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SUMMARY

Mouse oocyte maturation, fertilization, and reprogramming occur in the absence of
transcription and thus changes in mMRNA levels and translation rate are regulated through
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post-transcriptional mechanisms [1]. Surprisingly, microRNA function, which is a major
form of post-transcriptional regulation, is absent during this critical period of mammalian
development [2,3]. Here, we investigated the mechanisms underlying the global suppression
of microRNA activity. In both mouse and frogs, microRNA function was active in growing
oocytes, but then absent during oocyte maturation. RNA-Seq of mouse oocytes uncovered
that the microRNA effector protein AGO2 is predominantly expressed as an alternative
isoform that encodes a truncated protein lacking all of the known essential domains. Full
length AgoZ2 as well as the related Argonautes (Agol, Ago3, and Ago4) were lowly
expressed in maturing mouse oocytes. Reintroduction of full-length AGO2 together with an
exogenous microRNA in either mouse or frog oocytes restored translational repression of a
target reporter. However, levels of endogenous transcripts remained unchanged. Consistent
with a lack of microRNA activity, analysis of transcripts with alternative polyadenylation
sites showed increased stability of transcripts with a longer 3" UTR during oocyte
maturation. Redundant mechanisms protecting endogenous transcripts and the conserved
loss of microRNA activity suggest a strong selection for suppressing microRNA function in
vertebrate oocytes.

Suppression of miRNA function in maturing oocytes is conserved

MicroRNAs (miRNAs) and endogenous siRNAs (endo-siRNAS) represent two types of
small RNAs that are defined by their differential biogenesis [4]. MiRNAs and endo-siRNAs
form a complex with one of four Argonaute proteins (AGO1-4); the resulting complex then
binds the 3" UTR of target mMRNAs through either partial or complete complementation.
Partial complementation of an AGO-small RNA complex with a target mMRNA leads to the
recruitment of additional proteins that inhibit translation and destabilize the transcript
through exonucleolytic decay [5,6]. In contrast, perfect or near-perfect complementation of
an AGO2-small RNA complex with a target mRNA, results in AGO2 endonucleolytic
cleavage of the mRNA target [7]. Genetic studies show that endo-siRNAs and the
endonucleolytic activity of AGO?2 are essential for oocyte maturation, while miRNAs are not
[2,8-11]. Furthermore, removal of miRNAS has no discernable effect on the transcriptome of
mouse oocytes, in striking contrast to other mouse cell types [2,12].

To identify potential mechanisms underlying this surprising result, we first asked whether
the loss of miRNA-driven translational repression and exonucleolytic destabilization is
conserved across vertebrate species. To differentiate endonucleolytic cleavage from
translational repression and exonucleolytic destabilization by small RNAs, we built renilla
luciferase reporters carrying either a perfect match or four bulge sites to the miRNA,
miR-15a (Figures 1A, S1). MiR-15a is highly conserved across Xenopus laevis (henceforth
referred to as Xenopus), mouse, and human and is one of the most highly expressed
miRNAs in oocytes [3,13]. We used firefly luciferase to normalize reporter activity. The
ability of the reporters to readout both types of miR-15a activity was first confirmed in 293T
cells, where both perfect match and bulge reporters showed strong suppression in presence
of miR-15a (Figure 1B).
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Next, these reporters were introduced into growing and GV/MII stage Xenopus oocytes.
Since transcription is silenced in oocyte development, the reporters were in vitro transcribed,
polyadenylated, and then injected. Similar to the 293T cells, growing Xenopus oocytes
(stages 11-1V) showed a strong repression of both reporters, which was further enhanced
with co-injection of exogenous miR-15a (Figure 1C). However, once Xenopus oocytes had
matured to the GV stage (stage V1), suppression of the bulge reporter was absent even when
co-injected with miR-15a (Figure 1D). In contrast, knockdown of the perfect match reporter
persisted. Repression of the bulge reporter was absent through oocyte maturation to Ml
stage eggs in Xenopus (Figure 1E). These results were similar to findings previously
described for let-7 and miR-30 in early growing versus fully grown GV/MII mouse oocytes
[3]. To pinpoint when translational repression is lost during oocyte development, we
performed a time course analysis throughout early postnatal development in mice. Loss of
translational repression began between postnatal day 17 and 18 (Figure 1F), just prior to the
loss of transcription in mouse oocytes [1]. Together, these results show a conserved loss in
the ability of small RNAs that imperfectly bind their targets to drive translational repression
of reporters following the transition from growing to maturing oocytes.

Exogenous hAGO2 and miRNA can rescue translational suppression of a reporter

One possible explanation for the failure of GV and MII oocytes to suppress the bulge
reporter is that there are rate-limiting amounts of AGO2, enough for endonucleolytic
cleavage, but not translational repression and exonucleolytic destabilization. We performed
RNA-sequencing on mouse GV oocytes, and saw that full length Ago2is lowly expressed.
Surprisingly, AgoZ2is predominantly expressed as an unannotated truncated isoform which is
not present in mouse embryonic stem cells (ESCs) (Figure 2A). RT-gPCR confirmed the
presence of this isoform in oocytes and its absence in ESCs (Figure S2A). Additionally,
RNA-Seq showed that Ago1, Ago3, and Ago4 were also lowly expressed in mouse GV
oocytes (Figure 2B). Since the four AGO proteins are functionally equivalent for
translational suppression, we decided to focus primarily on AGO2 [14]. To directly test
whether AGO was rate-limiting for translational repression, we injected in vitro transcribed
full-length human AgoZ2 (hAgo2) mRNA together with exogenous miR-15a and the bulge
reporter. This approach showed a robust and reproducible repression of the reporter in both
Xenopus and mouse GV oocytes (Figures 2C, D). The exogenous hAGO2 had no effect on a
reporter without bulge sites (Figures S2B, C). Surprisingly, a mutant form of hAGO2 with
10 mutations in the PAZ domain [15], which has been shown not to bind miRNAs, was also
able to rescue suppression of the reporter when injected together with exogenous miR-15a
(Figures 2C, D). However, recent data suggests that this mutant likely retains some low-level
activity, which in the context of overexpression may be enough to re-activate function [16].
These data show that exogenous hAGO?2 can restore small RNA driven translational
repression of an exogenously introduced reporter in maturing Xenopus and mouse oocytes.

Since small RNA-induced endonucleolytic cleavage is vital in mouse oocytes, we considered
the possibility that translational repression may be suppressed due to competition for AGO
by the large number of endo-siRNAs [17,18]. To test this possibility, we repeated the
luciferase assays in DICER knockout oocytes, which lack all endogenous siRNAs and
miRNAs [2]. Even in the absence of endogenous small RNAs, exogenous miR-15a was not
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sufficient to knockdown the reporter (Figure 2E). Robust repression was only observed with
both exogenous hAGO2 and miRNA (Figure 2E), suggesting that endo-siRNAs sequestering
AGO?2 is not the reason for the loss of translational repression.

MiRNAs can both repress the translation of their mRNA targets and destabilize them
through exonucleolytic decay [19]. The predominant mechanism of action is believed to be
context dependent [19-23]. Reduced luciferase activity could be due to either mechanism.
To determine whether overexpression of hAGO2 affected Renilla mMRNA levels, we
performed RT-gPCR on injected Renilla and Firefly mRNA. While overexpression of
hAGO2 and exogenous miR-15a reduced Renilla mRNA levels in 3 of 4 experiments
(Figure S2D), the combined results did not reach significance and the effect was small,
suggesting that the primary mechanism behind the reduced luciferase levels is translational
repression.

Exogenous AGO2 and miRNA have a minimal impact on endogenous targets

To identify the developmental and molecular consequences of re-activating translational
repression in the oocyte, we turned to a genetic system in the mouse where exogenous full
length hAGO2 is expressed from the Rosa26 promoter following Cre-mediated excision
(R26-lox-stop-lox-GFP-myc-hAGO2) [24]. We crossed this mouse to an oocyte specific Cre
(Zp3-Cre) to drive oocyte specific overexpression of full length hAGO2 [25]. RT-gPCR
showed a 10-fold increase in expression of total AgoZ2expression in Cre-positive GV
oocytes (Figure 3A). This increase in expression alone did not repress the bulge reporter
(Figure 3B). Similarly, exogenous miR-15a alone induced only a slight and inconsistent
downregulation (Figure 3C). However, the two together showed robust knockdown of the
bulged reporter (Figure 3D), similar to that seen with injection of the exogenous AGO?2
mRNA along with miRNA.

Next, we asked how this system affects the endogenous transcriptome. We performed
microarray profiling on both control and Rosa26 driven hAGO2-overexpressing mouse GV
oocytes. Only 3 genes were differentially expressed at a false discovery rate (FDR) < 0.05,
including AgoZitself (Figure 3E). These findings are consistent with the reporter data
showing that hAGO2 overexpression alone failed to rescue suppression. Surprisingly
though, hAGO2 overexpression along with exogenous miR-15a injection also had very little
impact on the transcriptome (Figure 3F). 29 genes were down-regulated with a FDR < 0.05,
while 3 genes were stabilized (i.e. ‘up-regulated’) including AgoZ itself. We further
evaluated the 29 down-regulated genes to determine if they were enriched for miR-15a
targets. Of 1121 conserved targetscan miR-15a targets, 778 are found on the array and 444
are expressed in oocytes, but only 1 was among the down-regulated genes. Biological
replicates were well correlated, and thus the lack of changes is not due to noise between
replicates (Figure S3). These findings show that exogenous hAGO2-miRNA complexes have
little effect on the transcriptome of oocytes either through destabilization of direct miR-15a
targets or through indirect targets which would likely be altered due to translational changes
of miR-15a targets. This finding suggests that AGO2 levels alone are unlikely to explain the
loss of miRNA activity in maturing oocytes.
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Isoforms with longer 3° UTRs are more stable in maturing oocytes

An additional mechanism of suppressing miRNA activity could occur at the level of the
target transcript. Alternative polyadenylation (APA) produces 3° UTRs of differing lengths
[26]. In somatic cells, a shorter 3" UTR is generally associated with greater mRNA stability,
at least in part due to a decrease in the number of miRNA target sites [27-29]. Therefore, we
evaluated alternative polyadenylation usage during the GV to M| transition. Hundreds of
transcripts showed differential 3" UTR length during the GV to Ml transition (Figures 4A,
B). For comparison, we looked at an alternative transition, the embryonic stem cell (ESC) to
epiblast like cell (EpiC) transition, a time of abundant miRNA activity [30]. There were very
few changes in 3" UTR length during this transition (Figures 4C, D). Surprisingly, the
changes in the maturing oocyte showed a strong enrichment for distal polyadenylation usage
in MII versus GV oocytes (Figures 4B vs. 4D). Four hundred and sixty-three genes showed
preferential stability of transcripts using the distal polyadenylation site (median 4.3 fold
increase in 3" UTR length) while one hundred and twenty-nine genes showed preferential
stability of transcripts using the proximal polyadenylation site (median 2.8 fold decrease in
3’ UTR length) (Figure 4E). Individual tracks for the Pafah1bl and Srplk genes
exemplified the striking switch between short and long forms between GV and MII oocytes
(Figure 4F). Many of the 3" UTRs gained during the GV to MII transition had target sites
for miR-15a, but were not impacted by introduction of exogenous miR-15a and AGO2
(Figure 4F and Table S2). Given the absence of transcription during the GV to Ml
transition, these changes must reflect the preferential degradation of the short 3° UTR
isoforms, directly contrasting the previous findings in non-oocyte populations, where the
long isoforms were preferentially degraded [27-29]. Thus, preferential expression of short
3’ UTR isoforms does not underlie the resistance of maturing oocytes to miRNA driven
exonucleolytic decay.

DISCUSSION

In this study, we sought to uncover the mechanism underlying the surprising finding that
miRNA function is absent during oocyte maturation, a discovery originally made in mouse
oocytes [2,3]. Here, we show that translational repression is also absent in maturing
Xenopus oocytes, showing conservation across vertebrates. In both species, translational
repression was suppressed around the transition from oocyte growth to maturation.
Furthermore, in both species, the introduction of exogenous hAGO2 and miRNA were able
to rescue repression of reporter constructs. Recent studies have shown that miRNA levels
and AGO levels are intimately connected; each stabilizing the other [31,32]. This mutual
dependency could explain why introducing both together is necessary for robust knockdown.

In mouse oocytes, RNA-Sequencing showed that AgoZ2 predominantly exists as a truncated
form of AGO2 missing the PAZ, MID, and PIWI domains, making it highly unlikely that it
retains activity [33]. The low levels of full length AGO2 may be enough for the observed
endonucleolytic cleavage, but not translational repression. Indeed, slicing is a more efficient
process than translational repression and thus likely to require significantly less AGO2 [34].
Alternatively, truncated AGO2 might act as a dominant negative, but overexpression of the
truncated form in 293Ts did not negatively impact repression (Figure S4A). Therefore, the
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most likely explanation is that low levels of full length AGO2 contributes to the loss of
miRNA induced repression.

However, this mechanism alone does not fully explain the lack of miRNA repression in
oocytes. Even in the presence of exogenous AGO2 and miRNAsS, there was minimal
degradation of luciferase mRNA. This finding contrasts the effects seen in somatic cells
where exonucleolytic decay plays a predominant role in the inhibition of target mMRNAs
[22]. In addition, expression profiling showed that endogenous targets of miR-15a were not
destabilized at the transcript level upon introduction of exogenous AGO2 and miR-15a.
Furthermore, there was a near absence of transcriptional changes globally. While it is
possible that miRNAs solely repress translation in this context, the altered translation of
hundreds of miR-15a targets would be expected to produce secondary mRNA changes.
Therefore, additional mechanisms are likely blocking miRNA function in oocytes.

The nature of additional mechanisms that could underlie the global suppression of miRNA
activity in oocytes is unclear. However, additional effectors of miRNA activity are also lowly
expressed in the oocyte. Most notably, several proteins involved in exonucleolytic decay
including Xrn1, the primary 5" to 3" exonuclease downstream of miRNA activity, are also
lowly expressed in oocytes (Figure S4B). Furthermore, components of the de-adenylation
and decapping complexes are lowly expressed and minimally active in GV oocytes [35,36].
The reduced exonucleolytic activity could also explain the previously described persistence
of RNA fragments in oocytes [37]. Recent work has also shown that post-translational
modifications of AGO2 are essential for normal function [38]. In particular, cycles of
phosphorylation and dephosphorylation are essential for optimal activity. Future
measurements of the activities of the kinase and phosphatase responsible for these cycles
could uncover a potential role for these factors in the loss of miRNA activity in maturing
oocytes.

Another potential mechanism to avoid miRNA function would be preferential expression of
transcript isoforms with short 3" UTRs reducing the number of potential miRNA targeting
sites. However, in contrast to previous work on non-oocytes [27-29], we found that longer
3’ UTRs are associated with increased rather than decreased stability of the cognate
transcript during oocyte maturation. This finding suggests inhibition of miRNA function
upstream of the target transcript. How longer 3" UTRs stabilize transcripts in the oocyte is
unclear. It is possible that the binding of stabilizing RNA binding proteins (RBPs) to the 3’
UTRs in the absence of miRNA activity underlies this stabilization and might even serve as
a redundant mechanism to prevent miRNA activity. Indeed, oocytes express many RBPs that
bind the 3" UTRs of transcripts to promote cytoplasmic polyadenylation, which in turn
promotes stabilization, or that directly antagonize miRNA function [19,39-41]. Thus, the
longer 3" UTRs could provide docking sites for these RBPs, which in turn suppresses
degradation of the cognate mRNA.

In summary, we have identified an alternative truncated isoform of AGO2, which is the
dominant AGO species in maturing oocytes. Re-introduction of full-length hAGO?2 together
with an exogenous miRNA represses reporters in a setting where endogenous miRNA
function is absent. However, endogenous transcripts are still resistant to miRNA driven
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exonucleolytic activity. Therefore, there appear to be multiple mechanisms of globally
suppressing miRNA activity in the maturing vertebrate oocyte, one of which is a dramatic
reduction in the levels of functional AGO-miRNA complexes.

STAR METHODS
CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be
fulfilled by the Lead Contact, Robert Blelloch (robert.blelloch@ucsf.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

R26-hAGO2 mice—Rosa26 lox-stop-lox-myc-GFP-hAGO2 (R26-hAGO2) mice [24]
were obtained from the Jackson Laboratory (JAX stock #017626). These mice were crossed
to C57/B6 Zp3-Cre mice [25] to generate R26-hAGO2; Zp3-Cre mice. For all experiments,
R26-hAGO2; Zp3-Cre- females were bred to R26-hAGO2; Zp3-Cre+ males. Oocytes were
collected from 3-4 week old female Cre— and Cre+ littermates. Mice were housed per
UCSF and IACUC guidelines.

Wildtype mice—C57/B6 mice were ordered from the Jackson Laboratory (JAX stock
#00064) and Simonsen Laboratory (Stock #C57BL/6NCrSim). Oocytes were collected from
3-4 week old females.

Xenopus laevis—Mature female Xenopus laevis were ordered from Nasco (Stock
#LLM00535MX) and cared for per supplier instructions and IACUC guidelines. Mature
females were staged by length (9+ cm) according to Nasco instructions.

Cell lines and cell culture—293Ts were grown in DMEM supplemented with 10% Fetal
Bovine Serum. ESCs were grown in Knockout DMEM (Invitrogen) supplemented with 15%
Fetal Bovine Serum, LIF and 2i (PD0325901 and CHIR99021). To generate Epi cells, ESCs
were plated at 400,000 cells in a 15 plate, 24 hours later LIF and 2i were removed and Epi
Cells were collected ~56 hours later [42]. ESCs are male. 293Ts are female. ESC lines were
authenticated via RNA-Seq.

METHOD DETAILS

Constructs—miRNA binding sites were ordered as oligos from IDT. Oligos were
phosphorylated, annealed, and cloned into the 3° UTR of psiCHECK2 (Promega) using the
restriction enzymes Notl and Xhol. Truncated AGO2 was amplified from oocyte cDNA and
cloned into pGAMA. Full length hAGO2 was amplified from an existing plasmid and cloned
into pPGAMA (see Table S1 for oligonucleotide sequences).

In vitro transcription—L.inearized psiCHECK2 vector (Promega), pPCDNA3-myc-
hAGO?2 [7], or pPCDNA3-RFP was in vitro transcribed and capped (Ambion). mRNA was
then polyadenylated by Poly(A) tailing kit (Ambion).
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Mouse oocyte collection and injection—48 hours prior to injection mice were primed
with 5 units of PMSG. GV oocytes were collected in MEM medium supplemented with
2uM milrinone to prevent resumption of meiosis. /n7 vitro transcribed mRNA and 2uM
miR-15a mimic (Dharmacon) were injected on a Leica DMI3000 B with an Eppendorf
FemtoJet. Oocytes were cultured in MEM medium supplemented with 2uM milrinone
overnight at 37° and 5% CO2 for luciferase assays.

Luciferase assay—Luciferase assays were performed using the Dual Luciferase Reporter
Assay kit (Promega) and measured on a SpectraMaxL Luminometer (Molecular Devices).
Renilla signal was normalized to firefly signal for all experiments.

Microarray—RNA was extracted from GV oocytes with the PicoPure RNA Isolation Kit
(ARCTURUS). RNA was sent to the UCLA Neuroscience Genomics Core where cDNA was
amplified (Nugen) and then hybridized to lllumina BeadChips. Data was pre-processed and
normalized in R version 3.3.2 using bead array version 2.24.0 [43]. Differential expression
was performed in R using limma version 3.30.4 [44].

AGO2 RT-gPCR—RNA was extracted with TRIzol (Invitrogen). cDNA was made using
Superscript 11 First-strand Synthesis kit (Invitrogen) following the standard protocol. gPCR
was performed using Power SYBR Green mix (Applied Biosystems) on an ABI 7900HT
384-well PCR machine.

Luciferase RT-gPCR—RNA was extracted with PicoPure RNA Isolation Kit
(ARCTURUS). cDNA was made using Maxima RT cDNA kit (Thermo Scientific) following
the standard protocol. gPCR was performed using Roche SYBR Green mix (Roche) on an
ABI 7900HT 384-well PCR machine.

RNA-Seg—RNA from GV oocytes and mouse embryonic stem cells was extracted in
TRIzol (Invitrogen) and sequencing libraries were made using the Illumina stranded paired-
end Truseq kit (Illumina). Reads were mapped to the mm10 mouse genome using STAR
version 2.5.1b [45]. Reads were counted with featureCounts [46] version 1.5.0-p1 using the
Gencode m10 genome annotation. De novo isoform discovery was performed in stringtie
version 1.2.4 [47].

Transfections—All transfections were done in 96 well plates with 200 ng of DNA
following the standard Fugene 6 (Promega) protocol.

Xenopus oocyte collection and injection—To prepare Xenopus laevis for surgery,
animals were anaesthetized using a 2 grams/liter solution of tricaine methane sulfonate
(MS-222) buffered to a neutral pH of 7.0-7.5 using sodium bicarbonate. Autoclave-sterilized
tools were used to perform live surgery, and oocytes were removed by biopsying the ovary
(no more than 50%). The frogs were then re-sutured using nylon monofilament suture, and
monitored in a shallow tank until they were fully awake and mobile. They were then
returned to their housing tank, and observed daily for 3 days. Frogs were used for surgery
only once every 3 months (or longer if necessary).
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Once harvested, oocytes were dissociated in 2 mg/ml collagenase in modified Barth’s saline
(1X MBS) at room temperature for 1-3 hours, being constantly monitored to avoid over
digestion. The oocytes were then transferred to culture media (10% fetal calf serum, 1X
penicillin/streptomycin, 100 pg/mL gentamycin, 50% L-15 medium (Leibovitz) +
glutamine) for subsequent procedures and incubations.

Xenopus oocytes were injected using a microlNJECTOR system (Tritech research).
Concentrations of materials injected were the same as for mouse oocytes (see above). For
luciferase assays, oocytes were incubated overnight at 16C, and lysed (single oocytes in
individual wells of a 96 well plate) using as directed in the Dual Luciferase Reporter Assay
kit (see above).

For maturation of oocytes into eggs (Mll), stage VI oocytes were incubated with 3uM
progesterone in culture media overnight.

APA analysis—DaPars [48] versin 0.9.1 was used to identify Percentage of Distal polyA
site Usage Index (PDUI). DaPars was run with the default settings from the original paper
describing the software: Adjusted P Val < 0.05, minimum APDUI of 0.2, and minimum 1.5
fold change in PDUI. For genes with more than two transcripts and more than 2 APDUI
changes, the greatest APDUI and lowest adjusted P value was used. Conserved miRNA
target sites were downloaded from TargetScan 7.1.

Experimental Design—For all experiments n indicating the number of biological
replicates are given in figure legends. The study was not done blinded. No data was
excluded. Based on previous literature we assume luciferase data follows a t-distribution and
use a t-test for calculating significance. Different litters were used for different biological
replicates.

QUANTIFICATION AND STATISTICAL ANALYSIS

For all experiments n indicating the number of biological replicates and additional details
are listed in the figure legend. For oocyte experiments, biological replicates refers to pools of
oocytes collected on different days. For cell lines, biological replicates refers to separate
culture dishes of cells. All luciferase data is a ratio of Renilla signal over Firefly signal. All
error bars represent standard deviation. Asterisks (*) represent significant differences with
student’s T-test, p < 0.05. For array and sequencing analysis differences were defined with
an adjusted P value < 0.05. Statistical significance was calculated in R version 3.3. To the
extent possible, we checked if data met assumptions of statistical methods used.

DATA AND SOFTWARE AVAILABILITY

All array and sequencing data has been submitted to GEO under accession number:
GSE92768

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Suppression of miRNA activity in maturing oocytes is conserved from mouse to
Xenopus
A) Schematic of constructs used in all subsequent luciferase assays. miR-15a sites were

cloned in the 3" UTR of Renilla luciferase (Luc) - either a 1X site with a perfect match or a
4X site with a bulged match to miR-15a. A control of no sites was also used. Firefly
luciferase was used as an injection control. All injected transcripts were transcribed, capped,
and polyadenylated in vitro. B) Luciferase assay in HEK-293T cells transfected with or
without miR-15a mimic and psiCHECK2, a vector containing Firefly luciferase and Renilla
luciferase with either no miR-15a sites, 1X Perfect, or 4X Bulge sites in the 3° UTR of
Renilla luciferase. N=2. C,D) Luciferase assays in Xenopus laevis (C) growing (stage 111-V)
and (D) GV (stage V1), using 1X Perfect and 4X Bulge templates, with or without miR-15a
mimic. N=2. E) Luciferase assay as in (B), but in Xenopus MII eggs, with miR-15a mimic.
N=2. F) Luciferase assays in oocytes at various stages of postnatal mouse development P15—
23 (x-axis), with miR-15a mimic. For P15-17 N=4, P18 N=3, GV (P23) N=4. All luciferase
data is a ratio of Renilla signal over Firefly signal. All error bars represent standard
deviation. Asterisks (*) represent significantly different data from the corresponding ‘No
sites’ control data, except in F) where they represent significantly different data from GV
(Student’s T-test, p<0.05). See also Figure S1.
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Figure 2. Exogenous hAGO2 and miRNA can rescue translational suppression of a reporter
A) RNA-Seq coverage of AgoZ2isoforms in mouse GV oocytes and embryonic stem cells.

Lower tracks represent Gencode AgoZisoform and Stringtie reconstructed isoforms in
oocytes and embryonic stem cells. Arrows denote exons present only in the oocyte isoform.
B) RNA-Seq in mouse GV oocytes and mouse ESCs showing expression of the four Ago
proteins. C, D) Luciferase assays in (C) Xenopus GV oocytes or (D) mouse GV oocytes
with injection of miR-15a mimic and either wild-type hAGO2 or hAGO2-PAZ10 mutant
mRNA. C, N=10; D, AGO2 N=7, PAZ10 N=2. E) Luciferase assays in DICER KO mouse
GV oocytes, with miR-15a mimic and either a 1X Perfect or 4X Bulge template, with or
without addition of hAGO2. N=2. Luciferase data is a ratio of Renilla signal over Firefly
signal. All error bars represent standard deviation. Asterisks (*) represent significantly
different data from the corresponding “No sites’ control data (Student’s T-test, p<0.05). See
also Figure S2.
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Figure 3. Both Exogenous hAGO2 and miRNA are required to rescue miRNA activity, but have
minimal impact on endogenous targets

A) RT-gPCR of combined mouse and human Ago2 mRNA levels in LSL-GFP-myc-
hAGO2/+; Zp3-Cre+ and Zp3-Cre— mouse GV oocytes. Primers recognize both mouse and
human AGO2. Rpl7 is used as a reference gene. N=4. B) Luciferase assay in LSL-GFP-
myc-hAGO2/+; Zp3-Cre+ and Zp3-Cre— mouse GV oocytes with no miR-15a mimic and 4x
Bulge template. N=2. C) Luciferase assay in wildtype mouse GV oocytes with miR-15a
mimic and 4x Bulge template. N=4. D) Luciferase assay in LSL-GFP-myc-hAGO2/+; Zp3-
Cre+ and Zp3-Cre— mouse GV oocytes with miR-15a mimic and 4x Bulge template. N=3.
[llumina Bead Array RNA profiling of: E) LSL-GFP-myc-hAGO2/+; Zp3-Cre+ versus Zp3-
Cre— mouse GV oocytes. F) LSL-GFP-myc-hAGO2/LSL-GFP-myc-hAGO2; Zp3-Cre+
versus Zp3-Cre— mouse GV oocytes injected with miR-15a mimic. Significant differentially
expressed transcripts shown in red (FDR < 0.05). E, N=3; F, N=4. Data is a ratio of Renilla
signal over Firefly signal. All error bars represent standard deviation. Asterisks (*) represent
significantly different data from the corresponding control data (Student’s T-test, p<0.05).
See also Figure S3.
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Figure 4. Isoforms with longer 3° UTRs are more stable in maturing oocytes
(A) Percentage of distal alternative polyadenylation site usage in GV and MII oocytes.

Significant increases in distal alternative polyadenylation usage are colored in orange,
significant decreases are colored in blue. Each dot represents one gene. (B) Number of
significant changes in alternative polyadenylation ratios resulting in longer 3" UTRs or
shorter 3° UTRs during the GV to MII transition. (C) Same as A, except in mouse ESCs and
EpiCs. (D) Same as B, except in mouse ESCs and EpiCs. (E) Boxplots showing change in 3
UTR length for genes with a significant change in alternative polyadenylation during the GV
to MII transition. Left plot shows the ratio of the longer 3" UTR relative to the shorter 3’
UTR for genes where the distal polyadenylation site is more stable (n = 463 genes). Right
plot shows the ratio of the shorter 3° UTR relative to the longer 3° UTR for genes where the
proximal polyadenylation site is more stable (n = 129 genes). (F) RNA-Seq coverage
showing stabilization of distal alternative polyadenylation site in GV to MII transition at two
genes (Pafahlbl and Srpkl). Both genes are on the negative strand (transcribed from right to
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left). 2 GV replicates, 2 MII replicates, Gencode annotated 3° UTR, miR-15a TargetScan
predicted target site. See also Figure S4. See also Table S2.
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