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evidence for retroposon-derived
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ABSTRACT

In animals and protozoa, gene-specific double-stranded RNA (dsRNA) triggers degradation of homologous cellular

RNAs, a phenomenon known as RNA interference (RNAI). In vitro and in vivo dsSRNA is processed by a nuclease to
produce 21-25-nt small interfering RNAs (siRNAs) that guide target RNA degradation. Here we show that activation
of RNAi in Trypanosoma brucei by expression or electroporation of actin dsRNA results in production of actin siRNAs

and that 10% of these RNAs sediment as high-molecular-weight complexes at 100,000

X g. To characterize actin

siRNAs, we established a cloning and enrichment strategy starting from 20—-30 nt RNAs isolated from high-speed
pellet and supernatant fractions. Sequence analysis revealed that actin siRNAs are 24—-26 nt long and their distribu-
tion relative to actin dsRNA was similar in the two fractions. By sequencing over 1,300 fragments derived from the
high-speed pellet fraction RNA, we found abundant 24-26-nt-long fragments homologous to the ubiquitous retropo-
son INGI and the site-specific retroposon SLACS. Northern hybridization with strand-specific probes confirmed that
retroposon-derived 24—26-nt RNAs are present in both supernatant and high-speed pellet fractions and that they are
constitutively expressed. We speculate that RNAI in trypanosomes serves a housekeeping function and is likely to be

involved in silencing retroposon transcripts.
Keywords: dsRNA; retroposon; RNAI; siRNA;

INTRODUCTION

RNA interference or RNAI refers to the posttranscrip-
tional gene silencing mechanism through which gene-
specific dsRNA triggers degradation of homologous
cellular transcripts (Fire, 1999; Sharp, 1999, 2001,
Bosher & Labouesse, 2000). RNAi is widespread
through eukaryotic phyla, is mechanistically and genet-
ically related to PTGS in plants (Kooter et al., 1999;
Dalmay et al., 2000; Fagard et al., 2000; Mourrain et al.,
2000; Plasterk & Ketting, 2000) and “quelling” in Neu-
rospora (Cogoni & Macino, 1999), and is considered a
defense mechanism against aberrant transcripts such
as those produced during viral infection (Ratcliff et al.,
1997, 1999; Mourrain et al., 2000) and mobilization of
transposons (Ketting et al., 1999; Tabara et al., 1999).

Reprint requests to: Elisabetta Ullu, Department of Internal Med-
icine, Yale University School of Medicine, PO Box 208022, 333 Ce-
dar Street, New Haven, Connecticut 06520-8022, USA; e-mail:
elisabetta.ullu@yale.edu.

Trypanosoma brucei

Current models for RNAI suggest that upon entry
into cells, dsRNA is processed by a nuclease to pro-
duce 21-25-nt small RNAs that act as guide sequences
for degradation of target RNA and have been termed
small interfering RNAs or siRNAs (Zamore et al., 2000;
Elbashir et al., 2001a). The most significant pieces of
evidence supporting the role of siRNA in silencing by
RNAI come from in vitro studies showing that addition
of synthetic dsRNA to a Drosophila extract results in
cleavage of the target mMRNA with a periodicity of 21-23
nt (Zamore et al., 2000) and that 21-22-nt synthetic
RNAs with short 3’ extensions are inducers of RNAI
(Elbashir et al., 2001b). The latter study established
that the information of siRNAs is sufficient to guide
degradation of target RNA; however it is still unclear
whether larger dsRNA fragments also play a role in the
RNAi silencing mechanism. Biochemical fractionation
of a Drosophila cultured cell extract showed that the
activity degrading mRNA requires an RNA component
and that small 21-23-nt RNAs cofractionate with the
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activity (Hammond et al., 2000). A candidate gene cod-
ing for the siRNA nuclease has been recently identified
in Drosophila and has been termed Dicer for its ability
to digest dsRNA to homogeneously sized pieces that
most likely are equivalent to siRNAs (Bernstein et al.,
2001). Homologs of Dicer have been recently shown to
function in the production of small temporal RNAs
(stRNAS) in Caenorhabditis elegans, Drosophila, and
human cells, demonstrating that the pathways of RNAI
and stRNA production intersect (Grishok et al., 2001,
Hutvagner et al., 2001). Further evidence that siRNAs
are part of the PTGS pathway(s) comes from experi-
ments in plant systems, where expression of a viral- or
cellular-encoded repressor of PTGS severely reduces
the accumulation of siRNAs (Llave et al., 2000; Mallory
et al., 2001).

Small RNAs with characteristics of sSiRNAs, namely,
similar size and with sense and antisense polarity, were
first described in transgenic plants engineered for PTGS
(Hamilton & Baulcombe, 1999). Subsequently, they were
detected in Drosophila cells following transfection of
synthetic dsRNA (Hammond et al., 2000), and in Dro-
sophila embryos (Yang et al.,, 2000) and C. elegans
following microinjection of radiolabeled dsRNA (Parrish
et al., 2000). Thus, in vivo expression of dsRNA from
transgenes or delivery of synthetic dsRNA into cells is
always accompanied by the appearance of siRNA-size
molecules, making siRNAs the hallmark of RNAI.

Among the organisms where genetic interference by
dsRNA has been demonstrated, the protozoan para-
site Trypanosoma brucei represents the most ancient
branch of the eukaryotic lineage. The target RNA is
cytoplasmic mRNA, as pre-mRNA is not sensitive to
RNAI (Ngo et al., 1998). In trypanosomes, mRNA deg-
radation is triggered by either synthetic dsRNA deliv-
ered to cells by electroporation (Ngo et al., 1998), dSRNA
produced in vivo from transgenes transcribed from op-
posing constitutive (Shi et al., 2000), or inducible T7
RNA polymerase promoters (LaCount et al., 2000; Wang
et al., 2000), or hairpin RNA transcribed from the tetra-
cycline (tet)-inducible procyclic acidic repetitive protein
(PARP) promoter (Bastin et al., 2000; Shi et al., 2000).
Whereas electroporation of dsRNA produces only a
transient RNAI response, stable in vivo expression of
dsRNA results in persistent RNAI. In particular, we have
engineered a cell line (ACTI) expressing a hairpin RNA
targeting nt 1-426 of the actin mRNA coding region
(Shi et al., 2000). ACTI cells are viable and thus rep-
resent a useful system to study the mechanism of RNAI
in trypanosomes.

Here we have analyzed by hybridization, cell frac-
tionation, cloning and sequencing siRNAs derived from
actin dsRNA in T. brucei, a protozoan parasite repre-
senting one of the earliest branch of the eukaryotic
lineage. In the course of these studies, we discovered
the presence of abundant siRNA-like molecules repre-
senting two retroposons that inhabit the trypanosome
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genome, and propose that in trypanosomes RNAI is
a housekeeping mechanism to silence retroposon
transcripts.

RESULTS

Identification of actin sSiRNAs
in trypanosomes

We first asked whether in T. brucei siRNA-like mol-
ecules are produced upon activation of RNAI. For this
purpose, we used the ACTI cell line expressing actin
hairpin RNA (Shi et al., 2000) under the control of a
tet-inducible promoter. Upon induction of actin hairpin
RNA, 24-26-nt-long RNAs were generated (Fig. 1A),
which had the characteristics of siRNAs first described
in plants (Hamilton & Baulcombe, 1999): They con-
tained information derived from both the sense (lane 4)
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FIGURE 1. siRNAs are produced in trypanosomes upon expression
or transfection of actin dsRNA. A: Low-molecular-weight RNAs from
ACTI cells induced (+) or uninduced (—) with tetracycline (Tet) were
fractionated through a 15% sequencing gel, blotted, and hybridized
with a sense (lanes 1 and 2) or antisense (lanes 3 and 4) riboprobe
representing actin dsRNA (solid box) or a 3’ end probe representing
nucleotides 477-813 of the actin coding region (gray box; lanes 5
and 6). B: Northern blot analysis of low-molecular-weight RNAs from
wild-type trypanosomes electroporated with poly(IC) (lane 1) or syn-
thetic actin dsRNA (lanes 2 and 3; Ngo et al., 1998). RNA was iso-
lated 2 h (lanes 1 and 2) or 6 h (lane 3) after electroporation. The
probe was the sense strand of actin dsRNA. C: A proportion of actin
siRNAs pellets at 100,000 X g. A cytoplasmic extract from tet-
induced ACTI cells was separated into a high-speed pellet (P) and
soluble fraction (S) as described in Materials and Methods. RNA from
equivalent amounts of extracts was fractionated as described above
and hybridized with a sense riboprobe representing actin dsRNA.
The arrow indicates the position of a 28-nt DNA marker. D: Schematic
representation of the T. brucei actin coding region not drawn to scale.
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and antisense strand (lane 2) of actin dsRNA and the
sequence information present in the small actin RNAs
was restricted to the expressed dsRNA (lane 6). A sim-
ilar observation was made when synthetic actin dsRNA
was electroporated into trypanosomes (Fig. 1B), but in
this case, the abundance of siRNA-like molecules de-
clined over time (compare lanes 2 and 3), consistent
with the transient nature of RNAIi under these condi-
tions (Ngo et al., 1998). About 10% of actin SIRNA were
pelleted by centrifugation of a cytoplasmic extract at
100,000 X g for 60 min (Fig. 1C), suggesting that, sim-
ilar to the Drosophila system (Bernstein et al., 2001), a
proportion of the actin siRNA is present in high-
molecular-weight complexes. These centrifugation con-
ditions are known to pellet large ribonucleoprotein
complexes including ribosomes, ribosomal subunits, and
polysomes. In contrast, soluble material, as well as small
ribonucleoprotein complexes, are not pelleted under
these conditions.

Cloning of siRNAs

Having established that actin sSIRNA molecules are gen-
erated upon induction of RNAI, we next wished to char-
acterize their structure and their relationship to actin
dsRNA. To this end, we established the cloning scheme
shown in Figure 2A and described in Materials and
Methods. Briefly, 20—30-nt RNAs were gel purified from
the soluble and high-speed pellet fraction of tet-induced
ACTI cells, ligated to oligonucleotide 1B and reverse
transcribed using the 45-nt-long oligonucleotide 1A as
a primer. cDNAs were gel purified, ligated to oligonu-
cleotide 2B, and the products were subsequently PCR
amplified and digested with Dpnll. The resulting frag-
ments (herein referred to as tags) were concatemer-
ized and cloned. Because in preliminary experiments
we found that actin tags represented about 1% of the
cloned tags, we decided to enrich for actin-specific tags
by hybrid selection with a biotinylated actin RNA
(Fig. 2B). A synthetic transcript corresponding to the
entire actin mMRNA coding region was used in order to
capture actin fragments derived from both the actin
dsRNA and actin mRNA sequences located down-
stream from the dsRNA region. To reduce potential ar-
tifacts introduced by this selection procedure,
hybridization was carried out over a wide range of tem-
peratures. Next, we sequenced 174 tags each from the
soluble and high-speed pellet fraction. The majority of
the tags were derived from actin sequences (147 and
146 for the soluble and pellet fractions, respectively)
and specifically from the actin dsRNA sequence
(Fig. 3A,B). Only two tags represented sequences out-
side the dsRNA sequence demonstrating that the start-
ing RNA material was enriched for sequences derived
from actin dsRNA and did not represent a random col-
lection of degradation products of actin mRNA. This
latter result was also confirmed by southern hybridiza-
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FIGURE 2. Schematic representation of the cloning procedure of
20-30-nt RNAs and of the hybridization selection for actin-specific
small RNAs. A: 1. Ligation of oligonucleotide 1B to the 3’ end of
20-30-nt small RNAs. 2. cDNA synthesis. 3. Ligation of oligonucle-
otide 2B to the 3’ end of the cDNA. 4. PCR amplification of the
cDNA. 5. Products of digestion of the amplified material with Dpnl|.
GATC indicates the recognition sequence of Dpnll; filled circles in-
dicate the 3’ blocking group that prevents self-ligation and ligation of
the oligonucleotides to the 5’ end of the RNA or cDNA. B: The
structure of the synthetic transcript representing the actin mRNA
coding region is shown at the top. Black lines: actin dsRNA-
homologous region and corresponding PCR products; gray lines:
sequence of actin mMRNA downstream from the dsRNA region and
corresponding PCR products; hatched lines: PCR products un-
related to actin mMRNA; open circle: biotin moiety. For simplicity, the
PCR products are represented without the oligonucleotide sequences
used for amplification.

tion of the amplified material before cloning (data not
shown). The ends of 59% of the actin tags contained
one or a few additional nucleotides not encoded in the
actin gene that were most likely added by T4 RNA
ligase. By analyzing the terminal nucleotides of the tags
we found that C and G residues were underrepre-
sented relative to A and T. This could be due to a pref-
erence of T4 RNA ligase to use as substrate for ligation
RNAs ending with the latter nucleotides, or be a true
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FIGURE 3. Distribution of actin, INGI, and SLACS siRNA tags. Actin siRNA tags (horizontal bars) were derived from the
soluble fraction (A) or the high-speed pellet (B) of tet-induced ACTI cells. Before cloning,the PCR products were enriched
for actin-specific tags as described in Materials and Methods. Only nonredundant actin tags are shown. INGI (C) and SLACS
(D) tags (vertical bars) originated from the high-speed pellet-derived PCR products prior to the enrichment step. Solid
arrows indicate the position of the predicted ORFs of INGI (accession number X05710) and SLACS (accession number

X17078). Each drawing is to scale.

feature of the RNA fragments in the starting RNA ma-
terial. Similar findings have been recently described for
siRNAs produced in a Drosophila in vitro extract (El-
bashir et al., 2001a).

The size of the actin tags varied from 20 to 30 nt, with
72% being between 24 and 26 nt long (10% 20-23 nt,
20% 24 nt, 29% 25 nt, 23% 26 nt, 11% 27 nt, and 5%
28-30 nt). This size distribution was confirmed by com-
paring the mobility of actin SIRNAs relative to synthetic
RNA oligonucleotides of 20, 23, and 27 nt in length
(data not shown).

The distribution of unique actin tags from the soluble
and pellet fraction was comparable along the dsRNA
region, suggesting that the two siRNA populations are
very similar (Fig. 3A,B). In both populations the tags
were less represented towards the 5’ end relative to
the remainder of the dsRNA sequence. In particular,
only four tags originated from the very 5’ end and so
far we have recovered one tag from the region be-
tween nt 27 and 107.

Constitutive production of
retroposon-specific SiRNA-like molecules

Having established that actin siRNAs molecules were
specifically represented in our starting RNA samples,
we chose to analyze the population of tags derived

from the high-speed pellet fraction RNA prior to selec-
tion for actin sequences. This choice was based on
preliminary sequence results that indicated that the cor-
responding clones showed a higher prevalence of
mRNA-derived tags as compared to those derived from
the high-speed supernatant fraction. So far, we have
analyzed 1,383 tags and a summary is shown in Table 1.
Thirty-eight percent of the tags were derived from struc-
tural RNAs (ribosomal RNAs, 5S RNA, and tRNAs
among others). Eighty-five tags (6.1%) could be as-
signed to various mRNAs and of these, 18 or 1.3%
were actin tags. In contrast, we found only 3 tags de-
rived from a-tubulin MRNA, a mRNA that is at least 10
times more abundant than actin mRNA in trypano-

TABLE 1. Distribution of siRNA tags.

Structural RNAs (rRNAs, tRNAs, etc.) 519 (38%)

mRNASs/ESTs 67 (4.8%)
Actin mRNA 18 (1.3%)
Retroposons

INGI 245 (18%)

SLACS 182 (13%)
HTGS/GSS 242 (17%)
No hits 110 (8%)
Total number of tags analyzed 1,383
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somes. Seventeen percent of the tags generated hits
in the current HTGS/GSS T. brucei database, whereas
8% of the tags did not reveal matches in any of the
databases.

Surprisingly, 31% of the tags represented sequences
from two retroposon elements, namely the ubiquitous
abundant element INGI (Kimmel et al., 1987; Murphy
et al.,, 1987) and the site-specific retroposon SLACS
(Aksoy et al., 1990) that interrupts the spliced leader
RNA genes and is present in about 10 copies per ge-
nome. Both elements have the hallmarks of non-LTR
retroposons. The full-length INGI element (6,826 bp)
contains a single long ORF with homology to reverse
transcriptase, whereas SLACS (6,683 bp) contains two
ORFs. ORF1 has no known function, whereas ORF2
has homology to reverse transcriptase. As shown in
Figure 3C,D, INGI and SLACS tags originated from
selective portions of the retroposon sequences. For
INGI, all but one of the tags (245) came from the single
ORF, whereas in the case of SLACS, 163 tags were
derived from ORF1 and the beginning of ORF2, and
very few tags (19) came from outside the two ORFs.
Interestingly, within the tag-rich regions, the represen-
tation of the tags was considerably less prominent to-
wards the 5’ end. Dot blot analysis of total RNA with
gene-specific probes (Table 2) revealed that, com-
pared to a-tubulin mMRNA, INGI and SLACS transcripts
were about 15- and 150-fold less abundant, respec-
tively. Thus, relative to the representation of INGI and
SLACS transcripts in total RNA, the 20—-30 nt RNAs
from the high-speed pellet fraction were highly en-
riched for retroposon sequences. Northern blot hybrid-
ization of RNA derived from uninduced and tet-induced
ACTI cells (Fig. 4A) confirmed the presence of INGI
(lanes 3 and 4) and SLACS (lanes 5 and 6) siRNA-size
molecules in total trypanosome small RNAs. Impor-
tantly, INGI and SLACS siRNA-size molecules were
present at the same level in RNA derived from tet-
induced or uninduced cells. Similarly to actin siRNAs,
INGI and SLACS small RNAs partitioned between the
high-speed pellet and soluble fractions and had both
sense and antisense polarity (Fig. 4B).

TABLE 2. Relative abundance of retroposon transcripts.2

4.0 ng 2.0 ng 1.0 ng
Tubulin 100 (160,259) 100 (79,631) 100 (45,803)
INGI 5.9 (9,507) 5.9 (4,734) 6.2 (2,838)
SLACS 0.7 (1,183) 09 (677) 0.7  (300)

aDifferent amounts of total RNA from insect form trypanosome
cells were loaded onto a nitrocellulose membrane and hybridized to
32p-labeled DNA probes corresponding to the coding region of
a-tubulin (nt 1-1030), INGI (nt 3421-4820), and SLACS (nt 1512—
2726). The relative abundance of retroposon transcripts was calcu-
lated from the «-tubulin hybridization set at 100%. Numbers in
parenthesis are the original values in arbitrary units obtained after
phosphorimager analysis of the membrane.
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FIGURE 4. INGI and SLACS siRNAs. A: Production of INGI and
SLACS siRNAs is constitutive. RNA from induced (I) or uninduced
(U) ACTI cells was fractionated as described in the legend of Fig-
ure 1. Hybridizations were carried out with DNA probes representing
nt 3421 to 4620 of INGI (lanes 3 and 4) or nt 1512 to 2726 of SLACS
(lanes 5 and 6), or with an actin sense riboprobe corresponding to
actin dsRNA (lanes 1 and 2). B: Sense and antisense INGI and
SLACS siRNAs are present in both soluble and high-speed pellet
fractions. A cytoplasmic extract from ACTI cells was fractionated into
soluble and high-speed pellet as described in Materials and Meth-
ods. RNA representing equivalent portions of the two fractions were
separated by gel electrophoresis as described in Figure 1. S: RNA
from the soluble fraction; P: RNA from the high-speed pellet. Individ-
ual strips were hybridized to a sense (lanes 1 and 2) or antisense
(lanes 3 and 4) INGI DNA probe or to a sense (lanes 5 and 6) or
antisense (lanes 7 and 8) SLACS DNA probe. The arrow indicates
the position of a 28-nt DNA marker.

DISCUSSION

Our results show that, in trypanosomes, siRNAs are
produced in response to activation of RNAI either by
regulated expression or transfection of actin dsRNA.
Furthermore, we have established a cloning strategy to
survey 20—-30-nt RNAs produced in vivo and report the
discovery of abundant siRNA-like molecules derived
from retroposon transcripts.

The actin-specific small RNAs we have character-
ized have all the features of siRNAs that have been
described in other systems, namely, they are of similar
size, they contain information from both strands of the
dsRNA, and, as described in Drosophila cells (Bern-
stein et al., 2001), partition between a high-speed sol-
uble and pellet fraction. Thus, it is very likely that these
small RNAs perform the function of guiding degrada-
tion of the target MRNA as has been shown in other
systems. Nevertheless, at present, it is difficult to dis-
count the possibility that these short RNAs are pro-
duced by cleavage of the actin dsRNA by an RNAse
lll-like activity unrelated to the RNAI pathway.

To clone 20—30 nt RNAs, we employed a multistep
protocol and PCR amplification using oligonucleotides
and procedures that have been successfully estab-
lished for serial analysis of gene expression (Virlon
et al., 1999). By sequencing hybrid-selected actin tags,
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we determined that they were derived almost exclu-
sively from the actin dsRNA-homologous region and
that their average size of 24—-26 nt was indistinguish-
able from that of actin siRNAs present in the starting
RNA material. Thus, in trypanosomes, siRNAs are a
few nucleotides longer than siRNAs produced in vitro
in a Drosophila extract, which are 20-22 nt long (El-
bashir et al., 2001a), but interestingly very similar in
size to the small RNAs described in plants, which have
been reported to be about 25 nt long (Hamilton & Baul-
combe, 1999). The difference in size between the try-
panosome and Drosophila siRNAs might reflect
differences in the cleavage specificity of the nuclease
that degrades dsRNA (Bernstein et al., 2001) or differ-
ences between the in vitro and in vivo systems.

When we aligned the actin tags derived from either
the soluble or the high-speed pellet fraction along the
dsRNA region, we found that their distribution was in-
distinguishable, suggesting that the two populations of
SiRNAs are very similar. In both cases, tags derived
from the 5’ end were underrepresented as compared
to those from the 3’ end of the dsRNA. In contrast,
within the regions of the actin sequence that were tag
rich, the ends of the tags were closely spaced and
there were no major discontinuities. This asymmetric
distribution of siRNA sequences has also been ob-
served by hybridization analysis of RNAs derived from
transgenes in plant systems (Hutvagner et al., 2000)
and might suggest that degradation of dsRNA in vivo
proceeds preferentially from one end of the duplex, as
has been recently determined to occur in a Drosophila
in vitro extract competent for RNAIi (Elbashir et al.,
2001a), or that sequence preference dictates cleavage
of the dsRNA. However, because the actin tags were
enriched by hybridization, we cannot discount the pos-
sibility that the enrichment step led to a skewed repre-
sentation of the tags.

To search for siRNA-size molecules that are endog-
enously produced in trypanosomes, we carried out
extensive sequencing of unselected tags from the high-
speed pellet fraction. The 1,383 tags analyzed so far
could be divided into three classes of roughly similar
size. The first class represented structural RNAs, with
ribosomal fragments being the most abundant species.

Because these RNAs make up about 99% of the
cellular RNA, the tags most likely represent unavoid-
able contaminants from RNA breakage that occurred in
the cell or during the purification procedure. Indeed,
northern blot analysis of DEAE-sepharose-enriched
small RNAs from the high-speed pellet fraction with a
28S ribosomal RNA probe revealed a hybridization pat-
tern consistent with random degradation products and
there was no specific accumulation of ribosomal RNA
fragments in the size range of 20-30 nt (data not
shown). This is in contrast to actin- and retroposon-
derived small RNAs, which were detected as discrete
24-26-nt fragments (Figs. 1 and 4).
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The second class of tags, comprising 31% of the
tags, consisted of a heterogeneous collection of se-
guences derived from known mRNAs, from unanno-
tated sequences in the T. brucei genome database and
from unsequenced regions of genome. The interpreta-
tion of the mRNA-derived tags will require additional
experimentation, as for each mRNA, the number of
specific tags is only one or few, and for most of them,
the gene identity/function is unknown. At the present
time, it is not possible to distinguish whether these tags
represent true siRNAs present in low abundance or
degradation products.

The third class of tags (31%) originated from the
INGI and SLACS retroposon-like elements that inhabit
the trypanosome genome. We believe that their abun-
dance in the cloned material is highly significant, con-
sidering that transcripts derived from these two elements
are much less abundant than a-tubulin mRNA (Table 2),
which represents about 1% of mMRNA, or about 0.01%
of total cellular RNA. Furthermore, northern hybridiza-
tion with INGI- or SLACS-specific probes revealed the
presence of siRNA-size molecules with all the charac-
teristics of “true” siRNAs, including their partial fraction-
ation with high-molecular-weight ribonucleoprotein
particles. The most surprising result was that these
siRNA-like molecules are constitutively expressed. One
possible explanation for this observation is that these
retroposon-derived small RNAs are involved in silenc-
ing retroposon transcripts via the RNAI pathway, and
thus represent true siRNAs. As siRNAs are derived
from processing of dsRNA, parts or all of the INGI and
SLACS elements need to be transcribed from both
strands. In the case of INGI transcripts, it is known from
previous work that transcripts originate from both strands
(Murphy et al., 1987), and we have confirmed these
results by northern blotting with strand-specific probes
(data not shown). Thus, there is the potential to form
INGI dsRNA. In the case of SLACS we know less,
because the abundance of SLACS transcripts in steady-
state RNA is extremely low. Furthermore, because the
transcription polarity of SLACS elements in the ge-
nome is not known and secondary structure predic-
tions of the SLACS sequence do not show the potential
to form extensive stem structures, it is at present not
clear how SLACS dsRNA is made.

The observation that siRNA-like molecules from ret-
roposon elements are constitutively expressed makes
us speculate that, in trypanosomes, RNAI is part of a
housekeeping quality control mechanism for mRNA sur-
veillance that functions to down-regulate expression of
deleterious gene products. An alternative scenario is
that retroposon-derived small RNAs function as inhib-
itors of the RNAIi pathway by preventing other siRNAs
from getting access to the complex that degrades mRNA
or by down-regulating the activity of a potential trypano-
some Dicer homolog, which remains to be identified.
However, we find this possibility unlikely in view of the


http://www.rnajournal.org

Downloaded from www.rnajournal.org on February 14, 2006

1528

fact that the trypanosome RNAIi machinery appears to
have a high capacity and so far, we have not been able
to saturate the system (unpubl. observation).

In the case of retroposon elements that require the
synthesis of retroposon-encoded proteins for trans-
position and transpose via an RNA intermediate, deg-
radation of retroposon transcripts by RNAi would
effectively prevent transposon mobilization. Indeed, both
in plants and animals, RNAI is considered a defense
mechanism against harmful transcripts, such as those
produced by transgenes, transposons, and viruses (Rat-
cliff et al., 1997, 1999; Ketting et al., 1999; Tabara et al.,
1999; Mourrain et al., 2000). In particular, our results
are consistent with the genetic connection between
RNAI and silencing of transposon that has been estab-
lished in C. elegans (Ketting et al., 1999; Tabara et al.,
1999). However, in this case, these silenced transpo-
sons move via a DNA cut-and-paste mechanism rather
than retroposition. Moreover, although the results were
not described in the article, sequencing of 20—-22-nt
small RNAs from a Drosophila extract also revealed
sequences derived from endogenous retroposons (El-
bashir et al., 2001a). Given the fact that trypanosomes
are descendants of ancient eukaryotes, it is tempting
to speculate that RNAI is active in all organisms that
have been invaded by transposons/retroposons during
their evolutionary history. It will be interesting to deter-
mine whether siRNAs corresponding to transposon se-
quences are present in all organisms that harbor them.

MATERIALS AND METHODS

RNA analyses

Expression of actin hairpin RNA was induced by diluting ACTI
cells (Shi et al., 2000) 10-fold in fresh medium containing
10 pg/mL tet and the cells were allowed to grow for 2 days.
Total RNA was prepared with the TRIZOL reagent (Gibco). To
enrich for low-molecular-weight RNAs, we used either bind-
ing and elution to DEAE-53 sepharose beads as described
(Walter & Blobel, 1983), or filtration through Centricon-100
filtration units according to the manufacturer’s instructions
(Millipore Corp.). Both methodologies select for RNAs smaller
than a few hundred nucleotides. Low-molecular-weight RNAs
were electrophoresed through 15% sequencing gels, elec-
troblotted to an uncharged nylon membrane, and cross-
linked. Hybridizations to riboprobes were carried out in 50%
formamide buffer at 40 °C for 16—20 h, which we determined
was the optimal hybridization temperature. For hybridization
with DNA probes, the temperature was lowered to 37 °C.

Extract preparation and cloning of siRNAs

A cytoplasmic extract from 5 X 10° ACTI cells was prepared
by detergent lysis as described (Sobel & Wolin, 1999). The
postnuclear supernatant was further fractionated into soluble
and high-speed pellet fractions by centrifugation at 100,000 X g
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for 1 h. RNA was prepared by phenol-chloroform extraction
and enriched for low-molecular-weight RNAs by DEAE-53
sepharose chromatography as described above. Enriched
material was fractionated by electrophoresis through a 7 M
urea-15% polyacrylamide gel, 20—30-nt RNAs were excised
and recovered from the gel slice by soaking in DEAE-53
sepharose binding buffer followed by chromatography using
0.5-mL DEAE-53 sepharose beads. The sequence of the oli-
gonucleotides used for cloning can be found in a modified
SAGE protocol (Virlon et al., 1999). In particular, oligonucle-
otides 1B and 2B (45 nt long) carried at the 3’ end a blocking
group to prevent self ligation and ligation to the RNA 5’ end,
and the 5’ end of the oligonucleotides carried the recognition
sequence 5'-GATC-3’ for the Dpnll restriction enzyme. Gel-
purified small RNAs were ethanol precipitated, dephosphor-
ylated, resuspended in 5 uL of water, and 2.5 uL were ligated
with T4 RNA ligase to 20 pmol of oligonucleotide 1B in 10 uL
(O'Brien & Wolin, 1994). Ligated material was phenol ex-
tracted, precipitated with ethanol, and used for cDNA synthe-
sis with Superscript Il reverse transcriptase (Gibco) in the
presence of a-3?P-dCTP and using 40 pmol of oligonucleo-
tide 1A as a primer. cDNA was fractionated on a 15% se-
guencing gel to remove the oligonucleotides, excised from
the gel, eluted in DEAE-53 binding buffer, and recovered by
DEAE-53 sepharose chromatography. The cDNA was then
ligated with RNA ligase to 20 pmol of oligonucleotide 2B as
described above. Aliquots of ligated cDNA were amplified by
PCR using Platinum Tag DNA polymerase (Gibco) and oli-
gonucleotides 1A and 2A. For large-scale PCR amplification,
conditions were chosen in the linear range of the reaction. A
2-mL PCR mix containing 10 uCi of a-32P-dCTP was distrib-
uted in 50-uL aliquots and incubated using the following con-
ditions: 94 °C for 30 s, 65 °C for 1 min, and 72 °C for 1 min for
up to 30 cycles. PCR products were purified with the Qiagen
PCR pure kit and separated by electrophoresis through a
1.5% agarose gel. The DNA was purified from the agarose
gel slices, digested with 100 U of Dpnll for 2 h, and the
digested material was fractionated by electrophoresis through
a native 15% polyacrylamide gel. The released fragments
were recovered by DEAE-53 sepharose chromatography, re-
suspended in 4 uL of water, and ligated to each other using
the rapid ligation kit from Roche. The ligated material was
phenol extracted, ethanol precipitated, and fractionated by
gel electrophoresis through a 2-mm-thick 1.2% agarose gel.
Fragments larger than 200 nt were then recovered from the
gel and ligated to BamHlI-cleaved and dephosphorylated plas-
mid vector pUC18. The ligation mixture was electroporated
into electrocompetent DH10B cells according to the manu-
facturer’s instruction (Gibco).

Colonies were screened by hybridization and by PCR. Plas-
mid DNAs were sequenced using either the forward or re-
verse primer. To enrich for actin tags, about 1 pg of PCR
product from the large-scale amplification reaction was re-
suspended in 50 uL of water, denatured at 95 °C for 5 min,
and hybridized to 1.5 ug of sense biotinylated actin coding
region RNA in 5 X SET. Hybridization was carried out for
30 min at each of the following temperatures: 65°C, 60 °C,
55°C, 50°C, 45°C, 40°C, and 37 °C. Hybridized material was
recovered by binding to 1 mg of streptavidin—magnetic beads
according to the manufacturer’s instructions (Dynal), washed,
and eluted at 70°C in water. Eluted material was PCR am-
plified using the conditions described above and the
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hybridization—selection procedure was repeated once more.
PCR products were then processed as described above. To
verify the efficiency of the selection procedure, aliquots of
PCR products before selection and after each round of se-
lection were analyzed by southern hybridization with two actin-
specific probes, one representing the dsRNA region and the
other one representing nt 477—813 of actin mRNA. The re-
sults of this analysis showed that the twice-selected PCR
fragments had been enriched for actin sequences about 300-
fold relative to the starting material and that they did not
contain detectable sequences downstream of the dsRNA
region.
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