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Abstract

The RNA interference pathway in the protist Entamoeba histolytica plays important roles in permanent gene silencing as
well as in the regulation of virulence determinants. Recently, a novel RNA interference (RNAi)-based silencing technique was
developed in this parasite that uses a gene endogenously silenced by small RNAs as a “trigger” to induce silencing of other
genes that are fused to it. Fusion to a trigger gene induces the production of gene-specific antisense small RNAs, resulting
in robust and permanent silencing of the cognate gene. This approach has silenced multiple genes including those involved
in virulence and transcriptional regulation. We now demonstrate that all tested genes of the amebic RNAi pathway are
unable to be silenced using the trigger approach, including Argonaute genes (Ago2-1, Ago2-2, and Ago2-3), RNaselll, and
RNA-dependent RNA polymerase (RdRP). In all situations (except for RdRP), fusion to a trigger successfully induces
production of gene-specific antisense small RNAs to the cognate gene. These small RNAs are capable of silencing a target
gene in trans, indicating that they are functional; despite this, however, they cannot silence the RNAi pathway genes.
Interestingly, when a trigger is fused to RdRP, small RNA induction to RdRP does not occur, a unique phenotype hinting that
either RARP is highly resistant to being a target of small RNAs or that small RNA generation may be controlled by RdRP. The
inability of the small RNA pathway to silence RNAi genes in E. histolytica, despite the generation of functional small RNAs to
these loci suggest that epigenetic factors may protect certain genomic loci and thus determine susceptibility to small RNA
mediated silencing.
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[9]. In some organisms, such as Schizosaccharomyces pombe, RNAi
is required for heterochromatin formation [10].

In nematodes a secondary RINAi pathway functions, in which
RNA-dependent RNA Polymerase (RdRP) is recruited to sites of
primary RNAi and synthesizes secondary sRNAs resulting in
amplified silencing [7,11,12]. Many classes of sSRNAs including
small interfering RNAs (siRNAs) and microRNAs are processed
through an RNaselll-dependent mechanism, which generates
sRNAs with 5’-monophosphate and 3'-hydroxyl termini [13]. In
contrast, RARP-generated secondary sSRINAs in nematodes contain
5'-triphosphate termini [11,12,14]. Excluding nematodes, sRNAs

Introduction

RNA interference (RNAI) is the regulation of gene expression
through small (~20-30 nucleotide), noncoding RNAs that target
transcripts for silencing in a sequence-specific manner [1]. RNAi1
mechanisms have been identified in a wide array of organisms
from protozoans to humans and small RNAs (sSRNAs) function in
diverse biological processes from development to antiviral defense
[2-6]. In the classical RNAi pathway, double-stranded RNA
(dsRNA) is recognized and cleaved by Dicer, an RNaselll enzyme,
into 20-30nt duplexes that get loaded into an RNA-Induced

Silencing Complex (RISC). One strand is preferentially degraded,
activating RISC to use the other strand to target transcripts with
which it has perfect or near perfect complementarity for
transcriptional or post-transcriptional silencing [7-9]. Argonaute
(AGO) is a key component of RISC and is responsible for
mediating silencing using the target sSRNA [9]. RNAi-mediated
silencing can take many forms including transcript cleavage,
transcriptional repression, and DNA and histone modifications
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with 5'-polyphosphates (5"-polyP) have only been described in one
other system, the protozoan parasite Entamoeba histolytica (E.
histolytica) [15-17].

E. histolytica is an important human intestinal parasite that
results in 100,000 deaths annually and is thus a leading parasitic
cause of death. Invasive disease is characterized by dysentery,
colitis, and abscesses in the liver [18,19]. Gene expression
regulation modulates many aspects of parasite pathogenesis
including tissue invasion and response to oxidative stress [20,21].
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A robust endogenous small RNA pathway is present in E.
histolytica [22]. Core elements of the RNAi machinery are
encoded within the E. histolytica genome including three
Argonaute genes (EhAgo2-1, EhAgo2-2, and EhAgo2-3)
(EHI_186850, EHI_125650, EHI_177170) and two RdRP genes
(EhRdRP1 and EhRdARP2) (EHI_139420 and EHI_179800) [23].
To date, no canonical Dicer enzyme in E. histolylica has been
identified, however there is a single gene with an RNaselIl domain
(EhRNasellI) (EHI_068740) annotated in the genome [23]. Of the
three Argonaute genes, EhAgo2-2 is the most highly expressed
[23,24]. Although there are two RARP genes in E. histolytica, only
EhRdRP1 contains a full-length RARP domain [23].

E. histolytica has a complex repertoire of endogenous sRNAs
including a highly abundant 27nt population, which associates
with EhAGO2-2 and has 5'-polyP termini indicating that they are
not Dicer products but instead are reminiscent of secondary
sRNAs in nematodes [11,12,14,15,17]. Among the EhAGO2-2
associated sSRNAs, the majority map antisense (AS) to predicted
protein coding regions, are biased towards the 5" end of the gene,
and have an inverse correlation between sRNA abundance and
gene expression indicating that they regulate gene expression in E.
histolytica [15,17]. Comparisons between E. histolytica strains
suggest that sSRINAs regulate virulence factors that contribute to
strain-specific differences [17]. Furthermore, sSRNAs help mediate
transcriptional gene silencing in E. histolytica [16].

The polyploid genome and lack of homologous recombination
make traditional gene knockout strategies unfeasible in FE.
histolytica and have led to alternative approaches to down
regulating gene expression [25,26]. Most of these methods are
based on the RNAi pathway and include expression of AS
transcripts, dsRNA hairpins, short RNA hairpins, soaking
trophozoites in siRNAs, and feeding dsRNA-expressing bacteria
to trophozoites [reviewed in [27]]. These techniques exhibit
varying degrees of success and further investigations into the
underlying silencing mechanism have been largely lacking [27].
Moreover, there is evidence that dsRNA-based silencing can be
lost over time [28]. A method of transcriptional gene silencing
(termed G3) in which chromatin modifications at the genomic
locus lead to permanent silencing was recently linked to the RNAi
pathway through the involvement of EhAGO2-2 and sRNAs to
silenced loci [16].

Recently a technique was developed that takes advantage of the
endogenous RNAI pathway to silence genes in E. histolytica using
a mechanistic approach [29]. This method uses a “trigger” gene
(which has a dense population of endogenous AS sRNAs) that
when fused to a second gene silences the fused gene [29]. Silencing
occurs via generation of AS sRNAs to the fused gene and targeting
of the chromosomal gene resulting in silencing. Importantly, even
after subsequent removal of the trigger plasmid, there is continued
amplification of the AS sRNAs from the chromosomal locus
enabling permanent silencing [29]. This technique has successfully
silenced multiple E. histolylica genes [29,30].

Given the robust down regulation of E. histolytica transcripts
using the novel trigger-based approach, we wanted to ascertain
whether this technique could silence RNAI genes in E. histolytica.
Targeting RNAi pathway genes for silencing using an RNAi-based
method has been successful in other systems [31-33]. Using the
trigger-based approach we attempted to silence three Argonaute
genes (EhAgo2-1, EhAgo2-2, EhAgo2-3), EhRNaselll, and
EhRdRPI. For the Ago and RNaselll genes, the trigger method
generated gene-specific AS sSRNAs, but despite this, all genes were
refractory to silencing. For EhRdRP1 no AS sRNAs could be
detected in parasites with the trigger-based approach. Given that
none of the amebic RNAI genes could be downregulated using the
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trigger method, these data raise the possibility that the genomic
loci of the putative RNAi genes are protected from RNAi-
mediated silencing.

Results

Trigger mediated generation of small RNAs to EhAgo2-2

We have previously tried a variety of methods (including
expression of inducible and constitutive AS transcripts and
dominant negative strategies) to modulate expression levels of
the core RNAI machinery in E. histolytica but have been unable to
downregulate these genes in E. histolytica trophozoites (Pompey
and Singh, unpublished data). With the recent development of a
novel and robust trigger silencing method, we wanted to
determine whether this approach was capable of silencing amebic
RNAI genes. We attempted to silence EhAgo2-2 using the full-
length coding sequence of EhAgo2-2 cloned downstream of a
trigger plasmid. High resolution Northern blot analysis using
strand-specific oligonucleotide probes revealed abundant gene-
specific AS sRNAs to EhAgo2-2 in trophozoites expressing the
trigger-EhAgo2-2 plasmid but not in untransfected parasites
(Figure 1A). Similarly, AS sRNAs to the trigger region were
enriched in transfected parasites confirming that sSRNA amplifi-
cation was occurring from the trigger plasmid as expected. These
results agree with previously published results showing that AS
sRNAs can be generated to endogenous E. histolytica genes fused
to the trigger [29]. To assess impact on EhAgo2-2 transcript levels,
we probed for full-length transcript by Northern blot analysis.
There was a slight decrease in the abundance of EhAgo2-2
transcripts in parasites transfected with the silencing construct
compared to those that were not (Figure 1B) indicating that the
Ago2-2 AS sRNAs were not able to efficiently silence the EnAgo2-
2 transcripts. These data are in sharp contrast to other E.
histolytica genes whose transcripts were silenced to below the levels
of detection using this trigger method [29]. Similar strategies have
been employed in other systems including Drosophila, Caenor-
habditis elegans, and Trypanosoma brucei where core RNAI genes
could be successfully downregulated using an RNAi-based
approach [31-33].

Trigger generated small RNAs are not maintained in the

absence of drug selection

Morf et al. [29] demonstrated that AS sSRNAs to endogenous
genes were maintained even after removal of the silencing plasmid,
indicating that the chromosomal locus was serving as a template
for the amplification of sSRNAs originally induced by the trigger
plasmid. To determine whether EhAgo2-2 sRNAs could enter an
amplification process based on a chromosomal template, we
induced the loss of the trigger plasmid from the transfectants by
continuously culturing parasites in absence of drug pressure for six
weeks and tested for maintenance of the EhAgo2-2 AS sRNAs by
Northern blot analysis. After one week without drug, sRNAs to
EhAgo2-2 were still abundant but after drug removal for six
weeks, the population of EhAgo2-2 sRNAs was substantially
diminished (Figure 1A). This result is in stark contrast to the
trigger-mediated silencing of the E. histolytica rhomboid protease
EhROMI where ENROM1 sRNAs were abundant even after 18
months of culturing without drug [29]. This indicates that unlike
EhROMI, EhAgo2-2 sRNAs are not efficiently maintained by an
amplification process generated at the genomic locus. Thus it
appears that some loci are amenable to initiating an amplification
loop and long-term maintenance of sSRNAs, while others are not.
Whether there are epigenetic differences between the two loci that
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Figure 1. Antisense sRNAs to EhAgo2-2 are functional but do not silence gene. (A) High resolution Northern blot of the trigger-EhAgo2-2
cell line probed for AS sRNAs to EhAgo2-2, EHI_188130 (loading control), and EHI_197520 (trigger) at 24 ug/ml drug and at 1 and 4 weeks without
drug. Abundant AS sRNAs to EhAgo2-2 diminish over time with plasmid removal. (B) Northern blot for EhAgo2-2 transcripts in untransfected
parasites and in the trigger-EhAgo2-2 cell line at 24 ng/ml drug and at 6 weeks post drug removal. (C) Luciferase assays in the trigger-EhAgo2-2 cell
line transiently transfected with a luciferase expression plasmid (CS-luc), a promoter-less luciferase plasmid (pKTluc), or with the Ago2-2 trigger-
luciferase plasmid. Parasites were maintained at 6 pug/ml drug or were removed from drug for 8 weeks. Luciferase expression was inhibited in the
presence of an Ago2-2 trigger and restored when trigger-EhAgo2-2 plasmid was lost. Luciferase values were normalized to the CS-Renilla-luc
expression. Experiments were performed in triplicates; average and standard errors are shown.

doi:10.1371/journal.pone.0106477.9001

could be responsible for the observed differences in sRNA
maintenance remain to be determined.

Trigger generated small RNAs to Ago2-2 are functional
Given that there was no substantial silencing of EhAgo2-2
despite the presence of AS sRNAs to this gene, we wanted to
determine whether the Ago2-2 sRNAs were functional. We have
previously observed that in cell lines with sSRNAs induced by the
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trigger method, the SRNAs function in trans and can silence a new
target [29]. Therefore, to probe the ability of EhAgo2-2 sRNAs to
silence a gene, we used the first 132bp of EhAgo2-2 as a “trigger”
and fused it to a luciferase reporter generating the Ago trigger-luc
construct. We then transiently transfected this plasmid into the
trigger-EhAgo2-2 cell line, which contained abundant EhAgo2-2
AS sRNAs, and assessed for luciferase signal. As a positive control,
the trigger-EhAgo2-2 parasites were transiently transfected with a
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construct (CS-luc) containing luciferase driven by the strong
cysteine synthase promoter. Trophozoites transfected with a
promoter-less construct (pKTluc) served as negative controls.
Both the positive and negative control functioned as expected and
high luciferase expression was observed with the CS-luc construct
but no luciferase signal was detected with the construct lacking the
promoter (Figure 1C). However, luciferase signal was not detected
in parasites transfected with the Ago trigger-luc construct
indicating that the original trigger-generated EhAgo2-2 AS sRNAs
were functional in trans and capable of efficient silencing of the
fused luciferase gene (Figure 1C). In contrast, when EhAgo2-2
sRNA levels were low after removal from drug pressure, an
exogenously transfected CS-luciferase was expressed at levels
similar to wild-type parasites (Figure 1C). The ability of the
EhAgo2-2 sSRNASs to silence an exogenously introduced plasmid in
trans, indicates that these SRNAs are functional and it is unclear
why EhAgo2-2 sRNAs are unable to silence the cognate gene. We
hypothesize that some inherent feature of EhAgo2-2 genomic
locus prohibits silencing.

Antisense sRNAs are generated to putative amebic RNAI
genes but do not silence targets

In addition to EhAGO2-2, there are several other members of
the RNAi pathway encoded within the E. histolytica genome
including two additional Argonautes, EhAGO2-1 and EhAGO2-
3, and an RNaselll enzyme, EhRNaselll [23]. There is no clear
Dicer enzyme in E. histolytica; however, EhRNasellI is the only
RNaselll domain-containing gene annotated in the genome [23].
To determine whether these genes could be silenced using the
trigger approach, we fused each gene to the trigger construct and
generated stable transfectants. We assayed for AS sRNA
generation to the gene of interest, to a control gene with abundant
sRNAs (EHI_188130), and to the trigger region by Northern blot
analysis. Antisense sSRNAs to EhAgo2-1 and EhAgo2-3 were
detected in their respective cell lines, and sRNAs to the trigger
region were enriched in both the EhAgo2-1 and EhAgo2-3 cell
lines compared to untransfected parasites (Figure 2A).

Similar results were obtained with EhRNaselll where gene-
specific AS sRNAs to EhRNaselll were detected in transfectants
expressing the silencing plasmid (Figure 2B). To ascertain whether
EhRNaselll AS sRNAs could persist after plasmid removal,
trophozoites were cultured for 20 weeks in the absence of drug and
the presence of AS sRNAs determined by Northern blot analysis.
At one and four weeks without drug, the EhRNaselll sRNA
population was readily detectable and the abundance similar to
parasites maintained at 6 pg/ml of G418 (Figure 2B). However,
after 20 weeks without drug selection, the EhRNaselll AS sRNA
population was nearly undetectable and the trigger sSRNAs had
returned to wild-type levels (Figure 2B). Collectively, these data
indicate that EhRNaselll AS sSRNAs may persist for a short term,
but that they do not persist for long periods after plasmid removal.
This suggests that the endogenous EhRNaselll locus is not an
efficient template for long-term sRNA maintenance. Similar to
EhAgo2-2, these results are in sharp contrast to other amebic
genes tested in this system, where sSRNAs to targeted genes are
maintained long-term even after the trigger plasmid is lost [29].

To determine whether generation of AS sRNAs affected
transcript levels for EhAgo2-1, EhAgo2-3 and EhRNaselll, we
performed reverse transcriptase polymerase chain reaction (RT-
PCR) for each gene. In the trigger-EhAgo2-1 cell line the
abundance of the EhAgo2-1 transcript was increased compared
to untransfected parasites (Figure 2C); similar results were
observed with EhAgo2-3 in the trigger-EhAgo2-3 transfectants
(Figure 2D). Thus, it appears that the Ago transcripts are not

PLOS ONE | www.plosone.org

RNAi Gene Silencing in E. histolytica

silenced by the trigger approach as has been seen previously with
EhROMI, EhMyb, and EhHRM-BP [29,30]. When we com-
pared EhRNaselll transcript in trigger-EhRNaselll parasites to
untransfected cells, there was no substantial decrease in transcript
abundance (Figure 2E). Thus, the RNAi genes — EhAgo2-1,
EhAgo2-2, EhAgo2-3, and EhRNaselll - are all refractory to
silencing utilizing this system despite the generation of gene-
specific AS sRNAs. The underlying basis for this phenomenon
remains to be elucidated.

Trigger silencing approach unable to generate antisense
sRNAs to EhRdRP1

The trigger sSRNAs contain 5'-polyP termini indicating that they
are generated in a Dicer-independent manner [29,34]. Small
RNAs with similar 5" structures are found in other systems, where
they are generated by RARP [11,12,14]. To determine whether
EhRdRPI, as a putative member of the amebic RNAi pathway,
was amenable to silencing using the trigger method, we generated
transfectants expressing the trigger-EhRdARP1 plasmid and probed
for generation of EnRdRP1-specific AS sRNAs by Northern blot
analysis. We could not detect sSRNAs to EhRARPI in three
independently generated transfectant lines (Figure 3). To address
the possibility that SRNAs to EhRARP1 could be less abundant, we
did Northern blot analysis with 100 pug of sSRNA enriched material
and tried multiple probes to ERRARP1. However, these conditions
failed to reveal EhRdRP1-specific AS sRNAs in the transfected
cell lines (data not shown). Although sSRNAs to ELRARP1 were not
detected in the trigger-EhRARP1 transfectants, the initial trigger
AS sRNAs were enriched (Figure 3) indicating that trigger sSRNAs
were being amplified from the plasmid. This outcome is unique
among the putative RNAI genes tested here as well as among the
other amebic genes tested previously [29,30]. These data suggest
that there is something specific about EhRARP1 that is prohibiting
the generation of specific sSRNAs to this gene and may have
implications for the biogenesis of sSRNAs in E. histolytica.

Discussion

The recent development of a trigger-based sRNA silencing
method demonstrates how the endogenous RNAi pathway can be
used as a tool to regulate the expression of specific genes in E.
histolytica  [29,30]. A trigger sequence, to which abundant
endogenous AS sRINAs map, can silence genes fused to it through
the induction of gene-specific AS sRNAs. In this approach, both
the episomal and chromosomal gene copies are silenced and
silencing is maintained despite loss of the trigger plasmid [29]. In
this study, we applied the trigger silencing approach to modulate
expression of RNAi machinery genes. Our data demonstrate that
for the majority of RNAi genes the trigger approach successfully
generates functional AS sRNAs to the gene of interest, yet gene
expression is not downregulated. Additionally, there is limited
sustained amplification from the chromosomal locus, which is in
contrast to previous results. These data raise interesting questions
about the nature of the genomic loci of core RNAi machinery in
E. histolytica and whether epigenetic modifications could play a
role in susceptibility or resistance to RINAi-based silencing.

Despite not silencing the EhAgo2-2 locus, the trigger-sRNA
method was able to generate AS sSRNAs to EhAgo2-2, which were
functional in trans. It is unclear why the Argonaute and RNaselll
genes are refractory to silencing with this method, however one
possibility is that these genes are essential for parasite viability and
thus the parasite circumvents silencing to ensure their continued
expression. That EhAgo2-1 and EhAgo2-3 transcripts were
upregulated in parasites containing the silencing construct
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doi:10.1371/journal.pone.0106477.g002

compared to untransfected parasites may support this hypothesis. phenomenon, although targeting RNA1 genes using an RNAi-
It is possible that the genes that fuel the RNAi pathway in E. based method has proven successful in other systems [31-33]. A
histolytica are unable to be downregulated using an RNAi-based third explanation is that epigenetic determinants or chromatin
approach because they are necessary to produce the silencing modifications may render the genomic loci of RNAi genes
PLOS ONE | www.plosone.org 5 September 2014 | Volume 9 | Issue 9 | 106477
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inaccessible to SRNAs and/or the proteins needed for subsequent
processing. Additional support for this hypothesis is the inability of
the amplification cascade, which maintains sSRNAs despite loss of
the trigger plasmid, to successfully retain SRNAs to EhAgo2-2 and
EhRNaselll. Thus, modifications of the genomic loci may exist
which make it inaccessible for RNAi-mediated silencing. Alterna-
tively, perhaps E. histolytica encodes RNA silencing suppressors
that uniquely target the RNAi machinery. Many viruses employ
similar strategies as an antiviral defense mechanism within their
hosts [35].

Another interesting aspect of our data is that sSRNAs generated
to RNAi genes are not efficiently maintained upon plasmid
removal. In contrast, when the trigger method targets other genes,
sRNAs persist and are detectable for more than a year after
removal of the trigger silencing plasmid [29]. In the E. histolytica
G3 silencing system, which mediates transcriptional gene silencing
through AS sRNAs and histone modifications, similar long-term
maintenance of sRNAs is noted [16]. This suggests that the
chromosomal locus of the targeted gene serves as a template for
continued sRNA generation [29]. The lack of long-term sRNA
maintenance for RNAi genes could point to differences between
the chromosomal loci of the RNAI1 genes and other endogenous
genes for which permanent silencing is possible. In many systems,
noncoding RNAs and the RNAi pathway are involved in
epigenetic modifications such as inducing de novo methylation in
plants and formation of heterochromatin in S. pombe and
Tetrahymena thermophila [10,36-40]. In E. histolytica, a variety
of chromatin modifying enzymes have been described including
histone acetyltransferases, a histone deacetylase, and a DNA
methyltransferase [41,42], and enrichment in histone H3 and a
decrease in methylation of H3-lysine 4 have been associated with
silencing in G3 trophozoites [16,43]. Therefore, investigating the
connection between noncoding RNAs and DNA or chromatin
modifications and the potential role chromatin-modifying proteins
may play in sSRNA mediated silencing in E. histolytica is of great
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mnterest. It is also likely that as the trigger approach becomes more
widely utilized, additional resistant loci will be identified and
future studies will need to focus on identifying the epigenetic
characteristics of resistant loci.

The outcome with targeting the EhRARP1 gene using the
trigger approach is unique since sSRNAs to EhRARP1 were not
detected using the trigger approach. A simple explanation is that
sRNAs are generated but are of low abundance so as not
detectable by Northern blot methods. Antisense sSRNAs produced
by the trigger system contain 5’-polyP termini reminiscent of
secondary sRNAs in C. elegans [11,29] suggesting that these AS
sRNAs may be generated by an RARP enzyme. Thus, given the
role of nematode RARPs in generating secondary sSRNAs with 5'-
triphosphosphate termini [11,12,14], a more intriguing possibility
1s that the inability of the trigger to generate AS sRNAs to RARP is
due to the absolute requirement of RdARP for this process.
However, further work is needed to verify this hypothesis.

We have shown that the genes that fuel the RNAi pathway in E.
histolytica are unable to be downregulated using the RNAi-based
trigger approach. We hypothesize that the point at which the
trigger approach “stalls” is related to the putative role of each gene
in the RNAi pathway. Thus in our working model, AS sSRNAs are
produced to amebic Argonaute genes because they function
downstream of 5'-polyP sRNA generation (Figure 4). The
Argonaute targeted sRNAs are functional as they can serve as
triggers to induce silencing of an exogenous gene; however, these
sRNAs are incapable of silencing their chromosomally encoded
cognate gene as the genomic locus appears inaccessible to sSRNA-
mediated effects, perhaps due to its chromatin structure. In
contrast, because RARP may be responsible for generating AS
sRNAs, it is recognized as essential by the parasite and is
absolutely protected from AS sRINA generation.

This work demonstrates that although the RNAi pathway is a
useful tool for genetic manipulation, the genes that fuel this
pathway in E. histolytica cannot be silenced using this method.
Interesting questions have been raised about possible epigenetic
differences between susceptible and resistant loci for targeting by
RNAI in E. histolytica. Some questions of interest are: Are there
patterns in epigenetic or chromatin modifications among loci that
can be silenced using the trigger method? Do those trends or
modifications occur at RNAi gene loci? Similarly, are there
epigenetic trends that are unique to the loci of RNA1 genes? And
what is the epigenetic or chromatin status of RNAi loci of
untransfected parasites compared to those expressing abundant
AS sRNAs to RNAI genes? Further work is needed to determine if
epigenetic differences among susceptible and resistant loci do exist
and the nature of those differences.

Materials and Methods

Parasite culture, generation of transgenic parasite strains,
and RNA extraction

Entamoeba histolytica trophozoites (HM-1: IMSS) were grown
axenically under standard conditions [24,44]. Mid-log phase
trophozoites were transfected with 20 pg of purified plasmid using
30 ul of Superfect Transfection Reagent (Qiagen) as described in
[45]. Stable transfectants were maintained at either 6 pug/ml or
24 ug/ml G418. To induce plasmid loss, transfectants were
removed from drug selection and cultured continuously in the
absence of G418. RNA was extracted from log phase trophozoites
using the small-RNA enriched protocol of the miRVANA kit
(Ambion) according to manufacturer’s instructions with two
modifications: (1) the spin columns were centrifuged at 3,400 xg
for 2025 seconds, and (2) RNA was eluted in 600 pl of distilled
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Figure 4. Schematic of model. (A) Functional AS sRNAs are generated to some amebic genes when fused to the trigger and the episomal and
endogenous genes are silenced. sRNAs and silencing persist after plasmid removal and silencing can be extended to a fusion construct containing a
portion of the endogenous gene. (Modified from [29]). (B) Functional AS sRNAs to some amebic RNAi genes are induced when fused to the trigger
but the endogenous gene is not silenced. Amebic RNAi sRNAs are not maintained after plasmid removal. (C) No AS sRNAs are made to EhRdRP1, and

therefore EhRARP1 is not silenced.
doi:10.1371/journal.pone.0106477.g004

RNase-free water in three steps. Both the small RNA-enriched and
the small RNA-depleted fractions were kept.

Plasmid construction

All cloning primers used in this study are listed in Table S1 in
File S1. Full-length EhAgo2-1 (EHI_186850), EhAgo2-2
(EHI_125650), EhAgo2-3 (EHI_177170), EhRNaselll
(EHI_068740), and EhRdRP1 (EHI_139420) were amplified from
E. histolytica HM-1: IMSS genomic DNA using forward and
reverse primers containing Smal and Xhol sites, respectively, and
cloned into the trigger plasmid described in [29]. This plasmid,
based on pKT-3M [46], contains the first 132 bp of EHI_197520
cloned in-frame and immediately downstream of the CS promoter
in lieu of the 3xMyc sequence. To generate the Ago-trigger-luc
plasmid, the first 132 bp of EhAgo2-2 were amplified and cloned

PLOS ONE | www.plosone.org

into the Avrll site of the CS-luc plasmid [29] immediately
upstream of the firefly luciferase gene.

RNA isolation, Northern blot analysis, and reverse
transcriptase PCR

High resolution Northern blot analysis was performed as
published in [15] using 75 pg of small RNA-enriched material.
Small RNA samples were resolved on 15% polyacrylamide gels
and blots probed using oligonucleotide probes listed in Table S2 in
File S1. Northern blots detecting mRNA were performed
according to standard protocols [47] using 2 ug of total RNA
depleted of small RNAs and probed using PCR probes (PCR
primers listed in Table S1 in File S1). Blots were stripped with 1%
SDS at 80°C for 20 minutes and re-probed. All primers used for
RT-PCR in this study are listed in Table S3 in File S1. RT-PCR
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was conducted according to standard protocols [47] using 2 pg of
RNA of the small RNA-depleted fractions.

Luciferase assays

Luciferase assays were performed in triplicate as described in
[29]. Briefly, parasites were harvested 20-22 hours post-transfec-
tion and resuspended in lysis buffer supplemented with protease
inhibitors (luciferase assay system, Promega E1500, 1 x N-acetyl-
L-leucyl-L-leucyl-L-argininal, 1x HALT protein inhibitor cock-
tail, 1 x E-64). Protein concentration was determined by Bradford
assay and luciferase activity was measured by a luminometer
(Monolight 2010). 30 ug of total protein was added to luciferase
reagent (Promega) and relative light units were recorded. For
Renilla luciferase activity, the above protocol and the Dual-
Luciferase® Reporter Assay System (Promega) protocol were used
according to manufacturer’s instructions to measure the Renilla
luciferase after the Firefly luciferase.
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