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SUMMARY

The regulation of protein-coding and noncoding
RNAs is linked to nuclear processes, including chro-
matin modifications and gene silencing. However,
the mechanisms that distinguish RNAs and mediate
their functions are poorly understood. We describe
a nuclear RNA-processing network in fission yeast
with a core module comprising the Mtr4-like protein,
Mtl1, and the zinc-finger protein, Red1. The Mtl1-
Red1 core promotes degradation of mRNAs and
noncoding RNAs and associates with different
proteins to assemble heterochromatin via distinct
mechanisms. Mtl1 also forms Red1-independent
interactions with evolutionarily conserved proteins
named Nrl1 and Ctr1, which associate with splicing
factors. Whereas Nrl1 targets transcripts with cryptic
introns to form heterochromatin at developmental
genes and retrotransposons, Ctr1 functions in pro-
cessing intron-containing telomerase RNA. Together
with our discovery of widespread cryptic introns,
including in noncoding RNAs, these findings reveal
unique cellular strategies for recognizing regulatory
RNAs and coordinating their functions in response
to developmental and environmental cues.
INTRODUCTION

Considerable portions of eukaryotic genomes are transcribed. In

addition to mRNAs, genomes encode long noncoding RNAs

(lncRNAs) that overlap with protein-coding genes in either sense

or antisense orientation, or are derived from intergenic regions

(Lee, 2012; Ørom and Shiekhattar, 2011). In several cases,

expression of lncRNAs is regulated and occurs under specific

growth or developmental conditions. lncRNAs are emerging as

critical components of epigenetic regulatory mechanisms that
C

direct chromatin modifications (Batista and Chang, 2013; Feng

and Jacobsen, 2011; Lee, 2012). However, the mechanisms by

which cells recognize these RNAs and mediate their effects are

poorly understood.

Cellular RNA levels are tightly controlled at both transcriptional

and posttranscriptional levels. RNA-processing activities, such

as the exosome and RNAi machinery, control the steady-state

levels of diverse RNA species (Doma and Parker, 2007; Houseley

et al., 2006; Reyes-Turcu andGrewal, 2012; Schmid and Jensen,

2008) in conjunction with 30 end formation mechanisms that

determine the fate of various RNAs (Tuck and Tollervey, 2013).

The exosome processes and degrades RNA substrates in the

cytoplasm and the nucleus (Houseley et al., 2006). The nuclear

exosome contains the 30/ 50 exonuclease Rrp6, which pro-

cesses various RNAs to their mature forms and degrades

ncRNA, antisense RNA, and transcripts produced from repeat

elements (Houseley et al., 2006; Reyes-Turcu and Grewal,

2012). Cofactors such as TRAMP (Trf4-Air2-Mtr4 polyadenyla-

tion), which polyadenylates RNA substrates through its

noncanonical poly(A) polymerase Trf4/5 (Cid14 in fission yeast

Schizosaccharomyces pombe) and contains the RNA helicase

Mtr4, stimulate exosome activity (Houseley et al., 2006). In

S. pombe, TRAMP also activates RNAi to degrade transcripts

from repeat elements and antisense RNA (Zhang et al., 2011).

The regulated degradation of RNAs also impacts gene control

during differentiation. Meiosis is the most dramatic differentia-

tion program. In S. pombe, meiotic induction is accompanied

by upregulation of meiosis-specific genes, which are silenced

during vegetative growth (Mata et al., 2002) by an RNA elimina-

tion system involving the exosome (Yamamoto, 2010). Polyade-

nylation of meiotic RNAs facilitates their elimination and requires

the canonical poly(A) polymerase Pla1, which acts together

with Mmi1, a protein that binds RNA-containing determinant

of selective removal (DSR) elements (Harigaya et al., 2006;

Sugiyama and Sugioka-Sugiyama, 2011; Yamanaka et al.,

2010). TRAMP is dispensable for this process (McPheeters

et al., 2009; St-André et al., 2010; Yamanaka et al., 2010).

Mmi1 recruits the Zn-finger protein Red1, which associates

with Pla1 and the exosome to degrade RNAs. The nuclear
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poly(A)-binding protein Pab2, implicated in processing snoRNAs

and in turnover of pre-mRNAs by the exosome (Lemay et al.,

2010; Lemieux et al., 2011), is also required (St-André et al.,

2010; Sugiyama and Sugioka-Sugiyama, 2011; Yamanaka

et al., 2010).

Transcription and RNA processing promote assembly of

heterochromatin, characterized by methylation of histone H3 at

lysine 9 and the presence of HP1 proteins (Reyes-Turcu and

Grewal, 2012). S. pombe contains three distinct types of hetero-

chromatin, which differ in their dependency on trans-acting

factors. The first type corresponds to major H3K9me peaks at

centromeres, telomeres, and the mating-type locus. RNAi pro-

teins Argonaute (Ago1) and Dicer (Dcr1) and RNA-dependent

RNApolymerase (Rdp1) target transcripts producedbydg/dh re-

peats in these regions to generate siRNAs that facilitate loading

of the Clr4/Suv39h methyltransferase (Reyes-Turcu and Grewal,

2012). The second type includes small blocks of heterochromatin

islands, which include meiotic genes and other loci (Cam et al.,

2005; Zofall et al., 2012). Islands are akin to facultative hetero-

chromatin and are dynamically regulated in response to environ-

mental signals (Zofall et al., 2012). The assembly of heterochro-

matin islands at meiotic genes requires Red1 and Rrp6, but not

RNAi (Hiriart et al., 2012; Tashiro et al., 2013; Zofall et al.,

2012). The third type of heterochromatin consists of domains

called HOODs (heterochromatin domains), which are detected

under specific growth conditions and are dynamically regulated

(Yamanaka et al., 2013). HOODs preferentially assemble at

sexual differentiation genes and retrotransposons and require

RNAi as well as elimination factors (Yamanaka et al., 2013).

Red1 and its partners Pla1 and Pab2 are cofactors for both

RNAi and the exosome, which act in parallel to degrade tran-

scripts from loci within these domains (Yamanaka et al., 2013).

The mechanisms by which Red1 promotes assembly of RNAi-

independent and -dependent heterochromatin and for the spec-

ification of HOOD formation are not understood. Here, we report

that Red1 interacts with Mtl1 (Mtr4-like protein 1) to form a core

module, MTREC (Mtl1-Red1 core), which associates with other

factors to assemble islands or HOODs. We find that MTREC

coordinates degradation of meiotic mRNAs and localizes to

ncRNA loci that regulate gene expression in response to envi-

ronmental changes. Mtl1 also associates with the putative

C. elegans NRDE-2 (Guang et al., 2010) homolog Nrl1 (NRDE-2

like 1), an evolutionarily conserved protein named Ctr1 (coiled-

coil domain telomerase regulatory protein 1), and splicing fac-

tors. We also discover numerous previously unannotated and

cryptic introns in the S. pombe genome. Splicing machinery

and Nrl1 act on cryptic introns that specify assembly of HOODs,

whereas Ctr1 facilitates processing of intron-containing telome-

rase RNA to maintain telomeres. These results uncover an RNA-

processing network that targets various RNA substrates and

promotes heterochromatin assembly.

RESULTS

Purification of Red1 and Identification of Its Associated
Proteins
To investigate the role of Red1 in meiotic RNA processing and in

RNAi-dependent and -independent heterochromatin formation,
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we expressed Red1 with 3 3 FLAG-tag at its C terminus under

its native promoter (Figure 1A). Purification of Red1-FLAG

followed by mass spectrometry analysis identified a number of

proteins specific to the Red1-FLAG purified fraction, including

Red1 and its known interaction partners Mmi1 and Pla1 (Fig-

ure 1B) (Sugiyama and Sugioka-Sugiyama, 2011). The purified

fraction also contained components of the exosome (Figure S1A

available online), consistent with the role of Red1 in facilitating

RNA degradation by the exosome (Sugiyama and Sugioka-

Sugiyama, 2011).

We also identified new Red1-interacting partners (Fig-

ures 1B and S1A), including the uncharacterized proteins

SPAC17H9.02 and SPAC7D4.14c as well as Rmn1, which con-

tains an RNA recognition motif (Cho et al., 2012). SPAC17H9.02

shows significant homology to human hMtr4/SKIV2L2, which

belongs to an RNA helicase family related to S. cerevisiae

Ski2 (Lubas et al., 2011). The hMTR4 domains, including

DEXDc, HELICc, KOW Mtr4, and DSHCT, are conserved in

SPAC17H9.02 (Figure S1B). We named this novel protein

Mtl1. Notably, Mtl1 is distinct from the previously described

Mtr4 component of TRAMP (Bühler et al., 2007; Zhang et al.,

2011). We named SPAC7D4.14c, a serine/proline rich pro-

tein with no apparent domains or homologs, Pir1 (protein inter-

acting with Red1-1). Additional reproducibly detected proteins

included the zf-C2H2-type zinc-finger protein SPBC725.08

(named Pir2, protein interacting with Red1-2), RNA poly-

merase I subunits (Rpa1 and Rpa2), Spt6 involved in chromatin

and RNA processing (Kiely et al., 2011), and an assortment

of proteins involved in RNA metabolism (Figure S1A). Purifica-

tion and coimmunoprecipitation (co-IP) experiments also re-

vealed association of Red1 with splicing factors (Figures S1A

and S1C).

Red1 and Mtl1 Form a Core Module that Interacts with
Different Nuclear Proteins
To explore the interactions among Red1-associated proteins,

we appended MYC or FLAG epitope tags to Mtl1, Pir1, and

Rmn1 for immuno-affinity purification (Figure 1A). Mass

spectrometry analyses of purified fractions revealed specific

networks of interactions among Red1-associated proteins.

Mtl1 purification yielded all of the major proteins identified in

Red1 purifications, as well as additional proteins (Figures 1B

and S1A). In particular, Rmn1 and proteins that specifically

associated with Mtl1 did not purify with Pir1 (Figures 1B and

S1A). Conversely, purification of Rmn1 yielded Red1, Mtl1,

and Pab2, but not Pir1 (Figures 1B and S1A). We conclude

that Red1 and Mtl1, which were detected in all four purifica-

tions, form the common core module of distinct protein

assemblies.

To confirm interactions among Red1-associated factors, we

performed co-IPs (Figure 1C) and determined their subcellular

localization by immunofluorescence (Figure 1D). We found

that Pir1 and Rmn1 co-IP with Red1 (Figure 1C). However,

Pir1 and Rmn1 did not copurify (Figures 1B and S1A), consis-

tent with their affiliation with distinct Red1-containing modules.

Our analyses also confirmed the Rmn1 and Pab2 interaction

(Figure 1C). In addition to the previously established interaction

between Pla1 and Red1 (Sugiyama and Sugioka-Sugiyama,



Figure 1. Red1 and Mtl1 Form a Common Core that Associates with Other Proteins

(A) Expression of tagged proteins. Extracts from tagged and untagged strains were analyzed by western blot.

(B) Proteins copurified with Red1, Mtl1, Pir1, and Rmn1. Proteins highly associated with each other are shaded in blue.

(C) Co-IP of associated proteins from strains expressing tagged proteins.

(D) Immunofluorescence analysis of MYC-tagged proteins.

(E) Co-IP analysis of Pla1 and Mtl1 interaction.

(F) Protein interaction network of MTREC and Mtl1. (Left) MTREC, comprising Mtl1 and Red1, is the core module that interacts with Pir1, Rmn1-Pab2, or Pla1 to

form different functional modules. (Right) Mtl1 also forms Red1-independent interactions with Nrl1 and Ctr1.

See also Figure S1.
2011), we found that Pla1 and Mtl1 also co-IP (Figure 1E). Mtl1,

Rmn1, and Pir1 localized to discrete foci in the nucleus (Fig-

ure 1D), similar to Red1 (Sugiyama and Sugioka-Sugiyama,

2011). Furthermore, Mtl1 colocalized with Red1 (Figure S1D),

and ChIP-chip analyses revealed shared binding sites across

the genome (Figure S1E).

Based on these results, we propose that a core comprising

Red1 andMtl1 (namedMTREC) exists in multiple protein assem-

blies (Figure 1F). One assembly contains Pir1, and another is

formed with Rmn1 and Pab2. A third includes Pla1, which is

absent from Pir1 and Rmn1 purifications (Figures 1B and S1A).

Mtl1 also engages in additional Red1-independent interactions

(Figure 1F; see below).
C

Red1- and Mtl1-Associated Factors Differentially Affect
Heterochromatin Domains
Red1 localizes to meiotic loci and facilitates formation of hetero-

chromatin islands (Tashiro et al., 2013; Zofall et al., 2012).

Because Mtl1 is similarly enriched at meiotic islands (Figures

2A and S2A), we examined whether loss of Mtl1 affects hetero-

chromatin islands. Because Mtl1 is an essential protein (Kim

et al., 2010), we generated a partial loss-of-function mutant

allele, mtl1-1 (Figure S1B). The mtl1-1 mutant showed severe

defects in H3K9me at heterochromatin islands affected in

red1D (Figures 2B and S2B). Both Red1 and Mtl1 were speci-

fically enriched at islands that require these factors for

H3K9me (Figures S2C and S2D), and Red1-dependent islands
ell 155, 1061–1074, November 21, 2013 ª2013 Elsevier Inc. 1063



Figure 2. Red1- and Mtl1-Associated

Factors Differentially Affect Heterochro-

matin Domains

(A) ChIP-chip analysis of Red1-MYC and Mtl1-

MYC distribution at heterochromatin island loci.

(B) ChIP-chip analysis of H3K9me2 distribution at

heterochromatin island loci in indicated strains.

(C) (Top) ChIP-chip analysis of the effect of pir1D

and rmn1D on H3K9me2 distribution at HOODs in

rrp6D. (Bottom) Normalized number of small RNA

reads plotted in alignment with HOOD loci. The

signals above and below the line represent small

RNAs that map to the top and bottom DNA

strands, respectively.

See also Figure S2 and Table S1.
also showed strong correlation between levels of H3K9me and

Mtl1 binding (correlation coefficient 0.90, p < 0.0001). Red1-

independent heterochromatin islands that do not show Red1

and Mtl1 enrichment were not affected in mtl1-1 (Figures

S2C–S2E). These results suggest that Mtl1 and Red1 act

together as components of MTREC to assemble heterochro-

matin islands.

We expanded our analyses to include factors associated with

MTREC. Interestingly, loss of Pir1, but not Rmn1, led to defects

in H3K9me at Red1-dependent heterochromatin islands

(Figures 2B, S2B, and S2D). A low level of Pir1 enrichment was

observed at heterochromatin islands, consistent with its direct

involvement, and its loss affected silencing of target loci (Fig-
1064 Cell 155, 1061–1074, November 21, 2013 ª2013 Elsevier Inc.
ure S2F). No major changes in H3K9me

could be detected in cells carrying a

mutation in Pla1, anotherMTREC-associ-

ated factor.

Red1 also affects RNAi-dependent

assembly of HOODs (Yamanaka et al.,

2013). Pab2 interacts with Rmn1 (Fig-

ure 1C) and is required along with Pla1

for H3K9me at all known HOODs (Yama-

naka et al., 2013). We investigated the

role of MTREC factors in HOOD assem-

bly by creating deletions in cells that lack

Rrp6. Rrp6 acts parallel to RNAi to

silence loci within HOODs, and con-

sequently, rrp6D cells show a signifi-

cant increase in siRNA-dependent het-

erochromatin modifications under lab

growth conditions (Yamanaka et al.,

2013). Remarkably, loss of Rmn1, but

not Pir1, abolished RNAi-dependent

H3K9me at HOODs (Figure 2C and Table

S1). Defects in H3K9me correlated with

defects in siRNA production at affected

loci (Figures 2C and S2G and Table

S1). Loss of Red1, Mtl1, Rmn1, or Pir1

did not affect RNAi-mediated hetero-

chromatin assembly at centromeres

(Figure S2E). We conclude that MTREC

protein assemblies containing Pir1 or
Rmn1 differentially affect formation of heterochromatin islands

and HOODs.

Mtl1 Regulates Expression of Genes Involved in Sexual
Differentiation, Stress Response, and Membrane
Transport
Red1 coordinates exosome-dependent repression of meiotic

genes in vegetative cells (Sugiyama and Sugioka-Sugiyama,

2011; Zofall et al., 2012). Mtl1 and Red1 interaction and colocal-

ization at several genomic sites (Figures 1C, 2A, and S1E)

prompted us to investigate whether they collaborate to regulate

gene expression. We detected increased expression of various

mRNAs in mtl1-1, as compared to wild-type (Table S2).



Figure 3. MTREC Regulates Gene Expres-

sion and Targets Noncoding RNAs and

Pre-mRNAs Degraded by the Exosome

(A) (Top) ChIP-chip analysis of Red1-MYC and

Mtl1-MYC distribution at indicated loci. (Bottom)

RNA-seq analysis of Red1- andMtl1-bound genes

in red1D, mtl1-1, and rrp6D strains.

(B) RT-PCR analysis of Red1- and Mtl1-bound loci

in indicated strains. The transcript level of act1

was used as a control. +RT and –RT indicate

presence or absence of reverse transcriptase.

(C) (Top) ChIP-chip analysis of Red1-MYC and

Mtl1-MYC distribution at snoRNAs. (Bottom)

Northern analysis of snR99 and snR3 processing

in mutant strains. –/+ dT denotes RNase H

treatment in the absence or presence of oligo dT.

A–/A+ indicates nonpolyadenylated and poly-

adenylated species. Lighter exposures of mature

snR99 and snR3 are shown below. rRNAwas used

as a loading control.

(D) (Top) Red1-MYC and Mtl1-MYC distribution

at rpl30-2. (Bottom) Northern blot analysis of

rpl30-2 pre-mRNA processing in the indicated

strains.

See also Table S2.
A majority of genes affected in mtl1-1 were also upregulated in

red1D and rrp6D (correlation coefficient 0.63 and 0.65, respec-

tively, p < 0.0001) (Table S2). For example, themcp5 gene, which

is bound by Red1 and Mtl1, was upregulated inmtl1-1 as well as

red1D and rrp6D (Figure 3A). We confirmed that loci affected in

red1D and rrp6D were also upregulated in mtl1-1 by RT-PCR

(Figure 3B).

The upregulated loci belong to three distinct groups (Table

S2). The first group contains genes involved in meiosis (e.g.,

crs1,mug1, ssm4, andmei4) or that show an increase in expres-

sion during meiotic induction (e.g., mug8, mug9, and meu10).

The second group includes genes implicated in cellular stress

response (Table S2). The third group consists of genes that

encode transmembrane proteins involved in transport of amino

acids, ions, and nutrients (Table S2). Other loci affected in all

three mutants are metabolic genes and pseudogenes. These
Cell 155, 1061–1074, No
results indicate that the interaction

between Red1 and Mtl1 is important

to suppress mRNAs targeted by the

exosome.

MTREC Targets Regulatory
Noncoding RNA and Pre-mRNA
Degraded by the Exosome
The S. pombe genome encodes a large

number of ncRNAs (Bitton et al., 2011;

Dutrow et al., 2008; Rhind et al., 2011;

Wilhelm et al., 2008). Mtl1 and Red1

localized to ribosomal genes and loci

encoding noncoding RNAs such as

lncRNAs, tRNAs, and snoRNAs (Fig-

ure 3C). Significantly, mtl1-1, red1D,

and rrp6D all showed extensive changes
in ncRNA levels (Table S2). A ncRNA produced from the sme2

locus was among a cohort of upregulated transcripts including

�300 previously identified ncRNAs and several unannotated

transcripts (Table S2). The sme2 ncRNA accumulates during

meiotic induction and promotes pairing of homologous chromo-

somes (Ding et al., 2012) but is not detected in vegetative cells.

Red1 and Mtl1 enrichment at sme2 prevented the accumulation

of ncRNA in vegetative cells, similar to Rrp6 (Figure 3A)

(Sugiyama and Sugioka-Sugiyama, 2011). We confirmed the

increase in sme2 and other ncRNAs in mtl1-1, red1D, and

rrp6D mutants by RT-PCR (Figure 3B). Thus, MTREC regulates

the abundance of ncRNAs that are substrates of the nuclear

exosome.

Red1 and Mtl1 are enriched at a majority of snoRNA loci,

including snR3 and snR99 (Figure 3C) and ribosomal genes (Fig-

ure 3D), the processing of which requires Rrp6 and Pab2 (Lemay
vember 21, 2013 ª2013 Elsevier Inc. 1065



Figure 4. ncRNA Regulates Gene Expres-

sion in Response to Growth Conditions

(A) ChIP-chip analysis of Red1-MYC and Mtl1-

MYC distribution at the pho1 locus.

(B) (Left) Schematic depicting transcription of

ncRNA and mRNA at the pho1 locus. The location

of the northern blot probe is indicated (thick wavy

line). The dotted line indicates the site cut by

RNase H. (Right) Northern blot of ncRNA in wild-

type and rrp6D strains. The asterisk denotes

ncRNA cleaved by oligo-directed RNase H treat-

ment. Lanes shown are from the same northern

blot with additional control lanes removed.

(C) ChIP analysis of Red1-MYC and Mtl1-FLAG

enrichment at the pho1 locus. Numbers shown

below ChIP lanes represent fold enrichments.

(D) Northern blot analysis of pho1 mRNA expres-

sion in ncRNAD.

(E) ChIP analysis of H3K9me2 enrichment at pho1

in wild-type and ncRNAD. Numbers shown below

ChIP lanes represent fold enrichments.

(F) Northern blot analysis of ncRNA and pho1

mRNA expression in the indicated strains.

See also Figure S3.
et al., 2010; Lemieux et al., 2011). Northern blot analysis using

snoRNA probes showed accumulation of a large heteroge-

neous population of transcripts in rrp6D (Figure 3C). The larger

species represent hyperadenylated transcripts that appeared

as discrete bands upon oligo dT-directed RNase H cleavage

(Figure 3C). The mtl1-1 and red1D mutants accumulated

30-extended snoRNAs, but polyadenylation levels in these

mutants were lower than in rrp6D (Figure 3C). Whereas RNase

H cleavage caused 30-extended snR99 to collapse to a single

discrete product, cleavage of snR3 yielded several bands,

possibly signifying transcript termination at multiple sites in

mtl1-1 and red1D (Figure 3C). We propose that Mtl1 and

Red1 cooperate with polyadenylation and exosome machinery

to process and degrade pre-snoRNAs and may also play a role

in transcription termination.

MTREC was also required for degradation of pre-mRNA from

ribosomal gene rpl30-2, which contains a 246 nt intron. Similar

to rrp6D, mtl1-1 and red1D accumulated unspliced pre-mRNAs

with a slight increase in spliced rpl30-2 transcript (Figure 3D).

Thus,MTREC functions in the turnover of specific intron-contain-

ing pre-mRNAs, in addition to meiotic mRNA and ncRNA decay.

Noncoding RNA Regulates Gene Expression
in Response to Environmental Changes
The biological function of widespread ncRNA production is

unknown. We noted prominent Red1, Mtl1, and Rrp6 peaks
1066 Cell 155, 1061–1074, November 21, 2013 ª2013 Elsevier Inc.
upstream of several protein-coding

genes, such as pho1, SPBC1271.09,

and SPCC11E10.01 (Figures 4A and

S3A–S3D). These peaks correlate with

ncRNAs that accumulate in red1D,

mtl1-1, and rrp6D cells (Figures S3A–

S3C). We hypothesized that upstream

ncRNAs recruit RNA-processing factors
and might regulate adjacent genes. To test this, we focused on

the pho1 locus. We detected upstream ncRNA accumulation in

rrp6D (Figures 4B and S3B). Results from oligo-directed RNase

H cleavage were consistent with upstream initiation and contin-

uation of transcription through pho1 in rrp6D cells (Figure 4B).

Expression of pho1 occurs only in phosphate-limiting condi-

tions. To explore the effect of the ncRNA on pho1, we replaced

the �400 to �1,200 bp region upstream of pho1 with ura4+ to

generate ncRNAD. Deletion of ncRNA abolished Red1 and

Mtl1 recruitment to pho1 (Figure 4C) and derepressed pho1

mRNA in the presence of phosphate (Figure 4D). Moreover,

in the presence of phosphate, H3K9me could be detected

at pho1 in wild-type, but not in ncRNAD cells (Figure 4E).

Loss of the sole H3K9 methyltransferase, Clr4, had no major

impact on pho1 expression (Figure 4F). However, when clr4D

was combined with rrp6D, synergistic accumulation of pho1

mRNA was observed (Figure 4F). Together, these results

implicate ncRNA in the regulation of gene expression. To

perform this function, ncRNA utilizes not only heterochromatin

factor Clr4, but also RNA processing factors to degrade gene

transcripts.

Mtl1 Associates with Nrl1 and Ctr1 without Red1
Among the proteins specific to the Mtl1 purification were the

putative homolog of C. elegans NRDE-2, Nrl1 (SPBC20F10.05),

and the coiled-coil- and DUF4078-domain-containing protein



Figure 5. Mtl1 Forms Red1-Independent

Interactions with Nrl1 and Ctr1

(A) Expression of Nrl1-MYC and Ctr1-MYC. The

arrow indicates MYC-tagged Nrl1 or Ctr1.

(B) Proteins associated with Mtl1, Nrl1, or Ctr1.

Proteins highly associated with each other are

shaded in blue.

(C) Immunofluorescence analysis of MYC-tagged

Nrl1 and Ctr1.

(D) Co-IP analysis of Mtl1 with Nrl1 and Ctr1.

(E) (Top) Normalized number of small RNA

reads plotted in alignment with HOOD 10 and

HOOD 31 loci in rrp6D and rrp6D nrl1D strains.

(Bottom) ChIP-chip analysis of H3K9me2 at

HOODs.

See also Figure S4 and Table S1.
SPAC140.04, which we named Ctr1 (Figures 1B and 1F). Ctr1 is

evolutionarily conserved and shares homology with human

CCDC174 protein of unknown function (Figure S1B). We

taggedNrl1 andCtr1with theMYCepitope (Figure 5A). Nrl1-MYC

purification identifiedMtl1 andCtr1 (Figure 5B), as well as several

splicing factors (Figure S4A; see below). Red1, Pir1, Rmn1, and

the exosome were not present (Figures 5B and S4A). Ctr1-MYC

purification also identified Nrl1, Mtl1, and splicing factors, as

well as the core spliceosomal Sm proteins and the Tgs1 RNA

methyltransferase (Figure S4A), suggesting a possible role in

splicing-related processes. Nrl1 and Ctr1 localized to the

nucleus, similar to Mtl1 (Figure 5C). Interactions between these

factors were confirmed by co-IP (Figure 5D).

Nrl1 Promotes Assembly of HOODs at Genes and
Retrotransposons
C. elegans NRDE-2 is involved in the nuclear RNAi pathway and

mediates changes in chromatin structure (Guang et al., 2010).
Cell 155, 1061–1074, No
Production of small RNAs and hetero-

chromatin formation at HOODs are

severely affected in nrl1D rrp6D cells (Fig-

ures 5E, S4B, and Table S1). However,

nrl1D had no major impact on siRNAs

and H3K9me at centromeres (data not

shown) or assembly of heterochromatin

islands formed by RNAi-independent

mechanisms (Figure S4C). Thus, Nrl1

selectively affects RNAi-dependent

assembly of heterochromatin at retro-

transposons and developmental genes

and is dispensable for heterochromatin

formation at centromeres and meiotic

islands.

Nrl1 Interacts with Splicing Factors
that Assemble HOODs via Cryptic
Introns
As described above, Nrl1 copurified with

factors involved in pre-mRNA splicing.

Independent purifications of Nrl1-MYC

and Nrl1-FLAG contained components
of U2 and U5 small nuclear ribonucleic particles (snRNPs) and

other splicing factors (Figure 6A). Among these proteins was

Cwf10, a homolog of S. cerevisiae U5 snRNP Snu114 and of

human EFTUD2 (Jurica and Moore, 2003), which has been

shown to interact with Cid12, a subunit of the RNA-dependent

RNA polymerase involved in RNAi (Bayne et al., 2008). Co-IP

analysis confirmed Nrl1 interaction with Cwf10 (Figure 6B).

We hypothesized that Nrl1 might cooperate with splicing

factors to promote siRNA production at retrotransposons and

genes. Surprisingly, analyses of RNA-seq data from wild-type

and mutants revealed unannotated cryptic introns in Tf2 and

SPCC1442.04c loci showing siRNA clusters (Figures 6C and

S5A). Unlike known introns, splicing of cryptic introns in Tf2

and SPCC1442.04c is detected in a small fraction of total reads.

The red1D, mtl1-1, and rrp6D mutants that were defective in

silencing of SPCC1442.04c and Tf2 showed higher levels of

spliced reads, as compared to wild-type. However, splicing

was not detected in nrl1D, even among a greater number of
vember 21, 2013 ª2013 Elsevier Inc. 1067



Figure 6. Nrl1 Interacts with Splicing Factors that Promote HOOD Assembly at Loci Encoding Cryptic Introns

(A) Splicing factors identified in Nrl1 purifications.

(B) Co-IP analysis of the interaction between Cwf10 and Nrl1. Asterisk indicates the correct size of Nrl1. Multiple Nrl1 bands may indicate protein modifications.

(C) Schematic of cryptic introns detected at HOODs by RNA-seq in indicated strains. Tf2 and SPCC1442.04c are shown with cryptic introns (brown). The arcs

below the line represent intron junction reads that map to the bottom DNA strands. The thickness of the arc corresponds to the number of reads detected. The

total unnormalized read count for each locus, which is indicative of sequencing depth, is shown. The gray line denotes antisense RNA.

(D) (Top) Normalized number of small RNA reads at HOOD 31 in rrp6D and rrp6D 04c-int2D. (Bottom) ChIP analysis of H3K9me2 enrichment. Numbers shown

below ChIP lanes represent fold enrichments.

(E) (Top) Normalized number of small RNA reads at HOOD 31 and HOOD 10 in rrp6D and rrp6D cwf10-1. (Bottom) ChIP-chip analysis of H3K9me2.

See also Figures S5, S6, and S7 and Tables S1 and S3.
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Tf2 and SPCC1442.04c sequencing reads as compared to wild-

type (Figure 6C).

We asked whether the introns in RNAi-targeted loci are

involved in generation of small RNAs and H3K9me. Deletion of

an intron in SPCC1442.04c severely affected production of

siRNAs and H3K9me at this locus (Figure 6D) and also caused

defects in production of siRNAs at surrounding loci, including

ste6, which is involved in sexual differentiation (Figure 6D). siRNA

production at centromeric repeats and other HOODs was not

affected. These results are consistent with our previous finding

that deletion of RNAi-dependent heterochromatin nucleation

sites affects expression of neighboring loci within HOODs

(Yamanaka et al., 2013). Our results suggest that a cryptic intron,

which is differentially spliced in the absence of Nrl1, serves to

recruit RNAi and target H3K9me.

We next explored the role of splicing machinery in the forma-

tion of HOODs. Analysis of rrp6D and rrp6D cwf10-1 strains

grown at permissive temperature (26�C) revealed that cwf10-1

caused major reductions in siRNAs and H3K9me at a majority

of HOODs (Table S1 and Figures S6A and S6B), including Tf2

and SPCC1442.04c loci (Figure 6E). Importantly, higher levels

of siRNA and H3K9me could be detected at HOOD 12, which

contains mcp3 (Figure S6C), where the RNA-binding protein

Mmi1 directs RNAi (Yamanaka et al., 2013). Thus, the observed

changes were not due to general defects in splicing of genes

involved in RNAi. Indeed, whereas splicing of cryptic introns,

such as in Tf2 and SPCC1442.04c, was not detected in

cwf10-1 (Figure 6C), splicing of annotated introns was not

affected (Figure S6D). These results suggest that factors

involved in splicing of introns embedded in HOOD loci direct

RNAi to assemble heterochromatin domains.

Noncoding RNAs and Readthrough Transcripts Contain
Introns
We expanded our analyses of the RNA-seq data to search for

additional introns and discovered 3,218 unannotated introns.

Some introns were detected only in red1D, mtl1-1, rrp6D, and/

or nrl1Dmutants, and others were also found in wild-type (Table

S3). These introns showed a broader length distribution, and a

small fraction of them contained variant splice junctions (Fig-

ure S7A). An intron in the centromeric dg repeat, but not the dh

repeat, was previously reported (Chinen et al., 2010). We de-

tected spliced RNA products from both dg and dh repeats in

ago1D cells and found that these intronsmapped to regions con-

taining siRNA clusters (Figure S5B). Interestingly, a substantial

portion of the new introns was located within ncRNAs or in

regions that contain no annotated features (Table S3 and

Figure S7B). In many instances, intron-containing transcripts

were upregulated in red1D, mtl1-1, and/or rrp6D (Table S2).

Moreover, meiotic mRNAs that are normally spliced specifically

during meiosis were spliced during vegetative growth in mutants

(Figure S7C).

We also found introns located within UTRs of protein-

coding genes. Many transcripts containing introns in their 30

UTR are produced from convergent genes, though in

other cases, introns are within unannotated transcripts near

the 50 or 30 region of genes (Figures S7D–S7E). We observed

elevated levels of readthrough transcripts, normally sup-
C

pressed by Rrp6 (Zhang et al., 2011; Zofall et al., 2009), at

several loci in cells defective in Mtl1 or its associated factors

(Figure S7D). Cells lacking Nrl1 or Red1 showed changes in

splice site utilization at several sites across the genome (Fig-

ure S7F and Table S3), indicating that these factors affect

splicing of pre-mRNAs.

Mtl1 and Ctr1 Promote Telomerase RNA Biogenesis
and Telomere Maintenance
Spliceosome Sm proteins and the Tgs1 RNA methyltransferase

were detected in the Ctr1 purification (Figure S4A) and are

required for processing of intron-containing precursor telome-

rase RNA (TER1) into a mature form (Box et al., 2008; Tang

et al., 2012). Core spliceosomal Smproteins generate themature

30 end of TER1, releasing the active form of RNA without exon

ligation (Box et al., 2008). Blocking the first step or permitting

the completion of splicing generates inactive forms of TER1

(Box et al., 2008).

We tested whether Mtl1-associated factors affect TER1

processing. Spliced product accumulated in mtl1-1, red1D,

and rrp6D. However, ctr1D caused defective splicing of

TER1 (Figure 7A). One explanation is that Red1- and Ctr1-

containing protein assemblies carry out distinct functions.

Mtl1-Red1 and Rrp6 could prevent splicing or promote degra-

dation of spliced product, while Mtl1-Ctr1 could cooperate

with the spliceosome to generate mature TER1 (Figure 7B).

In this case, Mtl1 would perform dual functions by preventing

accumulation of spliced product and generating mature TER1.

Supporting this idea, mtl1-1 or ctr1D reduced the level of

mature TER1, although a more severe phenotype was

observed in ctr1D compared to the partial loss-of-function

mtl1-1 mutant (Figure 7C). No major reduction in mature

TER1 levels was observed in red1D and rrp6D, which caused

accumulation of spliced product (Figure 7C). These results

extend previous studies and suggest that Ctr1 and Mtl1, which

associate with splicing factors, are required for production of

mature TER1. Loss of Nrl1, which did not copurify with Sm

proteins, had no major effect on processing of TER1 (data

not shown).

A reduction in mature TER1 is expected to cause shortening of

telomeres. As expected, both mtl1-1 and ctr1D caused sig-

nificant reduction in telomere length, with ctr1D producing a

stronger phenotype, whereas red1D did not cause reduction

(Figure 7D). Interestingly, telomere shortening was evident in

rrp6D cells despite normal levels of mature TER1. The exact

cause remains to be investigated, but it is possible that the

exosome is required for maturation of TER1 or indirectly

interferes with telomere maintenance.

DISCUSSION

The diverse RNA species produced by eukaryotic genomes

provides the basis for biological diversity and differentiation

into various cell types (Licatalosi and Darnell, 2010; Sharp,

2009). RNAs are not only messengers of genetic information

for protein synthesis, but are also regulatory hubs that govern

expression of genetic information. These RNA functions are

enacted through associated proteins, but how regulatory RNAs
ell 155, 1061–1074, November 21, 2013 ª2013 Elsevier Inc. 1069



Figure 7. Ctr1 Mediates Telomere Mainte-

nance by Regulating Telomerase RNA

Processing

(A) (Top) Schematic of TER1 RNA showing the RT-

PCR amplification region. (Bottom) RT-PCR

analysis of splicing in indicated strains.

(B) Proposed roles for different factors in TER1

RNA processing. The Sm and Ctr1-Mtl1 proteins

process TER1 to the mature form. Red1-Mtl1

targets spliced TER1 for degradation by the exo-

some but might also inhibit complete splicing.

(C) (Top) Schematic of TER1 RNA showing the

probe used (thick wavy line) for northern analysis.

Dotted lines indicate regions cut by oligo-directed

RNase H. (Bottom) Northern blot analysis of TER1.

A lighter exposure ofmature TER1 is shown below.

Relative quantitation of mature TER1 to wild-type

is indicated.

(D) Southern blot analysis of telomere length.

(E) Schematic illustrating the role of MTREC and

Mtl1-Nrl1 protein assemblies in degradation of

various RNA species and formation of hetero-

chromatin at islands or HOODs. Mtl1 in associa-

tion with Ctr1 also promotes processing of

telomerase RNA. Intron-containing RNA species

can be targeted by the Mtl1-Nrl1 complex in

association with splicing factors or by MTREC

bound to Pab2-Rmn1 and Pla1 (data not shown) to

degrade RNAs and assemble HOODs through

recruitment of RNAi machinery or promote RNA

decay by the exosome.

See also Figure S4A.
are recognized remains largely unknown. We utilized the

S. pombe system, which contains conserved RNAi and hetero-

chromatin assembly mechanisms, and discovered a nuclear

RNA-processing network that silences genes and retrotranspo-

sons and is required for adaptive regulation of the genome.

Mtl1 is a conserved protein related to human Mtr4 and

is a component of multiple protein assemblies involved in

regulation of various RNAs, including mRNAs, snoRNA, and

telomerase RNA. We also detected unannotated and cryptic

introns in ncRNA and gene transcripts. Mtl1 associates with

conserved proteins and splicing factors that act through

these introns to promote RNAi-dependent assembly of hetero-

chromatin at developmental genes and retrotransposons.

Below, we discuss potential advantages of ncRNA- and intron-

based heterochromatin assembly pathways for reprogramming

the genome under different growth conditions and during

differentiation.
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Mtl1 and Red1 Exist in Multiple
Protein Assemblies with Distinct
Functions
Red1 was identified as a factor that

promotes degradation of meiotic mRNAs

via mechanisms that require Pla1, Pab2,

and Rrp6 (Sugiyama and Sugioka-

Sugiyama, 2011). It was later reported

that Red1, but not Pab2 or Pla1, is

involved in the assembly of heterochro-
matin islands (Hiriart et al., 2012; Tashiro et al., 2013; Zofall

et al., 2012). In contrast, Red1 as well as Pla1 and Pab2 are

required for RNAi-dependent assembly of HOODs (Yamanaka

et al., 2013). The molecular basis of these distinct functions of

Red1 was not known.

We show that Red1 functions with Mtl1 as part of the MTREC

module (Figure 7E). Similar to Red1, Mtl1 is required for meiotic

gene silencing and regulates stress response genes, genes

encoding membrane transporters, and ncRNAs. In addition,

both Red1 and Mtl1 affect polyadenylation and degradation

of pre-mRNAs and snoRNAs, the processing of which also re-

quires Pab2 and Rrp6 (Lemay et al., 2010; Lemieux et al.,

2011; St-André et al., 2010). MTREC-associated factors coordi-

nate the distinct functions attributed to Red1 (Figure 7E). For

example, Pir1 assembles heterochromatin islands, whereas

Rmn1 directs HOOD formation with Pab2 and Pla1 (Figure 2)

(Yamanaka et al., 2013). Current evidence suggests two modes



for MTREC involvement in RNA degradation and heterochromat-

in formation. First, MTREC could act as a scaffold that directly

engages ribonucleolytic activities, including the exosome that

interacts with Red1 (Sugiyama and Sugioka-Sugiyama, 2011)

or its associated factors. Second, the core likely promotes poly-

adenylation of RNA substrates by Pla1, which in turn recruits

Pab2 and its associated proteins to deliver RNA to the exosome

and/or trigger RNAi to assemble HOODs. The latter function

resembles roles performed by TRAMP (Houseley et al., 2006).

The putative RNA helicase Mtl1 might unwind RNA substrates

to aid their processing.

The Mtl1-Red1 interaction network is reminiscent of the

human NEXT complex, which includes hMtr4 among other

factors (Lubas et al., 2011). hMtr4 couples the exosome to its

various cofactors, including ZFC3H1, the Zn-knuckle and Ser/

Pro-rich protein that appears to be related to Red1 and

Pir1, which contain Zn finger and Ser/Pro-rich domains, respec-

tively. However, whether hMtr4 also interacts with factors that

trigger RNAi or guide epigenetic chromatin modifications

directed by lncRNAs is unknown.

Noncoding RNAs and Environmental Gene Control
Many conditionally expressed ncRNAs, whose roles are not

understood, are derived from regions containing genes and

intergenic regions (Dutrow et al., 2008; Rhind et al., 2011;

Wilhelm et al., 2008). We demonstrate that ncRNA targeted by

the nuclear exosome regulates pho1 expression in response to

environmental cues. Deletion of ncRNA decreases H3K9me at

pho1 and causes its derepression in the presence of phosphate.

Loss of heterochromatin machinery alone does not derepress

pho1. We find that heterochromatin and the exosome act in

parallel to fully repress pho1, as clr4D rrp6D shows a synergistic

increase in pho1 mRNA expression (Figure 4F).

How ncRNA facilitates heterochromatin nucleation and RNA

processing is an important question. ncRNA could recruit

Red1-Mtl1 and the exosome subunit Rrp6, which participate

in RNAi-dependent and -independent assembly of hetero-

chromatin. In this case, ncRNA would provide high-affinity

binding sites for RNA-processing factors that regulate gene

expression through mRNA turnover and heterochromatin forma-

tion. Environmental changes could modulate RNA processing

factors, which regulate levels of ncRNA and/or their entry into

pathways that nucleate heterochromatin. Transcription of

upstream RNA could potentially also affect gene expression by

interfering with binding of activators to the gene promoter, as

observed in S. cerevisiae (Martens et al., 2004).

The regulation of gene expression by ncRNA in response to

the environment is a conserved feature in eukaryotes. In

S. cerevisiae, which lacks RNAi, ncRNAsmodulate gene expres-

sion in response to growth conditions by targeting a histone

deacetylase (Camblong et al., 2007; Kim et al., 2012; vanWerven

et al., 2012). Similarly, the antisense RNA COOLAIR regulates

flowering time by inducing chromatin modifications in Arabi-

dopsis (Ietswaart et al., 2012). Further analyses may uncover

conceptual parallels and highlight the roles of RNA-processing

factors in directing chromatin changes in response to develop-

mental and environmental signals. We note that an elaborate

array of ncRNAs is produced during sexual differentiation in
C

S. pombe, which can impact gene function (Bitton et al.,

2011). It is therefore conceivable that targeting of ncRNAs by

MTREC is a fundamental component of gene expression

reprogramming.

Introns, Splicing, and Epigenetic Genome Control
Mmi1 binds specific RNAs and directs RNAi to assemble HOODs

at several locations (Hiriart et al., 2012; Yamanaka et al., 2013).

However, the specificity for assembly of HOODs at other loci

has remained unclear. We show that, within certain HOODs,

RNAi targets contain cryptic introns. Deletion of such an intron

in the SPCC1442.04c locus abolished siRNA production and

H3K9me across the entire heterochromatin domain. Moreover,

cwf10-1 severely affects siRNA production and H3K9me at a

majority of HOODs. We also find that Nrl1 associates with

splicing factors and facilitates formation of HOODs. Together,

these analyses significantly extend previous work and reveal

that cryptic introns and the spliceosome, which acts cotranscrip-

tionally, play an important role in defining the targets of RNAi-

mediated heterochromatin assembly at various loci, including

developmental genes and Tf2 retrotransposons (Figure 7E).

How might the spliceosome and Nrl1 trigger RNAi? Nrl1 could

associate with RNAi machinery, as C. elegans NRDE-2 does

(Guang et al., 2010). However, no RNAi factors were identified

in our Nrl1 purification. Moreover, cwf10-1 has broad effects

on HOOD assembly, including loci not affected by Nrl1 (Table

S1). Therefore, it is possible that the spliceosome itself recruits

RNAi proteins, and Nrl1 helps in this process by engaging the

spliceosome to cryptic introns. Indeed, Nrl1 affects both the

splicing efficiency and alternative splicing of various RNA

substrates, including RNAi targets (Figures 6C, S7, and Table

S3). Supporting a direct role in triggering RNAi, splicing

machinery interacts with components of the RNA-dependent

RNA polymerase complex (Bayne et al., 2008), which is involved

in production of siRNA and H3K9me at HOODs (Yamanaka et al.,

2013). In Cryptococcus neoformans, stalling of the spliceosome

is required for synthesis of siRNAs by a spliceosome-associated

RNAi complex, though it is not known whether this process

facilitates formation of heterochromatin (Dumesic et al., 2013).

In addition to engaging RNAi factors, the spliceosome may

prevent the release of target transcripts from chromatin and

make them available for double-strand RNA production through

hybridization with opposite-strand RNA. Indeed, transcription

from the opposite strand occurs at most loci associated with

siRNA clusters, including SPCC1442.04c and Tf2 (Yamanaka

et al., 2013) (Figure 6C).

The fact that cryptic introns and the spliceosome affect HOOD

assembly is a highly significant finding. Splicing factors have

been identified in screens for RNAi components in other systems

(Ausin et al., 2012; Tabach et al., 2013; Zhang et al., 2013), and

human lncRNAs contain inefficiently spliced introns (Tilgner

et al., 2012), suggesting that this mechanism is likely conserved

in higher eukaryotes. Because splicing can be affected by

environmental and developmental signals (Averbeck et al.,

2005; Keren et al., 2010; McPheeters et al., 2009; Pleiss et al.,

2007), a regulatory cascade involving cryptic introns might be

responsible for the assembly/disassembly of HOODs observed

under specific growth conditions (Yamanaka et al., 2013). Introns
ell 155, 1061–1074, November 21, 2013 ª2013 Elsevier Inc. 1071



may serve as ‘‘sensors’’ that can reprogram gene expression by

degrading mRNAs and forming heterochromatin.

An intron-based mechanism might also facilitate RNAi-inde-

pendent degradation of RNAs, including certain meiotic genes

and readthrough transcripts targeted by the exosome (Harigaya

et al., 2006; Zhang et al., 2011; Zofall et al., 2009). This is

supported by the observation that RNA elimination factor Red1

also associates with splicing machinery (Figure 7E) and that

various RNAs containing cryptic introns accumulate in cells

lacking Red1 and Mtl1, as well as Rrp6 (Tables S2 and S3 and

Figure S7D). In these cases, the degradation of RNA by factors

such as MTREC and Rrp6 might be functionally coupled to regu-

lation of their splicing. Notable in this regard, Mmi1 is involved in

both meiotic gene silencing and regulation of intron splicing

(Chen et al., 2011; McPheeters et al., 2009). Moreover, splicing

of conserved introns in the 30 UTR of transcripts regulates

gene expression inmammals by targetingmRNA for degradation

(McGlincy and Smith, 2008).

Processing of TER1 precursor RNA, which undergoes matura-

tion by splicing-related mechanisms (Box et al., 2008), by Mtl1

protein assemblies uncovers an important aspect of proper

telomere maintenance. Whereas MTREC and Rrp6 prevent

formation or accumulation of inactive spliced product, Mtl1-

Ctr1 and splicing factors generate mature TER1. The spliceo-

somemay function as part of a complex in which splicing factors

join Ctr1 and Mtl1 to process TER1. The exact roles of Ctr1 and

Mtl1 are not clear, but they could be involved in spliceosomal

cleavage, 30 end formation, and/or protection of mature TER1

from degradation by ribonucleases. Ctr1 and Mtl1 are highly

conserved and could be required for telomere maintenance in

higher eukaryotes.

EXPERIMENTAL PROCEDURES

Strains

Strains used in this study are listed in Table S4. Strain constructions are

described in the Extended Experimental Procedures.

Purification and Mass Spectrometry

Purifications of FLAG- or MYC-tagged proteins were performed by standard

methods, using anti-FLAG M2 affinity gel (Sigma) or anti-MYC agarose affinity

gel (Sigma), respectively. Purified proteins were analyzed by western blot or

mass spectrometry. Details are described in the Extended Experimental

Procedures.

Chromatin Immunoprecipitation and ChIP-chip

Chromatin immunoprecipitation (ChIP) and ChIP-chip are described in the

Extended Experimental Procedures. ChIPs were performed with antibody

against H3K9me2 (Abcam), anti-FLAG M2 affinity gel (Sigma), or anti-MYC

(Covance). DNA isolated from immunoprecipitated and whole-cell crude

extract (WCE) fractions was analyzed by multiplex PCR or was used for

microarray-based ChIP-chip analysis by hybridization to a custom 4X44K

oligonucleotide array.

Northern Analysis

RNA was purified using the MasterPure Yeast RNA Purification Kit (Epicentre)

according to the manufacturer’s instructions. Northern blot analysis was

performed as described in the Extended Experimental Procedures.

Small RNA and RNA-Seq

Libraries were sequenced on the Illumina MiSeq platform. Library preparation

and analysis are described in the Extended Experimental Procedures.
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