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Control of heterochromatin localization
and silencing by the nuclear membrane
protein Lem?2
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Transcriptionally silent chromatin localizes to the nuclear periphery, which provides a special microenvironment
for gene repression. A variety of nuclear membrane proteins interact with repressed chromatin, yet the functional
role of these interactions remains poorly understood. Here, we show that, in Schizosaccharomyces pombe, the
nuclear membrane protein Lem2 associates with chromatin and mediates silencing and heterochromatin localiza-
tion. Unexpectedly, we found that these functions can be separated and assigned to different structural domains
within Lem2, excluding a simple tethering mechanism. Chromatin association and tethering of centromeres to the
periphery are mediated by the N-terminal LEM (LAP2-Emerin—-MAN1) domain of Lem?2, whereas telomere an-
choring and heterochromatin silencing require exclusively its conserved C-terminal MSC (MAN1-Srcl C-terminal)
domain. Particularly, silencing by Lem?2 is epistatic with the Snf2/HDAC (histone deacetylase) repressor complex
SHREC at telomeres, while its necessity can be bypassed by deleting Epel, a JmjC protein with anti-silencing ac-
tivity. Furthermore, we found that loss of Lem2 reduces heterochromatin association of SHREC, which is accom-
panied by increased binding of Epel. This reveals a critical function of Lem?2 in coordinating these antagonistic
factors at heterochromatin. The distinct silencing and localization functions mediated by Lem2 suggest that these
conserved LEM-containing proteins go beyond simple tethering to play active roles in perinuclear silencing.
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Chromatin is distributed in a nonrandom manner within
the eukaryotic nucleus. Chromatin domains with differ-
ent functions reside in separate subcompartments, and
transcriptionally silent heterochromatin is often found
at the nuclear periphery or close to the nucleolus. It has
been proposed that these nuclear subcompartments estab-
lish a special microenvironment enriched for factors re-
quired for silencing and to which heterochromatin is
recruited, thereby facilitating the establishment, propaga-
tion, and maintenance of the repressed state (Taddei and
Gasser 2012). This notion is supported by artificial tether-
ing experiments in yeast and mammals, in which a tran-
scriptionally active locus can become repressed when
sequestered to the nuclear periphery (for review, see Tow-
bin et al. 2013). However, the endogenous mechanisms
that lead to the peripheral sequestration of repressed chro-
matin remain poorly understood.

In metazoans, beneath the inner nuclear membrane
(INM) lies the nuclear lamina that interacts with well-de-
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fined chromosomal regions. These lamina-associated do-
mains are enriched for repressed chromatin, and their
peripheral association is linked to the methylation of
Lys9 of histone H3 (H3K9), a conserved mark of repressive
chromatin (Amendola and van Steensel 2014). The nucle-
ar lamina itself is a meshwork of intermediate filaments
consisting of A- and B-type lamins that interact with inte-
gral proteins of the INM. Several studies demonstrate that
lamins affect the perinuclear positioning and repression
of heterochromatin (for review, see Towbin et al. 2013;
Amendola and van Steensel 2014). A striking example is
the inverted nuclear architecture of rod photoreceptor
cells in nocturnal animals. These cells express neither
lamin A/C nor the lamin B receptor (LBR), which results
in the central localization of heterochromatin, yet this in-
verted architecture can be completely reverted when LBR
is ectopically expressed (Solovei et al. 2013). However,
unicellular organisms entirely lack lamins despite the
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conserved presence of peripheral heterochromatin. Fur-
thermore, various peripheral proteins other than lamins
interact with repressed chromatin, suggesting that addi-
tional tethering pathways do exist (Hirano et al. 2012;
Poleshko et al. 2013; Towbin et al. 2013; Zuleger et al.
2013; Amendola and van Steensel 2014). Among lamin-as-
sociated proteins (LAPs), several contain a LEM (LAP2-
Emerin-MANI1) domain, a 40-amino-acid helix-exten-
sion-helix (HEH) motif that is conserved from yeast to hu-
mans (Brachner and Foisner 2011). The LEM domain binds
to the metazoan-specific barrier to autointegration factors
(BAFs), which are sequence-independent DNA-binding
proteins. It has been proposed that their interaction with
LEM domain proteins might contribute to gene repression
(Margalit et al. 2007; Barton et al. 2015), but whether BAF
proteins bind specifically to heterochromatin is un-
known. LAPs have also been reported to interact directly
with histone deacetylases ([HDACs) and mediate their re-
cruitment to the nuclear periphery (Somech et al. 2005;
Demmerle et al. 2012). Thus, LAPs might use different
mechanisms by which they could contribute to hetero-
chromatin silencing through either chromatin tethering
or the recruitment of repressive factors. However, the
large number of INM proteins and their potential redun-
dancy in metazoans (Brachner and Foisner 2011) make it
challenging to study their functional requirement in
gene repression.

In the fission yeast Schizosaccharomyces pombe, only
three INM proteins with homology with LAPs are present:
Lem2, Manl, and Imal (Mans et al. 2004). Whereas Imal
is homologous to Sampl (NET5) (Gudise et al. 2011;
Zuleger et al. 2013), Lem2 and Man1 belong to the group
I of LEM proteins (Brachner and Foisner 2011). Members
of this group contain (1) a HEH motif homologous to the
metazoan LEM domain at the N terminus and (2) a
DNA-binding winged helix MSC (MAN1-Srcl C-termi-
nal) domain in the C-terminal region, which are separated
by two transmembrane domains. These highly conserved
domains project into the nucleoplasm, where they might
interact with chromosomal regulatory factors. A recent
study demonstrated that Lem2 and Manl contribute to
the integrity of the nuclear structure and to telomere
anchoring in fission yeast (Gonzalez et al. 2012). Further-
more, homologs of Lem2 associate with telomeric regions
in Saccharomyces cerevisiae (Hehl1/Srcl) and Caenor-
habditis elegans (LEM-2) (Grund et al. 2008; Ikegami
et al. 2010), and loss of Hehl causes defects in the perinu-
clear positioning of telomeres and the silent rDNA loci
in budding yeast (Mekhail et al. 2008; Chan et al. 2011).
However, the role of Lem2 in heterochromatin silenc-
ing remains elusive. Thus, although yeast does not have
either a nuclear lamina or BAF homologs, the essen-
tial functions of LAPs appear to be conserved, making
S. pombe an ideal model to study the relationship be-
tween heterochromatin localization and silencing in a
less complex system.

S. pombe has large perinuclear heterochromatic do-
mains spanning up to 40 kb at the pericentromeres, the
telomeres, and the silent mating type locus (mat). While
the three centromeres colocalize with the mat locus and
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cluster next to the spindle pole body (SPB), which is equiv-
alent to the mammalian centrosome, the telomeres are
positioned opposite at the nuclear envelope—an orienta-
tion known as Rabl configuration. Heterochromatin
domains are marked by dimethylated H3K9 that is depos-
ited by Clr4, the sole histone H3K9 methyltransferase in
S. pombe. This repressive histone modification is recog-
nized by HP1 proteins, which serve as a platform to recruit
other silencing factors such as SHREC, a repressor com-
plex comprising a Snf2-like nucleosome remodeler and a
HDAC subunit similar to the mammalian NuRD com-
plex (Grewal 2010; Allshire and Ekwall 2015). Binding
and distribution of these factors within the HP1 platform
is subject to a complex regulation. Recruitment of SHREC
is positively regulated through phosphorylation of HP1
proteins, which counteracts the binding of the JmjC pro-
tein Epel, an anti-silencing factor with similarity to his-
tone demethylases (Shimada et al. 2009). This pathway
works in parallel to the ubiquitin-dependent degradation
of Epel by the conserved ubiquitin ligase Cul4-Ddb1<%?,
which removes Epel from the body of heterochromatin
(Braun et al. 2011). In fission yeast, the RNAi machinery
also contributes to the establishment and maintenance
of heterochromatin (Grewal 2010; Allshire and Fkwall
2015). siRNAs are generated from transcripts of hetero-
chromatic repeats by the endonuclease Dicer (Dcrl), the
Argonaute-containing complex RITS (RNA-induced tran-
scriptional silencing), and an RNA-dependent RNA poly-
merase complex (RDRC). Importantly, the assembly of
Dcrl and RDRC at the nuclear envelope through interac-
tions with the putative transmembrane protein Dshl is
critical for RNAi-mediated silencing (Kawakami et al.
2012).

Here, we show that the nuclear envelope protein Lem2
controls heterochromatin silencing and positioning in S.
pombe. Lem2 regulates silencing of all heterochromatic
regions, but its contribution is partially masked by redun-
dancy with other pathways. By developing a highly sensi-
tive SGA (synthetic genetic array) approach that uncovers
redundancy based on a silencing reporter assay, we identi-
fied multiple factors that collaborate with Lem2 in silenc-
ing, such as the RNAi machinery and the centromere
clustering factor Csil. In addition to silencing, Lem2 co-
operates with these factors to ensure the proper position-
ing of heterochromatin at the nuclear periphery. To obtain
insights into the molecular mechanisms, we separated the
structural domains of Lem2. We found that the N-termi-
nal part of Lem2, which contains the conserved LEM
domain, mediates binding to centromeres and their cor-
rect positioning. Unexpectedly, both telomere localiza-
tion and silencing of all heterochromatic domains are
exclusively dependent on the MSC domain. We further
demonstrated that silencing by Lem2 is epistatic with
the role of SHREC at telomeres, while it opposes the
anti-silencing function of the JmjC protein Epel. We con-
clude that the main role of Lem2 in heterochromatin si-
lencing is to maintain a proper balance between SHREC
and Epel. Thus, our study uncovers and functionally dis-
sects principal pathways controlling heterochromatin
localization and silencing by Lem2 in S. pombe. This
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unveils a new perspective on these highly conserved LEM
proteins and suggests that the metazoan homologs also
play active roles in heterochromatin silencing.

Results

The INM protein Lem?2 mediates repression
of silent chromatin

To identify novel factors controlling heterochromatin, we
performed a genome-wide screen for mutants with defects
in pericentromeric silencing. We crossed an S. pombe hap-
loid deletion library with a silencing reporter strain that
harbors the ura4* gene at the left innermost repeat region
of centromere 1 (imrlL:ura4*) (Fig. 1A; Ekwall et al.
1999). The repressed state of this silent locus can be mon-
itored by assessing growth on medium containing the
drug 5-FOA (5'-fluoroorotic acid) that is converted into
a toxic metabolite by the gene product of ura4*. Among
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various mutants with disturbed silencing, which will be
described elsewhere, we identified Lem2 (also known as
Hehl), a LEM domain protein of the INM.

We confirmed the silencing defect of lem2A from the ge-
nome-wide screen by disrupting the lem2* locus in the
imr1L::ura4” reporter strain. Compared with cells lacking
the sole H3K9 methyltransferase Clr4, the absence of
Lem?2 causes a moderate growth defect in the presence
of 5-FOA (Fig. 1B) that depends on the expression of the re-
porter gene and is rescued by ectopic expression of lem2*
(Supplemental Fig. S1A,B). Growth of Iem2A cells is
also impaired in the presence of thiabendazole (Supple-
mental Fig. S1C), consistent with the fact that defects in
pericentromeric heterochromatin result in chromosome
instability and hypersensitivity toward this microtu-
bule-destabilizing drug. Quantitative analysis by RT-
qPCR revealed that Ilem2A cells display a twofold increase
in reporter gene expression (Fig. 1C). Increased transcript
levels (fivefold to 25-fold) were also found for the mat3::
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Figure 1. Lem?2 contributes globally to transcriptional gene silencing. (A) S. pombe heterochromatic domains (shaded in orange) with
insertion sites of the ura4” reporter and primer positions for RT-qPCR and chromatin immunoprecipitation (ChIP) analysis (red bars).
(B) Silencing reporter assay. Fivefold serial dilutions of wild-type (WT) cells and two independent knockout isolates (ko-1 and ko-2) of
lem?2*; the clrd4A strain was used as a positive control. (N/S) Nonselective. (C,E) RT-qPCR analysis. Shown are transcript levels relative
to wild type after normalization to act1*. tITh1* and ¢tIh2" are located on the left and right arms of chromosomes 1 and 2, respectively,
but share 100% identity. (D) Silencing reporter assay, as in B. For all quantitative experiments, data are represented as mean + SEM
from n independent experiments; asterisks denote P <0.05 (*), P <0.01 (**), P <0.001 (***), and P <0.0001 (****) from two-tailed Student’s

t-test analysis.
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urad” reporter, endogenous heterochromatic loci (cen-dg,
tIh1/2%), the central core region of centromere 1 (cnt1), and
subtelomeric long terminal repeats (LTRs; up to 100-fold)
(Fig. 1C; Supplemental Fig. S1D). In contrast, we detected
no change in expression for various euchromatic loci (in-
cluding housekeeping and low-expressed genes) (Supple-
mental Fig. S1E), suggesting that the repressive function
of Lem2 is specific to silent chromatin.

In S. cerevisiae, Lem2 and the nuclear membrane pro-
tein Nurl form a physical complex called CLIP that is in-
volved in the perinuclear localization of the rDNA locus
(Mekhail et al. 2008). We deleted the corresponding S.
pombe gene, mug154* (which we refer to here as nurl®)
and studied its requirement for silencing. Independent
nurlA isolates display a subtle but reproducible silencing
defect (Supplemental Fig. S2A). Notably, the nurlA lem2A
double mutant exhibits an epistatic phenotype, which re-
sembles the phenotype of the single nurlA (Supplemental
Fig. S2A,B). Together, these findings indicate that both
Lem?2 and Nurl are involved in heterochromatic silencing
and act together in the same pathway.

A possible reason for the moderate silencing defect in
Iem2A cells might be partial redundancy with other fac-
tors in heterochromatin formation. Two INM proteins,
Manl and Imal, have been reported to have overlapping
functions with Lem2 in ensuring nuclear membrane in-
tegrity (Hiraoka et al. 2011). In addition, Man1 was shown
to associate with subtelomeric regions (Steglich et al.
2012), which may suggest a role in telomeric silencing.
However, in contrast to Lem2, we found that loss of either
Manl or Imal does not affect repression of heterochroma-
tin (Fig. 1D,E). Furthermore, we did not detect synthetic
defects in heterochromatin silencing for these mutants
in combination with lem2A. Instead silencing is partially
restored in the double mutants (Fig. 1E), and we noticed a
subtle but reproducible transcriptional increase (1.6-fold
to 1.7-fold) of Inp1*, a homolog of human LUNAPARK
that is involved in membrane organization (Supplemental
Fig. S2C). Duplication of the genomic locus of InpI* has
been reported to suppress lemZ2-associated phenotypes
(Y Hiraoka, pers. comm.), which could explain the partial
suppression of the silencing defect in these double mu-
tants. In conclusion, whereas Lem2, Manl, and Imal
may have overlapping roles in other pathways (Hiraoka
et al. 2011), heterochromatic silencing is exclusively me-
diated by Lem2.

Genome-wide isolation of synthetic genetic
interactors of lem2*

To test whether the role of Lem?2 in silencing is masked by
redundancy with other factors, we determined genome-
wide genetic interactions by SGA analysis. To make this
approach more sensitive and specific for heterochromatin
function, we advanced the method to monitor silencing
defects instead of pleiotropic phenotypes. To this end,
we crossed the pericentromeric imrlL:ura4* reporter
strain deleted for lem2* with the haploid deletion library.
We then measured the silencing defects in the double mu-
tants by determining the ratio of colony sizes on 5-FOA to
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those on nonselective medium and calculated a genetic
interaction score, ¢, for each mutant pair (Fig. 2A; Sup-
plemental Fig. S3A). In order to distinguish genetic inter-
actions that are specific for lem2*, we examined two
additional mutants of known heterochromatin factors as
query strains: Clr2, a subunit of the repressor complex
SHREC (Sugiyama et al. 2007), and Ckbl, the catalytic
subunit of casein kinase II that phosphorylates HP1 pro-
teins (Shimada et al. 2009). In addition, we included
nurl” due to its epistatic function with lem2”, which pre-
dicts that genetic interactions related to silencing should
be shared between these two genes.

From a total of 22 screens and 2918 mutants, we deter-
mined ~64,000 genetic interactions based on the function-
al readout of the reporter assay. We applied a cutoff
to select for robust genetic interactions of the query
strains, resulting in 211 mutants (Fig. 2B; Supplemental
Fig. S3B). Correlation coefficient analysis of the interac-
tion profiles revealed that lem2A is fairly similar to
nurlA (R? of 0.39) but differs from cIr2A (R? of 0.09) (Fig.
2B [top], D). We then performed hierarchical clustering of
the e values to identify groups with similar genetic interac-
tion profiles (Fig. 2B, bottom). Two clusters (I and II) con-
tain many synthetic interactions that are shared between
Iem2A and nurlA but absent in cIr2A and ckb1A. These
clusters are enriched for the gene ontology (GO) biology
process terms “chromosome organization” and “RNA me-
tabolism” (Fig. 2C). Interestingly, many factors of this
group have in common that they associate with the nucle-
ar periphery (e.g., with the SPB), which is highly reminis-
cent of Lem2. Among those factors are the microtubule-
associated proteins Alp14 and Mtol, which we previously
identified in an independent screen for silencing factors
(Braun et al. 2011), and Csil, a nuclear factor involved in
centromere clustering (Hou et al. 2012). Remarkably, we
also found Inp1™* as a synthetic interactor, which matches
our reciprocal finding of the partial suppression of lem2A
when Inp1™* transcript levels are increased (Supplemental
Fig. S2C). We confirmed the synthetic silencing defect
for Inp1A and other selected candidates by reporter assays
and RT-qPCR experiments (Supplemental Fig. S4). Anoth-
er cluster (IV) with synthetic interaction for lem2A and
nurlA shows a GO enrichment for “chromatin silencing.”
Consistently, many mutants in this group are epistatic
with cIr2A and ckblA; for example, members of the
SHREC complex and the RNAi machinery. In conclusion,
this heterochromatin-specific SGA approach unveils the
functional redundancy of Lem2 in silencing and identifies
several key factors such as SPB-interacting proteins and
heterochromatin complexes that coordinate pericentro-
meric silencing together with Lem2. Furthermore, the
substantial overlap between Lem2 and Nurl reinforces
the idea that both factors are part of the same network con-
trolling silencing.

Lem?2 cooperates with multiple pathways in
heterochromatic silencing at the nuclear periphery

The SGA analysis revealed several redundant factors that
localize to the nuclear envelope and cooperate with Lem2
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lem2 interacts genetically with multiple factors in transcriptional silencing. (A) Scheme illustrating the SGA approach with
subsequent silencing reporter assays and determination of genetic interaction scores (e values). For more information, see the text and
Supplemental Figure S3. (B) Selected genetic interaction data after filtering (211 out of 2918) (see also Supplemental Fig. S3). (Top panel)
Correlation matrix of the genetic interaction profiles. (Bottom panels) Interaction scores (e values) analyzed by hierarchical clustering.
(Blue) Negative & values (synthetic interactions); (yellow) positive & values (epistatic or suppressive interactions). (C) Gene ontology
(GO) analysis for biological processes of genes identified in individual clusters. (D) Pairwise comparison of genetic interaction scores be-
tween averaged replicates of different query strains. Symbols in gray and black indicate all (2918) and selected (211) genetic interactions,
respectively. Symbols in color show genetic interaction pairs for double mutants enriched for the GO terms depicted in C. The inset
graphs at the top and at the right of each graph show the normal distribution of all genetic interactions (2918), with red lines demarcating
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in pericentromeric silencing. To better understand this
cooperative role of Lem2, we decided to focus on two
peripheral factors that have previously been linked to
heterochromatin positioning: Csil and Dshl (as a repre-
sentative of the RNAi machinery). Csil binds to the SPB
and mediates centromere clustering (Hou et al. 2012).
Dsh1 is a putative INM protein and mediates the periph-
eral assembly of the RNAi machinery (Kawakami et al.
2012), which contributes to telomere clustering (Hall
et al. 2003). We deleted the corresponding ORF of dsh1™*
in wild-type and lem2A cells, as the deletion mutant
was not included in our large-scale SGA study. We then
examined endogenous heterochromatic transcripts from
the pericentromeric dg repeats and the subtelomeric
tIh1/2* loci by RT-qPCR in the single and double mutants
(Fig. 3A). While the single deletion of csil1™ displays nor-
mal transcript levels at centromeres and telomeres, we
found synthetic silencing defects in the csiA lem2A double
mutant, particularly for tIh1/2*. In the single dsh1A mu-
tant, we observed that cen-dg transcripts are already
strongly derepressed, consistent with the requirement
for Dshl in pericentromeric silencing (Kawakami et al.
2012). However, we found that cen-dg transcripts are fur-
ther up-regulated in the dsh1A lem2A double mutant to
levels similar to those seen in cells lacking the sole his-
tone H3K9 methyltransferase, Clr4. The synthetic pheno-
type suggests that Lem2 acts in a pathway different from
RNAI, and we found consistently that chromatin binding
of Chpl, a subunit of the Argonaute-containing RITS
complex, is not affected by Ilem2A (Supplemental Fig.
S5A). We further observed a synthetic yet not complete
derepression in the dsh1A lem2A mutant for the tIh1/2*
transcripts, implying that additional pathways are in-
volved in telomeric silencing (Fig. 3A). Since RNAI acts
redundantly with the telomere-associated protein Tazl
(Grewal 2010), we tested for a cooperative function with
Lem2. We found that disrupting tazI* in lem2A cells
indeed causes a synthetic telomeric silencing defect.
(Fig. 3B). Strikingly, deleting all three factors results in a
further derepression of tIh1/2*. Collectively, these find-
ings indicate that Lem2 coordinates heterochromatic si-
lencing with multiple parallel pathways at the nuclear
periphery.

In contrast to the synergistic defect at telomeres seen in
the taz1A dsh1A lem2A triple mutant, we observed a par-
tial suppression at pericentromeres (Supplemental Fig.
S5B). We made a similar observation for the cen-dg tran-
scripts in lem2A cells in the absence of the transcription
factor Atfl (Supplemental Fig. S5C), which is specific for
silencing of the mating type locus (Grewal 2010). Thus,
blocking the telomere-specific or mating type-specific
pathway restores silencing in a reciprocal manner at peri-
centromeres. This finding makes it less likely that the si-
lencing defects in lem2A mutants are nonspecifically
caused by broadly altered transcription, although we no-
ticed that double and triple mutants lacking Lem2 often
display pleiotropic phenotypes like slow growth and small
colonies (data not shown). Furthermore, as we did not see
altered expression of various euchromatic genes in these
double mutants (Supplemental Fig. S5D), we conclude
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that the cooperative role of Lem2 in gene repression is spe-
cifically restricted to silent chromatin.

H3K9me is an integral part of the heterochromatin
structure and crucial for transcriptional silencing. In S.
pombe, the prevalent mark of silent chromatin is dimethy-
lated H3K9 (Supplemental Fig. S6A; Zofall and Grewal
2006; Al-Sady et al. 2013). Cells lacking Lem2 display
only a modest reduction of pericentromeric H3K9me2
(Fig. 3C, top) but no further decrease in combination
with csilA (Supplemental Fig. S6B). In contrast, mainte-
nance of pericentromeric H3K9me2 requires RNAi
(Grewal 2010) and is strongly reduced to 20%-30% in
the dsh1A mutant (Fig. 3C, bottom). Nonetheless, dsh1A
cells are not completely devoid of this mark, and addi-
tional deletion of lem2* causes a further reduction of
H3K9me2 to only 5%-10% of wild-type levels (Fig. 3C,
bottom). This finding implies that Lem2 and RNAi also
act synthetically on pericentromeric H3K9me2. However,
for most parts of the subtelomeres, H3K9me2 is not de-
creased below wild-type levels in single or combinatorial
mutants of lem24A, dshIA, and tazlA (Fig. 3D; Supple-
mental Fig. S6C). In conclusion, pericentromeres and
telomeres appear to have different requirements for the
maintenance of H3K9me with respect to Lem2. These
findings further imply that sustaining high levels of
H3K9me is generally not sufficient to maintain repressed
transcription at telomeres.

Lem?2 cooperates with Csil and Dsh1
in heterochromatin positioning

In yeast, interphase heterochromatin adopts the so-called
Rabl configuration in which the centromeres cluster next
to the SPB at the periphery, while the telomeres are posi-
tioned opposite to the SPB. Given the partial redundancy
of Lem2 and the centromere clustering factor Csil in
silencing, we asked whether both also have overlapping
functions in centromere localization. To determine the
relative localization of centromeres and the SPB, we
used GFP-tagged Mis6 (an inner centromere protein) and
mCherry-tagged Sadl (a SUN domain protein associated
with the SPB). Live-cell imaging confirmed the proper
expression of the fusion proteins, which, in wild-type
cells, form a single cluster that represents the three cen-
tromeres colocalizing with the SBP (Fig. 4A). Cells lacking
Csil often display two Mis6-GFP foci (Hou et al. 2012),
but we found that the number of cells with three foci
is dramatically increased in the csilA Ilem2A double
mutant (32% vs. 8% in csilA cells) (Fig. 4A,B; Supple-
mental Fig. S7A). Additionally, the colocalization of cen-
tromeres with the SPB is significantly perturbed in
the double mutant, resulting in a substantial increase of
cells in which the most SPB-proximal Mis6-GFP signal
is fully separated from the mCherry-Sadl focus (18%
and 10% in csilA lem2A compared with 0.7% and 1.5%
in c¢silA, respectively) (Fig. 4A; Supplemental Fig. S4B).
This colocalization phenotype is not seen for lem2A
dshiA cells (Supplemental Fig. S7B). Notably, by express-
ing a nuclear envelope marker (mCherry-Cutl1), we con-
firmed that the centromeres in csilA lem2A cells are
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indeed delocalized from the nuclear periphery (Supple-
mental Fig. S7C).

Lem?2 also contributes to telomere anchoring (Gonzalez
etal. 2012). We therefore tested whether Lem2 cooperates
with the RNAi assembly factor Dshl in localization
because of their redundancy in silencing. To determine
the frequency of perinuclear anchoring, we analyzed the
position of the telomere-associated protein Tazl (GFP-
tagged) relative to the nuclear envelope protein Cutll
(mCherry-tagged) by confocal microscopy. For the quanti-
fication, we used a previously described method (Hediger
et al. 2004) by which each optical section is divided into
three zones with equal areas that correspond to the nuclear
periphery (zone I), the neighboring area (zone II), and the
nuclear interior (zone ITI) (Fig. 4D). While random distribu-
tion of telomeres would result in a uniform localization be-
tween all three zones, Taz1-GFP is found predominantly
in zone I (80%) but rarely in zone II (15%) or zone III (6 %)
in wild-type cells (Fig. 4E). The absence of Dsh1 hardly af-
fects the distribution of Taz1-GFP, whereas loss of Lem2
causes a more frequent delocalization, in agreement with
a recent report (Gonzalez et al. 2012). Intriguingly, cells
lacking both Dsh1 and Lem?2 display an exacerbated phe-

notype (27 % vs. 16% in lem2A for zone II; P < 0.05), result-
ing in a nearly random distribution of telomeres (Fig. 4E).
This finding demonstrates that Lem2 and Dsh1 cooperate
in not only telomere silencing but also anchoring.

Lem?2 binds to chromatin via its LEM-containing
N-terminal domain

The striking correlation between heterochromatin silenc-
ing and localization prompted us to study whether Lem2
mediates these functions through peripheral tethering of
heterochromatin. To investigate the functions of the dif-
ferent Lem2 domains (see above; Fig. 5A), we generated
membrane-bound versions lacking one of the nucleoplas-
mic domains (Lem2AN, without LEM domain; Lem2AC,
without MSC domain) as well as fragments comprising
solely the soluble parts (N terminus and C terminus)
(Fig. 5A). These fragments are expressed from a plasmid
under conditions that complement the lem2A pheno-
type for full-length Lem2 (Supplemental Fig. S1B). Using
C-terminal GFP fusions and live-cell imaging, we first ver-
ified the correct expression of the fragments. The frag-
ments that contain the transmembrane domains localize
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predominantly to the nuclear envelope, whereas those
without transmembrane domains are mainly nucleoplas-
mic (Fig. 5B). Furthermore, we confirmed that the C-ter-
minal GFP tag does not interfere with the function of
Lem?2 in silencing (Supplemental Fig. S8A). We then per-
formed chromatin immunoprecipitation (ChIP) with
full-length Lem2-GFP and probed centromere 1 as well
as the subtelomeric regions of tel1L and tel2L. In particu-
lar, we found that Lem2-GFP is enriched over 10 kb at cen-
tromere 1, suggesting that it directly interacts with
chromatin (Fig. 5C; Supplemental Fig. S8B). The distribu-
tion of Lem2-GFP is strictly confined to the central core
cnt1 domain (involved in kinetochore attachment) but is
excluded from the pericentromeres (associated with
H3K9me). This chromatin enrichment is also seen for
the fragment that lacks the C terminus (Lem2AC-GFP)
but not for the fragments that lack the N terminus
(Lem2AN-GFP) or contain only the soluble N-terminal
or C-terminal domains of Lem2 (Fig. 5C; Supplemental
Fig. S8C). Furthermore, none of the constructs display a
significant enrichment within the subtelomeric regions.
Together, these findings indicate that Lem2 interacts
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with centromeric chromatin and that the N-terminal
part that contains the conserved LEM domain is required
and sufficient for binding.

Centromere localization and telomere anchoring
are mediated by different Lem2 domains

The specific binding of Lem2 to centromeric chromatin
via its N terminus led us to test whether this part is also
crucial for tethering centromeres to the SPB. We therefore
performed complementation studies with full-length
Lem2 or N-terminally and C-terminally truncated ver-
sions that are expressed in csilA lem2A cells together
with Mis6-GFP and Sadl-mCherry. Expression of full-
length Lem2 complements the colocalization defect of
Mis6-GFP to the level of the csilA single mutant (Fig.
6A). Remarkably, expression of Lem2AC but not Lem2AN
results in a similar rescue of this phenotype, indicating
that the N-terminal domain is indeed essential for cen-
tromere attachment to the SPB. We also tested the re-
quirement for centromere clustering. In contrast to full-
length Lem?2, neither of the truncated versions is able to
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complement the phenotype (Fig. 6B), implying that both
domains contribute to centromere clustering.

We further studied the requirement for telomere re-
cruitment and performed an analogous rescue experiment
with lem2A cells coexpressing Tazl-GFP and mCherry-
Cutll. Unexpectedly, we found that telomere anchoring
does not depend on the N-terminal part but instead re-
quires the C-terminal MSC domain (Fig. 6C). Thus, while
the N-terminal part is necessary for correct positioning
and binding to centromeric chromatin, the C-terminal
part is required and sufficient to mediate the proper local-
ization of telomeres.

Lem? controls heterochromatin silencing through
its C-terminal MSC domain

We next investigated which domain of Lem?2 is required
for transcriptional silencing. Using the pericentromeric
imr1L::ura4” reporter silencing assay, we found that, anal-
ogous to telomere anchoring, expression of Lem2AN still
fully complements the mutant phenotype of lem2A on
5-FOA (Fig. 6D). Conversely, no complementation was
seen for fragments lacking the MSC domain or the trans-
membrane domains. These findings imply that the MSC
domain is necessary and sufficient to promote Lem2’s
role in heterochromatic silencing but only when present
at the nuclear envelope.

To confirm the complementation of the silencing defect
in a more quantitative manner, we examined the levels of
heterochromatic transcripts by RT-qPCR in the dshiA
lem2A double mutant, which is more suitable for quanti-
tative suppression analysis due to the exacerbated pheno-
type (Fig. 3A). In agreement with the silencing reporter
assay, we found that expression of full-length Lem2 and
Lem2AN represses transcription of the ura4® reporter
and various endogenous heterochromatic loci, whereas
no complementation was observed for Lem2AC that lacks
the MSC domain and for the soluble fragments (Fig. 6E).
It is noteworthy that, although the expression level of
Lem2AC is lower compared with Lem2AN, the Lem2AC
fragment is expressed at the same level as full-length
Lem?2 (Supplemental Fig. S9A B). Furthermore, Lem2AC
and full-length Lem2 localize to the nuclear envelope
and associate with chromatin at similar levels (Fig. 5B,
C). This excludes the possibility that the expression level
of Lem2AC is limiting for suppression of the lem2A silenc-
ing defect. Based on these findings, we conclude that si-
lencing by Lem2 is exclusively mediated by the MSC
domain.

Silencing by Lem?2 involves the Snf2/HDAC repressor
complex SHREC

The MSC domain of human MANI1 binds to DNA in vitro
through a conserved stretch of positively charged residues
(Caputo et al. 2006). In fission yeast, this positively
charged motif is not present in Lem2 (Supplemental
Fig. S8D), and binding to chromatin in vivo does not
require its MSC domain (Fig. 5C). Therefore, we investi-
gated whether silencing by the MSC domain might

Heterochromatin regulation by Lem2

alternatively involve the recruitment of factors to hetero-
chromatin. Prominent candidates are HDACs that have
been reported to be recruited to the periphery by mamma-
lian LAPs (Amendola and van Steensel 2014). Using a can-
didate approach, we focused on the Snf2/HDAC repressor
complex SHREC that contains the class II HDAC Clr3
(Sugiyama et al. 2007). SHREC acts antagonistically to
the anti-silencing protein Epel and competes with it for
binding to HP1, resulting in an increased chromatin re-
cruitment of Epel when binding of SHREC is impaired
(Fig. 7A; Zofall and Grewal 2006; Shimada et al. 2009). Us-
ing previously described epitope-tagged versions of Clrl (a
subunit of SHREC) and Epel (Braun et al. 2011), we per-
formed ChIP to assess whether their association with het-
erochromatin is affected by Lem2. Remarkably, we found
that the ratio between Clrl and Epel is profoundly per-
turbed in lem2A cells, resulting in a nearly 50% decrease
of Clrl-Flag and a concomitant 15%-25% increase of
Epel-Flag at the cen-dg repeats and the tIh1/2* loci (Fig.
7B). These data suggest that Lem2 promotes the associa-
tion of SHREC with HP1, which in turn prevents the bind-
ing of Epel.

If Lem2’s role in SHREC binding to heterochromatin is
critical for its function in silencing, then both factors
should act epistatically. We focused first on telomere si-
lencing, where Lem2 plays a predominant role. Indeed,
we found that single mutants of lem2* and clr1* display
transcript levels of tIh1/2* nearly equal to that of the dou-
ble mutant (Fig. 7C). This epistatic interaction is also seen
for Clr3, the catalytic HDAC subunit of SHREC, but not
for the class Il HDAC Sir2 (Fig. 7C). Strikingly, deleting
epel® completely suppresses the telomeric silencing
defect of lem2A (Fig. 7D). Partial suppression of the telo-
meric silencing defect is also seen in the absence of the
MYST histone acetyltransferase Mst2 (Fig. 7D), suggest-
ing that it also counteracts the functions of Lem2 and
SHREC. We observed, in an analogous manner, an epistat-
ic behavior with cIrIA and a suppressive phenotype with
epelA for cells lacking Nurl, the putative partner of
Lem2 (Fig. 7C,D). The bypass of the requirements for
Lem?2 and Nurl in silencing when Epel is absent resem-
bles the suppression of heterochromatin defects in clr3A
epelA cells (Zofall and Grewal 2006). However, while effi-
cient binding of SHREC requires the phosphorylation of
HP1 proteins by CK2 (Shimada et al. 2009), we did not ob-
serve an epistatic interaction between Iem2A and ckb1A
(Fig. 7C), implying that Lem2 is not involved in the
CK2-dependent recruitment of SHREC. Collectively, our
findings demonstrate that Lem2 acts with SHREC in the
same pathway at telomeres and preserves a correct bal-
ance between SHREC and Epel.

At the pericentromeres, we found a more complex sit-
uation: While clr1A lem2A (and clr1A nurlA) cells behave
epistatically, the cIr3A lem2A mutant displays instead a
synthetic increase of the cen-dg transcripts (Supplemental
Fig. S10A). These findings are consistent with the results
from our SGA screen for pericentromeric silencing, in
which we also observed synthetic defects for lem2A and
clr3A (and other members of the SHREC complex) but
not clrlA (Fig. 2B). This suggests that Clr3 can act
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experiments.

independently of Lem2 and that possibly different SHREC
subcomplexes may exist, depending on the chromatin
context. Furthermore, we found that the pericentromeric
silencing defect of lem2A is not suppressed by deleting
epel” or mst2* (Supplemental Fig. S10B). Nonetheless,
deletion of epel™ itself causes a silencing defect at pericen-
tromeres (Braun et al. 2011) and interferes with the robust
generation of siRNAs (Trewick et al. 2007), which likely
explains the lack of suppression. Thus, these nonlinear
pathways make it more challenging to assign Lem2 to dis-
crete functions, and further work is needed to dissect the
silencing mechanisms at this heterochromatin domain.

Discussion

Perinuclear chromatin physically interacts with a variety
of proteins at the nuclear envelope, but its relevance for
gene expression remains poorly understood. Here, we
demonstrate that the LEM domain protein Lem2 mediates
both heterochromatin silencing and localization in
S. pombe by cooperating with redundant pathways. Mul-
tiple deficiencies in these pathways cause synergistic
silencing defects that correlate with aggravated delocali-
zation of centromeres and telomeres, suggesting a link be-
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tween repression and nuclear positioning. Furthermore,
we show that Lem2 interacts with centromeric chromatin
via its N terminus that contains the LEM domain. Since
LEM proteins have been broadly thought to be involved
in heterochromatin tethering (Brachner and Foisner
2011; Barton et al. 2015), a plausible model would be
that silencing by Lem2 is mediated through tethering
these chromatin domains to the nuclear periphery via
its LEM domain. However, we provide several lines of ex-
perimental evidence that argue against such a simple
mechanism. The key to solving this question was to sep-
arate the structural domains of Lem2 and test their func-
tional requirements in vivo. This unveiled a far more
complex role of Lem2, which possesses multiple discrete
functions that can be attributed to its structural domains.
Here we discuss the implications of these functions for
chromatin localization and silencing, particularly with re-
spect to the different heterochromatin domains.

Lem?2 mediates distinct tethering and silencing functions
through its LEM and MSC domains

Lem?2 binds specifically to the central centromeric region,
and its N-terminal part containing the LEM domains is
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sufficient for this association (Fig. 5C). This chromatin re-
gion is involved in kinetochore formation, and we consis-
tently found that the Lem2 N terminus is also vital for the
colocalization of centromeres with the SPB (Fig. 6A).
Hence, we propose that the LEM domain of Lem2 medi-
ates chromatin binding and, at least for centromeric chro-
matin, also tethering to the periphery. Although BAF
homologs have not been identified in yeast, Lem2 may
bind via its LEM domain to an analogous chromatin-
bound protein or directly to DNA.

In stark contrast, the flanking pericentromeric regions
(which contain H3K9me2) and subtelomeres are excluded
from the binding profile of Lem2; this was not anticipated
given its role in silencing and telomere anchoring. Fur-
thermore, none of the repressed regions that we tested re-
quire the LEM domain for silencing (Fig. 6E). Instead, we
found that the MSC domain is necessary and sufficient for
silencing, which evidently is uncoupled from LEM-medi-
ated tethering (see the model in Fig. 7E). Nonetheless, the
function of the MSC domain is strictly dependent on its

presence at the nuclear membrane, reinforcing the notion
that the nuclear periphery is crucial for silencing. Since
the MSC domain is apparently not involved in chromatin
binding, we suspect that it promotes the perinuclear
recruitment of factors that are critical for silencing.
Such a scenario would be reminiscent of the situation de-
scribed in budding yeast and worms: In S. cerevisiae, the
perinuclear attachment of telomeres mediates the clus-
tering and local sequestration of SIR proteins, which facil-
itates the establishment of silent chromatin (Taddei et al.
2009), whereas in C. elegans, the peripheral association of
the methyltransferase SET-25 ensures the establishment
of H3K9me3, which is required for full repression of peri-
nuclear chromatin (Towbin et al. 2012).

Although tethering has been mechanistically separated
from silencing (Taddei et al. 2004; Gonzalez-Sandoval
et al. 2015), both take place at the periphery and may
still reinforce each other. Indeed, the signals exploited
by the recruitment mechanisms are often epigenetic
marks that are established during heterochromatin
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formation (deacetylated histones in budding yeast and
H3K9me in worms) (Towbin et al. 2013). However,
centromere recruitment by the LEM domain of Lem2
differs from those tethering mechanisms, as it occurs
independently of heterochromatin: It does not require
either silencing by the MSC domain and RNAi/Dshl
(Fig. 6; Supplemental Fig. S7B) or the presence of
H3K9me, which is mostly absent in the central centro-
meric region (Fig. 3C). These findings are consistent
with the previous observation that loss of H3K9me or
the RNAi pathway does not result in a detectable dissoci-
ation of centromeres and telomeres from the periphery
(Ekwall et al. 1996; Hall et al. 2003). However, it is note-
worthy that the penetrance of centromere localization de-
fects in S. pombe is <50% even in the lem2A csilA double
mutant (Fig. 4B), implying that additional tethering path-
ways exist. Interestingly, the RITS complex associates
with chromatin through binding to H3K9me via Chpl,
whereas it is recruited to the nuclear envelope via Dshl.
Thus, it is conceivable that this physical association
contributes to centromere recruitment, although such a
redundant function would be masked by Lem2 and Csil.
In conclusion, while other tethering mechanisms in
S. pombe could be functionally coupled to heterochroma-
tin, the LEM-mediated centromere recruitment and the
MSC-dependent silencing are independent mechanisms,
although they are mediated by the same protein. The
only exception where we found that both functions func-
tionally cooperate is centromere clustering, which re-
quires both domains (Fig. 6B).

Telomere recruitment differs substantially from centro-
mere localization, as it does not depend on the LEM
domain and cannot be separated from silencing, since
both functions require the MSC domain. Other pathways
that cooperate with Lem2 in telomere recruitment—i.e.,
the RNAi machinery (Fig. 4E) and the Tazl-Rap1-Bqt3/
Bqt4 anchoring pathway (Chikashige et al. 2009)—are
also linked to telomere silencing. We speculate that an-
choring and silencing by Lem2 may involve the same
mechanism. Since Lem2 promotes the binding of SHREC
to heterochromatin, its components (e.g., Clr3) could also
be candidates for mediating telomere anchoring either
directly or through deacetylation of histones or other fac-
tors. Interestingly, Clr3 affects the expression and periph-
eral localization of two clusters of stress-induced genes,
one of which is in close proximity to telomeres (Alfreds-
son-Timmins et al. 2009). Moreover, the SIR complex
plays a dual role in histone deacetylation and telomere an-
choring in budding yeast (Taddei et al. 2004). Together,
these examples suggest that one strategy to couple gene
repression and telomere anchoring might be the recruit-
ment of multifunctional HDAC complexes to the nuclear

periphery.

Redundant and competitive silencing pathways

Loss of Lem2 alone modestly affects transcriptional silenc-
ing of all major heterochromatin domains that are marked
with H3K9me; however, it also contributes to the repres-
sion of the centromeric cntl domain and several LTRs
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(Fig. 1). These loci are mostly devoid of H3K9me2, and
we consistently found that silencing at these regions is
more dependent on Lem2 than on Clr4. Hence, silencing
by Lem2 at the major heterochromatic regions appears to
be masked by redundant pathways (see below), while its
impact is more evident where those pathways are less ac-
tive or inactive (e.g., at LTRs). Collectively, these data
show that Lem?2 is a global regulator of heterochromatin
silencing in S. pombe that can act independently of
H3K9me?2.

Homologs of Lem2 in S. cerevisiae and C. elegans have
also been linked to gene repression, although a global role
in heterochromatin silencing has not yet been described
(Grund et al. 2008; Tkegami et al. 2010; Chan et al. 2011;
Mattout et al. 2011). This role might have been missed
due to further redundancy with other factors. Using a
highly sensitive SGA approach, we identified a large num-
ber of mutants with synthetic silencing defects in combi-
nation with lem2A (Fig. 2). Various genes that we found
encode proteins that are associated with the nuclear enve-
lope/ER membrane or the cytoskeleton (e.g., Csil, Lnpl,
Alpl4, and Mtol). How they contribute to heterochroma-
tin silencing is not yet understood. Although several of
them localize to the SPB (i.e., in close vicinity to the cen-
tromere), they also affect other heterochromatin domains
(e.g., telomeres). This may suggest that these mutants also
cause secondary silencing defects (for example, through
an abnormal morphology of the nuclear envelope), which
then could affect the activity or stability of other INM pro-
teins involved in chromatin binding.

Besides these membrane/cytoskeleton factors, we id-
entified several known factors with well-characterized
functions in heterochromatin silencing; for example,
members of the RNAi machinery. Using precise quantita-
tive approaches, we determined how Lem?2, the RNAi
factor Dshl, and the telomere-associated protein Tazl
cooperate in pericentromeric and telomeric silencing
(Supplemental Fig. S5E). At pericentromeres, Lem2 and
Dsh1 are responsible for the maximal repression seen for
H3K9me-dependent silencing even though the RNAi
pathway prevails. In contrast, full repression of telomeres
requires at least one additional pathway, Tazl, yet here
we found that Lem2 plays a predominant role among
the redundant pathways. Remarkably, inhibiting the telo-
mere-specific (Tazl) or mating type-specific (Atfl) silenc-
ing pathway restores silencing in a reciprocal manner
at pericentromeres. This observation is in agreement
with the previous notion that different heterochromatin
domains compete for a limited pool of soluble silencing
factors (HP1 in S. pombe and SIR proteins in S. cerevisiae)
(Taddei et al. 2009; Tadeo et al. 2013). These results
unveil a network of partially redundant pathways that
cooperate in heterochromatin silencing. Consequently,
integrating multiple pathways and constraining them
at the nuclear periphery could be a cellular strategy to
gain specificity and lower the risk of initiating hetero-
chromatin at ectopic sites. In addition, this network of
distinct silencing pathways could provide more complex-
ity and help to regulate silencing in response to environ-
mental cues.
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Mechanism of Lem2-mediated silencing

While Lem?2 promotes the association of SHREC with het-
erochromatin, its loss causes increased binding of the
JmjC protein Epel. Notably, Lem2 and SHREC share the
same silencing pathway at telomeres, and their necessity
can be bypassed by deleting Epel (Fig. 7; Zofall and Grewal
2006). We therefore conclude that one main function of
Lem?2 is to coordinate the balance between SHREC and
the anti-silencing factor Epel (Fig. 7E). In this regard,
Lem?2 resembles CK2 in that it promotes the recruitment
of SHREC through the phosphorylation of HP1 proteins
(Shimada et al. 2009). However, we found that both path-
ways work independently of each other, implying that
Lem? affects a different step in the recruitment of SHREC
to heterochromatin. In fact, we did not detect a physical
interaction between Lem2 and Clr3 by coimmunoprecipi-
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Figure 7. Lem2 contributes to telomeric silencing by
acting through the SHREC pathway and opposing the
anti-silencing function of Epel. (A) Scheme illustrating
the functional relationship between Epel, SHREC,
CK2, and Mst2. Arrows with solid and dotted lines indi-
cate direct and functional interactions, respectively.
The circled “P” indicates phosphorylation of HP1 by
CK2. (B) ChIP-qPCR analysis of Clrl-Flag (left) and
Epel-Flag (middle) at the cen-dg and tlh1/2* loci in
L wild-type and lem2A cells. Shown are enrichments rel-
ative to the untagged control. (Right) Ratio of Epel:Clrl
based on the mean enrichments of Epel-Flag and Clr1-
Flag. (C,D) RT-qPCR analysis of t/h1/2" mRNA in the
indicated mutants. Shown are transcript levels relative
i to wild type after normalization to act1*. Data are rep-
F resented as mean = SEM from n independent experi-
ments; asterisks denote P<0.05 (*), P<0.01 (**), P<
0.001 (***), and P <0.0001 (****) from two-tailed Student
t-test analysis. (E) Model of Lem2’s role in centromere

tethering and heterochromatin silencing.
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tation experiments (data not shown), suggesting that
Lem2 contributes indirectly to SHREC binding. However,
we cannot exclude the possibility that Lem2 and SHREC
interact transiently.

At centromeres, the relationship between Lem2 and
SHREC is more complex, as mutants of the individual
subunits of SHREC (i.e., cIr1A and cIr3A) display disparate
genetic interactions with lem2A (Supplemental Fig. S10).
Moreover, Epel appears to have a dual role, as it antago-
nizes heterochromatin (Braun et al. 2011) but also pro-
motes the generation of siRNAs (Trewick et al. 2007),
explaining why the necessity of Lem2 for the repression
of pericentromeric transcripts cannot be simply bypassed
by deleting Epel. Thus, this complexity of intertwined
pathways at pericentromeres makes it more difficult to
assign Lem2 a discrete function. Nonetheless, loss of
Lem?2 causes a decrease of pericentromeric H3K9me2,
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particularly when combined with dshIA (Fig. 3B), sug-
gesting that Lem?2 influences the establishment or main-
tenance of this repressive mark. Epel shows homology
with histone demethylases and has been reported to
affect the stability of H3K9me at ectopic heterochromat-
ic domains (Audergon et al. 2015; Ragunathan et al.
2015). Thus, it may be conceivable that Lem2 controls
H3K9me and silencing at pericentromeres primarily
through regulating Epel. Finally, it is noteworthy that
Lem?2 also contributes to the repression of chromatin re-
gions that lack H3K9me (and hence HP1/Epel). Conse-
quently, its role in silencing is likely not limited to
H3K9me and SHREC recruitment but may also affect oth-
er silencing pathways.

Concluding remarks

Proteins of the nuclear envelope have moved into the fo-
cus of understanding the functional relationship between
silencing and the peripheral position of repressed chroma-
tin, particularly with respect to development and cellular
differentiation (Meister et al. 2010; Zuleger et al. 2013).
The large number of metazoan INM proteins and the re-
sulting complexity of these functional networks make it
a challenging task to approach; thus, studying their mo-
lecular mechanisms in model organisms with less redun-
dancy might be advantageous. Remarkably, while there
are several LAP homologs in S. pombe, only Lem2 appears
to be involved in heterochromatin silencing, which al-
lowed us to dissect the functions of LEM domain-mediat-
ed tethering and MSC domain-mediated silencing. Given
the conserved presence of the LEM and MSC domains in
this group of INM proteins across evolution, this mecha-
nism may represent a universal mode of heterochromatin
repression.

Materials and methods

Yeast strains, plasmids, and techniques

Standard media and genome engineering methods were used.
Strains used in this study are listed in Supplemental Table S1.
For the cloning of expression constructs, full-length lem2* or frag-
ments of lem2" were amplified by PCR and cloned into the
BamHI-Pacl site of pREP41x/81x or the Sall-BamHI site of
pREP81x-EGFP-Ctag (Supplemental Table S2). Thiamine was
used at a concentration of 5 pg/mL to repress expression
from nmt1 promoters (pREP41x/81x). 5-FOA medium contained
1 g/L 5'-fluoroorotic acid. If not otherwise indicated, EMM medi-
um was used for silencing reporter growth assays. For RT-qPCR
experiments with Lem2 expressed from pREP41x/81x plasmids,
cells were initially grown in EMM-Leu and then transferred to
rich medium (YES) for four to five generations prior harvest.

SGA analyses

Large-scale crosses by SGA were performed as described previous-
ly (Verrier et al. 2015) using the Bioneer haploid deletion mutant
library (version 3.0) and an imr1L(Ncol)::ura4 reporter strain that
harbors an hphMX marker 2 kb upstream for selection. For anal-
ysis of the SGA data and epistasis calculation, see Supplemental
Fig. S2.
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Quantitative ChIP and RT-qPCR analyses

ChIP experiments were performed essentially as described (Braun
et al. 2011) except that a Q800R1 sonicator (QSonica) and Dyna-
beads Protein G (Life Technologies) were used for chromatin
shearing (30 min, 30-sec on/off cycles, 90% amplitude) and im-
munoprecipitation, respectively. To increase the ChIP sensitivity
(Fig. 7B), cross-linking was performed by subsequent treatment of
10 mM dimethyl adipimidate and 1.5% formaldehyde as de-
scribed (Braun et al. 2011). Lem2-GFP, Epel-Flag, Clr1-Flag, and
anti-H3K9me2, were immunoprecipitated with 2-5 pg of anti-
body (anti-GFP [provided by A. Ladurner, University of Munich],
anti-Flag [Sigma, F3165], anti-H3K9me2 [Abcam, ab1220], and
anti-H3K9m3 [Millipore, 07-442]) from lysates corresponding to
12-30 ODgqg of cells. RT-gPCR experiments were carried out as
previously described (Braun et al. 2011).

Immunoprecipitated DNA and ¢cDNAs were quantified by
gPCR using Fast SYBR Green Master mix (Life Technologies)
and a 7500 Fast real-time PCR system (Applied Biosystems).
Primers are listed in Supplemental Tables S3 and S4. For the cal-
culation of mean values and standard deviation from independent
experiments, actl*-normalized data sets were standardized
against the mean of a sample pool of mutants from each experi-
ment. These results were then shown as relative to the mean val-
ue of the wild type (which was set to 1).

Live-cell imaging

Imaging was performed on a Zeiss AxioObserver Z1 confocal
spinning-disk microscope equipped with an Evolve 512 (Photo-
metrics) EMM-CCD camera through a Zeiss Alpha Plan/Apo
100x/1.46 0il DIC M27 objective lens (for Fig. 4B and Supplemen-
tal Fig. S4A,B, a Zeiss Plan/Apo 63x/1.4 oil immersion objective
lens was used). Optical section images were obtained at focus in-
tervals of 0.4 nm. For distance measurements, Image]J software
was used.
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