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Chromatin-associated RNA interference components
contribute to transcriptional regulation in Drosophila
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RNA interference (RNAi) pathways have evolved as important
modulators of gene expression that operate in the cytoplasm by
degrading RNA target molecules through the activity of short (21-
30 nucleotide) RNAs'*. RNAi components have been reported to
have a role in the nucleus, as they are involved in epigenetic regulation
and heterochromatin formation’. However, although RNAi-
mediated post-transcriptional gene silencing is well documented,
the mechanisms of RNAi-mediated transcriptional gene silencing
and, in particular, the role of RNAi components in chromatin
dynamics, especially in animal multicellular organisms, are elusive.
Here we show that the key RNAi components Dicer 2 (DCR2) and
Argonaute 2 (AGO2) associate with chromatin (with a strong pref-
erence for euchromatic, transcriptionally active, loci) and interact
with the core transcription machinery. Notably, loss of function of
DCR2 or AGO2 showed that transcriptional defects are accompanied
by the perturbation of RNA polymerase II positioning on promoters.
Furthermore, after heat shock, both Dcr2and Ago2 null mutations, as
well as missense mutations that compromise the RNAi activity,
impaired the global dynamics of RNA polymerase II. Finally, the deep
sequencing of the AGO2-associated small RNAs (AGO2 RIP-seq)
revealed that AGO2 is strongly enriched in small RNAs that encom-
pass the promoter regions and other regions of heat-shock and other
genetic loci on both the sense and antisense DNA strands, but with a
strong bias for the antisense strand, particularly after heat shock.
Taken together, our results show that DCR2 and AGO?2 are globally
associated with transcriptionally active loci and may have a pivotal
role in shaping the transcriptome by controlling the processivity of
RNA polymerase II.

Accumulating evidence indicates that RNAi components and small
RNAs function in the nucleus to control heterochromatin formation,
as well as repeat-induced gene silencing and transposable element
mobilization’ '°. However, the global association of RNAi components
with chromatin and their role in transcriptional regulation remains to
be elucidated. To investigate a role for RNAi in the chromatin
dynamics of a multicellular organism and, possibly, in transcriptional
gene silencing, we first determined whether any of the key RNAi
components are present in the nucleus of Drosophila cells. Cellular
fractionation of embryonic tissue culture cells (S2 cells) showed that
the microRNA-processing factors DCR1 and AGO1, as well the RNAi
component AGO?2, are equally distributed between the cytoplasm and
the nucleus (Supplementary Fig. 1a). By contrast, the RNAi protein
DCR2 is greatly enriched in the nuclear fraction (Supplementary
Fig. 1a). To evaluate the association of RNAi components with the
different nuclear compartments, we carried out chromatin fractiona-
tion experiments'' (Supplementary Fig. 1b, ¢). A substantial amount of

DCR2 and AGO2 was detected in chromatin fractions, together with
RNA polymerase IT (RNA Pol IT), Negative elongation factor E (NELF-
E), Polycomb (Pc) and histone H3 (Supplementary Fig. 1c). By con-
trast, most of the cellular DCRI and AGO1 was found in the Triton
X-100 soluble fraction (S1 fraction), together with tubulin, a marker
for proteins that are not associated with chromatin (Supplementary
Fig. 1c). Taken together, our data indicate that the DCR2-AGO2
complex is mainly associated with chromatin, whereas the
DCR1-AGOI complex is mostly cytoplasmic, in accordance with its
cytoplasmic function (that is, post-transcriptional gene silencing).

To determine whether RNAi components associate with chromatin
in vivo, Drosophila polytene chromosomes were stained with AGO2-
and DCR2-specific monoclonal antibodies>'>". Both AGO2 and
DCR?2 were detected at several hundred sites on polytene chromosomes
from wild-typelarvae (Supplementary Figs 1d, gand 2a, b). By contrast,
little or no staining was detected in Ago2- or Dcr2-null chromosomes'
(Supplementary Fig. 1f, i and Supplementary Table 1a). Strikingly, the
majority of AGO2- and DCR2-associated loci correspond to inter-
bands, suggesting that AGO2 and DCR2 preferentially associate with
euchromatic, transcriptionally active, loci** (Supplementary Fig. 2a, b).
In particular, the chromatin binding of DCR2 requires AGO2, but the
converse is not true (Supplementary Fig. 3), suggesting that AGO2
also acts as the RNAi effector complex on chromatin.

Interestingly, AGO2 and DCR2 are present at the 87A and 87C
cytogenetic loci (Supplementary Fig. le, h). These cytogenetic loci
contain copies of the heat-shock gene Hsp70, thus providing well-
characterized inducible candidate genes with which to investigate
the role of DCR2 and AGO2 in transcription and, in particular, in
RNA Pol II pausing regulation'>'. To determine whether DCR2 and
AGO?2 affect Hsp70 transcription, Hsp70 transcript levels were mea-
sured in control cells and in cells depleted of DCR2 or AGO2
(Supplementary Fig. 4). The knockdown of either RNAi component
resulted in a significant increase in Hsp70 transcripts in non-heat-
shocked cells (Fig. 1a, b). Similar results were obtained for a second
heat-shock gene, Hsp68 (Fig. 1a, b). The increased expression of Hsp70
and Hsp68 in cells depleted of DCR2 could be reversed by the expres-
sion of a Flag-tagged wild-type copy of DCR2 (DCR2-Flag) (Fig. 1¢),
indicating that the change in expression was not the result of an off-
target effect of the Dcr2 RNAI. Interestingly, the levels of the endogen-
ous AGO2 protein increased together with the expression of wild-type
DCR2-Flag (Supplementary Fig. 4a), suggesting that the DCR2-Flag
protein is integrated into the RNAi pathway and that re-establishment
of functional levels of DCR2 and AGO2 rescues the observed tran-
scriptional defects in heat-shock genes. However, the depletion of
DCR2 and AGO2 did not affect the expression of Hsp70 and Hsp68
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Figure 1 | RNA Pol II promoter-proximal pausing on Hsp70is decreased in
cells treated with Dcr2 RNAI. a, b, Quantitative RT-PCR analysis of heat-
shock (HS) gene transcripts. RNA from S2 cells treated with enhanced green
fluorescent protein (EGFP) dsRNA (control), Dcr2 dsRNA (a) or Ago2 dsRNA
(b) was analysed with primers specific for the indicated heat-shock genes.

¢, Induction of the Dcr2-Flag transgene is able to revert the phenotype induced
by DCR2 depletion. S2 cells that had been stably transformed with a Der2-Flag
transgene were treated with EGFP dsRNA (control) or Dcr2 dsRNA. Dcr2-Flag
expression was induced only in the Dcr2 RNAi sample, by the addition of
copper. The samples were analysed before and after a 72-h induction of the
transgene. The transcript levels are shown with respect to the EGFP control
(experiment:control ratio); n = 3. The bars represent the mean * s.d. d, Hsp70
DNA-FISH on polytene chromosomes from wild type (WT), homozygous
Der2""X (Der2™'7) or homozygous Ago2** (Ago2™'”) mutant larvae,
showing the merge of DNA (blue) and FISH (green) signals (top) and DNA
staining (bottom). e, Schematic representation of the Hsp70 transcription unit
with the position of the PCR amplicons used in this study. The numbers
indicate the middle of each amplicon with respect to the transcription start site
(arrow). f-h, ChIP analysis of the heat-shock gene Hsp70. Chromatin from S2

during heat shock, suggesting that RNAi activity is not involved
in heat-shock-gene-mediated activation (Supplementary Fig. 5a, b).
Typically, the activation of heat-shock genes results in the chro-
mosome decondensation of heat-shock loci, forming large puffs on
polytene chromosomes'”. Therefore, we used DNA fluorescence in situ
hybridization (DNA-FISH) to look at the chromatin structure of heat-
shock loci in polytene chromosomes with specific null mutations of
Der2 and Ago2: Der2"X and Ago2*™. Interestingly, we observed that
the 87C locus is partially decondensed in Dcr2"""** and Ago2*"*
mutant chromosomes relative to the wild-type controls (Fig. 1d). The
87C locus contains four copies of Hsp70 distributed over 30 kilobases.
Decondensation was not evident at 87 A, probably because thislocus has
only two copies of Hsp70 within a region of less than 10 kilobases.
Because the data from PCR following reverse transcription (RT-PCR)
and from cytogenetic analyses suggested that the maintenance of RNA
Pol II pausing was defective, we used chromatin immunoprecipitation
(ChIP) to measure the level of RNA Pol IT with a phosphorylated Ser-5
residue that was present on the Hsp70 gene before and after heat shock
(Fig. 1e, f). The primers used for quantitative PCR analysis of the
immunoprecipitated DNA spanned several regions of the Hsp70 gene.
An upstream primer set centred at —154 bases from the transcription
start site was used to detect the heat-shock element; the +58 primer set
encompassed the region of the paused polymerase'®; and two other
primer sets were downstream within the transcription unit, extending
towards the end of the gene (Fig. 1e). Consistent with previous obser-
vations'®, the RNA Pol II profile observed in S2 cells showed a peak in
the region of paused RNA Pol II (+58 primer set) (Fig. 1f), which
increased after heat shock. Furthermore, ChIP analysis showed that
DCR2 and AGO2 were present at the Hsp70 promoter region (—154/
+58) (Fig. 1g, h and Supplementary Fig. 6). Interestingly, after heat

2 | NATURE | VOL 000 | 00 MONTH 2011

g o025 S - SP4HS i 047 — EGFPRNAI Dcr2 RNAi
_ 02 03
X 015 DCR2 ChiIP < NELF-E ChIP
= = 02
g o — 3
oo '\O#i =
0+ : . : : 04 : !
-154 58 471 2,171 -154 58 471 2,171
h s S2 S2+HS
— — +i (=}
o k P
S 3 { AGO2 ChIP Dcr2 RNA 1 T s & i Wi i e
= EGFP RNAI i T R
32 Y G/A ladder
c
=1
04 Sy
-154 58 471 2,171 1 2
- @
1 037 — EGFP RNAi Dcr2 RNAi E gg 430
c
0.25 =,
g o2 Pol Il ChiP Q ;5) o0
5 015 S 15
£ o1 o 10
0.05 \\j E g
04 : ) °
-154 58 471 2,171 o — EGFP RNAi — Dcr2 RNAI

cells (S2) or S2 cells after exposure to heat shock (S2+HS) was
immunoprecipitated with anti-RNA Pol IT 4H8 (which recognizes the
phosphorylated Ser-5 carboxyl-terminal domain), anti-DCR2 or anti-AGO2
antibodies. The bars represent the mean * s.d.; n = 3. i, j, ChIP analysis of
Hsp70. Chromatin from S2 cells that had been treated with EGFP dsRNA
(control) or Dcr2 dsRNA was immunoprecipitated with anti-RNA Pol 1T 4H8
or anti-NELF-E antibodies. The resultant DNA was analysed by quantitative
PCR. Protein binding is expressed as a percentage of input with the background
signal subtracted. The bars represent the mean * s.d.; # = 3. The differences in
RNA Pol IT ChIP values in Fig. 2f, i are due to different batches of antibody used
in these assays. k, Permanganate (MnO,4) mapping of open transcription
bubbles on Hsp70. Permanganate reacts with single-stranded thymine bases,
such as those in an open transcription bubble, uncovering a transcriptionally
engaged RNA Pol II. The autoradiograph includes a G/A ladder, which was
used to determine the position of the bands, and shows the permanganate
reactivity of thymines observed in S2 cells treated with EGFP dsRNA (control)
or Dcr2 dsRNA. The hyper-reactive thymines +22 and +30 are labelled. Two
independent biological samples were analysed. 1, The quantification of the
autoradiograph is shown. exp., expression.

shock, the levels of both DCR2 and AGO2 proteins increased in the
Hsp70 promoter region (Fig. 1g, h, Supplementary Figs 1i, 6 and
Methods). Consistent with RT-PCR and cytogenetic data, DCR2
depletion consistently decreased the level of RNA Pol II on Hsp70 in
the region of the paused polymerase (primer set +58) (Fig. 1i).

We extended our ChIP analysis to the NELF-E protein, which is part
of the transcriptional regulatory complex that causes RNA Pol II paus-
ing'®". Depletion of DCR2 caused the level of NELF-E on Hsp70 to
decrease in the +58 region, where RNA Pol II pauses (Fig. 1j). The
total cellular levels of RN A Pol IT and NELF-E protein were not altered
by DCR2 depletion (Supplementary Fig. 4b), indicating that the
diminished level of RNA Pol II and NELF-E detected on Hsp70 is
not a consequence of a decrease in the amount of available protein.
Conversely, in DCR2-depleted cells, we observed a reduction in the
level of the AGO2 protein (Supplementary Fig. 4b). This was not
simply a result of cross-targeting of the double-stranded RNA
(dsRNA) because the level of the Ago2 transcript was unaffected
(Supplementary Fig. 4c). Likewise, Ago2 dsRNA resulted in reduced
DCR2 protein levels (Supplementary Fig. 4d) without affecting Dcr2
messenger RNA levels (Supplementary Fig. 4e). These results suggest
that DCR2 and AGO2 stabilize each other in a protein complex that is
important for repressing heat-shock genes in uninduced cells.

To confirm that DCR2 depletion affected RN A Pol I pausing on Hsp70,
we carried out permanganate footprinting analysis. Permanganate
reacts with thymine bases in regions of single-stranded DNA, revealing
the presence and location of transcriptionally engaged RNA Pol II. We
observed a significant reduction in permanganate reactivity of thymine
residues at +22 and +30 of Hsp70 in DCR2-depleted cells (Fig. 1k, 1),
which is in agreement with the reduced occupancy of the DNA by RNA
Pol Il in this region (primer set +58) that was shown by ChIP (Fig. 1i).
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Hence, DCR2 is involved in maintaining paused RNA Pol II at the
observed Hsp70 loci.

Heat-shock gene expression and loss of paused RNA Pol II on
depletion of DCR2 could be a consequence of stress induced by deple-
tion of the RNAi machinery in the cell. Therefore, we evaluated the
impact of perturbing the RNAi pathway on the transcription of non-
heat-shock genes. Four non-heat-shock genes (CG9008, fz, rho and
mfas) that have paused RNA Pol II were analysed by permanganate
footprinting'®*. Depletion of DCR2 was found also to alter the distri-
bution of RNA Pol II in the promoter-proximal region of these genes
(Supplementary Fig. 7). These changes were also accompanied by
differences in transcript levels (Supplementary Fig. 8). Notably, the
observed changes in RNA Pol II resulted both in upregulation (for
CG9008, fz and rho) and downregulation (mfas) of the corresponding
transcripts (Supplementary Fig. 8). Thus, the RNAi machinery can
influence RNA Pol II pausing at non-heat-shock genes, arguing against
a nonspecific DCR2-induced heat-shock response.

During heat shock, most of the Drosophila genome is transcriptionally
quiescent. The elongating RNA Pol II dissociates from euchromatic
interbands and accumulates at heat-shock loci*'. We used this dynamic
RNA PolII relocalization behaviour to follow the chromatin binding and
distribution of elongating RNA Pol II (which is Ser-2-phosphorylated),
as well as AGO2 and DCR2, in vivo. In agreement with the ChIP results
(Fig. 1h), we found that, after heat shock, AGO2 accumulated at heat-
shock loci (Fig. 2a). However, in contrast to RNA Pol II, the association
of AGO2 with other loci appears unchanged (Fig. 2a). When we analysed
the dynamic chromatin repositioning of RNA Pol I after heat shock in
Ago2-null mutant chromosomes, we found that RNA Pol II was still
accumulated at the heat-shock loci (Fig. 2b). Strikingly, a substantial
fraction of elongating RNA Pol II in Ago2*'* mutants was retained at
many euchromatic sites after heat shock (Fig. 2b). The same behaviour
was observed for the Der2“"** mutant (Supplementary Table 2). Taken
together, these results show that AGO2 and DCR2 associate with many
euchromatic sites and that their activity is probably required for the
correct execution of global transcriptional repression after heat shock.

To dissect the role of RNAi in RNA Pol II regulation, we used three
mutants that each carried a single amino acid substitution affecting
the following RNAi activities: the helicase (Dcr2"'#F), the dicing
(Dcr2P#°Y) and the AGO2 slicing (Ago2""°™) activities”** (Sup-
plementary Table 1a). To check for DCR2- and AGO2-specific
requirements, we first used DNA-FISH to analyse chromosome
decondensation at Hsp70 loci. Puffing frequencies were increased in
all three mutants, particularly in the AGO2 slicing mutant
(Ago2"?°°M) (Supplementary Table 1b). In addition, in all of these
mutants, the Hsp70A, Hsp70B and Hsp68 transcripts were present at
increased levels before heat shock, compared with wild type
(Supplementary Fig. 9). Interestingly, the transcript increase was also
evident at 87A (Hsp70A), where the chromatin decondensation was
not appreciable at a cytogenetic level (Supplementary Fig. 9 and
Supplementary Table 1b). Thus, all tested mutants induced transcript
upregulation of the Hsp70 genomic region, although this was not
always accompanied by chromatin decondensation. The uncoupling
of chromatin decondensation and transcriptional activation has been
reported previously*, although in this case we cannot exclude an
RNAi-dependent post-transcriptional mechanism influencing the
Hsp70A transcript levels.

Next, we analysed RNA Pol II distribution and dynamics on
polytene chromosomes in the same Dcr2 and Ago2 mutants.
Remarkably, although with a different degree of penetrance, all three
mutants failed to relocalize elongating RNA Pol II after heat shock
(Fig. 2c-fand Supplementary Table 2), suggesting that RNAi enzymatic
activity is involved in the global RNA Pol II dynamics following the
heat-shock stress response.

The association of RNAi components with RNA Pol II complexes
has been reported in other systems> . To investigate the possibility
that these proteins are part of a complex that regulates RNA Pol II
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Figure 2 | Chromatin localization of RNA Pol IT and AGO2 after heat
shock. a, b, Co-immunolocalization of AGO2 (red) and elongating RNA Pol IT
(green) in WT (a) and homozygous AgoZ“” (Agto/f) mutant chromosomes
(b) after heat shock (HS). DNA is stained in blue. Single signals are shown in
black and white. The bottom row shows a higher magnification of the boxed area
(top right). c-f, Immunolocalization of elongating RNA Pol II (green) in WT

V66 M L 188F (

(c) and homozygous Ago2 (d), homozygous Dcr2 e) and homozygous
Der2"*°L (f) chromosomes shows that missense mutations in DCR2 or AGO2
influence the behaviour of elongating RNA Pol II. DNA is stained in blue.
Chromosomes in the bottom panel have been exposed to heat shock.

elongation, thus establishing a link with the observed ‘pausing’ defects,
we tested for interactions between DCR2, NELF-E and RNA Pol I in
nuclear extracts derived from Drosophila S2 cells. Immunoprecipitated
fractions were evaluated by western blotting for the presence of RNA
Pol II, DCR2, AGO2 and NELF-E (Fig. 3a). As expected, DCR2 inter-
acted with AGO2 (ref. 28) (Fig. 3a). In addition, we found that DCR2
and AGO?2 interacted with RNA Pol II and NELF-E (Fig. 3a). All of
these interactions were resistant to RNase treatment, indicating that
they are not an indirect consequence of protein trapping associated
with emerging RNA molecules (Supplementary Fig. 10a). Compared
with general transcription factors, the amount of RNA Pol II interact-
ing with DCR2 seems to be in the same range as for the TATA-binding
protein (TBP), confirming the association of DCR2 with many active
loci on polytene chromosomes (Fig. 3b). When we tested the same
interaction in DCR2-depleted cells, we observed a decrease in the levels
of NELF-E and AGO2 associated with RNA Pol II (Supplemen-
tary Fig. 10b). These observations indicate that the DCR2-AGO2
complex influences the association of NELF-E with RNA Pol II,
thereby providing a possible explanation for the observation that the
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Figure 3 | DCR2 and the RNA:i effector protein AGO2 associate with RNA
Pol IT and NELF-E. a, Nuclear extracts from Drosophila S2 cells were
immunoprecipitated with antibodies specific for the indicated proteins (with
IgG as a negative control, top), and the immunoprecipitates (IPs) were analysed
by western blotting for the presence of RNA Pol II, DCR2, AGO2 and NELF-E
proteins. b, Nuclear extracts from S2 cells were immunoprecipitated with
antibodies specific for the indicated proteins (with IgG as a negative control,
top) and analysed by western blotting for the presence of RNA Pol IL

depletion of DCR2 alters the behaviour of RNA Pol IT in the promoter-
proximal region of several genes.

Our data indicate an involvement of the RNAi machinery in the
heat-shock stress response. To evaluate possible heat-shock-induced
changes in the expression signature of AGO2-dependent small RNAs,
we sequenced small RNAs bound to AGO2 before and after heat shock.
Small RNA libraries from S2 cells were generated from RNA fractions
obtained by immunoprecipitation with antibodies against AGO2 or
with control IgG, with or without heat shock (Supplementary Fig. 11).
Basic statistical parameters for the four libraries are listed in Sup-
plementary Table 3. Many sequenced tags mapped to repeat regions
in more than one location (Supplementary Fig. 12), which is consistent
with previous Drosophila deep-sequenced AGO2-immunoprecipita-
tion libraries®’. First, we focused our attention on the heat-shock pro-
moter regions (500 base pairs (bp) upstream and 50 bp downstream of
the transcription start site). We found that heat-shock loci promoter
regions were enriched in small RNAs and showed a marked increase in
small RNA enrichment on heat shock. This was most noticeable for
Hsp23 and for all Hsp70 loci (Supplementary Tables 4 and 5). This
observation prompted us to consider whether the level of small RNAs
increased across all promoters™. Strikingly, the most enriched promo-
ters were the Hsp70B loci, and Hsp23 was also one of the 20 most
enriched loci, suggesting a direct role for AGO2 at these promoters
(Fig. 4a). The possible function or role in the heat-shock response of
other loci present in the top 20 list is not known.
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Next, we tried to gauge shifts in small RNA tags derived from
discrete transcribed regions at all gene loci in response to heat shock
(Supplementary Fig. 14a). We observed little or no relative enrichment
along different length intervals, suggesting that these tags are not
derived exclusively from promoter regions but are equally distributed
along the transcription unit (Supplementary Fig. 13). Although there
was a sharp increase in AGO2-associated small RNAs in the heat-
shock condition relative to the heat-shock condition negative control
immunoprecipitation (confirming the specific association of these
tags with AGO?2), only a small increase was observed in the heat-
shock condition AGO2 immunoprecipitation relative to the normal
condition AGO2 immunoprecipitation, suggesting that these transcript-
associating tags are present even under normal conditions (Sup-
plementary Fig. 14a). These data suggest a role for AGO2 in regulating
RNA Pol II processivity, in addition to promoter regulation.

We then analysed the strand bias of AGO2-associated small RNAs.
Sense and antisense tags had a specular distribution within individual
libraries, with the ratio of the sums of the sense and antisense small
RNA tag counts mapping to heat-shock loci and the set of all
Drosophila genes being equal to approximately 1 (Supplementary Fig.
14b). However, a comparison of normalized sense and antisense tag
counts across AGO2-immunoprecipitation and negative-control-
immunoprecipitation libraries showed a pronounced enrichment in
antisense tags and little or no enrichment in sense tags, suggesting that
antisense tags are highly specific in their association with AGO2 but that
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Figure 4 | Features of AGO2-associated small RNAs. a, The 20 promoters
that are the most enriched in small RNAs under heat-shock versus non-heat-
shock (normal) conditions. A comparison of the small RNA fold enrichment in
the AGO2-immunoprecipitation (AGO2-IP) libraries between normal and
heat-shock conditions is shown for all promoters. b, Relative enrichment
calculated as fold change (y-axis) for the sum of all sense or antisense tags across
different conditions. The analysed gene/promoter definitions and conditions
are labelled below the graph. Little to no sense tag enrichment is observed across
gene/promoter definitions, whereas antisense tags show enrichment across the
groups, particularly under heat-shock conditions. Neg-IP, negative control
immunoprecipitation.
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sense tags are not. Additionally, the observed enrichment implies that
antisense tag association is strongest in the heat-shock condition (Fig. 4b).

Next, we examined cap analysis of gene expression (CAGE) data
that had been generated in Drosophila embryos for the modENCODE
project®, to survey the extent of antisense transcriptional activity at
heat-shock loci (Supplementary Table 6). Antisense transcriptional
activity was observed at almost all heat-shock loci and, surprisingly,
many Hsp70 loci had roughly equivalent levels of sense and antisense
transcription (Supplementary Table 6), suggesting a possible source for
the observed small RNA tags. Taken together, these data indicate that
the observed small RNAs are probably derived from dsRNA precursors
and that sequences that are antisense to the loci preferentially associate
with AGO2, implying that sense targeting occurs.

In this study, we show that, in Drosophila, RNAi components operate
in the nucleus, associate with transcriptionally active (rather then
inactive) gene loci, interact with RNA Pol II and contribute to tran-
scriptional control in a multicellular organism, particularly during the
heat-shock stress response. Our results reveal that RNAi function has
also evolved as a key nuclear pathway that operates in the context of
pervasive sense and antisense transcription to regulate RNA-level
homeostasis in the cell (see also Supplementary Discussion).

METHODS SUMMARY

Wild-type Drosophila melanogaster (Canton-S or w'''®) and the mutant stocks
Der2"81FX, Ag02V9 o6M Ag02414, Der2M88F and Der2P' %% (refs 1, 2, 22, 23) were
maintained under standard conditions. S2 cells were grown in serum-free insect
culture medium. Protein—protein interactions were analysed by immunoprecipita-
tions from nuclear extracts with specific antibodies. The production of dsRNAs was
performed in vitro by T7 transcription, and the dsRNAs were transfected into S2
cells using FuGENE reagent (Roche). ChIP experiments were performed using
formaldehyde-crosslinked chromatin from S2 cells. ChIP-purified DNA was ana-
lysed by using quantitative PCR with primer pairs specific for the Hsp70locus. Total
RNA from S2 cells or larvae was reverse transcribed and analysed by quantitative
PCR. Polytene chromosomes were prepared from third-instarlarvae grownat 18 °C
and were used for FISH. FISH signals were quantified by densitometric analysis
using QFluoro software (Leica). To analyse RNA Pol II pausing on the promoters of
Hsp70 and non-heat-shock genes in S2 cells, permanganate footprinting was used.
AGO2-associated RN As were isolated from S2 cells as previously described®. Small
RNA libraries were prepared and sequenced using a Genome Analyzer IIx
(Illumina) in two lanes. For additional details see the Methods.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS

Fly stocks. Flies (Drosophila melanogaster) were maintained under standard pro-
tocols. Canton-$ or w'!® were used as wild-type strains. The Dcr2"8/"#% and
Ag02"?%M stocks** were obtained from R. W. Carthew. The Ago2*'* stock® was
obtained from E. Lai. The Dcr2"®Fand Dcr2"*°" stocks* were obtained from Y.
Sik Lee.

Cytoplasmic and nuclear fractionation. S2 cells were washed twice in ice cold
PBS, resuspended in solution I (10 mM HEPES, pH 7.9, 10 mM KCl, 0.1 mM MgCl,,
0.1mM EDTA, 0.1 mM dithiothreitol (DTT), 0.5mM phenylmethylsulphonyl
fluoride (PMSF) and Roche protease inhibitor cocktail) and passed seven times
through a 25G syringe. After centrifugation (2,000 r.p.m. for 10 min at 4 °C), the
supernatant was collected as the cytoplasmic fraction. The pellet was washed in
solution I four times, resuspended in solution IT (10 mM HEPES, pH 7.9, 400 mM
NaCl, 1.5mM MgCl,, 0.1 mM EDTA, 0.1 mM DTT, 0.5mM PMSF, 5% glycerol
and Roche protease inhibitor cocktail) and incubated on ice for 30 min with
occasional flicking. After centrifugation (12,000 r.p.m. for 20 min at 4 °C), the
supernatant was collected as the nuclear fraction; 20 pig each sample was analysed
by western blotting.

Preparation of the nuclear extract and immunoprecipitation. The nuclear
extracts were obtained from S2 cells, and the protein complexes were immuno-
precipitated from the extracts, according to ref. 30 with minor modifications.
Briefly, for each immunoprecipitation, 300 pl nuclear extract (600-800 pg) was
mixed with 300 pl TEA, 5, buffer (10 mM Tris-HCI, pH 8, 150 mM NaCl, 1 mM
EDTA, 1mM DTT, 1 mM PMSF, 0.1% NP40, 2 ugml ™" leupeptin, 2 pgml ™"
aprotinin, 2pugml™' pepstatin) and 30l Protein A/G PLUS-agarose beads
(Santa Cruz Biotechnology), and then incubated for 1h at 4 °C for pre-clearing.
The supernatant was transferred to a new tube, and the appropriate amount of one
of the following antibodies was added to the supernatant: 5pg anti-DCR2
(Abcam) and/or 2 pg mouse anti-DCR2 antibody; 2 pg anti-Pol-II antibody
(4H8); 10 ul anti-NELF-E antibody; 1-2 pl anti-TBP antibody; or 2 pg rabbit
IgG. The samples were incubated for 3h on a wheel at 4°C. Then, 40 ul of
Protein A/G PLUS-agarose beads was added. After incubation for 2 h, the beads
were washed five times with 500 pl of TEA;s, buffer then resuspended in SDS-
PAGE loading buffer and analysed by western blotting. Proteins were detected
with the SuperSignal West Dura substrate (Pierce). For single-strand RNase treat-
ment, 2 pul RNase cocktail (RNase A+T1, Ambion) was added during one of the
washing steps, and the samples were incubated for 20 min at 30 °C.

RNAi in S2 cells. S2 cells were grown in serum-free insect culture medium (HyQ
SEX, HyClone). The production of dsRNAs (400-500 bp) of EGFP, Dcr2 and Ago2
was performed in vitro by T7 transcription. Sense and antisense RNAs were
denatured by heating and were re-annealed in water to become dsRNAs. RNAi
was performed as described previously" and lasted 8-10 days. The primers for the
production of T7 templates were as follows: EGFP-F, 5'-ACGTAAACGGCCACA
AGTTC-3"; EGFP-R, 5'-TGCTCAGGTAGTGGTTGTCG3'; DCR2-F, 5'-GTTC
CGCTTTGGTCAACAAT-3'; DCR2-R, 5'-TGATCGTCTTTTCCATGCAG-3';
DCR2UTR-F, 5'-ATGATGATTCCAGCCCAGTC-3'; DCR2UTR-R, 5'-TTATT
TCGACCCAAGGTAAC-3"; AGO2-F, 5'-GCTGCAATACTTCCAGCACA-3';
and AGO2-R, 5'-CTCGGCCTTCTGCTTAATTG-3'.

Antibodies. The mouse anti-RNA Pol II antibody (4H8, Abcam ab5408) recog-
nizes the Ser-5-phosphorylated C-terminal domain*. The mouse anti-RNA Pol II
antibody (H5, Covance) recognizes the elongating RNA Pol II, which is phos-
phorylated at Ser 2 in the C-terminal domain'®. The rabbit anti-DCR1 (ab4735),
anti-DCR2 (ab4732), anti-histone H3 (ab1791) and mouse anti-actin (ab8224)
antibodies were from Abcam. The mouse anti-B-tubulin antibody (E7) was from
the Hybridoma Bank at the University of lowa. The mouse anti-Flag (M2) antibody
was purchased from Sigma. The mouse anti-AGOI, anti-AGO2 and anti-DCR2
antibodies have been described previously>'*'*. The rabbit anti-Pc antibody™ was
provided by R. Paro. The rabbit anti-TBP antibody** was a gift from J. T. Kadonaga.
The anti-NELF-E antibody was described previously'. In western blotting experi-
ments, a non-commercial anti-DCR2 antibody, kindly provided by Q. Liu*, was
also used.

ChIP. Chromatin was prepared as described previously® from non-treated S2
cells and heat-shocked S2 cells (as described below) with a fixation step of 15—
25 min at room temperature. The following antibodies were used for immuno-
precipitation (approximately 8 X 10° cells per immunoprecipitation): anti-RNA
Pol II (4HS, 2 pl), anti-NELF-E (5 pl), anti-AGO2 (9D6, 3 pl), mouse anti-DCR2
(4 pl) and anti-Flag M2 (as a negative control, 4 pl) antibodies. The specificity of
the ChIP-grade anti-AGO2 (9D6) antibody is shown in Supplementary Fig. 6. The
anti-DCR2 antibody used for the ChIP experiment is the same one used for the
immunofluorescence experiments shown in Supplementary Fig. 1i. Quantitative
PCR was performed in a DNA Engine Opticon 2 (M] Research, Bio-Rad) instru-
ment using the QuantiTect SYBR Green PCR Kit (QIAGEN) or in a LightCycler
480 (Roche) using the ABsolute QPCR SYBR Green Mix (Thermo Scientific)

according to manufacturer’s instructions. Relative enrichments were calculated
as a percentage of the input. The Hsp70 primer sequences were as follows: the
—154 and +58 primers were described previously'®; +471forward, 5'-GATCTG
GGCACCACCTACTC-3'; +471reverse, 5'-TGGGAGTCGTTGAAGTAGGC-3';
+2171forward, 5'-CACGATCAAGAACGACAAGG-3’; and +217lreverse,
5'-CTTTGGCCTTAGTCGACCTC-3'. The names of the primer pairs indicate
the distance of the middle of each amplicon from the Hsp70 transcription start site.
Heat-shock induction. Third-instar larvae were transferred to preheated 1.5-ml
microcentrifuge tubes and submerged in a 37 °C water bath for 40 min. S2 cells
were transferred to pre-heated medium and submerged in a 37 °C water bath for
40 min.

Quantitative RT-PCR analysis. Total RNA from S2 cells or larvae was isolated
with TRIzol reagent (Invitrogen). RNA from each sample was subjected to cDNA
synthesis using a QuantiTect Reverse Transcription Kit (QIAGEN). All primers
were annealed at 60 °C. Quantitative PCR was performed with a DNA Engine
Opticon 2. Quantification was normalized to the housekeeping gene GAPDHI,
and relative expression levels were calculated using the following equation:
A= Z[Ct(ref) — Ct(ref — control)] — [Ct(sample) — Ct(sample — control)]. The primer sequences
were as follows: GAPDHI1-F, 5'-ATCGTCGAGGGTCTGATGAC-3"; GAPDHI-
R, 5 -ACCGAACTCGTTGTCGTACC-3'; HSP70, see +471 primers in the ChIP
section; HSP70A-F, 5'-GTGTCTACCAACATGGCAAG-3'; HSP70A-R, 5'-CTG
TGTTTCTGGGGTTCATG-3'; HSP70B-F, 5'-GGTTGAGATTATCGCCAAT
GAC-3'; HSP70B-R, 5'-GTCGTATTTTCGGCCGATGAG-3'; HSP68-F, 5'-GA
GAAGGCACTCAAGGACGC-3'; HSP68-R, 5'-GAAGGTCTTGGACTGCTT
GC-3'; MFAS-F, 5'-AGAAACCGTGGACACCTTTG-3'; MFAS-R, 5 -TGTGA
AGTCAGCGTTTCTGG-3'; CG9008-F, 5'-GTTGGCAGAACATCGAAGG-3';
CG9008-R, 5'-AGCGCAGCTTGAGTTTTTGT-3'; RHO-F, 5'-CGCGAGATCA
TCAAACTGAG-3'; RHO-R, 5'-CTCGTAAATCCAGGAGCTTG-3'; FZ-F,
5'-GTCAGCGTATGCCCTACCAT-3"; FZ-R, 5'-ACTTTTTCGCACGGGACT
TA-3"; AGO2-F, 5-CTGGATGATGGATACGAGGC-3'; AGO2-R, 5'-GCGA
CTGTGGAAGTAGGACG-3'; DCR2-F, 5'-GCAATAGCGATGCAGTATGG-
3’; DCR2-R, 5'-CGTCCTAGAAGAAGGCATCG-3'; AUB-F, 5'-AAACCAACT
GGGCTGATGTC-3"; and AUB-R, 5'-GCTCTGGCAAGGTAATAACG-3".
FISH analysis. Cytological preparations and FISH were carried out as described
previously”’. FISH signals were quantified by densitometric analysis using
QFluoro software (Leica). Any deviation of 33% or greater from the normal
average relative puffing ratio of the 87C locus to the 87A locus in wild-type flies
was considered an increase in puffing at the 87C locus relative to the 87A locus in
the Ago2 and Dcr2 mutants analysed.

Immunostaining of salivary gland polytene chromosomes. Polytene chromo-
somes were prepared from third-instar larvae grown at 18 °C. Single and double
immunostaining was carried out as described previously®. The Fab-fragment
blocking method was used to stain the chromosomes with anti-AGO2 and anti-
RNA Pol II antibodies, both raised in mice. Antibodies were used at the following
dilutions: anti-RNA Pol II antibody (H5), 1:200; anti-AGO2 antibody, 1:50; anti-
AGO2 antibody (9D6), 1:50; mouse anti-DCR2 antibody, 1:100; and Fab fragment
(anti-mouse), 1:100. Given the specificity of the anti-AGO2 and anti-DCR2
antibodies in polytene staining, the cytoplasmic and nucleoplasmic background
signals were removed (using the Lasso tool in Photoshop; Adobe), to highlight
AGO?2 and DCR2 chromatin binding.

Permanganate footprinting. S2 cells (2 ml, approximately 4 X 10° cellsml™")
were treated with permanganate, essentially as described previously". The per-
manganate cleavage pattern was analysed as described previously®. The primer
sequences were as follows: CG9008+237R_LM1, 5-CGCATTTACATAATG
TTTGC-3"; CG9008+226R_LM2, 5'-AATGTTTGCAAAAATTATTCTGC-3';
CG9008+220R_LM3, 5'-TGCAAAAATTATTCTGCACACAAAG-3; FZ+221R LM,
5'-AAGTACCGTTAGCTGTATATCATT-3"; FZ+213R_LM2, 5'-TTAGCTGTA
TATCATTTATGCCTCC-3'; FZ+197R_LM3, 5'-TATGCCTCCCCCGCTTT-3';
MFAS+178_LM1, 5'-TTATTGTCAATTGTCTTGTTTTTAC-3"; MFAS+159_LM2,
5-TTTTACAAAAATTGGCACACACT-3'; MFAS+155_LM3, 5'-ACAAA
AATTGGCACACACTCAATTA-3'; RHO+210R_LM1, 5-CTTAGTTTTGC
TGCTCGTAA-3’; RHO+204R_LM2, 5'-TTTGCTGCTCGTAAATCCA-3';
RHO+198R_LM3, 5'-GCTCGTAAATCCAGGAGCTTGT-3'; for HSP70 87A,
87C/A250_LMl1, 5'-GCAGGCATTGTGTGTGAGT-3'; 87C250_LM2, 5'-GGC
ATTGTGTGTGAGTTCTTCTTT-3'; 87C250_LM3, 5'-TGTGTGAGTTCTTCT
TTCTCGGTAACTTG-3'; linker A’, 5'-GCGGTGATTTAAAAGATCTGAA
TTC-3'; and linker B, 5'-GAATTCAGATC-3'. LM1 was the first primer used
in each set. LM2 was used for amplification. LM3 was used for labelling. Linker A’
and linker B are the two primers that are annealed and ligated to the blunt ends
generated by primer extension with LM1. Quantification of the autoradiographs
was carried out using ImageQuant software (Bio-Rad).

DCR2-Flag rescue assay. To selectively inhibit the endogenous Dcr2 gene, a
specific dsSRNA targeting the 3’-untranslated region sequence missing in the
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Dcr2-Flag transgene was used. After 8 days of dsRNA treatment, the expression of
the fusion protein was induced by adding 1 mM CuSO,.

Chromatin-binding assay. The chromatin-binding assay protocol was essentially
as described previously'. S2 cells (60 ml, approximately 3-6 X 10°ml™") were
washed with cold PBS. One-tenth of the cell suspension (control fraction, C)
was resuspended in RIPA buffer (150 mM Tris-HCl, pH8.0, 150 mM NaCl,
0.5% DOC, 0.1% (w/v) SDS, 1% (v/v) NP-40, 2 ug ml™" leupeptin, 2 ug ml ™’
aprotinin, 2pugml™' pepstatin, 1mM PMSF, 1mM NaF and ImM sodium
orthovanadate) and left for 30 min on ice. The remaining fraction was lysed for
15 min on ice in cold CSKI buffer (10 mM PIPES, pH 6.8, 100 mM NaCl, 1 mM
EDTA, 300mM sucrose, 1 mM MgCl,, 1 mM DTT, 0.5% (v/v) Triton X-100,
2pugml™" leupeptin, 2 pgml™" aprotinin, 2 pgml~" pepstatin, 1 mM PMSE,
1 mM NaF and 1mM sodium orthovanadate). The cell lysate was divided into
two portions, which were centrifuged at 500g at 4 °C for 3 min. The supernatants
(S1 fraction), which contain Triton-soluble proteins, were further analysed. One of
the pellets was washed twice in CSKI buffer and then resuspended in RIPA buffer
(the P1 fraction). The second pellet, after washing in CSKI buffer, was resuspended
in CSKII buffer (10 mM PIPES, pH 6.8, 50 mM NaCl, 300 mM sucrose, 6 mM
MgCl,, 1 mM DTT, 2 pg ml~ " leupeptin, 2 pug ml ™" aprotinin, 2 pg ml ™" pepstatin,
1 mM NaF and 1mM sodium orthovanadate), then treated with DNase (Promega)
for 30 min and extracted with 250 mM NH,SO, for 10 min at 25 °C. The sample
treated with DNase and salt was then centrifuged at 1,200g for 6 min at 4 °C, and
the supernatant (S2 fraction) and pellet (P2 fraction) were collected. The P2
fraction was also resuspended in RIPA buffer. All fractions (20 pg) were analysed
by western blotting.

Purification of AGO2-associated RNAs. For heat shock, S2 cells were transferred
to pre-heated medium at 37 °C and submerged in a 37 °C water bath for 40 min.
Immunoprecipitation was performed as described previously’. Briefly, S2 cells
were washed twice in ice cold PBS, resuspended in an EMPIGEN-containing
PBS buffer (1% EMPIGEN, 1 mM EDTA, 100mM DTT, 2 ug ml™! pepstatin,
2 ugml ™" leupeptin and 0.5% aprotinin) and incubated on ice for 10 min to lyse
cells. After centrifugation (15,000 r.p.m. for 20 min at 4 °C), the supernatant was
collected. Immunoprecipitation was performed using an anti-AGO2 antibody
(9D6) or mouse non-immune IgG (negative control) immobilized on
GammaBind beads (GE Healthcare). The reaction mixture was rocked at 4°C
for 2 h and washed five times with EMPIGEN-containing PBS buffer.

For silver staining, the washed beads were incubated with 2X sample buffer
(20% glycerol, 100 mM Tris-HCI, pH 6.8, 4% SDS and 0.02% bromophenol blue)
for 10 min at room temperature, and DTT (200 mM final concentration) was
added to the mixture. The sample was then incubated at 95 °C for 5min and
resolved by SDS-PAGE. After electrophoresis, the protein bands were visualized
by SilverQuest (Invitrogen).

The small RNAs associated with AGO2 were treated with phenol:chloroform
and precipitated with isopropyl alcohol. The RNAs were then dephosphorylated
with calf intestinal alkaline phosphatase (New England BioLabs), labelled with
[y->*P]ATP with T4 polynucleotide kinase (New England BioLabs) and resolved
on a 12% polyacrylamide denaturing gel.

Small RNA library sequencing and computational analysis. Small RNA libraries
were prepared as described previously* with one of two barcodes attached to the
libraries generated from the immunoprecipitation experiments, regardless of the
presence or absence of heat shock. The libraries were sequenced using a Genome
Analyzer IIx (Illumina) in two lanes. Linkers and barcode sequences were extracted
from the raw tags; the tags were mapped to the Drosophila dm3 genome assembly
using the program Nexalign®'. The genome classification of individual tags was
determined by overlap with existing definitions culled from publicly available
genome tracks in FlyBase and functional RNA databases’**. Tags that mapped
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to more than ten locations in the genome were removed from subsequent analyses;
tag counts for the remaining tags were distributed evenly across the total number of
mapping sites. Tags were normalized to tags per million before comparisons across
libraries. A summary of the basic statistical parameters for the four libraries is
provided in Supplementary Table 3. The extraction rates were between 70% and
75% per library (data not shown); mapping rates were above 90% (Supplementary
Table 3).

As an additional normalization strategy, the tags per million microRNA count
was also tabulated for each library (Supplementary Table 5) because microRNA
percentages were largely unaffected by heat-shock treatment (Supplementary
Fig. 12); fold enrichments calculated across conditions with these values were
consistent with tags per million normalization (data not shown). Sense-antisense
distinctions were decided according to FlyBase gene definitions; overlapping gene
definitions on the same strand were merged, and the tags mapping to overlapping
sense—antisense transcripts were included in both sense and antisense totals.
Clusters of CAGE tags, which are representative of transcription start site activity,
were linked to heat-shock loci using 5" and 3" FlyBase gene definitions; each locus
was visually inspected in a genome browser, and the gene definitions were adjusted
to account for differences in transcription start sites between embryonic tissue and
FlyBase gene definitions. Large-scale genome comparisons were carried out using
the BEDTools utilities suite**.
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