell via-
bility. It is possible that the loss of viability in the
lem2Δ bqt4Δ double mutant is caused by telomere
defects as the MSC domain of Lem2 mediates telom-
ere anchoring and heterochromatin silencing (Barrales
et al. 2016). However, it is unlikely that Bqt4 directly
influences heterochromatin formation because telom-
eres are detached from the nuclear envelope in the
absence of Bqt4 whereas telomere silencing is still
maintained (Chikashige et al. 2009, 2010). Moreover,
lem2Δ did not show a synthetic lethal phenotype
when combined with rap1Δ (Fig. 9D). Rap1 is a

telomere protein that anchors telomeres to the nuclear
envelope through the interaction with Bqt4 (Chika-
shige et al. 2009; Chikashige & Hiraoka 2001). Thus,
the synthetic lethal phenotype of lem2Δ bqt4Δ cells
may not be due to dysregulation of telomere functions
of Bqt4. Nontelomeric functions of Bqt4 have not
been shown yet; thus, our findings will stimulate new
studies of interactions of Bqt4 with Lem2.

Regulation of LTR stability by Lem2

Although defective centromeric heterochromatin for-
mation is obviously manifested as a failure of chromo-
some segregation, it is tempting to speculate that
defective heterochromatin is not limited to cen-
tromeres or telomeres, but also occurs at other hete-
rochromatic regions in the genome. Spontaneous
duplication of genomic sequences that generated sup-
pressors of lem2Δ cells implied the occurrence of
recombination at the LTR sequences due to their
derepression. In S. pombe, it has been reported that
CENP-B homologues (Cbp1/Abp1, Cbh1 and Cbh2)
repress transcriptional and recombinational activities of
LTR sequences by recruiting histone deacetylases
(Cam et al. 2008). Furthermore, CENP-B homologues

Defective heterochromatin

–Lem2

+Lnp1

Minimum medium

HeterochromatinHeterochromatin

Lem2

Heterochromatin augmentation

Rich medium

+Lem2

Heterochromatin augmentation

HeterochromatinHeterochromatin

dh dg imr cnt imr dg dh

dh dg imr cnt imr dg dh

Lem2

SPB

Lem2
Histone H3K9me2
Histone H3K9 (unmethylated)

Spindle pole body (SPB)

NE

Figure 10 Lem2-mediated, nutrition-dependent formation of centromeric heterochromatin. (Upper panel indicated by ‘+Lem2’)

Upon transfer to a nutritionally rich condition, Lem2 associates with CENP-A chromatin at the inner centromere region and aug-

ments heterochromatin formation at the outer centromeric regions in wild-type cells. (Lower panel indicated by ‘-Lem2’) In the

absence of Lem2, the centromeric heterochromatin formation is insufficient. This phenotype is rescued by the additional expres-

sion of Lnp1. Green circles, Lem2; blue circles, chromatin containing methylated histone H3K9; and white circles, chromatin con-

taining unmethylated histone H3K9.
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promoted progression of replication forks through the
LTR (Zaratiegui et al. 2011). As CENP-B was local-
ized to centromeres as well as to LTR sequences, it is
possible that Lem2 may affect these chromosomal
regions together with CENP-B. This also suggests that
Lem2 can act on other chromosomal regions located
closely to the nuclear envelope. In summary, we pro-
pose that Lem2 provides a platform for chromatin and,
thereby, maintains genome stability, which is one of
the principal functions of the nuclear envelope.

Experimental procedures

Strains and culture media

Schizosaccharomyces pombe strains used in this study are listed in

Table S1 (Supporting information). Culture media for

S. pombe are described in Moreno et al. (1991). YES was used

as a rich medium in most experiments. For the minichromo-

some loss assay, YE was used as a rich medium. EMM supple-

mented with 5 g/L glutamate (substituted for NH4Cl) as a

nitrogen source (EMMG) was used as a minimum medium.

Constructs

Gene disruption and gene replacement were carried out by

the direct chromosomal integration method (Wach 1996;

B€ahler et al. 1998). The pFA6-KanMX6, pCR2.1-hph and

pCR2.1-nat plasmids were used to generate integration cas-

settes (B€ahler et al. 1998; Sato et al. 2005). To replace the

chromosomal lem2+ gene with a truncated fragment, strains in

which the chromosomal lem2+ gene was deleted with the

ura4+ cassette were transformed with truncated gene frag-

ments. Transformants were screened on plates with the

EMMG medium that contained 5-fluoroorotic acid to elimi-

nate clones harboring ura4+. Correct replacements were con-

firmed by genomic PCR.

To express the lnp1+ gene, a genomic DNA region con-

taining the entire ORF (SPCC1620.07c; �709 to +2560 from

the beginning of the protein coding sequence) was amplified

by PCR. To express the man1+ gene, a genomic DNA region

containing entire ORF (�326 to +3338 from the beginning

of the protein coding sequence) was amplified by PCR.

Amplified DNA molecules were cloned into the pYC36 plas-

mid (Chikashige et al. 2004) that harbored the lys1 marker.

For Fig. 7C, the GFP gene was fused to the 30 end of the

lnp1+ ORF. Every gene located within the 40-kb duplicated

region of the chromosome III was also cloned with its pro-

moter region into the pYC36 plasmid. To express the lem2+

gene fragment from the lys1 locus, gene fragments were

amplified by PCR and cloned under the lem2 promoter into

the pYC36 plasmid. Plasmids harboring GFP-bqt4 fusion genes

were described previously (Chikashige et al. 2009). The plas-

mids were integrated into the genomic lys1-131 locus of host

strains. Correct integration was confirmed by genomic PCR.

Immuno-electron microscopy

Cells expressing Lem2-GFP or GFP-Lem2 were cultured in

the YES medium, After washing with 0.1 M phosphate buffer

(PB, pH7.4), cells (1 9 108 cells/mL) were fixed with a

fixative (4% formaldehyde and 0.01% glutaraldehyde dissolved

in PB) for 20 min at room temperature and washed with PB

three times for 5 min each. Then, cells were treated with

0.5 mg/mL Zymolyase 100T (Seikagaku Co.) in PB for

20 min at 30 °C and washed with PB three times. After two

successive treatments with 100 mM lysine HCl in PB for

10 min each and subsequent washing with PB, cells were per-

meabilized for 15 min with PB containing 0.2% saponin and

1% bovine serum albumin (BSA) and incubated at 4 °C over-

night with a primary antibody (rabbit polyclonal anti-GFP

antibody, Rockland) diluted at 1 : 400 in PB containing 1%

BSA and 0.001% saponin. After three 10-min washes with PB

containing 0.005% saponin, cells were incubated for 2 h at

room temperature with a secondary antibody (goat anti-rabbit

Alexa 594 FluoroNanogold Fab’ fragment; Nanoprobes, Inc.)

diluted at 1 : 100 in PB containing 1% BSA and 0.001% sapo-

nin. Then, cells underwent three 10-min washes with PB

containing 0.005% saponin and one final wash with pure PB.

Then, the cells were fixed again with 1% glutaraldehyde in

PB for 1 h, washed with PB once and treated with 100 mM

lysine HCl in PB twice for 10 min each. The cells were

stored at 4 °C until use. Before use, the cells were incubated

with 50 mM HEPES (pH 5.8) three times for 3 min each,

incubated with the silver enhancement reagent (a mixture of

equal volumes of the following A, B and C solutions: A -

0.2% silver acetate solution; B - 2.8% trisodium citrate-2H2O,

3% citric acid-H2O and 0.5% hydroquinone; C - 200 mM

HEPES, pH 6.8) at 25 °C for 7 min and washed three times

with distilled water (DW). Cells were embedded in 2% low-

melting agarose dissolved in DW. Then, cells were post-fixed

with 2% OsO4 in DW for 15 min at room temperature,

washed three times with DW, stained with 1% uranyl acetate

in DW for 1 h and then again washed three times with DW.

Cells were dehydrated with ethanol using sequential incu-

bations with 50% and 100% ethanol for 10 min each and

finally with acetone for 10 min. For embedding in epoxy

resin, cells were incubated sequentially with mixtures of ace-

tone–Epon812 (1 : 1) for 1 h, acetone–Epon812 (1 : 2) for

1 h, in Epon812 overnight and in Epon812 again for another

3 h. Then, the preparation was left to stand until it solidified.

The blocks containing cells were sectioned with a microtome

instrument (Leica Microsystems), and the ultrathin sections

were doubly stained with 4% uranyl acetate for 20 min and

lead citrate (Sigma) for 1 min as a usual pre-treatment for EM

observations.

Minichromosome loss assay

Minichromosome loss assay was carried out as described (All-

shire et al. 1995). Briefly, cells harboring minichromosome

Ch16 (Matsumoto et al. 1987) were precultured in the
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EMMG liquid medium supplemented with 50 lg/mL leucine,

then plated on YE plates and incubated at 30 °C for 3–4 days.

For quantification, the number of colonies which had at least

half of the colony turned red was counted. The rate of the

minichromosome loss was calculated by dividing the number

of half-sectored colonies by the total number of white and

half-sectored colonies. It should be noted that the rate of the

minichromosome loss can be accurately calculated by the half-

colony assay only when the minichromosome loss is a rare

event. When the rate is high enough and frequent minichro-

mosome loss occurs in cells during colony formation, this assay

may lead to overestimation of the rate value (Allshire et al.

1995).

Whole-genome sequencing

The lem2Δ suplem2Δ (YT2327) strain was crossed with a wild-

type strain (972), and the four generated tetrads were separated

and checked for their colony size. The lem2+ progenies were

further crossed with lem2Δ to obtain the lem2Δ background

and checked for colony size to confirm whether they com-

prised suplem2Δ. A tetratype tetrad (strains YT2565, YT2566,

YT2567 and YT2568) was selected for whole-genome

sequencing. Genomic DNA was isolated from an isogenic set

of wild-type, lem2D, lem2D suplem2D and suplem2D cells using a

Qiagen Blood & Cell Culture DNA Kit (Cat. no. 13323).

Whole-genome sequencing using Illumina Genome Analyzer

and data mining was carried out by Takara Bio Inc.

PCR and sequencing of LTR recombination loci

Genomic DNA was purified from S. pombe cells using a Qia-

gen Blood & Cell Culture DNA Kit (Cat. no. 13323). DNA

fragments were amplified using genomic DNA as a template

and the following set of primers: LTR1-REV (50-CAATTT
TATATCAAAAATCTAGTCC-30), LTR2-REV (50-ATGG
GATCAATGTTTACCGTGAA-30) and LTR3-FWD

(50-GCCAGTGTAAATAGATGATGATTC-30). PCR prod-

ucts are expected to be generated only when duplication

occurs between the LTRs. Nucleotide sequences of PCR

products were determined by an Applied Biosystems 3130XL

Genetic Analyzer.

ChIP assay

Chromatin immunoprecipitation experiments were conducted

as previously described (Kawakami et al. 2012).

Cells (2.5 9 108) were fixed with 1% formaldehyde (Naca-

lai Tesque) in the YES medium for 20 min at 25 °C. After
quenching fixation with 150 mM glycine, cells were harvested

and washed twice with Buffer 1 (50 mM HEPES, 140 mM

NaCl, 1 mM ethylenediaminetetraacetic acid (EDTA), 1% Tri-

ton X-100 and 0.1% Na-deoxycholate, pH 7.5). The cell pel-

let was resuspended in Buffer 1 containing a protease inhibitor

cocktail diluted at 1 : 20 (Nacalai Tesque) and homogenized

with a bead shocker (Yasui Kikai, Co.). The cell extract was

made up to 2 mL with Buffer 1 containing protease inhibitor

cocktail (1 : 100) and sonicated for 240 s with Biorupter

UCW-310 (Cosmo Bio, Co.) set at level ‘H’. After sonica-

tion, the cell extract was centrifuged at 15 000 rpm for

15 min. The input fraction was used for immunoprecipitation

with secondary antibody-conjugated magnetic beads (Dynal).

Anti-myc (4A6/Millipore), anti-H3K9me2 (a gift from T.

Urano, Shimane University), anti-Cnp1 (Takayama et al.

2008) and anti-histone H3 (Millipore) antibodies were used.

Magnetic beads (50 lL) were pre-incubated with 1.5 lg of

the antibody for 1 h at 4 °C before incubation with cell

extracts. After immunoprecipitation, the beads were washed

with Buffer 1 and then twice with each of the following three

buffers: Buffer 1’ (50 mM HEPES, 500 mM NaCl, 1 mM

EDTA, 1% Triton X-100 and 0.1% Na-deoxycholate, pH

7.5), Buffer 2 (10 mM Tris, 250 mM LiCl, 0.5% NP-40 and

0.5% Na-deoxycholate, pH 8.0) and TE buffer (10 mM Tris,

1 mM EDTA, pH 8.0). Beads were resuspended and incubated

for 10 min at 37 °C in the TE buffer containing 100 lg/mL

RNase A. Then, proteinase K (0.5 mg/mL) was added and

the mixture was digested for another 2 h at 37 °C. After de-
cross-linking, DNA was purified using a QIAquick PCR

purification kit (Qiagen). qPCR was carried out using SYBR

premix Ex-Taq (Takara Bio, Inc.) and the Thermal Cycler

Dice Real Time system TP800 (Takara Bio, Inc.). The pri-

mers used for gene-specific cDNA synthesis and for qPCR are

listed in Table S2 (Supporting information). For the time-

course experiment, cells were grown in 500 mL of the

EMMG media until the concentration of 1.0 9 107 cells/mL

and harvested by centrifugation. Harvested cells were washed

once with phosphate-buffered saline (PBS) and then inocu-

lated in 500 mL of the YES media. After the media shift, cells

were cross-linked with 1% formaldehyde for ChIP assay at 0,

2, 4, 6, 8 and 12 h. Experiments were carried out in triplicate

to achieve biological reproducibility.

Western blot analysis

Western blotting was carried out as described previously (Asa-

kawa et al. 2014) with slight modifications. S. pombe cells

expressing Lem2-GFP (cYK183-3A) were cultured in the

YES or EMMG medium to log phase for 24 h. After NaOH/

trichloroacetic acid precipitation, the pellets were resuspended

in sample buffer and subjected to sodium dodecyl sulfate poly-

acrylamide gel electrophoresis (SDS-PAGE) on a 10% poly-

acrylamide gel. After SDS-PAGE, the proteins were

transferred to a polyvinylidene fluoride (PVDF) membrane by

wet transfer. The membrane was blocked in 5% skim milk

and incubated with a rabbit polyclonal anti-GFP antibody

(2.5 lg/mL; Rockland Immunochemicals Inc.) for overnight

at 4 °C. The membrane was washed with PBS containing

0.05% Tween�-20 three times and then incubated with horse-

radish peroxidase (HRP)-conjugated donkey anti-rabbit IgG

(1 : 5000; GE Healthcare) for 2 h at room temperature. Bands

were detected by chemiluminescence using a ChemiDocTM
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MP imaging system (Bio-Rad). For the loading control, actin

was detected by a mouse monoclonal anti-b-actin antibody

(1.5 lg/mL; Abcam) and an HRP-conjugated sheep anti-

mouse IgG.

Genetic interactions

Synthetic lethality of the lem2Δ bqt4Δ double mutant was

assayed by the tetrad analysis of the following cross,

HMP1592R (h+ his2-245 leu1-32 ura4-D18 ade6-210 lem2Δ::
ura4+) 9 CRLx08 (h� leu1-32 lys1-131 ura4-D18 ade6-216

bqt4Δ::hph). The viable lem2Δ bqt4Δ double mutant was not

found in segregants of more than 28 tetrads. Germination of

spores that were assumed to have the genotype of lem2Δ
bqt4Δ double mutant was checked microscopically on the agar

plate after dissection of tetrad spores. Similarly, to determine

the synthetic effect of lem2D bqt4D lnp192, man1D bqt4D or

lem2D rap1D, tetrad analysis was carried out for the following

crosses, respectively: CRLo13e 9 CRLo14v, CRLt849

YT2233 or CRLy149 CRLo164.

Complementation of the lem2Δ bqt4Δ double mutant by

the Lem2 partial fragments was examined using the tetrad

analysis of the following cross: CRLo13e crossed with the

bqt4Δ strain bearing a truncated lem2+ gene at the lys1 locus

(CRLo14s, CRLo16 m, CRLo14t or CRLo158; genotypes

indicated in Table S1 in Supporting Information listed for

Fig. 9B). Complementation of the lem2Δ bqt4Δ double mutant

by the Bqt4 partial fragments was examined by the tetrad

analysis of the following cross, CRLo1639 CRLs03, or

CRLu50.

Microscopic observation

YT2453 (lnp1+-GFP) and YT2454 (lem2D lnp1+-GFP) were

cultured in YES or EMMG medium overnight at 30 °C to

the logarithmic growth phase. Intracellular localization of GFP

fusion proteins was observed in living S. pombe cells by a Del-

taVisionTM fluorescence microscope system (Applied Precision,

Inc.) equipped with a CoolSNAPTM HQ2 CCD (Photomet-

rics) using an Olympus oil-immersion objective lens (PlanA-

poN60 OSC, NA = 1.4). After deconvolution, five z-stack

images each corresponding to an optical slice of 0.2 lm thick-

ness were projected. The brightness of the images was changed

for better presentation using Fiji software (Schindelin et al.

2012) without changing the gamma.
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