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SUMMARY

Erh1, the fission yeast homolog of Enhancer of rudimentary, is implicated in meiotic mRNA 

elimination during vegetative growth, but its function is poorly understood. We show that Erh1 

and the RNA-binding protein Mmi1 form a stoichiometric complex called EMC (Erh1-Mmi1 

complex), to promote meiotic mRNA decay and facultative heterochromatin assembly. To 

perform these functions, EMC associates with two distinct complexes, MTREC (Mtl1-Red1 core) 

and CCR4-NOT. Whereas MTREC facilitates assembly of heterochromatin islands coating 

meiotic genes silenced by the nuclear exosome, CCR4-NOT promotes RNAi-dependent 

heterochromatin domain (HOOD) formation at EMC-target loci. CCR4-NOT also assembles 

HOODs at retrotransposons and regulated genes containing cryptic introns. We find that CCR4-

NOT facilitates HOOD assembly through its association with the conserved Pir2/ARS2 protein, 

and also maintains rDNA integrity and silencing by promoting heterochromatin formation. Our 

results reveal connections among Erh1, CCR4-NOT, Pir2/ARS2 and RNAi, which target 

heterochromatin to regulate gene expression and to protect genome integrity.
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INTRODUCTION

Gametes are produced from germ cells when they undergo meiosis, a complex 

differentiation process that relies on developmental signaling pathways to direct cell division 

and reductional chromosome segregation. The fission yeast Schizosaccharomyces pombe is 

an excellent system for studying meiosis (Yamamoto, 1996a). In fission yeast, cells respond 

to nitrogen starvation by switching from the mitotic cell cycle to meiotic sexual 

differentiation, which in turn triggers pheromone production and response, cell conjugation 

and meiosis to occur in sequential order. Completion of meiosis in diploid cells requires 

Mei2, a master regulator of meiosis. Mei2 is normally targeted for degradation in vegetative 

cells through phosphorylation by the Pat1 kinase. However, the expression of Mei3, which 

is a pseudo-substrate for the Pat1 kinase, inhibits Pat1 activity in conjugated cells, resulting 

in Mei2 stabilization. Mei2 then binds to meiRNA, a meiosis-specific non-coding RNA 

encoded by the sme2+ gene, to form a nuclear dot. This Mei2-meiRNA ribonucleoprotein 

complex is believed to facilitate the transcription of various meiosis-specific genes that are 

essential to complete meiosis in diploid cells (Yamamoto, 1996b).

Recent advances have now dispelled the long held belief that meiotic gene transcription is 

active only in meiotic S. pombe cells. Meiotic gene transcription does occur in vegetative 

cells, but meiotic mRNAs are selectively eliminated from mitotically dividing cells to 

prevent their inappropriate expression (Harigaya et al., 2007; Yamamoto, 1996a). This 

mRNA elimination system specifically degrades transcripts that contain a DSR (determinant 

of selective removal) element and a polyadenylated tail (Harigaya et al., 2006; Yamanaka et 

al., 2010). The DSR core sequence (UCAAAC or UUAAAC) in meiotic mRNAs is 

recognized by the YTH domain-containing protein Mmi1, which in turn engages various 

proteins such as MTREC, composed of the Zn-finger protein Red1 and the Mtr4-like RNA 

helicase Mtl1, as well as MTREC-associated factors including the serine and proline-rich 

protein Pir1/Iss10, the Zn-finger protein Red5, the nuclear poly(A)-binding protein Pab2, the 

canonical poly(A) polymerase Pla1 and the nuclear exosome, to degrade target mRNAs 

(Chen et al., 2011; Egan et al., 2014; Lee et al., 2013; St-Andre et al., 2010; Sugiyama and 

Sugioka-Sugiyama, 2011; Sugiyama et al., 2013; Yamanaka et al., 2010; Yamashita et al., 

2012; Yamashita et al., 2013; Zhou et al., 2015).
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In addition to elimination of meiotic mRNAs during vegetative growth, DSR-dependent 

mRNA degradation machinery also promotes the assembly of facultative heterochromatin at 

discrete regions in the S. pombe genome (Hiriart et al., 2012; Tashiro et al., 2013; Yamanaka 

et al., 2013; Zofall et al., 2012). These regions include RNAi-independent heterochromatin 

islands formed at meiotic genes (e.g., mei4+ and ssm4+), and RNAi-dependent HOODs, 

which are heterochromatin domains formed at meiotic genes (e.g., mug5+ and mcp3+), genes 

regulated by environmental cues (e.g., pho1+), and retrotransposons (Cam et al., 2005; Shah 

et al., 2014; Yamanaka et al., 2013; Zofall et al., 2012). HOODs are particularly evident 

under specific growth conditions or when the nuclear exosome subunit Rrp6 is deleted 

(Yamanaka et al., 2013). The assembly of heterochromatin islands and HOODs is 

coordinated by distinct MTREC-associated factors. For example, Pir1 assembles 

heterochromatin islands, whereas Pla1 and Pab2 direct the formation of HOODs (Lee et al., 

2013; Yamanaka et al., 2013). However, the detailed mechanism by which the RNA 

elimination system directs heterochromatin assembly at different sites in the genome is not 

yet fully established.

The S. pombe protein Erh1 (Enhancer of rudimentary homolog 1) is essential for the 

suppression of meiotic mRNAs during vegetative growth and for normal cell growth 

(Krzyzanowski et al., 2012; Yamashita et al., 2013). The gene was first identified in 

Drosophila as a mutation that enhances the wing phenotype of hypomorphic rudimentary 

mutations, and was named enhancer of rudimentary (Wojcik et al., 1994). The encoded 

product ERH is a small protein, and highly conserved orthologs are found in most 

eukaryotes (Weng and Luo, 2013). ERH has been shown to be critical for cell growth and is 

implicated in multiple processes such as CENP-E splicing in humans (Weng and Luo, 

2013).

Here we investigate the role of Erh1 in meiotic mRNA degradation and heterochromatin 

assembly. Interestingly, we find Erh1 and Mmi1 form a tight complex, which we term EMC 

(Erh1-Mmi1 complex). EMC promotes meiotic mRNA decay and heterochromatin assembly 

in distinct ways. In addition to directing MTREC-mediated mRNA decay and the formation 

of heterochromatin islands at meiotic genes silenced by the exosome, EMC engages CCR4-

NOT for RNAi-dependent assembly of HOODs. CCR4-NOT also promotes rDNA silencing 

and integrity, and triggers RNAi-mediated heterochromatin assembly at genes and 

retrotransposons containing cryptic introns. Importantly, our analyses suggest that CCR4-

NOT cooperates with Pir2/Ars2, which is known to associate with the nuclear Cap-binding 

complex, to facilitate small RNA production and heterochromatin formation. These results 

provide important insights into pathways governing RNA decay and facultative 

heterochromatin assembly in different parts of the genome.

RESULTS

Erh1 colocalizes with nuclear RNA degradation machinery

Erh1 localizes to the nucleus (Krzyzanowski et al., 2012), but its in-depth characterization 

has been lacking. In vegetative cells, we found that GFP-tagged Erh1 was evenly distributed 

in chromatin regions, which were visualized by co-expressing CFP-tagged histone H3 

(Hht1); additionally, Erh1 formed nuclear foci that were often located at the edges of 
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chromatin domains (Figure 1A). Moreover, we found that Erh1 colocalized with foci formed 

by known nuclear factors involved in meiotic mRNA decay, including Red1, Mtl1 and Rrp6, 

as well as with Pcf11, a cleavage and polyadenylation specificity factor (Figure 1B). Thus, 

we find that Erh1 colocalizes with RNA elimination factors to cleavage bodies in vegetative 

cells.

Loss of Erh1 causes growth defect and mating deficiency

To further understand the functions of Erh1, we generated and characterized an erh1Δ strain. 

The erh1Δ strain carrying the ade6-M210 or ade6-M216 allele displayed pink and pale pink 

colony color on adenine-limiting medium, as compared to red and pink colonies formed by 

WT cells carrying ade6-M210 or ade6-M216, respectively (Figures S1A). In addition, erh1Δ 

cells displayed a growth defect and cold sensitivity (Figures S1B). These phenotypes 

consistently segregated with erh1 (Figures S1A and S1B). We next tested if the growth 

defect may result from the ectopic expression of meiotic mRNAs. Since the lethality of 

mmi1Δ can be rescued by the deletion of the meiotic gene mei4+ (Harigaya et al., 2006), we 

asked whether erh1Δ growth defects were also suppressed by mei4Δ. Interestingly, the 

growth defects observed in erh1Δ at both 30°C and 19°C were suppressed by mei4Δ. In 

contrast, mei4Δ failed to rescue the growth defect or the cold sensitivity caused by red1Δ 

(Figure S1C). This result indicates that Mei4 shows a specific genetic interaction with Erh1, 

but not with Red1, even though both Erh1 and Red1 are required for suppression of mei4 

mRNA (Sugiyama and Sugioka-Sugiyama, 2011; Yamashita et al., 2013).

We also noticed that erh1Δ cells displayed a severe mating defect. When meiosis is induced, 

homothallic (h90) wild-type cells sporulate and form asci. These asci can be detected by 

exposure to iodine vapor, which stains the starch-like compound in the spore wall. However, 

erh1Δ cells showed decreased intensity of iodine staining and a reduced mating efficiency 

(74.5% for WT and 15.8% for erh1Δ) (Figure 1C). Interestingly, we also observed a weak 

iodine staining in non-switching erh1Δ cells (Figure S1D). Since we did not observe haploid 

meiosis in non-switching erh1Δ cells by microscopy (data not shown), the weak iodine 

staining implies that erh1Δ may affect meiotic gene expression and result in ectopic starch 

accumulation in haploid cells during nitrogen starvation.

Erh1 is required for DSR-mediated mRNA decay

Four meiotic mRNAs containing the DSR sequence (mei4, rec8, ssm4 and spo5) accumulate 

in erh1Δ cells (Yamashita et al., 2013), suggesting that DSR-dependent mRNA decay 

requires Erh1. To confirm that Erh1 is indeed required for DSR-dependent mRNA decay, 

we combined erh1Δ with the ura4+-DSR construct (Harigaya et al., 2006), which comprises 

the ura4+ gene fused to the mei4+ DSR region (Figure 1D, top). We found that erh1Δ as 

well as red1Δ carrying ura4+-DSR grew on medium lacking uracil (Figure 1D, bottom), 

indicating that Erh1 is essential for DSR-directed mRNA degradation in vegetative cells.

Erh1 suppresses meiotic genes in vegetative cells

To gain insight into the target transcripts of Erh1, we analyzed the expression profile of 

vegetative WT and erh1Δ strains using RNA-Seq. We identified 602 transcripts that were 

upregulated >2-fold in vegetative erh1Δ relative to WT cells (Table S1). Of the 602 
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transcripts, 223 transcripts were previously shown to increase during nitrogen starvation or 

meiosis (Wilhelm et al., 2008). For example, DSR-containing mRNAs such as mei4 and 

ssm4 were increased in erh1Δ (Figure 2A), which is consistent with a previous report 

(Yamashita et al., 2013). We classified the 223 transcripts into 6 categories based on their 

expression profiles (Mata et al., 2002), and found that many of the upregulated genes are 

“early” or “middle” meiotic genes (Figure S2A and Table S1). Consistent with this meiotic 

gene classification, GO (gene ontology) analysis indicated that genes involved in meiotic 

nuclear division or meiotic cell cycle progression were upregulated in erh1Δ (Figure S2B 

and Table S1). In addition to meiosis-related genes, various types of non-coding RNAs 

(ncRNAs) also accumulated in erh1Δ (Figure S2C and Table S1). These included ncRNAs 

whose expression is regulated by the environmental growth conditions or developmental 

signals. For example, the loss of Erh1 caused upregulation of long ncRNA upstream of the 

phosphate-responsive pho1+ and tgp1+ genes (Figure 2B), which are regulated by RNA 

processing factors including Mmi1 and MTREC-associated factors (Ard et al., 2014; Chen 

et al., 2011; Lee et al., 2013; Shah et al., 2014). These results demonstrate that Erh1 is 

required for the suppression of meiotic genes and many ncRNAs.

We also identified 356 transcripts with lower steady-state levels (<0.5-fold reduction) in 

erh1Δ than in WT (Table S2). Only 13 were meiotic genes (Figure S2D), in contrast to the 

large fraction of meiotic genes found among upregulated transcripts. Only a few meiosis-

related genes were decreased in erh1Δ (Figure S2E). Instead, most of the decreased 

transcripts, 290 of 356 (81%), represented various ncRNAs, including antisense RNAs, 

intergenic RNAs, tRNAs, and 5S rRNA (Figure S2F).

Erh1 shares target transcripts with Mmi1 and Red1

We addressed whether Erh1, Red1 and Mmi1 target a common set of transcripts by looking 

for any overlap among the Red1, Mmi1 and Erh1 regulons. We determined gene expression 

levels in erh1Δ relative to WT, and compared the results with similar analyses of the red1Δ 

and mmi1Δ transcriptome profiles. We found significant overlap between Erh1-regulated 

genes and Red1-regulated genes. Specifically, 246 of 602 transcripts (41%) that were 

upregulated in erh1Δ were also upregulated in red1Δ (p< 4.14×10−67) (Figure 2C, right), 

whereas 43 of 356 transcripts (12%) that were downregulated in erh1Δ were also 

downregulated in red1Δ (p< 5.54×10−29) (Figure 2D, right). Interestingly, the overlap 

between the set of Erh1-regulated genes and Mmi1-regulated genes was even more 

pronounced: 370 of 602 transcripts (62%) that were upregulated in erh1Δ were also 

upregulated in mmi1Δ (p< 1.86×10−200) (Figure 2C, left), whereas 116 of 356 transcripts 

(33%) that were downregulated in erh1Δ were also downregulated in mmi1Δ (p< 

4.89×10−100) (Figure 2D, left). These results indicate that in vegetative cells, Erh1 regulates 

the expression of target transcripts that are shared with Red1 and Mmi1, but also that Erh1 

function is more closely related to Mmi1 than to Red1.

Erh1 colocalizes with the Mei2-meiRNA dot and Is required for Its formation

We next determined the localization of Erh1 during meiosis. In vegetative cells, Erh1 was 

evenly distributed in the nucleoplasm and formed nuclear foci (Figures 1A and 3A). Upon 

meiotic induction, Erh1 converged into a single distinct dot (Figure 3A). In asci, the Erh1 
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signal coincided with histone H3, but Erh1 foci in spores were not as obvious as in 

mitotically growing cells (Figure 3A).

The localization patterns we observed for Erh1 were reminiscent of Mmi1, which 

colocalizes with Mei2-meiRNA, a ribonucleoprotein essential for meiosis (Yamamoto, 

1996b), during early meiosis (Ding et al., 2012; Harigaya et al., 2006). As shown in Figure 

3B, mCherry-tagged Erh1 (Erh1-mCherry) also colocalized with GFP-tagged Mei2 (Mei2-

GFP) and with meiRNA, which was visualized using the MS2-GFP system (Shichino et al., 

2014), indicating that Erh1 colocalizes with Mmi1 and meiRNA in meiotic cells.

Mmi1 dots converge during early meiosis in mei4Δ, but this convergence does not occur in 

mei2Δ or in sme2Δ (sme2+ encodes meiRNA) (Harigaya et al., 2006; Sugiyama and 

Sugioka-Sugiyama, 2011). Similarly, we observed a single Erh1 focus in mei4Δ, and two 

Erh1 dots in mei3Δ and sme2Δ (Figure S3A). Since Mei2 cannot be active in mei3Δ 

(Yamamoto, 1996b), these observations suggest that the formation of the Erh1 single dot 

requires both Mei2 and meiRNA. We next conversely asked whether Mei2 dot formation 

requires Erh1. The lack of a Mei2 dot in erh1Δ (Figure 3C) indicates that Erh1 facilitates 

proper Mei2 localization. In addition to Mei2, the meiRNA dot was rarely observed in 

erh1Δ: only 1% (1 out of 75 cells examined) of erh1Δ cells had a meiRNA dot, in contrast to 

93% (71 out of 73 cells examined) of WT cells (Figures 3D and 3E). In contrast, we found 

an increased number of red1Δ cells either without a meiRNA dot (27.7% vs 2.7%) or with 

two meiRNA dots (10.6% vs 1.3%), and a large fraction of red1Δ cells (61.7%) had a single 

meiRNA dot (Figures 3D and 3E). Moreover, we noticed that haploid red1Δ cells often had 

a single dot (Figure S3B). These results indicate that unlike Red1, Erh1 and Mmi1 are 

essential for meiRNA dot formation.

Erh1 and Mmi1 form a complex called EMC

Our findings together with previous studies (Harigaya et al., 2006; Shichino et al., 2014) 

strongly suggest that the role of Erh1 closely reflects that of Mmi1. To investigate whether 

Erh1 interacts with Mmi1, we purified Erh1-GFP and found two distinct protein bands of 

approximately 55 and 39 kDa specifically in the Erh1-GFP purified fraction (Figure 4A). 

The intensity of the bands indicated that the proteins co-purified in stoichiometric amounts. 

Mass-spectrometry analyses revealed that the 39 kDa protein was Erh1-GFP, consistent with 

Western blot results (Figure S4A), and that the 55 kDa protein was Mmi1 (Figure 4A and 

Table S3). Because Mmi1 associates with both target mRNAs and chromatin (Hiriart et al., 

2012; Tashiro et al., 2013), we included a Benzonase treatment step to remove all forms of 

DNA and RNA during the Erh1-GFP purification. As shown in Figure 4B, Benzonase 

treatment did not disrupt the interaction between Erh1 and Mmi1, and mass-spectrometry 

analyses indicated that Erh1 maintained its association with Mmi1 (Table S4). These data 

indicate that in vegetative cells, Erh1 stoichiometrically and directly associates with Mmi1 

to form EMC.

EMC interacts with two distinct protein complexes, MTREC and CCR4-NOT

In addition to Mmi1, other proteins were co-purified with Erh1-GFP including MTREC 

components Red1 and Mtl1 as well as Pir1/Iss10 (Figure 4A and Table S3). The interaction 
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between EMC and MTREC is consistent with previous reports of Mmi1 co-purification with 

Red1 and Mtl1 (Egan et al., 2014; Lee et al., 2013; Zhou et al., 2015). Interestingly, all of 

the conserved subunits of the CCR4-NOT complex (Miller and Reese, 2012) were also co-

purified. Caf4 and Caf16, also annotated as CCR4-NOT subunits, were not found in the 

Erh1 purified fraction, and are apparently missing from CCR4-NOT in higher eukaryotes. 

Purification of Ccr4-GFP from S. pombe revealed that EMC, MTREC and Pab2 were co-

purified with CCR4-NOT (Figure S4B), further confirming the interaction between EMC 

and CCR4-NOT. Moreover, the association of Erh1 with MTREC and CCR4-NOT was 

retained after Benzonase treatment, whereas the recovery of RNA-binding proteins such as 

Vgl1 and Pabp was substantially reduced (Figure 4B and Table S4), indicating that EMC 

directly engages two distinct protein complexes, MTREC and CCR4-NOT.

We next asked whether the interaction with Mmi1 is required for Erh1 to interact with its 

partner proteins. To address this, we purified Erh1 from mmi1Δ. Although the steady-state 

level of Erh1-GFP was not affected in mmi1Δ (Figure S4C), staining of the fractions 

revealed that several bands were missing (Figure 4C). Mass-spectrometry analysis revealed 

that in the absence of Mmi1, MTREC and CCR4-NOT were not recovered with Erh1 

(Figure 4C and Table S5), indicating that the integrity of EMC is essential for its 

interactions with MTREC and CCR4-NOT.

The localization of Erh1 and Mmi1 is mutually dependent

We found Erh1 colocalized with Mmi1 in both vegetative and meiotic cells (Figure 4D), 

further supporting the notion that Erh1 and Mmi1 form a stable complex. In addition, we 

observed that Erh1 foci were lost in mmi1Δ, and Mmi1 foci were not evident in erh1Δ 

(Figures S4D and S4E). Since the steady-state level of Erh1 or Mmi1 did not change upon 

deletion of mmi1+ or erh1+, respectively (Figures S4C and S4F), these results indicate that 

the assembly of EMC is a prerequisite for its proper localization.

Unlike the loss of Mmi1, the loss of Red1 did not greatly change the level of Erh1-GFP or 

alter its localization (Figures S4G and S4H). Moreover, erh1Δ affected neither the Red1 

protein level nor Red1 localization (Figures S4I and S4J). These results indicate that 

although Erh1 and Red1 colocalize and interact with each other, they are present in distinct 

functional modules, EMC and MTREC, respectively, which have both separate and 

overlapping functions. Indeed, MTREC affects several loci that are not regulated by Mmi1 

(Lee et al., 2013; Yamanaka et al., 2013)

Erh1 directs the assembly of heterochromatin islands

In addition to constitutive heterochromatin assembled at centromeres, telomeres and the 

mating-type (mat) locus, discrete blocks of heterochromatin islands are found throughout the 

S. pombe genome (Cam et al., 2005; Zofall et al., 2012). Many heterochromatin islands are 

formed at meiotic genes, and are assembled in a Red1-dependent manner (Egan et al., 2014; 

Lee et al., 2013; Tashiro et al., 2013; Zofall et al., 2012). Since both Erh1 and Red1 play a 

role in meiotic mRNA decay, we predicted that Erh1 is also required for the assembly of 

heterochromatin islands. As expected, we found that dimethylated lysine 9 of histone H3 

(H3K9me2), which is a hallmark of heterochromatin, was lost in erh1Δ and mmi1Δ, and that 
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both Erh1 and Mmi1 localized to Red1-dependent heterochromatin islands (Figure 5). ChIP 

followed by quantitative PCR (ChIP-qPCR) analyses confirmed that at two heterochromatin 

islands, mei4 and ssm4, H3K9me2 levels were greatly reduced in erh1Δ and mmi1Δ, 

whereas H3 occupancy levels were not affected (Figure S5A). This result indicates that 

H3K9me2, but not H3, was reduced at these loci in erh1Δ and mmi1Δ. In contrast to these 

heterochromatin islands, constitutive heterochromatin domains were unaffected by the 

deletion of either erh1+ or mmi1+, and neither Erh1 nor Mmi1 appeared to localize to these 

regions (Figure S5B). These results demonstrate that EMC is essential for Red1-dependent 

assembly of heterochromatin islands.

EMC associates with several loci in a heterochromatin-independent manner

In addition to heterochromatin islands, EMC also localized to several loci with no detectable 

H3K9me2 such as at non-coding RNAs (ncRNAs) located upstream of byr2+ and tgp1+ 

(Figures S5C and S5D). We found that Erh1 localization to two ncRNA loci, SPNCRNA.

1197 and SPNCRNA.1459, was dependent on Mmi1, but not Red1 or Ccr4 (Figure S5E). 

EMC also associated with rpl3002+ and genes encoding other ncRNAs such as snoRNAs 

and meiRNA (Figure S5F). Since most of these genes were upregulated in erh1Δ, mmi1Δ 

(Table S1), and other RNA elimination factor mutants (Lee et al., 2013), it is likely that 

EMC and MTREC associate with these genes to target their transcripts for degradation or 

processing.

Erh1 and CCR4-NOT, but not MTREC, are essential for rDNA integrity

Erh1 also associated with rDNA repeats (Figure 6A, top). The binding profile of Erh1 at 

rDNA strikingly resembles that of the RNAi component Ago1 (Figure 6A, bottom), as we 

described previously (Cam et al., 2005). Given that RNAi is essential for heterochromatin 

formation and silencing at rDNA repeats (Cam et al., 2005), we hypothesized that Erh1 is 

also involved in the assembly of rDNA heterochromatin. As expected, we observed a 

significant decrease in H3K9me2 at rDNA clusters in erh1Δ (Figure 6B, top). Considering 

that we identified MTREC and CCR4-NOT as Erh1-binding partners, we wondered whether 

Erh1 cooperates with MTREC and/or CCR4-NOT to facilitate heterochromatin assembly at 

rDNA. We found that H3K9me2 levels at rDNA repeats were considerably decreased in 

ccr4Δ (Figure 6B, bottom), but were not affected in red1Δ (Figure 6C). These results 

indicate that Erh1 and CCR4-NOT are involved in the assembly of rDNA heterochromatin, 

whereas MTREC is dispensable.

To further confirm heterochromatin loss at rDNA repeats, we first examined whether rDNA 

silencing is impaired in erh1Δ and ccr4Δ. As expected, ura4+ and LEU2 markers embedded 

within rDNA repeats were de-repressed in erh1Δ and ccr4Δ (Figure 6D). We next explored 

whether heterochromatin reduction at rDNA clusters in erh1Δ and ccr4Δ causes increased 

mitotic recombination at these loci. To assess mitotic recombination, we utilized the 

rDNA::ura4+ marker, which is lost by mitotic recombination when heterochromatin 

assembly is compromised (Figure 6E, left) (Cam et al., 2005). We observed a marked 

increase in mitotic recombination at rDNA repeats in erh1Δ (WT: 2.36×10−3; erh1Δ: 

2.14×10−2) and in ccr4Δ (WT: 2.65×10−3; ccr4Δ: 1.46×10−2), as determined by the loss of 

rDNA::ura4+ (Figures 6E, right, S6A and S6B). These results clearly demonstrate that Erh1 
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and Ccr4 are required to maintain rDNA integrity, and indicate that Erh1, CCR4-NOT and 

RNAi machinery cooperate to establish and/or maintain heterochromatin at rDNA.

Subtelomeric heterochromatin is partially affected in ccr4Δ

We next investigated whether Ccr4 affects the formation of constitutive heterochromatin. 

We found that H3K9me2 levels at centromeres and the mat locus were unaffected in ccr4Δ 

(Figure S6C). Interestingly, whereas heterochromatin at regions containing dh-like elements 

(within tlh1+ and near SPAC212.06c) was maintained, we observed considerable decrease in 

H3K9me2 at subtelomeric domains containing genes upregulated during sexual 

differentiation and genes encoding transmembrane proteins (Cam et al., 2005; Yamanaka et 

al., 2013) in ccr4Δ (Figures S6D). Consistent with this H3K9me2 reduction, RNA-Seq 

analysis revealed many upregulated subtelomeric genes in ccr4Δ (Figure S6E). Taken 

together, these data indicate that Ccr4 is required to establish and/or maintain 

heterochromatin and to repress genes embedded within a specific region at subtelomeres.

Ccr4 plays only a minor role in heterochromatin island assembly, meiotic mRNA decay 
and meiRNA dot formation

Mmi1 facilitates the assembly of facultative heterochromatin islands via RNAi-independent 

pathways at many meiotic genes (Hiriart et al., 2012; Tashiro et al., 2013; Zofall et al., 

2012). Our finding that Erh1 is essential for the formation of meiotic heterochromatin 

islands (Figure 5) prompted us to explore whether CCR4-NOT also participates in this 

process. We found that ccr4Δ showed only a slight reduction in H3K9me2 at meiotic 

islands, with the exception of the mei4+ locus (Figure S7A, island 1, 6, 8 and 9), and caused 

no change at non-meiotic islands (Figure S7A, island 14 and 15). The minor contribution of 

CCR4-NOT to forming islands other than at the mei4+ locus is also supported by a recent 

report (Cotobal et al., 2015). These observations are in contrast to the complete loss of 

H3K9me at meiotic islands observed in cells lacking Mmi1, Erh1 or MTREC (Figure 5) 

(Hiriart et al., 2012; Tashiro et al., 2013; Zofall et al., 2012), and indicates that of the two 

EMC-associated complexes, MTREC is largely responsible for meiotic heterochromatin 

islands, whereas CCR4-NOT plays only a minor role.

Although ccr4Δ had a minor effect on heterochromatin islands, there was a possibility that, 

like Erh1, CCR4-NOT mediates degradation of meiotic mRNAs in vegetative cells. We 

performed RNA-Seq and found that transcripts that accumulated in erh1Δ were not 

significantly increased in ccr4Δ (Figures S7B and S7C), and the increase in the Mmi1-

regulon (Chen et al., 2011), with the exception of sme2, was less than 2 fold in two 

independent ccr4Δ RNA-Seq datasets (Figures S7C). We also examined whether ccr4Δ 

could rescue the sporulation defect of sme2Δ, which can be suppressed by mutations that 

impair meiotic mRNA degradation (Chalamcharla et al., 2015; Harigaya et al., 2006; 

Sugiyama et al., 2013; Yamashita et al., 2013). However, we observed almost no sme2Δ 

suppression by ccr4Δ (Figure S7D), further supporting our conclusion that Ccr4 is 

dispensable for meiotic mRNA decay in vegetative cells. Moreover, meiRNA dot formation, 

which depends on Erh1 (Figure 3) and Mmi1 (Shichino et al., 2014), was not considerably 

affected in the absence of Ccr4 (Figure S7E). We conclude that CCR4-NOT is largely 
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dispensable for heterochromatin island assembly, meiotic mRNA degradation and meiRNA 

dot formation.

Loss of Ccr4 affects RNAi-dependent facultative heterochromatin at developmental genes 
and retrotransposons

HOODs, another class of facultative heterochromatin detected under specific growth 

conditions or upon deletion of the nuclear exosome subunit Rrp6 (Marasovic et al., 2013; 

Shah et al., 2014; Yamanaka et al., 2013), coat developmentally and environmentally 

regulated genes and retrotransposons. HOOD assembly depends on RNAi, and Mmi1 is also 

required for the formation of some HOODs (Shah et al., 2014; Yamanaka et al., 2013), 

raising the possibility that Erh1 and CCR4-NOT are also required for HOOD assembly. To 

test this possibility, we performed H3K9me2 ChIP analyses in rrp6Δ, erh1Δ rrp6Δ and 

ccr4Δ rrp6Δ. We found that H3K9me2 at the mcp3+ locus (HOOD-12), which is Mmi1-

dependent, was abolished in erh1Δ rrp6Δ, whereas H3K9me2 at SPCC1442.04c 

(HOOD-31) and the Tf2-5 retrotransposon (HOOD-10), both of which are Mmi1-

independent, was slightly increased (Figures 7A and S7F). Consistent with this, small RNAs 

derived from HOOD-12 were lost whereas small RNAs from HOOD-31 and -10 were 

increased in erh1Δ rrp6Δ (Figure 7B). Such increases at Mmi1-independent HOODs were 

also observed in mmi1Δ (Yamanaka et al., 2013), indicating that Erh1 and Mmi1 have 

similar effects on HOOD assembly. Surprisingly, ccr4Δ resulted in the loss of H3K9me2 at 

both EMC-dependent and -independent HOODs (Figures 7A and S7F). Moreover, small 

RNAs from these HOODs were not detected in ccr4Δ rrp6Δ (Figure 7B). These results 

contradict a recent paper reporting that a ccr4 mutation did not decrease H3K9me2 at 

HOODs (Cotobal et al., 2015), and indicate that Ccr4 is indeed indispensable for RNAi-

dependent H3K9me2 and small RNA generation at HOODs.

Ccr4 cooperates with Pir2/ARS2 to form facultative heterochromatin

To investigate whether CCR4-NOT is linked to factors involved in RNAi, we performed a 

detailed examination of results from biochemical purifications including mass spectrometry 

analyses of various RNA elimination factors. These analyses led to an unexpected 

observation that all seven subunits of CCR4-NOT co-purified with an evolutionarily 

conserved protein, Pir2/Ars2, which also associates with MTREC and the Cap-binding 

complex (CBC) (Egan et al., 2014; Lee et al., 2013; Zhou et al., 2015). We confirmed that 

Pir2-FLAG co-immunoprecipitates with Ccr4-GFP (Figure 7C). Intriguingly, ARS2 is 

involved in RNAi in Drosophila and Arabidopsis (Sabin et al., 2009; Yang et al., 2006), 

which suggested a potential biological significance for the CCR4-NOT-Pir2 interaction.

We isolated a temperature-sensitive loss of function pir2 allele (pir2-1), since pir2+ is 

essential for cell viability (Kim et al., 2010). The pir2-1 mutant contained two amino acid 

substitutions: F165L in the DUF3546 domain, whose function is unknown, and S316P 

between the DUF3546 and ARS2 domains (Figure 7D, top). The pir2-1 strain grew slower 

than WT at 26°C and 33°C, and did not grow at 36°C (Figure 7D, bottom). The pir2-1 

mutant showed a reduction in H3K9me2 and silencing at centromeres (G.T., J.D. and 

S.I.S.G., unpublished data). Remarkably, we also found that Pir2 affects RNAi-mediated 

heterochromatin assembly at both EMC-dependent and -independent HOODs, in a manner 
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similar to CCR4-NOT. H3K9me2 levels at both EMC-dependent and -independent HOODs 

were reduced in rrp6Δ pir2-1 (Figure 7E). Moreover, our Northern blot analysis showed that 

small RNA generation at these HOODs was also severely impaired (Figure 7F). These 

results clearly show that CCR4-NOT works with Pir2/ARS2 for the assembly of facultative 

heterochromatin at retrotransposons as well as at developmentally regulated genes.

DISCUSSION

Here we identify Mmi1 as a binding partner of Erh1, and demonstrate that EMC cooperates 

with conserved RNA processing factors to promote meiotic mRNA degradation and 

facultative heterochromatin assembly. In addition to engaging MTREC for mRNA decay 

and assembly of heterochromatin islands at meiotic genes, EMC also interacts with CCR4-

NOT to promote the formation of RNAi-dependent heterochromatin domains at 

developmental genes, retrotransposons and rDNA. However, unlike EMC and MTREC, 

CCR4-NOT plays only a minor role in silencing meiotic genes and forming heterochromatin 

islands in vegetative cells. Thus, it appears that EMC connects with distinct factors to 

perform different functions. Our results provide insights into the functions of Erh1 and its 

associated factors in the regulation of gene expression and the maintenance of genome 

stability.

EMC, a complex involved in meiotic mRNA decay

Although functionally connected, EMC and MTREC comprise distinct complexes based on 

the following observations: (1) Erh1 purification identified Mmi1 as a stoichiometric 

binding partner, but recovered a relatively low amount of MTREC subunits; (2) the 

localization of Erh1 and Red1 is not mutually dependent; (3) Erh1, but not Red1, is required 

for Mei2-meiRNA dot formation and for maintenance of rDNA integrity; and (4) previous 

purification studies did not indicate that Red1 interacts with Erh1 (Egan et al., 2014; Lee et 

al., 2013; Zhou et al., 2015). Therefore, we propose that EMC, like MTREC and the nuclear 

exosome, is another complex essential for meiotic mRNA degradation, and that these 

complexes cooperate to degrade meiotic mRNAs.

Mmi1 is essential for viability and temperature-sensitive mmi1 mutants cannot be used to 

study meiosis because high temperatures inhibit meiosis (Sabatinos and Forsburg, 2010). 

Thus, the fact that the erh1Δ strain is viable and does sporulate makes it a particularly useful 

tool to study EMC functions in meiosis such as meiRNA formation and homologous 

chromosome pairing (Ding et al., 2012; Shichino et al., 2014). Moreover, these results 

indicate that Mmi1 likely has additional functions independent of Erh1, either in meiotic 

mRNA elimination or other biological processes.

The possible function of Erh1 in EMC

The proteins of the ERH family are small (~12 kDa) and have reported roles in different 

kinds of nuclear transactions, including transcriptional repression, transcriptional elongation, 

mRNA splicing and translation (Weng and Luo, 2013). These observations suggest that 

ERH modulates the function(s) of its binding partners, rather than suggesting ERH has 

multiple activities. Given that mammalian ERH forms homodimers in solution (Arai et al., 
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2005; Wan et al., 2005), it is possible that Erh1 mediates Mmi1 dimerization, thereby 

allowing Mmi1 to exert its RNA-binding activity in vivo. Indeed, dimerization is known to 

be a prerequisite for the function of STAR, which is a subfamily of KH domain-containing 

RNA-binding proteins (Feracci et al., 2014), and hnRNP C forms tetramers to measure RNA 

length (McCloskey et al., 2012).

Another not mutually exclusive possibility is that the Mmi1 nuclear foci, which depend on 

Erh1, are required for Mmi1 function. Although we previously suggested that the formation 

of Red1 foci may correlate with mRNA degradation activity (Sugiyama and Sugioka-

Sugiyama, 2011), it remains unclear whether the assembly of nuclear bodies by RNA 

elimination factors is required for mRNA degradation, and whether they are the place where 

RNA degradation occurs. Further analyses, such as the isolation of mutants that affect the 

localization of RNA elimination factors, may reveal the biological significance of nuclear 

body formation.

Erh1, CCR4-NOT and Pir2/ARS2: additional factors involved in H3K9 methylation

Our analyses also revealed that Erh1 is required for heterochromatin formation at meiotic 

genes. Moreover, defects in CCR4-NOT affect heterochromatin distribution at rDNA, 

HOODs and subtelomeres. At subtelomeric regions, heterochromatin consists of two distinct 

domains: dh-like sequences and the adjacent regions that contain meiosis-upregulated genes 

and transmembrane protein genes (Cam et al., 2005; Yamanaka et al., 2013). Impaired 

H3K9me2 in ccr4Δ is largely restricted to the latter region. Since RNA elimination factors 

(Sugiyama and Sugioka-Sugiyama, 2011; Yamanaka et al., 2013) and Ccr4 (this study) 

control the expression of genes embedded within these regions at subtelomeres, it is 

conceivable that CCR4-NOT directly participates in this process through the assembly of 

heterochromatin domains coating these loci. These heterochromatin domains located 

adjacent to blocks of telomeric heterochromatin resemble HOODs that also require CCR4-

NOT and RNA elimination factors for small RNA production and H3K9 methylation.

Independently of our study, CCR4-NOT function in H3K9me was recently reported 

(Cotobal et al., 2015). Although both studies show the role of CCR4-NOT in H3K9me, there 

are profound differences in our conclusions. First, we demonstrate that CCR4-NOT is 

required for rDNA heterochromatin and rDNA integrity, a finding that was not reported by 

Cotobal et al., (Cotobal et al., 2015). Second, we show that CCR4-NOT is a critical player 

for H3K9 methylation and small RNA generation at HOODs, whereas Cotobal and 

colleagues reported that ccr4 and caf1 mutations do not affect HOODs (Cotobal et al., 

2015). Third, we find that ccr4Δ has only a minor impact on Red1-dependent 

heterochromatin islands, with the exception of island 9 (the mei4+ locus). Although these 

results are in agreement with the data recently reported by Cotobal et al., (2015), the authors 

claimed that CCR4-NOT is essential for Mmi1-dependent islands (Cotobal et al., 2015). 

Based on our current and previous results (Lee et al., 2013; Yamanaka et al., 2013; Zofall et 

al., 2012), we propose that: (1) EMC and MTREC are the major players in heterochromatin 

island assembly, and (2) CCR4-NOT facilitates heterochromatin assembly at rDNA repeats, 

subtelomeres, and HOODs (Figure 7G).
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We find that Ccr4 and Pir2/ARS2, both of which interact with each other, play an essential 

role in HOOD assembly, and that Pab2 also co-purifies with Ccr4. As HOOD assembly 

depends on RNAi, Pab2, cryptic introns and splicing factors (Lee et al., 2013; Yamanaka et 

al., 2013), it is plausible that CCR4-NOT and Pir2 are recruited by splicing factors (and 

EMC at certain loci) and cooperate with RNAi to assemble HOODs. Supporting this idea, it 

has been shown that: (1) ARS2 interacts with Dicer in Drosophila and Arabidopsis and is 

involved in RNAi (Sabin et al., 2009; Yang et al., 2006); (2) C. elegans ntl-9, a subunit of 

CCR4-NOT, is required to generate siRNAs from its endogenous targets (Fischer et al., 

2013); and (3) human ARS2 co-purifies with the spliceosome (Rappsilber et al., 2002). 

Alternatively, Pir2 may facilitate HOOD assembly through non-canonical transcription 

termination. This idea is based on the following studies: (1) ARS2 has been shown to 

promote transcription termination (Andersen et al., 2013; Gruber et al., 2012; Hallais et al., 

2013); and (2) Dhp1/Xrn2, a transcription termination factor, plays an essential role in 

HOOD assembly (Chalamcharla et al., 2015).

Perspective

Our findings are likely to have important biological implications. Heterochromatin 

formation at HOODs is controlled by growth conditions and developmental signals 

(Yamanaka et al., 2013). Since the functions of CCR4-NOT can be modulated by 

environmental and developmental cues (Miller and Reese, 2012), this machinery may 

facilitate cellular adaptation to different growth conditions. Furthermore, inappropriate 

expression of germline/meiosis-specific genes in somatic cells can induce tumor formation. 

In Drosophila, mutations in lethal (3) malignant brain tumor [l(3)mbt] are associated with 

brain tumors and are accompanied by ectopic expression of germline genes including piwi, 

aub and nos. Mutation of piwi, aub or nos is sufficient to suppress the brain tumor caused by 

l(3)mbt (Janic et al., 2010), indicating that Piwi, Aub or Nos plays a direct role in 

tumorigenesis. In recent years, much interest is focused on the identification of tumor-

specific antigens, which can provide potential targets for immunotherapy. The continuing 

search for human tumor-specific antigens has identified more than 40 genes that are 

normally expressed in gametes. Called C/T (cancer/testis) antigens, their abnormal 

expression in somatic cells is suspected to induce genomic instability (Simpson et al., 2005; 

Whitehurst, 2014). Therefore, it has become clinically relevant to uncover the mechanism(s) 

by which aberrant expression of germline-specific genes is suppressed in somatic cells. It 

would be of great biological and clinical interest to test whether conserved RNA processing 

factors contribute to suppression of C/T antigen expression in somatic cells of higher 

eukaryotes.

EXPERIMENTAL PROCEDURES

Yeast strain construction and cell culture were performed using standard methods (Moreno 

et al., 1991). The pir2-1 mutant was constructed using an error-prone PCR-based method as 

described previously (Lee et al., 2013; Sugiyama et al., 2013). Strains and primers used in 

this study are listed in Tables S6 and S7, respectively. Dilution analyses, mating efficiency 

assays, and rDNA::ura4+ loss assays were performed as described previously (Cam et al., 

2005; Sugiyama and Sugioka-Sugiyama, 2011). Briefly, for the rDNA::ura4+ loss assay, 
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strains carrying LEU2 and ura4+ reporter genes inserted at tandem rDNA repeats were 

plated on medium lacking leucine, propagated in non-selective liquid YEA and plated on 

YEA medium plates followed by replica plating onto medium lacking uracil (-Ura). Cells 

that grew on YEA but not on -Ura were counted as ura4+ loss clones. Loss of ura4+ was 

confirmed by PCR using Terra™ PCR Direct Polymerase Mix (TaKaRa Bio). A 

DeltaVision Elite (Applied Precision, GE Healthcare) was used for differential interference 

contrast and fluorescence microscopy. The raw images were captured and analyzed using 

softWoRx (Applied Precision, GE Healthcare). RNA sequencing, Northern blotting, 

Western blotting, ChIP, ChIP-chip, protein purification and mass spectrometry analyses 

were performed as described previously (Cam et al., 2005; Lee et al., 2013; Sugiyama et al., 

2007). Detailed procedures and associated references are available in the Supplemental 

Experimental Procedures.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Erh1 stoichiometrically interacts with Mmi1 to form a complex called EMC

• EMC engages MTREC and CCR4-NOT to assemble facultative 

heterochromatin

• Ccr4 cooperates with Pir2/ARS2 to trigger RNAi-mediated facultative 

heterochromatin

• Erh1 and CCR4-NOT promote rDNA silencing and the maintenance of rDNA 

integrity
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Figure 1. Characterization of Erh1
(A) Erh1 forms nuclear foci. Representative images of vegetative fission yeast cells 

expressing Erh1-GFP (Erh1), Hht1 (histone H3 h3.1)-CFP and mCherry-Atb2 (tubulin 

alpha2; used to confirm mitotic interphase) are shown. Bar, 5 μm. (B) Erh1 colocalizes with 

Red1, Mtl1, Pcf11 and Rrp6. Deconvolved images of vegetative fission yeast cells 

expressing Erh1-GFP (Erh1) with either Red1-tdTomato (Red1), Mtl1-tdTomato (Mtl1), 

Pcf11-mCherry (Pcf11) or Rrp6-mCherry (Rrp6) are shown. Bars, 5 μm. (C) Cells from a 

parental WT or erh1Δ homothallic culture were spotted onto minimal (PMG) plates and 
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incubated at 26°C for 3 days. The presence or absence of asci was determined by iodine 

staining, and the mating efficiencies are noted; “n” indicates the number of cells counted in 

each strain. (D) Erh1 is required for DSR-dependent mRNA decay. The ura4+-DSR 

construct is shown (top). WT, erh1Δ, and red1Δ cells carrying the ura4+-DSR were spotted 

onto complete or uracil-lacking (-ura) minimal plates in the absence of thiamine and then 

were incubated at 30°C for 3 days (bottom). See also Figure S1.
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Figure 2. Erh1 shares target transcripts with Mmi1 and Red1
(A) DSR-containing meiotic mRNA levels in erh1Δ and mmi1Δ. RNA-Seq data of 8 

representative meiotic mRNAs in WT, erh1Δ and mmi1Δ are shown. (B) Expression levels 

of pho1+ and tgp1+. Red bars indicate non-coding RNAs. (C and D) The numbers of genes 

with increased >2-fold (C) or decreased <0.5-fold (D) expression levels in erh1Δ, mmi1Δ or 

red1Δ cells are presented in Venn diagrams. For each comparison, the same set of 7019 

genes was examined. The statistical significance (p-value) of the overlap between each of 

the two groups is shown under the diagrams. See also Figure S2; Tables S1 and S2.
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Figure 3. Erh1 localization and function in meiotic cells
(A) Localization of Erh1 during meiosis. Meiosis was induced in homothallic cells 

expressing Erh1-GFP, mCherry-Atb2 and Hht1-CFP, and the localization of these 

fluorescent proteins was determined. (B) Erh1 colocalizes with Mei2 and the meiRNA dot. 

Homothallic strains expressing Erh1-mCherry (Erh1) with either meiRNA, which was 

visualized using the MS2-loop and MS2-GFP system, or Mei2-GFP were spotted onto 

minimal (PMG) plates and then incubated at 26°C for 1-2 days to induce meiosis prior to 

imaging. (C) The Mei2 focus disappears in erh1Δ. The localization of Mei2-GFP in meiotic 

WT and erh1Δ cells is shown. (D) Erh1 is essential for meiRNA dot formation. The 

meiRNA dot in meiotic WT, erh1Δ, and red1Δ cells was visualized by the MS2-loop and 

MS2-GFP system. (E) The percentages of cells with 0 (white), 1 (grey) or 2 (black) 

meiRNA dots are shown in the bar graph. “n” indicates the number of cells examined for 

each strain. Representative images are shown, and the white dashed lines indicate the cell 

shape. Bars, 5 μm. See also Figure S3.
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Figure 4. Erh1 forms a complex with the YTH domain containing protein Mmi1
(A) Erh1 purification. Extracts from the parental (untagged) or Erh1-GFP strains were 

purified on anti-GFP agarose. Erh1-binding proteins were visualized on an SDS-PAGE gel 

by CBB staining (left). The total peptide coverage (%) of the identified proteins is shown 

(right). (B) Erh1 purification with or without Benzonase treatment. The extract from the 

Erh1-GFP strain was purified on anti-GFP agarose with (+) or without (−) Benzonase 

treatment. The purified fractions were analyzed on an SDS-PAGE gel followed by CBB 

staining (left). The total peptide coverage (%) of the identified proteins is shown (right). (C) 
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Erh1 purification from mmi1Δ cells. Extracts from WT (+) or mmi1Δ (Δ) strains expressing 

Erh1-GFP were subjected to affinity-purification using anti-GFP agarose. Purified proteins 

were resolved by SDS-PAGE and visualized by CBB staining (left). The total peptide 

coverage (%) of the identified proteins is shown (right). (D) Erh1 colocalizes with Mmi1. 

Representative images of vegetative or meiotic cells expressing Erh1-GFP and CFP-Mmi1 

are shown. Bar, 5μm. See also Figure S4 and Tables S3-S5.
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Figure 5. EMC is required for the assembly of heterochromatin islands
ChIP-chip of H3K9me2 at Red1-dependent (1, 6, 8 and 9) islands in WT and erh1Δ, and in 

WT and mmi1Δ is shown in the top panels. ChIP-chip of Erh1-GFP in WT and mmi1Δ, and 

of CFP-Mmi1 in WT is shown in the bottom panels. See also Figure S5.
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Figure 6. Erh1 and Ccr4 regulate heterochromatin formation at rDNA repeats to protect rDNA 
integrity
(A) ChIP-chip of Erh1-GFP (top) and myc-Ago1 (bottom) at rDNA repeats in WT. (B) 

ChIP-chip of H3K9me2 at rDNA repeats in WT and erh1Δ (top), and in WT and ccr4Δ 

(bottom). (C) ChIP-chip of H3K9me2 at rDNA repeats in WT and red1Δ. (D) LEU2 and 

ura4+ markers inserted at rDNA repeats (Ylp2.4pUCura4+-7) are de-repressed in erh1Δ and 

ccr4Δ. A schematic representation of Ylp2.4pUCura4+-7 is shown (top). WT and erh1Δ 

(middle) or WT and ccr4Δ (bottom) carrying Ylp2.4pUCura4+-7 were spotted onto 

complete medium or minimal medium lacking leucine and uracil (-Leu-Ura) and incubated 

at 30°C for 2 days. (E) Increased frequency of mitotic recombination at tandem rDNA 

repeats in erh1Δ and ccr4Δ. A schematic representation of rDNA::ura4+ loss is shown (left). 

WT, erh1Δ and ccr4Δ carrying Ylp2.4pUCura4+-7 were first plated on medium lacking 

leucine, transferred to complete medium, and then replica plated to medium lacking uracil (-

Ura). Mitotic recombination at rDNA loci was indicated by the lack of growth on -Ura 

plates, and was confirmed by genomic PCR. “n” indicates the number of cells counted for 

each strain. See also Figure S6.
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Figure 7. Ccr4 interacts with Pir2/ARS2 to promote small RNA production and H3K9 
methylation at HOODs
(A) ChIP-qPCR of H3K9me2 and H3 at Mmi1-dependent (HOOD-12) and Mmi1-

independent HOODs (HOOD-31 and -10) in rrp6Δ (white bars), erh1Δ rrp6Δ (grey bars) 

and ccr4Δ rrp6Δ (black bars). The fold enrichment values of the target loci relative to the 

control locus vps33 are shown as the mean+SD (n=3). (B) Northern blot analysis of small 

RNA generation at three HOODs. Non-specific bands (~90 nt) served as a loading control 

(ctrl). (C) Co-immunoprecipitation of Pir2-FLAG with Ccr4-GFP. Cell lysates from the 

indicated strains were subjected to immunoprecipitation using anti-GFP antibody followed 
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by Western blotting. (D) Schematic showing the pir2-1 allele, which encodes Pir2 protein 

containing Phe165 to Leu (F165L) and Ser316 to Pro (S316P) substitutions. Two conserved 

domains, DUF3546 and ARS2, are shown as grey boxes (top). Serial dilutions of parental 

wild-type (parental) and pir2-1 cultures were spotted onto rich plates and then incubated at 

the indicated temperatures (bottom). (E) ChIP-qPCR of H3K9me2 and H3 at Mmi1-

dependent (HOOD-12) and Mmi1-independent HOODs (HOOD-31 and -10) in rrp6Δ 

(white bars) and rrp6Δ pir2-1 (grey bars). Fold enrichment of H3K9me2 and H3 at three 

target loci relative to the control locus (vps33) are shown as the mean+SD from three 

biological replicates. (F) Northern blot analysis of small RNAs generation at three HOODs. 

Non-specific bands (~90 nt) served as a loading control (ctrl). (G) Model showing EMC, 

CCR4-NOT, MTREC and Pir2 involvement in RNA-based regulation of gene expression 

and heterochromatin assembly. Transcripts containing a DSR are recognized by EMC, 

which in turn recruits MTREC and/or CCR4-NOT. MTREC is predominantly responsible 

for meiotic mRNA decay and formation of heterochromatin islands. On other hand, CCR4-

NOT facilitates heterochromatin assembly at rDNA repeats and interacts with Pir2 (which 

also associates with Cap binding complex: CBC) and Pab2 (not depicted) to promote HOOD 

assembly at genes and retrotransposons. Pir2 is also known to associate with MTREC, 

implicated in formation of certain HOODs. In addition to the DSR, cryptic introns and 

splicing factors, which were previously implicated in the assembly of HOODs, likely also 

engage Pir2, CCR4-NOT and MTREC to promote mRNA decay and generate small RNAs 

mapping to HOODs. See also Figure S7.
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