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Abstract
In many eukaryotes, the introduction of double-stranded RNA (dsRNA) into cells triggers the
degradation of mRNAs through a posttranscriptional gene silencing mechanism called RNA
interference or RNAi. In this study, we found that endogenous long-dsRNA was substantially more
effective at producing interference than endogenous or exogenous short-dsRNA expression in
Giardia lamblia. The effects of this interference were not evident in the highly expressed proteins
tubulin or the stage-specific cyst wall protein 2. However, long-dsRNA caused potent and specific
interference in the medium subunits of adaptins, the RNA-dependent RNA polymerase, and the
exogenous GFP. Our results suggest that the ability of dsRNA antisense to inhibit the expression of
these specific types of proteins is indicative of a gene-specific mechanism.

The first evidence of RNA interference or an RNAi mechanism in protozoan parasites was
obtained from T. brucei (Ngo et al., 1998). Further, it was shown that RNAi was functional in
other protozoan trypanosomatids as well as in apicomplexans Plasmodium falciparum and
Toxoplasma gondii (see (Militello et al., 2008). Recently, the silencing of parasite cognate
genes by the RNAi mechanism was demonstrated in Entamoeba histolytica (Kaur & Lohia,
2004; Solis & Guillen, 2008) and proposed in Giardia lamblia (Prucca et al., 2008; Saraiya &
Wang, 2008), thus suggesting that an RNAi pathway exists in these parasites. When exogenous
small RNAs (exosRNA) were introduced in mammalian and plant cells, they caused the
transient inhibition of gene expression (Hannon, 2002). A similar effect was observed when
both endogenous small RNA (endsRNA) and long double stranded RNA (enddsRNA) were
stablely produced by a DNA-based vector system in diverse cells (Brummelkamp et al.,
2002; Fire et al., 1998; LaCount et al., 2000; Yokota et al., 2003). In this work, we
generated exosRNA, endsRNA, and enddsRNA in Giardia lamblia trophozoites, and examined
if a differential effect on the mRNA was produced and whether protein expression could also
be correlated with a special phenotype.

Cyst wall protein 2 (CWP2), immunoglobulin heavy chain binding protein (BiP), housekeeping
alpha tubulin (Tub), the medium subunits of adaptin complex 1 and 2 (μ1 and μ2), the RNA-
dependent RNA polymerase (RdRP), and the exogenous enhanced green fluorescence protein
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(eGFP) were used to test the suppression of targeted mRNA. In vitro synthesis of 21-25nt-
small interference exosRNA was carried out by using the HiScribe RNAi Transcription Kit
(New England, BioLabs Inc., Ipswich, Massachusetts) following the suggested protocol (Fig.
S1). To test the effects of the exogenous small double-stranded RNAs, we introduced 50 μg
of exosRNAs per 108 WB1267 G. lamblia trophozoites by electroporation, as previously
described for T. brucei (Ngo et al., 1998), and the mRNA levels were assessed after 48 hr. by
semiquantitative RT-PCR (sqRT-PCR). For these assays, no significant effects in any of the
mRNA tested were found (Table I). For endogenous synthesis of both 25nt-small endsRNA
and 600-1000nt-long enddRNA (Fig. S1), a vector in which dsRNA was synthesized from
opposing ran promoters under tetracycline (Tet) regulation was used (GenBank accession
number GU395185) (Fig. S2) (Touz et al., 2004). Ten micrograms of the different plasmids
obtained were transfected into the WB1267 G. lamblia clone by electroporation following the
protocol of Yee and Nash (1995). The day after transfection, the puromycin- or neomycin-
selecting drugs were added and the cultures cloned by limiting dilution. To test the effects
of endsRNA or enddsRNA, 10 μg/ml of tetracycline (final concentration) were added to the
medium lacking the selective drug and the parasites were cultivated for 48 hr. As in the case
of exosRNAs, no variations in the mRNA levels were observed when endsRNAs were produced
(Table I). Due to the fact that sqRT-PCR demonstrated that neither exosRNA nor endsRNA
caused a decrease in the amount of the target mRNA, these specific clones were not investigated
further.

When enddsRNAs were produced by using the DNA-based vector principle, mild effects on
BiP and Tub were seen (Fig. 1A; Table I). However, a reduction in mRNA of 22 to 99 percent
was observed for μ1, μ2, RdRP, eGFP, and CWP2 (Figs. 1A; Table I). dsRNA was assessed
by sqRT-PCR (Fig. 1B). Similar qualitative results were obtained by Slot-blot and
densitometric analysis (Fig. 2A). Twenty-one enddsRNA clones (3 for each protein tested) were
analyzed for protein expression by immunoblotting and IFA. In the example shown for
immunobloting and IFA, there was an insignificant effect on the BiP, Tub, and CWP2 protein
expression. Conversely, a significant suppression on RdRP, μ1, μ2, and eGFP expression was
observed (Figs. 2B, 3). We also found that inducible production of gene-specific long dsRNAs
in G. lamblia trophozoites resulted in selective degradation of the corresponding mRNAs, thus
suggesting that this phenomenon could have been related to genetic interference by dsRNA or
to RNA-mediated RNA degradation, as occurred in other cells. To test this last hypothesis,
detection of gene silencing-related small RNA species was performed by hybridization
accordingly to the protocol reported by Hutvagner et al. (2000) for small RNA (Hutvagner et
al., 2000). The results indicated that double-stranded RNA produced by enddsRNA was not
efficiently degraded into siRNA (Fig. 4). The proper purification and detection of small RNA
was determined by the presence of sRNA from μ1 (control). The cytoplamic endoribonuclease
III Dicer is able to produce mature Micro RNAs (miRNAs), a major class of small RNAs that
are involved in gene regulation via a translational repression mechanism. In the same way, the
G. lamblia Dicer homologous was previously shown to cleave double-stranded RNA (dsRNA)
in vitro (Macrae et al., 2006;Prucca et al., 2008). Conversely, our in vivo assays were unable
to detect miRNAs after long-dsRNA production thus questioning the ability of G. lamblia
Dicer to digest relatively large dsRNA. This finding is consistent with results reported by
Saraiya and Wang (2008), suggesting that G. lamblia Dicer is able to digest snoRNAs of lengths
ranging from 60 to 160 nts but not longer ones. Further experiments need to be carried out to
elucidate the significance of this finding.

The influence of enddsRNA on G. lamblia growth and differentiation into the cyst form was
then examined and it was observed that only the depletion of μ2 caused a significant reduction
in cell growth, with manifestations of starvation as occurring after long-term growth in vitro.
Moreover, when trophozoites expressing enddsRNA were encysted, we found that both μ1- and
μ2-depleted cells showed encystation inhibition. These effects were previously associated with
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the role of both adaptin subunits in protein trafficking during differentiation (Touz et al.,
2004; Rivero et al., 2010). However, because enddsRNA expression did not have a significant
effect on BiP, Tubulin, or CWP2 protein expression, in the present study, the role of these
proteins during growth and encystation could not be disclosed (see below). This may have been
due to the amount of enddsRNA produced being insufficient to inhibit the expression of these
particular proteins.

Due to the fact that we were able to produce the downregulation of μ1, μ2, and RdRP, which
are involved in identified specific mechanisms, we decided to investigate any possible effects
on their related proteins. For μ1, we used specific Ab or the HA-tagged proteins (Fig. S2). The
depletion of μ1 produced an arrest of the lysosomal-membrane protein ESCP at the site of
sorting and the exclusion of clathrin at this point (Fig. 5) (Touz et al., 2004). However, no
effect on the localization of μ2 or on the variant-specific surface protein VSP9B10 was
observed compared to control cells (Fig. 5). Another experiment, this time utilizing μ2-depleted
cells, showed that this protein was involved in the receptor-mediated endocytosis, thus
inhibiting the uptake of the Low-density lipoprotein LDL (Rivero et al., 2010).

In wild-type trophozoites, 1 VSP is expressed at any given point in time, except when the
trophozoites are going through a switching process. In this regard, it was previously shown
that a radical knockdown of RdRP caused by constitutive production of RdRP-specific
antisense, resulted in the expression of several vsps transcripts with more than 1 VSP expressed
at the same time on the surface of the trophozoite (Prucca et al., 2008). Our results on RdRP
downregulation, however, did not show any alteration in the expression pattern compared with
controls, when mAbs against 2 different VSPs were used in the WB9B10 clone (Fig. 6).
Moreover, RdRP depletion did not produce a significant change in the expression of the mRNA
of VSPs, when measured by a consensus probe against the conserved C-terminus of these
surface proteins in slot-blotting (Fig. 7A). The fact that we did not observe the changes in VSP
behavior as was shown by Prucca et al. (2008), may perhaps be due to the difference in RdRP
down regulation using a constitutively expressed antisense (Prucca et al., 2008) vs. Tet-
inducible RdRP-enddsRNA (this work). These results evidenced that the success of the protein
expression inhibition might include a deep analysis of the target mRNA and the strategy to be
used (see below).

Although the effect of CWP2-enddsRNA caused a 22% reduction on its mRNA, no significant
effect on CWP2 protein expression could be observed. In addition to the difference in
sensitivity between the techniques utilized, we estimate that the reduction in mRNA expression
should exceed this 22% in order to observe a substantial change in associated proteins or in
the phenotype. This would explain why the CWP2-depleted trophozoites did neither showed
significant changes in CWP1 expression (which shares some homology with the mRNA of
CWP2) nor any alteration in the rate of cyst production (Fig. 7B; Table I). All results are
summarized in Table I.

The present study demonstrates that long-dsRNA, but not small-dsRNA, can be used as a G.
lamblia tool to downregulate gene expression. It is possible that, unlike fungi, plants and
worms, G. lamblia could not replicate sRNAs and therefore artificial small RNA-directed
silencing by transfection does not lead to a long-term effect. To overcome the limited effect
of exosRNA in G. lamblia, we developed a DNA-vector-mediated mechanism to express
substrates that can be converted into dsRNA in vivo. First, we generated sRNA in situ by
transfecting a plasmid encoding two short RNA sequences, which express sense and antisense
strands from separate, ran promoters. Our results indicated that endsRNAs did not efficiently
inhibit protein expression. These results might be explained by the fact that the endsRNAs
expressed failed to recognize the mRNA target since RNAi depends on the sequence that
contribute to the unique recognition and precise processing. Subsequently, we utilized a vector
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system, which combine the dsRNA expression cassette under tetracycline induction and the
drug resistance gene on the same plasmid structure. In some cases, we found that the gene
transcription regulation was effective but differed from 1 mRNA to another, being less useful
for the downregulation of highly expressed proteins such as tubulin, BiP, or CWP2. In addition,
the long-dsRNAs induced endogenously by tetracycline were unable to generate siRNA, thus
suggesting that G. lamblia did not digest relatively long-dsRNA. Because antisense strategy
was shown to be variable depending on the vector used and the target protein (Dan et al.,
2000; Prucca et al., 2008; Stefanic et al., 2009; Touz et al., 2005; Touz et al., 2002; Touz et
al., 2004), it will be important to determine the conditions that are most appropriate for each
special application. Indeed, non-controlled expression of antisense does not generate viable
cells when essential proteins are targeted or might even produce controversial results when the
target gene product is involved in critical pathways. To overcome these limitations, we
designed a vector based on a Tet inducible system that can be used to conditionally regulate
the expression of dsRNAs mediating protein knockdown.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1.
(A) Analysis of gene downregulation by semiquantitative RT-PCR. Bars indicate densitometric
assessment of 1 experiment utilized as an example, using 10 ng of total RNA. Total RNA was
extracted from wild-type (WT), dsRNA transfected non-induced (NI), or enddsRNA transfected
induced (I) growing trophozoites and the One-step RT-PCR kit (Qiagen, Valencia, California)
employed for reverse transcription and PCR amplification. Forward and reverse
oligonucleotides complementary to the 3′ of each gene tested were used to amplify the
endogenous sense mRNA. Only mRNA from μ1, μ2, rdrp, and egfp are significantly reduced
after tetracycline induction (I). *mRNA obtained after cotransfection of eGFP and
gfp-enddsRNA. gdh mRNAs are shown as control for specificity. Semiquantitative RT-PCR
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assay using encysting trophozoites reveal that cwp2 mRNAs is slightly reduced comparing
induced cells with non-induced or wild-type trophozoites. (B) Bars indicate densitometric
assessment of one representative sqRT-PCR experiment. To detect the antisense mRNA from
WT, NI, and I cells, a reverse primer was added in the reverse transcription step, followed by
the addition of the forward primer for PCR amplification. The antisense RNA from the dsRNA
(dsRNAas) vector is only observed in induced trophozoites. No expression of gdh dsRNAas
is observed in wild-type or trasfected cells (transgenic μ1dsRNA is shown as example).

Rivero et al. Page 7

J Parasitol. Author manuscript; available in PMC 2011 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



FIGURE 2.
(A) Slot-blot assay using 2 μg of total RNA (top panel). mRNA depletion is observed in μ1,
μ2, and rdrp induced trophozoites (I) by testing the 3′ endogenous sequences. gdh antisense
probes are shown as controls. cwp2 mRNA is slightly reduced in induced encysting cells. The
amount of total RNA for each sample is depicted by staining with methylene blue (bottom
panel). (B) Immunoblot assays using anti-HA mAb (SIGMA), 2F5 mAb (Rivero et al.,
unpublished), and anti-GFP mAb (Santa Cruz Biotechnology, Santa Cruz, CA) to detect μ1-
HA, μ2, and eGFP, respectively; show a substantial lower expression of these proteins in
induced trophozoites compared with non-induced cells. Uniform BiP, tubulin, and CWP2
protein expression are shown using 9C9, anti-αTubulin (SIGMA), and 7D2 mAbs,
respectively.
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FIGURE 3.
Indirect immunofluorescence assays and confocal microscopy confirms μ1, μ2, RdRP, and
eGFP depletion in induced trophozoites. BiP, tubulin, and CWP2 staining in non-induced and
induced cells is identical. For μ1, RdRP, and eGFP, double transfections using the expression
vector pTubApaHApac and the inducible dsRNAneo were performed. Images were processed
in the same way. Bars = 10 μm.
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FIGURE 4.
Long foreign dsRNA of μ1, μ2, and RdRP do not produce siRNA. Low-molecular-weight
RNAs from the induced trophozoites were electrophoresed in SDS-Urea PAGE, blotted and
probed using partially digested in vitro transcribed RNA (Hutvagner et al., 2000). In vitro
transcribed 25nt-exoRNA for μ1 was mixed with trophozoite homogenate followed by low-
molecular-weight RNA extraction and used as control (Ct). The polyacrylamide gel shows the
quality and quantity of RNA (rRNA) by ethidium bromide staining (lower panel). RNA size
markers in nucleotides are on the left.
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FIGURE 5.
Indirect immunofluorescence assays and confocal microscopy show that ESCP-HA and CLH
are retained or excluded from the place of sorting, respectively, when μ1 expression is reduced
(ESCPI and CLHI). No alteration in the subcellular localization of μ2 or VSP9B10 is observed
in induced cells (μ2I and VSP9B10I). The mAbs anti-HA, 2F5 (Rivero et al., 2010), and
anti-9B10 (Nash et al., 2001), were employed as primary Ab to detect ESCP, μ2, and VSP9B10,
respectively. GiCLH polyclonal antibody was used for detection of clathrin (Marti et al.,
2003).
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FIGURE 6.
Direct immunofluorescence assays show that after RdRP depletion, VSP9B10 and VSP1267
were detected in different trophozoites using specific 9B10 and 5C1 mAbs, respectively. Bars
= 10 μm.
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FIGURE 7.
(A) Two μg of total RNA were used for slot-blot assay by using 3′rdrp-, 3′vsp-
(CRGDGGBGCCATCGCGGGGATCTC/CGCCTTBCCHCKRCAKATGAACCACCA), or
tubulin-antisense probes. NI: total RNA of non-induced transfected trophozoites. I: total RNA
of induced transfected trophozoites. Partial reduction on mRNA of RdRP does not have any
effect on the amount of vsps mRNA expressed compared with tubulin as control. (B)
Immunoblot assays using anti-CWP2 7D2 mAb, anti-CWP1 mAb (Waterborne, Inc. New
Orleans, Louisiana), and anti-BiP 9C9 mAb, do not detect substantial changes on the expression
of CWP2, CWP1, or BiP (control) in encysting induced trophozoites. NI: non-induced cells.
I: induced cells.
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