A microRNA derived from an apparent canonical
biogenesis pathway regulates variant surface
protein gene expression in Giardia lamblia
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ABSTRACT

We have previously shown that a snoRNA-derived microRNA, miR2, in Giardia lamblia potentially regulates the expression of
22 variant surface protein (VSP) genes. Here, we identified another miRNA, miR4, also capable of regulating the expression of
several VSPs but derived from an unannotated open reading frame (ORF) rather than a snoRNA, suggesting a canonical miRNA
biogenesis pathway in Giardia. miR4 represses expression of a reporter containing two miR4 antisense sequences at the 3' UTR
without causing a corresponding decrease in the mRNA level. This repression requires the presence of the Giardia Argonaute
protein (GIAgo) and is reversed by 2’ O-methylated antisense oligo to miR4, suggesting an RNA-induced silencing complex
(RISC)-mediated mechanism. Furthermore, in vivo and in vitro evidence suggested that the Giardia Dicer protein (GIDcr) is
required for miR4 biogenesis. Coimmunoprecipitation of miR4 with GIAgo further verified miR4 as a miRNA. A total of 361
potential target sites for miR4 were bioinformatically identified in Giardia, out of which 69 (32.7%) were associated with VSP
genes. miR4 reduces the expression of a reporter containing two copies of the target site from VSP (GL50803_36493) at the 3’
UTR. Sixteen of the 69 VSP genes were further found to contain partially overlapping miR2 and miR4 targeting sites. Expression
of a reporter carrying the two overlapping sites was inhibited by either miR2 or miR4, but the inhibition was neither synergistic
nor additive, suggesting a complex mechanism of miRNA regulation of VSP expression and the presence of a rich miRNAome
in Giardia.
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INTRODUCTION of <30 nucleotides (nt), which minimizes translational
regulation. The mechanism of ribosome scanning, for
instance, was found to be missing from Giardia mimicking
that observed in Archaea (Li and Wang 2004). These data
suggest that gene expression in Giardia is poorly controlled.
However, the expression of variant surface proteins (VSPs)
in this organism is tightly regulated. Over 200 VSP genes
have been identified in the Giardia genome, of which only
one VSP is expressed on the cell surface at any given time
(Nash et al. 2001; Adam et al. 2010). The VSP coat is shed
from the membrane surface and replaced with a different VSP
coat every six to 13 generations during the growth of Giardia
(Nash et al. 1990). The mechanism behind this phenom-
enon is poorly understood. A microRNA (miRNA)-mediated
translational repression mechanism was, however, recently
found to be involved in regulating VSP expression (Saraiya
and Wang 2008), and the importance of Dicer in regulating
IC"“,eSP"“di“g author. VSP expression has been shown (Prucca et al. 2008).
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Giardia lamblia is a deeply branching, minimalistic pro-
tozoan causing the diarrheal disease giardiasis in humans
(Morrison et al. 2007). Past studies and recent analysis of
its genome suggested that Giardia utilizes simplified ma-
chineries for many important biological processes, ranging
from DNA replication to translation initiation (Morrison
et al. 2007). Few consensus promoter sequences or tran-
scription factors have been identified in Giardia (Yee et al.
2007; Wang et al. 2010). An 8-bp AT-rich region was
shown to be sufficient to initiate transcription, which may
explain the abundance of sterile transcripts in Giardia
(Elmendorf et al. 2001a,b). Additionally, Giardia mRNAs
typically have short 5" and 3’ untranslated regions (UTR)
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A canonical microRNA in Giardia

and maintenance (Pasquinelli and Ruvkun 2002; Miska
2005; Stadler and Ruohola-Baker 2008). In higher eukary-
otes, the canonical miRNA biogenesis pathway involves the
digestion of a primary-miRNA (pri-miRNA) by the nuclear
RNaselll, Drosha, into a 70-nt pre-miRNA (Lee et al. 2003).
The latter is exported by Exportin5 into the cytoplasm and is
further processed into a mature miRNA by the cytoplasmic
RNaselll, Dicer (Bernstein et al. 2001; Yi et al. 2003; Lund
et al. 2004). The miRNA is then incorporated into the
Argonaute protein to form the core RNA-induced silencing
complex (RISC), which binds to the target sequence at the 3’
UTR of an mRNA partly complementary to the miRNA to
block its translation (Liu et al. 2004; Meister et al. 2004). RNA
polymerase II transcripts of noncoding genes are the main
source of miRNA precursors, but miRNAs derived from
introns, which bypass the canonical biogenesis pathway, have
also been described (Brown et al. 2008; Lin et al. 2008).

We previously identified a small nucleolar (sno) RNA-
derived miRNA, miR2, in Giardia (Saraiya and Wang
2008). This miRNA is from the 3’ end of a Box C/D
snoRNA, GIsR17, and requires Dicer processing for
maturation, which bypasses the requirement for Drosha
and Exportin5 that are apparently missing from Giardia
(Saraiya and Wang 2008). This was a new example of
miRNA biogenesis bypassing the canonical biogenesis
pathway. A total of 22 VSP genes were found to contain
potential target sites for miR2 at their 3" UTRs (Saraiya
and Wang 2008). Translation of a reporter transcript
carrying the target site from one of the VSPs at the 3’
UTR was repressed by miR2 in Giardia, suggesting the
involvement of a miRNA-mediated mechanism in con-
trolling VSP expression (Saraiya and Wang 2008). Our
subsequent studies indicated that more miRNAs are
derived from snoRNAs and function in regulating VSP
expression in Giardia (Li et al. 2011; W Li, AA Saraiya,
and CC Wang, in prep.).

At the same time, Ender et al. (2008) independently
reported that a human H/ACA snoRNA, ACA45, could be
processed to 20- to 25-nt-long small RNAs that were stably
associated with the Argonaute protein and post-transcrip-
tionally repressed the expression of a cellular target mRNA
of CDC2L6. Similar to that in Giardia, processing of this
snoRNA-derived miRNA is independent of the Drosha/
DGCR8 complex but requires Dicer. It thus appears that
snoRNAs are one of the sources of functional miRNAs
preserved through evolution. The subsequent, systematic
analysis of small-RNA deep sequencing libraries from
various organisms showed that small RNAs with con-
served sizes and positions were derived from many
snoRNA loci in human, mouse, chicken, fruit fly, Arabi-
dopsis, and fission yeast (Taft et al. 2009). Some of these
small RNAs showed 20- to 100-fold decreases in response
to loss of Dicer and were associated with specific members
of the Argonaute family (Taft et al. 2009). Recently, it was
further reported that 20 known miRNA precursors showed

significant sequence similarities to box H/ACA snoRNAs,
and five of them could bind to dyskerin, a specific protein
component of the functional box H/ACA snoRNP (Scott
et al. 2009). Another study showed that the precursors
and/or mature form of a number of rat miRNAs could be
detected in the nucleolus and that some of them were
significantly concentrated there (Politz et al. 2009). It is
thus becoming increasingly clear that snoRNAs could be
a family of evolutionarily conserved precursors of miRNAs
(Scott et al. 2009).

Since our demonstration that snoRNA-derived miRNA-
mediated gene regulation is present in Giardia and that it
may be involved in controlling VSP expression, two addi-
tional questions emerged: (1) Are snoRNAs the only source
of miRNAs in Giardia? (2) Are there additional miRNAs
that regulate VSP expression? To answer these questions, we
created a small RNA library from Giardia and identified
a small RNA derived from an unannotated open reading
frame (ORF) rather than a snoRNA that was able to repress
translation of a reporter transcript carrying the potential
target site. This target site is located in the 3’ end of coding
region of many VSP genes, thus suggesting a mechanism of
VSP expression regulation involving miRNAs derived from
precursors other than snoRNAs.

RESULTS

Identification of additional potential miRNAs
in Giardia

In an effort to identify additional miRNAs, a cDNA library
was constructed from ~20-35 nt, small RNAs size-frac-
tionated from Giardia WB isolate trophozoites. The library
was cloned into a pGEM-T vector and sequenced. One of
the small RNAs thus identified was a 26-nt small RNA (5'-
UCUGCACCAAGGAGCUGAUCCAGACC-3'), which is of
the same size as that of a previously identified miRNA,
miR2, in Giardia (Saraiya and Wang 2008). This small
RNA was subsequently identified in a small RNA library
by IHllumina sequencing, thus confirming its presence in
Giardia WB isolate (data not shown). A BLAST analysis
of the Giardia WB genome database (www.giardiadb.org,
v 1.1) identified the small RNA in a 972-bp ORF encoding
a hypothetical protein (GL50803_92663), with the small
RNA sequence positioned from nucleotides 215-240 (Fig.
1A; Aurrecoechea et al. 2009). It suggested that this small
RNA could be derived from a precursor other than snoRNA
through a probable canonical biogenesis pathway. Compar-
ison of this ORF among the genome databases of the three
different Giardia isolates, WB, P15, and GS, however,
showed no conservation of this ORF in P15 and GS,
suggesting that this ORF and the small RNA are present
only in Giardia WB. Interestingly, the first approximately
177 amino acids in ORF GL50803_92663 are highly similar
to the first approximately 177 amino acids in another
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FIGURE 1. Identification of a small RNA and its precursor in Giardia. (A) Sequence of the 972-nt ORF from which the small RNA and its precursor
are derived. The small RNA is boxed in red, while the precursor is underlined. (B) Northern blot analysis of total RNA (left panel) showed the
presence of an ~~1000-nt RNA that corresponds to the GL50803_92663 ORF transcript, suggesting that it is expressed. An ~~100-nt band and an ~70-nt
band that correspond to bands seen on the Northern blot of size-fractionated small RNA (<200 nt) were also observed. Additional bands may represent
GIDcr intermediate products or degradation. Northern blot analysis of size-fractionated small RNA (<200 nt) identified an ~30-nt band
corresponding to the small RNA and an ~100-nt band that may correspond to its precursor (right panel). Additional faint bands were also observed
at ~60 nt and ~70 nt. (C) Primer extension of size-fractionated (<200 nt) RNA from Giardia trophozoites identified a 94-nt fragment and a 26-nt
band corresponding to the small RNA. Additional bands shown by color-coded arrows have their corresponding locations indicated on the pre-miR4
secondary structure below. (D) MFOLD secondary structure of the 94-nt RNA identified by primer extension. The small RNA is indicated in red.
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putative DNA polymerase gene in both the WB and P15
isolates (GL50803_137688 and GLP15_4358, respectively).
The potential significance in this coincidence is not yet
clear.

Further characterization of the small RNA

The presence of this small RNA in Giardia was confirmed
by Northern blot analysis using size-fractionated small
RNA (<200 nt) from Giardia trophozoites probed with
the sequence complementary to that of the 26-nt small
RNA. The Northern blot showed the presence of a major
~100-nt band, a minor ~30-nt band, and two faint bands
of ~60 and 70 nt, suggesting that the ORF transcript is
discretely processed instead of being randomly degraded in
Giardia (Fig. 1B, right panel). The larger RNAs identified in
this Northern blot could be precursors of the ~30-nt RNA.

The sequence at the 5 end of the ~100-nt RNA was
determined by primer extension on size-fractionated
small RNAs (<200 nt) from Giardia using a 20-nt 5" end
radiolabeled primer complementary to nucleotides 4-23
in the 26-nt small RNA sequence (5'-CTGGATCAGCT
CCTTGGTGC-3"). The results showed a 94-nt band at
the top of the gel, which could correspond to the ~100-nt
band seen in the Northern (Fig. 1C). The sequence of this
94-nt RNA corresponds to the sequence between nucleo-
tides 147-240 in the ORF (see Fig. 1A) with its 3’ end
corresponding to the sequence of the 26-nt small RNA.
Presence of the 26-nt small RNA was also confirmed by the
data from primer extension (Fig. 1C). Several additional
bands in the 50- to 70-nt range were also identified in
primer extension, which could represent either the degra-
dation products of the 94-nt RNA, the intermediary pre-
cursors of the 26-nt RNA, or premature terminations due to
secondary structure of the 94-nt RNA. The minimal free
energy structure identified by MFOLD modeling of the 94-nt
RNA sequence showed a hairpin structure with the 5" end of
the 26-nt small RNA portion located in the stem (Fig. 1D).
The colored arrows in Figure 1D, pointing to the bulges in
the secondary structure, agree well with the additional bands
observed in Figure 1C, suggesting premature terminations
during primer extension. This could be a likely substrate
structure for Dicer processing to generate the 26-nt small
RNA. The latter thus could be a miRNA in Giardia.

We then confirmed the presence of the full-length ORF
transcript of 972 nt in Giardia with RT-PCR. PCR ampli-
fication of a Giardia poly (T) reverse transcribed (RT) cDNA
library using two ORF-specific primers generated an ampli-
fied DNA band with the anticipated size (data not shown).
This data confirmed that the full-length ORF is transcribed
as a polyadenylated RNA. Furthermore, a Northern blot
of total Giardia RNA probed with a 94-nt antisense
RNA corresponding to the potential small RNA precursor
showed the presence of a major ~1000-nt RNA band,
which could be the 972-nt ORF (Fig. 1B, left panel).

To further verify whether the 94-nt RNA is related to
snoRNAs in Giardia, fluorescence in situ hybridization was
performed on Giardia trophozoites as previously described
(Saraiya and Wang 2008). The results indicated that both
the 94-nt and 26-nt small RNAs are evenly distributed in
the nucleus and cytoplasm without any sign of specific
localization in the nucleolus (Supplemental Figure 1). The
94-nt RNA is thus probably unrelated to snoRNAs.

The small RNA functions as a miRNA

To test whether the 26-nt small RNA functions as a miRNA
in Giardia, two copies of the antisense sequence were
inserted into the 3’ UTR of a Renilla luciferase (RLuc)
reporter gene to make the construct RLcTS (Fig. 2A). A
capped in vitro transcript of RLcTS was electroporated into
Giardia WB trophozoites either with or without the
chemically synthesized 26-nt small RNA. The transfected
cells were incubated for 5 h at 37°C, lysed, and assayed for
RLuc activity with the cells transfected with RLcTS mRNA
alone set at 100% RLuc expression. Cotransfection of
RLcTS mRNA with the synthetic small RNA resulted in
a ~25% decrease in RLuc activity (Fig. 2B). This decrease
could be reversed back to ~90% activity when the cells
were also cotransfected with an equivalent amount of 2’
O-methyl small RNA antisense oligo (Fig. 2B). These data
suggested that the RLuc activity is specifically repressed by
the 26-nt small RNA. The latter was thus tentatively des-
ignated as miRNA 4 (miR4) and the 94-nt RNA pre-miR4.

To verify if the observed miR4-mediated decrease in
RLuc activity is due to translational repression, total RNA
was isolated from the RLcTS mRNA and miR4 cotrans-
fected Giardia cells, and the RLcTS mRNA level was
determined using quantitative PCR (qPCR). There was no
detectable difference in the Cr values between cells trans-
fected with RLcTS mRNA alone and cells transfected with
RLcTS mRNA plus synthetic miR4 (Fig. 2C), thus suggesting
translational repression by miR4. This lack of mRNA
degradation suggests that the Giardia Argonaute (GlAgo)
does not have the ability to cleave mRNA, which may explain
the absence of observable RNA interference (RNAi) in
Giardia (data not shown).

We have previously constructed a plasmid of GlAgo
antisense-hammerhead ribozyme and used it for knocking
down the expression of GlAgo in Giardia (Saraiya and Wang
2008). These GlAgo knockdown cells were transfected with
RLcTS mRNA and synthetic miR4. The results showed that
the RLuc expression was not affected by introducing miR4
into the cells (Fig. 2D), suggesting that GlAgo is required for
the miR4-mediated reduction of Rluc expression.

Is miR4 associated with GlAgo in Giardia?

It is well known that miRNAs need to be associated with
Argonaute proteins to mediate translation repression (Liu
et al. 2004; Meister et al. 2004). To see if miR4 is associated
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FIGURE 2. The small RNA-mediated repression of RLuc expression. (A) Diagram of the RLuc reporter construct RLcTS containing two copies
of the small RNA antisense sequence at the 3" UTR. (B) Percentage of RLuc activity of Giardia trophozoites transfected with capped in vitro
transcript of RLcTS along with or without the synthetic small RNA (1 pg). The presence of the synthetic small RNA resulted in a ~25% decrease
in RLuc activity. This loss could be restored to ~90% by cotransfecting the cells with a 2’'-O methylated small RNA antisense oligo (1 pg). These
results represent the average and standard deviations from at least three independent experiments and the Students ¢-test was used to determine
P-values. Comparison of single or double antisense target sites using this assay resulted in a similar outcome (Li et al. 2011). (C) Total RNA from
Giardia WB cells transfected with RLcTS mRNA alone or with miR4 was isolated. The RLcTS mRNA level was assayed by real-time PCR with Ran
mRNA as a control. The ratios of RLcTS/Ran show little difference between the two samples, suggesting that the inhibition in RLuc expression is
not due to mRNA degradation. (D) The presence of miR4 did not affect the expression of RLuc in the GlAgo knockdown cells, suggesting that

GlAgo is required for the miR4-mediated inhibition.

with GlAgo in Giardia, an N-terminal 2xHA-tagged GlAgo
(HA-GlAgo) was cloned into a tetracycline inducible over-
expression vector and introduced into Giardia trophozoites
(Sun and Tai 2000). Lysate of the tetracycline-induced cells
was treated with a-HA beads to immunoprecipitate HA-
GlAgo followed by Trizol isolation of the coimmunopreci-
pitated RNA. Analysis of the immunoprecipitate by SDS-
PAGE followed by SYPRO ruby staining showed the pres-
ence of a number of protein bands that could be associated
with GlAgo and could represent other potential subunit
proteins in RISC (Supplemental Fig. 2A). Western blot using
an anti-HA antibody confirmed that HA-GlAgo was pulled
down by the beads (Fig. 3A). A well-defined ~26- to 30-nt
RNA band was coimmunoprecipitated with HA-GlAgo
(Fig. 3B) together with a few other larger RNA bands that
were also observed in the control (Supplemental Fig. 2B).
The presence of the HA-GlAgo—associated small RNAs with
the size of known miRNAs in Giardia (Saraiya and Wang
2008) suggests that most, if not all, of the RNA molecules in
the ~26- to 30-nt band could be miRNAs. It also sug-
gests that the tagged GlAgo is functional and capable
of interacting with miRNAs. The immunoprecipitation of
HA-GlAgo also allowed us to examine the ends of the
coimmunoprecipitated small RNAs. During incubation with
the Terminator 5'-3" exonuclease, which requires a 5’

2156 RNA, Vol. 17, No. 12

phosphate in the substrate RNA for degradation, the small
RNAs were significantly digested. A pretreatment of the
small RNAs with Antarctic phosphatase to remove the 5’
phosphates effectively protected them from Terminator 5'-3’
exonuclease degradation (Fig. 3C). Most, if not all, of the
small RNAs thus carry a 5’ phosphate. The 3" ends of the
HA-GlAgo coimmunoprecipitated small RNAs were ex-
amined by B-elimination (Zhang et al. 2008). Denaturing
PAGE analysis of the reaction product showed a decrease
in the size of RNAs following B-elimination (Fig. 3D),
suggesting that the immunoprecipitated small RNAs have
2'- and 3'-OH groups. The presence of a 5’ phosphate and
2',3'-OH in the small RNAs is characteristic of the Dicer
product, thus providing further supporting evidence that
they are miRNAs.

To test if miR4 is associated with GlAgo in Giardia, the
immunoprecipitated 26- to 30-nt small RNA band was
excised and extracted from the gel and reverse transcribed
using miR4-specific primers and was analyzed by Tagman
qPCR. The result showed that miR4 is present in the GlAgo
pull-down RNA sample (Cy = 24.51) (Fig. 3E). The qPCR
was also able to identify our previously identified miRNA,
miR2 (Saraiya and Wang 2008), in the GlAgo pull-down (Cr =
26.67) (Fig. 3F), thus providing a strong indication that both
miR4 and miR2 are bona fide miRNAs in Giardia.



A canonical microRNA in Giardia

<
A B 5 < =
control HA-GIAgo Af"‘E [ &
£ EE bt
5 E s 5 2
o =] o
. £ 8 . £ 2 =» nts * “ =
2 8% 2 ¢t & 3
£ 2= 8 £ & = 3 30
= . HA-GlAgo
28
S — tubulin 26
21
C D
Incubation - + + +
. NalO, - +
Terminator - - + +
Phosphatase = - - +
E (83 F 9
E © T 3
§ < s 4
nts o L nts 8 I
150
150
100 66
50 50
Sample C; Sample C;
~
E control N/A e control N/A
E | HA-GlAgo | 245 € | HA-GlAgo | 26.7

FIGURE 3. Immunoprecipitation of HA-GlAgo. (A) The HA-GIAgo immunoprecipitation
was analyzed by Western blot using an anti-HA antibody. The HA-GlAgo was significantly
enriched in the beads indicating that HA-GlAgo was effectively immunoprecipitated. (B)
Analysis of the RNAs coimmunoprecipitated with HA-GlAgo showed an associated ~26- to
30-nt RNA band not seen in the control, indicating that these small RNAs are specifically
associated with HA-GlAgo. (C) Terminator exonuclease was able to degrade the untreated
small RNAs but not the phosphatase pretreated RNAs, indicating that the GlAgo-associated
small RNAs have 5’ phosphates. (D) The small RNAs treated with periodate showed an
increased gel mobility, indicating the loss of a base due to B-elimination. This suggests that the
GlAgo-associated small RNAs have free 2',3" hydroxyls. (E) The small RNA sample was
isolated from the immunoprecipitated HA-GIAgo and reverse transcribed using miRNA
specific primers and assayed by gPCR. The qPCR showed the presence of miR4 (Cr = 24.5)
and (F) miR2 (Cr = 26.7) in the GlAgo sample but not in the control (N/A indicates no
amplification). The amplified miRNA cDNAs were analyzed in 2% agarose gel to confirm the
presence of a specific 76- to 77-nt band.

The Dicer-mediated processing of pre-miR4

showed a significant decrease in pre-
miR4 along with the accumulation of
a 26-nt band corresponding to the size of
miR4 (Fig. 4A). It is thus likely that
GIDcr is capable of digesting the pre-
miR4 to generate mature miR4. In the
absence of an identifiable Drosha homo-
log in Giardia, the mechanism for pre-
miRNA production from the 972-nt pri-
miR4 is unclear. One possibility is that
GIDcr could be responsible for process-
ing both pri-miR4 as well as pre-miR4.
To test such a possibility, in vitro tran-
scribed pri-miR4 was incubated with the
commercial GlDcr, and the product was
analyzed on an 8% polyacrylamide gel
(Fig. 4B). A small RNA band of ~26 nt
was observed after GlDcr digestion. The
gel was blotted onto a membrane and
probed with radiolabeled pre-miR4 (Fig.
4B, bottom). The result indicates that
the 26-nt RNA is likely miR4, suggest-
ing that GlDcr is capable of processing
pri-miR4 into pre-miR4 and then into
miR4.

To further verify that GlDcr is re-
sponsible for the maturation of miR4,
we performed a giardiavirus-mediated
antisense ribozyme knockdown of GIDcr
in Giardia (Saraiya and Wang 2008).
qRT-PCR of RNA from the knockdown
cells showed that the GIDcr mRNA was
reduced by ~42% (Fig. 4C), and West-
ern blot indicated a ~25% decrease in
GlDcr protein (Fig. 4D). Northern blot
on size-fractionated (<200 nt) small
RNAs from the knockdown cells with
an antisense miR4 showed a 30% de-
crease of miR4 (Fig. 4E). This result
suggests that the GlDcr is responsible
for maturation of miR4 in vivo.

Identification of putative miR4
target sites in Giardia

A bioinformatic search for miR4 target

Since the Northern blot in Figure 1B suggests that miR4
could be a processed small RNA from the 94-nt RNA, we
tested if the Giardia Dicer (GIDcr) is responsible for the
processing. In vitro transcribed, radiolabeled pre-miR4 was
incubated with a commercial sample of GlDcr (Powercut
Dicer, Finnzyme) for 16 h at 37°C as suggested by the
supplier. Denaturing PAGE analysis of the reaction products

sites was performed using the miRanda program (version 3;
score threshold, 120; energy threshold, —20 kcal/mol; and
scaling parameter, 4) (John et al. 2004). To limit the
number of potential target sites, we confined our search to
within a 150-nt region corresponding to 50 nt upstream of
and 100 nt downstream from the stop codon from each ORF
in the Giardia genome database. The identified target sites
were further refined by requiring at least five consecutive
base pairs (one G:U base pair allowed) within two bases
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FIGURE 4. GIDcr is required for processing the mature miR4. (A)
Digestion of radiolabeled pre-miR4 by GlDcr was analyzed by
denaturing PAGE. The decrease in pre-miR4 level and the emergence
of a 26-nt RNA band suggest that GlDcr is capable of processing pre-
miR4 into mature miR4. (B) Analysis of in vitro transcribed pri-miR4
digested by GlDcr also shows the emergence of a 26-nt RNA band that
is not observed in the control. Northern blot analysis of the digest
presented at the bottom suggests the identity of the 26-nt RNA band
to be miR4. (C) Quantitative PCR of GIDcr mRNA in ribozyme-
mediated GlDcr knockdown cells shows a ~40% decrease. (D)
Western blot analysis of the GIDcr level in GIDcr knockdown cells
shows a ~25% decrease. The * represents a nonspecific band. (E)
Northern blot analysis of the miR4 level in GlDcr knockdown cells
show a 30% decrease. The 5.8S ribosomal RNA was used as a loading
control.

from the miRNA 5’ end to form the seed sequence. Of the
4969 ORFs in the Giardia genome database, 361 were found
to have potential miR4 target sites at their 3’ ends. Of the
361 ORFs, 211 were annotated, among which 69 (32.7%)
were VSP genes. Furthermore, 54 of the 69 VSP target sites
are located at the same position (nucleotides 15-39 in the
150-nt ORF fragment) in the VSP gene. This significant
enrichment of potential miR4 targets with similar localiza-
tion among the VSP genes is reminiscent of the previous
identification of target sites for miR2, for which 22 VSP
genes were found to carry the target site (Saraiya and Wang
2008). Since miR4 is likely missing from the two other
Giardia isolates P15 and GS (see above), we used miRanda
analysis on the genomic databases of these two isolates and
found no enrichment of VSP targets for miR4 (two out of
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163 potential GS target sites and 10 out of 163 potential P15
target sites), suggesting that miR4 is a Giardia WB-specific
miRNA.

Five potential target sites were selected for further analysis
based on their miRanda scores and free energy of binding
(Table 1). They were derived from genes encoding two
hypothetical proteins, a zinc finger domain containing
protein, a NEK kinase, and a VSP. To test if these targets
could interact with miR4 and repress translation in Giardia,
two copies of each target site (similar to the number of target
sites in RLcTS to allow comparison) were incorporated into
the 3" UTR of RLuc. The ability of miR4 to repress the
expression of the reporter mRNA containing the target sites
was assayed in Giardia. The results presented in Figure 5A
indicate that only the expression of RLuc carrying the VSP
target site was significantly repressed by miR4 (~20%). The
data also suggest that the miRanda score and free energy are
not the sole predictors of potential miRNA target sites in
Giardia, However, the program does allow us to limit the
number of potential targets for testing in Giardia. Additional
non-VSP target sites in the program were not tested and
cannot be ruled out as potential miR4 targets at the present
time.

The transcript of RLuc carrying the double target sites
from the VSP gene was also tested in the GlIAgo knockdown
cells. The result shows little effect from exogenously in-
troduced miR4 (Fig. 5B), suggesting that the effect of miR4
on the target site from VSP depends on the presence of
GlAgo. Additionally, transfection of the reporter along with
the 2’ O-methyl miR4 antisense oligo showed a ~20%
increase in Rluc activity, suggesting that endogenous miR4
is actively repressing the translation of the reporter gene
containing the VSP target sites (Fig. 5C). Expression of the
69 VSP genes carrying potential miR4 binding sites, most of
which carry highly similar sequences in the region, could be
also affected by introducing the 2’ O-methyl miR4 anti-
sense into the trophozoites. But the effect may differ in
individual cases, because many VSP mRNAs may carry
multiple binding sites for multiple miRNAs (see below).

Expression of the VSP genes with target sites
for both miR2 and miR4

Two Giardia miRNAs that regulate VSP expression, miR2
and miR4, have now been identified. Of the 22 VSP genes
carrying miR2 target sites and the 69 VSP genes with miR4
target sites, 16 of them carry both target sites (Fig. 6A).
Invariably, these 16 genes have the miR2 binding site
spanning the stop codon with the seed sequence in the 3’
UTR and the miR4 binding site entirely in the coding
region with the 3’ end of miR2 overlapping the seed sequence
of miR4 (Fig. 6B). This positioning suggests that while both
miR2 and miR4 may bind to the same VSP transcript, the
translational repression may not be cooperative. To test if this
postulation is correct, two copies of the sequence that con-
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TABLE 1. Five potential miR4 target sites identified by the miRanda program

pre-miR4 and then the mature miR4 by
the action of GIDcr. Thus, a miRNA
biogenesis pathway reminiscent of the
canonical miRNA biogenesis pathway
found in higher organisms is also present
in Giardia, except that GlDcr is appar-
ently assuming the functions of both
a Drosha and a Dicer. Since the usual
sources of miRNAs such as the introns
and long intergenic spaces found in
higher eukaryotes are largely missing

from Giardia (Nixon et al. 2002; Russell

miRanda| Free |Location in 150] ) Target
Protein score |energy| ntfragment miR4 : Target site hybridization size (nts)
IHypotheti:aI proteln 1 miR4: 3' ccaGACCTA--GTCGAGG-AACCACGICEt 5°
(GL50803_26819) | 77 [-3058)  1-26 SUUE L T I 26
Target: 5' ---TTGGITCCCAACTCCGTTGGTGCAGa 3°
| Hypothetical protein 2 miR4: 3' ccAGACCTAGTCGAGGAA---CCACGTCt 5°
(GL50803_15893) 172 |-35.14 86-114 ELRLerre = e 29
Target: 5' ccTCGGGATCAGCCTCTTGCGGGTGCGGa 3°
' miR4 3' ccAGAC---C-TAGTCGA-GGAACCACGTCL 5°'
Zinc finger domain
(GL50803 103659) 172 |-2573| 94-124 PEEE L TR 0 1 i 3
Target: 5' ttTCTGCAAGTATCACTTGCCCTGGTGCAGa 3°'
miR4: 3' ccAGACC--TA-GTCGAGGAACCACGTCt 5°
Kinase, NEK
(GL50803 111938) | 170 |-3082]  21-49 FEI0 0 T 28
Target: 5' ggTCAGGTTATGCAACTCAGTGGTGCAGL 3'
miR4: 3' ccAGAC--CTAGTCGAGGAACCACGTCt 5'
ok 144 | -27.49 15-39 00 el gOEIU00 00000 25
(GL50803_36493)
Target: 5' ccTCTGCTGGT-GGTTCCT--GTGCAGG 3'

et al. 2005; Morrison et al. 2007), it is
possible that the latter could utilize ORFs

tains both the miR2 and the miR4 target site from VSP-213
(GL50803_114122) were incorporated into the truncated 3’
end of RLuc (Fig. 6C). Cotransfection of the transcript from
this construct with either miR2 or miR4 resulted in a ~15%
decrease in Rluc expression (Fig. 6C). However, when both
miR2 and miR4 were present, the RLuc expression also
resulted in a ~15% decrease, suggesting that there is no
cooperative action between the two miRNAs (Fig. 6C).

DISCUSSION

In the present study, we show that the deeply branching
protozoan Giardia has the ability to utilize a gene transcript
other than snoRNAs to produce a miRNA, which may play
an important role in regulating the expression of a number
of VSP genes.

Sources of miRNAs in Giardia

We have previously shown that snoRNA-derived miRNA-
mediated translational repression is present in Giardia
(Saraiya and Wang 2008). Other than the well-characterized
miR2 (Saraiya and Wang 2008), we have also recently
identified several additional miRNAs that are derived from
snoRNAs and are playing regulatory roles in VSP expression
in Giardia (Li et al. 2011; data not shown). The use of
snoRNAs as miRNA precursors could bypass the need for
Drosha/Pasha and Exportin5, which are apparently absent in
Giardia. However, since there are only 24 snoRNAs identi-
fied in Giardia thus far (Niu et al. 1994; Yang et al. 2005;
Chen et al. 2007), the exclusive use of snoRNAs as miRNA
precursors would limit the number of miRNAs in Giardia
and the number of mRNAs that could be regulated by
miRNAs. The identification of a 94-nt RNA species derived
from an unannotated 927-nt ORF as the precursor of miR4
indicates that additional sources of miRNAs are present in
Giardia. The 972 nt pri-miR4 is further reduced to the 94-nt

as well as snoRNAs as miRNA precur-
sors. Recently, Ringqvist et al. (2011)
identified an ORF that was highly up-
regulated during host-Giardia interaction. Northern blot
analysis identified the presence of this ORF and also a 24-nt
small RNA, suggesting that this ORF may also be a precursor
for a miRNA (Ringqvist et al. 2011). The possibility of ORF-
derived miRNAs would significantly increase the potential
sources of miRNAs in Giardia and make the miRNA-
mediated translational repression a potentially major mech-
anism of gene regulation in this ancient eukaryote. It also
raises questions on the potential mechanisms involved in
controlling degradation of one mRNA to generate a miRNA
for regulating the expression of another mRNA in Giardia.

The dependence of miR4 function on GlAgo

In a transfected Giardia cell line where GlAgo is partially
depleted, miR4 loses its capability of reducing the expression
of a reporter transcript carrying two miR4 antisense sequences
at the 3" UTR (Fig. 2D). This indicates that the function of
miR4 is dependent on the presence of GlAgo, most likely
through formation of a RISC. This postulated RISC formation
was strongly supported by the coimmunoprecipitation of
miR4 with HA-tagged GlAgo (Fig. 3E), establishing miR4 as
a potentially functional miRNA in Giardia. By pulling down
miR4 (Fig. 3E), miR2 (Fig. 3F), and a single RNA band with
an estimated size of 26-30 nt from Giardia (Fig. 3B), this
immunoprecipitation experiment with HA-GlAgo carries the
potential of isolating most, if not all, of the miRNAs from
Giardia and could constitute a library for global analysis.

Biogenesis of miR4

The indication that the 972-nt, full-length, unannotated ORF
(GL50803_92663) is transcribed to generate a polyadenylated
transcript, pri-miR4, suggests that the latter is further
processed to produce the 94-nt pre-miR4. In vitro digestion
of pri-miR4 and pre-miR4 to generate miR4 and in vivo
reduction of miR4 by a partial knockdown of GIDcr indi-
cated that GlDcr could be the sole enzyme responsible for
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FIGURE 5. Examination of five potential miR4 target sites. (A) The
capability of miR4 to inhibit expression of the transcript of RLuc
reporter gene containing one of the five potential miR4 target sites
was tested (see Table 1). HP1 indicates hypothetical protein 1; HP2,
hypothetical protein 2; ZFD, zinc finger domain; and NEK, NEK
kinase. Expression in the absence of miR4 was set at 100% in all the
controls. Only the transcript carrying the VSP target site showed an
a ~20% decrease in RLuc activity, suggesting that miR4 specifically
regulates VSP gene expression. The results represent the average and
standard deviations from at least three independent experiments, and
the Students #-test was used to determine P-values. (B) The miR4-
mediated repression of Rluc expression from the transcript carrying
the VSP target sites was significantly reduced in the GlAgo knock-
down cells, indicating that GlAgo is required for miR4 action. (C)
Rluc activity was increased by ~20% when miR4 2’ O-methyl
antisense oligo was introduced into the cells, suggesting that endog-
enous miR4 represses the reporter gene expression. The results
represent the average and standard deviations of at least two in-
dependent experiments, and the Students #-test was used to determine
the P-values.

miR4 biogenesis (Fig. 4). This tentative conclusion was
further supported by the finding that the small RNAs, in-
cluding miR4 and miR2, immunoprecipitated with GlAgo
possess 5" phosphates (Fig. 3C) and 2',3’-OH (Fig. 3D),
a specific characteristic of Dicer products.

In the apparent absence of Drosha or other RNaselll
motif-containing homologs in Giardia, it is possible that
GIDcr is responsible for processing the pri-miR4 as well as
the pre-miR4 to produce miR4 by a mechanism similar to
that identified in plants. Unlike metazoa, plants utilize
nuclear Dicer-like proteins to process both the pri-miRNA
and the pre-miRNA. After generating the pri-miRNA by
the action of RNA polymerase II, the RNA product is bound
to the RNA-binding protein DAWDLE (DDL) and localizes
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to the nuclear processing center D-bodies (Voinnet 2009).
Dicer-like 1 processes the pri-miRNA into pre-miRNA and
then the pre-miRNA into the mature miRNA (Voinnet
2009). A similar mechanism is apparently present in Giardia,
even though a DDL homolog has not yet been identified.
Whether other RNA-binding proteins are involved in this
processing is unclear. It is possible that GlDcr can shuttle
between the cytoplasm and the nucleus and can process both
pri-miRNAs and pre-miRNAs or that the entire miRNA
maturation process occurs in the cytoplasm.

miRNA regulation of VSP expression

The presence of a potential miR4 target site at the 3’ end of
the coding region in 69 VSP genes suggests that miR4 could
play a role in controlling the expression of these VSPs in
Giardia (Fig. 6A). This likelihood was supported by the
miR4-mediated inhibition of the expression of a reporter
transcript with a potential target site from a VSP gene
incorporated into the 3" UTR (Fig. 5A). The inhibition was
significantly reduced in a transfected Giardia cell line
partially depleted of GlAgo (Fig. 5B), suggesting the need
of RISC formation between miR4 and GlAgo for the
inhibitory action.

Of interest was the additional finding that 16 of the 69
VSP genes carry the potential target sites of both miR4 and
miR2 (Fig. 6B). The miR2 target site spans the VSP gene
stop codon with the seed sequence in the 3" UTR, whereas
the miR4 target site is completely in the coding region, but
its seed sequence overlaps the 3" end of miR2 (Fig. 6B). It is
thus unlikely that both miRNAs could simultaneously bind
to the same mRNA to exert their repressive effects. This
prediction was verified by data from experiments in which
the expression of a reporter transcript with both miR4 and
miR2 target sites was inhibited by either miR4 or miR2
alone to a similar extent (Fig. 6C). The inhibitory effects,
however, were neither synergistic nor cooperative (Fig. 6C),
suggesting that bindings of miR4 and miR2 are mutually
exclusive. At any given time, different miRNAs may bind
and exert their effects on one VSP mRNA. Our data also
showed that there are sufficient differences in the conserved
VSP 3’ ends for binding of multiple miRNAs. We pro-
pose that multiple VSP mRNA-targeting miRNAs exist in
Giardia. After transcription of multiple VSP genes, the
cytoplasmic VSP mRNAs are targeted by different miRNAs.
Translational inhibition by multiple miRNAs may be suffi-
cient to completely inhibit expression of a targeted gene.
Differences in the miRNA expression or miRNA concen-
trations may allow a unique VSP or a subset of VSP genes
to be translated in a stochastic manner.

The precise mechanism by which only one VSP gene is
selected for expression at a given time in Giardia is still
unclear. Other potential regulatory mechanisms in addition
to the miRNA machinery remain a possibility at the present
time. Initial studies have shown that the upstream histones
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FIGURE 6. Overlap of miR2 and miR4 VSP target sites. (A) Diagram indicating the number of miRanda-identified target sites for miR2 and
miR4 among the VSP genes and the number of VSP genes carrying both miR2 and miR4 target sites. (B) Alignment of the 3" ends of the 16 VSP
genes with both miR4 and miR?2 target sites. The two miRNAs are aligned on top of the potential binding sites with their seed sequences colored in
red. The miR2 binding site straddles the stop codon with the seed sequence in the 3" UTR, while the miR4 binding site is completely in the coding
region with the 3’ end of miR2 occluding the miR4 seed sequence. (C) Diagram of the reporter construct containing two copies of the VSP-213
gene sequence (GL50803_114122) from nucleotides 12-62 (see Fig. 6B, the gene identified with *) containing both the miR2 and miR4 target sites.
Capped RLuc reporter mRNA was transfected into Giardia cells with miR2, miR4, or both miR2 and miR4 and was assayed for RLuc activity. The
activity was reduced by ~15% in the presence of either miR2 or miR4, indicating that both miRNAs can regulate VSP-213 expression. Presence of
both miRNAs did not, however, further reduce RLuc expression, suggesting that the inhibitory effect of miR2 and miR4 is not cooperative. The
results represent the average and standard deviation of at least three independent experiments, and the Students #-test was used to determine

P-values.

of a VSP promoter were acetylated, indicating an epigenetic
mechanism of gene regulation (Kulakova et al. 2006). More
recently, however, nuclear run-on experiments showed that
multiple VSP genes are transcribed (Prucca et al. 2008),
suggesting that epigenetic mechanisms may not be solely
responsible for regulating VSP expression. Prucca et al.
(2008) proposed that VSP expression is regulated by a RNAi
mechanism. This was based on an antisense knock down of
RNA-dependent RNA polymerase (RdRP) or GlDcr, which
led to Giardia trophozoite populations expressing more
than one VSP (Prucca et al. 2008). The investigators
demonstrated that VSP double-stranded (ds) RNA could
generate a small RNA band using Giardia cell lysate (Prucca
et al. 2008). These observations led to the conclusion that

VSP mRNAs are turned into dsRNAs by RdARP, processed
by GlDcr, and bound to GlAgo to function in an RNAi
pathway (Prucca et al. 2008). It is, however, not possible to
identify a specific GlDcr cleaved product in a Giardia lysate
due to the presence of many RNase activities. Furthermore,
GlDcr is incapable of digesting long dsRNAs in vivo. The
dsRNA giardiavirus is stable and multiplying in the cyto-
plasm of Giardia trophozoites (Miller et al. 1988). A recent
study of dsRNAs artificially generated in Giardia trophozoites
also showed no degradation of the dsRNAs into small RNAs,
suggesting that GIDcr is incapable of processing long
dsRNAs (Rivero et al. 2010). Additionally, our investigations
of miR2 and miR4 showed that neither miRNA is derived
from VSP antisense RNA. Inhibition of mRNA expression by
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these miRNAs does not lead to reduction of the mRNA level,
indicating that GlAgo does not cleave the targeted mRNA
even in the presence of a perfectly complimentary target site.
This is a standard feature of the miRNA-Argonaute-medi-
ated repression of translation. With all the information
available, we conclude that the miRNAs are playing a role
in regulating the expression of VSPs in Giardia.

MATERIALS AND METHODS

RNA isolation

Total RNA was isolated from Giardia trophozoites using Trizol
(Invitrogen), while size-fractionated RNA (<200 nt) was isolated
using the High Pure miRNA Isolation kit (Roche). Isolation of
small RNAs <40 nt was accomplished by gel fractionation of the
size-fractionated RNA (<200 nt) and excision of the 26- to 30-nt
region. The excised gel fragment was crushed, and the RNA was
eluted into 300 pL 1X TE buffer with 1 U/pL SUPERaseeln
(Ambion) and incubated overnight at 4°C with end-over-end
mixing followed by standard ethanol precipitation.

Cloning of the Rluc reporter gene with miR4
target sites

We have previously constructed a plasmid pRL containing the
RLuc reporter gene under control of the T7 promoter and
a multiple cloning site followed by As, at the 3" end (Saraiya
and Wang 2008). Two copies of each target site was incorpor-
ated into the Rluc 3" UTR by PCR amplification using the Rluc
seq primer (5'-AGAGAAAGGTGAAGTTCGTC-3’) and the ap-
propriate target site primers (RLcTS: 5'-ATCCCGCGGTCTGCA
CCAAGGAGCTGATCCAGACCGGGCCCTCTGCACCAAGGAG
CTGATCCAGACCAGATCTTTATTGTTC-3'; GL50803_26819: 5'-
GATCCGCGGATATCTGCACCAACGGAGTTGGGAACCAACC
GGTTCTGCACCAACGGAGTTGGGAACCAAAGATCTTTATTG
TTC-3'; GL50803_15893: 5'-GATCCGCGGATATCCGCACCCGC
AAGAGGCTGATCCCGAGGGTACCTCCGCACCCGCAAGAGGC
TGATCCCGAGGAGATCTTTATTGTTC-3"; GL50803_103659: 5'-
GATCCGCGGATATCTGCACCAGGGCAAGTGATACTTGCAGA
CCGGTTCTGCACCAGGGCAAGTGATACTTGCAGAAGATCTT
TATTGTTC-3"; GL50803_111938: 5'-GATCCGCGGATAACTGC
ACCACTGAGTTGCATAACCTGACCCCGGTACTGCACCACTGA
GTTGCATAACCTGACCAGATCTTTATTGTTC-3"; GL50803_36493:
5"-GATCCGCGGATACCTGCACAGGAACCACCAGCAGAGGCC
GGTCCTGCACAGGAACCACCAGCAGAGGAGATCTTTATTGT
TC-3') and cloned into pGEM-T (Promega). Clones were se-
quenced and subcloned into pRL using the SacIl and BsrGI re-
striction sites.

The first miR2/miR4 dual target site was incorporated into pRL
by PCR amplification using the Rluc seq primer and primer miR2/
4 114122 R-1 (5'-AGGAACCAGCTGCACTACCTAAGTCACGC
CTTCCCCCTGCACAGGAACCACCAGCAGAGGAAGAGGCGC
GCCTTATTG-3"). The resulting PCR product was used as a tem-
plate to add the second miR2/miR4 target site by PCR amplifica-
tion using the Rluc seq primer and primer miR2/4 114122 R-2 (5'-
AATCCGCGGCACTACCTAAGTCACGCCTTCCCCCTGCACAG
GAACCACCAGCAGAGGAAGCAGCTG-3'). The resulting PCR
product was cloned into pRL as described above.
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miRNA assay

The miRNA assay was performed as previously described using
either Giardia WB trophozoites or the GlAgo knockdown cells
(Saraiya and Wang 2008).

HA-GIAgo cloning, expression
and immunoprecipitation

HA-GlAgo was PCR amplified from Giardia genomic DNA using
pNlop4 2HA GlAgo F primer (5'-GATACTAGTATGTATCCTTAT
GATGTTCCTGATTATGCTTATCCTTATGATGTTCCTGATTATG
CTATGGTAGCAGATGTTGTC-3') and the R primer (5'-ATGC
GAATTCAAATATTTACTGCCTAGGTTATATGAAGAATGGTC
T-3"). The product was cloned into pGEM-T (Promega), sequenced,
and then subcloned into the pNlop4 vector, a derivative of the
PpNLop3-GtetR vector, using Spel and EcoRI (Sun and Tai 2000).
The resulting construct (pNlop4 HA-GlAgo) was transfected into
Giardia trophozoites as previously described, and the transformants
were selected with 200 pg/mL G418 (Singer et al. 1998). The selected
cells were induced with 10 pg/mL of tetracycline for 24 h at 37°C
and assayed for HA-GlAgo by Western blot to confirm its expression
(data not shown).

Immunoprecipitation of HA-GlAgo was performed using the
ProFound HA Tag IP/Co-IP Kit (Pierce). Briefly, about 10° cells
were induced with 10 pg/mL tetracycline for 24 h at 37°C, pel-
leted, and lysed with 700 wL RIPA buffer (50 mM Tris-HCl at pH
7.5; 150 mM NaCl; 2 mM EDTA at pH 8.0; 1% NP-40) in the
presence of 2X Halt protease inhibitor cocktail (Thermo Scien-
tific) and 1 U/pL SUPERaseeIn (Ambion). The cells were allowed
to lyse for 1-2 h at 4°C with end-over-end mixing followed by
centrifugation at 16,000¢ for 20 min at 4°C to pellet cellular de-
bris. The cleared lysate was mixed with 6 nL of anti-HA agarose
beads that were preincubated with 150 wg of BSA and 150 pg of
Salmon sperm DNA (Invitrogen). After an incubation at 4°C with
end-over-end mixing for 16 h, the mixture was pulse centrifuged
at 16,000¢ to remove the supernatant. The agarose beads were
then washed five times with 500 wL of Tris buffered saline plus
0.05% Tween-20. The RNA associated with the HA-GlAgo—anti-HA
agarose complex was extracted with 500 pwL Trizol (Invitrogen)
using the manufacturer’s protocol and suspended in 20 L RNase-
free water. The extracted RNA was analyzed by 15% denaturing
PAGE. An ~26- to 30-nt band was observed in the HA-GlAgo
immunoprecipitation, but not in the control. The ~26- to 30-nt
band was excised from the gel, crushed, and incubated overnight
at 4°C with end-over-end mixing in 1X TE buffer with 1U/unL
SUPERaseeIn (Ambion) to extract the RNA followed by ethanol
precipitation.

Real-time PCR identification of GlAgo
associated miRNAs

The extracted RNA was reverse transcribed with miRNA specific
primers (miR2: 5'-GTCGTATCCAGTGCAGGGTCCGAGGTATT
CGCACTGGATACGACGGACTAT-3'; miR4: 5'-GTCGTATCCA
GTGCAGGGTCCGAGGTATTCGCACTGGATACGACGGTCTG-3')
following the provided protocol for SuperScript III (Invitrogen).
The cDNA was used to perform a Tagman assay using PrimeTime
qPCR (IDT) primers to detect the cDNAs of miR4 (Probe: 5'-FAM-
AGTACTGGCGGGGCCTGAC-Iowa Black 3'; Primer 1: 5'-GGA
AACTCCTTAACTCGTTCCG-3'; Primer 2: 5'-GTGTTCCCACG
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ACGTCTC-3") and miR2 (Probe: 5'-FAM-ACTGGATAC-ZEN-
GACGGACTATAG-Iowa Black 3'; Primer 1: 5'-CAGCCTAATC
ACCGCC-3'; Primer 2: 5" GTCGTATCCAGTGCAGG-3') using the
Bio-Rad CFX96 Real-Time System.

Examining the ends of small RNAs
coimmunoprecipitated with HA-GlAgo

To examine the 5’ ends of the small RNAs coimmunoprecipitated
with HA-GlAgo, the small RNAs were treated with the 5'-3'
exonuclease Terminator (Epicentre) with or without an Antarctic
phosphatase (NEB) pretreatment to remove potential 5" phosphates
as directed by the suppliers. Products from the reactions were
analyzed by 8% denaturing PAGE.

The 3’ ends of the small RNAs coimmunoprecipitated with
GlAgo were checked by B-elimination. Briefly, HA-GlAgo coim-
munoprecipitated small RNAs were incubated with 100 mM
sodium periodate in 10 mM Tris-HCl (pH 7.5) for 30 min at
22°C. An equal volume of formamide loading buffer was then
added, and the reaction mixture was incubated for 30 min at 99°C
for cleavage of the 3'-terminal nucleotide mediated by the 2',3'-
dialdehyde generated by the periodate treatment. Products from the
reactions with an anticipated loss of 3’ end nucleotide were
analyzed by 8% denaturing PAGE.

In vitro GIDcr digestion of pri-miR4 and pre-miR4

The pri-miR4 was PCR amplified from Giardia genomic DNA
with pri-miR4 T7 F (5'-TAATACGACTCACTATAGCCATGGAT
GGCTACTCTCAAAGACC-3") and pri-miR4 RNA R (5'-TCAGA
TCAGAATCAATTCGTCAG-3') and cloned into pGEM-T and
sequenced. The clone was used as a template to PCR amplify the
pri-miR4. The amplified DNA was used as template for in vitro
transcription (Ambion) of the pri-miR4, which was gel purified and
used for the GlDcr digestion assay. The pri-miR4 was incubated
with 1 U of the commercial GlDcr for 16 h at 37°C. The reaction
was analyzed by denaturing 8% PAGE.

The pre-miR4 was PCR amplified from Giardia genomic DNA
with pre-miR4 T7 F (5'-TAATACGACTCACTATAGCGTCCGCA
AGCATCTCC-3") and miR4 full R (5'-GGTCTGGATCAGCT
CCTTGGTGCAGA-3"). The ethanol precipitated DNA was used
for trace [**P-UTP]-labeled in vitro transcription (Ambion) of
pre-miR4. The RNA product was passed through a G-25 Sephadex
column (GE Healthcare) to remove unincorporated nucleotides
and was incubated with 2 or 4 U of a commercial GlDcr sample
(PowerCut Dicer, Finnzymes) for 16 h at 37°C. The reaction
products were analyzed by denaturing 10% PAGE.

Analysis of ribozyme-mediated GIDcr knockdown

Total RNA from GIDcr knockdown cells was isolated with Trizol
and reverse transcribed with Superscript III (Invitrogen) using an
oligo(T);¢ primer. GIDcr mRNA levels were observed by qPCR
using primers qPCR Dicer F (5'-AAAATACAGCCTGACAGCA
AGG-3") and qPCR Dicer R (5'-TGGTCGCCAGAAGGGTGTA-3")
along with 1 pL of cDNA and the Faststart Universal SYBR Green
Master mix (Roche). The Giardia tubulin mRNA [qPCR tubulin F
(5'-TACATGGCGTGCTGCATGATG-3") and qPCR tubulin R
(5'-TCGTGTTGGAGATCATGAGGC-3")] was used as a control.
The qPCR was performed using the Bio-Rad CFX96 real-time
thermocycler.

The GIDcr protein levels were determined using a rabbit poly-
clonal antibody raised against two GIDcr peptides (peptide 1:
C-PTGPVASKVLALYEK; peptide 2: C-PSVVSEVIIESHPKI). An anti-
tubulin antibody (DM1A; Sigma) was used as a loading control.
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