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Abstract

A new RNA world has emerged in the past 10 years with the discovery of a plethora of 20- to 30-
nucleotide long small RNAs that are involved in various gene silencing mechanisms. These small
RNAs have considerably changed our view of the regulation of gene expression in eukaryotic
organisms, with a major shift towards epigenetic and post-transcriptional mechanisms. Here we
focus on the striking diversity of small silencing RNASs that have been identified in a number of
protozoan parasites and their potential biological role.

The small RNA world and RNA silencing

Both prokaryotic and eukaryotic cells are populated with a variety of small RNAs, ranging
in size from ~20 up to a few hundred nucleotides (nt). The adjective ‘small” was initially
used to refer to molecules that are shorter than average size, the comparison being made
with the large ribosomal RNAs and mRNAs, which are in the size range of hundreds to
thousands of nt. Included in the original small RNA category are RNAs involved in
translation (tRNAs, 5S RNA), pre-mRNA processing (small nuclear RNAs; sSnRNAS),
processing and modification of pre-rRNA (small nucleolar RNAs; snoRNAS) and protein
translocation across the endoplasmic reticulum (7SL RNA), among others. All these small
RNAs have in common is that they do not code for proteins, hence the collective name of
non-coding RNAs (ncCRNAS).

Over the last decade, however, the universe of small ncRNAs has exploded [1] with the
discovery of the shortest type of this class, the small silencing RNAs (sSRNASs). They are 20
to 30 nt in length and generally function to downregulate gene expression by a variety of
mechanisms, which are collectively referred to as RNA silencing. RNA interference or
RNAI, namely the pathway through which long double-stranded RNA (dsRNA) triggers
cleavage of homologous transcripts, was the first RNA silencing mechanism discovered [2].
In the space of a few years sSRNAs were recognized as mediators of the RNAI response and
related pathways and were shown to correlate with a number of gene silencing phenomena,
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from post-transcriptional gene silencing (PTGS), first described in plants, to DNA
methylation and transcription inhibition, viral demise, heterochromatin formation and
chromosome segregation, DNA elimination, transposon and retroposon silencing, and
translational control [1,3]. Although the above phenomena display some organism-specific
features both at the genetic and mechanistic levels, they are all dependent on sSRNAs.

While the current literature is abounding with acronyms defining ssRNA, making it difficult
for the non-cognoscenti to navigate through them, the most well known types of sSRNAs are
the small interfering RNAs (siRNAs), the micro RNAs (miRNAs) and the Piwi-associated
RNAs (piRNAs). siRNAs and miRNAs are found throughout the eukaryotic kingdom, in
single-cell as well as in multicellular organisms, whereas piRNAs are restricted to the germ
line of certain metazoans [1,3]. Besides the short length, the second distinctive feature of
small silencing RNAs is their association with members of the Argonaute (AGO) protein
family [4], which are the central components of the RNA-induced-silencing complex or
RISC (Box 1).

Box 1

RNA silencing genes in protozoan parasites

As extrapolated from model organisms, the minimal RNA silencing machinery consists
of Dicer, a Dicer protein partner that binds double-stranded RNA and facilitates Dicer
cleavage, an Argonaute “slicer’ and a guide siRNA. In addition, in certain organisms,
including nematodes and plants, an RNA-dependent-RNA polymerase is required to
amplify the RNA silencing response [53]. For the miRNA pathway, Drosha, an RNase
I11-family enzyme, and a double-stranded RNA binding protein partner are also needed,
but these factors do not appear to be conserved in protozoan parasites.

Dicer

Dicer, an RNase Il1-family enzyme, is classically distinguished by the presence of two
RNase 111 domains, RNase Illa and RNase Il1b [54], which can be next to each other, like
in human Dicer, or at different positions along the polypeptide, as is the case for the two
T. brucei Dicer enzymes. In addition, the size and domain structure of Dicers are
extremely variable, with human Dicer being over 2,000 amino acids long and G. lamblia
Dicer being a polypeptide of a little more than 700 amino acids. Importantly, GIDicer
was the first of this class of molecules to be crystallized, and the solution of its structure
confirmed that the RNase Illa and I1lb domains form an internal heterodimer [55]. These
studies also led to the model that Dicer acts as a ruler that measures the distance between
the 3’ end of the dsRNA, which is bound to the PAZ domain, and the phosphodiester
bonds positioned at the active sites.

Argonaute

Argonaute family proteins are at the center of RNA. silencing mechanisms. Several
excellent reviews have been published, and the reader is referred to them for a detailed
account on the structure and function of this protein family [4,13,56]. Briefly, AGO
family proteins are characterized by PAZ, MID and Piwi domains. Only certain AGO
proteins, termed ‘slicer’, are endowed with an RNase H-type endonuclease activity,
which resides in the C terminal Piwi domain, and functions in transcript cleavage upon
target recognition by the guide siRNA. Many AGO proteins, however, including the
metazoan AGO family members that are bound to miRNAs, have no detectable
endonuclease activity. AGO-miRNA complexes silence gene expression via recruitment
of factors involved in mMRNA degradation and/or translational repression [1,3]. According
to phylogenetic considerations, an AGO-like protein was already present in the last
common ancestor of eukaryotes [57]. At present very little is known in terms of slicer
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activity among the various AGO proteins from RNAi-proficient protozoan parasites. So
far, only TOAGOL1 has been subjected to detailed functional analysis and shown to be
essential for transcript degradation both in the cytoplasm and nucleus [25,58].

RNA-dependent RNA polymerase (RARp)

RdRp is an enzyme that catalyzes the synthesis of RNA from an RNA template.
Originally identified in RNA viruses, many eukaryotic organisms are endowed with
RdRps. In relation to the RNAI pathway, in certain organisms, including plants and C.
elegans, RdRps are implicated in the amplification of the primary RNAI response
through the production of so-called secondary siRNAs. In C. elegans secondary siRNAs
bear a di- or tri-phosphate at the 5’ end, the hallmark of newly-synthesized
polynucleotides [53]. Among the parasitic protozoa, RdRp-like genes have been
identified in G. lamblia, E. histolytica and T. gondii.

Small interfering RNAs and micro RNAs

In reviewing sSRNAs one needs to recall that in 1993 the groups of Ambros [5] and Ruvkun
[6] discovered the first example of a miRNA in Caenorhabditis elegans (called at that time
small temporal RNA), and they demonstrated that lin-4, a 22-nt RNA species, was involved
in regulating the timing of larval development by base pairing with the 3’ untranslated
region of lin-14 mRNA. At the time this incredible finding remained largely unnoticed and
was even considered a peculiarity of nematodes. However in 2001, sequencing of small 20—
30 nt RNAs from Drosophila, HeLa cells and C. elegans [7-9] revealed that miRNAs were
plentiful and a universal feature of higher eukaryotes. sSiRNAs were discovered in 1999, this
time in plants, by Baulcombe’s group in a seminal paper published in the journal Science
and entitled: “A species of small antisense RNA in post-transcriptional gene silencing in
plants” [10]. Following this lead, in 2001 our laboratory reported the identification and
sequencing of siRNAs in the protozoan parasite Trypanosoma brucei [11].

Both siRNAs and miRNAs, in a complex with an AGO protein, recognize their targets
through base-pair interactions [1,3]. The region of homology between the siRNA and the
mRNA can occur at any position, i.e. in the coding region or in the UTRs, and the
complementarity is usually perfect along the length of the duplex. Instead, in the case of
miRNA/mRNA recognition, the miRNA is only partially complementary to its target, and
miRNA binding sites are usually found in the mRNA 3’ UTR. The seed region consisting of
nucleotides 2 through 7 of miRNASs determines the specificity of the interaction, although
exceptions to this rule have been noted. In particular, plant miRNAs are perfectly
complementary to their targets and like siRNAs trigger target cleavage [12].

SiRNAsS, in a complex with an AGO ‘slicer’, namely an AGO protein endowed with
endonuclease activity [13] (Box 1), guide cleavage of target transcripts. In contrast, miRNAs
are in general found associated with endonucleolytically-incompetent AGO family members
and bring about destabilization of the mRNA target and/or translation inhibition [1,3,14].
However, the exact mechanism of action of miRNAs is still being debated.

The biogenesis of siRNAs and miRNAs

SiRNAs are processed from long dsRNAs by the endonuclease Dicer (Box 1), an RNase Il1-
family enzyme, in a complex with a dSRNA-binding protein (dsRBP). Long dsRNA are
generated by annealing of sense and antisense transcripts from endogenous genes or
transgenes expressing dsRNA in the form of hairpins or rod-like structures. Alternatively,
synthetic dSRNA can be introduced into cells by a variety of methods. Dicer cleavage
generates short double-stranded fragments (Figure 1), which depending on the organism
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vary in size between 20 and 30 nt. These primary cleavage products have 5’ phosphate and
3’ OH termini and 2 nt extensions at the 3’ ends, the hallmarks of RNase I11-type enzyme
cleavage. Only one of the two strands of a duplex siRNA, termed the guide strand, is
retained in AGO ‘slicer’, whereas the passenger strand is discarded. For details about the
mechanism of guide strand selection and loading into Argonaute, the reader is referred to
recent, excellent reviews [3,15]. In certain organisms, like plants, mature siRNAs, which are
in a complex with AGO, are methylated at the 3" end by HEN1, a 2'-O-specific
methyltransferase [16].

In contrast, the biogenesis of miRNAs is a multistep process that involves two cleavage
steps [1,3]. In the nucleus the primary miRNA, which typically is transcribed by RNA
polymerase 11 and codes for several miRNAS, is processed by the microprocessor complex
consisting of Drosha, an RNase I11-family enzyme, and a dsRNA binding protein (dsRBP;
DGCRS8 in humans and Pasha in Drosophila) to generate 60-70 nt pre-miRNA hairpins.
Pre-miRNAs are then exported from the nucleus to the cytoplasm by the Exportin 5-RAN
GTPase complex, and the mature miRNAS are generated by the action of Dicer in a complex
with its cytoplasmic dsRBP cofactor. Like siRNAs, miRNAs are in duplex form at this
point, with the two strands named miRNA (corresponding to the siRNA guide strand) and
miRNA* (corresponding to the siRNA passenger strand). Only the miRNA strand is
incorporated into an AGO family member, whereas the miRNA* strand is discarded,
although there are exceptions to this rule as well.

RNA silencing pathways and small silencing RNASs in protozoan parasites

In the following sections the current knowledge on RNA silencing pathways and the small
silencing RNAs in protozoan parasites will be summarized (Table 2). The focusison T.
brucei, Giardia lamblia, Entamoeba histolytica and Toxoplasma gondii. However, it is
important to note that the RNAI pathway is also functional in Trypanosoma congolense [17],
Leishmania viannia braziliensis and Crithidia fasciculata [18], although the repertoire of the
corresponding small RNASs has not yet been analyzed. In contrast, Trypanosoma cruzi [19],
Leishmania major, Leishmania donovani [20] and Plasmodium falciparum are RNAi-
deficient [21,22]. At present it can only be speculated what evolutionary force(s) led to the
retention or loss of the RNAI pathway.

Trypanosoma brucei

T. brucei was one of the first organisms where RNAi was discovered [23] and the first
protozoan parasite that greatly benefitted from the application of the RNAI tool for
analyzing gene function. Over the past thirteen years the T. brucei RNAi mechanism has
been investigated in detail through biochemical and genetics approaches. Two Dicer-like
proteins, TbDCL1 [24] and TbDCL2 [25], and a single AGO protein, TbAGOL1 [26,27], fuel
the RNAI mechanism (Table 1). The two Dicer enzymes have two RNase |11 motifs each
(RNase Illa and Il1b), which are the only recognizable domains, and they occupy different
cellular compartments: DCL1 is localized in the cytoplasm, and DCL2 is mostly found in
the nucleus. ThbAGOL1 controls both the nuclear and cytoplasmic RNAi mechanisms and has
been shown to be essential for degradation of mMRNA in the cytoplasm and of retroposon/
repeat transcripts in the nucleus [25,26]. The finding that human AGO?2 “slicer’
complements, at least in part, ThDAGO1 ablation [28] provided further support to the slicer
function of trypanosome AGO1. Moreover, comparative genomics indicated the existence of
two additional RNAI factors that are specific to trypanosomatid protozoa with functional
RNAI machineries (Ullu et al., unpublished data). Based on the current evidence, the
following model for the T. brucei RNAI pathway has been proposed [25]. Endogenous
dsRNA, derived from annealing of sense and antisense transcripts from retroposons and
repeats, is processed to siRNAs in the nucleus by ThDCL2. In the cytoplasm TbDCL1 acts
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as a sentinel to process dSRNA that either escapes from the nucleus or is formed in the
cytoplasm. siRNAs produced from either Dicer are then loaded into TOAGO1 with the
assistance of one of the novel RNA. factors recently discovered (Ullu et al., unpublished
data).

To obtain information about the biological role of the endogenous RNAI pathway, we
cloned and sequenced size-selected 20-30 nt RNAs isolated from purified polyribosomes
more than a decade ago [11]. The choice of the starting material was based on the
observation that approximately 10-20% of small RNAs co-sedimented with polyribosomes
[29], and that the small RNAs recovered from this fraction had a much lower contamination
level with rRNA fragments than those isolated from total RNA. These small RNAs had the
features of siRNAs, with a phosphate at the 5’ end, indicative of Dicer cleavage, and
interestingly, a blocked 3’ terminus [25]. The latter modification is most likely introduced by
a HEN1 family methyltransferase, which is present in the trypanosome genome. The first
sequencing effort revealed that the majority of the siRNAs were derived from two
retroposon families that inhabit the trypanosome genome, namely the ubiquitous ingi
(Kiswahili meaning: many) and the site-specific SLACS (Spliced Leader Associated
Conserved Sequence) elements. More recently, a third class of siRNAs derived from 147 bp
chromosomal internal repeats were reported, termed CIR147 [25], which were originally
identified in putative centromeric regions [30]. High-throughput sequencing of siRNAs
associated with TOAGO1 has confirmed the above results, but also indicated that many
genomic regions with the potential to generate transcripts in the form of dsRNA, like
inverted repeats and convergent transcription units, are the source of siRNAs (Ullu et al.,
unpublished data). These siRNAs are associated with AGO1, although their abundance is
much lower than that of the major siRNA classes. No miRNA-like molecules were detected
in these studies, although bioinformatics predictions have suggested the existence of such
RNAs [31]. Thus, from the above results one major function of the trypanosome endogenous
RNAI pathway could be to free cells of transcripts derived from retroposons, thus decreasing
the probability of mobilization of the corresponding elements and promoting genome
stability. In support of this possibility, long-term cultures of AGOL1 null trypanosomes
showed evidence of rearrangements of the SLACS elements [32]. Thus, similarly to what
has been described in other organisms, the trypanosome RNAI pathway most likely
functions as a nucleic acid-based immune system to defend cells against parasitic nucleic
acids. However, the identification of the CIR147 siRNAs is telling us that the function of the
RNAI pathway may be more complex than anticipated. These repeats are found in
chromosomal internal regions and are surrounded by remnants of ingi retroposons [30]. Not
only is this arrangement highly reminiscent of centromeric DNA, but these repeats were
identified by Kelly and colleagues as part of putative centromeric regions [30]. However,
since only three out of the eleven megabase chromosomes present in T. brucei bear CIR147
repeats [25], it is difficult to imagine that these repeats are markers for centromeric DNA.
Nevertheless, they could function as islands for some, yet to be discovered, genome
structural purpose. It is important to note that Bastin and colleagues have reported that in
Lister 427 trypanosomes ablation of TOAGOL results in defects in chromosome segregation
[27,33], suggesting that the RNAi machinery may function to build pericentric
heterochomatin, similar to S. pombe where RNA. is required for proper centromere function
[34]. Additionally, retroposons and CIR147 repeats alike may very well be present in
heterochromatic regions of the genome, as can be extrapolated from what is known in other
organisms. Thus, one important question that needs to be addressed is whether RNAI has a
role in heterochromatin formation in T. brucei. The identification of proteins involved in
chromatin remodeling and histone modifications specific to heterochromatin will be pivotal
towards clarifying whether RNAI plays a role in provoking chromatin silencing in T. brucei.
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Giardia lamblia

The G. lamblia genome harbors three RNAI genes (Table 1): an AGO family member, a
Dicer enzyme and an RNA-dependent RNA polymerase (RdRP). Although the existence of
the RNAI pathway genes was noted many years ago, experimental RNAI as a tool to study
gene function in these organisms has not met with much success. Rather, the preferred
methods for gene silencing are expression of antisense RNA or transcript cleavage via
engineered ribozymes. Nevertheless, a very recent report revealed that long dsRNA can
trigger downregulation of gene expression [35], although the system only worked for
MRNAs expressed at moderate levels and not for highly abundant mMRNAs. Intriguingly, no
SiRNAs could be detected in these experiments, but this observation needs to be confirmed
by further experimentation. Most interesting was the finding that downregulation of GIDicer
or GIRdRP, via production of homologous antisense RNA, leads to cells expressing more
than one variant-specific surface protein (VSP) gene at one time [36]. Thus, a model has
emerged that RNAI is required for antigenic variation in G. lamblia, although the
mechanistic details of this phenomenon are not yet understood.

A first insight into the biological role of RNAI in G. lamblia was provided in 2005 by the
cloning and sequencing of size-selected 20-30 nt RNAs isolated from trophozoites [37].
This analysis revealed a population of sense and antisense RNAs of approximately 30 nt
originating from GilT elements, a non-LTR family of retrotransposons enriched at telomeres
[38]. The expression of these GilT small RNAs was confirmed by Northern hybridization
and their size was suggestive of siRNA-like molecules. Furthermore, large GilT transcripts
of sense and antisense polarity were found in steady-state conditions, suggesting that GilT
dsRNA could be formed in vivo, thus providing potential substrates for Dicer cleavage and
the generation of siRNAs. However, since the library was constructed using a method that is
independent of the phosphate present at the small RNA 5’ end, it is not known whether
primary, as well as secondary siRNAs (Box 1), with a polyphosphate 5’ end and possibly
made by GIRdRp, were captured. Small RNAs derived from silenced, but not from the
expressed VSP gene, have also been documented and implicated in controlling antigenic
variation [36]. Lastly, high-throughput sequencing uncovered a class of small RNAs derived
from an unusually long tandemly-repeated RNA named Glrep-1, whose sequence is
somewhat similar to VSP genes [39]. The authors proposed that these small RNASs represent
siRNAs and raised the possibility that they are somehow involved in antigenic variation. In
summary, the current evidence suggests that siRNA-like molecules exist in Giardia.
However, further experimentation is needed to characterize these RNAs in more detail. Do
these molecules have the signature termini of Dicer-dependent cleavage and/or are they
synthesized by RARp? Are they associated with Argonaute? What are the specific silencing
functions of these small RNAs?

The potential involvement of the Giardia RNAi machinery in translation repression has
been put forward by the work of Saraiya and Wang, who reported the discovery of miRNA-
like molecules derived from snoRNAs [40]. They identified a 26-nt RNA (miR2) as a
product of Dicer-processed snoRNA GIsR17. Contrary to its nuclear precursor, miR2 was
localized to the cytoplasm. Based on reporter gene assays the authors concluded that miR2
likely affects translation, but not stability of target mRNAs. In addition, knock-down of
Dicer significantly reduced miR2 levels, implicating the protein in the generation of these
molecules. The finding that sSnoRNAs can enter the RNAI pathway was also reported in
human cells where it was directly shown that the corresponding processed products are
associated with AGO1 and AGO?2 [41]. At present, the mRNA targets of snoRNA-derived
miRNAs are not yet known and thus, their functional significance needs to be established.

The presence of mMiRNA candidates in the Giardia genome has also been explored by high-
throughput sequencing [39] and bioinformatics approaches [42]. Collectively, these studies
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indicate the presence of several tens of potential miRNAS specific to Giardia, and the
expression of a few of them was confirmed by RT-PCR [42]. What is needed at this point is
to dig in and show that the potential RNA targets, which were only identified
bioinformatically, are indeed controlled by specific miRNA candidates. Nevertheless, the
results of the above studies are highly suggestive that miRNAs are likely to be important
regulators of gene expression in Giardia.

Entamoeba histolytica

In contrast to Giardia, a variety of studies have provided evidence that expression or
delivery of dsRNA can be used as a tool to downregulate E. histolytica gene expression [43].
Entamoeba has three predicted AGO-like proteins, one of which (EH_125650) predominates
in axenically-grown parasites and is found associated with a special class of sSRNAs [43], as
discussed below. Conversely, BLAST searches for RNase I11-domain containing proteins in
E. histolytica only returned one ORF with a single RNase 111 domain. In vitro studies
indicated that the recombinant protein had detectable RNase 111 activity and that E.
histolytica extracts can degrade dsRNA, although the size of the terminal digestion products
was not accurately determined [44]. Thus, at present no firm conclusion can be drawn on the
putative Dicer present in this organism. Nevertheless, it is interesting to note that in the
fungus Saccharomyces castellii Dicer has a single RNase 111 domain and most likely
dimerizes like its prokaryotic counterparts [45]. Furthermore, the crystal structure and
functional studies of a fragment of mouse Dicer indicated that the RNase I11b domain can
homodimerize and is catalytically active [46]. Thus, it is plausible that the RNase I11-family
protein identified in E. histolytica may function as Dicer, although its role in the generation
of ssRNAs needs to be ascertained.

Work carried out in Upinder Singh’s laboratory has revealed a plethora of small RNAs that
may well be involved in regulating gene expression by a variety of mechanisms. In order to
identify the repertoire of E. histolytica endogenous small RNAs, a 5’-phosphate independent
cloning approach aimed at capturing small RNAs with either a 5’-phosphate or a
polyphosphate (polyP) structure was used [47]. An abundant population of 27-nt long small
RNAs with 5'-polyP termini and a free 3'-OH was identified. Thus, the biogenesis of these
molecules involves a biosynthetic pathway, likely carried out by EhRARP. Importantly, this
was the first report of the existence of secondary RNAI effectors in an early divergent
protozoan parasite. The 27-nt RNAs mostly mapped to the antisense strand of protein coding
genes with a bias toward the 5" end of predicted mRNAs, associated with the most abundant
AGO protein in trophozoites, and their expression inversely correlated with the amount of
mRNA present in steady-state in a strain-specific fashion. This latter finding is consistent
with a potential regulatory function of the 27-nt RNAs.

Interestingly, the small RNA libraries contained very few sequences derived from non-LTR
retrotransposons [47], which have been shown to be abundantly expressed in an E.
histolytica virulent strain [48]. This finding was surprising in light of the fact that in most
organisms analyzed so far, the repertoire of endogenous siRNAs is largely derived from
transposons and retroposons. Although it is possible that the RNAi machinery in E.
histolytica does not function in downregulating expression of mobile elements, firm
conclusions on this matter cannot be drawn at this time, as the full repertoire of SSRNAs,
including primary siRNAs, needs to be investigated.

It should be noted that a significant fraction of the E. histolytica small RNA repertoire was
derived from tRNAs, but this population was not considered biologically relevant [47].
However, tandem arrays of tRNA genes make up approximately 10% of the amoeba genome
[49], and thus they constitute a highly repeated gene family. Since small RNAs can be
generated from repeats, it is possible that tRNA fragments become associated with one of
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the amoeba AGO proteins and have a regulatory role. Indeed, although little is known about
the biological role of small RNAs derived from mature tRNAs, they appear to be part of the
RNAIi machinery in higher eukaryotes [50].

In summary, studies in E. histolytica have revealed a complex repertoire of small RNAs
with potential regulatory functions. The specific role of the 27-nt RNAs needs to be further
investigated by determining, for instance, whether they function as siRNAs by triggering
target cleavage or as miRNAs by inducing destabilization or translation repression of target
mRNAs. Additionally, the identification of secondary siRNAs predicts that primary siRNAs
also exists. Lastly, does the Entamoeba genome code for miRNA-like molecules?

Toxoplasma gondii

The RNAI gene repertoire in T. gondii includes one Dicer, one AGO family member and
one RdRp (Table 1). TgDicer is a large protein with a structural organization reminiscent of
the DCL1 protein of the single cell algae Chlamydomonas reinhardtii [51]. Toxoplasma and
Chlamydomonas Dicer-like genes appear to be phylogenetically related, as they form a
specific clade. Similarly, TJRdRp is closely related to the Neurospora crassa protein QDE1
and clusters with plant RdRPs. On the other hand, TJAGO has features of metazoan AGOs,
localizes predominantly to the cytoplasm, but might also be present in the nuclear
compartment [51]. These observations, together with the identification of a complex
repertoire of small RNAs (see below) has led to the proposal that in Toxoplasma RNA
silencing is brought about by a plant/fungal-like machinery, involved in the generation of
sSRNAs, and is effected by a metazoan-like AGO protein. Like TOAGO1 and other AGO-
family members [26,52], the N terminus of TJAGO is rich in arginine-glycine-glycine
(RGQG) residues.

Given that the T. gondii genome has a complete set of RNAI genes, Braun and colleagues
considered RNA silencing as a possible strategy employed by the parasite for developmental
gene regulation [51]. To test this hypothesis the authors analyzed the repertoire of small
RNAs by high-throughput sequencing of a library constructed from size-selected total RNA.
Two classes of small RNAs were identified: miRNAs, with metazoan-like features and
siRNA-like molecules derived from repeated sequences and satellite DNA. Histones
carrying modifications typical of heterochromatin were found associated with these repeated
regions, suggesting that a proportion of the corresponding siRNAs may function to mediate
heterochromatin formation. Association with TJAGO was confirmed for a number of SiRNA
and miRNA candidates, underscoring their identification as small silencing RNAs.
Interestingly, expression of certain miRNA types varied among the three clonal isolates,
which are currently used in laboratory research and have different virulence phenotypes in
mice [51]. Whether regulation of miRNA expression affects Toxoplasma virulence is a
distinct possibility and an exciting hypothesis for future investigations.

Quite strikingly, immunoprecipitation of epitope-tagged TgAGO followed by mass
spectroscopy revealed a rich repertoire of putative interacting factors, which included many
of the previously described RISC-interacting proteins [51]. Among these were RNA binding
proteins and helicases, factors involved in transcription, translation and chromatin
remodeling, and PRMT1, a protein Arginine methyltransferase that may be involved in
methylating the RGG-rich N terminus of TJAGO. Furthermore, a proportion of TJAGO co-
sedimented with polyribosomes, and this putative association required the RGG domain at
the N terminus, as previously described for TbLAGO1 [26,52]. Thus, the nature of the small
RNAs and the localization of TJAGO suggest that in Toxoplasma RNA silencing operates at
the translational level via a miRNA-like pathway and, via a sSiRNA-mediated mechanism, in
heterochromatin formation and possibly in silencing repeats and transposons [51].
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Although the paper by Braun and colleagues [51] represents a milestone towards furthering
our understanding of the role of RNA silencing in Toxoplasma biology, functional studies
remain to be carried out. There are a number of important aspects of Toxoplasma RNA
silencing that need to be addressed, including validation of the regulatory function of
miRNAs, the identification of mMRNA targets and the analysis of the consequences of
genetically ablating components of the RNA silencing machinery. Also, it will be very
interesting to determine the full repertoire of miRNAS during the various stages of the
Toxoplasma life cycle.

Concluding remarks

The analysis of small RNAs is a relatively new area of investigation in the biology of
parasitic protozoa. However, from what we know so far it is evident that different organisms
express different sets of small RNAs with regulatory potential. The challenge ahead is to
analyze their impact on the biology of parasites, with respect to their complex life cycles and
pathogenesis. High-throughput sequencing of small RNAs bound to their cognate AGO
proteins will provide an invaluable tool to investigate the full repertoire in each organism
and perhaps reveal new classes of small silencing RNAs. Lastly, functional studies, in those
organisms that have robust genetic tools, like T. gondii, will undoubtedly provide invaluable
insights into the small silencing RNA biology.
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Figure 1. Molecular players of the classical RNAi pathway
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Dicer in association with a dsSRNA binding protein (dsRBP) processes long RNA duplexes
(dsRNA) into 20-30 nt siRNAs. Next, siRNAs are loaded into Argonaute ‘slicer’ (AGO),

the catalytic core of RISC (RNA-induced-silencing complex). The passenger strand is

removed and the guide strand interacts directly with AGO to target mRNA for cleavage.
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Table 1
RNAI genes in protozoan parasites
Organism Dicer Argonaute  RdRp  Refs.
Trypanosoma brucei yes (28)  Yes 1) no [24-27]
Leishmania braziliensis  yes (2) yes (1) no [18,59]
Leishmania major no pseudogene  no [59]
Giardia lamblia yes (1) yes (1) yes (1) [36,55]
Entamoeba histolytica possibly  yes (3) yes (1) [43,44,47]
Toxoplasma gondii yes (1)  yes(1) yes (1) [21,51]

a . .
indicates the number of genes in each class
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Table 2

Classes of small silencing RNAs identified in protozoan parasites

Organism Primary siRNAs  Secondary siRNAs miRNAs
Trypanosoma brucei yes uLa UL
Giardia lamblia likely ukb yes
Entamoeba histolytica UK yes UK
Toxoplasma gondii yes UK yes

UL, unlikely.

bUK, unknown.
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