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Liběchov, Czech Republic, 4RNA Biology, Biochemistry Center Regensburg, University of Regensburg, 93053
Regensburg, Germany and 5Bioinformatics Group, Division of Molecular Biology, Department of Biology, Faculty of
Science, University of Zagreb, Horvatovac 102a, 10000 Zagreb, Croatia

Received February 05, 2020; Revised May 17, 2020; Editorial Decision June 11, 2020; Accepted June 15, 2020

ABSTRACT

MicroRNAs (miRNAs) are ubiquitous small RNAs
guiding post-transcriptional gene repression in
countless biological processes. However, the miRNA
pathway in mouse oocytes appears inactive and
dispensable for development. We propose that
marginalization of the miRNA pathway activity
stems from the constraints and adaptations of RNA
metabolism elicited by the diluting effects of oocyte
growth. We report that miRNAs do not accumu-
late like mRNAs during the oocyte growth because
miRNA turnover has not adapted to it. The most abun-
dant miRNAs total tens of thousands of molecules in
growing (∅ 40 �m) and fully grown (∅ 80 �m) oocytes,
a number similar to that observed in much smaller fi-
broblasts. The lack of miRNA accumulation results in
a 100-fold lower miRNA concentration in fully grown
oocytes than in somatic cells. This brings a knock-
down-like effect, where diluted miRNAs engage tar-
gets but are not abundant enough for significant re-
pression. Low-miRNA concentrations were observed
in rat, hamster, porcine and bovine oocytes, argu-
ing that miRNA inactivity is not mouse-specific but
a common mammalian oocyte feature. Injection of
250,000 miRNA molecules was sufficient to restore
reporter repression in mouse and porcine oocytes,
suggesting that miRNA inactivity comes from low-
miRNA abundance and not from some suppressor of
the pathway.

INTRODUCTION

MicroRNAs (miRNAs, reviewed in detail in (1)) are
genome-encoded small RNAs, which guide post-
transcriptional repression of gene expression. Their
biogenesis starts with nuclear processing of long primary
transcripts into pre-miRNAs, small hairpin miRNA pre-
cursors. Pre-miRNAs are transported to the cytoplasm
and cleaved by RNase III Dicer into 21–23 nucleotide (nt)
RNA duplexes. One strand of the duplex is then loaded
onto an Argonaute (AGO) protein, the key component of
miRNA-induced silencing complex (miRISC), the effector
complex repressing cognate mRNAs (reviewed in (2)).
Functional miRNAs in somatic cells have a relatively high
copy number (3–5). A HeLa cell contains ∼50,000 let-7
miRNA molecules (3), which is just an order of magnitude
below ∼580,000 mRNAs estimated to be present in a HeLa
cell (6).

There are two distinct modes of miRNA-mediated tar-
get repression (Figure 1A). The RNA interference (RNAi)-
like mode requires a miRNA loaded on AGO2 (holo-
RISC) and a perfect or nearly perfect miRNA:mRNA du-
plex. In this case, exemplified by mammalian mir-196 and
HoxB8 mRNA (7), AGO2 cleaves mRNA in the middle
of the miRNA:mRNA duplex. However, mammalian miR-
NAs loaded on one of the four mammalian AGO proteins
(AGO1-4) typically bind their cognate mRNAs with imper-
fect complementarity. Functional miRNA:mRNA interac-
tion may involve little beyond the ‘seed’ region compris-
ing nucleotides 2–8 of the miRNA (8–11). This results in
miRISC-mediated translational repression (12,13) coupled
with substantial mRNA degradation (14), which is a com-
mon mammalian miRNA mode of target repression.

miRNA-mediated gene regulation is extensive. Thou-
sands of miRNAs have been annotated in mammals (15).
Experimental data suggest that miRNAs directly or indi-
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Figure 1. Analysis of miRNA activity in mammalian oocytes with NanoLuc reporters. (A) Schematic difference between ‘bulged’ and ‘perfect’ miRNA
binding sites. Bulged miRNA binding sites, which are typical of animal miRNAs, have imperfect complementarity and lead to translational repression
followed by deadenylation and mRNA degradation (1). Perfect complementarity of miRNAs loaded on AGO2 results in RNAi-like endonucleolytic
cleavage. (B) Schematic depiction of let-7a nanoluciferase reporter constructs used in the study. The miRNA sites were cloned in the 3′UTR either as a
1×-perfectly complementary site, a 4× site producing a bulged conformation or a 4× mutated site. An analogous set of reporters was constructed for
miR-30c. (C) let-7a and miR-30c nanoluciferase reporter activities in 3T3 cells. Data represent an average of three independent transfections performed as
described previously (21). (D) Luciferase assay of let-7 activity in meiotically incompetent growing (GO) and fully grown (FGO) mouse oocytes injected
with 10,000 or 100,000 molecules of let-7 NanoLuc luciferase reporters; reporter expression was assayed after 20 h of culture in a medium preventing
resumption of meiosis. (E) Luciferase assay of let-7 activity in fully grown bovine and porcine oocytes. A total of 10,000 molecules of NanoLuc luciferase
let-7a reporters were microinjected; reporter expression was assayed after 20 h of culture. (F) Luciferase assay of let-7 activity in fully grown porcine
oocytes. A total of 10,000 molecules of NanoLuc luciferase let-7a reporters were microinjected; reporter expression was assayed after 40 h of culture.
(G) Luciferase assay of miR-30 activity in fully grown mouse, bovine, and porcine oocytes. A total of 10,000 molecules of NanoLuc luciferase reporters
carrying 1×-perfect, 4×-bulged or 4×-mutant miR-30c binding sites were microinjected; reporter expression was assayed after 20 h of culture in a medium
preventing resumption of meiosis. All luciferase data are a ratio of the NanoLuc luciferase reporter activity over a co-injected control firefly luciferase
reporter activity; the relative 4×-mutant reporter was set to one. All error bars represent standard deviation (SD). Asterisks indicate statistical significance
(P-value) of one-tailed t-test (* < 0.05, ** < 0.01, *** < 0.001).

rectly regulate thousands of genes in one cell type (14,16–
18). A single miRNA might directly suppress hundreds to
over a thousand of genes (15,16). Mammalian miRNAs
have been implicated in the majority of cellular and devel-
opmental processes, and changes in their expression are ob-
served in various diseases (1). One of the notable exceptions
are mouse oocytes, where miRNAs are present (19,20), but
do not repress their targets and are dispensable for early de-
velopment (21,22).

The molecular mechanism underlying miRNA inactivity
in oocytes is unclear. It was proposed that it could stem from
inefficient formation of the miRISC (23), or could be linked
to an alternative oocyte-specific AGO2 protein isoform and
reduced expression of the full-length functional AGO2 (24).
In addition, mouse oocytes express a truncated Dicer iso-
form that produces two classes of small RNAs: (i) microR-
NAs from pre-miRNAs, and (ii) endogenous small inter-
fering RNAs (siRNAs) from long dsRNAs, which func-
tion in the endogenous RNAi pathway (25). Endogenous
RNAi has evolved in the Muridae family and is highly ac-
tive and essential in mouse oocytes (22,25–27). Endogenous
siRNAs make a significant portion of 21–23 nt RNAs in
mouse oocytes (19,20) and are loaded on AGO similarly as

miRNAs (28), hence they could also restrict miRNA path-
way activity.

It is apparent from kinetic studies that miRNA and tar-
geted mRNA concentrations are critical factors for effi-
cient repression (10,11). This is noteworthy when consider-
ing oocytes, which are uniquely large cells. While a mam-
malian somatic cell has a diameter of 10–20 �m, a mei-
otically incompetent mouse oocyte grows during a ∼2.5
week-long growth phase to 80 �m. Consequently, the cy-
toplasmic volume of a fully grown germinal vesicle-intact
oocyte (∼260 pl) is almost two orders of magnitude larger
than that of a somatic cell such as NIH/3T3 fibroblast
(denoted 3T3 hereafter), which is ∼3 pl (Table 1). Dur-
ing the growth phase, a fully grown mouse oocyte accumu-
lates up to ∼27 million mRNA molecules, while an average
somatic cell contains 100,000–600,000 mRNAs (6,29–33).
Maternal mRNA accumulation during the growth phase
is facilitated by extended average mRNA half-life (34–36).
Control of mRNA stability is essential for gene expression
changes during oocyte-to-zygote transition because tran-
scription ceases at the end of the growth phase and ap-
pears again only during the zygotic genome activation (re-
viewed in (37)). Importantly, because mRNAs accumulate



8052 Nucleic Acids Research, 2020, Vol. 48, No. 14

Table 1. Quantitative aspects of mRNAs and miRNAs in somatic cells
and oocytes

NIH/3T3
Growing
oocyte

Fully
grown
oocyte

Diameter [�m] 18a 40 80
Total volume [pl] 3 33.5 270
Cytoplasmic vol. [pl] 2.95 23.5 260

Number of molecules cytoplasmic molar concentration [nM]
25,000 14 1.7 0.15
50,000 28 3.4 0.3
100,000 56 6.8 0.6
250,000 140 17 1.5
500,000 280 34 3.0
5,000,000 2800 340 30
25,000,000 14,000 1700 150

aCountess™ NIH/3T3 cell data sheet/B10NUMB3R5, ID #108905.

while the oocyte grows in volume, the cytoplasmic mRNA
concentration in fully grown oocytes remains comparable
to that of somatic cells (100–300 nM, Table 1). Because of
the size of the maternal transcriptome, we hypothesized that
growth-associated changes in miRNA:mRNA stoichiome-
try could play a role in inefficient miRNA-mediated repres-
sion in the oocyte.

We report that miRNAs do not accumulate during the
oocyte growth, resulting in a two orders of magnitude shift
in the miRNA:mRNA ratio, which is likely underlying the
apparent inactivity of maternal miRNAs. This lack of accu-
mulation seems to be a consequence of unchanged turnover
of miRNAs that, in contrast to mRNA turnover, did not
adapt to the diluting effect of the oocyte growth. Mater-
nal miRNAs seem to engage their targets but are not abun-
dant enough to produce a significant silencing impact. The
same dilution phenomenon has been observed in oocytes
of four other mammalian species. Finally, miRNA activ-
ity can be restored in mouse oocytes by injecting as few as
100,000 miRNA molecules. Altogether, our data support a
model where the miRNA inactivity primarily stems from a
low miRNA concentration caused by the lack of miRNA
accumulation during the oocyte growth.

MATERIALS AND METHODS

Oocyte collection

Animal experiments were approved by the Institutional An-
imal Use and Care Committees (approval no. 34/2014)
and were carried out in accordance with the European
Union regulations. C57BI/6NCrl mice were obtained from
Charles Rivers. Meiotically incompetent oocytes were col-
lected from 12 days old females, whereas fully grown ger-
minal vesicle-intact oocytes (referred to as fully grown
oocytes hereafter) were isolated from 7 to 9 weeks old fe-
males. Golden hamsters were obtained from Charles Rivers.
Oocytes were collected from ovaries of freshly sacrificed 12
months old animals. Porcine and bovine oocytes were ob-
tained from the slaughterhouse material as described previ-
ously (38,39).

Meiotically incompetent oocytes were isolated by incu-
bating the ovaries in M2 medium (Sigma) with 1 mg/ml col-

lagenase (Sigma) at 37◦C and then collected in M2 medium.
Fully grown oocytes and hamster oocytes were collected by
puncturing antral follicles with a syringe needle followed
by collection in M2 medium containing 0.2 mM isobutyl-
methylxanthine (IBMX; Sigma) to prevent resumption of
meiosis.

cDNA synthesis and qPCR

The oocytes were washed with M2 media to remove any
residual IBMX and collected in a minimal amount of M2
media containing 1 �l of Ribolock and incubated at 85◦C
for 5 min to release RNA. 3T3 cells were counted and then
lysed using a RealTime ready Cell Lysis Kit (Roche). cDNA
synthesis for miRNA was done with the miRCURY LNA
RT kit (Qiagen) according to the manufacturer’s protocol.
Quantitative polymerase chain reaction (qPCR) was set up
using a single oocyte cDNA equivalent per qPCR reaction
in all the experiments except for Figure 5B and D, where 0.5
oocyte equivalent was used per reaction. The miRCURY
LNA SYBR green kit (Qiagen) as per manufacturer’s pro-
tocol and Roche LightCycler 480 were used for qPCR. miR-
CURY LNA miRNA-specific primers were used and are
listed in the resource table. The standard curve reactions
were carried out using mmu-miR-221 and let-7a oligonu-
cleotides obtained from Integrated DNA Technologies (see
Supplementary Table S2 for oligonucleotide sequences).

A standard curve was first plotted using let-7a RNA
oligonucleotide. The oligonucleotide was either first seri-
ally diluted and then cDNA was prepared for each dilu-
tion (Supplementary Figure S1A), or cDNA was prepared
first and then serially diluted (Supplementary Figure S1B)
to rule out the variability in the efficiency of cDNA synthe-
sis. The standard curve was also standardized using miR-
221 oligonucleotide as it was not detected in fully grown
mouse oocytes (Figure 1A). It could thus be added to fully
grown mouse oocyte lysate and then used to set cDNA to
avoid any discrepancies that might occur as a consequence
of additional oocyte-specific factors (Supplementary Figure
S1C).

Northern blot

The sequence for the let-7a standard used for northern
blotting was the same as mentioned above but with 5′P.
Northern blot probes were labeled by incubating RNA
with 20 �Ci of � - 32P-ATP (Hartmann Analytic) and 0.5
U/�l T4 Polynucleotide Kinase (PNK) in 1x PNK buffer
A (Thermo Scientific) at 37◦C for 30–60 min. The re-
action was stopped by adding ethylenediaminetetraacetic
acid, pH 8.0, and labeled oligonucleotides were purified
with a G-25 column (GE Healthcare). Oocytes were col-
lected in 1× PBS with Ribolock, RNA was isolated with
Trizol and separated in 1× TBE in 12% polyacrylamide urea
gel. The RNA was then blotted for 30 min at 20 V onto
Amersham Hybond-N membrane (GE Healthcare) and
crosslinked to the membrane for 1 h at 50◦C using 1-ethyl-3-
(3-dimethylaminopropyl) carbodiimide solution. The mem-
brane was incubated overnight at 50◦C in hybridization so-
lution (5× SSC, 7% sodium dodecyl sulphate (SDS), 20 mM
sodium phosphate buffer pH 7.2, 1× Denhardt’s solution)
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with a 32P-labeled oligonucleotide antisense to the small
RNA. The membrane was washed twice with 5× SSC, 1%
SDS, once with 1× SSC, 1% SDS and wrapped in Saran.
Signals were detected by exposure to a storage phosphor
screen and scanning with Personal Molecular Imager (Bio-
Rad). For further details, refer to reference (40).

Western Blot

Injected or non-injected oocytes were cultured in M2 me-
dia with IBMX for 20 h. For cycloheximide treatment, they
were cultured for 8 h in M2 with IBMX and 20 �M cyclo-
heximide (Sigma). They were washed and collected in 1×
PBS with protease inhibitor cocktail and then lysed with
RIPA and loaded with SDS dye. Fifty oocytes were used in
each lane for HIF1AN (ThermoFisher, MA5-27619) and 25
oocytes for NR6A1 (Bioss, bs-11558R). The blots were de-
veloped for the let-7a target proteins first and then washed
with sodium azide twice for 5 min each followed by reblot-
ting for tubulin (Sigma #T6074).

Plasmid reporters

Nanoluciferase plasmid pNL1.1 was obtained from
Promega. The Nluc gene was cleaved out and ligated in
the phRL-SV40 plasmid downstream of the T7 promoter.
miRNA binding sites were ordered as oligonucleotides
from Sigma. Oligonucleotides were annealed, phospho-
rylated and then cloned downstream of the Nluc gene
in the XbaI site. The firefly control plasmid was made
in house with a T7 promoter (see Supplementary Table
S2 for oligonucleotide sequences––restriction overhangs
underlined).

Cell lines and cell culture

3T3 mouse fibroblast cells were grown in Dulbecco’s mod-
ified Eagle’s medium supplemented with 10% foetal bovine
serum and transfected with miRNA-targeted reporters as
described previously (21).

In vitro transcription

Linearized pNL-Let7a-perfect, bulged, mutant and Fire-
fly plasmids were in vitro transcribed, capped and then
polyadenylated by Poly(A) tailing kit (ThermoFisher).

Microinjection

RNA for injection was diluted in pure water such that a
given number of molecules would be present in five picol-
iters (pl). For a typical microinjection, an injection mixture
consisted of in vitro transcribed firefly and nanoluciferase
(NanoLuc) RNA in the ratio of 100,000:10,000 or in a ra-
tio of 100,000:100,000 molecules with or without let-7a or
miR-30c mimic (Sigma, HMI0001-5NMOL and HMI0458-
5NMOL, respectively). Microinjections were done with
a FemtoJet microinjector (Eppendorf). Femtojet injection
pressure was set to maintain injection volume of 5 pl for all
microinjections. Reliability of the estimated amount of mi-
croinjected molecules was examined experimentally (Sup-
plementary Figure S2A).

Injected mouse oocytes were cultured in M16 media
(Merck) supplemented with IBMX in 5% CO2 at 37◦C for
20 h. Bovine oocytes were cultured in MPM media (pre-
pared in house (39)) containing 0.1 mM milrinone (Sigma)
without a paraffin overlay in a humidified atmosphere at
39◦C with 5% CO2 for 20 h. Pig oocytes were cultured in
M-199 MEDIUM (Gibco) supplemented with 1 mM db-
cAMP, 0.91 mM sodium pyruvate, 0.57 mM cysteine, 5.5
mM Hepes, antibiotics and 5% foetal calf serum (Sigma).
Injected oocytes were incubated at 38.5◦C in a humidified
atmosphere of 5% CO2 for 20 h.

Luciferase assay

Five oocytes were collected per aliquot and Nano-Glo
Dual-Luciferase reporter assay system was used to measure
the samples as per the manufacturer’s protocol (Promega).

Mathematical modeling

The mathematical model for miRNA degradation intro-
duces the following simplifying assumptions:

i) miRNA degradation is modeled as a one step process
(similar to RNAi pathway), but with lower catalytic effi-
ciency than the RNAi pathway.

ii) The AGO2 concentration is assumed to not be rate lim-
iting, i.e., all miRNAs are assumed to be loaded on AGO2
at any tested concentration.

iii) The concentration of AGO2 + miRNA complex is
assumed to be constant, i.e., there is neither synthesis nor
degradation of miRNA.

iv) No new target mRNAs are synthesised.
v) All assumed miRNA binding events are to be those of

pure seed pairing.
vi) Only uncleaved free mRNA is considered in the sim-

ulations (mRNA bound in complex with AGO2 + miRNA
is not considered).

These assumptions allow us to describe the system as a
set of differential equations, identical to the ones used in
Michaelis–Menten kinetics:

d[target]
dt = −kon[target][enzyme] + koff [complex]

d[complex]
dt = kon[target][enzyme] − koff [complex] − kcat[complex]

d[enzyme]
dt = −kon[target][enzyme] + koff [complex] + kcat[complex]

where, kon, koff and kcat are the reaction rates in the system
and [target], [complex] and [enzyme] are the concentrations
of free mRNA molecules with target sites for the miRNA in
question, mRNA + miRNA + AGO2 complex and miRNA
+ AGO2 complex, respectively.

The simulation was written in the R language (https:
//www.R-project.org/) using packages deSolve (41) and vi-
sualised via ggplot2 (42). More details about the simulation,
including full source code, are given in the Supplementary
Material.

RESULTS

Canonical miRNA-mediated repression is negligible in mam-
malian oocytes

Previous analysis of miRNA activity in mouse oocytes used
firefly and Renilla luciferase reporter assays (21). These re-
porters followed a common design (13,43) for monitoring

https://www.R-project.org/
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two distinct modes of miRNA-mediated repression (Fig-
ure 1A): (i) RNAi-like endonucleolytic cleavage of perfectly
complementary binding sites by AGO2, which was demon-
strated by mapping cleavage sites (17) and (ii) translational
repression mediated by partial complementarity between
a small RNA and its target (typical of animal miRNAs).
Notably, reporter activity could also be partially influenced
by related miRNAs with similar sequences, particularly the
seed, which is considered the minimum requirement for
binding to a cognate RNA (10,11).

The luciferase reporter approach used previously for
studying miRNA activity in oocytes required ∼100,000 re-
porter molecules injected per oocyte (21), which is in the
range of the most abundant maternal mRNAs (44). Our
concern was that using such a high reporter amount could
limit sensitivity of detection of miRNA-mediated repres-
sion. For example, 5000 repressed reporter molecules would
represent 5% of the injected reporter––such reduction could
not be reliably detected with this reporter system. To rec-
tify this issue, we employed NanoLuc luciferase, a new type
of luciferase reporter system that should allow reducing
the reporter amount significantly (45). We aimed at estab-
lishing a reporter system employing 10,000 molecules per
oocyte, which could reliably detect suppression of several
thousand reporter mRNA molecules. This amount would
be in the range of medium-abundant mRNAs such as Plat,
which was efficiently knocked down by 10,000 long double-
stranded RNA molecules per oocyte (46). A luciferase re-
porter of this sensitivity would also be useful for other stud-
ies of gene expression in oocytes.

NanoLuc luciferase reporters carried either a single per-
fectly complementary site or four bulged sites to let-7a (Fig-
ure 1B). An analogous set of miR-30c-targeted reporters
was also produced. Repression of reporters with intact
miRNA binding sites was first validated in cultured cells
(Figure 1C). When fully grown oocytes were injected with
100,000 and 10,000 molecules of NanoLuc reporters per 5
pl of microinjection mixture, let-7a perfect reporter was re-
pressed substantially (64 and 43%, respectively) as expected
for dominating multiple turnover RNAi-like cleavage (Fig-
ure 1D). Repression of Let-7a bulged reporter was negligi-
ble (9 and 16%, respectively, Figure 1D). Consistent with
previous results (21), injection of 10,000 let-7a bulged re-
porter molecules showed efficient repression in meiotically
incompetent oocytes from 12-days-old females (Figure 1D).
Altogether, these results showed that the lack of bulged re-
porter repression in fully grown oocytes in the previous
study was not caused by an excessive amount of the re-
porter.

Let-7a-mediated reporter repression was also examined
in porcine and bovine oocytes; the bulged reporters did not
show any repression, while the reporter carrying a binding
site perfectly complementary to let-7a was repressed by 45
and 60%, respectively (Figure 1E). On one occasion, cul-
ture of an extra batch of porcine oocytes was extended to
40 h, which exceeds the time window when oocytes main-
tain their developmental competence (47). In this case, the
bulged reporter was repressed by 36% although the differ-
ence was not considered statistically significant (P-value =
0.0506, Figure 1F).

MiR-30c-targeted reporters did not show any repression
in mouse oocytes (Figure 1G). This differed from the per-
fect reporter repression observed in an earlier study (21) but
agreed with low miR-30c abundance estimated by qPCR in
C57Bl/6 oocytes (Figure 2A). In any case, miR-30c perfect
but not bulged reporters exhibited significant repression in
bovine and porcine oocytes (Figure 1G).

Taken together, NanoLuc reporter results showed that
miRNAs in mammalian oocytes do repress their targets;
their activity can be detected with perfect reporters but
is not high enough to efficiently repress targets with typi-
cal miRNA binding sites. Furthermore, our results demon-
strate the suitability of microinjected NanoLuc reporters for
studying post-transcriptional control of gene expression in
oocytes.

Mammalian oocytes have low miRNA concentration

To assess how much miRNA abundance in oocytes could
contribute to minimal detectable miRNA activity, we quan-
tified selected maternal miRNAs by qPCR. To select candi-
date miRNAs, we analyzed small RNA sequencing (RNA-
seq) data (19,48–49) and chose eight miRNAs either be-
cause of their high abundance in mammalian oocytes (let-
7a, c (21,27,49–51)), association with pluripotency (miR-
290 (52)), or because they were unique so that there were
no additional family members that could interfere with their
analysis. Next, we quantified the number of molecules per
cell of these miRNAs in 3T3 fibroblasts and rodent (mouse,
rat and hamster) fully grown oocytes (Figure 2A). Particu-
lar care was taken of potential biases in producing calibra-
tion curves and primer specificity (Supplementary Figure
S1).

Remarkably, qPCR results revealed that the most abun-
dant miRNAs were present in the order of 104 copies both
in 3T3 cells and in rodent oocytes (Figure 2A and Sup-
plementary Table S1). We estimated by qPCR that let-7a,
the most abundant of our studied maternal miRNAs, has
∼20,000 copies/oocyte. To validate the qPCR data, we ana-
lyzed maternal let-7a directly by quantitative northern blot-
ting (Figure 2B), which does not include reverse transcrip-
tion and geometric amplification of the signal in contrast to
qPCR. Northern blot analysis estimation yielded ∼ 66,000
let-7a molecules per oocyte (Figure 2B). Northern blot also
showed that maternal pre-let-7a processing is intact, as was
indicated by the absence of a detectable miRNA precur-
sor signal. While the northern blot-based estimate is higher
than the qPCR-based estimate, we cannot rule out that un-
like qPCR, which specifically quantified let-7a (Supplemen-
tary Figure S1D), other let-7 family members contributed
to the higher northern blot-based estimation. In any case,
both experimental strategies suggest that the miRNA abun-
dance in fully grown oocytes is in the subnanomolar range
(Table 1).

To examine whether the presence of highly active RNAi
in rodent oocytes could be associated with the reduced
miRNA levels, we quantified maternal miRNAs in bovine
and porcine oocytes, where a truncated Dicer isoform does
not exist according to RNA-seq data (53). This analysis
showed miRNA tallies similar to those in rodent oocytes



Nucleic Acids Research, 2020, Vol. 48, No. 14 8055

Figure 2. miRNA quantification in oocytes and 3T3 cells. (A) qPCR-based quantification of miRNAs in 3T3 cells (∅ 18 �m) and rodent fully grown oocytes
(∅ 80 �m). miRNA copy numbers per cell were estimated in three independent experiments using the standard curve in Supplementary Figure S1C. Error
bars = standard deviation (SD). Logarithmic scale is used for y-axis. miR-322, miR-132 and miR-290 were not detected in 3T3 cells. (B) Northern blots
for quantifying let-7a miRNA counts in mouse fully grown oocytes. Serially diluted let-7a synthetic oligonucleotide was used for standard calibration. (C)
qPCR-based miRNA quantification in porcine oocytes (∅ 105 �m) and bovine oocytes (∅ 120 �m). miRNA copy numbers per cell were estimated in three
independent experiments using the standard curve shown in Supplementary Figure S1C, except for hamster oocyte data, which came from a single oocyte
collection. Error bars = SD. Logarithmic scale is used for y-axis.

(Figure 2C and Table 1). While slightly smaller rodent
oocytes (Figure 2A) had lower miRNA counts than porcine
and bovine oocytes, the most abundant quantified miRNA
in bovine and porcine oocytes was let-7a, which had around
50,000 molecules per bovine oocyte (Figure 2C and Supple-
mentary Table S1). In available RNA-seq data from bovine
(51) and porcine (50) oocytes, let-7a is among the top five
most abundant maternal miRNAs. These data suggest that
the subnanomolar miRNA abundance is a common feature
of fully grown mammalian oocytes and is independent of
Dicer and AGO2 isoforms that emerged during the rodent
evolution.

Mathematical modeling supports the impact of subnanomo-
lar miRNA concentration

To further examine the plausibility of the stoichiometric ex-
planation, we performed computational simulations of tar-
get repression using kinetic parameters of target binding
and repression derived from experimental analyses of miR-
NAs (10,11) (Figure 3A). The model simulated miRNA-
mediated repression at different concentrations of targets
and miRNAs. We assumed no transcription, which is indeed
absent in transcriptionally quiescent fully grown oocytes.
The binding of a miRNA to a target was modeled as a one
step process using KD 26 pM, which applies to the seed-
only mammalian miRNA:mRNA interaction (11). Typi-
cal miRNA-mediated repression is a multistep process with
unknown rate constant(s). Therefore, we replaced typical
miRNA-mediated repression with RNAi-like cleavage for
which the kcat was measured (11). The model was then ad-
justed by a variable coefficient representing the strength of
miRNA repression relative to RNAi-like cleavage.

For a large set of parameters, the model predicted fast
mRNA degradation when the miRNA concentration was
similar to the measured concentration of let-7a in 3T3 cells,
while minimal degradation was predicted for miRNA con-
centrations of let-7a in oocytes (Figure 3B, see also Table 1
for concentration calculations). The model predicted that
subnanomolar miRNA concentrations observed in fully

grown oocytes could be inefficient for repression of tar-
gets above one nM. The entire maternal transcriptome is
∼150 nM; should a miRNA target 5% of the transcrip-
tome through the seed interaction (let-7 has 1074 predicted
mRNA targets with 15,028 binding sites (54)), its target
pool concentration could be just below 10 nM. Taken to-
gether, mathematical modeling supports the importance of
the two orders of magnitude difference in the concentration
of miRNAs in somatic cells and fully grown oocytes relative
to the target concentration even when using a variable coef-
ficient to address the fact that the miRNA-mediated repres-
sion is a multistep process with unknown rate constant(s).

Increased miRNA levels are sufficient to restore miRNA-
mediated repression

Since unfavourable miRNA stoichiometry was observed in
all examined mammalian oocytes, we tested whether the in-
creased miRNA abundance could restore the repressive po-
tential of the pathway. This was directly tested by inject-
ing let-7a mimics into mouse and porcine oocytes. We ob-
served that 500,000 and 250,000 miRNA mimic molecules
per 5 pl of injected mixture were sufficient to restore the
miRNA pathway activity in oocytes of both species, as ev-
idenced by robust repression of 10,000 molecules of let-7
bulged reporters (Figure 4A,B). In mouse oocytes, which
are smaller than porcine oocytes, we observed ∼50% re-
pression of bulged reporter even with 100,000 microinjected
let-7 mimic molecules (Figure 4A). At the same time, when
the amount of the bulged reporter was increased to 100,000
molecules, the repression was reduced upon injection of
250,000 mimic molecules (Figure 4C). Given the qPCR esti-
mates and northern blot data (Figure 2), it appears that a 5-
to 10-fold increase of the let-7a abundance, which brings its
concentration to above ∼1 nM, is sufficient to establish sig-
nificant miRNA-mediated repression. This result was con-
firmed using 250,000 miR-30c mimic and miR-30c-targeted
set of reporters (Figure 4D). We validated that interactions
between mimic and reporter molecules in the microinjection
mixture did not influence the outcome of the experiment by



8056 Nucleic Acids Research, 2020, Vol. 48, No. 14

Figure 3. Mathematical simulation of mRNA repression in mouse oocytes. (A) A scheme of the miRNA pathway and parameters used for the mathematical
simulation. (B) Mathematical simulation showing the proportion of mRNA target repression after 20 hours. Three different simulation results are shown
for different values of efficiency of typical miRNA-mediated repression relative to RNAi-like cleavage. Left: assuming miRNA repression is as effective
as RNAi-like cleavage (relative efficiency = 1). Centre and right: assuming four and ten times less effective typical miRNA-mediated repression than
RNAi-like cleavage (relative efficiency = 0.25 and 0.1, respectively).

performing a dual microinjection where a microinjection of
250,000 miR-30c mimics was followed by another microin-
jection of reporters (Supplementary Figure S2).

Analysis of mutant oocytes lacking miRNA biogenesis
factor Dgcr8, the key component of miRNA biogenesis, did
not reveal any relevant transcriptome change (22). The no-
tion that miRNAs loaded on AGO2 can suppress artificial
targets by RNAi-like cleavage, but do not suppress endoge-
nous partially complementary targets, also seemed sup-
ported by other observations such as the absence of process-
ing bodies (P-bodies), lack of co-localization of AGO2 and
GW182 miRISC-factors, and dormancy of deadenylation
and decapping (23,55–56). It was proposed that repression
of these endogenous miRNA targets is compromised by re-
duced deadenylation and/or some deficiency in full miRISC
formation (37). We therefore tested whether endogenous
let-7 targets were detectably repressed upon increasing let-
7 abundance by injecting 250,000 molecules of the let-7a
mimic into fully grown oocytes. Nr6a1, Hmga2 and Hif1an
were selected because they are highly scoring predicted con-
served let-7a targets in mice (15), are well expressed in
mouse oocytes (57) and their paralogs were shown to be tar-
geted by let-7 in human cells (58–60). As non-targeted con-
trols, we analyzed the levels of one dormant mRNA (Ccnb1)
and two translated mRNAs (Rps17 and Zp3), which are
not predicted let-7 targets. mRNA levels were estimated by
qPCR 20 h post-injection. All three examined let-7 targets

were significantly reduced (Nr6a1 by 49%, Hif1an by 26%
and Hmga2 by 38%) relative to non-injected controls; such
reduction was not observed for non-targeted controls (Fig-
ure 4E). While Zp3 and Ccnb1 transcripts are highly abun-
dant, abundance of Rps17 mRNA was comparable to that
of Nr6a1, as estimated from ERCC-spiked RNA sequenc-
ing data (61) (Supplementary Figure S3). We also analyzed
the protein levels of NR6A1 and HIF1AN, which could be
detected with available antibodies using 25 and 50 oocytes
per western blot lane, respectively. In this case, reduced pro-
tein levels were not observed (Figure 4F). However, this
result is likely due to the high abundance and stability of
NR6A1 and HIF1AN proteins in fully grown oocytes (Fig-
ure 4F), which would obscure repressive effects.

Taken together, analysis of reporters and endogenous tar-
gets showed that nanomolar amounts of let-7a mimic are
sufficient to restore repression of endogenous let-7 targets in
mammalian oocytes. This result also suggests that miRNA
expression and/or turnover could be one of the limiting fac-
tors for functional miRNA pathway in mouse oocytes.

miRNAs fail to accumulate during the growth phase

The miRNA pathway in growing oocytes was capable of re-
pressing the bulged reporter ((21) and Figure 1D). Quan-
tification of miRNAs in meiotically incompetent growing
oocytes showed that a growing oocyte with a diameter of
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Figure 4. Restoration of miRNA pathway activity in mammalian oocytes. Luciferase reporter activities upon co-injection of mouse (A) or porcine (B)
fully grown oocytes with 5 × 105, 2.5 × 105 and 1 × 105 molecules of let-7a mimic and 10,000 molecules of let-7a reporters. (C) Repression of 100,000
reporter molecules in mouse oocytes co-injected with 2.5 × 105 let-7a mimic molecules. (D) Repression of 10,000 mir-30c reporter molecules in mouse
oocytes co-injected with 2.5 × 105 mir-30c mimic molecules. All luciferase data are a ratio of the NanoLuc luciferase reporter activity over a co-injected
control firefly luciferase reporter activity; the relative 4×-mutant reporter was set to one. Data are from two independent microinjection experiments. Error
bars = SD. Asterisks indicate statistical significance (P-value) of one-tailed t-test, (* < 0.05, ** < 0.01, *** < 0.001). (E) Repression of endogenous let-7
target mRNAs upon injection of 2.5 × 105 let-7a mimic molecules. Oocytes were collected at 0 h non-injected or cultured for 20 h in IBMX non-injected
or injected with let-7a mimic. Experiments were performed twice, each time in duplicate, i.e. with four independent cDNA. Data are normalized to 0 h,
which is set to 1. Error bars = SD. Asterisks indicate statistical significance (P-value) of one-tailed t-test, (* < 0.05, ** < 0.01, *** < 0.001) (F) Analysis
of protein levels of endogenous let-7 targets upon injection of 2.5 × 105 let-7a mimic molecules. Fifty oocytes were used for each lane of Hif1an and 25
oocytes for Nr6a1. The blots were treated with sodium azide and reblotted for tubulin. Cycloheximide treatment was carried out for 8 h and the oocytes
were cultured in IBMX. The experiment was repeated twice.

40 �m contains approximately the same number of miRNA
molecules as a fully grown oocyte with a diameter of 80 �m
(Figure 5A). This means that the cytoplasmic concentration
of let-7 in a 40 �m oocyte would be above 1 nM and the
apparent lack of miRNA accumulation would result in di-
lution into a subnanomolar level in a fully grown oocyte
(Supplementary Table S1).

To formally demonstrate that qPCR-based quantifica-
tion is capable of detecting accumulation of maternal mR-
NAs, we selected 10 different maternal mRNAs and com-
pared their abundance per oocyte between meiotically in-
competent and fully grown oocytes. These included four
dormant mRNAs (Ccnb1, Mos, Plat and Dcpa1), which are
untranslated and particularly stable, five translated mRNAs
(Rps17, Eif3l, Ppil3, Hprt and Ago2) and two actively desta-
bilized mRNAs (endogenous RNAi targets Kif2c and Elob).
This analysis showed that dormant mRNAs accumulated
the most (Figure 5B). Translated mRNAs Rps17 and Ppil3
also accumulated well, while Eif3l and Ago2 showed mild
∼1.5-fold accumulation and Hprt even lower. This was sim-
ilar to accumulation of Kif2c and Elob, which are targeted
by endogenous RNAi, hence are expected to have a high
turnover (Figure 5B). Number of transcripts per oocyte es-
timated from ERCC-spiked RNA-sequencing data (61) for
each gene is available in Supplementary Figure S3.

A steady-state level of a transcript is determined as a ra-
tio between transcription and degradation. While we can-

not rule out that transcriptional control contributes to the
observed phenomenon, the transcriptionally quiescent fully
grown oocyte offers a unique environment for analysis of
the transcript turnover. The fully grown oocyte is still rest-
ing in the first meiotic block and can be maintained as such
for up to 40 h, which allows investigation of the maternal
transcript stability (62). To assess miRNA and mRNA sta-
bility in oocytes, we cultured fully grown oocytes in the pres-
ence of IBMX for up to 40 h and quantified selected miR-
NAs and mRNAs at 10-h intervals (Figure 5C and D) This
analysis showed that miRNAs are unstable, as evidenced
by a gradual decrease of miRNA levels during the experi-
ment (Figure 5C). Dormant mRNAs exhibited high stabil-
ity while translated mRNAs showed variable stability (Fig-
ure 5D). Among less stable ones were let-7 targets as well
as Eif3l, Hprt and Ago2 transcripts. In fact, Ago2 mRNA
decay was comparable to that of endogenous RNAi targets
Kif1c and Elob (Figure 5D). There was a good correlation
between transcript stability and its accumulation in oocytes;
less stable transcripts did not accumulate during the oocyte
growth (Figure 5B)

Taken together, our results indicate that let-7 and other
mammalian miRNAs do not significantly accumulate in
oocytes and have a half-life of 10–20 h (Figure 5C), while ac-
cumulating mRNAs have extended half-lives (Figure 5D).
A plausible explanation for our observations is that the
miRNA turnover remains unaffected during oogenesis, and
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Figure 5. miRNAs do not accumulate during the oocyte growth and have higher turnover than mRNAs. (A) PCR-based quantification of miRNAs in
3T3 fibroblasts (∅ 18 �m), mouse growing oocyte (∅ 40 �m) and fully grown oocyte (∅ 80 �m). miRNA copy numbers per cell were estimated in three
independent experiments using the standard curve in Supplementary Figure S1C. Error bars = standard deviation (SD). Logarithmic scale is used for y-
axis. 3T3 cell and fully grown oocyte values are the same as in Figure 2A. (B) mRNA abundance in fully grown oocyte (∅ 80 �m) relative to mouse growing
oocyte (∅ 40 �m). The mRNA abundance in the growing oocyte is set to one. mRNA abundance was estimated in three independent experiments per
oocyte cDNA equivalent. Error bars = standard deviation (SD). (C) qPCR-based quantification of miRNA per oocyte equivalent during extended culture
of fully grown oocytes in the presence of IBMX. miRNA abundance was estimated in two independent experiments. Error bars = standard deviation (SD).
(D) mRNA abundance in fully grown oocytes during extended culture in the presence of IBMX relative to oocytes collected at 0 h, which is set to one.
mRNA abundance was estimated per oocyte equivalent in two independent experiments. Error bars = standard deviation (SD).

thus the amount of maternal miRNA molecules does not
proportionally increase during the mouse oocyte growth
like that of maternal mRNAs. Consequently, the miRNA
steady-state amount would not change during the oocyte
growth, but its cytoplasmic concentration would dive two
orders of magnitude as the oocyte grows to a diameter of
80 �m. This would drive apart the miRNA concentration
from the concentration of their target mRNAs, which re-
main relatively unchanged.

DISCUSSION

Our quantitative insight into the miRNA pathway in mam-
malian oocytes implies that the apparent miRNA inactiv-
ity in mammalian oocytes is associated with unfavourable
miRNA:mRNA stoichiometry, which minimizes the impact
and significance of miRNA repression. We propose that
dilution caused by the increased cytoplasmic volume dur-
ing the oocyte growth necessitates adaptations to preserve
functionally important molecular mechanisms. Thus, what
appears as miRNA pathway suppression in mammalian
oocytes could be largely explained by a normal miRNA
turnover that did not adapt to the oocyte growth. Because
mRNAs have adapted through extended half-life, a fully
grown oocyte manifests the miRNA:mRNA stoichiome-
try skewed to such extent that it would impede efficient
miRNA-mediated repression. This model is supported by
(i) quantification of miRNAs and mRNAs in growing and

fully grown oocytes, (ii) greater instability of miRNAs than
mRNAs and (iii) recovery of miRNA-mediated repression
upon bringing let-7a or miR-30c into nanomolar concen-
tration.

This study stands largely on analysis of let-7, which is
one of the most abundant maternal miRNAs in mouse
(21,27,49), bovine (51) and porcine (50) oocytes. While
RNA-sequencing is not an optimal tool for estimating
miRNA abundance (63) it is useful to identify most abun-
dant miRNAs. Janas et al. reported correlation coefficient
of 0.9347 for comparison of small RNA-sequencing and ab-
solute miRNA copy number estimation (64). In addition,
qPCR data from mouse oocytes support the high abun-
dance of let-7a and other family members (27). We paid
particular attention to uncovering possible artefacts during
the construction of calibration curves and specificity of let-
7a primers (Supplementary Figure S1). qPCR results were
corroborated by quantitative northern blot analysis of let-
7a, which detects endogenous miRNAs directly. The north-
ern blot-based estimate is three times higher than that of
qPCR, but it could be influenced by cross-hybridization of
other let-7 family members, while qPCR specifically detects
let-7a (Supplementary Figure S1D). Importantly, both esti-
mates are in a subnanomolar range (Table 1) and represent
a two orders of magnitude difference in the concentration
of the same number of miRNA molecules in somatic cells:
50,000 miRNA molecules would represent ∼28 nM in 3T3
cells and ∼0.3 nM in fully grown oocytes. Such a drop of
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miRNA concentration in somatic cells would be equivalent
to highly efficient miRNA knock-down. Another line of ev-
idence that our miRNA quantification does not underes-
timate the number of miRNA molecules in oocytes comes
from rescue experiments where 250,000 molecules of let-7
mimic were sufficient to induce significant repression of the
injected reporters and endogenous mRNA targets.

The miRNA levels in mouse, rat, and hamster oocytes
could also be influenced by the presence of the endoge-
nous RNA interference (RNAi) pathway. All three rodent
species express a unique truncated Dicer isoform, which fa-
cilitates robust production of siRNAs in the oocyte (25,65–
66). Enhanced siRNA production could potentially re-
strict miRNA accumulation through competition for pro-
teins that otherwise serve the miRNA pathway. However,
the miRNA pathway was ineffective in all examined mam-
malian species regardless of expression of Dicer and Ago2
variants.

It was proposed that the non-functionality of miRNAs
in mouse oocytes is associated with an oocyte-specific trun-
cated Ago2 transcript variant, whose production limits ex-
pression of the full-length functional Ago2 (24). While this
Ago2 regulation could contribute to the lack of miRNA ac-
cumulation in mouse oocytes, this alternative isoform is ap-
parently mouse-specific; the alternative terminal exon is not
conserved in the rat genome and alternative processing of
Ago2 transcript is not observed in bovine oocytes (53) (Sup-
plementary Figure S4). Furthermore, RNA-seq data from
Veselovska et al. (67) show nearly identical expression of
Ago2 isoforms in growing and fully grown oocytes (Supple-
mentary Figure S5), while miRNAs mediate efficient repres-
sion in growing but not fully grown oocytes.

The question of the role of control of AGO levels and
the relationship between miRNA abundance and AGO lev-
els in mammalian oocytes remains open. At mRNA level,
Ago2 and Ago3 transcripts are the most abundant ones in
mouse oocytes (Supplementary Figure S5) while recent pro-
teomic analysis identified AGO1 and AGO2 proteins (68).
Our data presented here suggest that one should also con-
sider Ago2 transcript turnover as a factor influencing the
abundance of AGO2. The mechanism destabilizing Ago2
mRNA is unknown; small RNA-sequencing data suggests
that it is not RNAi (21,27,49). Further research is neces-
sary to determine the number of AGO molecules in mam-
malian oocytes and the molecular mechanisms controlling
their levels.

In this work, we approached the issue from the perspec-
tive of miRNAs as it allowed to overcome the limitations
of direct AGO analysis in oocytes. Importantly, we have
shown that increased miRNA levels were sufficient to in-
duce significant repression of bulged NanoLuc reporters.
This suggests that the miRNA machinery has sufficient ca-
pacity to accommodate 2.5 × 105 miRNAs on AGO pro-
teins in mouse and porcine oocytes. This observation dif-
fers from that of Freimer et al., who did not observe re-
pression of the bulged reporter or endogenous targets upon
injection of 2 �M miRNA mimic (24). Given the Renilla
reporter properties and previous experimental design (21),
it is safe to assume that at least 100,000 reporters were in-
jected in that experiment. This is still within the physiolog-

ical range since Zp3, one of the most abundant maternal
transcripts, was estimated to have 250,000 mRNA copies
per oocyte (44). Apart from potential differences in injected
miRNA mimics, it is possible that the amount of the re-
porter was bordering the capacity of the miRNA pathway.
When we coinjected 100,000 NanoLuc reporter molecules
with 250,000 let-7 mimic molecules, repression of the bulged
reporter reached only ∼30% (10,000 reporters showed 60%
repression (Figure 4A and C)). The NanoLuc-based sys-
tem operating at mRNA levels corresponding to medium-
abundant transcripts appears more sensitive to miRNA re-
pression. Likewise, microarray analysis of miRNA targets
in oocytes microinjected and cultured overnight may not
be sensitive enough to detect suppression of endogenous
targets since microarray apparently underestimated by 3-
fold a 10-fold gene overexpression detected by qPCR (24).
This suggests that our results may complement rather than
contradict the work by Freimer et al., as we investigated
miRNA-mediated repression at concentrations that are less
exceptional for maternal transcripts and below those used
by Freimer et al.

Notably, the ‘dilution model’ proposed here would be
consistent with the disappearance of P-bodies during the
oocyte growth (23). P-bodies are cytoplasmic foci forming
as liquid–liquid phase separation from proteins involved in
the RNA metabolism, miRNA effector complexes and their
targets (reviewed in (69)). We originally hypothesized that
the P-body disappearance could be caused by inhibition of
the miRNA pathway. However, in the light of the current
data, the disappearance of P-bodies could be also plausibly
explained by dilution caused by the oocyte growth.

It is remarkable that the number of maternal miRNA
molecules does not proportionally increase during the
mouse oocyte growth like that of maternal mRNAs. Our
results are consistent with previous results showing that the
relative amounts of let-7 miRNAs observed between P15-16
(growing) and P20-21 (fully grown) oocytes remain similar
(27). So far, there is no evidence for active suppression of the
miRNA biogenesis and function. Our data imply that the
reduced miRNA concentration could occur if the miRNA
turnover remained the same during oogenesis. Unlike miR-
NAs, mRNAs accumulate during the growth phase, so that
the mRNA density in the cytoplasm of fully grown oocytes
is comparable to that in somatic cells. Therefore, there must
be some mechanism through which mRNAs cope with the
diluting effect of oocyte growth. It seems to be the extended
half-life, which facilitates accumulation of mRNAs. Adap-
tations extending mRNA half-life include coating of mater-
nal transcripts with MSY2, as well as dormancy of decap-
ping and deadenylation (reviewed in (37)). Consequently,
maternal mRNA acquires a half-life that could be as long as
10 days (34–36). Whether mRNA accumulation follows the
oocyte growth or accumulation of mRNAs drive the growth
is not clear. While it is likely that these processes are inter-
dependent, the mRNA metabolism is clearly adapted to the
diluting effect of the growth.

In contrast, it appears that miRNAs did not evolve a
specific mechanism facilitating their accumulation through
altered turnover. This is possible because the post-
transcriptional miRNA turnover is regulated in a number
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of ways but separately from mRNAs (reviewed in (70)). We
examined the turnover of two miRNAs and discovered that
it was higher than that of most examined mRNAs. Remark-
ably, we observed that the half-life of the two analyzed miR-
NAs was between 10 and 20 h. This is comparable to median
miRNA half-lives in mouse embryonic stem cells (11 h) and
contact-inhibited MEFs (34 h) (71).

The relatively passive mechanism by which mammalian
oocytes would abandon the miRNA pathway implies a lack
of positive selection for miRNA function in growing and
fully grown oocytes. Consequently, miRNA metabolism
would not adapt to the accumulation of maternal mRNAs
during the oocyte growth. While we show that this is a com-
mon mammalian phenomenon, the lack of miRNA activity
was also observed in frog oocytes (24) and miRNA deple-
tion seems to exist in zebrafish oocytes as well (72). There-
fore, this phenomenon appears to be a common feature of
vertebrate oocytes and we speculate that it could exist in
many other taxa. It remains to be investigated how AGO
and miRNA levels are inter-related and how AGO expres-
sion is controlled in mammalian oocytes, as AGO protein
levels may be a significant factor. It should be noted that
miR-27a in porcine oocytes (67) and miR-130b in bovine
oocytes (68) were proposed to be active and important;
however, there is no strong evidence supporting these claims
as abundance of these miRNAs and reporter repression by
endogenous miRNA levels have not been assessed. There-
fore, whether these miRNAs represent unique adaptations
that are functional exceptions to the rule remains to be in-
vestigated.

In any case, it is surprising that such an omnipresent
post-transcriptional regulatory pathway would lose its re-
pressive potential in mammalian oocytes and play no sig-
nificant role in the mammalian transition from maternal-
to-zygotic (MZT) transcriptome control as directly shown
for mice (22). There are several hypothetical scenarios to
be investigated. First, the pressure to stabilize the maternal
gene expression program in non-dividing oocytes through
miRNAs may not be strong once they enter meiosis. Sec-
ond, retaining a functional miRNA pathway may not be
compatible or may even be detrimental for the mecha-
nisms needed for MZT transition. This could concern post-
transcriptional control of the maternal transcriptome such
as storage of deadenylated dormant maternal mRNAs or
accumulation of totipotency factors in the presence of let-7
miRNA (reviewed in (73)). Third, the lack of miRNA accu-
mulation could be adopted as a strategy for replacing mater-
nal miRNAs with pluripotent zygotic miRNAs of the miR-
290 family, where let-7 could be seen as an anti-pluripotency
factor (52). This notion is consistent with the miRNA ac-
tivity during MZT in zebrafish, where zygotic miR-430
has dominant functional significance in the transition (74).
miR-430 is also an excellent example of an adaptation to the
large cytoplasmic volume: miR-430 rapidly reaches func-
tionally relevant amounts because it is expressed from mul-
tiple tandemly arrayed copies (74).
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