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Abstract:

In nature, most cells exist in a quiescent Gy state in which cellular homeostasis must be
rigorously maintained in the absence of cell division. Non-coding RNAs are prevalent in Gy and
are important regulators of development and differentiation, but their function in quiescence is
unclear. Here, we identify pre-rRNA as a direct target of the RNase 111 enzyme Dicer specifically
in quiescence. Dicer is physically present at the rDNA, and improper rRNA processing in
mutants results in a nucleolar stress response involving a novel trans-acting non-coding RNA
(RiboCop) in complex with the highly conserved proteins Enp2/NOL10 and RNase H1. RiboCop
is complementary to unprocessed pre-rRNA and triggers rDNA repeat silencing via Sir2, RENT,
and histone H3-lysine-9 (H3K9) methylation. Thus RiboCop silences rDNA specifically during
dormancy, when silencing of non-functional rRNA becomes essential.
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Main Text:

Cellular quiescence is the state of non-dividing cells that are still metabolically active and
able to re-enter the cell cycle when given the appropriate signal; this state is common in nature,
ranging from unicellular yeasts to most stem cells in mammals (1-4). Despite the importance and
evolutionary conservation of quiescence, relatively little is known about the molecular
mechanisms underlying its establishment and maintenance. A common feature is strong down-
regulation of overall transcription to basal levels while still expressing a wide diversity of
transcripts (5,6). In multicellular organisms, the stem cell niche is an additional major contributor
to the maintenance of quiescence via extracellular signals (7,8). This complicates our
understanding of intracellular quiescence pathways, which has largely advanced by studying
unicellular model organisms such as yeasts. In particular, the fission yeast Schizosaccharomyces
pombe is a very well-suited model organism to study cellular quiescence, because it can be
triggered by a simple signal—nitrogen-starvation of a prototrophic strain—in a near-
homogenous and synchronous manner (9,10).

While expressed at low levels, non-coding RNAs (ncRNAs) occupy a much larger
proportion of the transcriptomic diversity in S. pombe Gy cells (11), raising the possibility that
they contribute significantly to the transcriptional reprogramming of quiescence. This prevalence
of ncRNAs in quiescence appears to be a conserved feature in evolution, also observed from
budding yeast (12) to dormant cancer cells (13). Specific ncRNAs may be essential to control
gene expression to adapt to the quiescent transcriptome; yet, most individual ncCRNA mutants do
not display phenotypes in quiescent cells (14), indicating significant redundancy and suggesting
the possibility that it is their global regulation that is required, particularly by RNA surveillance
pathways. In accordance with this idea, we have previously found that RNA interference (RNAI)
becomes essential specifically during quiescence in S. pombe (15), and recent studies have also
highlighted the essential role of RNA surveillance pathways (11,16-18).

In the absence of RNAI, cells quickly lose viability during quiescence maintenance, due
to the accumulation of stalled RNA pol I and H3K9mez2 at the repetitive rDNA locus (15).
However, the nature of the RNAI target causing this phenotype has been unclear. In this study,
we identify the pre-ribosomal RNA (pre-rRNA) as the Dicer target in quiescent cells, and we
find that Dicer directly binds to rDNA chromatin. Improper pre-rRNA processing in Dicer
mutants results in RNA pol | elongation defects and a nucleolar stress response. We further
identify the novel ncRNA RiboCop as the mediator recruiting silencing factors to rDNA during
this nucleolar stress response. Unlike the non-coding cis-acting pRNA (promoter RNA) in
mammals (20), RiboCop acts in transto silence rDNA by recognizing unprocessed pre-rRNA
and recruiting rDNA silencing factors, in accordance with a global role for RNA surveillance
pathways in maintaining quiescence and silencing rDNA in dormant cells.

Detection of Dicer cleavage sitesin quiescence by iPARE-seq.

We have previously found that RNAI becomes essential in S. pombe specifically in
quiescence and that RNAI mutants, such as Dicer (dcr1A) and Argonaute (agolA), accumulate
lethal amounts of heterochromatin at the repetitive rDNA locus (15). Because the catalytic
mutant dcr1-5 (D908A, D1127A) (21) displays the same Go-defective phenotype as dcr1A (Fig.
1A), we reasoned that Dicer must exert its function via cleavage of RNA substrates. We could
not detect novel Dicer-dependent small RNAs in quiescent cells (15) (fig. S1), suggesting the
target could be the rRNA itself. We therefore aimed to identify candidate RNA targets of Dicer
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in Gy in a direct manner by sequencing the degradome of wild-type and dcr1A G cells. We
designed iPARE-seq, an improved degradome-sequencing technique derived from PARE-seq
(Parallel Sequencing of RNA ends) (22), in which available 5’-phosphate ends in the
transcriptome are ligated to a biotinylated adapter followed by purification, library generation
and sequencing (fig. S1B). Endonucleolytic cleavage by RNase IlI-family enzymes results in a
5°P end, as shown for E. coli RNase Ill, S. pombe Rnt1(=Pacl) and Dicer enzymes (23-25),
leading us to expect that cleaved Dicer targets would be recovered using this approach. In
addition to 5’P-containing cleaved RNA pol Il transcripts, RNA pol I and RNA pol Il transcripts
are also recovered as they do not harbor a 5’ 7-methylguanidine cap, along with their major
processed forms (fig. S1C). iPARE-seq was performed in wild-type and dcrlA G cells (n=3), as
well as in the catalytic-dead mutant dcr1-5 (n=2). As expected, the strongest 5°P peaks are
observed for mature rRNA ends, which correspond to the known A;, Biss and C; cleavage sites
(determining the 5’ end of mature 18S, 5.8S and 28S rRNA respectively (26)) (Fig. 1B), and we
could recover these cleavage sites by iPARE-seq with single-nucleotide precision (fig. S1D). In
dcr1A cells, these peaks are greatly reduced, consistently with a ribosomal RNA accumulation
defect (Fig. 1B; fig. S1F).

Many iPARE-seq sites were found within the rDNA locus, with a non-random
distribution and high correlation between replicates (Fig. 1B). Peaks in the 18S, 5.8S and 28S
sequences are mostly due to degradation of mature rRNA, and accumulate in dcr1A cells in
accordance with an RNA pol | stalling defect and a loss of viability during quiescence (15). We
therefore focused on pre-rRNA cleavage sites, which are absent from mature rRNA molecules,
and which constitute key steps in the regulation of eukaryotic pre-rRNA processing and
ribosome biogenesis (26). We recovered two early cleavage sites, Ao and By in the 5” and 3’
External Transcribed Spacers (ETS) respectively, as well as the +1 Pol I-transcriptional start site
(TSS), with single-nucleotide precision (Fig. 1BCD, fig. S1D). In addition, we identified 13 new
pre-rRNA cleavage sites in the 5’ETS. Cleavage at all but one of these sites was strongly down-
regulated in dcr1A cells, indicating that pre-rRNA processing is defective in dcr1A (Fig. 1B, fig.
S1F). The most striking loss was at the key A, cleavage site, which is reduced to 10% in dcr1A
cells (t-test P=0.0079) and 9% in the catalytic mutant dcr1-5 (t-test P=0.0075). In contrast, the
IPARE-seq cleavage profile of cycling cells indicated that Dicer is dispensable for Ay cleavage
(Fig. 1CD). In the 3’ETS, the B cleavage site, which is cleaved in cycling cells by Rntl (27) is
also reduced (21% in dcr1A) indicating that cleavage at B, also becomes Dicer-dependent
specifically in Gy cells (Fig. 1D).

RNase |11 switches between Dicer and Rnt1 between proliferation and quiescence.

Ao is the main 5’ETS cleavage site, directed by the U3 snoRNA and its associated
ribonucleoprotein complex (28), conserved from yeast to mammals (26,29). In S cerevisiae,
which lacks Dicer, RNT1 has been proposed as the A nuclease, as it displayed the ability to
cleave a minimal in vitro Ag substrate (30), but may not be sufficient as residual cleavage is
detected in viable rnt1A mutants (31). In S. pombe, rnt1” is essential, precluding us from
analyzing rnt1A deletion mutants for their contribution to Go pre-rRNA processing. We opted for
an alternative strategy: overexpressing Rnt1" in Gq cells, using the p.urglse promoter, which is
activated not only by uracil but also during quiescence entry (32), thus allowing Gy
overexpression (15). The resulting p.urgl::rntl strain (rnt1-o/e) is fully viable in quiescence.
Strikingly, we found that the dcr1A purgl::rntl strain strongly rescued the G, maintenance
defects normally seen in dcr1A (Fig. 1A), similarly to class Il suppressors such as dcrl1Aclr4A
(15). This suggests that Rnt1" can compensate for Dcrl” in Gy cells when expressed at sufficient
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levels. To ascertain whether this suppression is caused by rescue of pre-rRNA processing, we
performed iPARE-seq in purgl::rntl and in dcr1A purgl::rntl strains, and found that several
Dicer-dependent pre-rRNA cleavage sites were indeed restored in these strains, including Ag
(Fig. 1D). Moreover, the main Rntl target B, was also processed at higher levels in purgl::rntl
as expected (Fig. 1D). Recent models have proposed that Ay is cleaved in a co-transcriptional
manner, while By is processed after the full-length pre-rRNA is transcribed, and that the balance
between these processing sites is dependent on RNA pol | elongation speed, growth phase and
nutrient availability (26,33). In accordance with these models, B cleavage is prevalent in cycling
cells, but shifts to Ap processing in quiescent cells (~3.8-fold By preference in cycling cells vs.
~6.8-fold preference for Ay in quiescent cells). We reasoned that the Ao/Bo switch may reflect a
specialization of Dcrl vs Rntl, with a differential requirement for pre-rRNA processing co-
transcriptionally vs. post-transcriptionally.

RNase Ill-family enzymes cleave dsRNA, and so we hypothesized that A, and By sites
are locally folded in dsSRNA structures (Fig. 1EF). While the exact folding and structure of the
Ay site is unresolved in S, cerevisiae processome cryo-EM structures (34), it can fold with
neighboring hairpins to result in long dSRNA regions, a known substrate for RNase 111 enzymes
like Dicer and Rntl. A cruciform-like structure was proposed for S. pombe, and the presence of
long dsRNA hairpins (Hi, and His) is essential for processing to occur on pre-rRNA plasmid
templates (35). Similar substrates with contiguous dsRNA regions were shown to be efficient
substrates for human Dicer (36). In this structure, the Ao and A; sites occur in dsRNA. Both our
Go IPARE-seq and published Gy Ago-IP small RNA-seq (17) datasets provide evidence for 5’-
monophosphate ends at Aq and As, with a 3’-overhang 1-nt offset (Fig. 1E).

Re-analysis of the Gy Ago-1P small RNA-seq dataset identified priRNAL, a small RNA
derived from pre-rRNA which is loaded into Agol in both cycling cells (37) and quiescent cells
(17), as expected, but also a second highly-prevalent Agol-loaded priRNA (which we termed
priRNAOQ) located immediately proximal to the Ag/A; site, suggesting the physical presence of
not only Dcrl but also Agol. Correct processing may require further dsSRNA formation, as we
observed that Ao cleavage is also inhibited in the catalytic-dead RNA-dependent RNA
polymerase mutant rdp1-D903A (fig. S1F), confirming the requirement of all three RNA. factors
(Dcrl, Agol, Rdpl) for pre-rRNA processing in quiescent cells. Likewise, the By cleavage site is
located on a dsRNA hairpin, with an associated cleavage (B’) on the antisense strand and a
canonical 3’-overhang 2-nt offset (Fig. 1F), matching previously identified Rntl 3’ETS cleavage
in cycling cells (27). The sense strand corresponds exactly to the 5” end of priRNA1. Consistent
with By cleavage by both Dcrl and Rntl, priRNAL1 is Dicer-independent (37). Overall, these
results suggest that pre-rRNA is a major RNA target of Dicer specifically in Go.

Dicer binds ribosomal RNA and prevents stalling of RNA pol |.

Next, we aimed to determine the consequences of the pre-rRNA processing defect on
rRNA transcription. We previously showed that in quiescence, dcr1A mutants display an
increased occupancy of RNA pol | at the rDNA promoter (15). To analyze the pattern of RNA
pol I stalling, we performed ChIP-seq of the main RNA pol | subunits Nuc1”**® and Rpa2”'®.
As expected, RNA pol | binds across the full-length of the transcribed rDNA region (Fig. 1B).
We found that in addition to the promoter, the accumulation of RNA pol | in dcr1A mutants
starts specifically over the last third of the 5’ETS sequence where the A site is located, and then
subsequently covers the entire rDNA repeat (Fig 1B), matching the region where H3K9
methylation accumulates in dcrlA Gy cells (15). This suggests that the RNA pol | defect in
dcrlA G cells is a consequence of the pre-rRNA processing defect that stalls Pol 1. By analogy,
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defects in Coilin/Mug174 (essential for Cajal body formation) also result in both accumulation of
stalled RNA pol I and increased H3K9me (18).

The requirement of Dcrl for co-transcriptional processing of pre-rRNA strongly suggests
its physical presence at rDNA chromatin. We performed ChliP-exo of C-terminally 3XFLAG-
tagged Dicer, and found that both dcr1-3xFLAG and the catalytic-dead mutant dcr1-D908A,
D1127A-3xFLAG were strongly associated with rDNA chromatin in Gy cells (fig. S2). We
confirmed this result by performing ChIP-exo of N-terminally tagged Dicer with a twin-Strepll|
tag (twStrep-dcr1 strain), which also strongly bound the rDNA repeat sequence (Fig. 1B; fig.
S2), Neither tagged strain affected the Dicer protein as they did not cause any Gy defect (fig.
S2D). Interestingly, we did not detect dcr1-FLAG binding at centromeres, in accordance with
previous observations (38,39); however, we could detect binding of the catalytic-dead dcr1-
D908A,D1127A-FLAG mutant, suggesting that Dcrl is stabilized on its centromeric substrate in
the absence of Dicing activity (i.e. frozen enzyme), in particular at the core centromeric region
(comprising the imr repeats and the cnt region which binds CENP-A). Broader centromeric
binding is seen as well in twStrep-dcr1 (fig. S2), in which the N-terminal tag may affect Dicer’s
helicase domain and stabilize its chromatin interaction. Overall, these results indicate that
although Dicer’s role in cleaving centromeric ncRNAs is well-established, this process is likely
only transiently associated with pericentromeric chromatin, as was suggested from previous
Dcrl-DamliD profiles (40). By contrast, the binding pattern of Dicer at rDNA is strongly
enriched in the transcribed spacer regions where Dcrl-dependent cleavage sites are found (Fig.
1B). Dicer binding to rDNA chromatin has also been observed in mouse embryonic stem cells,
although its functional significance was not known (41). S. pombe Dcrl contains a predicted C-
terminal nucleolar localization signal, in accordance with its role at rDNA (fig. S1C).

The long non-coding RNA NC30 mediates RNAi defectsin Gg..

Forward genetic approaches, and in particular the selection of genetic suppressors, can
provide important insights into molecular mechanisms. We used a microevolution strategy to
obtain new spontaneous dcrlA Gy suppressors, as previously described (15), reasoning that we
could isolate upstream genes involved in nucleolar function and/or rRNA processing. In one new
suppressor strain, we identified a large subterminal deletion (>139kb) of the right arm of
chromosome 1, which we named deltel 1R, encompassing 34 INcRNA and 46 protein-coding
genes (Fig. 2AB; fig. S3AB). RNA-seq in wt and dcrlA Gy cells identified a limited number of
differentially-expressed genes in dcr 1A, mostly comprising upregulated InNcRNAs (91/140; xz-
test, P=6E-33) (fig. S2DE), likely indirect targets as they did not generate Dicer-dependent small
RNAs, unlike centromeric and subtelomeric transcripts (fig. S2FG). We focused on INCRNAs
within the deltel 1R interval to map the deltel 1R suppressor, which we found to be one of the
Dicer-dependent ncRNAs, NC30 (SPNCRNA.30) (Fig. 2C, fig. S3H; details on fine-mapping are
provided in Methods). The double-mutant dcr IANC30A suppressed dcr 1A viability defects in G
during quiescence maintenance, to the same extent as dcr1Adeltel 1R (Fig. 2B) and similarly to
H3K9 methylation mutants such as decr1Aclr4A (15) or to the processing rescue mutant
dcrlApurgl::rntl (Fig. 1). Furthermore, both deltel IR and NC30A also suppressed the viability
loss of agolA and rdplA in Gy (fig. S3J), indicating that NC30 is a general RNAI G, suppressor
(similarly to class ii suppressors (15)).

Dicer-dependent IncRNAs were strongly enriched for centromeric non-coding RNAs as
expected (fig. S3EF), and Dicer-dependent small RNAs were detected from these regions in Gy
(fig. S3F), although to a lower extent than in S-phase (15,42). Other Dicer-regulated transcripts
with Gy small RNA were the telomeric helicase gene tlhl and the adjacent SPAC212.06¢ gene,
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which have homology to dg/dh repeats (43). In contrast, we did not detect Dicer-dependent small
RNAs originating from the other non-coding RNA loci upregulated in dcr1A, including NC30
(fig. S3G). Consistent with this absence of siRNAs, none of these INCRNAs displayed an iPARE-
seq signal indicative of being Dicer targets, suggesting that they are indirect targets, potentially
resulting from the nucleolar stress caused by pre-rRNA processing defects.

RiboCop is a trans-acting non-coding RNA with snoRNA-like features.

Analysis of the regulatory regions of the NC30 locus revealed that it harbors a promoter
comprising both a canonical TATA box at position -50 and a HomolD box at position -20 (fig.
S3H). The HomolD box (CAGTCACA) is a motif commonly found in the promoter of TATA-
less ribosomal protein genes, several SnoRNAs, and other housekeeping genes (44), and binds
Rrn7, a core factor of RNA polymerase I, which in this context forms a pre-initiation complex
for RNA polymerase 1l (44,45). The dual presence of a HomolD box and a TATA-box is found
at the promoter of several IncRNAs, including the U3 snoRNA, where this arrangement was
proposed to reflect its special role in ribosomal processing (46), as well as in nc-tgpl (47) and
prt2 (48). Given these features and its genetic suppression of Dicer rRNA defects (see below),
we hypothesized that NC30 might be involved in rRNA processing and named it “RiboCop” for
Ribosomal RNA Co-processor.

According to our hypothesis, we looked for potential regions of complementarity
between Dicer-dependent IncRNAs and rRNA (fig. S31). We found that RiboCop uniquely
harbors a 14nt sequence complementary to the start of the 5’ETS pre-rRNA, and modelling this
interaction by both RNA:RNA interaction prediction algorithms (DuplexFold, INTARNA) and
Al-enabled 3D prediction (AlphaFold3) revealed a 25nt-long recognition sequence, longer than
several bona fide U3 snoRNA:pre-rRNA interaction sites (49,50). We termed this sequence in
RiboCop the ‘rDNA homology box’ (RHB) (Fig. 2D). To assay whether this region is important
for RiboCop function, we created a RiboCop-RHB* mutant (8 SNPs on the 14nt seed RHB
sequence) and assayed its ability to rescue a dcr1A mutant in Gy. The dcr 1A RiboCop-RHB*
double-mutant displayed suppression similar to that of dcr LARiboCopA and dcr1Adeltel 1R
strains (Fig. 2BC), indicating that the RHB motif is essential for RiboCop function and strongly
suggesting that this function is mediated by pre-rRNA binding. Likewise, RiboCop-RHB* also
suppressed rdplA and agolA (fig. S3K). Overall, these results suggest that RiboCop may be a
snoRNA-like ncRNA regulated by Dicer and essential for its phenotypic defects in Go cells.

Suppression of the dcr1A defect in der 1Adeltel 1R and derIANC30A mutants suggests
that the expression of RiboCop is toxic in dcrl1A cells, and sequence complementarity to pre-
rRNA suggests that this effect is exerted in trans rather than in cis. To test this possibility, we
reasoned that re-introducing RiboCop at a different genomic location in the dcr1Adeltel 1R strain
should cancel the deltel 1R suppression. We re-introduced RiboCop with its endogenous
promoter and terminator in the deltel 1R strain at two distinct genomic locations, near arg3 and
leu2 respectively (see Methods for exact position). Indeed, these strains displayed a strong
quiescence viability defect, similar to the dcr1A phenotype, showing that RiboCop is both
necessary and sufficient for the dcr1A phenotype (Fig. 2C). At the arg3 locus, we repeated the
trans-experiment using the RiboCop-RHB* sequence, where the RHB motif in RiboCop is
mutated (see above), and the resulting arg3::NC30-RHB* dcrl1Adeltel 1R strain did not result in
the dcr1A phenotype (Fig. 2D). This further confirms that the RHB motif is important for the
RiboCop toxic trans-effect in the absence of Dicer.
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To directly test for a role in pre-rRNA processing, and we performed iPARE-seq in
RiboCopA and decr1ARiboCopA quiescent cells. The only differential iPARE-seq peak in
dcr1IANC30A corresponded exactly to the predicted binding site at the RHB, reflecting a
cleavage site at the tip of the third 5’ETS hairpin in WT cells which we therefore named hp3
(Fig. 2E). Thus, in the absence of Dicer, RiboCop was strongly upregulated (Fig. 2F) and
suppressed hp3 cleavage (Fig. 2G). Other Dicer-dependent cleavage sites were not restored,
indicating that the suppression by loss of RiboCop occurs after pre-rRNA processing but before
rDNA silencing; therefore, the most likely hypothesis is that RiboCop is expressed (or stabilized)
as a consequence of the dcr1A pre-rRNA processing defect, and pauses the earliest steps of pre-
rRNA transcription and processing. Attempts to drive expression of RiboCop in Gy using various
promoters (p.urgl, p.urg3, p.rpl23, p.snu3) did not result in overexpression (data not shown),
indicating that RiboCop RNA was likely stabilized by association with unprocessed rRNA (Fig.
2E). Consistently, RiboCop only accumulates in Dicer mutants (Fig 2F) and other mutants
affecting pre-rRNA processing (rrp6A, see below). In accordance with a tight regulation in
quiescence, the RiboCop promoter strongly binds the CIr6 I’ repressive complex in cycling cells
(51), and RiboCop is only expressed during late meiosis/sporulation (11,52) and in dormant
spores (53) (fig. S5). Taken together, these results indicate that RiboCop is the key mediator of
the quiescence defects of RNAI mutants, and is able to act in trans.

RiboCop mediates Gy-induced rDNA silencing via the RENT complex.

Interestingly, the position of hp3 mirrors that of site A’/01 in mouse and human pre-
rRNA (third hairpin from +1 transcription start site) (54), whose inhibition was recently shown
to pause RNA pol I transcription during nucleolar stress (55). Consistent with a role in rDNA
silencing, we have previously shown that the cause of viability defects in dcr1A mutants is over-
accumulation of H3K9me heterochromatin at the rDNA (15,18,56). To assess at which stage the
dcr1A defects were suppressed by RiboCopA, we performed ChIP-gPCR of H3K9me2. In dcrlA
cells, H3K9me?2 levels are strongly increased in Gy (Fig. 3A) and are responsible for the loss of
viability (15); indeed, dcr1ARiboCopA double-mutants fully suppress the increase in H3K9me2,
which returns to the same level as in RiboCopA or in wild-type cells (Fig 3A). In contrast,
RiboCopA did not affect H3K9me2 levels at pericentromeric heterochromatin (dg/dh repeats,
using the otr1R::ade6+ imr1L::urad+ reporter (Fig. 3B), nor did it affect centromeric silencing
assessed by TBZ hypersensitivity, in contrast to clr4A) (Fig. 3C), but showed a small but
statistically significant decrease of H3K9me2 at rDNA in wild-type Gy cells (Fig. 3A). These
results indicate that RiboCop mediates the Go-induced increase of H3K9me2 at rDNA
chromatin.

This raised the question of how a non-coding RNA recruits Clr4 to rDNA? In S.
cerevisae, the RENT complex is a nucleolar silencing complex comprised of NET1, SIR2 and
CDC14, and these proteins are conserved in S pombe. Moreover, Sir2 has H3K9 deacetylase
activity, which mediates the first step in removing H3K9ac to allow methylation to H3K9me2 by
Clr4 (57). In S. cerevisiae, SIR2 is a key factor in triggering rDNA silencing following nitrogen
starvation or rapamycin treatment, conditions which trigger Go (58), and in mammals this
function is harbored by sirtuin homologs such as SIRT1 (59) and SIRT7 (60). Intriguingly,
NET1, while a silencing factor, binds to active rDNA chromatin and to RNA pol | (61) and has
an activating domain (62), therefore displaying a bivalent function; furthermore, NET1 and SIR2
physically interact (63,64). This raises the possibility that RENT functions as a silencing trigger
(61,63), similarly to our proposed role for RiboCop upon nucleolar stress. We therefore
hypothesized that the S. pombe NET1 ortholog Dnt1 plays a similar role to initiate silencing by
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the H3K9 methylation pathway by recruiting Sir2. Consistently, we found that dcr 1Adnt1A
double-mutants displayed complete suppression of the quiescence maintenance defect of decr1A
(fig. S4) as did a dcr1Asir2A double-mutant (fig. S4), which were phenotypically identical to the
suppression seen in dcrlAclr4A (15) and also suppressed rdplA and agolA (fig. S4). These
results suggest that the silencing seen in quiescence in the dcr1A strain is indeed dependent on
the S. pombe equivalent to the RENT complex: Dntl and Sir2.

We took advantage of expression of NC30/RiboCop in transto place other dcr1A Gy
suppressors upstream and downstream of its activity. Suppressors downstream of RiboCop
should restore viability to a arg3::NC30 dcr 1A deltel 1R strain, while suppressors upstream
should not, allowing us to identify the genetic requirements for RiboCop-mediated silencing. We
found that dntl1A, sir2A, clr4A and swi6-W293* all continued to suppress the dcr1A phenotype
when RiboCop was overexpressed, while rpal2A did not (Fig. 3D), indicating that RiboCop acts
downstream of RNA pol I stalling, but upstream of silencing mediated by the RENT complex.
Taken together, these results suggest that RiboCop silences rDNA by recruiting the RENT
complex, comprising Dntl and the H3K9 deacetylase Sir2, allowing the recruitment of Clr4 and
the H3K9 methylation pathway. We previously showed that overexpression of Clr4 in Gy cells
using p.urgl-clr4 worsens the viability defects of dcr1A cells by further increasing rDNA
heterochromatin formation (15). We found that deleting RiboCop or Sir2 in the p.urgl-clr4
dcr1A background results in phenotypic suppression (Fig. 3E), confirming that RiboCop co-
operates with RENT to silence rDNA.

Can nucleolar stress trigger RiboCop-mediated rDNA silencing by RENT independently
of a der1A mutant background? In principle, the persistence of uncleaved 5’ETS could be
sufficient to trigger this response. We tested this model independently of RNAI via the RNA
exosome, whose primary function is pre-rRNA processing (65). The key exosome component
Rrp6 (Required for Ribosomal Processing 6) is required for 5.8S processing in S. cerevisiae (66),
and for the degradation of the 5’ETS pre-rRNA transcript in yeast, mice and humans (67,68). In
budding yeast, the exosome is targeted to pre-rRNA via specific nucleolar proteins such as
Utp18 and Nop537'°™ (68) and Rrp6 also binds to the 5’ETS pre-rRNA directly (69). In human
cells, RRP6 degrades the 5’ETS fragment after A’/01 cleavage; we reasoned that an rrp6A
mutant, like dcr1A, would similarly result in processing defects downstream of hp3. We
therefore assayed the phenotype of the rrp6A mutant in G, and found that it has strong defects in
quiescence maintenance (fig. S5). These maintenance defects were similar to those of RNAI
mutants, except that rrp6A did not have a Go-entry defect, which is due to loss of centromeric
heterochromatin in RNAiI mutants (15). Consistent with our model, RiboCop was strongly
induced in rrp6A Gy cells (fig. S5), and RiboCopA partially restored viability to rrp6A cells in G
(27% viability vs 14.7% at 8d Gy ; p-value<0.02, t-test) (fig. S5). Given that the exosome
regulates thousands of ncRNAs (11), the partial suppression of rrp6A by deleting a single
INcRNA is notable. Similar suppression was observed in rrp6Asir2A (fig. S5). Overall, these
results are in accordance with our model, where RiboCop is activated when pre-rRNA
processing fails, likely through stabilization of binding to the 5’ETS via its RHB motif, and
recruits the RENT complex and H3K9 methyltransferase Clr4, silencing rDNA and resulting in
cell death in Gy in RNAI and exosome mutants.

| dentification of the RiboCop riboprotein complex.

To understand how RiboCop recruits the RENT complex, we attempted to purify
RiboCop-associated proteins. The very low expression level of RiboCop did not allow recovery
of the native endogenous complex, even in dcrlA mutants; instead, we used in vitro-transcribed
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RiboCop (Fig. 4AB), which was 3’-biotinylated and folded. RiboCop was incubated with lysate
from dcr1A cells, and used for pull-down using magnetic streptavidin beads to purify associated
proteins (Fig. 4A & Material & Methods). This approach enriches for potential RiboCop
interactors depending on their concentration in cellular extracts (i.e. whether they are present in a
limiting fashion or in excess). We were able to obtain a clear enrichment of specific proteins in
pull-downs in the presence of RiboCop, compared to pull-downs without addition of ncRNA, as
imaged by Coomassie Blue (Fig. 4C). Mass-spectrometry analysis of excised bands revealed the
presence of RNase H1, Enp2, Fibl and Nop56, along with several other rRNA processing-related
proteins (Kril, Nop58, Nop4) (Fig 4). We validated these proteins by repeating the purification
process and Western blots following pull-down in tagged strain backgrounds (rnh1-(Gly)e-
3XFLAG and enp2-(Gly)s-3XFLAG) (Fig. 4D). Moreover, we repeated the pulldown in

decr 1ARiboCopA rnh1-(Gly)s-3xFLAG cells, and found that RiboCop was still able to interact
with RNase H1, indicating this association was not due to artefactual formation to RNA-DNA
hybrids with genomic DNA at the native RiboCop locus (Fig. 4D). In addition to RNase H1 and
Enp2, several specific nucleolar proteins were identified, including Nop56, Nop58 and fibrillarin
(Fibl), which are typically associated with snoRNAs. RiboCop does not have C/D-boxes and
snoRNA structure, but it does have a D-box adjacent to the RHB domain; it is therefore not clear
whether it constitutes a non-canonical SnoRNA-like ncRNA, or if these proteins are recovered
indirectly from the U3 snoRNP complex via Enp2. However, the absence of the main U3
snoRNP proteins in the pull-down (UTP-A, UTP-B, UTP-C) suggests specific recruitment of
Nop56/Nop58/Fibl; furthermore, Fibl mutants in human cells have defective processing of
A'/01, the proposed equivalent of RiboCop target hp3 (70).

Enp2 is a conserved nucleolar protein in the U3 snoRNP complex (71) which guides Ag
processing (28), and which also interacts with Dntl via Utp17(=Nanl) (64), providing a likely
pathway for the recruitment of the RENT complex by RiboCop at the rDNA promoter. Enp2 is
recruited late to the processome and may play a quality-control role for 18S pre-processing (71).
In accordance with this, Enp2"°° is induced and required for the response to nucleolar stress in
human cells (72). In S. pombe, Enp2 is also enriched in Swi6™"*-associated chromatin (73),
making it a likely candidate to bridge processing and silencing machineries in general. Because
Enp2 is essential in S pombe, we could not assess whether a deletion mutant modifies the dcrl1A
Go phenotype. The C-terminal domain of Enp2 is disordered and is not present in U3 snoRNP
structures (74). We generated viable Enp2 C-terminal truncations; enp2-E521A and enp2-P486A
had wild-type viability while the enp2-L465A deletion displayed a loss of viability in quiescence,
suggesting that the short IDR between the WD40 domain and the NUC153 domain is important
for maintaining proper G, function. We termed this region the GZD domain (G Zero Defective).
While the combination of the viable alleles enp2-E521A and enp2-P486A with dcr1A did not
modify the dcr1A phenotype, we were unable to recover a viable enp2-L465Adcr 1A double-
mutant, suggesting negative interaction even in cycling cells.

RNase H1 is reguired for GO defects in the absence of Dicer.

R-loops accumulate strongly at rDNA in cycling cells of dcr1A (75), and in mammalian
cells RNase H1 is dynamically induced in response to RNA pol | R-loops (76). Therefore, the
interaction of RiboCop with RNase H1 could suggest a scenario where the first step towards
recruiting rDNA silencing factors is to remove the R-loop left by stalled RNA polymerase | in
Dicer mutants. If this model is correct, then loss-of-function of RNase H1 mutants should
phenocopy NC30A in suppressing dcr1A Gy defects. We therefore constructed the single-mutant
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rnh1A strain and found that it was viable in Gy and was indeed a strong suppressor of dcr1A
(Fig. 4F). Next, we constructed the catalytic mutant Rnh1-D191N analogous to the well-
characterized Bacillus halodurans D132N mutation (77). Eukaryotic RNase H1 enzymes also
contain a N-terminal domain that can bind both RNA:RNA and RNA:DNA hybrids, called the
HBD domain (Hybrid Binding Domain) (Fig. 4E). Therefore, we also constructed a mutant strain
where this domain was deleted, Rnh1-HBDA (removing aminoacids 8-47). Neither of these
mutants had a G, defect, and both resulted in strong suppression of the viability loss of dcr1A in
quiescence (Fig. 4F). This suggests that RNase H1 needs to bind a hybrid substrate using its
HBD domain, and to cleave an R-loop using its catalytic domain, in the rDNA silencing pathway
responsible for dcrlA Gy defects. Overall, these results confirm a genetic interaction between
Dicer, RiboCop and RNase H1, and strongly suggest that a key primary step triggering rDNA
silencing by Clr4 and Sir2 is to recruit RNase H1 to remove the R-loop resulting from stalled
RNA polymerase 1.

Model for nucleolar RNAiI and conservation of the nucleolar role of Dicer.

In conclusion, we demonstrate that the RNase 111 family Dicer and Rnt1 nucleases have
conserved roles in ribosomal RNA pre-processing, by cleaving multiple sites in the 5’ETS
(including the key Ay site) and 3’ETS during pre-rRNA transcription, particularly in Go when
rRNA processing is predominantly co-transcriptional. In the absence of Dicer, rRNA processing
defects result in the activation of RiboCop by stabilizing the IncRNA, via Enp2 quality control of
processome activity. RiboCop binds to the unprocessed 5’ETS proximal to the rDNA promoter,
to pause RNA pol I transcription, analogously to nucleolar stress in human cells (52). At the
rDNA promoter, RiboCop triggers silencing of the rDNA repeat by (i) recruiting RNase H to
degrade R-loops following the last round of RNA pol | transcription, and (ii) recruiting the
RENT complex (Dntl, Sir2) and Clr4 via the U3 snoRNP (Utp17), resulting in H3K9
methylation and rDNA heterochromatin formation. Transcriptomic analyses show that RiboCop
is only expressed in wild-type cells at the end of meiosis when sporulation starts (11,54) and in
dormant spores (55) (fig. S5), suggesting that its physiological role is related to cellular
dormancy (where rDNA would become completely silent). This is compatible with our proposed
function for RiboCop in inhibiting the earliest processing sites of the pre-rRNA, and triggering
rDNA silencing via recruitment of RNase H, processing inhibition, and recruitment of H3K9
methylation. Processing mutants, such as dcr1A and rrp6A in quiescent cells (maintaining
metabolic activity), may therefore abnormally trigger the complete rRNA shut-down as in
dormant cells (non-metabolic spores) via the spurious activation of the RiboCop/Enp2/Rnh1
RNP.

Using ChIP-exo, we have been able to show direct Dicer binding to rDNA chromatin
consistent with observations in cycling cells using DamID (40), and in mammalian cells (41). In
fact, other RNAI proteins are also nucleolar, like AGO2 which is recruited to rRNA in a Dicer-
dependent manner (78) and the Microprocessor complex which physically associates with
nucleolin (79), or the recovery of RNA-dependent RNA polymerase activity in the cauliflower
U3 snoRNP (80). Moreover, small RNAs derived from rRNA—an indirect signature of Dicer—
have been detected in a number of species, from cycling S. pombe cells at the 5’ETS and 3’ETS
(including priRNAL) (15,37,81) to Neurospora (qiRNA), zebrafish, Drosophila and mouse (82).
Other pre-rRNA associated RNAs, such as the U3 snoRNA, have also been found to be targeted
by Dicer in human cells, between the A/A’ and C/D boxes (i.e. the region that forms dsRNA
with pre-rRNA) (82), and a 5.8S processing defect was seen upon knockdown of Dicer or Ago2
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in HeLa cells (83), although this study did not examine processing of the 5’ETS. Another
parallel was found in a recent study showing that RNAI regulates ribosomal protein genes in
Aspergillus fumigatus conidia (quiescent asexual spores) independently of small RNA (84).
Dicer is a member of the RNase I11 family of nucleases, and Rnt1 is also involved in ribosomal
RNA processing in S. pombe (85), and S. cerevisiae (86). In fact, this conservation may be very
ancient as one of the main targets of bacterial RNase 111 is the ribosomal RNA operon (87). In
the pathogenic yeast Cryptococcus neoformans, a recent study identified several factors involved
in RNAI and transposon suppression, which included another RNase Il enzyme as well as
nucleolar proteins copurifying with fibrillarin and several U3 snoRNP-associated proteins (88).
Therefore, our finding of an essential nucleolar function of Dicer in S. pombe and of Dicer-
dependent rRNA cleavage sites suggests that ribosomal processing is an ancestral function of all
RNase Il enzymes. In this regard, it is interesting that the Ay site is thought to be RNA-directed
(by the U3 snoRNA box A/A’), drawing a parallel to other types of RNA-directed RNA cleavage
directed by RNA.

|s the NC30/RiboCop conplex conserved?

We did not identify NC30 orthologs at the sequence level in other fission yeasts
(Schizosaccharomyces spp.) nor in other members of the subphylum Taphrinomycotina.
However, it is important to note that the external and internal spacer elements (ETS/ITS) are also
not conserved at the sequence level, and therefore any pre-rRNA processing-associated INCRNA
would co-evolve with its sequence. Despite the lack of sequence conservation, the 5’ETS pre-
rRNA shows a structural organization consisting of a succession of long hairpins in most species,
ranging from budding yeast (89,90), S. pombe (35,89), mouse (29,91) and humans (92). We
showed that RiboCop protects against cleavage at its NC30:5’ETS binding site on the third helix
(herein, “hp3 cleavage site’), which has an equivalent site on the third helix of the 5’ETS, the
first pre-rRNA cleavage site (the A’/01 site) whose inhibition is essential to maintain nucleolar
integrity in mammals (52). Enp2/NOL10 is likewise required for nucleolar integrity during the
nucleolar stress response (72), and Fib1 is required for A’/01 processing (70). It is therefore
tempting to speculate that a functional equivalent to NC30/RiboCop may exist in mammals, with
a diverged RNA sequence, assisting in A’/01 cleavage inhibition during nucleolar stress and/or
dormancy.

In mammals, rDNA silencing relies on non-coding promoter RNA (pRNA) in association
with the NoRC complex (20). While a key difference between NC30 and pRNA is that pRNA is
transcribed in ciswhile NC30 acts in trans, these different complexes may converge in their
rDNA silencing function, as NoRC recruits the Sir2 ortholog SIRT7 in mammalian cells (60),
and RiboCop also functions via Sir2 (SupFig 8B). However pRNA itself, and the pRNA-
associated protein TIP5, are specific to mammals. A recent study on a patient-derived
pleuropulmonary blastoma model with DICER1 hotspot mutations found that it was greatly
sensitive to RNA pol I inhibitors such as CX-5461 (pidnarulex) (93), in accordance with our
proposed model of Dicer’s tumorigenicity being caused by its nucleolar function rather than
miRNA dysregulation (94). Furthermore, Dicer is known to target several pre-rRNA-associated
snoRNAs in mammals, such as the U3 snoRNA involved in Aq cleavage (83,95). Enp2/NOL10
expression had a significant effect in prostate cancer prognosis and severity (96); NOL10 is
frequently mutated in specific cancers (4% in endometrial cancers cf. BioPortal) and is a critical
dependency in some acute myeloid leukemias (97). Further studies on ribosomal quality control
by non-coding RNAs during nucleolar stress will therefore likely open many new avenues that
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could yield therapeutic approaches not only in DICER1 syndrome patients, but potentially also
other cancers linked to genetic mutations in RNA surveillance machineries.
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Fig. 1. Dicer and Rnt1 process pre-ribosomal RNA in quiescent cells. (A) The dcr1A deletion
mutant and dcr1-5 catalytic mutant lose viability during quiescence. Overexpression of Rntl in
Go (p.urgl promoter) results in phenotypic suppression and maintained viability over 15 days of
quiescence (*** represents P<0.01, t-test). (B) Mapping of accessible 5’-monophosphate ends by
IPARE-seq in wild-type and dcr1A quiescent cells uncovers a set of Dicer-dependent cleavage
events over the pre-rRNA spacer elements. Dcrl binds the rDNA, in particular the spacers, as
seen by ChlIP-exo (dcr1-TwinStrepll background). Nuc1**® (RNA pol 1) ChIP-seq (nucl-
(Gly)s-3XFLAG background) provided for comparison. Differential ChlP-seq shows an
accumulation of RNA pol I (Nuc1*%, Rpa2”*'®) in dcr1A mutants both at the rDNA promoter,
as well as over the entire rDNA repeat, starting within the last third of the 5’ETS region. (C)
IPARE-seq recovers the key Ag and By pre-rRNA cleavage sites with single-nucleotide precision,
and Dcrl is dispensable for either cleavage in cycling cells; whereas (D) in quiescent cells, both
Ao and By become Dcrl-dependent. Overexpression of Rntl rescues Aq cleavage (but not By) in
dcr1A mutants. (E) The 5’ETS folds into extended dsRNA hairpins, showing the co-localization
of Ap and A; cleavage sites, in proximity to Argonaute-bound priRNAQ. Both iPARE-seq and 5’-
end coverage in Gy Agol-RNA-IP-seq recover Ay and A; sites with single-nucleotide precision.
(F) The 3’ETS folds into a hairpin with By and B’ cleavage sites. iPARE-seq and Agol-I1P-seq
(57) recover these sites with single-nucleotide precision. Cleavages with a 3’-overhand 1-2nt
offset are compatible with processing by RNase 111 family endonucleases.
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Fig. 2. Dicer mutantsarerescued by a new trans-acting IncRNA, NC30/RiboCop, involved
in pre-rRNA processing regulation. (A) Microevolution of the dcr1A strain resulted in
recovery of the suppressor dcr1A deltel 1R, harboring a deletion (~160kb near the right
subtelomeric region of chrl). (B) The loss of viability during G, maintenance in dcr 1A mutants
is suppressed to the same extent in dcr 1A deltel1R and der 1ARiboCopA, showing that the
InNcRNA RiboCop within deltel IR is responsible for phenotypic suppression. RiboCop harbors a
sequence (RHB) which can pair to the pre-rRNA; RiboCop-RHB* mutants also rescue dcr1A.
(C) Re-insertion of RiboCop (including native promoter and terminator) at other intergenic
intervals in chrl in the dcr1A deltel 1R suppressor results in the re-acquisition of a dcr1A
phenotype, i.e. anti-suppression. Re-insertion of RiboCop-RHB* does not display this effect,
showing that RiboCop within deltel1R is necessary and sufficient for the dcr 1A phenotype and
requires its RHB pre-rRNA binding sequence. (D) Predicted RiboCop RNA secondary structure
(RNAfold and Mfold), showing its 4 main hairpins (Ha-Hd) and RHB region. (E) The RiboCop
RHB pairs with the 5’ETS third hairpin, containing the new hp3 cleavage site, which is predicted
to only be exposed when RiboCop is unpaired. Predicted tertiary structure of RiboCop RHB
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recognition to the pre-rRNA (AlphaFold3). The sequence of the mutated RHB* is provided. (F)
While wild-type GO cells do not express RiboCop, dcr 1A mutants result in >6-fold activation.
(G) The hp3 cleavage site is inhibited in dcr1A mutants, and up-regulated in RiboCopA and
dcr1ARiboCopA mutants, compatible with a role for hp3 cleavage as a pre-rRNA processing
quality control step. (*** represents P<0.01, t-test).

24


https://doi.org/10.1101/2025.09.16.676644
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.09.16.676644; this version posted September 18, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

A rDNA H3K9me2 ChIP-gPCR B ) C
& P=0.0015 P=2.58E-4 canometic Haktmos YES +5-FOA +TBZ
T 34 ChIP-gPCR i —
3 . | @ o S
0 sokok 5] P08 clrdA IO :
5 —‘ i RiboCopA K2R )
Zz 1 . imr1L::ura4 background
]
: ]
. 0
wt RiboCopA + RiboCopA wt RiboCopA dh dg imr dg  dh
der1A imriL:urad
Gy, viability (%CFU) G, viability
P=429E-5 P=0.038 P=0.012 P=163E-5 %
100 - | T | 1(;{(1;'?”) 0O24h G, O 8d.G, O 15d.Gy
80 - P”4 37E-4 P_084 o kEk * wokk P=0.0013 P=0.0059
’—‘, “leat | & ) [ |

60 i 60 - ok ok
40 40
20 E o0 Q

deriA (=) pal2A  clrdA swi6-  dnt1A Sir2A 0 '

deltel1R W293* der1A der1A der1A
Sir2A RiboCopA
der1A deltel1R +arg3::trans-RiboCop
.urg1-cird
chr1@ 8 D p.urg
-~ deltel1R (G, overexpression)

arg3::RiboCop

Fig. 3. RiboCop triggersrDNA silencing in quiescence. (A) H3K9me2 ChlIP-qPCR on the
rDNA (18S) shows the accumulation of DNA H3K9me2 in dcr 1A mutants in Gg. This
accumulation is fully suppressed in the dcrlARiboCopA double-mutant. (B) RiboCopA does not
affect centromeric H3K9me2 in Gy cells, nor (C) centromeric silencing in cycling cells, in
contrast to the H3K9-methyltransferase mutant clr4A, as shown by using the otr1R::ura4+
background (ura4 de-repression results in 5-FOA sensitivity) and by TBZ resistance (loss of
centromeric H3K9me results in TBZ hypersensitivity). (D) Analysis of other dcr1A suppressors
in relationship to RiboCop, using the dcr1A deltel1R arg3::trans-RiboCop phenotypic strain.
Suppressors upstream of RiboCop activation display the dcr1A phenotype of Gy viability loss,
such as rpal2A, whereas suppressors downstream of RiboCop activation result in phenotypic
suppression, such as clr4A (H3K9 methyltransferase), swi6-W293* (HP1), dntlA (RENT rDNA
silencing complex) and sir2A (H3K9 deacetylase). These results are compatible with the
hypothesis that RiboCop activation results in rDNA-specific H3K9me silencing. (E) Both
RiboCopA and sir2A result in partial suppression of the dcr1A p.urgl-clr4 strain, in which rDNA
silencing is over-activated™. (*: P<0.05; **: P<0.01; ***: P<0.001, t-test).
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Fig. 4. RiboCop forms a riboprotein complex for pre-rRNA processing quality control. (A)
Workflow for purification of RiboCop-associated proteins: in vitro-transcribed, biotinylated and
folded RiboCop RNA is purified and incubated with a cell lysate extract from dcr1A cells. The
formed complexes are purified on streptavidin beads and characterized by SDS-PAGE followed
by mass-spectrometry (LC/MS) or Western blotting. (B) In vitro-transcribed RiboCop purity as
verified by migration on a 10% TBE-urea RNA gel. (C) RiboCop associates with a set of
ribosomal processing proteins and RNase H1 (Rnh1). Individual bands from the Coomassie-
stained SDS-PAGE gel were excised and identified by MS. (D) The entire purification was
repeated in tagged strains to confirm that RiboCop pulls down Enp2 and Rnh1l. The Rnhl
experiment was repeated in a dcr LARiboCopA background to ensure no artefactual RNA:DNA
hybrid formation by excess RiboCop binding at its genetic locus. (E) Domain structure
organization of Enp2 and Rnh1 proteins. The GZD (G-Zero Defective) is a low-complexity
region we identified to be required for Gy viability. (*: P<0.05, t-test). (F) rnh1A is a suppressor
of the dcr1A Gy phenotype; both the HBD and RNase H domains are required, as shown by the
suppression in dcrlArnh1l-HBDA and dcr1Arnh1-D191N (catalytic-dead) mutants. The GZD
domain of Enp2 is required for Gy viability. (G) Tetrad analyses show that enp2 is an essential
gene (no enp2A progeny recovered from sporulating a heterozygous enp2A/+ ade6-210/216
diploid), and its C-terminal deletions are viable. The slow-growth phenotype is caused by the
loss of the NUC153 domain. (H) Proposed model for wild-type Gy cells: in quiescence, RNA pol
| transcription requires co-transcriptional processing by the processome, including the RNase 1|
enzymes Dcrl and Rntl, in particular at the Ay site. Proper processing quality check allows the
next round of RNA pol | transcription to proceed, by back-signaling to promoter-associated
processome proteins (t-UTP complex: transcriptional U3 RNP-associated) and allowing hp3
cleavage. (1) In mutants defective for pre-rRNA processing in quiescence—such as dcr1A and
rrp6A—the quality check fails. Enp2 recruits and stabilizes RiboCop to the rDNA promoter,
where RiboCop inhibits hp3 processing by base-pairing and occluding the cleavage site, and
recruits RNase H to degrade the RNA:DNA hybrid formed by RNA pol I transcription and
stalling. The blocked rDNA promoter results in the RENT rDNA silencing complex recruiting
Sir2 (H3K9 deacetylase) and Clr4 (H3K9 methyltransferase) for silencing the rDNA repeat,
following R-loop removal, by H3K9me heterochromatin.
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