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SUMMARY

Assembly of fission yeast pericentromeric hetero-
chromatin and generation of small interfering RNAs
(siRNAs) from noncoding centromeric transcripts
are mutually dependent processes. How this interde-
pendent positive feedback loop is first triggered is
a fundamental unanswered question. Here, we
show that two distinct Argonaute (Ago1)-dependent
pathways mediate small RNA generation. RNA-
dependent RNA polymerase complex (RDRC) and
Dicer act on specific noncoding RNAs to generate
siRNAs by a mechanism that requires the slicer
activity of Ago1 but is independent of pre-existing
heterochromatin. In the absence of RDRC or Dicer,
a distinct class of small RNAs, called primal small
RNAs (priRNAs), associates with Ago1. priRNAs
are degradation products of abundant transcripts,
which bind to Ago1 and target antisense transcripts
that result from bidirectional transcription of DNA
repeats. Our results suggest that a transcriptome
surveillance mechanism based on random associa-
tion of RNA degradation products with Argonaute
triggers siRNA amplification and heterochromatin
assembly within DNA repeats.

INTRODUCTION

Small RNAs play central and conserved roles in gene regulation
and in maintaining the stability of repetitive DNA sequences
associated with transposons and retroelements (Aravin et al.,
2007; Baulcombe, 2004; Ghildiyal and Zamore, 2009; Mello
and Conte, 2004). Small interfering RNAs (siRNAs) and micro-
RNAs interact with target RNAs by base pairing interactions
and promote either translational inhibition or degradation of
complementary RNAs in a posttranscriptional mode of RNA
interference (RNAI) (Ghildiyal and Zamore, 2009; Hutvagner
and Simard, 2008). In the fission yeast Schizosaccharomyces
pombe, the ciliate Tetrahymena thermophila, plants, and
Drosophila, small RNA pathways also act at the chromatin or
DNA level (Moazed, 2009).
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RNA: is triggered by double-stranded RNA (dsRNA), which is
processed into siRNAs by Dicer (Hannon, 2002). siRNAs are
loaded onto Argonaute and direct the inactivation of target
RNAs by guiding the RNA-induced silencing complex (RISC) or
the RNA-induced transcriptional silencing (RITS) complex to
specific target sequences (Hammond et al., 2000; Verdel et al.,
2004). In the S. pombe RITS complex, Argonaute interacts with
two additional proteins, Tas3 and Chp1. Tas3, a glycine and
tryptophan (GW) motif-containing protein, links Ago1 to Chp1
(Debeauchamp et al., 2008). Chp1 is a chromodomain-contain-
ing protein and specifically interacts with histone H3 lysine 9
(H3K9) di- or trimethylated nucleosomes (Partridge et al., 2002;
Schalch et al., 2009), which are a hallmark of heterochromatin.
RITS can therefore associate with chromatin through base-
pairing interactions of siRNAs in Ago1 with nascent transcripts
and interaction of Chp1 with H3K9 methylated nucleosomes
(Verdel et al., 2004). This leads to the recruitment of the Cir4-
Rik1-Cul4 (CLRC) methyltransferase/ubiquitin ligase complex
to chromatin, additional cycles of H3K9 methylation, and
recruitment of two other chromodomain proteins, Swi6é and
Chp2, which are the fission yeast HP1 homologs. In addition to
RITS, S. pombe contains an Argonaute siRNA chaperone
(ARC) complex, in which Ago1 is associated with the Arb1 and
Arb2 proteins and duplex siRNAs (Buker et al., 2007).

In fission yeast, nematodes and plants, the silencing signal is
amplified by the activity of RNA-dependent RNA polymerase
(RdRP) (Henderson and Jacobsen, 2007; Motamedi et al.,
2004; Sijen et al., 2001; Smardon et al., 2000). The fission yeast
RdRP, Rdp1, is associated with two conserved proteins, Hrr1
and Cid12, in a functional RNA-dependent RNA polymerase
complex (RDRC) (Motamedi et al., 2004). Hrr1 has high similarity
to DEAD box RNA helicases, which are required for RNAi medi-
ated silencing in plants, C. elegans, and Drosophila (Tomari
et al., 2004). Cid12, a nucleotidyltransferase domain-containing
protein, belongs to a Trf4/Trf5 family of poly(A) polymerases, and
its homologs are required for RNAi-mediated silencing in other
eukaryotes (Chen et al., 2005; Lee et al., 2009).

In the nascent transcript cycle described above, the RNAI
machinery localizes to chromatin-bound transcripts and medi-
ates their processing into siRNAs, which promote heterochro-
matin assembly and the generation of additional siRNAs.
However, it remains unclear how siRNA generation and hetero-
chromatin assembly are initiated in the first place, since the cycle
begins with an siRNA-programmed RITS. It has been suggested
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Figure 1. Detection of Small RNAs in RNAi and
Heterochromatin Mutant Backgrounds with
Splinted Ligation
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amounts of Ago1-associated small RNAs, indicated as
relative input, were used for different strains and normal-
ized to the levels in wild-type cells. Note different exposure
times for the upper and lower panels.

(C) Quantification of the splinted ligation data by Quantity
One software. Splinted ligation experiments were performed
with three or more biological replicates, and standard devia-
tions are shown. Small RNA quantification for dis3-54 was
done twice, and error bars represent deviation from the
mean. rrp6A and cid14A data are based on only one experi-
ment and are consistent with previous findings. The signal
for dcr1A was set to 1 and enrichment over dcr1A is shown.

(D) Detection of Argonaute-associated centromeric small RNAs by splinted ligation in dcr7A and rdp1A cells. In untagged purifications from wild-type and dcr7A

cells no centromeric small RNAs were detected.
See also Figure S1.

that trigger centromeric siRNAs are produced from the process-
ing of double-stranded RNA (dsRNA), which may form either by
base pairing of sense and antisense centromeric transcripts or
by RDRC-dependent activity on specific centromeric RNAs
(Figure 1A). In an alternative model, low levels of histone H3K9
methylation, which are present in RNAi mutants (Noma et al.,
2004; Sadaie et al., 2004), have been suggested to act upstream
of RNAI by recruiting the RITS and RDRC complexes to centro-
meric repeats to initiate siRNA generation and the amplification
of H3K9 methylation (Figure 1A). No evidence in support of these
models has yet been obtained.

In this report, we use biochemical and high-throughput
sequencing approaches to examine the mechanisms that
mediate small RNA generation from the fission yeast centro-
meric repeat sequences. The higher sensitivity of the methods
used in our experiments allows us to detect centromeric small
RNAs in mutant backgrounds that had been considered to lack
siRNAs. We demonstrate the existence of two Ago1-dependent
pathways that mediate the generation of different levels of small
RNAs from centromeric repeat sequences. First, small RNA
profiles in heterochromatin mutants indicate that the amplifica-
tion of siRNAs can occur independently of H3K9 methylation
and involves RDRC and Dicer activity on specific noncoding
RNAs. This amplification requires the slicer activity of Ago1, sug-
gesting that the Ago1-associated small RNAs target RDRC to
centromeric transcripts. Second, we describe a distinct class
of small RNAs, called primal small RNAs (priRNAs), which are
generated independently of Dicer or RDRC. priRNAs appear to
be degradation products of abundant genome-wide transcripts.
We provide evidence that priRNAs act through Argonaute to
mediate low levels of H3K9 methylation at pericentromeric
repeats and propose that they trigger RDRC/Dicer-dependent

siRNA amplification from antisense centromeric RNAs. In addi-
tion, we provide evidence that siRNAs undergo processing at
their 3’ ends, which involves the addition of untemplated nucle-
otides by the Cid12 and Cid14 nucleotidyltransferases and
trimming, most likely mediated by the exosome. Our results sug-
gest that a transcriptome surveillance mechanism based on the
random association of small RNAs with Argonautes triggers
RNAi-mediated heterochromatin formation within DNA repeats.

RESULTS

Detection of Ago1-Bound Small RNAs in RNAi
and Heterochromatin Mutants
Several different models can explain how trigger siRNAs are first
generated from centromeric transcripts (Figure 1A). In model 1,
siRNAs are generated by Dicer-mediated processing of dsRNA
that is formed from base pairing of sense and antisense centro-
meric transcripts resulting from bidirectional transcription. In
model 2, RDRC recognizes specific features of centromeric
RNAs and synthesizes the initial dsRNA substrate for Dicer. In
model 3, pre-existing H3K9 methylation recruits RITS and
RDRC to transcripts in centromeric regions in an siRNA-inde-
pendent manner. These models make specific predictions
about siRNA levels in different mutant backgrounds. However,
previous studies employing 3’ end labeling and northern blotting,
while showing a requirement for RDRC/Dicer and heterochro-
matin proteins in centromeric siRNA generation, have not
detected differences in siRNA levels in the respective mutant
backgrounds (Buhler et al., 2006; Motamedi et al., 2004; Noma
et al., 2004; Verdel et al., 2004).

In order to distinguish between the above models, we used the
sensitive splinted ligation detection assays to determine siRNA
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levels in FLAG-Ago1 purifications from Dicer, RDRC, and hetero-
chromatin mutant cells (Figure 1B, Figure S1A available online).
In splinted ligation detection assays, small RNAs are ligated to
a 5’ %2P-labeled oligonucleotide, directed by a specific bridge
oligonucleotide, and the detection has been reported to be
approximately 50-fold more sensitive than northern blotting
for small RNA (Maroney et al., 2008). Using this method, we
observed >100-fold reduction in siRNA levels in dcr1A, rdp1A,
cid12A, clr4A, and tas3A cells (Figures 1B and 1C, Figure S1B).
siRNA levels were also greatly reduced in cells lacking the
Arb1 and Arb2 subunits of the ARC complex, the Chp1 subunit
of the RITS complex, the Rik1 subunit of the CLRC methyltrans-
ferase complex, and the Swi6/HP1 protein (Figures 1B and 1C).
In contrast to previous studies, we detected small RNAs in
dcr1A, rdp1A, and several other mutant backgrounds that
were consistently above control FLAG immunoprecipitations
from either untagged wild-type or dcr7A cells (Figures 1C and
1D, Figure S1B). In rdp1A and dcr1A cells, small RNA levels
were similar, suggesting that few or no siRNAs were produced
from dsRNA resulting from the base pairing of sense and anti-
sense centromeric transcripts, strongly arguing against model
1 (Figures 1B-1D, Figure S1B). Furthermore, the presence of
small RNAs in dcr1A cells suggested the existence of a Dicer-
independent small RNA generation mechanism in S. pombe.

High-Throughput Sequencing of Ago1-Bound Small
RNAs Reveals 3’ End Processing of siRNAs

by Nucleotidyltransferases

The splinted ligation results suggested that high-throughput
sequencing of Ago1-associated small RNAs from mutant cells
may provide additional information about the factors and centro-
meric sequences that mediate small RNA biogenesis. Using lllu-
mina sequencing, we obtained between one and six million
reads for 5’-monopohosphate containing small RNAs associ-
ated with FLAG-Ago1 in wild-type and mutant cells (Figures 2A
and 2B, Table S1). Consistent with previous results (Buhler
et al., 2008; Cam et al., 2005), in wild-type cells, the majority of
small RNAs mapped to both DNA strands of the centromeric
dg and dh repeats, present in all three chromosomes, and to
the IRC3 repeat elements, which flank the dg and dh repeats
of chromosome 3 (Figure 2B, Figure S2). In addition, we
observed a striking correlation between small RNA peaks and
the occurrence of both sense and antisense transcription
(Figure S2A). The majority of the remaining small RNA reads
mapped to the sense strand of rRNAs, tRNAs, and mRNAs
(Figure 2A). Consistent with the splinted ligation results (Figures
1B-1D), in dcr1A, rdp1A, and cid12A cells, centromeric small
RNAs were severely reduced but not eliminated (Figures 2A
and 2B). The residual small RNAs in the above mutant back-
grounds had a similar 5’ nucleotide preference and length distri-
bution as wild-type siRNAs suggesting that this preference was
dictated by Ago1 binding (Figure S2B and data not shown).

In cid12A cells, about 10-fold more centromeric siRNAs were
present compared to dcr1A or rdp1A cells (Figures 2A and 2B,
zoomed graphs), suggesting that low levels of siRNA could be
generated independently of Cid12. Moreover, overexpression
of Rdp1 from the strong nmt1 promoter in cid12A cells restored
centromeric dg and dh siRNAs to near wild-type levels
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(Figure 2C, Figures S2C and S2D) and restored silencing of an
imr1R::ura4* centromeric reporter gene (Figure 2D), indicating
that the resulting siRNAs were functional. However, Rdp1 over-
expression failed to restore the normally abundant siRNAs
corresponding to the IRC3 repeats of chromosome 3, indicating
an essential role for Cid12 in RNAI at this element (Figure S2C).
Furthermore, Rdp1 overexpression did not suppress the
silencing defect of other RNAiI mutant cells (Figure S2E), sug-
gesting that the mechanism of this suppression was specifically
related to a partial bypass of Cid12 function in the RDRC
complex.

Cid12 is one of two nucleotidyltransferase enzymes that are
required for efficient RNAI in S. pombe (Motamedi et al., 2004).
Cid14, another enzyme in this family, is a component of the
TRAMP polyadenylation complex and is required for efficient
siRNA generation and heterochromatic gene silencing (Buhler
et al., 2007). Although previous evidence suggests that Cid12
and Cid14 perform overlapping and/or competing functions
(Buhler et al., 2007), it has been unclear whether they target
long noncoding RNAs or siRNAs. We noticed that a strikingly
high percentage of Agoil-bound small RNAs contained
mismatches at their 3’ last two nucleotides (Figure 2E, positions
0 and —1 from the 3’ end), raising the possibility that Cid12 and/
or Cid14 extended the 3’ ends of these small RNAs in a template
independent manner. In wild-type cells, the mismatch residues
were A, U, or C (Figure 2F), but both the frequency and identity
of the mismatches were altered in mutant backgrounds (Figures
2E and 2F). In both cid12A and cid14A cells, the frequency of
mismatches at the last two 3’ nucleotide positions of total and
centromeric small RNA populations was reduced (Figure 2E),
suggesting that small RNAs were targeted by the nucleotidyl-
transferase activities of Cid12 and Cid14. Finally, we observed
changes in the identity of mismatched residues in mutant back-
grounds (Figure 2F, Figure S2F). In dcr1A and cid12A cells, the
mismatch residue was primarily A (Figure 2F), suggesting that
in the absence of heterochromatin-dependent processing, small
RNAs become targets for Cid14, which has primarily polyadeny-
lation activity in vitro (Buhler et al., 2007). In contrast, in cid14A
cells, mismatches were primarily U or A, and to a lesser extent C
(Figure 2F), suggesting a role for another nucleotidyltransferase,
possibly Cid12.

To address the possibility that Cid12 has nucleotidyltransfer-
ase activity, we reconstituted RDRC complexes containing
active site mutations in either the Cid12 or Rdp1 subunits so
that we could distinguish Cid12 activity from Rdp1 activity.
We were unable to detect any adenylation activity in purified
Cid12 preparations (Figure 2G, lane 5). However, Cid12 had
robust adenylation activity when assembled into the RDRC
complex, containing either wild-type Rdp1 or catalytically inac-
tive Rdp1D903A (Figure 2G, lanes 1, 3, and 4), suggesting that
Cid12 activity was allosterically regulated. The RNA template,
rather than the synthesized second strand, was the target of
adenylation by Cid12, since adenylation did not require the
dsRNA synthesis activity of Rdp1 and the product migrated
as single stranded during native polyacrylamide gel electro-
phoresis (Figure 2G). We confirmed this observation by subse-
quent treatment of the reaction with terminator exonuclease,
which degrades the 5'-monophosphate-containing input RNA



A wild type der1A rdp1A cid12A

2%

o 0.24% 1% 1%

2% 1°/ 1% 2%
0.16%,

1% 3% 2% 1%

0.4%

47%

86% 86% 84%

rRNA mrepeat elements = no annotation ® miscellaneous feature m mRNA © intron = tRNA

B chromosome1 D
3760 kb 3770 kb 3780 kb 3790 kb
500
wild type “ IW i" i‘i 250 imr1R::ura4+
" - . i Zgg EMMG-Leu
R — - R — o cid12
rdp14A L250 ©  cid124 + Rdp14
- = . I D 2 EMMC-Leu + FOA
i 250 ] —eu
cidi2dA _, WM, o e, | £ cid124
derid 1 1 fz 5 cid12a+Rdp1t |@
— o b | l ) Ldew sl Log g
o
oo b MAI o (M MK e .
E - = all centromeric
' a e small RNAs small RNAs
dh dg imril  cnt1  imriR  dg dh 5
T 25%
=
C chromosome1 @ 20%
3760 kb 3770 kb 3780 kb 3790 kb E 15%
L 1 o °
5001 & 9
v m ﬂL A = g
~ 500 | o= <
& 59
cid124 zol o 8 % k.. b
; 500 & a Lo Bm
il(lgdzA‘] * N W “‘ “H {250 g nucleotides 0 -1 -2 -3 4 0 -1-2-3 -4
p S from3end g wild t .
ype o cid12A
dg /mr1L cnt1 /mr1R dg | der1A m cid14A
F > N
wild type der1A cid12A cid14A § é‘?
3 100% G F a2 9
< o SN S
£ bt o & o &
] 80% < &L KL & X
Eo 0% =A & &8 &S
R iN=} o sl
EE 60% dsRNA -
5 % 50% oC 22nt
© S 40% oG
8° 0%
< 20%
Q o ssRNA
. I8 I T} L Tl ]
2 nucleotides 4 2 0 A4 -2 0 4 =2 0 4 =2 Cid12activity: 1 0 21 15 0

from 3’ end Rdp1 activity: 1 1 0 0 0

Figure 2. Roles of Dicer and RDRC in Small RNA Generation

(A) S. pombe Ago1-associated small RNAs were analyzed by high-throughput sequencing from wild-type, dcr1A, rdp1A, and cid12A cells, and classified as indi-
cated below the pie charts. Pie charts illustrate percentages for the individual small RNA classes relative to the total number of small RNA reads for each strain.
(B) Small RNA reads in wild-type and the indicated mutant cells were plotted over centromeric repeat region of chromosome 1. The location of the centromere
(cnt1, green), the imr repeats (imr1L and imr1R, yellow), tRNAs (black), the dg (blue), and dh (red) repeats are indicated below the siRNA peaks. Chromosome
coordinates are indicated above the peaks. Scale bars on the right denote small RNA reads numbers normalized per one million reads.

(C) Small RNA reads in wild-type, cid12A and cid12A overexpressing Rdp1. Shaded areas highlight the dg repeats.

(D) Silencing assay showing that Rdp1 overexpression rescues the cid712A loss of silencing phenotype of a imr1R::ura4* reporter gene. Plating efficiency and
silencing are assayed by growth on complete selective (EMMC-Leu) and 5-Fluoroorotic acid (FOA) medium, respectively.

(E) Percentage of mismatched nucleotides for all small RNAs (sRNAs) and centromeric small RNAs in wild-type, dcr1A, cid12A and cid14A cells. The last 5 nt are
shown from 3’ end of small RNA. 0 denotes the last nucleotide, —1 the nucleotide prior to the last.

(F) Identity of mismatched nucleotides in small RNAs in wild-type, dcr1A, cid12A, and cid14A cells. As in (E), mismatched nucleotides are shown from 3’ end of
small RNAs.

(G) Autoradiograph of native polyacrylamide gel showing the Cid12 and Rdp1 activities on a 22 nt single-stranded RNA (ssRNA) template using *2P-ATP incor-
poration. Cid12 products migrate as ssRNA, whereas Rdp1 products migrate as double-stranded RNA (dsRNA). No Rdp1 dsRNA synthesis activity was detect-
able in absence of CTP or with the catalytically inactive Rdp1-D903A enzyme.

See also Figure S2.
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substrate but not the 5'-triphosphate-containing Rdp1 product
(Pak and Fire, 2007; Sijen et al., 2007). The Cid12 product
was completely degraded, indicating that Cid12 modified the
3’ end of the 5-monophosphate containing RNA substrate
(Figure S2G). In contrast to Cid14 and other members of the
Trf4/5 family (Buhler et al., 2007; Wang et al., 2008a), Cid12
extended the 3’ end of the RNA substrate by adding only one
nucleotide incorporating adenine and less efficiently uracil
(Figures S2G and S2H). This observation strongly suggested
that Cid12 monoadenylated and remained bound to its RNA
substrate, which may help to target the RNA for dsRNA synthesis
by the associated Rdp1. Together with the in vivo effects of
deleting cid72* on the frequency of mismatches at the 3’ ends
of Agol-bound small RNAs, these data suggest that Cid12
adenylates or uridylates small RNAs in vivo.
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Figure 3. Heterochromatin-Independent
siRNA Generation from dg Transcripts

(A) High-throughput sequencing of small RNAs
from the clr4A, chp1A, and swi6A cells. Pie charts
illustrate percentages for the individual small RNA
classes relative to the total number of small RNA
reads for each strain, classified as indicated.

(B) Small RNA reads from wild-type and the indi-
cated mutant cells are plotted over centromeric
repeat region of chromosome 1, at 10x zoom.
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(The lower part of panel B shows that in chp7A
and clr4A cells, dg siRNAs levels are much higher
than dh siRNA levels.)

(C) Number of small RNA reads mapping to dg7L
and dhiL in indicated cells. Small RNA read
numbers were normalized per one million reads.
(D) Splinted ligation detection of small RNAs asso-
ciated with Ago1 and Ago1D580A in wild-type,
decr1A, agol1A, and clrdA cells. Five different
centromeric small RNAs mapping to dg tran-
scripts were assayed.

See also Figure S3.

number of reads

RDRC-Dependent Amplification
of dg Centromeric siRNAs in the
Absence of Heterochromatin
The observation that siRNAs were pre-
sent in heterochromatin mutant cells
prompted us to examine their distribution
in these mutants by high-throughput
¥ sequencing. Consistent with the splinted
ligation results (Figure 1), sequencing
showed that siRNA levels were greatly
reduced in clr4A and chp1A cells and to
a lesser extent in swi6A cells (Figures 3A
and 3B). In clr4A cells, H3K9 methylation
is completely abolished; however, we
were able to detect relatively high levels
of siRNAs from centromeric dg repeats,
while small RNA reads mapping to dh
repeats were present at similar levels
to decr1A and rdp1A cells (Figure 3B,
Figure S3A). Although dg siRNAs in
clr4A cells were amplified approximately
10-fold in an H3K9 methylation- and heterochromatin-indepen-
dent manner, their generation remained Dicer and RDRC depen-
dent (Figure 3B, Figures S3A and S3B).

In clrdA, swi6A, and chp1A cells, imr siRNAs, as well as the
IRC3 siRNAs, were also nearly abolished (Figure 3B, Fig-
ure S3A). siRNAs appear to spread from the dg element into
adjacent imr1 sequences, likely as a result of processing of tran-
scripts that originate in dg and terminate in imr1 (Figure 3B).
siRNA generation from dh, imr, and IRC3 elements appeared
to be more sensitive to heterochromatin disruption. In swi6A
cells, the reduction in siRNA levels at the dg repeats was modest
(2-fold), while at the dh repeats, siRNA levels were reduced by
more than 10-fold (Figures 3A-3C, Figure S3A), consistent with
previous studies using dh-specific probes for northern blotting
(Motamedi et al., 2008). Analysis of small RNA sequences in
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arb1A and arb2A cells revealed a surprisingly similar pattern of
distribution to that observed in swi6A cells (Figure 3B, Figures
S3A-S3D), suggesting that these Ago1-associated proteins act
in the heterochromatin-dependent siRNA generation pathway.
Together, these results identify the centromeric dg repeats as
heterochromatin-independent RNAi nucleation regions and
eliminate a strict requirement for pre-existing heterochromatin
in siRNA generation (model 3, Figure 1A).

Ago1 Slicer Activity Is Required for RDRC-Dependent
Amplification of siRNAs

We wished to determine whether dg siRNA amplification involved
the direct recognition of dg RNAs by the RDRC complex (model 2,
Figure 1A) and whether it involved Ago1 or the RITS complex. As
shown in Figure 3B (lower zoom graphs), the Chp1 subunit of the
RITS complex was not required for accumulation of dg siRNAs;
however, the Tas3 subunit was required as small RNA levels in
tas3A and dcr1A cells were similar (Figures 1B and 1C). This rules
out a requirement for the full RITS complex in heterochromatin-
independent siRNA generation. Furthermore, using splinted liga-
tion, we found that in cells containing Ago1-D580A, which is
defective in slicer activity, dg small RNA levels were similar to
that found in dcr1A cells, and below the levels found in cir4A cells
(Figure 3D). This observation suggests that heterochromatin-
independent dg siRNA amplification (model 2, Figure 1A) involves
Ago1-mediated slicing or recognition of the dg RNA template and
therefore would require a triggering dg small RNA.

Dicer- and RDRC-Independent priRNAs

As noted above, a substantial number of Agoil-associated
centromeric small RNAs were present even in dcrfA and
rdp1A cells (Figures 1-3, Figures S1-S3). Consistent with the
splinted ligation results (Figures 1B-1D), the total number of
small RNAs was similar in rdp7A and dcr1A cells (Figures 4A
and 4B, Figure S4A), indicating that the sense and antisense
centromeric transcripts do not produce high levels of dsRNA
that can be processed into siRNAs by Dicer. The Dicer-indepen-
dent small RNAs mapped to both strands of the dg and dh
repeats and had a similar overall size and 5’ nucleotide prefer-
ence as siRNAs in wild-type cells (Figure 4A, Figures S4B and
S4C), raising the possibility that they may function like siRNAs.
Although Dicer-independent small RNAs originated from rRNAs
and tRNAs, as well as abundant mRNA transcripts (Figure 2A),
only a small fraction (<1%) mapped with an antisense orientation
to known transcripts (Figure 4C, Figures S4D and S4E). Of
this antisense fraction, 22% mapped to centromeric dg and
dh elements (Figure 4D), which constitute only 0.4% of the
S. pombe genome. Furthermore, while 71% of antisense reads
map to mRNAs, this fraction is distributed over many mRNA tran-
scripts. The number of antisense small RNA reads per mRNA
transcript was therefore negligible compared to the number of
antisense small RNAs per dg or dh RNA (Figure 4E). This is
due to the fact that high levels of antisense transcription appear
to be a unique feature of centromeric repeats in S. pombe. In
addition the majority of priRNAs mapping to coding regions
showed a striking enrichment toward the 3’ ends of annotated
transcripts, often overlapping 3’ untranslated sequences or
regions just after transcription termination (Figure 4F, Figures

S4D and S4E). These observations suggest a relationship
between priRNA biogenesis at these regions and RNA process-
ing events associated with transcription termination and also
provide further support for the proposal that priRNAs originate
from degradation products of single stranded transcripts.

Consistent with the results in Figure 1, showing that Dicer-
independent small RNAs were enriched in FLAG pulldowns
from FLAG-Ago1 cells compared to untagged control cells,
centromeric small RNAs were enriched in Ago1 immunoprecipi-
tations compared to total RNA (Figure 4G). As further tests of
specificity, we created a strain with point mutations in the PAZ
and MID domains of Ago1 (Wang et al., 2008b) (Ago1-F276A/
Y513A/K517A, hereafter referred to as Ago1-A3), which are
involved in small RNA binding. Staining for all RNAs with Sybr
Green showed that 21-24 nucleotide small RNAs and some
larger small RNAs (30-40 nucleotides long) were enriched in
Ago1 compared to Ago1-3A immunoprecipitations from dcr1A
cells (Figure 4H), providing further evidence for the specific
association of Dcri1-independent small RNAs with Ago1. As
expected, Ago1-A3 mutations abolished heterochromatin-
dependent gene silencing of an otr1R::ura4* reporter gene
(Figure 4l). Furthermore, in contrast to wild-type FLAG-Ago1
and FLAG-Ago1-F276A pulldowns, using the splinted ligation
method, we did not detect any centromeric small RNAs in
FLAG-Ago1-A3 pulldowns, which excluded contamination as
a source of small RNAs in FLAG-Ago1 purifications from dcr1A
and other mutant cells (Figure 4J). We also did not detect small
RNA reads from the IRC3 element in dcr1A (Figure S4A), even
though siRNAs originating from this element are the most abun-
dant class in wild-type cells (Figure S3A), further ruling out cross-
contamination. We refer to these Dicer-independent small RNAs
as primal small RNAs (priRNAs, see below).

Role for priRNAs in Promoting Histone H3K9
Methylation
We next tested whether priRNAs could function through Ago1 to
influence heterochromatin assembly at centromeric repeats. It
has previously been shown that H3K9 methylation at centromeric
repeats is greatly diminished, but not eliminated, in RNAi mutant
cells (Noma et al., 2004; Verdel et al., 2004; Volpe et al., 2002). If
priRNAs, which are produced independently of Dicer (and Rdp1
as described later), were able to act through Ago1 and/or the
RITS complex to promote H3K9 methylation, we would expect
a greater defect in H3K9 methylation in ago7A cells compared
to dcr1A or rdp1A cells. To test this possibility, we analyzed
H3K9 methylation at several locations within the centromeric
dg repeats (designated dgG, dgB, dgH, and dgF, Figure 5A).
Indeed, using chromatin immunoprecipitation (ChlIP), we consis-
tently observed that H3K9 methylation levels at the centromeric
dg repeats were lower in ago1A compared to dcr1A or rdpT1A
cells (Figures 5B-5E, Figures S5A-S5E). H3K9 methylation in
ago1A cells was in general close to the background observed
in clrdA cells (Figures 5B-5E, Figures S5A-S5E), suggesting
that the previously reported RNAi-independent H3K9 methyla-
tion at centromeres was mostly Ago1 dependent.

To determine whether Ago1-dependent, but Dcri-indepen-
dent, H3K9 methylation required the PAZ and MID domains of
Ago1, which were required for priRNA binding (Figure 4J), we
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Figure 4. priRNAs Primarily Target the Centromeric Repeats and Require the PAZ/MID Domains for Binding to Ago1

(A) Small RNA reads from dcr1A and rdp1A cells are plotted over centromeric region on chromosome 1 in a strand specific way (blue, + strand; red, — strand).
Small RNAs in dcr1A cells are referred to as priRNAs.

(B) Number of centromeric small RNA reads in dcr1A and rdp1A cells. Small RNA read numbers were normalized per one million reads.

(C) Small RNA densities from dcr1A are plotted over a selected euchromatic region on chromosome 1 in a strand-specific way. Note that higher number of reads
is often present after the 3’ end of mRNA transcripts.

(D) Classification of antisense priRNAs, as indicated next to the pie charts. Pie charts illustrate the percentages of the individual priRNA classes relative to the total
number of antisense priRNAs. Twenty-two percent of antisense priRNAs map to repeat elements.

(E) Antisense small RNA reads for each class are normalized to the number of transcripts they may target. Antisense priRNAs target mainly centromeric dg and dh
transcripts.
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examined H3K9 methylation levels in cells containing Ago1-3A
(Figure 5C). H3K9 methylation levels in Ago1-3A and ago7A cells
were similar, indicating that the ability of Ago1 to promote Dicer-
independent H3K9 methylation required its small RNA binding
domain. Since in the absence of Dcr1 only priRNAs are present
in Ago1, this observation supports a role for priRNAs in
promoting low levels of H3K9 methylation.

To determine whether priRNA-mediated H3K9 methylation
required the RITS complex, we compared H3K9 methylation
levels in ago1A cells with cells lacking the Chp1 or Tas3 subunits
of the RITS complex. H3K9 methylation levels in chp1A, tas3A,
and dcr1Atas3A cells were higher than the levels in ago7A and
close to those found in dcr1A cells (Figures 5C and 5E), suggest-
ing that Ago1 promoted H3K9 methylation independently of
Chp1 and Tas3, although less efficiently. Furthermore, we have
previously shown that the slicer-defective Ago1-D580A mutant
has a dominant negative effect on heterochromatin formation
and inhibits H3K9 methylation even in the presence of a wild-
type Ago1 (Buker et al., 2007). Here, we also found that Ago1-
D580A was not able to promote Dcri-independent H3K9
methylation (Figure 5D). Together, our findings reveal a correla-
tion between small RNA levels and their ability to bind to Ago1
with centromeric H3K9 methylation levels (Figure 5E). Thus,
H3K9 methylation levels, which are the highest in wild-type cells,
are reduced in cells that cannot amplify small RNAs or couple
this amplification to chromatin targeting (6- to 9-fold reduction
in der1A, rdp1A, chp1A, tas3A, arb1A, arb2A, dcr1Ardp1A,
and dcr1Atas3A cell), and are reduced further in cells in which
Ago1 is absent or cannot bind to small RNAs (about 20- to 40-
fold reduction in ago7A and Ago1-3A cells) (Figure 5E). In further
support of arole for priRNAs in H3K9 methylation, we observed a
correlation between an increase in priRNA levels in dcr1Acid14A
double-mutant cells (Figure 5F, Figure S5F) and increase in H3K9
methylation at the centromeric dg repeats (Figure 5G, Fig-
ure S5B). Ago1-mediated Dcr1-independent H3K9 methylation
also correlated with a consistent reduction in centromeric non-
coding RNA levels, which were about 1.4-fold more abundant
in ago1A than in dcr1A cells (Figure S5G). These observations
suggest that priRNAs act through Agol to nucleate H3K9
methylation at centromeric repeats.

Ago1-Bound Small RNAs Are Trimmed after Release

of the Passenger Strand

We next explored possible mechanisms that may give rise to
priRNAs. A clue to how these small RNAs may be generated

came from analysis of siRNA sequences in ago7* cells express-
ing the Ago1-D580A mutant. Ago1-D580A contains ds-siRNAs
because it fails to release the siRNA passenger strand and
inhibits the spreading of H3K9 methylation in a dominant nega-
tive manner (Buker et al., 2007). We obtained near wild-type
number of dg siRNA reads for FLAG-Ago1-D580 purifications
from ago1™ cells; however, the siRNAs mapping to the dh, imr1,
and IRC3 elements were greatly diminished (Figure 6A, Figures
S6A and S6B, and data not shown). This defect is likely to be
related to the interference of Ago1-D580A with the spreading
of H3K9 methylation (Buker et al., 2007). Ago1-D580-associated
small RNAs had the same 5’ nucleotide preference as wild-type
Ago1 (Figure S6C), but in contrast to wild-type and most mutant
backgrounds, which contained siRNAs of 21-23 nucleotides in
size (e.g., Figure S4B), centromeric siRNAs associated with
Ago1-D580A had a broader size distribution ranging from 21 to
27 nucleotides (Figure 6B). This increase in siRNA length was
only observed for centromeric siRNAs, which are Dicer products
and load onto Ago1 as double stranded, since Ago1-D580A
had no effect on the size distribution of small RNAs correspond-
ing to MRNAs and rRNAs (Figure S6D). Furthermore, centromeric
siRNA sequences with identical 5’ ends were extended at their 3’
ends when associated with Ago1D580A (Figures 6C and 6D).
These results suggest that Ago1 is able to bind to larger precursor
small RNAs, which are then trimmed to ~22 nt siRNAs after
release of the passenger strand, and raise the possibility that
a similar trimming mechanism gives rise to mature priRNAs.

We next compared the frequency of mismatches at the 3’ ends
of wild-type Ago1 and Ago1-D580A-bound siRNAs. As shown in
Figure S6E, we observed similar numbers of 3’ end mismatches
in the wild-type and mutant Ago1 proteins, suggesting that
increased nucleotidyltransferase activity was not responsible
for the larger size of siRNAs bound to Ago1-D580A. In addition,
perfectly matched centromeric siRNAs, bound to Ago1-D580A,
showed a similar broader length distribution as all centromeric
siRNAs, further excluding increased nucleotidyltransferase
activity as an explanation for larger size (Figure 6E). Together,
these observations strongly suggest that Ago1-associated siR-
NAs are trimmed at their 3’ end by an unknown ribonuclease
after the release of the passenger strand.

In Drosophila and vertebrate germline cells, the ping-pong
amplification mechanism generates piRNAs using the slicer
activity of two different Piwi family proteins (reviewed in Aravin
et al., 2007; Ghildiyal and Zamore, 2009). We found that priRNA
levels were comparable in Ago1-D580A and dcr1A cells

(F) Average genome-wide distribution of priRNAs mapping to chromosome 1 mRNAs in dcr1A cells. The coding region of each mRNA was divided to five
equal parts, each representing 20% of the protein coding sequence. The 3’ untranslated region (UTR) and downstream regions were divided into windows
of 50 and 100 nucleotides. The number of priRNA reads mapping to each window was normalized to the size of the corresponding window and to the total
number of MRNAs. The number of priRNA reads represents normalized average number of reads per 1 kb window.

(G) Splinted ligation detection of centromeric small RNAs associated with Argonaute or from total RNA, showing that priRNAs are enriched in the Argonaute
purification.

(H) Sybr Green Il staining of 17.5% denaturing polyacrylamide gel with 3 ug of RNAs associated with FLAG-Ago1 or FLAG-Ago1-3A purified from dcr1A cells.
RNAs of approximately 22 nt in length are specifically associated with wild-type FLAG-Ago1.

() Silencing assay showing that the expression of wild-type Ago1, but not Ago1-D580A or Ago1-3A (F276A/Y513A/K517A) mutants, rescues loss of silencing
in ago1A cells. Growth on FOA medium indicates ura4* silencing.

(J) Splinted ligation detection of small RNAs associated with wild-type and mutant Ago1 proteins, showing that Ago1-3A containing three point mutations in
the MID and PAZ domains abolishes small RNA binding. Ago1-F276A containing a single point mutation in the PAZ domain binds small RNAs more weakly.
See also Figure S4.
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(Figure 6F), indicating that a slicer-based mechanism was not
involved in priRNA generation. In C. elegans, Dicer-independent
secondary small RNAs are generated by RNA-directed RNA
polymerases (Aoki et al., 2007). However, priRNA levels were
similar in dcr1A and dcr1Ardp1A double-mutant cells, ruling
outarole for Rdp1in priRNA generation (Figure 6F). Furthermore,
priRNA levels were not affected by deletion of eri*, which
encodes a double strand-specific ribonuclease (lida et al.,
2006), suggesting that priRNAs were single stranded and were
generated from single-stranded precursor (Figure 6F). We also
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I— fop1

—dgB

level of H3K9 methylation independently of the Chp1 and Tas3
subunits of RITS. Ago1-3A mutant deficient in priRNA binding is
unable to direct H3K9 methylation.

(D) ChIP experiments showing that slicer activity of Ago1 is essential
for priRNA-dependent H3K9 methylation; serial dilutions containing
1 and 1/30™" ul of immunoprecipitated DNA were used and the lower
dilution, for which PCR is in the linear range for all samples, was
used for quantification.

(E) Quantification of the ChIP data. ChIP experiments were performed
several times with independent biological replicates and average
values with standard deviation are shown as enrichment over cir4A.
The average enrichment for wild-type, dcr1A, and ago1A was based
on more than 15 experiments with different primers sets. p values
were calculated using the Student’s t test.

(F and G) Increase in priRNA levels correlates with increased H3K9
methylation. Splinted ligation detection of Argonaute-associated
centromeric small RNAs showing that centromeric priRNAs are 3.5-
fold more abundant in dcr1Acid14A than in dcr1A cells (F). Splinted
ligation was performed as described in Figure 1. Quantification of
ChlIP experiments showing 2-fold higher levels of H3K9 methylation
in dcr1Acid14A than in der1A. The dgB primers were used in this
ChlIP experiments and the results show the average for seven inde-
pendent biological replicates. Error bars indicate standard deviations.
p value was calculated using the Student’s t test.

See also Figure S5.

observed a correlation between the levels of specific
centromeric transcripts and the levels of corresponding
priRNAs (Figures S6F and S6G). For example, higher tran-
script levels from the (—) strand of the dh repeat (dhE
region) correlated with higher (—) strand priRNA levels
from the same region (Figures S6F and S6G).

The effect of Cid14, which is involved in targeting RNA
for degradation or processing to the exosome, on both
the frequency of siRNA 3'end mismatches (Figures 2E
and 2F) and priRNA levels (Figure 5F) suggests that the
degradation of small RNAs is at least partly mediated by
the exosome. The exosome is essential for S. pombe
viability, but mutations in the Dis3 subunit in the catalytic

core of the exosome are viable, although they have a severe growth
defect. To determine whether the exosome was required for
priRNA generation or trimming, we sequenced FLAG-Ago1-bound
small RNAs from dis3-54,D0171N dcr1* and dis3-54,D171N dcr1A
cells. Theresults showed thatin dis3-54,D171N dcr1A mutant cells
priRNAs were still present, although their levels were lower than in
dcr1A cells (Figures 6F and 6G). siRNAs in dis3-54,D171N dcr1*
cells had a similar size distribution as in wild-type cells, although
3% of siRNAs were several nucleotides longer, suggesting that
Dis3/exosome might be involved in trimming of siRNAs
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(Figure 6H). Moreover, in the dis3 mutant cells, we observed an
increase in the number of priRNAs corresponding to mRNAs and
tRNAs (compare Figure 2A with Figure S6H), which provides
further support for the idea that Ago1 acts as a receptor for
genome-wide RNA degradation products. However, priRNA pres-
ence and a similar average size distribution, suggest that either
residual exoribonuclease activity in dis3-54,D0171N mutant cells
is sufficient for priRNA generation or that the exosome acts redun-
dantly with other ribonucleases in generating priRNAs.

DISCUSSION

Our findings reveal the existence of a distinct class of small RNAs
(priRNAs), which are produced independently of Dicer or RDRC
and mediate low levels of H3K9 methylation at the centromeric
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Ago1 the siRNA is trimmed from its 3’ end.

(E) Length distribution of centromeric dg siRNAs
that perfectly match the S. pombe genome associ-
ated with Ago1-D580A compared to the wild-type.
(F) Splinted ligation detection of Argonaute-asso-
ciated centromeric small RNAs in indicated mutant
cells. The levels of centromeric priRNAs are similar
in dcr1Ardp1A, dcriAeritA and dcr1ADis3-
54,D171N mutant cells. Splinted ligation detection
rz>°«'° b(} was performed as described in Figure 1.

(G) Number of priRNA reads normalized to one
million reads mapping to dg in dcrfA and
dcr1Adis3-54,D171N mutant cells. priRNAs are
approximately 2-fold more abundant in dcr1A
than in dcr1Adis3-54,D171N mutant cells.

(H) Size distribution of centromeric siRNAs asso-
ciated with Ago1 in wild-type and dis3-54,D171N
mutant cells. Approximately 3% of total siRNAs
have a larger average size in dis3-54,D171N
mutant cells compared to the wild-type cells.
See also Figure S6.
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repeat sequences. priRNAs are likely to

accumulate through the binding of RNA

degradation products to Ago1 and may

achieve their final size through a trim-

ming/protection mechanism, which also
applies to Dicer-dependent centromeric siRNAs (Figure 7). Our
results also provide a mechanism for the nucleation of siRNA
amplification on specific centromeric transcripts in the initial
absence of heterochromatin or Dicer-generated siRNAs and
demonstrate a key role for the small RNA binding and slicer activ-
ities of Ago1 in siRNA amplification. These findings have implica-
tions for the roles of Argonaute family proteins in transcriptome
surveillance and suggest possible parallels between Argonautes
and major histocompatibility (MHC) antigen receptors in tran-
scriptome and proteome surveillance, respectively.

Biogenesis of Small RNAs from Centromeric Repeats
Our observations suggest that two major Agol-dependent
pathways mediate the initial generation of small RNAs in a
heterochromatin-independent manner (Figure 7).
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Figure 7. Model for Initiation of siRNA Generation and Heterochro-
matin Assembly

Model summarizing pri/siRNA generation and amplification in heterochro-
matin-independent and heterochromatin-dependent manners. priRNAs are
generated by degradation of centromeric transcripts and loaded onto Ago1.
priRNAs target centromeric transcripts and induce heterochromatin indepen-
dent siRNA generation in an Ago1 slicer- and RDRC/Dicer-dependent manner.
Amplified siRNAs target nascent transcripts, recruit RITS, RDRC, and CLRC
complexes to induce efficient siRNA amplification and H3K9 methylation.
The ARC complex is required for this heterochromatin-dependent amplifica-
tion step. priRNAs can also target chromatin bound nascent centromeric tran-
scripts (dashed arrow), recruit the CLRC complex, and induce low levels of
H3K9 methylation generation. The Cid12 and Cid14 nucleotidyltransferase
enzymes modify the 3’ ends of small RNAs, leading to exosome-mediated
trimming or degradation. CLRC, Clr4 H3K9 methyltransferase complex; black
lollipops, H3K9 methylation.

First, bidirectional transcription from centromeric repeats
results in the accumulation of RNA degradation products of
diverse sizes that bind to Ago1. This binding reflects the ability
of Ago1 to associate with nearly all cellular RNA degradation
products in a manner that appears to be proportional to their
abundance and linked to transcription termination or 3’ end pro-
cessing. Thisincludes rRNA, tRNA, and mRNA degradation prod-
ucts that have also been observed to associate with Argonaute
family members from other organisms in several previous studies.
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Despite this general association, siRNA amplification and hetero-
chromatin formation are limited to specific genomic regions such
as pericentromeric repeats. We propose that the basis of this
specificity lies partly in the prevalence of bidirectional transcrip-
tion within centromeric repeats, which generates both sense
and antisense transcripts. Whereas priRNAs cannot target most
genomic regions containing protein coding genes and non-repet-
itive sequences, they can readily target repetitive regions that are
bidirectionally transcribed because priRNAs will have antisense
targets within these regions (Figure 7).

Second, our results demonstrate that heterochromatin-inde-
pendent amplification of siRNAs occurs only on dg centromeric
transcripts. Although specific structural features in dg RNAs are
likely to be important, dg siRNA amplification requires the slicer
activity of Ago1 (Figure 3D), which suggests that Ago1 participates
intargeting the dg RNA and has to be loaded with a small RNA prior
the amplification. Ago1, guided by the small RNA, must target the
dg RNA before dsRNA synthesis by RDRC can commence
(Figure 7). This is consistent with the ability of RDRC to load onto
the free 3’ end of target RNA molecules in vitro (Motamedi et al.,
2004). Previously, we have shown that the RITS and RDRC
complexes coimmunoprecipitate. Our present results show that
the Tas3, but not the Chp1, subunit of RITS is required for hetero-
chromatin-independent siRNA amplification, suggesting that an
Ago1/Tas3 subcomplex targets RDRC to dg RNAs (Figure 7).

Once heterochromatin-independent dg siRNAs accumulate,
the RITS complex targets centromeric transcripts to induce
both H3K9 methylation and siRNA amplification at the dg repeat
regions. High levels of H3K9 methylation and siRNAs at dg
repeats are then likely to nucleate the spreading of RNAi and
heterochromatin to adjacent regions (Figure 7, bottom).

Thus, contrary to expectations, our results suggest that a Dicer
and RDRC-independent Ago1 surveillance mechanism, rather
than the processing of dsRNA formed from centromeric sense
and antisense transcripts, mediates the nucleation of RNAi and
heterochromatin assembly at the fission yeast pericentromeric
repeats. Although some initial small RNAs might also originate
from Dicer processing of dsRNA, as has been proposed to occur
at convergently transcribed genes (Gullerova and Proudfoot,
2008), the similar levels of small RNAs and H3K9 methylation
indcr1A and rdp1A cells (Figure 1 and 5C), respectively, suggest
that this pathway is inefficient and does not significantly
contribute to the overall levels of Ago1-associated centromeric
small RNAs in rdp1A cells.

priRNA Biogenesis

Our observation that centromeric siRNAs associated with Ago1-
D580A in ago1* cells had a broader length distribution suggests
that the 3’ ends of Ago1-bound small RNAs are trimmed by an
unknown ribonuclease. Since the S. pombe Dicer generates
dsRNA products of diverse sizes (20-30nt) (Colmenares et al.,
2007), trimming may be necessary to reduce siRNA length,
which might be critical for proper siRNA binding to Ago1 or for
proper interaction with the target RNA. We propose that Argo-
naute also binds to random degradation products of abundant
RNAs, which are further trimmed to 22-23 nucleotide priRNAs
by a similar mechanism to the siRNA trimming described above.
Our results suggest that the exosome is at least partially



responsible for small RNA 3’ end formation in S. pombe, as
a small fraction of Ago1-bound small RNAs in a hypomorphic
exosome mutant is slightly larger than small RNAs in wild-type
cells. It has also been speculated that exonucleases are involved
in vertebrate piRNA 3’ end formation (Aravin et al., 2007; Ghil-
diyal and Zamore, 2009). However, future studies are required
to determine the identity(ies) of the ribonucleases that mediate
priRNA generation.

Implications for Argonaute-Mediated Transcriptome
Surveillance

Repetitive DNA elements and transposons form the bulk of the
genomes of many metazoan organisms. The mobility and activity
of these elements is often curtailed by RNA silencing mecha-
nisms that are thought to act on aberrant transcripts. It is unclear
how aberrant transcripts are recognized, but the mechanism
appears to involve competition between different RNA process-
ing pathways. Our observations raise the possibility that Argo-
naute surveillance may play a widespread role in initiation of
RNA silencing. Bidirectional transcription of DNA repeats and
transposons would produce sense and antisense transcripts,
which may be degraded in the nucleus to generate threshold
levels of antisense small RNAs. These small RNAs would then
target Argonaute to cytoplasmic or chromatin-bound transcripts
to mediate small RNA amplification and silencing. In fission
yeast, plants, and C. elegans, the amplification step involves
RDRC and Dicer-based mechanisms (see Figure 7), whereas
in the case of piRNAs in fly and vertibrate germ cells, the
amplification step appears to be carried out by the ping-pong
mechanism rather than RDRC/Dicer (Aravin et al., 2007; Farazi
et al., 2008; Ghildiyal and Zamore, 2009). In this regard, the
surveillance activity of Argonaute is reminiscent of the major
histocompatibility antigen receptors, which act in proteome
surveillance by binding and presenting protein degradation
products (Trombetta and Mellman, 2005).

EXPERIMENTAL PROCEDURES

Protein Affinity Purification, RNA Synthesis, and Cid12 Activity
Assays

Proteins were purified with affinity chromatography from S. pombe and
E. coli cells. Rdp1 and Cid12 activity was reconstituted by the addition of
FLAG-purified Rdp1, Hrr1, and Cid12 to a T7-generated single-stranded RNA
template or RNA oligonucleotide. The reaction was incubated at 37°C or 30°C
for 1-2 hrand analyzed on 10%-17 % polyacrylamide gels under either denaturing
or native conditions. See the Extended Experimental Procedures for detailed
protocol. Oligonucleotides used in RDRC activity assays are listed in Table S2.

siRNA Purification and Detection

siRNAs associated with Ago1 were purified from cells expressing Flag-Ago1
from a pREP1 plasmid by immunoaffinity purification of FLAG-Ago1 with an
M2 affinity resin (Sigma) (Buker et al., 2007). siRNAs were recovered from
FLAG-Ago1 by phenol-chloroform extraction and ethanol precipitation and
detected by the splinted ligation method as described (Maroney et al.,
2008). In the splinted ligation assay, a radioactively labeled oligonucleotide
was mixed with a bridge oligonucleotide and input small RNAs. Reactions
were denatured followed by annealing for 10 min. Small RNA and ligation oligo-
nucleotide annealed to bridge oligonucleotide were ligated with T4 DNA ligase
(NEB) for 1 hr. Excess of radioactively labeled ligation oligonucleotide was
dephosphorylated with CIP phosphatase (NEB). Reactions were then run on
a17% polyacrylamide gel, and ligated products were detected with phosphor-

imager. See Figure S1A for schematic illustration. Oligonucleotides used for
siRNA detection are listed in Table S2. See the Extended Experimental Proce-
dures for detailed protocol.

Strain Construction
S. pombe strains used in this study are described in Table S3. Plasmids used in
this study are listed in Table S4.

Chromatin Immunoprecipitation

ChIP was performed as described previously (Huang and Moazed, 2003).
Dimethylated H3-K9 (H3K9me2, Abcam number Ab1220) antibody was used
for immunoprecipitation. Oligonucleotides used in ChIP assays are listed in
Table S2. See the Extended Experimental Procedures for detailed protocol.

Statistical Methods
Statistical significance was calculated with the Student’s t test.

Small RNA Libraries

Gel-purified and size-selected (18-30 nucleotide) Ago1-associated RNAs
were incubated with preadenylated 3'-adaptor oligonucleotide in a ligation
buffer without ATP at 20°C for 2 hr. The 3’ ligation reaction was purified on
a 17% polyacrylamide gel. For the 5’ ligation, 3’ ligated products were incu-
bated with 5’ adaptor oligonucleotide at 20°C for 2 hr. The ligated reaction
was gel purified and used for first-strand complementary DNA (cDNA)
synthesis. cDNA was amplified with PCR with lllumina P5 and P7 oligos for
10-15 cycles and gel purified. See the Extended Experimental Procedures
for references and a detailed protocol.

Analysis of Sequencing Data

Small RNA sequencing data sets generated in this study are listed in Table S1.
lllumina small RNA reads which matched to the first 6 nt of the 3’ linker were
selected. Reads of 18-29 nt in size were mapped to the S. pombe genome,
allowing a 3 nt mismatch to the genome with Maq (http://maq.sourceforge.
net/) and/or Novoalign (http://www.novocraft.com/). Small RNA reads map-
ping to multiple locations were randomly assigned. Two mismatches were
allowed in the final selection of small RNA. Small RNA reads were normalized
to one million small RNAs. Scripts used for processing of the data are available
upon request. We used the genome sequence and annotation that were avail-
able from the S. pombe Genome Project (http://www.sanger.ac.uk/Projects/
S_pombe/). The data are displayed with Integrative Genomics Viewer (IGV)
(http://www.broad.mit.edu/igv/).
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The small RNA sequences reported in this paper has been deposited in the
NCBI Gene Expression Omnibus with the accession number GSE19734.
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