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Trypanosoma brucei is one of the most ancient eukaryotes where
RNA interference (RNAI) is operational and is the only single-cell
pathogen where RNAi has been extensively studied and used as a tool
for functional analyses. Here, we report that the T. brucei RNAi
pathway, although relying on a single Argonaute protein (AGO1), is
initiated by the activities of two distinct Dicer-like enzymes. Both
TbDCL1, a mostly cytoplasmic protein, and the previously undescribed
nuclear enzyme TbDCL2 contribute to the biogenesis of siRNAs from
retroposons. However, TbDCL2 has a predominant role in generating
siRNAs from chromosomal internal repeat transcripts that accumulate
at the nucleolus in RNAi-deficient cells and in initiating the endoge-
nous RNAI response against retroposons and repeats alike. Moreover,
siRNAs generated by both TbDCL1 and ThDCL2 carry a 5'-monophos-
phate and a blocked 3’ terminus, suggesting that 3’ end modification
is an ancient trait of siRNAs. We thus propose a model whereby
TbDCL2 fuels the T. brucei nuclear RNAi pathway and ThDCL1 patrols
the cytoplasm, posttranscriptionally silencing potentially harmful
nucleic acid parasites that may access the cytoplasm. Nevertheless, we
also provide evidence for cross-talk between the two Dicer-like
enzymes, because ThDCL2 is implicated in the generation of 35- to
65-nucleotide intermediate transcripts that appear to be substrates
for TbDCL1. Our finding that dcl2KO cells are more sensitive to RNAi
triggers than wild-type cells has significant implications for reverse
genetic analyses in this important human pathogen.

repeat-derived siRNAs | retroposons | RNase IIl | siRNA modification

NA-mediated silencing pathways through which double-

stranded RNA (dsRNA) induces the inactivation of cognate
sequences have been identified in a wide variety of eukaryotic
organisms. One such pathway, named RNA interference
(RNAI), is fueled by the activity of Dicer, which processes
dsRNA substrates into 21- to 26-nucleotide (nt) small interfering
RNAs (siRNAs), and by Argonaute (AGO), which directs the
cleavage of complementary target RNAs (1). Despite high levels
of functional conservation, the complexity of the RNAi machin-
ery varies greatly between different organisms (1-3). Many
metazoan organisms have multiple Argonautes, whereas single-
celled organisms like the fission yeast Schizosaccharomyces
pombe and the protozoan parasite Trypanosoma brucei encode
only one Argonaute (4). Expansion of Dicer enzymes has also
occurred: Arabidopsis thaliana has four Dicer-like proteins,
whereas mammals and yeast encode a single Dicer sequence.
The observed diversification of RNAi components raises the
question of the composition of the ancestral RNAi machinery.
It has been argued that the last common ancestor of eukaryotes
likely had at least one Argonaute, one Dicer, and one RNA-
dependent RNA polymerase (2) and that the role of these
components was to provide a defense against genomic parasites,
such as transposable elements and viruses. 7. brucei represents
one of the most ancient eukaryotes in which RNAi has been
experimentally verified (5) and thus offers an opportunity to
examine the pathway in an early divergent organism.

www.pnas.org/cgi/doi/10.1073/pnas.0907766106

In addition to responding to exogenous dsRNA, the 7. brucei
RNAIi machinery has been implicated in silencing retroposons at
transcriptional and posttranscriptional levels (6, 7) and in main-
taining genomic and possibly chromosome stability (8, 9).
Whereas ThAGO1 was readily recognizable due to its well-
conserved domain organization (6, 7), the Dicer-like protein
involved in RNAi, TbDCL1, was described only a few years ago
(10). The prototypical Dicer contains from N to C terminus a
DExD/H-box helicase domain, a small domain of unknown
function (DUF283), a PAZ domain, two tandem RNase III
domains (RNase IIIa and RNase I1Ib), and a dsRNA binding
domain (dsRBD). Although Dicer-like proteins from animals,
fungi, and plants maintain a similar overall domain organization,
it appears that only the two RNase III motifs are conserved
among all of the Dicers. Indeed, the only identifiable domains in
TbDCLI1 are the two RNase III domains (10). This highly
divergent Dicer family member is predominantly located in the
cytoplasm and RNAi knockdown of 7bDCL1 inhibited the
RNAI response, the accumulation of endogenous retroposon-
derived siRNAs and cleavage of dsRNA in vitro (10). Here, we
show that a second, mostly nuclear Dicer-like protein, 7TbDCL2,
plays a major role in the production of siRNAs derived from
satellite-like repeats and that DCL2 is essential for initiating the
endogenous RNAI response. However, both DCL1 and DCL2
are involved in generating retrotransposon-derived siRNAs,
suggesting that the two Dicer-like proteins have both distinct and
redundant functions.

Results

A Class of Trypanosome siRNAs Derived from Satellite-Like Repeats.
We previously showed that the most abundant endogenous
siRNAs in trypanosomes are derived from two retroposons,
namely Ingi and SLACS (11). More recently, a survey of siRNAs
from ThAGO1 immunoprecipitates (Figs. S1-S8) revealed the
existence of a class of siRNAs originating from satellite-like
repeats located in nontelomeric regions of 7. brucei chromo-
somes 4, 5, and 8 (12). This family of repeats is comprised of
147-bp tandem units and was named CIR147 repeats (chromo-
some internal repeats). These repeats were independently iden-
tified as part of putative centromeric regions (12), which in S.
pombe are under the control of the RNAi pathway (13).
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Fig. 1. Retroposon- and repeat-derived siRNAs have modified 5’ and 3’
termini. (A) A synthetic 30-nt RNA (lane 1) was sequentially treated with T4
polynucleotide kinase (PNK, lane 2) and calf intestinal alkaline phosphatase
(CIP, lane 3), separated in a denaturing gel and visualized by hybridization
with a complementary oligonucleotide. Small RNAs from wild-type cells were
separated in a denaturing gel without (lanes 4 and 6) or with (lanes 5 and 7)
CIP treatment and probed for CIR147 siRNAs (lanes 4 and 5) or SLACS siRNAs
(lanes 6 and 7). (B) A synthetic 23-nt unmodified RNA (c, lanes 1 and 2), a
synthetic 23-nt 2’-O-methyl oligonucleotide (2'-O, lanes 3 and 4), and small
RNAs from wild-type cells (lanes 6 and 8) were subjected to periodate oxida-
tion/B-elimination and probed for CIR147 siRNAs (lanes 5 and 6) or SLACS
siRNAs (lanes 7 and 8). (C) Small RNAs from wild-type (wt) and dcl1KO cells
(dcl17/7) were treated with Terminator exonuclease and subjected to North-
ern analysis for the CIR147 siRNAs. 55 rRNA (5S), which harbors a 5'-
triphosphate terminus, served as a control.

To validate CIR147 small RNAs as siRNAs, we first analyzed
their 5" and 3’ end structures. Dicer cleavage of long dsRNA
gives rise to siRNAs with a monophosphate at their 5’ end and
siRNAs from plants (14), Drosophila (15), and Tetrahymena (16)
carry a methyl group at the 3’ end. If the 5’ end of siRNAs has
a terminal phosphate, treatment with calf intestine phosphatase
(CIP) will result in a change in electrophoretic mobility, whereas
treatment with Terminator exonuclease, which preferentially
degrades substrates with a single 5'-phosphate, will lead to RNA
degradation. However, resistance of RNA to treatment with
periodate followed by B-elimination indicates a modified 3’
terminus (17). CIR147 siRNAs were susceptible to both CIP and
Terminator enzymes (Fig. 1 4 and C), but they were resistant to
B-elimination (Fig. 1B lane 6). Control synthetic 25-nt RNA
oligonucleotides with 5’-monophosphate or 3'-OH were sensi-
tive to CIP and B-elimination, respectively (Fig. 14 lane 3, and
C lane 2), and a 2'-O-methyl oligonucleotide was resistant to
B-elimination (Fig. 1B lane 4). We thus deduced that CIR147 24-
to 26-nt RNAs carry a single 5'-phosphate group and are blocked
at their 3’ ends. A similar result was obtained for retroposon-
derived siRNAs (Fig. 1 A and B). Thus, based on these bio-
chemical criteria, the CIR147 small RNAs qualify as a class of
endogenous siRNAs in trypanosomes.

A Second Dicer-Like Enzyme, ThDCL2, Plays a Major Role in the
Generation of CIR147 siRNAs. To provide a direct link between
CIR147 small RNAs and the RNAi pathway, we monitored
siRNAs in cells where either AGO1 or the Dicer-like enzyme
DCL1 were genetically ablated. Accumulation of CIR147 siR-
NAs was severely affected in agol ~/~ cells (Fig. 24 lane 2), and
the abundance was restored to wild-type levels in a complemen-
tation cell line (lane 3). Interestingly, CIR147-derived siRNAs
showed little change in abundance in dcl/ /= cells (lane 4),
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Fig.2. Expression pattern of siRNAsin different cell lines. (A and B) Northern
blot hybridizations of low MW RNA isolated from the various cell lines, as
indicated above each lane, and hybridized to a CIR147 (A) or SLACS (B) probe.
tRNA hybridization served as loading control. Complementation cell lines are
indicated by the letter c. The bracket indicates the 35- to 65-nt-long tran-
scripts, and sizes are indicated in nucleotides.

indicating that DCL1 was not the main enzyme generating
CIR147 siRNAs. However, ablation of DCLI1 resulted in the
accumulation of 35- to 65-nt-long transcripts (indicated by a
bracket), whose identity and origin will be described below.
Because our initial search for Dicer-like candidates in 7. brucei
identified a second RNase III-family polypeptide that was
specific to the genomes of RNAi-positive trypanosomes (named
Tb948 in reference 10 and herein referred to as 7ThDCL2), we
generated a knock-out (KO) cell line of 7TbDCL2. In this genetic
background, we could not detect CIR147 siRNAs (lane 6), and
reintroduction of the Dcl2 gene in the dcl2~/~ cell line restored
accumulation of CIR147 siRNAs (lane 7). Thus, 7bDCL2 ap-
peared to have a prominent role in the accumulation of CIR147
siRNAs.

Both DCL1 and DCL2 Participate in the Accumulation of Retroposon-
Derived siRNAs. The realization that a second Dicer-like enzyme
participated in the 7. brucei RNAi pathway prompted us to
reevaluate the role of DCL1 and DCL2 in the accumulation of
endogenous retroposon-derived siRNAs using our collection of
KO and complemented cell lines. As reported (6), accumulation
of SLACS (Fig. 2B lane 2) and Ingi (Fig. S1B) siRNAs was
severely affected in agol =/~ cells. In contrast, although ablation
of DCL1 decreased SLACS siRNAs noticeably (lane 4), the
consequence was not comparable to that seen in agol /'~ cells
(compare lanes 2 and 4), indicating that DCL1 was only in part
responsible for the generation of retroposon-derived siRNAs.
Indeed, the analysis of DCL2 KO cells revealed a similar result
(lane 6), suggestive of an overlapping or redundant function of
the two Dicer-like enzymes in the biogenesis of retroposon-
derived siRNAs. As expected, in a genetic background devoid of
both DCL1 and DCL2, retroposon siRNAs were below the
detection level (Fig. 3B lane 1), but reappeared on complemen-
tation with Dcl2 (lane 3).

A Role for DCL2 in Generating 35- to 65-nt Transcripts. Our analysis
of endogenous siRNAs in dcll '~ cells revealed a population of
transcripts, ranging in size from 35-65 nt in Northern blots for
SLACS (Fig. 2B lane 4), Ingi (Fig. S1B lane 4), and CIR147
repeats (Fig. 24 lane 4). These longer transcripts were not seen
in our previous experiments examining Ingi/SLACS siRNAs
after RNAi-induced down-regulation of Dcll (10), most likely
because the remaining levels of DCL1 were sufficient to prevent
the accumulation of these transcripts. The 35- to 65-nt transcripts
were detected by both sense and antisense probes (Fig. S1C),
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Fig. 3. Processing and generation of intermediate-size transcripts. (A) Cells
expressing an ectopic copy of Dcl1 under the control of a tet-inducible
promoter were incubated with different tet concentrations (lanes 2 and 3) or
without tet (lane 1). The expression of DCL1 was monitored by Western
blotting (DCL1, Bottom). Low MW RNA was isolated and hybridized to a
CIR147 probe. (B) The dc/1/2null cell line (lane 1) was complemented with dcl1
(dcl1c, lane 2) or dcl2 (dcl2¢, lane 3), and low MW RNA isolated from the three
cell lines was hybridized to a SLACS probe. Sizes are indicated in nucleotides.

suggesting that they could form a dsRNA duplex in vivo. To
characterize their structure and their relationship to siRNAs, 35-
to 65-nt RNAs were gel-purified from total RNA isolated from
dcll =/~ cells, converted to cDNA, and enriched for CIR147-
specific sequences by hybrid selection with a biotinylated CIR147
RNA (11). The 87 analyzed sequences ranged in size from 23-63
nt with an average of 46 nt, and the two strands were represented
almost equally (42 sense and 45 antisense), thus reflecting our
hybridization results (Fig. S2). Both sense and antisense se-
quences were distributed relatively evenly along a CIR147
repeat, but no specific structural features, except their length,
emerged from this analysis.

Because the 35- to 65-nt transcripts accumulated in dcll =/~
cells, we next asked whether they serve as a substrate for DCLI1.
Thus, we generated a cell line to conditionally express DCL1
under the control of a tet-inducible promoter in a genetic
background, where both endogenous alleles of DCL1 were
replaced with drug resistance markers. In the tet-off state, i.e.,
no detectable DCL1 by Western blotting (Fig. 34), abundant
CIR147 (Fig. 34 lane 1) and Ingi (Fig. S34) 35- to 65-nt RNAs
were detected. By titrating DCL1 expression with tet, the 35- to
65-nt transcripts progressively decreased in abundance, suggest-
ing that these RNAs are DCLI1 substrates. At the highest
concentration of tet, there was a modest, but reproducible,
enhancement of siRNA levels (1.3- to 1.5-fold accumulation
relative to the uninduced cells). The observation that siRNA
levels did not increase proportionately to the decrease in 35- to
65-nt transcripts might suggest that some of the molecules are
degraded.

What enzymatic activity generates the 35- to 65-nt transcripts?
A first clue came from the observation that these transcripts
were sensitive to Terminator exonuclease (Fig. 1C lane 4)
pointing to the presence of a monophosphate at the 5’ terminus.
Although not conclusive, this result indicated that they could be
primary products of digestion by a Dicer-like activity, i.e., DCL2.
To test this hypothesis, we started with the dcl1/dcl2 double KO
cell line (dcl1/2null) and reintroduced a copy of either Dcll or
Dcl2 (Fig. 3B). Although the dcl1/2null cell line was depleted of
siRNAs and 35- to 65-nt RNAs (lane 1), expression of DCL2, but
not DCL1, restored the accumulation of 35- to 65-nt nt RNAs
(compare lanes 2 and 3).

Patrick et al.
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Fig. 4. Expression pattern of steady-state RNA. Northern blot of total RNA
isolated from various cell lines as indicated above each lane. The membrane
was hybridized to a CIR147-specific probe (A), an Ingi-specific probe (B), or a
SLACS-specific probe (C), and a-tubulin (tub) served as a loading control.
Approximate sizes in kb are indicated (Left).

RNAi Components Control Steady-State Transcript Levels from Ret-
roposons and CIR147 Repeats. One consequence of RNAi-
deficiency in T. brucei, i.e., loss of AGOI, is the increased
steady-state accumulation of long transcripts derived from ret-
roposons (Fig. 4) (6). This scenario was reproduced for the
CIR147 repeats. Whereas transcripts were below the detection
level in wild-type cells (Fig. 44 lane 1), a heterogeneous
collection of CIR147 RNAs ranging in size over several thousand
nucleotides became evident in agol ~/~ cells (Fig. 44 lane 2). At
present, the extent of the various repeat arrays is not known, but
CIR147 transcripts originated from both strands (Fig. S3B) and,
based on a-amanitin sensitivity, were synthesized by RNA
polymerase II.

We next examined whether loss of DCL1 or DCL2 also
influenced the steady-state level of retroposon- and repeat-
derived transcripts. Whereas ablation of DCL1 appeared to
slightly increase Ingi transcript levels (Fig. 4B lane 4), there was
no appreciable effect on CIR147 or SLACS transcripts, i.e., they
were barely detectable and comparable to wild-type cells (Fig. 4
A and C lane 4). In contrast, the lack of DCL2 resulted in a
noticeable increase of Ingi transcripts (Fig. 4B lane 6) and a
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Fig. 5. FISH analysis of CIR147 transcripts. Wild-type and ago?~/~ cells were
fixed, processed for FISH, and DNA was stained with DAPI (red). A probe
specific for the CIR147 repeats (green) was used for FISH. The DAPI and CIR147
signals were merged. (Bottom Left and Right) The slides were pretreated with
ribonuclease A before processing for FISH. Exposure time is 150 ms for all
slides.

striking accumulation of CIR147 (Fig. 44 lane 6) and SLACS
transcripts (Fig. 4C lane 6). Complementation of the DCL2 null
cell line restored transcript levels back to wild-type levels (Fig.
4 A-C lane 7). These observations suggested that DCL2 is the
key Dicer in the endogenous RNAI pathway in 7. brucei.

We took advantage of the significant accumulation of CIR147
transcripts in agol~/~ cells to probe their cellular localization by
fluorescence in situ hybridization. This analysis revealed a
predominant nuclear localization with one prominent hybrid-
ization signal colocalizing with the nucleolus and a few smaller
foci, which varied in number among different nuclei (Fig. 5 and
Fig. S4A4). In contrast, in wild-type cells the CIR147 probe only
revealed small hybridization foci (panel wt). The strong hybrid-
ization signals in agol ™/~ nuclei disappeared upon RNase di-
gestion, but the less intense signals in both agol '~ and wild-type
cells were not completely ablated by this treatment, suggesting
that the small hybridization foci were, at least to some extent, the
result of hybridization to the three known chromosomal CIR147
loci, whereas the strong hybridization signals were indicative of
RNA transcripts residing in the nucleolus. RNase A resistance
and RNase III sensitivity indicated that these transcripts are in
part double-stranded (Fig. S4B), raising the question why they
are not processed by DCL2. A possible explanation is that the
DCL2-GFP fusion protein appeared to be excluded from the
nucleolus (Fig. S8B).

Small SLACS Accumulation Depends on DCL2. In addition to the
accumulation of long SLACS transcripts, RNAi deficiency in 7.
brucei resulted in increased levels of short 450- to 550-nt SLACS
transcripts, termed small SLACS (sSLACS), which are derived
from the 3’ end of SLACS ORF1 (9). Although their mode of
synthesis remains uncertain, the Terminator exonuclease assay
revealed that <50% of the sSSLACS were sensitive, thus exposing
a mixed population with either a 5’-monophosphate terminus or
a different 5’ terminus, possibly representing additional 5'-
phosphate groups (Fig. S3C). The abundance of sSLACS in-
creased in agol '~ and dcll ~'~ cells (Fig. 4C lanes 2 and 4), but
they were not detectable in total RNA isolated from dcl2~/~ cells
(lane 6), implicating DCL2 in either the biogenesis or stabiliza-
tion of sSSLACS transcripts.

Functional Analysis of DCL2. In our initial analysis, 7TbDCL2 had

only one recognizable RNase III domain at the carboxy termi-
nus, and a GFP fusion protein was enriched in the nucleus (10).

17936 | www.pnas.org/cgi/doi/10.1073/pnas.0907766106
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Fig.6. Functional analysis of TbDCL2. Dicing was assayed with affinity-purified
DCL2 from dc/l2~/~ cells complemented with wild-type DCL2 (wt), DCL2 contain-
ing the K878A mutation, and DCL2 containing the E885A mutation.

However, using less stringent criteria for domain searches, a second
RNase III domain close to the amino terminus of 7bDCL2 became
apparent (Fig. S54). No other feature(s) associated with Dicer or
Dicer-like enzymes were evident. The 7TbDCL2 RNase I1la and IIIb
domains could be aligned with Aquifex aeolicus RNase III (Fig. S6)
and mouse RNase IIIb (Fig. S7), respectively, which allowed us to
generate three-dimensional structure models (Fig. S5 B and C).
However, because both RNase III domains appeared rather
divergent at both the primary and predicted tertiary structural
level, we deemed it necessary to provide experimental evidence
that ThDCL2 is an active RNase III enzyme. To this end, we
engineered cell lines that expressed 7TbDCL2 with a dual TY/
FLAG epitope tag at the amino terminus, either in the wild-type
form or carrying substitutions in the RNase IIIb domain. Spe-
cifically, the glutamic acid residue at position 885 that we
predicted to be part of the four invariant catalytic carboxylates
(18-20) and the lysine residue at position 878 that we deduced
to correspond to a recently identified catalytic residue in the
mouse Dicer (21) were mutated to alanine. Wild-type and
mutant proteins were immunopurified from cell extracts and,
without removal of the tag, were incubated with an 83-nt dsSRNA
substrate in the presence of ATP and Mg?* for 15, 30, and 60 min
(Fig. 6). The expression level and size of the mutant proteins was
comparable to that of the wild-type enzyme (Fig. S8A4). At the
earliest time point, wild-type TbDCL2 gave rise to two sets of
fragments, a ladder of ~20- to 24-nt small fragments, and a
doublet of ~65 nt, most likely representing dsSRNA molecules
that have been cleaved at one end. Both sets of products were
Mg?*-dependent and increased in intensity at later time points.
We also noticed the appearance of intermediate size fragments,
but their origin was not investigated further. Importantly, mu-
tation of either K878 or E885 significantly inhibited the in vitro
cleavage of dsRNA by DCL2 (Fig. 6 lanes 3, 4, 7, 8, 11, and 12),
indicating that these two residues were critical for TbDCL2
activity.

Ablation of DCL2 Enhanced the RNAi Response. Next, we addressed
the role of the two Dicer-like enzymes in response to transfection
of exogenous dsRNA. We challenged dc/1KO and dcI2KO cells
by electroporation with a-tubulin dSRNA that, after degradation
of a-tubulin mRNA, leads to the formation of FAT cells, i.e.,
cells that are blocked in cytokinesis and accumulate multiple
nuclei, flagella, and basal bodies (5). By this assay, ablation of
DCLI1 resulted in a >10-fold reduction of the RNAIi response
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Table 1. Summary of dsRNA and siRNA transfections

a-Tubulin dsRNA, ug siRNA-315, ug
Cell line 0.25 0.5 1.0 2.0 5.0 1.0 2.0 5.0
wild type 14 42 57 85 100 <5 <5 8
dcl1KO nd nd <5 <5 20 <5 12 30
dcl1C nd 34 50 80 nd nd nd nd
dcl2KO 50 87 90 95 nd 25 63 82
dcl2C 14 35 50 70 nd nd nd nd

Cell lines were transfected with the indicated amounts of dsRNA or siRNA and the FAT cell phenotype was
scored 16 hr post-transfection and is represented as % FAT cells. nd, not determined. Percentage values for each
cell line are raw numbers and were not adjusted relative to the wild-type control, which is shown as an example.
For each cell line the experiments were repeated three times, and the average value is shown.

(Table 1), as gauged by transfection of 1 or 2 ug of a-tubulin
dsRNA. Nevertheless, dc/IKO cells were still able to partially
respond to dsSRNA when 5 ug of dsSRNA were used (Table 1).
The RNAI response was restored, albeit not to the full wild-type
level, when one copy of the dcll gene was reintroduced into the
dclIKO cell line (dcllc). This result indicated that DCLI1 is the
major player in processing transfected dsRNA. Surprisingly,
dcl2KO cells had a 2-fold enhanced RNAI response to dsRNA,
as compared to wild-type cells, and this phenotype returned to
wild-type levels in the complemented cell line (Table 1). We
reasoned it was unlikely that the observed effect was due to an
increase in the expression level and thus activity of DCLI,
because we have shown that DCL1 overexpression did not affect
the magnitude of the RNAI response to transfected dsRNA (10).
However, it was possible that the second step of RNAj, including
loading of siRNAs into AGO1, was more efficient in dcl2~/~
cells. Thus, as a means to bypass the DCL1 cleavage step, dcl2~/~
cells were transfected with synthetic a-tubulin siRNA-315, which
was shown to induce 85% FAT cells using 60 ug per transfection
(22). We found that dcl27/~ cells were exquisitely sensitive to
siRNA-315; whereas 5 pg of siRNA-315 gave rise to ~80% FAT
cellsindcl27/~ cells, the same siRNA concentration induced only
10% FAT cells in the wild-type background. We observed a
similar, albeit less pronounced enhanced response in dcll ™/~
cells transfected with siRNA-315. Thus, this analysis exposed a
rather unexpected outcome, namely that ablation of DCL2
resulted in cells with an enhanced response to transfection of
long dsRNA or synthetic siRNAs.

Discussion

The RNAI pathway in the early divergent parasitic protozoan 7.
brucei relies on a single member of the Argonaute family of
proteins (6, 7) and is initiated by two distinct Dicer-like enzymes,
namely 7hDCL1, a previously characterized Dicer-like enzyme
that is mostly found in the cytoplasm (10), and 7bDCL2,
characterized here, which is primarily localized in the nucleus
(Fig. S8B) (10). Our biochemical and genetic analyses further
indicated that DCL2 and DCL1 are the major and, most likely,
the only enzymes of this class that drive the RNAi pathway in 7.
brucei (Fig. 3B and Fig. S3E).

Both DCL1 and DCL2 are required for the generation of
siRNAs from retroposon transcripts. In contrast, accumulation
of CIR147 repeat-derived siRNAs was only slightly affected by
the absence of DCLI, but required DCL2 activity. Thus, DCL1
and DCL2 have overlapping and distinct functions. Once gen-
erated, siRNAs of all classes are loaded into AGO1 (ref. 6 and
this article). Our investigations of siRNA termini revealed that
the vast majority of both retroposon- and repeat-derived siRNAs
in 7. brucei possess a 5'-monophosphate. One hypothesis is that
the ancestral eukaryotic cell also contained an RNA-directed
RNA polymerase (RdRP) presumably involved in the amplifi-
cation of the RNAI trigger to generate “secondary siRNAs,”
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which are characterized by 5'-triphosphate termini (23). At
present, our biochemical studies do not indicate that such
siRNAs play a prominent role in the 7. brucei RNAi pathway,
and bioinformatics analysis, using blast, psi-blast, and conserved
domain searches, did not reveal a canonical RARP in the
genome. However, our data are consistent with a blocked 3’ end,
which is suggestive of a 2’'-O-methyl modification. Thus, 3’ end
modification of siRNAs has ancient roots in the eukaryotic
lineage.

Our results further suggest that there is cross-talk between
DCL2 and DCL1, because DCL2 is implicated in the generation
of 35- to 65-nt transcripts that appear to be substrates for DCLI1.
In addition, the biogenesis of SSLACS requires DCL2, suggesting
that they may also feed into the DCL1 pathway. The accumu-
lation of 35- to 65-nt RNAs was observed in dcl1KO cells not
only for the endogenous retroposon and repeat-derived sub-
strates, but also for dsSRNA expressed from a transgene equipped
with opposing T7 RNA polymerase promoters (Fig. S3D),
indicating that their biogenesis is not dependent on the identity
of the RNA polymerase transcribing the substrate. Although our
results suggested that a portion of these RNAs are converted into
siRNAs by the action of DCL1 (Fig. 34), the potential role and
processing of the 35- to 65-nt transcripts will require further
investigation.

The presence of abundant nucleolar CIR147 transcripts in
agol™'~ cells and the observation that CIR147 siRNA biogenesis
depended on DCL2 further supports the hypothesis that the
RNAI pathway in 7. brucei is operational both in the nucleus and
in the cytoplasm. Additional evidence for the functional com-
partmentalization of the RNAi pathway comes from the phe-
notypic differences between dcll =/~ and dcl2~/~ cells. First,
up-regulation of retroposon and repeat transcript levels only
occurs when DCL2 is ablated, whereas DCL1 elimination is of
little consequence for this phenotype. Second, dcl1KO cells are
deficient in the response to transfected dsRNA, indicating that
DCL2 is not able to access/use dsRNA transfected by electro-
poration, a method that mostly accesses the cytoplasm. On the
other hand, dcl27/~ cells are significantly more responsive to
dsRNA or siRNA transfections than dcll ™/~ or wild-type cells.
At first glance, this result appears somewhat paradoxical, in that
the RNAI response is actually more efficient in the absence of
an important RNAIi protein. Past experiments have shown that
nascent AGO1 is needed for a full RNAI response in 7. brucei,
suggesting that siRNAs are preferentially loaded on synthesized
AGOL1 protein (24). We therefore hypothesize that in the
absence of DCL2, and consequently the absence of many
endogenous siRNAs, there could be less competition by endog-
enous siRNAs for loading of synthesized AGO1. Thus, dcl2KO
cells may be primed to accept exogenous RNAI triggers, i.e.,
siRNAs that are transfected directly or are derived from trans-
fected dsRNAs. The fact that Dicer-deficient cells are more
responsive to RNAI triggers could have exciting implications for
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the trypanosomatid field at large by enabling the generation of
cell lines with a more robust RNAi response that would facilitate
analysis of gene function.

Materials and Methods

Trypanosome Cell Lines. T. brucei rhodesiense Ytat 1.1 cells were used as
parental cell line unless otherwise indicated. Construction of the ago1~/~ cell
line has been described in ref. 6. KO cell lines were made by sequentially
replacing the two alleles with drug resistance markers via homologous re-
combination (25). Complementation cell lines were made by replacing one
drug resistance marker with a full-length, untagged version of the wild-type
gene in the original locus. Cell lines expressing epitope-tagged versions of a
protein were constructed with PCR-assembled cassettes (25).

RNA Manipulations. Northern blot analysis of SLACS, Ingi, and CIR147 tran-
scripts was performed using total RNA extracted with either the TRIzol (In-
vitrogen) or RNeasy (Qiagen) method and processed for Northern blot analysis
as described in ref. 6. For detection of siRNAs, low molecular weight RNAs
were enriched by passage through a Centricon-100 column (Millipore) and
separated on a 15% denaturing polyacrylamide gel for subsequent Northern
blot analysis as described in ref. 11.

Dicer Activity Assays. Double-stranded RNA substrate was prepared by an-
nealing a gel-purified 83-nt transcript synthesized with SP6 RNA polymerase
in the presence of [«-32P]CTP to ~20-fold excess of a cold 109-nt T7 RNA
polymerase transcript (see S/ Materials and Methods). Dicer activity assays
were performed in 10-ulL reactions, containing 5-uL extract, 2.5-uL transcrip-
tion buffer, 1 mM ATP, 20 U Protector RNase Inhibitor (Roche Diagnostics),
10,000 cpm (=20 fmol) dsRNA substrate, in the presence or absence of 10 mM
EDTA. Reactions were incubated for 75 min at 24 °C. The assays with the
purified Dcl2 proteins contained 2-uL eluted protein, 5.5-ulL transcription
buffer, and the rest of the above components and proceeded for the indicated
times. RNA was extracted with phenol, precipitated with ethanol, separated
on denaturing 15% polyacrylamide gels, and analyzed by Phosphorimager.
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Enzymatic Assays of Small RNAs. Small RNAs were size-selected (11) and
treated with a variety of enzymes under manufacturer-recommended condi-
tions: Calf intestinal alkaline phosphatase (CIP; Amersham) and T4 polynucle-
otide kinase (T4 PNK; New England Biolabs) assays were carried out for 1 h at
37 °C, and Terminator exonuclease (Epicentre) was added for 1 h at 30 °C.
Periodate oxidation/B-elimination chemical reactions were done as described
in ref. 15.

RNA in Situ Hybridization. Plasmid pCR2.1Topo-CIR3, containing three 147-bp
CIR147 repeat units, was linearized and in vitro-transcribed with SP6 or T7 RNA
polymerase using a DIG RNA labeling kit (Roche). RNA was hydrolyzed with 0.2
M sodium carbonate buffer, pH 10.2, to an average fragment size of 100 bases,
ethanol-precipitated in the presence of 0.1 mg/mL herring sperm DNA and
yeast tRNA and dissolved in hybridization buffer (50% deionized formamide,
2X SSC, 10% dextran sulfate) at 6 ng/uL.

Trypanosomes were fixed in 4% formaldehyde in PBS for 20 min, attached to
silanized slides, and permeabilized with 0.2 M HCl for 10 min. Cells were either
treated with 100 wg/mL boiled RNase in PBS for 60 min at 20 °C or mock-treated
with RNase-free PBS and prehybridized in hybridization buffer, including 10
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were embedded in Vectashield containing 4’,6-diamidino-2-phenylindole (DAPI;
Vector Laboratories) and examined using a Nikon Eclipse 80i epifluorescence
microscope, equipped with a CoolSNAP ES CCD camera (Photometrics) controlled
by MetaVue software (Molecular Devices). Images were assembled and pseudo-
colored in Adobe Photoshop CS3.
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