Deadenylation of maternal mRNAs mediated by miR-427
in Xenopus laevis embryos
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ABSTRACT

We show that microRNA-427 (miR-427) mediates the rapid deadenylation of maternal mRNAs after the midblastula transition
(MBT) of Xenopus laevis embryogenesis. By MBT, the stage when the embryonic cell cycle is remodeled and zygotic
transcription of mRNAEs is initiated, each embryo has accumulated ~10° molecules of miR-427 processed from multimeric pri-
miR-427 transcripts synthesized after fertilization. We demonstrate that the maternal mRNAs for cyclins A1 and B2 each
contain a single miR-427 target sequence, spanning less than 30 nucleotides, that is both necessary and sufficient for
deadenylation, and that inactivation of miR-427 leads to stabilization of the mRNAs. Although this deadenylation normally takes
place after MBT, exogenous miRNAs produced prematurely in vivo can promote deadenylation prior to MBT, indicating that
turnover of the maternal mRNAs is limited by the amount of accumulated miR-427. Injected transcripts comprised solely of the
cyclin mRNA 3’ untranslated regions or bearing a 5’ ApppG cap undergo deadenylation, showing that translation of the targeted
RNA is not required. miR-427 is not unique in promoting deadenylation, as an unrelated miRNA, let-7, can substitute for miR-
427 if the reporter RNA contains an appropriate let-7 target site. We propose that miR-427, like the orthologous miR-430 of
zebrafish, functions to down-regulate expression of maternal mRNAs early in development.
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INTRODUCTION mRNAs (Behm-Ansmant et al. 2006; Giraldez et al. 2006;
Wu et al. 2006; Eulalio et al. 2007). Because they affect the
activities of specific mRNAs, miRNAs that accumulate only
at particular developmental stages are thought to affect
stage-specific switches in gene expression.

Xenopus laevis miR-427 is an abundant miRNA that
accumulates specifically in the early embryo (Watanabe
et al. 2005; this report), reaching a maximum level after
the midblastula transition (MBT), the time when zygotic
mRNA synthesis starts and the cell cycle undergoes remod-
eling (Newport and Kirschner 1982). During the initial 12
rapid cell divisions prior to MBT, nuclear mRNA synthesis
is not detectable, and translation in the cleavage embryo
depends on the expression of maternal mRNAs that were
made and stored during oogenesis (Davidson 1986).
Several of these mRNAs encode cyclin proteins that must
be continuously replenished to sustain the rapid cell
divisions (Minshull et al. 1989; Hartley et al. 1996).

Shortly after MBT (~7-8 h postfertilization [p.f.]),

MicroRNAs (miRs) were discovered as gene products
needed for the orderly transition between stages of larval
development in C. elegans (Lee et al. 1993). Subsequent
studies in many laboratories have shown that these 22-24-
nucleotide (nt)-long RNAs function as guides that direct
ribonucleoprotein particles—RNA-induced silencing com-
plexes (RISCs)—to partially complementary sequences in
the 3’ untranslated regions (UTRs) of specific messenger
RNAs (mRNAs). Six-to-eight nucleotides in the 5’ proxi-
mal region of the miRNA (the “seed sequence”) are of
primary importance in this recognition (Bartel 2004).
Binding of RISCs and associated proteins results in trans-
lational repression (Nilsen 2007; Filipowicz et al. 2008) and
can lead to deadenylation and degradation of the targeted
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maternal cyclin Al and B2 mRNAs undergo rapid dead-
enylation and subsequent decay, in a process that requires
zygotic transcription (Audic et al. 2001, 2002). Hartley and
coworkers identified regions in the 3° UTRs of these two
cyclin mRNAs that were both necessary and sufficient for
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the deadenylation (Audic et al. 2001,
2002; R Hartley, unpubl.).

In zebrafish and flies the clearance of
many maternal mRNAs during the
transition from exclusively maternal to
maternal plus zygotic gene expression
is promoted by microRNAs (Giraldez
et al. 2006; Bushati et al. 2008). In
particular, the zebrafish miR-430 that
accumulates upon activation of zygotic
transcription (Giraldez et al. 2005) is
responsible for reducing the levels of
numerous maternal mRNAs, and it
mediates deadenylation of several of
these (Giraldez et al. 2006; Mishima
et al. 2006). Xenopus miR-427 is the
ortholog of miR-430 (Chen et al. 2005),
raising the possibility that it participates
in the turnover of maternal mRNAs
during early embryogenesis.

Here, we show that the rapid accu-
mulation of high amounts of miR-427 by
MBT is a consequence of transcription of
a large multigene family that starts prior
to the onset of zygotic mRNA synthesis.
We demonstrate that miR-427 directs
the efficient deadenylation and destabili-
zation of cyclin Al and B2 mRNAs after
MBT, in a process that is independent of
translation. Each of the targeted mRNAs
possesses a single miR-427 recognition
element (MRE,,;) that is both necessary
and sufficient for this process, but other
miRNA/MRE pairs can substitute for
miR-427/MRE,,; in directing deadenyla-
tion of reporter RNAs.

RESULTS

miR-427 is expressed prior to MBT

The onset of synthesis of miR-427 transcripts was de-
termined by Northern blot analysis of RNAs isolated from
embryos at various times after fertilization. Neither miR-
427 nor its precursors, the 64-nt pre-miR-427 and the
>1-kb primary transcripts (pri-miR-427) (analyzed using
the probe indicated in Fig. 1E), were detectable at very early
times (Figs. 1A, top; 2D, left; Watanabe et al. 2005),
showing that miR-427 is produced by zygotic transcription
rather than by processing of stored maternal RNAs.
Synthesis of pri-miR-427 and pre-miR-427 was first de-
tectable at ~5-6 h p.f., which is several hours earlier than
activation of general zygotic mRNA transcription, as
monitored by accumulation of GS17 mRNA (Fig. 1A,

middle; Krieg and Melton 1985).
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FIGURE 1. Biogenesis of miR-427 during early stages of Xenopus laevis embryogenesis. (A)
Kinetics of accumulation and turnover of pri-miR-427, GS17 mRNA (an early indicator of
zygotic transcription), and maternal cyclin B2 mRNA. The midblastula transition (MBT) and
different stages of gastrulation (st 10, st 12) and hours post fertilization (p.f.) are shown above
and below the autoradiograms of Northern blots containing one embryo-equivalent of total
RNA per lane; the gel mobilities of ribosomal RNA and other size markers are indicated. (B)
Northern blot analyses (1.5 embryo-equivalents of total RNA per lane) showing the precursor—
product relationship of pre-miR-427 and mature miR-427 (top) and the absence of pre-miR-
427 and miR-427 from embryos treated with a-amanitin (bottom). (*) Cross-hybridizing RNA
that serves as loading control. (C) Northern blot analysis of pre-miR-427 and miR-427 in total
RNAs from dissected pieces of stage 10.25 gastrula embryos. U6 RNA was also probed, for
normalization. (T) Total; (Org) organizer half; (N-Org) nonorganizer half; (An) animal pole;
(Vg) vegetal pole. (D) Southern blot of Xenopus genomic DNA (3.2 pg per lane) digested with
the restriction enzymes indicated (BamH1, HindIII, Bglll, EcoRI, EcoRV, Pstl, Stul), showing
the existence of a large number of identical miR-427-encoding regions that are devoid of
BamH1 and HindIII cleavage sites. (E) Maps of representative EST clones (see Materials and
Methods) used to deduce the structure of the 1.2-kb repeat unit in X. laevis genomic DNA
(top) that encodes four (a—d) sequence variants of xla- miR-427 (bottom); (E) EcoRI cleavage
sites; (S) Stul cleavage sites; (EV) EcoRV cleavage sites. The hybridization probe used in D is
indicated.

Production of miR-427 was sensitive to a-amanitin (Fig.
1B), indicating that it required RNA polymerase II (Pol II)
function, but the factor(s) responsible for the unusually
early activation of Pol II transcription remains to be
identified. Accumulation of both pri-miR-427 and pre-
miR-427 ceased ~9 h p.f, indicating that transcription of
miR-427 stops during gastrulation. At that time, each
embryo contained ~10° copies of mature miR-427, making
it possible to detect the mature miRNA by direct labeling
with *?P-GTP (data not shown). Moreover, quantitative
Northern blot analysis of RNAs from dissected embryo
pieces showed that miR-427 was uniformly distributed
throughout early embryos both before (data not shown)
and after MBT (Fig. 1C) and turned over with a half-life of
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FIGURE 2. miR-427-dependent destabilization and deadenylation of cyclin B2 mRNA. (A)
Nucleotide sequences in the cyclin B2 3" UTR showing the predicted seed-match (shaded box)
for miR-427 within a potential MRE,,;, and potential miR-16 seed-matches (underlined). (B)
Stabilization of cyclin B2 mRNA upon inactivation of miR-427. Northern blot analyses of
endogenous cyclin B2 mRNA in early embryos that were untreated (top) or injected at the one-
cell stage with 2'-OMe-antisense oligonucleotides against miR-427 (middle) or a let-7 control
(bottom). (C) Impaired deadenylation of endogenous cyclin B2 mRNA upon inactivation of
miR-427. (Top) Schematic of RNase H assay for determination of changes in poly(A) tail
length, using a deoxyoligonucleotide that targets sequences ~500 nt from the 3’ end of the
mRNA. (Lower panels) Northern blot analyses of the 3'-terminal fragments of cyclin B2 mRNA
generated by digestion with RNase H, showing the kinetics of deadenylation in the absence
(top) or presence (bottom) of functional miR-427. Lanes A, and A, show size markers
generated by digestion of cyclin B2 mRNA of pre-MBT embryos with RNase H plus the deoxy-
oligonucleotide, in the absence (A,) or presence (A) of oligo-dT;s. (D) Northern blot analyses
of pre-miR-427 and miR-427 in normal embryos (left) and in embryos injected with
exogenous pre-miR-427 (right); a similar pattern of miRNA accumulation was seen when
pre-miR-427,., was injected. Analyses of RNAs from unfertilized eggs and one-cell (1 h p.f.)
embryos (left panel) show the lack of pre-miR- and miR-427 in those cells. (E) Accelerated
deadenylation of endogenous cyclin B2 mRNA upon premature expression of miR-427, but
not miR-427,,,.. Exogenous pre-miR-427 or pre-miR-427., was injected into one-cell
embryos, and RNase H digested RNAs were analyzed as in C.

miR-427 is necessary for
deadenylation of cyclin B2 mRNA

The maternal cyclin B2 and A1 mRNAs,
which become polyadenylated during
egg maturation and shortly after fertil-
ization (Sheets et al. 1994), undergo
rapid deadenylation and destabilization
at MBT in a process that depends on
specific 3’ UTR sequences and requires
transcription by RNA Pol II (Audic et al.
2001). The «-amanitin-sensitive accu-
mulation of miR-427 (Fig. 1B) raised
the possibility that this miRNA pro-
motes the inactivation and destruction
of these maternal cyclin mRNAs. Pre-
vious deletion mapping of the cis-acting
regions needed for this deadenylation
revealed no extended sequences shared
between the two mRNAs (Audic et al.
2001, 2002). However, a re-examination
showed that the required region in each
mRNA contained a single short miRNA
recognition element (referred to as
MRE,,;) comprised of sequences com-
plementary to the seed sequence of
miR-427 plus short sequences that
could pair with additional regions of
the miRNA (Figs. 2A, 5A, see below;
Weigel and Izaurralde 2006).

To test directly if miR-427 contrib-
utes to the destabilization or deadeny-
lation of cyclin B2 mRNA, we first
inactivated the miRNA with a comple-
mentary 2'-O-methylated oligonucleo-
tide (Hutvanger et al. 2004; Meister
et al. 2004). Injection of this oligonu-
cleotide into one-cell embryos led to
stabilization of the mRNA after MBT

~15 h following its peak levels during gastrulation (data
not shown).

The robust accumulation of miR-427 within a few hours
of fertilization resulted, in large part, from the presence of
hundreds of copies of a ~1.2-kb DNA repeat sequence in
the X. laevis genome (Fig. 1D) encoding four isotypes of
miR-427 (Fig. 1E, a—d). From Southern blot analyses, we
estimated that each X. laevis cell contains about 1000 miR-
427 coding regions (see Materials and Methods) and
inferred that many of these repeats are in tandem arrays
(data not shown). The presence of pri-miR-427 transcripts
that are much longer than 28S rRNA (~4-8 kb) (Fig. 1A)
indicated that multimeric pri-miRNA transcripts may be
generated by read-through between adjacent 1.2-kb repeat
units, consistent with the existence of X. laevis cDNA clones
that encompass tandemly arrayed repeats (Fig. 1E).

(Fig. 2B, cf. top and middle panels), whereas a control
2'-O-methylated oligonucleotide (complementary to let-7a
RNA) had no effect (Fig. 2B, bottom panel). The comple-
mentary 2'-O-methyl oligonucleotide (but not the control
oligonucleotide) also slowed the rate of deadenylation of
the cyclin B2 mRNA, as monitored by differences in the
electrophoretic mobilities of a 3’ end fragment of the
mRNA generated by treatment with RNase H (Fig. 2C).
Thus, miR-427 function is required for normal dead-
enylation and turnover of cyclin B2 mRNA after MBT.
Next, we asked if exogenous miR-427 could promote
deadenylation of cyclin B2 mRNA prior to MBT. For this,
we generated the miRNA prematurely (but not in excessive
amounts) by injecting titrated amounts of in vitro made
pre-miR-427 (data not shown; Fig. 5C) into one-cell
embryos (Fig. 2D; Lund and Dahlberg 2006). The early
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The MRE,;,7 is necessary for
deadenylation of mRNA at MBT

To test if the predicted MRE,y; can
function in the deadenylation of cyclin
B2 mRNA, we used in vitro synthesized
*?P_labeled reporter RNAs (GbeB2), in
which a B-globin coding region was
fused to the 180-nt 3" UTR of cyclin
B2 mRNA (Fig. 3A; Audic et al. 2001).
The cyclin B2 3' UTR contains two
cytoplasmic polyadenylation elements
(CPEs) and an AAUAAA hexanucleotide
polyadenylation signal (HEX) that are
required for cytoplasmic poly(A) addi-
tion (Sheets et al. 1994). Either CPE can
function in polyadenylation in the absence of the other (Guo
et al. 2008). As expected, upon injection into one- or two-cell
embryos, GbeB2 RNA became polyadenylated, as evidenced
by a decrease in gel mobility (Fig. 3B). Like endogenous
cyclin B2 mRNA, the GbeB2 RNA is subject to deadenylation
and destabilization after MBT (Audic et al. 2001). In
contrast, a variant reporter RNA with a 3-nt substitution
in MRE,,; (MRE, ;) that disrupts base pairing with the seed
sequences of miR-427 remained polyadenylated and was
stable (Fig. 3B, bottom panel). Moreover, a 180-nt transcript
consisting solely of the full-length cyclin B2 mRNA 3’ UTR
also underwent deadenylation in an MRE,,,-dependent
manner (Fig. 4B). Thus, the wild-type MRE,,; is necessary
for deadenylation and rapid decay, but translation of the
target RNA is unlikely to be required (see below).

A Pumilio binding element does not enhance
deadenylation

The region in the 3" UTR of cyclin B2 mRNA encompass-
ing the deadenylation element (Audic et al. 2001) also
contains the sequence UGUAAAUA (Fig. 4A), which
conforms to a Pumilio protein binding element (PBE)
(Zamore et al. 1997; Wickens et al. 2002). The pumilio
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FIGURE 3. Deadenylation of exogenous cyclin B2 reporter RNAs. (A) Schematic represen-
tation of the chimeric B-globinecyclin B2 3" UTR reporter mRNA (GbeB2), indicating the
seed-match for miR-427 (MRE), cytoplasmic polyadenylation elements (CPE), hexanucleotide
polyadenylation signal (HEX), and pumilio binding element (PBE); the sequence of the PBE
and substitution mutants of it are shown on the right. (B) Kinetics of polyadenylation and
deadenylation of GbeB2 reporter RNAs harboring wild-type (fop) or mutant seed-matches
(MRE,,,y, bottom). Polyacrylamide gel analyses of 32p_labeled reporter RNAs that were
injected into two-cell embryos (~2 h p.f.) and reisolated at the indicated times. Marker lanes
(M) show the gel mobilities of the injected, nonpolyadenylated (A,) transcripts. (C) PBE-
dependent binding of Xenopus Pumilio protein (xPum). The electrophoretic mobility shift
assays monitor in vitro complex formation between recombinant xPum (at 120 and 500 nM)
and the indicated wild-type (wt) or substituted (PBE,,,, subg; g) 31-nt 32p_labeled RNAs. (D)
PBE-independent deadenylation. Kinetics of polyadenylation and deadenylation of GbeB2
reporter RNAs containing wild-type or substituted PBE regions were analyzed as in B.

protein of X. laevis (xPum) is orthologous to Puf proteins
that recruit the mRNA deadenylase complex CCR4-NOT in
yeast (Goldstrohm et al. 2006) and contribute to miRNA
function in C. elegans (Nolde et al. 2007). Because the
CCR4-NOT complex is required for miRNA-mediated dead-
enylation of mRNAs in Drosophila cells (Behm-Ansmant
et al. 2006), we asked if the xPum binding site contributed
to deadenylation of B2 3" UTR reporter RNAs in X. laevis
embryos.

The presumptive PBE sequence, but not variants with
substitutions of 3 nt or the entire site plus flanking
sequences, was able to promote binding of recombinant
xPum to a 30-nt RNA in an in vitro gel shift assay (Fig. 3C),
indicating that this PBE is functional. However, introduc-
tion of these substitutions into the GbeB2 (Fig. 3D) or B2
3" UTR (Fig. 4B) reporter RNAs had little, if any, effect on
the timing or efficiency of deadenylation, making it un-
likely that xPum participates in deadenylation of these
RNAs. In contrast, disruption of the PBE reduced the
efficiency of the poly(A) addition to the reporter RNAs, as
evidenced by an increase in the amount of GbeB2 RNA that
remained nonpolyadenylated at 5 or 6 h p.f. (Fig. 3D), and
by the faster gel mobility [shorter poly(A) tail length] of the
B2 3’ UTR reporter RNA lacking a PBE (Fig. 4C, Aaye).
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FIGURE 4. Functions of MRE and PBE in poly(A) metabolism of cyclin B2 3" UTR reporter
RNAs. (A) Schematic representation of the cyclin B2 3" UTR. (B) Kinetics of polyadenylation
and deadenylation of wild-type RNA or substitution variants altering the MRE (MRE,,,,) or
PBE (subg;_gg). ~2P-labeled reporter RNAs were injected and assayed as in Figure 3B; samples
were taken at 5, 6.5, 8, 10.5, 12.5, and ~15 h p.f. Ag and A} denote short and long poly(A) tail
length, respectively (dotted lines). (C) Less extensive polyadenylation of the reporter RNA
lacking the PBE. The pre-MBT samples (5 and 6.5 h p.f.) from the experiment shown in B were
analyzed in the same gel, for direct comparison of the average poly(A) tail lengths (Aaye, dotted
lines). (D) Normal deadenylation kinetics of chimeric B2 3" UTR reporter RNAs deleted of
nucleotides 120-180 and the fused to hB4 3’ UTR sequences, which furnish CPE plus HEX
functions. The wild-type (1-120 nt) and PBE or MRE substituted reporter RNAs were assayed

script with a substitution of nucleotides
61-88 (Fig. 4D). Likewise, a shortened
reporter RNA, containing only nucleo-
tides 1-60 of the cyclin B2 3" UTR, was
subject to MRE,,,-mediated deadenyla-
tion (data not shown), but this tran-
script was less stable overall. Thus,
nucleotides within the first 60 residues
of the 3’ UTR (which include the
MRE,,7, but not the PBE) suffice for
the deadenylation.

Translation is not required for
MRE,;,,-promoted deadenylation

Like the 3" UTR of cyclin B2 mRNA, the
3" UTR of cyclin A1 mRNA supports
deadenylation of a chimeric GbeAl
mRNA at MBT (Audic et al. 2001). A
491-nt-long Al 3’ UTR reporter RNA
containing the putative MRE,,; (near
the 5’ terminus) plus CPE and HEX
sequences, but no PBE (Fig. 5A), also
underwent rapid polyadenylation and
was subject to deadenylation and de-
stabilization after MBT (Fig. 5B, top
and middle panels). The deadenylation
of the two reporter RNAs containing
cyclin Al and B2 3’ UTR sequences, but
lacking coding regions, indicated that
translation of the substrate is not re-

as in B; samples were taken at 4.5, 6, 8, 9, 10.5, and 12 h p.f.

Thus, the PBE appears to facilitate poly(A) addition onto
these reporter RNAs, perhaps through interaction with
Gld-2 protein (Barnard et al. 2004; Kwak et al. 2004).
However, we note that the stimulating activity of this PBE
was context-dependent (Piqué et al. 2008), as substitution
of the PBE was inconsequential for polyadenylation of
a chimeric 3" UTR reporter RNA that uses the CPE/HEX of
histone B4 3" UTR (Fig. 4D).

The miR-427 target in the cyclin B2 3’ UTR is short
and compact

To identify sequences other than MRE,,; that are required
for deadenylation of the 180-nt-long B2 3’ UTR, we
generated additional variants by deletion or substitution.
Polyadenylation of these reporter RNAs was assured even
in the absence of native CPE and HEX elements by
appending an RNA region containing CPE plus HEX
sequences derived from histone B4 mRNA (Fig. 4D; Paris
and Philippe 1990; Audic et al. 2002). Like the full-length
cyclin B2 3’ UTR, a transcript lacking the 3’ terminal 60 nt
underwent MRE,,;-dependent deadenylation, as did a tran-

quired. This was tested by the use of

a cyclin Al 3" UTR reporter bearing an
ApppG cap rather than m’GpppG cap. The cap substitu-
tion did not interfere with deadenylation, confirming that
translation of the substrate is not required. A similar
conclusion was reached previously in studies of other
systems (Giraldez et al. 2006; Wu et al. 2006; Eulalio
et al. 2007).

The MRE,,; of cyclin AT mRNA interacts directly
with miR-427

Mutation of the sequence in the cyclin Al mRNA that is
complementary to the seed sequence of miR-427 led to
stabilization of the reporter RNA, showing that this region
functions as an MRE for deadenylation (Fig. 5B). To
demonstrate a direct interaction of this region with miR-
427, we generated a variant of pre-miR-427 that would
produce miR-427,,. (Fig. 5C), with a seed sequence
complementary to the nucleotides substituted in the
mutant, MRE,,, (Fig. 5A). Wild-type or mutant pre-
miRNAs were then co-injected with Al 3" UTR reporter
RNAs bearing either the wild-type or mutant MRE, and
deadenylation of the reporter RNAs was monitored.
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FIGURE 5. MREemiRNA base pairing in the deadenylation of cyclin A1 3’ UTR RNA. (A)
Nucleotide sequences in the cyclin Al 3" UTRs (top strand) showing the predicted seed-match
(shaded box) and upstream 3’ UTR sequences that allow for functional pairing with miR-427
(bottom strand; cf. Fig. 6). The inactivating mutation of the MRE (MRE,,,) and the
compensatory change in the seed sequence miR-427 (mut) are indicated. (B) Deadenylation
of **P-labeled A1 3’ UTR reporter RNAs lacking a coding region and containing either a wild-
type (wt) or mutant MRE (MRE,,,,), or an ApppG- cap, to ensure lack of translation. (C)
Sequences of wild-type and mutant forms of pre-miR-427. Nucleotide changes in pre-miR
(shaded) were designed to encode miR-427,,,, with an altered seed sequence; (bold) mature
miRNA sequences. (D) Rescue of MRE, ;¢ by the compensatory mutation of the miR-427 seed
sequence. Kinetics of polyadenylation and deadenylation of cyclin Al 3" UTR reporter RNAs
with wild-type (top panels) or mutant (bottom panels) seed-matches; the reporters were co-
injected with exogenous pre-miRNAs generating either wild-type (left panels) or mutant (right

panels) miR-427.

As expected from the results shown in Figure 2E, exoge-
nous wild-type miR-427 accelerated deadenylation of the
wild-type reporter RNA (Fig. 5B,D, cf. top panels) but not
that of the reporter with MRE,,,, (Fig. 5D, bottom-left
panel). In contrast, exogenous miR-427,,, accelerated
deadenylation of the reporter RNA containing MRE,
much more than that of the reporter with the wild-type
MRE,,; (Fig. 5D, right panels). We conclude that MRE,,;
functions through base-pairing with the seed sequence of
miR-427.

Few sequences of the A1 3’ UTR other than
the MRE,,; are important for deadenylation

Hartley and co-workers (Audic et al. 2002) previously
showed that the first 99 nt of the cyclin Al 3" UTR are
sufficient for deadenylation of GbeAl 3’ UTR reporter
mRNAs. That region contains the miR-427-seed match
defined above. To identify the minimal region of the Al 3’
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UTR required for MRE,,, function, we
generated a series of substitution muta-
tions throughout this 99-nt-long se-
quence in a 3" UTR reporter RNA that
contained the hB4 CPE/HEX cassette
(Fig. 6). As expected from the results of
Figure 5B, the region containing the
sequences complementary to the seed
sequence was essential for deadenyla-
tion (Fig. 6B, sub 3). In addition, the

region containing nucleotides 1-11,
O which could potentially pair with the

3" end of miR-427 (Fig. 5A), was

needed for full efficiency of deadenyla-

tion (Fig. 6C, cf. wt and sub 1). In

CPE HEX

C

u AR

M contrast, substitution of the other 11-nt
sections throughout the reporter RNA
- had no appreciable effect on deadeny-

lation (Fig. 6B,C), including the region

containing nt 12-22 (Fig. 6B,C, sub 2,
- 2b), which also had the potential of
pairing with parts of miR-427 (Fig. 6D).
Thus MRE,,; is a compact structure
that consists of seed-match sequences
plus noncontiguous sequences, which
likely interact with other regions of
miR-427. Consistent with these results,
a truncated reporter RNA containing
only the 5" proximal 33 nt of the cyclin
Al 3" UTR (plus appended hB4 CPE
and HEX sites) (Fig. 7A) was efficiently
deadenylated in an MRE,;,- and miR-
427-dependent manner (Fig. 7B).

Pairing between MRE and miRNA, not miR-427
identity, directs deadenylation

Finally, we asked if complexes containing miR-427-RISC
and the cyclin A1 MRE,,; had unique properties that
promote deadenylation, or if other miR-RISC/MRE com-
plexes would suffice. For this, we replaced nucleotides 12—
32 of the “minimal” Al 3" UTR reporter RNA (Fig. 7A)
with a verified target site for let-7 RNA (here referred to as
MRE,.,.;), derived from the 3" UTR of human HMGA2
mRNA (Mayr et al. 2007). Early embryos are reported not
to contain mature let-7 RNA (Watanabe et al. 2005) and, as
expected, this substitution abolished deadenylation (Fig.
7C, left panel). However, co-injection of pre-let-7 RNA, but
not pre-miR-427, led to efficient deadenylation and de-
stabilization of the MREy..; reporter RNA prior to MBT
(Fig. 7C, middle and right panels). Thus, while pairing
between MRE and miRNA is essential, the identity of the
miRNA does not appear to be crucial for mediating
deadenylation in early X. laevis embryos.
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A 1 Cyclin A1 3'UTR

57 AGCCUUCCAGA GUGGACGCACA CACAGCACUUA CCUCGUGAUCA ACAGUGUUGGU CUUUUUAUGAA
ucgaauucucu caccgaauucu gugaauucaau ggagaauucgu gaauucaacca gaaaagaauuc

sub1 sub 2 sub 3 sub 4 sub 5
agcuauacuuu
sub 2b
sub 7 sub 8
B M MBT st1 ’ ’

sub 2 sub 3

: .."l oop"..l' .

sub 5 sub 6 sub 7
MBT st12

C M

I

wt sub 1 sub 2b
D ' 1 C  CAcAC
A13'UTR 5 AGCCUUCCAGAGUGGA GCA AGCACUUA
GUUU UGU UCGUGAA
UGCGG ccu

FIGURE 6. Identification of regions in the cyclin A1 3" UTR needed for deadenylation. (A)
Nucleotide sequences of region 1-99 of the cyclin Al 3" UTR and 11-nt substitutions
(lowercase) that were tested for their effects on deadenylation. (B,C) Kinetics of deadenylation
of A1 3’ UTR (1-99)ehB4 chimeric reporter RNAs with wild-type sequences (wt) or 11-nt
substitutions (sub 1-9). Injected 32p_labeled RNAs were analyzed as in Figure 3B, and samples
were taken at 4, 5.5, 7.5, 8.5, 10.5, and 12 h p.f. (B) or 4, 5.5, 7.5, 8.5, 10.5, and 12 h p.f. (C).
(D) A possible base-paired structure between miR-427 and nucleotides in region 12-22 (plus
the seed-match) of wild-type A1 3" UTR. Figure 5A shows a more likely alternative structure

between miR-miR-427 and Al 3’ UTR that involves region 1-11.

DISCUSSION

We have shown that miR-427, a miRNA that rapidly
accumulates to high levels very early in X. laevis develop-
ment, mediates the efficient deadenylation of maternal
cyclin Al and B2 mRNAs at the midblastula transition
(MBT). The 3" UTRs of both mRNAs contain a single
compact miR-427 target site that is required for this
process. The ability of a single MRE,,; to direct rapid
deadenylation may be a consequence of the high concen-
tration of miR-427-containing RISCs present in the embryo
at MBT.

Although neither miR-427 nor its precursors are present
at fertilization, ~10° copies of the mature miRNA are
produced within a few hours of X. laevis early embryogen-
esis, evenly distributed throughout the embryo. This rapid
accumulation of high amounts of miR-427 by the time of
MBT can be attributed to a high number of gene copies
(500-1000 potential miR-427 coding regions per cell) and
very efficient synthesis and processing of precursors (Fig.

67 99
GACACUGCAGG CCAAGUGGCCA AUGGAGCUAUU
cugugaauucc ggugaauucgu uaccugaauuc

.”t oo"(é ‘s ."o

5' miR-427

1). Long pri-miR-427 precursors, which
encode multiple copies of miR-427
sequences, are among the earliest tran-
scripts synthesized by RNA polymerase
II after fertilization, as revealed by their
abundant accumulation well before the
time of transcriptional activation of

66

sub6

sub 9

. most zygotic mRNAs (Davidson 1986).

The factor(s) responsible for this very
- early onset of expression, or for its
sub 4 cessation during gastrulation, remains
unknown. However, B-catenin, which
promotes the unusually early zygotic
transcription of the nodal-related Xnr5
and Xnr6 genes in Xenopus cleavage
embryos (Yang et al. 2002), is unlikely
to be required, as an antisense mor-
pholino oligonucleotide directed against
B-catenin mRNA (Heasman et al. 2000)
did not affect the accumulation of pre-
miR-427 (data not shown).
sub 9 High amounts of mature miR-427
can be generated earlier than normal
by injecting exogenous pre-miR-427
into one- or two-cell embryos (Fig.
2D; Lund and Dahlberg, 2006). The
resulting premature accumulation of
miR-427 accelerates the onset of dead-
enylation of both endogenous and ex-
ogenous reporter mRNAs, showing that
all other components needed for the
deadenylation are present in the cleav-
age embryo (Figs. 2E, 5D). Thus, the
key step that controls deadenylation
of the maternal cyclin mRNAs is the
generation of miR-427.

The 3’ UTR of cyclin B2 mRNA also contains two
UGCUGCU sequences (nucleotides 51-57 and 64-70)
(Fig. 2A), which are complementary to the seed sequence
of miR-16, a maternally derived miRNA that is present in
early embryos (Watanabe et al. 2005; E Lund, unpubl.).
However, it is unlikely that miR-16 contributes to the
turnover of cyclin B2 mRNA, as B2 3" UTR reporter RNAs
are stable and remain polyadenylated in the absence of
functional miR-427 or MRE,,,. We note that miR-16 is at
least two orders of magnitude less abundant than miR-427
(Watanabe et al. 2005; E Lund, unpubl.), suggesting that the
amounts of miR-16eRISC in the embryo might be in-
sufficient to mediate detectable deadenylation. Alterna-
tively, the predicted MRE;¢ sequences may be inaccessible
within the structure of the 3" UTR, or maternal miR-16 may
be sequestered in inactive complexes. A specific requirement
for miR-427 or MRE,,, sequences can be ruled out, as an
artificial pair of let-7 miRNA and MRE,,,_; was able to elicit
deadenylation of a reporter RNA (Fig. 7C).

sub 8
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A : Cyclin A13' UTR a5
Wl AGCCUUCCAGAGUGGACGCACACACAGCACUUA—| hB4 |
mut GUG
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C M MBT M MBT M MBT
A " ‘
. -
As il i .
Ao ‘ | |
MRE|¢.7 MRE|et.7 MREjer.7
+pre-let-7 +pre-miR-427
D N'.‘HEIG-I-T
1 u | 33
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FIGURE 7. Compact structure and sequence-specific nature of
MREs. (A) Sequences of the “minimal” cyclin A1 3° UTR (1-33)
capable of supporting deadenylation, and substitutions that inactivate
the seed-match of MRE,,; (mut) or introduce an MRE;. (B)
Deadenylation of the wild-type Al 3" UTR (1-33)ehB4 chimeric
reporter RNA (left) is blocked upon substitution of MRE,; (mut)
and accelerated upon premature expression of miR-427 from co-
injected pre-miR-427 (right). The samples were taken at 4, 6, 7.5, 8,5,
10.5, and 12.5 h p.f. (C) Deadenylation of the chimeric MRE| ,
reporter RNA depends on expression of exogenous let-7 miRNA; pre-
miRNAs that encode let-7 RNA or miR-427 were co-injected with the
MRE,_; reporter, as indicated. The samples were taken at 4.5, 6, 7.5,
8.5, 9.5, and 12 h p.f. (D) The sequence of MRE,,, ; and its predicted
base pairing with let-7 RNA (Mayr et al. 2007).

Generally, interactions of miRNAs with cognate MREs in
targeted mRNAs can have a variety of consequences that
include translational silencing and/or deadenylation plus
destabilization of the mRNA. Which one of these processes
predominates is likely to be determined both by the protein
components of RISCs and by accessory factors that may be
recruited to particular miR-RISC complexes (for review, see
Filipowicz et al. 2008). The identities of the Ago proteins
available for assembly into RISCs in Xenopus early embryos
are unknown, but we have found that Ago2 activity is not
detectable at this stage (E Lund, M Sheets, and JE Dahlberg,
unpubl.). This raises the possibility that RISCs assembled
de novo in early embryos have functions distinct from
maternally assembled RISCs. Thus, the consequences of
miRNAeMRE interaction may depend on the pool of Ago
proteins available during RISC assembly (Wu et al. 2008),
rather than the particular miRNA/mRNA pair.

For several reasons, it was appealing to consider PUF
proteins as factors that would contribute to miR-427-
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promoted deadenylation of mRNAs. PUF proteins partic-
ipate in poly(A) metabolism in both vertebrates and yeast,
interacting with CCR4-NOT1 (Goldstrohm et al. 2006),
and they facilitate certain miRNA functions in Caenorhab-
ditis elegans (Nolde et al. 2007). Also, PUF binding
elements (PBEs) and miRNA target sites tend to be
clustered within 3" UTR sequences of mRNAs bound by
human PUF proteins (Galgano et al. 2008). A canonical
PBE that is recognized in vitro by Xenopus Pumilio (xPum)
protein is close to the MRE,,; of cyclin B2 mRNA, but
inactivation of this PBE was without observable effects on
deadenylation or destabilization of B2 3’ UTR reporter
RNAs in vivo (Figs. 3, 4). Moreover, no PBE is present in
the cyclin Al 3" UTR, making it is unlikely that xPum
interacts with this miRNA regulatory system. The PBE in
the B2 3" UTR reporter RNA is located close to a cytoplas-
mic polyadenylation element (CPE) (Fig. 4; see discus-
sion by Piqué et al. 2008) and appears to increase the
efficiency of poly(A) addition, but a role of xPum in con-
trolling cyclin B2 gene expression in early embryos is
unclear.

The ability of miR-427 to promote deadenylation of
ApppG-capped RNAs indicates that the nuclease responsi-
ble for deadenylation is unlikely to be PARN, which has
optimal activity on 5'-m’Gppp-capped substrates (Dehlin
et al. 2000; Wu et al. 2009). A good candidate is the Cafl/
CCR4-NOT1 complex, which is required for miR-mediated
deadenylation in both Drosophila cells (Behm-Ansmant
et al. 2006) and NIH3T3 mouse cells (Chen et al. 2009)
or a related complex, which might be recruited in con-
junction with other essential factors, such as the P-body
component GW182 (Eulalio et al. 2009a,b). The sizes of the
degradation products decrease progressively with time (e.g.,
Figs. 2E, 3B), indicating that the Xenopus deadenylase acts
exonucleolytically. However, this nuclease does not appear
to remove the entire poly(A) tail, as shown by poly(A) tail
lengths of endogenous cyclin B2 mRNAs (Fig. 2) and by the
difference in gel mobilities of reporter RNAs prior to
poly(A) addition and after extensive miR-mediated dead-
enylation in the early embryos (e.g., Fig. 4, cf. Ay and Ag).
We are currently testing the involvement of various X.
laevis deadenylases in this process.

The numbers and identities of other X. laevis mRNAs
whose expression might be controlled by the abundant
miR-427 are not known. A limited bioinformatics search of
X. tropicalis EST sequences previously identified mRNAs
with potential miR-427 target sites in their predicted (but
not verified) 3 UTRs (Chen et al. 2005). However, it is
unclear whether all of these mRNAs are expressed at the
same time as miR-427, or if their MRE,,; sequences are
accessible to miR-427. Experimentally, we have identified
Arrdcl, a maternally inherited mRNA that contains six
potential MRE,,; sites in a 1.8-kb 3’ UTR, as another
candidate target in X. laevis (M Liu, E Lund, and JE
Dahlberg, in prep.). This mRNA is subject to deadenylation
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after gastrulation but in a miR-427-independent manner,
suggesting that these MRE,,; sites are not accessible to the
miRNA at MBT. However, in stage 12.5 embryos, several of
the predicted sites function in translation repression of
a chimeric luciferase reporter mRNA containing the Arrdcl
3’ UTR. Thus, MRE,,; sequences may influence the fate of
mRNAs in ways other than through deadenylation. Other
Xenopus mRNAs that are deadenylated or destabilized
shortly after MBT, and which contain one or more
potential (but not validated) MRE,; sites in their 3’ UTRs,
include GS17, CPEB, xWnt8, Chkl, Nek2b, Fyn, Dazl, and
DEADSouth (summarized in Table 1).

In several ways, X. laevis miR-427 resembles the ortho-
logous zebrafish miR-430 (Chen et al. 2005). Zebrafish
depleted of miRNA-430 have developmental defects (Giraldez
et al. 2005), and we have observed developmental anoma-
lies in tadpoles developed from X. laevis embryos deficient
in miR-427 (E Lund, M Sheets, and JE Dahlberg, unpubl.).
Both miRNAs are encoded by large multigene families
expressed very early in embryogenesis, and both target
several maternal mRNAs for deadenylation and destabili-
zation (Figs. 1, 2, 5; Giraldez et al. 2005, 2006). We note
that zebrafish cyclin A1 mRNA, which is destabilized in
a miR-430-dependent manner (Giraldez et al. 2006), con-
tains a potential, noncanonical miR-430 target site in its
3’ UTR that was not recognized by the search algorithm
used because the seed-match contains a single G-U base
pair. However, other miR-target sites that lack a perfect
seed-match have been identified in functional studies (Vella
et al. 2004; Didiano and Hobert 2008). Thus, zebrafish
cyclin A1 mRNA may well be a direct target of miR-430,
suggesting an evolutionarily conserved mechanism of miR-
regulation. The human embryonic cyclin Al 3" UTR also

has a potential (but not yet validated) target site for the
orthologous human miRNAs.

Clusters of genes encoding miR-427 (Fig. 1) or miRNAs
with the same seed sequence are present in the genomes of
several other vertebrates, including X. tropicalis (miR-427;
Tang and Maxwell 2008), zebrafish (miRNA-430; Giraldez
et al. 2005), humans (miR-301, -302, -371-373; Suh et al.
2004; Cao et al. 2008), mouse (miR-290-295; Houbaviy
et al. 2003), and primates (miR-519 and -520 families;
Bentwich et al. 2005; Bortolin-Cavaillé et al. 2009). Most
of the orthologous mammalian miRNAs are expressed
very early in development in embryonic stem (ES) cells
(Houbaviy et al. 2003; Suh et al. 2004) or primarily in
placenta (Bentwich et al. 2005).

Recently, zebrafish miR-430 (Choi et al. 2007) and both
Xenopus miR-427 and human miR-302 (Rosa et al. 2009)
were shown to modulate the expression of genes in the
Nodal signaling pathways that function in early germ-layer
development, indicating that this family of orthologous
miRNAs have related, phylogenetically conserved func-
tions very early in development. Thus, evidence is emerg-
ing that members of this class of orthologous miRNAs play
crucial roles in the development of early embryos by reg-
ulating the expression of maternal and early zygotic
mRNAs.

MATERIALS AND METHODS

DNA constructs

The chimeric reporter constructs pGbAl, pGbA1A384, and
pGDbB2 have been described previously (Audic et al. 2001, 2002).
pT7A1, containing the cyclin A1 3" UTR, was constructed from

TABLE 1. Potential miR-427 targets among X. laevis mRNAs expressed in early embryos

GenBank

mRNA Developmental control accession numbers Reference

Wnt8 Zygotic mRNA degraded upon onset of gastrulation; X57234; CR760475 Tian et al. (1999)
destabilizing element in 3" UTR has MRE,,7 and
PUF protein binding site (conserved in X. tropicalis)

Chkl Maternal mRNA degraded at MBT; 3’ UTR with two MRE,»> AF117816; BC077249; Kappas et al. (2000)
(one site conserved in X. trop.) CuU025188

Nek2B Maternal mRNA (splice variant) expressed up to early neurula; AB019557; CR760717 Uto et al. (1999)
short 3’ UTR with single MRE4,; (conserved in X. tropicalis)

CPEB1 Maternal mRNA destabilized at MBT 1.36-kb 3’ UTR with U14169; NM_001017330 Hake and Richter (1994)
multiple MRE,,7 (conserved in X. tropicalis)

GS17 Zygotic mRNA degraded after gastrulation (unknown protein); X05215; NM_001016546 Krieg and Melton (1985)
short 3" UTR with single MRE4,7 (conserved in X. tropicalis)

Fyn Maternal mRNA destabilized at MBT 0.65-kb 3’ UTR with X52188.1 Ferjentsik et al. (2009)
two MRE427

Dazl Maternal mRNA destabilized st. 10/12 1.3-kb 3’ UTR with AF017778; BC071023 Houston et al. (1998)
single MRE4,7 (5" proximal in 3" UTR)

DEAD South Maternal mRNA destabilized st. 10/12 1.5-kb 3’ UTR with AF190623.1 MacArthur et al. (2000)

multiple MRE4,7
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pGbAL by deletion of the B-globin coding region, and pT7Al and
pGbB2 variants with mutations in the MRE,,; or PBE regions were
generated by QuikChange Mutagenesis (Stratagene) (all primers and
synthetic or mutagenic oligonucletides are listed in Table 2). Linear
templates with T7 promoters encoding wild-type (wt) and variant
B2 3’ UTRs or shorter regions of the Al and B2 3" UTRs fused to
the histone B4 CPE plus HEX region (Paris and Philippe 1990) were
generated by PCR from plasmid templates and/or synthetic oligo-
nucleotides. The multi-step PCR scheme for substitution analysis of
the Al 3" UTR (nucleotides 1-99) (Fig. 6), is described in detail
elsewhere (M Liu, E Lund, and JE Dahlberg, in prep.). Linear T7
templates for in vitro synthesis of chimeric (5')-hammerhead
ribozyme-pre-miR-427 or -pre-miR-427,,,, were constructed from
sets of eight overlapping oligonucleotides (Zhang et al. 2004).

Primary miR-427 c¢cDNA clones (GenBank accession numbers
CA791305, BU911438, BU910064, and BU9067618 corresponding
to IMAGE clones 5161839, 6637415, 6635823, and 6631749,
respectively) were identified by BLAST search of X. laevis EST
sequences using the xla-miR-427 sequence (Watanabe et al. 2005)
as query. Plasmid clones pXIAl, pXIB2 (Minshull et al. 1990),
pGS17 (Krieg and Melton 1985), and pri-miR-427 IMAGE clones
6637415 and 6631749 were used for generation of hybridization
probes.

In vitro RNA synthesis

*2P_labeled, m’GpppG- or ApppG-capped reporter RNAs were
synthesized in vitro using T7 RNA polymerase (Promega; Strat-
agene) and a[*?P]-UTP (PerkinElmer) as described (Pasquinelli
et al. 1995), except that transcripts were not gel-purified prior to
injection. Unlabeled hammerhead-ribozyme-pre-miR-427 RNAs
were transcribed in the presence of 1 mM NTPs and excess MgCl,
(12 mM) to ensure efficient ribozyme cleavage (Price et al. 1995),
and released pre-miR-427 RNA was gel-purified prior to injection.

Embryo injection

X. laevis embryos were obtained according to standard protocols
(Keller 1991) and maintained at 21°-25°C in 0.25X Marc’s mod-
ified Ringer’s (MMR) (100 mM NaCl, 2 mM KCI, 1 mM MgSO,,
2 mM CaCl,, 5 mM Hepes at pH 7.4), supplemented with 5%
Ficoll for injected embryos and staged according to Nieuwkoop
and Faber (1967). >?P-labeled reporter RNAs (~1-2 fmol in 10-15
nL of H,0), 2’-OMe-containing oligonucleotides (Integrated
DNA Technologies) (Table 2) (~0.5 pmol/embryo), or unlabeled
pre-miRNAs (~25 fmol/embryo) were injected alone or together
into one- or two-cell embryos.

RNA analyses

For each time-point, pools of three to five embryos injected with
*2p_labeled reporter RNAs and/or unlabeled pre-miRNAs were
homogenized in proteinase K solution, and after digestion at 37°C
total RNAs were isolated by phenol extraction and ethanol
precipitation (Pasquinelli et al. 1995; Audic et al. 2001). For
analyses by Northern blot and/or autoradiography, 0.5-2 embryo
equivalents of total RNA were resolved by electrophoresis in
denaturing 0.5X TEB, 7 M urea polyacrylamide gels (4% or 6%
[30:0.8] for reporter RNAs; 20% [19:1] for miRNAs). For analyses
of endogenous mRNAs or pri-miR-427 transcripts, pools of 10
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embryos were homogenized in 1 mL of Trizol (Invitrogen), and
total RNAs were isolated according to the manufacturer’s in-
structions. For analysis of poly(A) tail length (Sheets et al. 1994),
1-2 embryo equivalents of total RNA (in 20 pL) were incubated
with 5 puM DNA oligonucleotides complementary to sequences
~500 nt from the 3’ ends of cyclin Al or B2 mRNAs (Table 2),
+100 pM oligo-dT;s, and treated with RNase H (gift of Dr. ]M
Keck, University of Wisconsin-Madison). For Northern blots,
0.5-2 embryo equivalents of untreated or RNase H-treated total
RNAs were denatured with glyoxal and resolved by electrophoresis
in 1 X BPTE and 1.2% or 2% agarose gels, respectively (Sambrook
and Russell 2001).

Northern blots

Small or large RNAs were transferred to Zeta Probe (Bio-Rad)
nylon membranes by electrophoresis or capillary action, respec-
tively, and the membrane-bound, UV-fixed RNAs were hybridized
in buffer H (0.25-0.3 M Na,HPO,, 7% SDS, 1 mM EDTA, and
1% RNase-free BSA) at 42°C (miRNA) or 65°C (mRNA/pri-
miRNAs). For detection of miR-427, a uniformly a[**P]-UTP-
labeled antisense RNA probe (Table 2) was generated according to
the mirVana Probe Construction protocol (Ambion). For de-
tection of cyclin Al or B2 and GS17 mRNAs and pri-miR-427
transcripts, antisense single-stranded DNA probes were generated
by linear amplification (40 cycles of 1-2 min extension at 72°C),
using 0.1 pg of linearized plasmid DNA, 0.4 wM primer (Table 2),
50 wCi of [**P]-dCTP (3000 Ci/mmol; Amersham Biosciences)
and 2.5 U of MasterAmp Tth DNA polymerase (Epicentre Bio-
technologies) in a 25 wL reaction containing 20 puM dCTP and
200 uM dATP, dGTP, and dTTP.

Southern blots

Genomic DNA was isolated from X. laevis testis using MasterPure
DNA Purification (Epicentre Technologies), and Southern blot-
ting of restricted DNAs was done according to standard protocols
(Sambrook and Russell 2001). miR-427 coding regions were
detected by hybridization in buffer H at 65°C with uniformly
labeled single-stranded RNA probes, generated by in vitro
transcription of Stul-cut IMAGE clone 6631749 DNA with SP6
(or T7) RNA polymerase, using a 10-pL reaction containing
0.1 mM UTP and 20 wCi [**P]-UTP (800Ci/mmol; PerkinElmer).

For determination of miR-427 gene copy numbers, the hybrid-
ization signals of the 1.2-kb miR-427 repeat DNA in 3.2 pg of
EcoR1- (or Stul-) digested X. laevis genomic DNA were compared
with that of 30 pg of recombinant 1.2-kb fragment (Fig. 1C) by
quantitative phosphorimager analyses. From these, the 1.2-kb
repeat DNA in 3.2 X 10° pg of genomic DNA was estimated to
comprise 80 pg, or ~0.0025%. This fraction corresponds to
~80 kb per X. laevis haploid genome (i.e., 0.25 X 10~* X 3.1 X
10° bp), or about 65 copies of the 1.2-kb repeat DNA. Given
that each 1.2-kb repeat encodes four copies of miR-427 sequences
(Fig. 1D), we estimate that the tetraploid X. laevis genome
contains ~~1000 miR-427 coding sequences.

Gel-shift analyses

GST-fused Xenopus Pumilio protein (xPum amino acids 824—
1185) was expressed and purified as described (Rouhana and



TABLE 2. Oligonucleotides (all shown 5'-3")

Mutagenesis of pGbeA1l and pGB+B2 plasmids
Al MRE47 Forward GCACACACAGGTGTTACCTCATGATAAC
Reverse GTTATCATGAGGTAACACCTGTGTGTGC
B2 MRE»; Forward CCACTAATTGGTGTTTTAACGTTGCT
Reverse GCAGCAACGTTAAAACACCAATTAGTGG
B2 PBE Forward GGCAAATGCTGCTGTTCCCACAAATATGTTTGTATTTTT
Reverse AAAAATACAAACATATTTGTGGGAACAGCAGCATTTGCC
B2 subg;.gs Forward CGTTGCTGCTGGCAGATCTGAGTCTCTAAGCTAGCTAATACGTATTTTTATTGACTC
Reverse GAGTCAATAAAAATACGTATTAGCTAGCTTAGAGACTCAGATCTGCCAGCAGCAACG
Construction of chimeric cyclin B2 and A1 3" UTRs fused to hB4 3 UTR with CPE plus Hex

3" UTR truncations/substitutions: Synthetic oligos

Al (1-33) GGTACCGCTCTAGAAGCCTTCCAGAGTGGACGCACACACAGCACTTAGGATCCTAGTAGG
Al (1-33) MRE4,; mut GGTACCGCTCTAGAAGCCTTCCAGAGTGGACGCACACACAGGTGTTAGGATCCTAGTAGG
A1-HMGA2*MRE).; GGTACCGCTCTAGAAGCCTTCCAGACCGACATTCAATTTCTACCTCAGGATCCTAGTAGG
hB4 3" UTR CAAAAGCTTGATATCTAGACTTTATTTATAGAATTAAACATTAAAAACCTACTAGGATCC
3’ UTR truncations: Reverse primers for PCR (use with forward T7)
B2 (1-60) CCTACTAGGATCCGCCAGCAGCAACG
B2 (1-90) CCTACTAGGATCCACAAACATATTTACAGG
B2 (1-120) CCTACTAGGATCCCTCAAAGTTCACAAATG
Primers for PCR amplification (general)
Forward (T7) TAATACGACTCACTATAGGG GGGTACCGCTCTAGAAGC
Reverse (3’ restrict) CAAAAGCTTGATATCTAGAC

Substitution of cyclin A1 3" UTR (1-99) by multistep PCR using pGb*A1A384 as a template
3’ UTR mutagenic primers

Sub 1-11 GGGTACCGCTCTAGATCGAATTCTCTGTGGACGCACACACAGC
Sub 12-22a CTAGAAGCCTTCCAGACACCGAATTCTCACAGCACTTACCTCG
Sub 12-22b CTAGAAGCCTTCCAGAAGCTATACTTTCACAGCACTTACCTCG
Sub 23-33 CCAGAGTG GACGCACAGTGAATTCAATCCTCGTGATCAACAG
Sub 34-44 GCACACACAGCACTTAGGAGAATTCGTACAGTGTTGGTC
Sub 45-55 GCACTTACCTCGTGATCAGAATTCAACCACTTTTTATGAAGACAC
Sub 56-66 GATCAACAGTGTTGGTGAAAAGAATTCGACACTGCAGGCC
Sub 67-77 GTTGG TCTTTTTATGAACTGTGAATTCCCCAAGTGGCCAATGG
Sub 78-88 GAAGACACTGCAGGGGTGAATTCGTATGGAGCTATTGGATCC
Sub 89-99 GGCCAAGTGGCCATACCTGAATTCGGATCCTAGTAGG

General PCR primers
Forward 1 GGCGAGATCTAGCCTTCCAGAGTGG
Forward 2 GGGTACCGCTCTAGAAGC
Forward 3 TAATACGACTCACTATAGGGGGGTACCGCTCTAGAAGC
Reverse 1 CAAAAGCTTGATATCTAGAC
Reverse 2 GTAATTTTTCCTACTAGGATCCAATAGCTCC

Construction of templates for in vitro synthesis of T7-hammerhead pre-miR-427
(oligos 1-8) and pre-miR-427,,.,. (oligos 1, 2, 3mut, 4mut, 5, 6, 7mut, 8mut) RNAs

Top strand
1 TTAATACGACTCACTATAGGGAGACCCCGTCTCGGGTCTGATG
2 PAGTCCGTGAGGACGAAACGGTACCCGGTACCGTCACCCGAGAC
3 pPGGGGCTCTCTCTTGTGACTGAATTATGATGAGAAAG
4 pTGCTTTCTGTTTTGGGCGT
3mut PGGGGGCGTCTCTTGTGACTGAATTATGATGAGAAAC
4mut pACCTTCCTGTTTTGGGCGT
Bottom strand
5 pCTATAGTGAGTCGTATTAA
6 pGTACCGTTTCGTCCTCACGGACTCATCAGACCCGAGACGGGGTCTCC
7 pGTCACAAGAGAGAGCCCCGTCTCGGGTGACGGTACCGG
8 ACGCCCAAAACAGAAAGCACTTTCTCATCATAATTCA
7mut pGTCACAAGAGACGCCCCCGTCTCGGGTGACGGTACCGG
8mut ACGCCCAAAACAGGAAGGTGTTTCTCATCATAATTCA
Construction of the T7-template for synthesis of pre-let-7 RNA (C. elegans)
pre-let-7 Forward TAATACGACTCACTATAGGAGGTAGTAGGTTGTATAG

Reverse GGAAAGGTAGAAAATTGCATAGTTCACC
RNase H assay of the poly(A) tail length

Cyclin Al GTCCACTCTGGAAGGCTTCA
Cyclin B2 TGAAGGCTTGATGTGGACCA
OligodT;s TTTTTTTTTTITTTTT
Generation of single-stranded DNA probes for Northern blots
GS17 CATGGAGCTTGAGCACAGGTTTG
SP6 (cycAl,B2) ATTTAGGTGACACTATAG
T7 (pri-miR) TAATACGACTCACTATAGGG
Construction of mirVana templates for in vitro RNA synthesis
xla-miR-427 probe TAAGAAAGTGCTTCCTGTTTTGGGCGTTCCTGTCTC
PBE wt ACAAACATATTTACAGGAACAGCAGCATTTCCTGTCTC
PBE mut ACAAACATATTTTGTGGAACAGCAGCATTTCCTGTCTC
PBE subg_gs ACGTATTAGCTAGCTTAGAGACTCAGATCTCCTGTCTC
Antisense 2’0Ome-RNA oligonucleotides
Anti-miR-427 ACGCCCAAAACAGGAAGCACUUU
Anti-let-7 AACUAUACAAUCUACUACCUCA
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Wickens 2007). Uniformly a[**P]-UTP-labeled wt or mut PBE
RNAs were made according to the miRVana protocol (Ambion)
(Table 2) and gel-purified prior to use. For EMSA analyses, 0.1 pmol
of labeled RNA (plus 10 g of tRNA) and various amounts of xPum
were incubated in 20 pL of binding buffer (10 mM Hepes at pH 8.0,
1 mM EDTA, 50 mM KCl, 2 mM DTT, 0.02% Tween-20, and 0.1
mg/mL BSA) for 30 min at room temperature prior to loading on
a 0.5X TBE, 6% (29:1) native polyacrylamide gel.
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