Limiting Ago protein restricts RNAi
and microRNA biogenesis during early
development in Xenopus laevis

Elsebet Lund, Michael D. Sheets, Susanne Blaser Imboden, and James E. Dahlberg'

Department of Biomolecular Chemistry, University of Wisconsin School of Medicine and Public Health, University of
Wisconsin, Madison, Wisconsin 53706, USA

We show that, in Xenopus laevis oocytes and early embryos, double-stranded exogenous siRNAs cannot function
as microRNA (miRNA) mimics in either deadenylation or guided mRNA cleavage (RNAIi). Instead, siRNAs

saturate and inactivate maternal Argonaute (Ago) proteins, which are present in low amounts but are needed for
Dicer processing of pre-miRNAs at the midblastula transition (MBT). Consequently, siRNAs impair accumulation
of newly made miRNAs, such as the abundant embryonic pre-miR-427, but inhibition dissipates upon synthesis of

zygotic Ago proteins after MBT. These effects of siRNAs, which are independent of sequence, result in
morphological defects at later stages of development. The expression of any of several exogenous human Ago
proteins, including catalytically inactive Ago2 (Ago2mut), can overcome the siRNA-mediated inhibition of miR-
427 biogenesis and function. However, expression of wild-type, catalytically active hAgo2 is required to elicit
RNAIi in both early embryos and oocytes using either siRNA or endogenous miRNAs as guides. The lack of
endogenous Ago2 endonuclease activity explains why these cells normally are unable to support RNAi. Expression
of catalytically active exogenous Ago2, which appears not to perturb normal Xenopus embryonic development,
can now be exploited for RNAI in this vertebrate model organism.
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MicroRNAs (miRNAs) and siRNAs are 22- to 24-nucleotide
(nt) RNAs that modulate gene expression post-transcrip-
tionally by acting as guides to direct Argonaute (Ago)-
containing RNA-induced silencing complexes (RISCs) to
targeted mRNAs (Bartel 2004; Valencia-Sanchez et al.
2006; Kim et al. 2009; Czech and Hannon 2011). Animal
miRNAs, processed from cellular transcripts, primarily rec-
ognize partially complementary miRNA target sequences
that are located in the 3’ untranslated regions (UTRs) of
mRNAs, leading to translational repression, deadenyla-
tion, and decay of mRNAs (Eulalio et al. 2008; Fabian et al.
2010). In contrast, siRNAs, derived from exogenously
introduced perfectly base-paired siRNA duplexes, promote
cleavage of targeted mRNAs at fully complementary
sequences catalyzed by associated Ago2 (Liu et al. 2004).
In vertebrate cells, miRNAs and siRNAs incorporated into
Ago2-RISCs can function interchangeably, depending on
the extent of sequence complementarity with their tar-
geted mRNAs.
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Eggs and embryos of the frog Xenopus laevis contain
pools of maternally produced mRNAs and cell compo-
nents that support translation, cell division, and produc-
tion of the embryonic miR-427, which becomes incorpo-
rated into RISCs within a few hours of fertilization
(Watanabe et al. 2005; Lund et al. 2009). At the midblastula
transition (MBT), the embryonic stage when the cell cycle
is remodeled and robust zygotic transcription is initiated
(Newport and Kirschner 1982a,b), miR-427 promotes dead-
enylation and destabilization of maternal mRNAs that
contain a miR-427 recognition element (MRE,4,7), such as
those encoding cyclins Al and B2 (Audic et al. 2001; Lund
et al. 2009). Premature expression of miR-427 following
introduction of in vitro synthesized pre-miR-427 into one-
or two-cell Xenopus embryos accelerates the onset of dead-
enylation and destabilization of targeted mRNAs, showing
that factors needed for the maturation and function of
miRNAs and RISCs are produced during oogenesis (Lund
et al. 2009). A similar system of embryo-specific miRNA-
430 promotes deadenylation and turnover of many
maternal mRNAs during early development of zebrafish
(Giraldez et al. 2006).

Despite the presence of factors needed for generation
and function of miRNAs and RISCs in early embryos of
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X. laevis and zebrafish, the use of siRNA-mediated RNAi
to modulate expression of maternal or zygotic mRNAs is
unreliable (Gruber et al. 2005; Zhao et al. 2008; Perrimon
et al. 2010; Wang et al. 2010). That deficiency has led to
extensive use of alternative, more expensive methods to
down-regulate translation of proteins of interest (Amaya
et al. 1991; Ekker 2000; Heasman et al. 2000; Hulstrand
et al. 2010).

Here we show that accumulation of X. laevis Ago pro-
teins is subject to developmental control in both oocytes
and early embryos, and that this regulation has unexpected
consequences for the activities of miRNAs and siRNAs.
Injected siRNAs titrate maternal Ago proteins that are pres-
ent in restrictive amounts in oocytes and early embryos,
resulting in impairment of Dicer function and, hence, in-
hibition of miRNA biogenesis and function at MBT. Also,
we demonstrate that Ago2 is either absent or not catalyt-
ically active in these cells, explaining why RNAI is not
supported. However, expression of exogenous Ago2 allows
for RNAI, a feature that promises to have utility in the
analysis of gene function during early development.

Results

Inhibition of miR-427-promoted deadenylation
in embryos by siRNAs

Previously, we showed that premature accumulation of
miR-427 following injection of pre-miR-427 into one-cell
embryos shifted the onset of deadenylation of maternal
cyclin B2 mRNA from the MBT to earlier times (Lund et al.
2009). To test whether a miR-427 mimic in the form of
a short duplex siRNA could likewise promote premature
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deadenylation, we used a chimeric reporter mRNA target
(GbeB2) (Fig. 1A) that was coinjected with siRNA 4,7, in
which the predicted guide strand is identical in sequence to
miR-427. Surprisingly, instead of accelerating deadenyla-
tion and destabilization of the reporter, siRNA 4,7 delayed
turnover of the reporter RNA (Fig. 1A, middle panel).
This stabilization resembled that observed when the
MRE,,; in the reporter was mutated (Fig. 1A, bottom
panel).

To determine whether siRNA,,; also affected the sta-
bility of endogenous miR-427 targets, we monitored the
fate of maternal cyclin B2 mRNA by Northern blotting
(Sheets et al. 1994; Lund et al. 2009). Like the exogenous
reporter RNA, the endogenous mRNA remained polyade-
nylated and stable after MBT in embryos injected with
siRNA,,7 (Fig. 1B, top panels). Moreover, a nonspecific
control siRNA, siRNAyg, elicited similar effects (Fig. 1B,
bottom panels), showing that impairment of deadenyla-
tion is independent of siRNA sequence.

The generality of inhibition of deadenylation at MBT by
siRNA was further demonstrated using reporter RNAs de-
rived from the 3’ UTR of cyclin A1 mRNA, another miR-
427 target (Fig. 1C). Both the miR-427-mimic (siRNA4,7) and
a variant (siRNA,,) designed to compensate for mutation
of the MRE,,7 slowed rather than accelerated deadenylation
of these reporter RNAs.

Inhibition of Dicer activity in embryos by siRNA

The miR-427 mediating deadenylation at MBT is not
maternally provided (Watanabe et al. 2005) but must be
processed from newly made pre-miR-427 (Lund et al. 2009).
Therefore, we asked whether inhibition of deadenylation

Figure 1. Inhibition of miR-427-dependent deadenyla-
To1  tion by exogeneous siRNA. (A) Schematic representa-
tion of the chimeric B-globinecyclin B2 3’ UTR reporter
mRNA (GbeB2) indicating wild-type (wt) and inactivat-
ing mutant (mut) seed matches for miR-427 (MRE),
cytoplasmic polyadenylation elements (CPE), and hexa-
nucleotide polyadenylation signal (HEX). 3>P-labeled
GbeB2 reporter RNAs with wild-type (top, middle) or
mutant MREs were injected alone or together with
siRNA4,7 (200 fmol per embryo) into one- to two-cell
embryos [1.5-2 h post-fertilization), and polyadenyla-
tion and deadenylation were monitored over time by
denaturing PAGE of total RNAs (one embryo equivalent
per lane). Marker lanes (M) show the nonpolyadenylated
reporter RNAs prior to injection, and stippled lines
demarcate polyadenylated from deadenylated reporter
RNAs. For nucleotide sequences of siRNA4y, (a miR-
427 mimic), siRNA,,, (a variant designed to compen-
sate for the seed match mutation in MREmut), and
siRNAps (a nonspecific commercial siRNA), see the
Materials and Methods. (B) Impaired deadenylation of
endogenous cyclin B2 mRNAs independent of siRNA
sequence. Kinetics of deadenylation in untreated em-

bryos (Non-inj.) or embryos injected at the one-cell stage with siRNA,,7 (left) or a non-specific siRNAys (right) (100 fmol per embryo)
were monitored over time by Northern blot analyses of 3’-terminal fragments of cyclin B2 mRNA generated by digestion with RNase
H. Marker lanes (M) show 3'-terminal fragments lacking poly(A) (Ag). (C) 3*P-labeled cyclin Al 3’ UTR reporter RNAs (top diagram)
with wild-type or mutant miR427 target sites (MRE) were injected alone or together with the indicated siRNAs (200 fmol per embryo),
and polyadenylation and deadenylation were monitored over time as in A.
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by siRNA was due to blockage of miRNA production.
Northern blot analysis revealed the absence of mature miR-
427 and the stabilization of pre-miR-427 in the presence of
siRNAns. The increased accumulation of pre-miRNA-427
demonstrates that siRNA strongly inhibited Dicer process-
ing, although miRNA destabilization might also have
contributed to the absence of mature miR-427 (Fig. 2A,B).
In contrast, accumulation of zygotic miR-19b and miR-16,
which begins later, upon completion of gastrulation (stage
12), was only slightly affected (Fig. 2A, bottom panels),
showing that siRNA-mediated inhibition of Dicer activity
dissipates at later stages of embryogenesis.

The inhibition of Dicer activity was dose-dependent, as
demonstrated by the extent of processing of injected 3>P-
labeled pre-miR-427 in early cleavage embryos (preMBT)
containing varying amounts of siRNA (Fig. 2C). This dose
response suggests that siRNAs titrate a factor that then be-
comes limiting for miRNA biogenesis. Inhibition of pro-
cessing within 30 min of injection of siRNAys and pre-
miR-427 into the cytoplasm indicates that the saturable
factor is cytoplasmic, making it unlikely that the limiting
factor is the pre-miRNA nuclear export factor Exportin 5
(Exp5) (Bohnsack et al. 2004; Lund et al. 2004; Ohrt et al.
2006).

Although siRNA-mediated inhibition of Dicer activity
dissipated after gastrulation (which occurred normally),
toxic effects of siRNA injection were evident at later
stages of development. Tadpoles that developed from
embryos injected with siRNAys consistently had smaller
eyes and heads, manifested fluid retention around the gut,
were shorter overall, and were less pigmented than non-
injected control tadpoles or tadpoles from H,O-injected
embryos (Fig. 2D; Supplemental Fig. S1). It is likely that
these phenotypes result from disruption of the normal
program of miR-427-mediated clearance of maternal
mRNAs (like those of cyclins Al and B2) during early
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stages of development (Giraldez 2010), although other
consequences of the lack of Dicer activity or impairment
of additional factors (see below) cannot be excluded.

Dissipation of siRNA inhibition after MBT

The recovery of pre-miRNA processing at later stages, after
activation of zygotic transcription (Fig. 2A), indicated that
embryos produced a factor that neutralized the inhibitory
effects of siRNA. Western blot analyses showed that the
levels of two key factors required for miRNA maturation
(Exp5 and Dicer) did not change appreciably from the egg
stage to well past MBT and gastrulation (Fig. 3A; data not
shown). In contrast, the levels of Ago proteins began rising
after MBT, showing that accumulation of Ago protein is
developmentally controlled at this stage. The identity of
the Ago proteins that increased could not be determined
due to a lack of antibodies that can differentiate between
various Xenopus Ago proteins (Supplemental Fig. S2A). The
detected x1Ago proteins, as well as embryonic miR-427 (and
maternal miRNAs)|, were efficiently coprecipitated by anti-
GW182 antibodies (Supplemental Fig. S2C), showing that
they were incorporated into RISCs that could mediate
deadenylation (CY Chen et al. 2009 ; Eulalio et al. 2009;
Piao et al. 2010).

Suppression of siRNA inhibition by exogenous
Ago proteins

In other organisms, expression of exogenous Ago proteins
can increase the accumulation of endogenous miRNAs
(Diederichs and Haber 2007), and Ago proteins complexed
with Dicer and TRBP (HIV-1-transactivating response
RNA-binding protein) are needed for efficient product re-
lease from Dicer of dsRNA cleavage products (Chendrimada
et al. 2005; Gregory et al. 2005; Haase et al. 2005). Thus,

Figure 2. siRNA-mediated inhibition of

miRNA biogenesis and disruption of tad-
e it pole development. (A) Impairment of miR-
iR +SiRNA 427 biogenesis by siRNAs. Accumulation
omiR of endogenous X. laevis miRNAs in un-
treated embryos (Non-inj.) or embryos in-
jected with siRNAps at the one-cell stage
was monitored over time by Northern blot
analyses of total RNAs (one embryo equiv-
alent of total RNAs per lane). Individual
blots were probed for miR-427, miRNA-
19b, or miRNA-16, as indicated. (B) Phos-
phorlmager quantification of the miR-427
blots shown in A. (C) Dosage-dependent
inhibition of pre-miRNA processing. 3*P-
labeled pre-miR-427 RNAs were injected
into one- to two-cell embryos alone (left
and right panels) or together with different
amounts of siRNAys, and Dicer processing
was monitored over time post-injection by
denaturing PAGE of total RNAs (one em-

m pre-miR +siRNA

bryo equivalent per lane). (D) Abnormal development of tadpoles derived from siRNA-injected embryos. One-cell embryos were
injected with 100 fmol of siRNAys or H,O, and their development was monitored by visual inspection at stage 42. Images of tadpoles
developed from noninjected embryos are shown in Supplemental Fig. S1.
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Figure 3. Titration of limiting Ago proteins by exog-
enous siRNA. (A) Developmental control of accumu-
lation of xlAgo proteins in early embryos. Western
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we reasoned that binding of siRNA to Ago proteins would
reduce their availability and, hence, their ability to
support Dicer activity.

To test whether inhibition of pre-miRNA processing by
siRNA was due to depletion of available Ago proteins, we
increased the quantity of these proteins in early embryos
via injection of mRNAs encoding Myc-tagged human
Ago-1, Ago-2, or Ago-4 (Fig. 3B). In the presence of co-
injected siRNAys, each of these Ago proteins restored the
accumulation of miR-427 to normal levels (Fig. 3C). In
contrast, expression of high levels of exogenous TRBP, the
dsRNA-binding cofactor of Dicer (Haase et al. 2005;
Parker et al. 2008), was without effect, indicating that
rescue of Dicer activity by exogenous Ago proteins was
not merely a result of binding and sequestering dsRNA.
Thus, we conclude that a limiting factor titrated by
siRNA in early embryos is maternally derived Ago pro-
tein, which is needed at MBT for Dicer function, likely in
product release. The zygotic xIAgo proteins that accu-
mulate after MBT (Fig. 3A) are apparently sufficient to
allow for Dicer activity at later times (cf. Fig. 2A).

To ask whether the endonuclease activity of Ago2
might play a role in suppression of siRNA inhibition,
we monitored the processing of pre-miR-427 in embryos
containing siRNAyg and either wild-type or a catalyti-
cally inactive mutant of hAgo2. The effects of the two
forms were equivalent (Fig. 3D), showing that Ago2
catalytic activity is not essential for the rescue of Dicer
activity, consistent with the fact that hAgol and hAgo4,
which lack cleavage activity, can also function in this
process (Fig. 3C). However, accumulation of miR-427
increased in embryos containing exogenous hAgo2 (Fig.
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siRNAys (20 fmol per embryo), and miR-427 bio-
genesis was monitored as in C. (E) Phosphorlmager
quantification of mature miR-427 hybridization sig-
nals in D.

3E), indicating that Xenopus Ago proteins are limiting for
miRNA biogenesis even in the absence of siRNA.

Restoration of deadenylation by additional
Ago proteins

To determine whether the rescue of miRNA biogenesis by
Ago proteins would also restore miR-427-mediated dead-
enylation in the presence of siRNA, we used a Gb*B2 re-
porter RNA with a sequence that was perfectly comple-
mentary to miR-427 (miR-427pm [perfect match]), in place
of the wild-type MRE,,- in the 3’ UTR (Fig. 4). As expected
(cf. Fig. 1), this reporter RNA remained polyadenylated and
was stabilized through stage 9.5 in embryos containing
siRNAys (Fig. 4A, top panel). Expression of either form of
hAgo2 resulted in deadenylation at MBT (Fig. 4A, middle
and bottom panels), showing that the impairment of dead-
enylation by siRNA was likely due to a deficit of miR-427.
The deadenylation that occurred by stage 11 in the absence
of exogenous hAgo proteins (Fig. 4A, top panel) may be
attributed to zygotic expression of x1Ago proteins (cf. Fig.
3A). These results also show that a miR-427pm target site
in the 3’ UTR can function like the wild-type MRE.

Lack of RNAIi in embryos due to Ago2 deficiency

Despite the equivalent activities of wild-type and mutant
exogenous hAgo2 in restoring deadenylation, only the
catalytically active hAgo2 was able to promote endonu-
cleolytic cleavage (RNAI) of the reporter RNA, producing
discrete products (Fig. 4A, middle panel). Moreover, even in
the absence of siRNAys, embryos lacking exogenous Ago2
were unable to support RNAi, independent of whether
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Figure 4. Rescue of deadenylation and RNAIi deficiencies in
early embryos. (A) Suppression of siRNAns-mediated inhibition
of deadenylation at MBT by exogenous Ago proteins. A 32P-
labeled GbeB2 reporter RNA with a perfect match miR-427
target site in the 3’ UTR plus siRNAys (20 fmol per embryo)
was injected alone or together with synthetic mRNA encoding
wild-type or mutant Myc-hAgo2, and reporter RNA stabilities
were monitored over time as in Figure 1A. The arrowhead
indicates the 5’-terminal RNAi cleavage product. Note that, in
the absence of exogenous hAgo proteins, siRNAys-mediated
inhibition of deadenylation was alleviated late in gastrulation
(stages 11 and 12.5), coincident with increased accumulation of
endogenous zygotic x1Ago proteins (cf. Fig. 3A and Supplemen-
tal Fig. S3B). (B) Lack of RNAi in the absence of exogenous Ago2.
The *2P-labeled GbeB2 reporter RNA was injected alone or
together with siRNA4,, (100 fmol per embryo) or pre-miR-427
(Lund et al. 2009) into one- to two-cell embryos and analyzed as
in A.

miR-427 (acting as the guide strand) was derived from
endogenous or exogenous pre-miR-427 or from siRNAy,-,
(Fig. 4B); as expected (Lund et al. 2009), deadenylation was
accelerated by exogenous pre-miR-427. These results
indicate that early embryos (and oocytes) (see below) are
deficient in Ago2 catalytic activity, in spite of the fact that
they contain endogenous x1Ago2 mRNA (Supplemental
Fig. S4).

Consistent with this conclusion, a Gb*B2 reporter RNA
with a miR-427pm sequence within the coding region
(Fig. 5A) was subject to siRNA4,7-mediated RNAi only in
embryos that were supplemented with catalytically ac-
tive hAgo2 (Figs. 5B,C; Supplemental Fig. S3). However,
unlike reporters with miR-427 target sites in the 3’ UTR,
this reporter was not subject to deadenylation in either
the absence (Fig. 5A) or presence (Fig. 5B) of siRNA,,7.
Thus, the susceptibility of GbeB2 reporter RNAs to
deadenylation, but not to RNAI, is strongly affected by
the location of the targeted miR-427pm sequence (Wu
et al. 2008; Gu et al. 2009; Moretti et al. 2010). Impor-
tantly, exogenous hAgo2 also catalyzed RNAIi of an en-
dogenous mRNA, encoding cyclin B2, in the presence of

Ago2, miRNA, and RNAIi in Xenopus embryos

a cyclin B2-specific siRNA (Fig. 5D). We conclude that the
lack of x1Ago2 function explains why X. laevis embryos
are unable to perform RNA-guided cleavage.

Exogenous hAgo2 affects stability of siRNA 47

The lack of endogenous x1Ago2 activity was also man-
ifested in the stability of the injected siRNA4,7 (Fig. 5E). In
the absence of exogenous Ago2 (data not shown) or the
presence of hAgo2mut, both strands of siRNA remained
stable for several hours, although the appearance of
slower- or faster-migrating forms of siRNA4,; suggested
that both strands were subject to turnover. However, in
the presence of wild-type hAgo2, the passenger strand,
but not the guide strand, was destabilized, consistent
with the findings of others (Matranga et al. 2005; Rand
et al. 2005).

Unexpectedly, we found that miR-427 generated from
siRNA4,7 in Ago2-expressing embryos (which support
RNAI) (Fig. 4B; Supplemental Fig. S3A) was unable to
promote efficient deadenylation of cyclin Al 3’ UTR
reporter RNA (Supplemental Fig. S5). This lack of activity
contrasts with that of miR-427 processed from pre-miR-
427, which readily promoted deadenylation prior to MBT,
even in the absence of exogenous Ago proteins (Fig. 4B;
Lund et al. 2009). The reason for this difference is unclear,
but it suggests that formation of RISCs that function in
deadenylation may depend on generation of miR-427 via
Dicer processing (Gregory et al. 2005; Maniataki and
Mourelatos 2005).

Developmentally controlled Ago proteins
do not support RNAIi in oocytes

The apparent deficiency of maternally derived Ago2 activ-
ity in early embryos led us to question whether Ago
proteins were also subject to developmental control in
oocytes. Western blot analyses revealed that immature
(stage VI) oocytes contained low levels of Ago protein
relative to eggs and early embryo, and that most of the
oocyte-associated Ago protein was in follicle cells (Fig. 6A,
lanes 1,2). However, the amount of Ago proteins was
strongly up-regulated during progesterone-induced matu-
ration, eventually matching but not exceeding that of early
embryos (Fig. 6A, lanes 3-5), whereas the levels of Dicer
and Exp5 remained essentially unchanged from immature
oocytes through maturation and early embryogenesis (Fig.
6A,C; data not shown).

To determine whether oocytes can support RNAi, we
injected siRNAyy7 plus the GbeB2 reporter RNA contain-
ing a 427pm sequence in the 3" UTR (cf. Fig. 4) into the
cytoplasm (Fig. 6B) or nucleus (Supplemental Fig. S6) of
stage VI oocytes. As expected (Fox et al. 1989; Sheets et al.
1994), the reporter RNA was polyadenylated in the nucleus
(Supplemental Fig. S6) but not in the cytoplasm, unless the
oocytes had undergone progesterone-induced maturation
(Fig. 6B). Regardless of the site of injection or the state of
polyadenylation, the reporter RNA was stable for at least
20 h, and only in oocytes expressing exogenous hAgo2 were
5'-terminal and 3’-terminal cleavage products detected.
Moreover, the endogenous xlAgo proteins synthesized
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Fig. S3), and the extent of RNAi was quantified by
PhosphorImager analyses. (D) siRNAg,-guided RNAi
of endogenous cyclin B2 mRNA. Synthetic mRNA
encoding wild-type myc-tagged hAgo2 was injected
alone or together with siRNAgp, (30 fmol), and
mRNA stability was monitored by Northern blot
analysis of full-length cyclin B2 mRNA. The arrow-
head indicates the 5'— terminal RNAi cleavage

product. siRNAg, targets the 3’ UTR of X. laevis cyclin B2 mRNA (black bar in top schematic). (E) Ago2-mediated destabilization
of the passenger strand of siRNAy,,. Samples shown in B were analyzed by Northern blot hybridization using probes specific for the
guide or passenger strand of siRNAy,;. Marker lanes with one embryo equivalent of total RNA from noninjected stage 9.5 embryos (M)
and siRNA,,; prior to injection (Inj.) show that the amount of siRNA,,7 injected was comparable with that of endogenous miR-m27.
The increase in guide strand hybridization signals at 5-6 h post-injection reflects the onset of endogenous miR-427 synthesis.

during maturation (Fig. 6A) provided no detectable Ago2
endonuclease activity. Similar results were obtained using
the reporter RNA with the 427pm sequence in the coding
region (data not shown). Thus, oocytes are also deficient in
Ago2 catalytic activity, although they contain detectable
amounts of xIAgo2 mRNA (Supplemental Fig. S4). We note
that prior expression of hAgo2 in immature oocytes did not
interfere with maturation or the accompanying up-regula-
tion of xIAgo proteins (Fig. 6C).

Absence of Ago2 cleavage activity in oocytes
and embryos

Finally, we used a separate assay to probe for endogenous
Ago2 nuclease activity. The unusually short (42 nt) verte-
brate pre-miR-451 (Fig. 7A) is not a substrate for processing
by Dicer, but instead is processed directly by Ago2 into a
30-nt intermediate, which undergoes subsequent 3’ uri-
dylation and trimming to the mature-sized, 23-nt-long
miR-451 (Cheloufi et al. 2010; Cifuentes et al. 2010; Yang
et al. 2010). Because the initial cleavage is strictly depen-
dent on Ago2 catalytic function, we tested whether in vitro
synthesized pre-miR-451 could be processed in oocytes
or embryos. In both cell types, pre-miR-451 was unstable
and decayed over time, but produced no discrete cleavage
products (Fig. 7B), confirming the absence of Ago2 activity.
However, in cells expressing wild-type hAgo2, pre-miRNA-
451 gave rise to the expected 23-nt-long miR-451. The
relative abundance of the 30-nt intermediate in oocytes
versus embryos suggested that trimming was more ef-
ficient in embryos. In cells expressing the catalytically
inactive hAgo2 ., pre-miR-451 was stabilized, indicat-
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ing that the RNA-binding activity of the mutant Ago2
protein was intact.

Other groups have generated novel miRNAs and siRNAs
from synthetic precursors based on the scaffold structure
of pre-miR-451 (Cheloufi et al. 2010; Cifuentes et al. 2010;
Yang et al. 2010), leading us to test whether a similar
precursor structure (Supplemental Fig. S7A) could provide
a guide for cleavage of Gb*B2 reporter RNA in oocytes. A
synthetic pre-miR-B2 RNA was processed in oocytes and
embryos supplemented with active hAgo2, and the RNA
product directed cleavage of the GbeB2 reporter RNA
(Supplemental Fig. S7B,C; data not shown). Thus, it should
now be possible to perform RNAi on any endogenous
mRNA in Xenopus oocytes or embryos by introduction of
exogenous, catalytically active Ago2 and the appropriate
pre-miR-451 scaffold RNA. In this regard, we note that
expression of exogenous, catalytically active Ago2 did not
perturb embryonic development (Supplemental Fig. S3;
data not shown).

Discussion

We found that, during Xenopus oocyte maturation and early
embryogenesis, expression of Ago proteins, unlike Exp5 and
Dicer, is developmentally controlled, with the levels of Ago
proteins being low in both immature oocytes and cleavage
stage embryos, but rising after MBT. This dearth of Ago
proteins during early development, including the surprising
lack of Ago2 catalytic activity, results in several unexpected
phenotypes, such as inhibition by siRNAs of the production
(and, hence, function) of miR-427 and the inability of
oocytes and early embryos to support RNAI.
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Figure 6. Absence of Ago2 catalytic activity from Xenopus
oocytes. (A) Up-regulation of Ago protein levels during oocyte
maturation. Whole-cell extracts from oocytes (lanes 1-3), eggs
(lane 4), and stage 7 embryos (lane 5) were analyzed by Western
blotting as in Figure 3. Immature (stage VI) oocytes were
untreated (lane 1) or treated to remove follicle cells (lane 2)
and matured by treatment with progesterone (lane 3). (B) Lack of
RNAi in oocytes in the absence of exogenous Ago2. A 32P-
labeled reporter RNA containing a perfect match miR-427 target
site in the 3’ UTR (cf. Fig. 4) was coinjected with siRNA4,7 (20
fmol per embryo) into the cytoplasms of control oocytes (Cont),
oocytes preinjected with synthetic mRNA encoding Myc-tagged
hAgo2 (Ago2), or matured oocytes (Prog.), which supported
polyadenylation (A,). The bottom panel shows a longer autora-
diographic exposure for detection of the shorter 3’ cleavage
product. (C) Normal up-regulation of endogenous x1Ago proteins
in the presence of exogenous hAgo2. Accumulation of Ago
proteins in immature oocytes (lanes 1,3) or matured oocytes
(lanes 2,4) in the absence (lanes 1,2) or presence of exogenous
hAgo2 (lanes 3,4) was monitored as in A.

We propose that the low amount of maternal x1Ago
proteins in early embryos (Fig. 3A) leads to easy saturation
by exogenous siRNAs, and that the resulting siRNA-
occupied Ago proteins are unable to bind additional RNAs.
Thus, even modest amounts of siRNAs would deplete cells
of Ago proteins needed for both release of cleavage prod-
ucts from Dicer during biogenesis of miRNAs and for-
mation of new miRe*RISCs. The consequent deficit of
mature miR-427 (Fig. 2), as well as the reduction in Ago
proteins available for RISC assembly, can account for our
observation that siRNAs inhibit miR-427-mediated dead-
enylation of certain maternal mRNAs at MBT (Fig. 1).

Both the inhibitory effects of siRNA and the lack of
RNAI likely result from limitations in the amounts and
types of Xenopus Ago proteins in early embryos and oocytes
(Figs. 3-5). For example, exogenous human Agol, Ago4, or

Ago2, miRNA, and RNAIi in Xenopus embryos

Ago2 (including a variant of Ago2 that lacks endonuclease
activity) restored Dicer processing in the presence of siRNA
(Fig. 3), consistent with the overlap in functions of mam-
malian Ago proteins (Pillai et al. 2004; Su et al. 2009).
However, only wild-type hAgo2 (but not a catalytically
inactive mutant form of hAgo2) (Liu et al. 2004) enabled
RNAI of both reporter and endogenous mRNAs, revealing
the unexpected lack of Ago2 activity in early embryos and
oocytes (Figs. 4-6).

Developmental control of xIAgo protein accumulation
may contribute to the coordinated gene expression program
through regulation of both the production and function of
stage-specific miRNAs. Previously, we showed that the
capacity for pre-miRNA processing by Dicer is greatly
enhanced upon oocyte maturation (Lund and Dahlberg
2006) without a comparable increase in the level of Dicer
protein, and we can now attribute that change in activity to
the accumulation of Ago protein as oocytes mature (Fig.
6A; Diederichs and Haber 2007). It is likely that the
severalfold increase in the level of Ago protein upon oocyte
maturation results from activation of translation (rather
than transcription) of xIAgo mRNAs, as transcription is not
activated at this stage.

X. laevis Ago2 and Ago4 mRNAs are present in both
oocytes and early embryos (Supplemental Fig. S4), in agree-
ment with observations made in Xenopus tropicalis
(Armisen et al. 2009), but only Ago2 mRNA increases
in amounts upon activation of zygotic transcription after
MBT. The accumulation of Ago proteins increases after
MBT, but the identities of these Ago proteins are un-
known. However, Ago2-associated cleavage activity is
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Figure 7. Requirement for exogenous Ago2 in pre-miR-451
processing. (A) Schematic representation of the evolutionarily
conserved short hairpin structure of vertebrate pre-miR-451,
indicating the mature miRNA (bold line) and the initial Ago2
cleavage site at nucleotide 30. (B) ®*P-labeled pre-miR-451 RNA
was injected into oocytes (left) or one- to two-cell embryos
(right) that were untreated (control) or programmed to express
the indicated hAgo2 proteins, and pre-miR-451 processing was
monitored by denaturing PAGE. Embryo stages 10.5 and 12
correspond to ~10 and ~12.5 h post-fertilization. The identity
of the processing products was confirmed by RNase T1 finger-
printing (not shown).
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undetectable both before and shortly after MBT, during
gastrulation (Fig. 4). It remains to be determined whether
the absence of detectable Ago2 cleavage activity results
from lack of x1Ago2 synthesis or from protein inactiva-
tion (Rudel et al. 2011). The ability of exogenous hAgo2
to function (Figs. 4-7) makes it unlikely that inhibition is
involved.

Ago2 appears to be essential for development in most
species, including mammals and zebrafish (Lykke-Andersen
et al. 2008; Cheloufi et al. 2010; Cifuentes et al. 2010), and
we are not aware of other systems in which detectable
Ago2 activity is absent from normally growing vertebrate
oocytes or early embryos. The advantages of regulating
xl1Ago2 activity during these stages of Xenopus develop-
ment are unclear, as expression of exogenous hAgo2 does
not appear to have deleterious effects on either oocytes
maturation (Fig. 6) or tadpole development (Supplemental
Fig. S2). In contrast, the siRNNA-induced depletion of avail-
able Ago proteins and the consequent deficit of zygotic
miRNAs from early embryos lead to morphological defects
at later stages of tadpole development (Fig. 2; Supplemen-
tal Fig. S1). It is likely that down-regulation of miR-427,
which mediates clearance of maternal miRNAs (Lund
et al. 2009; Giraldez 2010), contributes to this effect.

Double-stranded siRNAs have similar toxic effects in
early zebrafish embryos, including sequence-independent
blockage of miRNA-430 accumulation (the ortholog of
miR-427) (Gruber et al. 2005; Zhao et al. 2008; Fjose and
Zhao 2010; Wang et al. 2010). We suggest that, as in
Xenopus, depletion of available zebrafish Ago proteins by
saturation with siRNA provides a plausible explanation
for this toxicity and inhibition.

Available Ago proteins (or other RISC components) are
likely to be limiting in other systems (Koller et al. 2006;
Castanotto et al. 2007). For example, elevated amounts of
Ago proteins can suppress nonspecific toxicity of siRNAs
in cultured cells or whole animals (Vickers et al. 2007;
Grimm et al. 2010), increase levels of endogenous miRNAs
(Diederichs and Haber 2007), and make RNAi more
efficient (Diederichs et al. 2008; CM Chen et al. 2009).
Moreover, competition for available Ago proteins likely
accounts for the ability of exogenous siRNAs to increase
expression of mRNAs that are controlled by unrelated
cellular miRNAs (Persengiev et al. 2004; Khan et al. 2009).

We anticipate that our findings will facilitate analysis
of gene expression and function during early development
in Xenopus and zebrafish. Previous attempts to perform
RNAI in these systems have been unsuccessful, but this
may now be possible by use of exogenous Ago2 and ap-
propriate guide RNAs.

Materials and methods

DNA constructs

The templates for synthesis of reporter RNAs pGbeB2 and
pT7Al and variants with mutations in the MREy4,; have been
described previously (Lund et al. 2009); pGbeB2 variants with
perfect match miR-427 target sequences in the coding region
(maintaining the reading frame) or 3’ UTR were generated by
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QuickChange Mutagenesis (Stratagene); mutagenic or synthetic
oligonucleotides and primers are listed in Table 1. pcDNA3-based
plasmids for expression of 3xMyc-tagged human Agol, Ago2 (wild
type and D669A mutant), or Ago4 proteins (gifts of G. Hannon;
Liu et al. 2004) were modified by insertion of Xenopus cyclin B1 3’
UTR sequences encoding CPE and HEX signals (Sheets et al. 1994)
between the Xbal and Apal sites immediately downstream from
the hAgo coding regions. A similar plasmid expressing 3xMyc-
hTRBP was made by substituting the human TRBP coding region
(in the form of a BamHI-Xbal PCR product derived from pMAL-
hTRBP (gift of B.L. Bass; Parker et al. 2008) for the hAgo2 coding
region in pcDNA3-Ago2¢Bl 3’ UTR. Templates for in vitro
synthesis of pre-miR-451 and pre-miR-B2 RN As were constructed
by PCR from partially overlapping oligonucleotides (Table 1).
Templates for synthesis of internally labeled RN A probes for miR-
16, miR-19b, and the passenger strand siRNAy,7 were generated
according to the mirVana Probe construction protocol (Ambion).

In vitro RNA synthesis

Internally 3?P-labeled reporter RNAs, pre-miR-427 RNA, and
Ulgy,— and U3 snRNAs were synthesized by T7 RNA polymerase
using a-[*>P]-UTP as described previously (Pasquinelli et al. 1995;
Lund et al. 2009). 5’-monophosphorylated, internally labeled pre-
miR-451 and pre-miR-B2 RNAs were synthesized by SP6 poly-
merase using o-[>?P]-UTP in the presence of 5" GMP [5 mM] and
low GTP (0.1 mM) to promote transcription initiation with GMP.
Unlabeled, m’G-capped mRNAs encoding Myc-tagged hAgo and
hTRBP proteins were synthesized by T7 polymerase using “Maxi-
Transcription” conditions (Promega)—including ARCA-CAP (5
mM) (Epicentre Technologies); GTP (1 mM); ATP, UTP, and CTP
(5 mM); and high MgCl, (20 mM}—and production of full-length
transcripts was verified by denaturing PAGE.

Oocyte and embryo injection

X. laevis oocytes and embryos were prepared using standard
protocols (including manual dissection and defolliculization of
oocytes) and were maintained at 18°C (oocytes) or 21°C-25°C
(embryos) in requisite buffers, as detailed elsewhere (Sheets et al.
1995; Lund et al. 2009). 3P-labeled reporter RNAs (~1-3 fmol) or
pre-miRNAs (~3-5 fmol) and unlabeled siRNAs (~4-200 fmol)
or mRNAs (~0.5 ng) were injected alone or together (as in-
dicated in the figure legends) in a volume of 10-15 nL of H,O or
2 mM HEPES-KOH (pH 7). Unlabeled siRNA,,7, SiRNA ., and
siRNAg7aprr (here called siRNAys) (Table 1) were purchased
from Dharmacon. For nuclear injection of oocytes, 32P-labeled
reporter and U3 and Ulg,— snRNAs (as controls for nuclear
delivery and export) were mixed with blue dextran to verify the
site of injection (Terns and Goldfarb 1998). For expression of
exogenous hAgo or TRBP proteins, synthetic mRNAs (without
acyclin B1 3’ UTR) were injected into oocyte cytoplasms ~16-18 h
prior to injection of reporter RNAs and siRNA,7. Alternatively,
synthetic mRNAs (with the cyclin Bl 3’ UTR that promotes
cytoplasmic polyadenylation in embryos) were coinjected into
embryos with reporter RNAs and siRNAs. For analyses of tadpole
development, control and siRNA-treated or mock-treated embryos
were incubated at room temperature (21°C-23°C) in low-ionic-
strength medium (MMR/4), staged according to Niewkoop and
Faber (1967), and fixed in MEMFA for imaging (Mitchell et al.
2007).

RNA analyses

The isolation and analyses of injected reporter RNAs and siRNAs
or endogenous cyclin B2 mRNA and miRNAs by denaturing



Table 1. Oligonucleotides

Ago2, miRNA, and RNAIi in Xenopus embryos

Mutagenesis of pGBeB2 for generation of 427 perfect match (pm) target sites

427pm coding fwd GGTGGTGACATCTAACGCCCAAAACAGGAAGCACTTTGATG
rev  CATCAAAGTGCTTCCTGTTTTGGGCGTTAGATGTCACCACC
427 pm 3' UTR fwd GTGACCCTTTCAACGCCCAAAACAGGAAGCACTTTTAACGTTGC

rev.  GCAACGTTAAAAGTGCTTCCTGTTTTGGGCGTTGAAAGGGTCAC

Synthesis of Cyclin B1 3’ UTR for cloning into Myc-hAgo plasmids

Bl 3" UTR 5’
Bl 3" UTR 3’

Primers for PCR of hTRBP coding region

GGAATTCTAGAGTGTTTTTAATGTTTTACTGGTTTTAATAAAGCTC
AACCCGGGCCCAGTACTGTTAAAATGAGCTTTATTAAAACCAG

TRBP fwd CCAGGATCCTCATGAGTGAAGAGGAGCAAGGCTCC
rev.  GCCTCTTAGAAGCTTTCACTTGCTGCCTGCCATGATCTT

Templates for in vitro synthesis of pre-miR-451 and pre-miR-B2

miR-451 fwd GGGATTTAGGTGACACTATAGAATACTTACCATTACTGAGTTT
rev.  GATAATACTTACCATTACTAAACTCAGTAATGGTAAGTATTCT
miR-B2 fwd GGGATTTAGGTGACACTATAGAATAGCAGCATTTGCCAGCAG

rev.  GATAATAGCAGCATTTGCCACTGCTGGCAAATGCTGCTATTC

mirVana templates for in vitro synthesis of Northern blots probes
TAAGAAAGTGCTTCCTGTTTTGGGCGTTCCTGTCTC
GCCCAAAACAGGAAGCACTTTTTCCTGTCTC

SiRNA427 guide
siRNA,,7 passenger

miR-19b TGTGCAAATCCATGCAAAACTGACCTGTCTC
miR-16 TAGCAGCACGTAAATATTGGCCCCTGTCTC
siRNAs (guide strand in bold)
siRNA-427 5’-AAAGUGCUUCCUGUUUUGGGCGU-3’; 5'-GCCCAAAACAGGAAGCACUUUUU-3’
siRNA-mut 5'-AAACACCUUCCUGUUUUGGGCGU-3’; 5'-GCCCAAAACAGGAAGGUGUUUUU-3’
siRNA-B2 5'-UUAAAAGUGCAAUUAGUGGUU-3’; 5'-CCACUAAUUGCACUUUUAAUU-3’
siRNA-NS 5'-UAGCGACUAAACACAUCAUATAT-3’; 5'-AUGAUGUGUUUAGUCGCUAJTAT-3’
Primers for semiquantitative PCR of X. laevis mRNAs
Ago2 (287 bp) fwd AGCATGACAGCGCTGAAGGTAGCCA
rev.  GCGGTTGGGACGGAAGGCTGGT
Ago2 (214 bp) fwd TGCCCCAGGGCAGACCTCCTGT
rev.  AGCAGCTCCCGAACCATGGCA
Ago4 (203 bp) fwd GCCAGCAGGAACTACAGTGGACAGC
rev. AAACAGACCGCGTGCACCGCACA
Xbra fwd TGGACACCCGTTGCGCCACCATC
rev. AGGGACCCCCAGCAATTCAGGCCCA
ODC fwd GGGGACCAACGTGTGATGGGCTGG

rev.  TCTCCAACTTGCAGCTCCGGCAGC

All are deoxynucleotides, except for the siRNAs, and are shown 5’ to 3'.

PAGE and Northern blotting were done as described previously
(Lund et al. 2009). U6 RNA was included as a loading control. In
Figure 2 and Supplemental Figure S2, the hybridization signals for
the low-abundance miR-19b and miR-16 were ~100-fold weaker
than for miR-427 using internally **P-labeled probes of similar
specific activities, due to large differences in expression levels
(Watanabe et al. 2005; Lund et al. 2009).

For analyses of endogenous mRNAs by RT-PCR, total RNAs
were isolated by extraction with Tri-Reagent (Ambion), and
equivalent amounts of RNA (2 ug) were reverse-transcribed using
the “RNA to cDNA EcoDry” (Clontech) cDNA kit according to
the manufacturers’ instructions. Standard PCR was carried out
with MasterAmp Tth DNA polymerase (Epicentre) and gene-
specific primers (listed in Table 1) for 32 or 35 cycles, as indicated
in Supplemental Figure S4. The DNA sequences of X. laevis genes
used for PCR primer design were obtained from GenBank (acces-
sion numbers BC077863 for Ago2 [eif2c2], NM_001096105 for
Ago4 [eif2c4], M77243 for Xbra, and X56316 for ODC. Xbra
(Smith et al. 1991) and ODC (Kofron et al. 2004) serve as in-
ternal controls for stage-specific and housekeeping gene expres-
sion, respectively.

Antibodies

The specificities of several antibodies—including anti-Ago 2A8
mADb (gift of Z. Mourelatos; Nelson et al. 2007), anti-EIF2C2 mAb
(Abnova #H00027161-MO01), anti-Ago2 rabbit polyclonal (Millipore/
Upstate Biotechnologies #07-590), human antiserum #18033
against hGW182 (gift of M. Fritzler; Eystathioy et al. 2002), and
rabbit polyclonal anti-Dicer #349 (gift of W. Filipowicz; Kotaja
et al. 2006) —were tested by Western blotting and immunopre-
cipitation (Fig. 3; Supplemental Fig. S3; data not shown). Myc-
tagged proteins were detected with anti-Myc mADb 9E10 (Santa
Cruz Biotechnology). Rabbit polyclonal antibodies against
Xenopus Exp5 (Bohnsack et al. 2004) and Karyopherin-g were
gifts of D. Gorlich and M.S. Moore, respectively.

Western blots and immunoprecipitation

For Western blots, whole-cell extracts of pools of three to 10
oocytes or embryos were prepared by manual homogenization in
10-20 pL per embryo of 20 mM Tris-Hel (pH 7.5), 50 mM NaCl,
and 1 mM EDTA with protease inhibitor (Roche), followed by
centrifugation at 5000 rpm (2000g) for 10 min at 4°C to remove
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insoluble material. From 0.5 to two oocyte or embryo equiva-
lents of clarified extracts were separated in 7% (30:0.8) SDS-
PAGE and then transferred electrophoretically to Immobilon-P
polyvinylidene difluoride membranes (Millipore). Membranes
were probed with primary antibodies in TBS-T (10 mM Tris-HCl
at pH 8.0, 150 mM NaCl, 1 mM EDTA, 0.25% Tween 20)
containing 5% powdered milk (Carnation) followed by second-
ary antibodies (conjugated to horseradish peroxidase) and ECL,
using Super signal (Thermo Scientific Pierce) detected by expo-
sure to BioMax XAR film (Kodak). Karyopherin g and Exp5 were
included as loading controls. For coimmunoprecipitation assays
(Supplemental Fig. S2C), antibodies were bound to Protein A/G-
PLUS-Agarose (Santa Cruz Biotechnology) in immunoprecipita-
tion buffer (20 mM Tris-Hcl at pH 7.5, 200 mM NaCl, 2 mM
DTT) and incubated overnight at 4°C with three to nine embryo
equivalents of clarified extracts prepared with immunoprecipi-
tation buffer containing 0.1 U/pL RNasin Plus (Promega) and
EDTA-free protease inhibitors (Roche). After removal of un-
bound material (supernatant) and washing four times with
immunoprecipitation buffer, the agarose beads were split evenly
to allow for both protein and RNA analyses by Western and
Northern blots, respectively.
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