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Summary

RNAI factors and their catalytic activities are essential for heterochromatin assembly in S. pombe.
This has led to the idea that sSiRNAs can promote H3K9 methylation by recruiting the Cryptic Loci
Regulator Complex (CLRC), also known as Recombination In K Complex (RIKC), to the
nucleation site. The conserved RNA-binding protein Rctl (AtCyp59/SIG-7) interacts with splicing
factors and RNA polymerase Il. Here we show that Rctl promotes processing of pericentromeric
transcripts into siRNAs, via the RNA recognition motif. Surprisingly, loss of SiRNA in rct!
mutants has no effect on H3K9 di- or tri-methylation, resembling other splicing mutants, and
suggesting post-transcriptional gene silencing per seis not required to maintain heterochromatin.
Splicing of the Argonaute gene is also defective in rctZ mutants, and contributes to loss of
silencing but not to loss of siRNA. Our results suggest that Rct1 guides transcripts to the RNAI
machinery by promoting splicing of elongating non-coding transcripts.
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Introduction

RNA interference (RNAI) is a mechanism for gene silencing conserved in most eukaryotes
though with a few exceptions, including the budding yeast Saccharomyces cerevisiae. In
plants, Drosophila and Caenorhabditis elegans, as well as in the fission yeast
Schizosaccharomyces pombe, RNAI is involved in both post-transcriptional and
transcriptional silencing by modifying chromatin into silent heterochromatin. Once
assembled, chromatin modification is faithfully inherited, suggesting coordination between
DNA replication and heterochromatin assembly (Castel and Martienssen, 2013).

The genome of S. pombe has blocks of heterochromatin at centromeres, subtelomeres, and
at the mating-type locus. Heterochromatin is characterized by hypoacetylated histones H3
and H4, and H3 lysine 9 (H3K9) methylation in most eukaryotes including S. pormbe.
Methylated H3K9 serves as a binding site for heterochromatin protein HP1, encoded by
Swi6 and Chp2 in S. pombe, leading to epigenetic repression. During the cell cycle,
repressive histone marks are diluted by newly synthesized histones deposited on replicated
DNA, and Swi6 is transiently evicted by phosphorylation of H3 serine 10, resulting in
heterochromatic transcription (Kloc et al., 2008, Chen et al., 2008). Paradoxically, RNA
polymerase 11 (Pol 1) transcription is essential to re-establish repressive histone marks in
G2: specific mutations in Pol 1l subunits Rpb2 and Rpb7 impair siRNA biogenesis and
heterochromatin maintenance at the pericentromeric region (Djupedal et al., 2005, Kato et
al., 2005).
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Subsequently, pericentromeric transcripts are converted to double-stranded RNAs (dsSRNAS)
by the action of RNA-dependent RNA Polymerase 1 (Rdpl) (Motamedi et al., 2004). The
RNase 111 family endonuclease Dicer (Dcrl) processes dsSRNA precursors into 22-24 nt long
siRNAs (Colmenares et al., 2007, Volpe et al., 2002). These siRNAs are loaded onto the
RITS (RNA-Induced Transcriptional Silencing) complex, which contains Argonaute (Agol),
Chpl and Tas3 (Verdel et al., 2004). The RITS complex targets homologous RNA through
siRNA-mediated base pairing (Buker et al., 2007, Irvine et al., 2006), while the LIM domain
protein Stcl binds both the RITS complex and the CLRC (Bayne et al., 2010). The CLRC
contains the H3K9 methyltransferase Clr4, which catalyzes H3K9 methylation (Hong et al.,
2005, Horn et al., 2005, Jia et al., 2005), and recruits chromodomain proteins, including
Swi6, Chpl, Chp2 and Clr4 itself (Bannister et al., 2001, Partridge et al., 2002, Sadaie et al.,
2008, Zhang et al., 2008). Chp1 binding to methylated H3K9 mediates the association
between RITS complex and heterochromatin (Petrie et al., 2005), while the binding of Clr4
to methylated H3K9 promotes H3K9 methylation at the neighboring histones, allowing
heterochromatin spreading at the mating-type locus (Zhang et al., 2008). All components of
the RNAIi machinery and CLRC are required for robust siRNA biogenesis and efficient
H3K9 methylation at pericentromeric heterochromatin in S. pombe, and especially for the
spreading of H3K9 methylation into embedded reporter genes (Irvine et al., 2006).

Several histone deacetylases (HDACS) facilitate heterochromatin assembly by histone
deacetylation and nucleosome repositioning, including H3K14 deacetylase Clr3 and the
more general HDAC CIr6 and Sir2 (Bjerling et al., 2002, Jia et al., 2004, Shankaranarayana
et al., 2003, Sugiyama et al., 2007). In the absence of HDACs, silencing is compromised
without impairing siRNA biogenesis, and the combinatorial effect of intact RNAI and
impaired heterochromatin silencing causes elevated siRNA levels in HDAC mutants
(Sugiyama et al., 2007).

Rrp6 and Dis3 are exoribonucleases associated with the nuclear exosome, a crucial
component of the RNA surveillance machinery (Houseley et al., 2006). Rrp6 mediates
aberrant transcript degradation and retention at the transcription site (Eberle et al., 2010).
Both Dis3 and Rrp6 contribute to H3K9 methylation and silencing at pericentromeric
heterochromatin, but Rrp6 (which is non-essential in fission yeast) only does so in the
absence of RNAI (Buhler et al., 2007, Yamanaka et al., 2013, Murakami et al., 2007). Rrp6
degrades centromeric transcripts following cleavage by Agol (Irvine et al., 2006), indicating
that Rrp6 and the RNAi machinery target some of the same RNA substrates. In the absence
of Rrp6, RNA. targets a handful of genes and retrotransposable elements, in addition to
pericentromeric non-coding RNA, although the corresponding small RNA accumulate at a
very low level (Yamanaka et al., 2013).

The enzymatic activities of RNAi components are required for pericentromeric H3K9
methylation, supporting a direct role of siRNAs in heterochromatin assembly (Colmenares et
al., 2007, Irvine et al., 2006). However, artificial SIRNAs introduced by a hairpin RNA fail to
assemble H3K9 methylation in frans despite efficient sSiRNA production (Buhler et al.,
2006). The ability of artificial SIRNAs to act in #rans depends on the context of their target
sequences, and is promoted by inefficient poly-adenylation, convergent transcription and
proximity to pre-existing H3K9 methylation (Yu et al., 2014). Furthermore, reporter
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transgenes integrated into pericentromeric repeats generate much less siRNAs than the
repeats themselves, and yet are far more dependent on Agol and Dcrl for H3K9
methylation (Buhler et al., 2006, Irvine et al., 2006, Volpe et al., 2002).

In this study, we describe a highly conserved RNA-binding protein that has co-evolved with
RNAIi components in S. pombe. This protein was named Rctl (RRM-containing cyclophilin
regulating transcription) because of the conserved RNA recognition motif (RRM), the
Prolyl-Peptidyl Isomerase (PPlase) domain, and its role in regulating Pol 1l (Gullerova et al.,
2007). It was first isolated as an essential SR domain protein (AtCyp59) in Arabidopsis,
where it interacts with both Pol Il and with other SR proteins that mediate alternative
splicing (Gullerova et al., 2006, Thomas et al., 2012), and binds most cellular mMRNA
(Bannikova et al., 2013). We show that the RRM of Rctl is required for siRNA biogenesis,
heterochromatic silencing and for efficient intron splicing, but is dispensable for H3K9
methylation. The defect in SIRNA accumulation can be partially suppressed by increased
transcription in HDAC mutants, or by mutations in the exosome. Interestingly, the Rctl
homologue in C. elegans, SIG-7, has been recently shown to regulate transgene silencing in
both somatic and germline cells (Ahn et al., 2016), suggesting that the role of Rctl is likely
to be conserved in higher eukaryotes.

Rctl Is Essential for siRNA Production and Heterochromatic Silencing

We performed a candidate gene knockout screen based on the observation that S. cerevisiae
has lost all the key RNAi components found in S. pombe (Aravind et al., 2000, NakayashiKki
et al., 2006). We hypothesized that any gene that is specific to S. pombe, with no apparent S.
cerevisiae homologue and yet is conserved in higher eukaryotes, could potentially be
involved in RNAI. This list contains 538 genes (Table S1), including rapZ, hrr1, cid12, dcrl,
chpland agol. One of the genes on this list was rctZ, which overlaps with the presence of
RNAI genes in diverse fungi (Figure S1).

To test if Rctl was involved in sSiRNA biogenesis, we analyzed siRNAs derived from dfldg
pericentromeric repeats in rctZA mutant cells and found they were barely detectable, similar
to RNAI and CLRC mutants (Figure 1A). Small RNA-seq quantification revealed that dh/dg
SiRNA reads in rct1A were only about 1.3 % of the mapped reads in wild type cells, similar
to agolA and dcrlA, which have about 0.4% (Figure 1B). RNA-seq and semi-quantitative
RT-PCR revealed that d/il ag transcripts accumulated in rctZA mutant cells, similar to RNAI
or CLRC mutants (Figures 1C, 1D, S2A and S2B). In addition, the wra4 transgene inserted
into the dg repeat (otr1R:: ura4) was derepressed in rctIA mutant cells (Figure 1D), resemble
other silencing mutants. Loss of pericentromeric silencing resulted in enhanced growth of
strains carrying the ura4 gene inserted into dgand af repeats on medium lacking uracil
(Figures S2C and S2D). These results suggest a defect in the processing of repeat transcripts
into siRNAs, rather than defects in transcription.
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Rctl Functions in the RNAi Pathway and requires the RRM domain

The HDAC CIr3 acts in parallel with the RNAI machinery (Sugiyama et al., 2007, Reyes-
Turcu et al., 2011). To test if Rctl also acts in parallel with Clr3, we generated rct1Ac/r3A
double mutant cells. Quantification of dA/dg expression levels revealed that pericentromeric
silencing was further impaired relative to single mutants (Figure 2A). In contrast,
retlArapld, retiAderiA and retllagolA double mutants did not further impair silencing
(Figure 2B). Deletion of RNA exporting factor m/o3rescues silencing in RNAI mutants but
not in CLRC mutants (Reyes-Turcu et al., 2011). We generated rct24mlo3A double mutant
cells and showed that pericentromeric silencing was efficiently restored in rctZAmlo3A
double mutants (Figure 2C). Taken together, we conclude that Rctl is in the RNAI pathway.

HDAC mutants have robust siRNA accumulation due to elevated transcription in the
presence of RNA.. In rct1Ac/r3A double mutant cells, we found that pericentromeric SiRNA
levels were increased more than 10-fold when compared to rctiA (Figure 2D). These
siRNAs mapped to the same regions as in ¢/r3A cells (Figure 2E), and retained their 5° U
bias and size distribution similar to siRNAs produced from RNAI pathway (data not shown),
suggesting an additive effect. Surprisingly, sSiRNAs originating from IRC boundary elements
(Noma et al., 2006, Keller et al., 2013) located just outside of the pericentromeric repeats,
were completely absent in ¢/r34 (Figures 2E, S3A and S3B), revealing a new role for CIr3 in
SiRNA accumulation

Rctl has a PPlase domain at the N-terminus followed by a conserved RRM, with a less
conserved C-terminus region (Gullerova et al., 2007). To address the role of each domain in
SiRNA biogenesis, we generated domain specific rctZ mutants and assessed af/ag sSiRNA
levels (Figure 3A). Deleting the PPlase and C-terminal domains had no effect, but mutation
of the RRM domain resulted in complete loss of sSiRNAs (Figure 3B). Pericentromeric dhldg
transcripts accumulated in rctZ-rrm, but not in rct1Also or ret1AC mutant cells, consistent
with the loss of siRNAs (Figure 3C). These results suggest that the RRM domain of Rctl is
required for siRNA biogenesis and pericentromeric silencing.

Rctl Mediates Splicing and Prevents Targeting by the Exosome

The Rrp6 exosome degrades pericentromeric transcripts, but does not process them into
SiRNAs (Irvine et al., 2006, Reyes-Turcu et al., 2011, Yamanaka et al., 2013). To test if
pericentromeric transcripts in rctZ mutant cells were targeted by Rrp6, we sequenced
SiRNASs in rct1Arrp6A4 and retl-rrm rrp6A mutant cells. We found that pericentromeric
siRNAs, including the boundary siRNAs, were partially restored in rct1Arrp6A4 and rctl-rrm
rrp6A double mutants as compared to rctiA and retl-rrm single mutant cells (Figures 4A,
S3C and S3D) by 20- to 40-fold (Figure 4B). siRNAs derived from otr1R::ura4 transgene
were similarly restored in rct1Arrp6A4 and rctl-rrm rrp64 mutant cells (Figure 4C), as were
siRNAs from #f2retrotransposons and a handful of genes (Figure S4A), as previously
reported (YYamanaka et al., 2013). However, levels of these non-centromeric small RNA per
kilobase of precursor transcript were less than 1% of pericentromeric siRNA, and extensive
A-and U-tailing indicated these siRNA were, most likely, targeted by the TRAMP complex
for degradation by the exosome (Figure S4A). This could account for their modest
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accumulation in r7p6 mutants, rather than being targets of a specialized RNA processing
machinery (Yamanaka et al., 2013).

The siRNAs detected in rct1Armp6A and retl-rrm rrp6A mutant cells had strong 5” U bias
(Figure S4B) and were mostly 22-24 nt in length (Figure S4C), suggesting they were likely
bound to Agol. To test if these siRNAs restored silencing, we quantified a//dg transcript
levels, and found silencing was restored in rct1Arrp64 and rcti-rrm rrp64 double mutant
cells (Figures 4D and 4E). Our results indicate that pericentromeric transcripts, and/or their
SiRNA, were targeted by Rrp6 in rct mutant cells, resulting in loss of silencing.

Rrp6 mediates retention of unspliced transcripts at the transcription site (Eberle et al., 2010),
and inefficient splicing in retZ mutants could cause Rrp6 to target pericentromeric
transcripts. We analyzed splicing efficiency in rctZ mutant cells by RNA-seq and revealed a
striking upregulation in intron retention in rctZA and rctZ-rrm mutant cells (Figure 4F). A
role for Rctl in splicing is supported by direct interaction of the Arabidopsis homolog
AtCyp59 with SR splicing proteins, Pol Il, and RNA (Baltz et al., 2012, Bannikova et al.,
2013, Gullerova et al., 2007, Gullerova et al., 2006). Non-coding transcripts from g repeats
have introns (Chinen et al., 2010), and we tested for intron retention using RT-qPCR (Figure
4G). We found that dg introns were spliced in dcriAand c/r4A mutant cells, but that splicing
was very inefficient in rctZA and rctZ-rrm mutants, supporting the idea that defects in non-
coding RNA splicing might direct them away from the siRNA biogenesis pathway (Bayne et
al., 2008).

Splicing defects in three protein coding genes important for sSiRNA biogenesis (see
Methods), namely agol, ers1 and arb2, were validated by RT-PCR in rctiAand rctl-rrm
mutant cells (Figure 5A). To test if splicing defects in these genes were responsible for loss
of silencing, we deleted rctZ from strains in which agol, esrl and arb2have been replaced
by intron-less cDNA, in all combinations (Kallgren et al., 2014), and measured g transcript
levels (Figure 5B). We found that replacement of ago with intron-less ago1 at the
endogenous locus resulted in restoration of silencing in rctZA mutant cells, while
replacement of ersI and arb2with cDNA versions had little or no effect. Importantly, similar
replacements had no effect on loss of silencing in dcr14 mutant cells or in RNAI wild type
backgrounds (Figure S5A). Surprisingly, we found that levels of Ago1l protein (Figure 5C)
and dh/dg siRNA (Figure 5D) were only partially restored, even when all three RNAI genes
were replaced by cDNA. Agol protein levels were similar to those found in decrZA mutant
cells (Figure S5B), in which siRNA levels were also very low.

H3K9 Methylation and RNA polymerase Il accumulation in rctl Mutants

At least five genes required for spliceosome assembly are needed for the biogenesis of
SIRNAS, prp5, pro8, prpl0, prpl2and cwrl10. Curiously, however, these mutants had little or
no effect on the maintenance of heterochromatic H3K9me2 (Bayne et al., 2008). We
performed H3K9me2 and H3K9me3 ChiP-seq, and found that rctZA and retZ-rrm mutant
cells also retained normal levels of H3K9 methylation (Figures 6 and S6), even at the
otrl1R::ura4transgene (Figures 6D and 6H) which is more sensitive to the loss of RNAI
components (Irvine et al., 2006). This observation distinguishes Rctl from RNAI
components such as Agol, Dcrl and Rdpl, in which histone H3K9 methylation is
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substantially reduced at centromeric repeats, and completely abolished at the otrIR.:ura4
transgene.

Spreading of H3K9 methylation from heterochromatic repeats into embedded reporter genes
requires the coupling of Clr4 with the leading strand DNA polymerase Pol e (Li et al., 2011,
Zaratiegui et al., 2011). During S phase, when the replication machinery encounters Pol Il,
the failure to remove Pol Il from pericentromeric repeats in dcriA mutant cells interferes
with fork progression. This results in the loss of H3K9 methylation due to fork restart by
homologous recombination (Zaratiegui et al., 2011). We performed Pol Il ChlIP-seq in rctI-
rrm mutant cells and found that Pol 11 failed to accumulate at the pericentromeric repeats
(Figures 7A and S7A), consistent with the H3K9me2 retention. In contrast, Pol |1
accumulated at siRNA clusters in RNAI mutants (Zaratiegui et al., 2011). In rctIA mutant
cells, Pol 11 was also found to accumulate but extended into the intervening regions between
neighboring repeats (Figures 7A and S7A). Pol Il enrichment within sSiRNA clusters was
confirmed in rctZA mutant cells but not in retZ-rrm mutant cells (Figure 7B), and suggested
that Rctl, but not the RRM domain, was required for Pol |1 release from the pericentromeric
repeats. ChlP-seq with antibodies specific for initiating and elongating Pol 11
(phosphorylated on CTD Serine-5 and Serine-2, respectively) revealed that the accumulated
Pol 11 was largely trapped in the initiating form, even in intergenic regions between non-
coding repeats (Figures S7B and S7C). Our results are in agreement with previous
observations that Rctl interacts with Pol Il and is thought to be required for CTD
phosphorylation (Gullerova et al., 2007, Gullerova et al., 2006).

Discussion

Rctl Is Required for siRNA Accumulation and Post-Transcriptional Silencing

Genetic interactions and compromised siRNA biogenesis indicate Rct1 is required for
RNAI. However, we were not able to detect interactions between Rctl and siRNAs or Rctl
and Agol (data not shown). Additionally, siRNA biogenesis was partially restored in
retiAclr3A and ret1Armp6A mutant cells, further indicating that unlike other RNAI
components, Rctl does not directly participate in sSiRNA biogenesis, so that mutants that
increase SiRNA levels indirectly, such as rrp6and c/r3, can bypass the requirement of Rctl
to some extent. Instead, Rctl promotes splicing of both non-coding and coding transcripts,
as well as promoting the release of elongating Pol Il. Each of these functions contributes
indirectly to siRNA production, and to silencing, independently of changes in histone H3K9
methylation.

Rctl is engaged with transcription by interacting with the C-terminal domain of Pol 11
(Gullerova et al., 2007) and its homolog AtCyp59 interacts with mRNA (Bannikova et al.,
2013), most likely through its RRM. The splicing machinery is further recruited to this
transcript, and properly spliced transcripts are exported to the cytosol for translation. We
found that protein-coding genes required for RNAi were not properly spliced in rct1
mutants, which has been proposed as an explanation for loss of silencing in splicing
mutants. Furthermore, replacement of agoZ, arb2, and ers genes with cDNA restored
silencing to rct14 mutant cells resembling some other splicing mutants in this respect
(Kallgren et al., 2014). However, levels of Agol protein were very low in rctI4 mutant cells,
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much lower than expected given the substantial levels of correctly spliced mRNA, and were
only marginally increased by removing the introns from agoZ and arb2, only rising to levels
similar to those observed in dcr1A mutant cells which lack siRNA. We conclude that the
splicing defect in RNAI genes was responsible for the loss of silencing, but was most likely
not responsible for the loss of sSiRNA. Though formally, we cannot exclude the possibility
that unknown intron-containing RNAI genes are mis-spliced in rctI mutant cells, or that
multiple minor defects are responsible.

Non-coding transcripts from centromeric repeats stay in the nucleus to be processed into
double stranded RNA, stimulated by the presence of spliceosomes that interact with the
RDRC (Bayne et al., 2008). Weak splicing signals are found in non-coding transcripts from
ag repeats, and the introns are partially spliced (Chinen et al., 2010). Stalled spliceosomes at
weak splice site are thought to stimulate siRNA production in Cryptococcus neoformans
(Dumesic et al., 2013). In cells lacking Rctl or a functional RRM, nascent pericentromeric
transcripts are not processed into sSiRNA, and accumulate as unspliced RNAs. It is possible,
that failure to recruit the splicing machinery is responsible for loss of sSiRNA. Rrp6 could
potentially mediate unspliced transcript retention at the transcription site, preventing RNAI
from targeting these transcripts.

Alternatively, Rrp6 could simply degrade the siRNA that still accumulate in rctZ mutants,
following 3” end modification by tailing. Our analysis revealed that A and U tailed small
RNA were prevalent in rrp6A small RNA samples compared to wild type. This was
especially prominent in ectopic small RNA from the myb2, and SPCC1442.04c genes as
well as #2elements, which only occur in rrp6 mutant cells (Yamanaka et al., 2013),
suggesting they might be degraded by the exosome in wild type cells. A similar function has
been proposed for the TRAMP complex, which is likely responsible for polyadenylation of
small RNA (Buhler et al., 2008). However, these ectopic small RNAs are less than 1% of
those derived from centromeric dg/dh repeats, when normalized for genomic content, so that
their function, if any, is obscure.

Rctl in H3K9 Methylation and Pol Il Accumulation

Unlike other RNAI mutants, but resembling other splicing mutants (Bayne et al., 2008), cells
lacking Rct1 uncouple siRNA biogenesis and H3K9 methylation. RNAI factors resolve the
collision between the replication and transcription machinery during S phase, by promoting
transcriptional termination and allowing replication to proceed, along with H3K9
methylation (Zaratiegui et al., 2011). Thus most sSiRNAs generated from centromeric repeats
could be considered as degradation byproducts of co-transcriptional silencing by the RNAI
pathway, rather than functional components of heterochromatic modification per se (Halic
and Moazed, 2010). In rctZ-rrm mutant cells, Pol 11 is released normally from the
pericentromeric repeats and H3K9 methylation is retained, despite the loss of 98-99% of
siRNAs. In rctid mutant cells, however, Pol 11 accumulates. One possibility is that Rctl
directly promotes Pol Il release or degradation via protein interactions with Pol 11 outside of
the RRM. The ubiquitin ligase Cul3 triggers Pol 11 degradation in response to DNA damage
in S. cerevisiae (Ribar et al., 2007), and the Rctl homolog in Drosophila melanogaster,
CG5808, exists in a protein complex with Cul3 (Fujiyama-Nakamura et al., 2009). Several
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protein interactions in this complex are conserved in S. pombe (Geyer et al., 2003, Pintard et
al., 2004).

Surprisingly, both Pol 1l and H3K9 methylation accumulate in rctZ4 mutant cells, though
transcript accumulation is much lower than in RNAi mutants. The trapped Pol 11 is
predominantly phosphorylated on Serine-5 of the CTD, rather than Serine-2, consistent with
a defect in elongation (Gullerova et al., 2007). Thus domains of Rctl other than the RRM
seem to have additional functions distinct from defects in splicing, that appear to bypass the
requirement of RNAI for H3K9 methylation (Reddy et al., 2011). A role in transcriptional
elongation has recently been proposed for the Rctl homolog in C. efegans, CYN-14 (Ahn et
al., 2016). Furthermore, mutants in the Pol Il associated factor complex, Paf1C, also have an
elongation defect, and have been shown to lose pericentromeric sSiRNA while retaining
H3K9me2, highly reminiscent of rctZ (Sadeghi et al., 2015). RNAIi mediated silencing
driven by hairpin siRNA is actually enhanced in Paflc deficient backgrounds (Kowalik et
al., 2015). These observations are consistent with the model proposed here.

Small RNA and Heterochromatin at Pericentromeric Boundaries

Clr3 contributes to silent heterochromatin in part by the elimination of the nucleosome free
region (NFR) found within the repeats, inhibiting Pol Il engagement. However, unlike the
dh/dg repeat NFRs, the NFRs at the pericentromeric boundaries are resistant to Clr3
mediated elimination (Garcia et al., 2010). Nonetheless, we have found that some
pericentromeric small RNAS, especially those from pericentromeric boundaries, are ClIr3
dependent (Figure 2E). Boundary siRNAs on chromosome 1 are thought to load only rarely
onto Agol and are not associated with H3K9me2 (Keller et al., 2013). However, IRC3-R
boundary siRNA on chromosome 3 are efficiently loaded onto Agol (Halic and Moazed,
2010), and yet are still not associated with high levels of H3K9me2 in wild type cells
(Figure S6B), nor does Pol 1l accumulate there in the absence of RNAI (Figure 7A). Instead,
these boundaries appear to be transcribed by Pol 111 (Noma et al., 2006). Interestingly,
deletion of Agol has a pronounced effect on H3K9me3 accumulation, and Clr3-dependent
boundary siRNA appear to be associated with H3K9me3 (Figures S6C, S6D and 2E). The
regulation of H3K9 di- and tri-methylation by boundary siRNAs is largely unknown and we
revealed an unexpected link between CIr3, Agol and boundary siRNA biogenesis.

Experimental Procedures

Fission Yeast Strains and Standard Manipulation, See also Tables S2 and S3

S. pombe strains and primers used in this study are described in Tables S2 and S3,
respectively. Deletion mutants were generated by standard PCR or plasmid-based methods
(Gregan et al., 2006). All yeast strains were cultured in YES (yeast exact with supplements)
media at 30 °C. rctZ mutant strains were generated by transforming freshly prepared diploid
cells to avoid accumulation of suppressors. Tetrad dissection was done following meiosis
and PCR genotyping performed to confirm allele segregation.
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Small RNA Northern

Cells were grown to a concentration of ~1 x 107 cells/ml. Total RNA was extracted by the
hot phenol method (Leeds et al., 1991). mirVana miRNA isolation kit (Ambion) was used to
enrich the small RNA fraction. 10 to 15 ug of enriched small RNAs were used, and RNAs
were chemically cross-linked to membranes (Pall and Hamilton, 2008). Radiolabeled
riboprobes were generated by T3/T7 in vitrotranscription kit (Ambion) using @/ or dg DNA
as templates and aP32-UTP for radiolabeling. Riboprobes were hydrolyzed before
hybridization. U6 radiolabeled oligoprobe was prepared by P32-ATP end labeling with T4
PNK (Polynucleotide Kinase). Radioactive signals were detected by Fuji phosphoimager.

Small RNA Sequencing Library Construction and Data Analysis

Small RNA libraries were constructed by NEBNext multiplex Small RNA library prep kit
(NEB E7300) following manufacturer's protocol. Libraries were size selected (125-160 bp)
by Blue Pippin machine (Sage Science). Barcoded libraries were pooled and sequenced on
Illumina MiSeq platform. Obtained reads were quality filtered using Trimmomatic and
aligned to the S. pombe genome assembly ASM294v2.21 using Bowtie v2.1.0 and local
alignment, with multi-mappers randomly distributed. Only reads between 15 and 36
nucleotides were used for the analysis. Read counts were normalized to reads per million
(RPM) using total library size. Reads mapping to the sense strands of tRNA and rRNA were
discarded before producing genome browser pileups.

RNA Sequencing Library Construction

ScriptSeq V2 kit (Epicentre) was used to prepare barcoded RNA-seq libraries. 50 ng
ribosomal RNA (rRNA)-depleted RNA samples were used as starting material following
manufacturer's protocol. Ribo-Zero Gold kit (Epicentre) was used to remove rRNA from
total RNA (DNA free) samples. Barcoded libraries were pooled and sequenced on Illumina
HiSeq platform.

RNA-seq Preprocessing, Alignment and Coverage Visualization

Sequencing adapters were trimmed from reads using Trimmomatic 0.30 (Bolger et al.,
2014), and surviving read pairs with both mates longer than 25 bp were retained. Reads were
then mapped to isolated rDNA annotations with Bowtie 2 2.1.0 with default options
(Langmead and Salzberg, 2012). Only read pairs that failed to map concordantly to rDNA
were retained. Subsequently, reads were aligned to the Ensembl 21 S. pombe genome
release with STAR 2.3.1z (Dobin et al., 2013). Genome index construction was performed
with the option --sjdbOverhang 100 and the Ensembl 21 annotations supplied to --
sjdbGTFfile. Alignment was performed with the following options: --
outFilterMultimapNmax 100 --outFilterMismatchNmax 5. Non-primary and non-concordant
alignments were removed with samtools 0.1.19 (Li et al., 2009). One random placement was
chosen for multi-mapping reads. Coverage tracks were prepared from STAR alignments
with Bedtools 2.19.0-7 and UCSC BigWig utilities (Quinlan and Hall, 2010). BAM
alignments were converted to BED format, and the strand of the second read in each aligned
pair inverted so base coverage for both mates would be counted on the origin strand. Base
coverage was tallied with Bedtools genomecov for each strand and normalized by millions
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of reads mapped. Figures were produced in IGV (Robinson et al., 2011, Thorvaldsdottir et
al., 2013).

Differential Intron and Exon Usage

Independent pairwise comparisons of RNA-seq reads from rctIA, rcti-rrm, rctIA-clr3A and
clr3A with wild type were performed with DEXSeq 1.8.0 (Anders et al., 2012). Two
replicates were used in all comparisons. A non-overlapping set of exon counting bins in gff
format was generated with the dexseq_prepare_annotation.py script. The resulting gff was
modified by adding intron counting bins between all exons, which were distinguished by
appending an “i” to the preceding exon ID. dexseq_count.py was run with parameters “-p
yes -s yes” to generate raw counts of reads overlapping the bins. DEXSeq routines were
called with default arguments to test for differential expression and estimate log, fold
changes for the counting bins. Differential exon/intron usage events with a Benjamini-
Hochberg adjusted p-value less than 0.05 were considered significant. Boxplots of log, fold
change estimates for these events were generated with ggplot2 (Wickham, 2009). RNA-seq
analysis showed statistical evidence of differential exon and/or intron usage in the following
genes required for RNAI: agol, airl, arbl, arb2, chp2, clré, ersi, hipl, hobl, hrrl, hst,
mst2, pir2, pmt3, pstl, rob2, sir2. However, only agol, ers1, arb1 and arb2had alterations in
exon and/or intron usage >5% compared to wild type levels. Three of these genes were
validated by RT-PCR but only one (agoZ) had phenotypic consequences when the introns
were removed.

Semi-Quantitative RT-PCR

RT-gPCR

DNA-free total RNA was isolated by hot phenol extraction followed by Turbo DNase
(Ambion) treatment. 20 to 30 ng of total RNA were used in one-step RT-PCR reactions
(Qiagen) following manufacturer's protocol. Primers used are listed in Table S3. RT-omitted
the reverse transcription step and proceeded directly to enzyme inactivation at 95 °C.

Super Script 111 First-Strand Synthesis System (Life technologies) was used to reverse
transcribe total RNA into cDNA. cDNA was amplified by 1Q SYBR Green Super Mix with
CFX96 real time PCR detection system (Bio-Rad). Primers used are listed in Table S3.
Expression levels relative to wild type were calculated by AACt method using act? levels for
normalization.

ChlIP, ChIP Sequencing Library Construction and Data Analysis

Cells were grown to a concentration of ~1 x 107 cells/ml, then fixed in 1% formaldehyde at
25°C for 20 min. Fixation was stopped by adding glycine to a final concentration of 0.125
M, and cells were washed twice in 1XPBS then stored in -80°C. Cells were spheroplasted by
zymolyase at 37°C and then sonicated using a bioruptor for 8 cycles (30s ON 60s OFF). For
each IP, 500-750 ug of chromatin were used with 3 to 5 ul antibody. Antibodies used in ChIP
experiments were H3K9 dimethylation (Upstate 07-441), H3K9 trimethylation (Abcam
ab8898), Pol 11 8BWG16 (Abcam ab817), Pol Il phospho-serine 5 (Abcam ab5131) and Pol 11
phospho-serine 2 antibody (Abcam ab5095).
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DNA (1ng) purified from ChIP experiments was made into libraries by using NEB enzymes.
In brief, DNA was end-repaired by T4 DNA polymerase, Klenow fragment and T4 DNA
PNK. “A” bases were added to the 3" end of end-repaired DNA fragment with Klenow 3’
to 5 exo minus and dATP. Barcoded Truseq adaptors (lllumina) were ligated to DNA
fragments using quick ligase at 25°C. Five PCR cycles were performed prior to size
selection. After size selection, purified DNA was PCR amplified with 6 to 12 cycles (Kapa
HiFi HotStart ready mix). Barcoded libraries were pooled and sequenced on Illumina HiSeq
platform. Obtained reads were quality filtered using Trimmomatic and aligned to the S.
pombe genome assembly ASM294v2.21 using Bowtie v2.1.0 and local alignment, with
multi-mappers randomly distributed. All read counts were normalized to reads per million
(RPM) using total library size. ChIP enrichment was calculated as the logs of the ratio of
normalized IP reads to normalized input (whole cell extract) reads. Quantification at
individual features was performed by intersecting reads with the feature of interest.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Rctl is Required for siRNA Biogenesis and Pericentromeric Heterochromatin
Silencing, See also Table S1, Figures S1 and S2

(A) Small RNA northern blots of pericentromeric dfil dg derived siRNAs. U6 serves as
loading control.

(B) Quantification of cennsiRNASs in indicated strains. Y-axis represents normalized reads in
each library (read per million). Normalized reads mapped to a/il dg repeats are plotted
separately. Data from two biological replicates of rctZA mutant cells were analyzed. Error
bar indicates standard error from mean (SEM).
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(C) RNA-seq reads at centromere (cen) 1 from indicated strains. RNA-seq tracks (red), small
RNA-seq track (blue), cen 1 (grey). Y-axis represents normalized reads in each library
(RPM). Only selected features are annotated on Integrated Genome Viewer screenshots in
this and all subsequent figures.

(D) Semi-quantitative RT-PCR of dfldg and otr1R::ura4 transcript levels in rctI4 mutant
cells. Truncated ura4-DS/E at the endogenous site and act! serves as loading controls, -RT
omits the reverse transcription step. A full tetrad was analyzed to show that the silencing
defect phenotype segregates with rctiA alleles.
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Figure 2. Rctl Functions in the RNAIi Pathway, See also Figures S3A and S3B
(A, B and C) RT-gPCR analysis of dfldg transcript expression levels in mutant strains as

indicated. actintranscript levels were used for normalization by AACT method. Y-axis
represents RNA expression levels relative to wild type. At least two biological replicates
were used for each genotype and qPCR reaction was performed at least twice for each strain.
Error bars indicate SEM.
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(D) Quantification of censiRNAs in indicated strains. Y-axis represents normalized reads in
each library (RPM). Data from two biological replicates of rctZA4 mutant cells were
analyzed. Error bar indicates SEM.

(E) censiRNA levels and distribution in indicated strains. Small RNA-seq tracks, (blue), cen
3 (grey). Y-axis represents normalized reads in each library (RPM). Lower panel is a blow
up view of the pericentromeric boundary located at the right arm of cen 3, note the
difference in scale. Blue shade indicates siRNA distribution from wild type cells, red dashed
line marks confined distribution in the mutant cells.
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Figure 3. The RNA Recognition Motif of Rctl is Essential for siRNA Biogenesis and
Pericentromeric Heterochromatin Silencing

(A) Schematic representation of rct? alleles. ret1 FL contains full-length Rctl with no
mutations. rct1A/so lacks the first 175 amino acids corresponding to PPlase domain. rct1-
rrmincludes two amino acid mutations (red) in the RRM,Y287D and F289D, both of which
combined were predicted to abolish the RNA-binding ability of Rctl. rctZAC has amino
acids 333-428 removed.

(B) Small RNA northern blots of pericentromeric df/dg derived siRNAs. U6 serves as
loading control.

(C) Semi-quantitative RT-PCR of d/l/dg and otriR::ura4 transcript levels in rct mutant cells.
Truncated wra4-DS/E at the endogenous locus and act! serves as loading controls, -RT omits
the reverse transcription step.
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Figure 4. Rctl Mediates Splicing and Prevents Targeting by the Exosome, See also Figures S3C,

S3D and S4

(A) censiRNA levels and distribution in indicated strains. Small RNA-seq tracks (blue), cen
3 (grey). Y-axis represents normalized reads in each library (RPM).
(B) Quantification of cennsiRNAs in indicated strains. Y-axis represents normalized reads in
each library (RPM). Data from two biological replicates of each strain were analyzed with

the exception of rctZ-rrm mutant cells, where data from one strain was analyzed. Error bars

indicate SEM.

(C) Quantitative analysis of ura4 siRNA levels in indicated strains as described in (B).
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(D and E) RT-gPCR analysis of d//dg transcript expression levels in mutant strains as
indicated. actin transcript levels were used for normalization by AACT method. Y-axis
represents RNA expression levels relative to wild type. Two biological replicates were used
for each genotype and gPCR reactions were performed in triplicates for each strain. Error
bars indicate SEM.

(F) Log, fold changes are shown for all differentially expressed intron (purple) and exon
(grey) observations in independent comparisons of mutant and wild type RNA-seq as
determined by DEXSeq with false discovery rate < 0.05. Number indicates differentially
expressed inton/exon number in each strain. Boxes represent the interquartile range bisected
by the median. Whiskers extend to the lesser of IQR x 1.5 or the most extreme observation.
(G) RT-gPCR analysis of spliced dg transcript levels in mutant strains using primers
complementary to exon splice junctions of the dg non-coding centromeric transcripts. Total
dg transcript levels were used for normalization by AACT method. Y-axis represents spliced
RNA expression levels relative to wild type. At least two biological replicates were used for
each genotype and gPCR reaction was performed at least twice for each strain. Error bars
indicate SEM. Note that overall gg transcript levels were much higher in mutant than in wild
type cells (Figure 3).

Cell Rep. Author manuscript; available in PMC 2017 September 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Page 24

B
dg repeat transcripts dg repeat transcripts
25
_¥ g 2
g T2,
< = K
Z%® <=
o Z @ 10
£ e .
0
4 B\ o
\\‘“0:\ \x‘*x\‘*spé Sa & ,\,\'9‘\,\,00\\
(° a@ L e
2 D b ,\\ﬁ A ,ﬁ@ @
«& FE L L P &
ADT DT Wb N o
R R
Ny <&
N o & &
\D,{\D \'\D%é) \,60 \D {\bﬁ ;\\'ago 0‘\?“; \\?"‘\?‘\\ "?“? biorﬂi;\,ﬁo
R A A R A A "p}\g‘;ﬁ\.\:&o‘fm 59 a‘f °'13° "\;ofl)é
- - S s mm R -Agot NN bbbb\ b
M Sapuipeiiututs | & SPRRR R EETRERIRN SR
" ’00““ v [ _ . |dhsiRNA
rbﬁov\ i qPé} ’&w;\
'\b«b \Dﬁ& ‘L’('O‘\ A> (o fﬁa‘g\ “ weé . W dg SIRNA
& & P& (}’
L e - - -Agol - » " % - |UB
= G s S G B |

N\
Y
o iy
\&o 0'9? \\Gé (‘5’\;5)

R D adT Qe
S Lo &S

- . - wm|-Agol
- e S e .|

Figure 5. The Impaired RNAIi Gene Splicing in rctl Mutant Cells is Responsible for Loss of
Silencing, but not Low Agol Protein or Pericentromeric sSiRNA Levels, See also Figure S5

(A) Semi-quantitative RT-PCR analysis of agol, arb2, and ers1 splicing in indicated strains.
Amplicons spanning one or more introns are indicated as solid line above each gene cartoon.
actl serves as loading controls, -RT omits the reverse transcription step. At least two
biological replicates were used for each genotype. Upper bands represent unspliced
transcripts, while lower bands are spliced.

(B) RT-gPCR analysis of dg transcript levels in mutant strains as indicated. actin transcript
levels were used for normalization by AACT method. Y-axis represents RNA expression
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levels relative to wild type. At least two biological replicates were used for each genotype
and gPCR reaction was performed at least three times for each strain. Error bars indicate
SEM.

(C) Agol protein levels were analyzed by western blot in indicated strains using anti-Agol
antibody (Abcam, ab18190). Two biological replicates were used for each genotype.
Asterisk indicates a prominent non-specific band which shows equal loading between
samples.

(D) Small RNA northern blots of pericentromeric afil dg derived siRNAs. U6 serves as
loading control.
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Figure 6. Rctl Is Not Required for H3K9 Methylation at Pericentromeric Heterochromatin, See
also Figure S6

(A) H3K9me2 enrichment and distribution in indicated strains. ChlP-seq tracks (green), cen
1 (grey). Y-axis represents the log scale of enrichment. Positive value indicates enrichment
after IP as compared to input controls, only positive values were shown.

(B, C and D) Quantification of H3K9me2 enrichment in indicated strains at endogenous
ah/dg repeats (B) (C) and otr1R::ura4 transgene region (D).
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(E) H3K9me3 enrichment and distribution in indicated strains. ChIP-seq tracks (green). cen
1 (grey). Y-axis represents the log scale of enrichment. Positive value indicates enrichment
after IP as compared to input controls, only positive values were shown.

(F, G and H) Quantification of H3K9me3 enrichment was performed as in (B, C and D).
Data from two biological replicates of rctZ4 mutant cells were analyzed.
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Figure 7. Rctl Releases Pol 11 from siRNA Cluster Regions Independently of the RRM, See also
Figure S7

(A) Pol Il enrichment and distribution in indicated strains. ChlP-seq tracks (green), cen 3
(grey), wild type cell small RNA-seq tracks, (blue). Y-axis represents the log scale of
enrichment. Positive value indicates enrichment after IP as compared to input controls, only
positive values were shown.

(B) Quantification of Pol Il enrichment within siRNA clusters in indicated strains. SiRNA
cluster regions were defined by > 100 siRNA counts on genome browser tracks. Data from
two hiological replicates of rctZA mutant cells were analyzed. Two independent ChIP
experiments were performed and libraries were constructed independently, with the
exception of agolAand dcriA mutants, where one ChIP experiment was done. Error bar
indicates SEM.
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