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Abstract (English)
Oocyte-to-embryo transition (OET) is one of the most complex
developmental events where a differentiated oocyte gives rise to a totipotent
zygote. During the growth phase an oocyte prepares for fertilization and
progression to zygotic genome activation. It does so by transcribing and storing the
necessary mRNAs till a fully-grown oocyte attains transcriptional quiescence.
Therefore, transcriptome regulation in a fully-grown oocyte is of utmost importance.
Study of post-transcriptional regulatory pathways revealed that the small-RNA
mediated regulatory pathways exist in a unique conformation in mouse oocytes.
Endogenous RNAi pathway is essential for mouse female germline while miRNA
pathway which is ubiquitously present in most cell types is dispensable for oocyte
maturation and fertilization.
My PhD project was aimed at understanding the constraints of the miRNA
pathway in the oocyte which makes it non-functional. As a fully-grown oocyte is a
huge cell with a proportionally large maternal transcriptome we analysed the
miRNA: mRNA stoichiometry changes that occur from growing to the fully-grown
mouse oocyte. Inability of miRNAs to accumulate during oocyte growth phase
leads to their dilution in fully-grown oocyte rendering them inactive. Low miRNA
concentrations were also observed in rat, hamster, porcine, and bovine oocytes,
arguing that miRNA inactivity is not mouse-specific but a common mammalian
oocyte feature. Injection of miRNA mimic molecules was sufficient to restore
reporter repression, suggesting that miRNA inactivity stems from low miRNA
abundance and not from active suppression of the pathway. Exceptionally
abundant miRNAs were shown to be active in pig and bovine oocytes.
Furthermore, while studying the associated proteins of the miRNA pathway, novel
adaptations of AGO2 protein were discovered in mouse oocytes. The active MT
element cluster in Ago2 locus in mouse oocytes gives rise to a truncated AGO2
isoform which effectively reduces the expression of the full-length AGO2 protein.
However, deletion of the MT-cluster failed to restore the expression of full-length
AGO2 as the MT cluster acts an enhancer for the Ago2 locus. AGO2 also has an
alternate N-terminal in oocytes and this maternal AGO2 isoform has reduced
10
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catalytic activity. This points towards adaptations of Ago2 to regulate the
endogenous RNAi pathway in mouse oocytes.
Altogether, this thesis addresses the long standing question of why miRNAs
are non-functional in fully-grown oocytes and also shows miRNA pathway inactivity
to be a mammalian feature not restricted only to mouse oocytes. Two adaptations
of Ago2- key effector protein in miRNA and RNAi pathway were also discovered
and characterized.
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Abstrakt
Proměna vajíčka (oocytu) na embryo je jednou z nejsložitějších vývojových
událostí, během které se diferencované vajíčko promění v totipotentní zygotu.
Během růstové fáze oocyt hromadí mRNA, proteiny a další molekuly dokud
nedosáhne stavu plně vzrostlého oocytu, ve kterém se transkripce zastaví. Plně
vzrostlý oocyt má schopnost dokončit meiozu, být oplodněn a aktivovat zygotický
genom. V období transkripčního klidu mezi plně vzrostlým oocytem a aktivací
zygotického genomu je proto posttranskripční kontrola genové exprese nesmírně
důležitá. Studie posttranskripčních regulačních drah v myších oocytech odhalily,
že v myších oocytech existují v jedinečné sestavě regulační mechanismy
využívající malé RNA. Zatímco mechanismus endogenní RNA interference (RNAi)
je nezbytný pro normální vývoj oocyt, mikroRNA (miRNA) mechanismus, který je
přítomný prakticky ve všech buněčných typech, je víceméně neaktivní a pro růst,
zrání a oplodnění oocytů postradatelný.
Můj doktorský projekt byl zaměřen na zodpovězení otázky proč jsou miRNA
v oocytu nefunkční. Jelikož plně vzrostlý oocyt je mimořádně velká buňka s
proporčně velkým mateřským transkriptomem, můj výzkum se soustředil na změny
stochiometrie miRNA: mRNA, ke kterým dochází od zahájení růstu k plně
dospělému myšímu oocytu. Ukázalo se, že miRNA se neakumulují během růstové
fáze růstu oocytů, což v konečném důsledku vede k jejich naředění v plně
dospělém oocytu a tím je omezena jejich aktivita. Nízké koncentrace miRNA byly
pozorovány také u oocytů potkanů, křečků, prasat a skotu, což dokazuje, že
nečinnost miRNA není specifická pro myš, ale je běžným rysem savčích oocytů.
Injekce miRNA molekul stačila pro obnovení funkční represe mRNA, což
naznačuje, že nečinnost miRNA pramení z malého množství miRNA a ne z
aktivního potlačení dráhy. Zároveň se podařilo ukázat, že existují výjimečně hojné
a aktivni miRNA v oocytech prasat a skotu. Zároveň byly při studiu proteinů
tvořících mechanismus miRNA v myších oocytech objeveny dvě nové adaptace
proteinu AGO2, které se zřejmě vyvinuly k regulaci endogenní RNAi v myších
oocytech. Jedna z nich vznikla skrze inzerce mobilních elementů rodiny MT do
lokusu Ago2, což v myších oocytech vede k předčasnému zakončení transkripce
a produkci zkrácené izoformy AGO2, čímž je omezena exprese proteinu AGO2 o
12
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plné délce. Nicméně význam této evoluční adaptace se nepodařilo na modelu
delečních mutantů definovat. Druhou adaptací myšího maternálního AGO2 je
oocyt-specifický první exon produjující alternativní N-konec, což vede k izoformě
AGO2 se sníženou aktivitou v RNAi.
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Introduction
Post-transcriptional control is the key mechanism for transcriptome
regulation during oocyte-to-embryo transition. This is because transcription ceases
towards the end of oocyte growth phase, prior to oocyte meiotic maturation and is
not renewed until the zygotic genome activation (Moore and Lintern-Moore, 1978).
Post-transcriptional control of oocyte-to-embryo transition includes RNA silencing
pathways which utilize small noncoding RNAs to target the mRNAs and other
transcripts. Three different classes of small RNAs have been characterized in
mouse oocytes: piRNAs, miRNAs and endosiRNAs, out of which only endosiRNAs
acting in the RNAi pathway are essential (Kaneda et al., 2009; Murchison et al.,
2007; Tang et al., 2007). This is demonstrated by sterile knock-out phenotypes of
Dicer and Ago2, which function in the RNAi pathway (Murchison et al., 2007; Stein
et al., 2015; Tang et al., 2007). Dicer and AGO2 also participate in the miRNA
pathway. However, it was reported that on removal of Dgcr8, an essential miRNA
biogenesis specific protein, mouse females are fertile. This suggests that miRNA
pathway is dispensable for the oocyte-to-embryo transition. Interestingly, while
miRNA biogenesis appears to be intact in the oocyte, miRNAs are non-essential
and inactive in the oocyte (Ma et al., 2010; Suh et al., 2010).
MicroRNAs are ubiquitously present 22nt small RNAs which regulate gene
expression post transcriptionally in a variety of cell types. They regulate cell
specification, differentiation, development, growth and death. They serve as
biomarkers for disease models and are widely studied for their role in cancer. This
makes their non-functionality in a cell type which relies on post transcriptional gene
control all the more interesting.
To further understand the significance of miRNA inactivity in mammalian
female germline, understanding the processes of oogenesis and oocyte-toembryo transition is pertinent. Therefore, the first part of the introduction focuses
on the biology of oocytes, which is followed by elucidation of miRNAs and effector
complexes.
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Oogenesis
Oogenesis is the process by which an egg is created with the ability to
undergo fertilization. In the strictest sense, an oocyte becomes an egg when it
completes meiosis. In most animals, this happens only post fertilization (Sanders
and Jones, 2018). Therefore, an oocyte refers to the female gamete when it is at
a stage prior to maturation and as an “egg” once it has gone through the process
of meiotic maturation and is released from the ovary.
Formation of female gametes initiates before birth. Epiblast gives rise to
mouse primordial germ cells (PGCs) at around embryonic day 6.25 (Ohinata et al.,
2005). Bone morphogenetic protein (BMP) signalling pathway plays an important
role in the formation of PGCs. The extra-embryonic ectoderm and visceral
endoderm give the cue to the epiblast cells to differentiate into PGCs. BMP4 is
expressed in the extraembryonic ectoderm whereas BMP2 is produced in the
extra-embryonic endoderm. They both induce PGCs. Additionally, BMP8b plays a
role in restricting the inhibitory signals that arise from the visceral endoderm
(Ohinata et al., 2009). BMP also stimulates the expression of BLIMP1 (PRDM1).
BLIMP1, a transcription factor , plays a critical role in PGC specification by
repressing the somatic program (Ohinata et al., 2005). PGCs form at the perimeter
of the embryo. Later during development, they translocate inside the embryo. In
mammals, they move from the epiblast to the yolk sac/allantois. They then migrate
to the developing hindgut until they finally colonize the genital ridges (Hyldig et al.,
2011). Crosstalk between surrounding somatic cells and PGCs guides their
migration, proliferation and colonization. Once they reach the genital ridges, PGCs
with XY chromosomes form the male germ cells and PGCs with XX chromosomes
give rise to the female germ cells (Bowles and Koopman, 2010). At E13.5, PGCs
enter prophase and in females most of them arrest at diplotene stage of meiosis I.

Oocyte growth
Mammalian female germ cells enter meiosis during foetal life and arrest at
the diplotene stage of prophase I. Most of their post-natal life, oocytes lie dormant.
They are enclosed by a layer of flat pre- granulosa cells forming the primordial
follicles. These primordial follicles have to be activated to transform into primary
15
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follicles. Upon primary follicle activation, the oocyte initiates the growth phase while
the surrounding cells become cuboidal and proliferate, giving rise to primary and
secondary follicles (Moore and Lintern-Moore, 1978). During this period of
extensive growth, the chromatin in the oocyte nucleus (germinal vesicle: GV) is
decondensed and transcriptionally active (De La Fuente and Eppig, 2001; Debey
et al., 1993; Zuccotti et al., 1995) and the oocyte is unable to re-enter the meiotic
cell cycle (Eppig and Schroeder, 1989). There is a high level of transcription as the
oocyte produces and stores essential mRNAs required to support the following
transcriptionally quiescent stage and fertilization, all the way up to ZGA.
Oocytes are exceptionally large cells as during their growth they accumulate
maternal factors which aid in their journey till fertilization. Maternal factors which
accumulate in oocytes can be either energy resources (yolk, mitochondria,
ribosomes) or regulatory factors (RNA, proteins). This stockpiling of resources
leads to a massive increase in oocyte size and makes an oocyte an extremely large
cell compared to a traditional somatic cell. The size of the oocyte increases
significantly during the growth phase. A mammalian somatic cell has a diameter of
10-20 m. In contrast, a meiotically incompetent mouse oocyte grows during a ~2.5
week-long growth phase to a diameter of 80 m. As a consequence, the
cytoplasmic volume of a fully-grown germinal vesicle-intact oocyte (~260 pl) is
almost two orders of magnitude greater than that of a somatic cell (~3 pl) such as
the fibroblast cell line, NIH/3T3.
An oocyte acquires meiotic competence, which is the ability to resume
meiosis I, during later stages of folliculogenesis (Eppig, 2001). Oocyte growth is
marked by remarkable changes in the chromatin structure. The change in
chromatin

configuration

reprogrammes

gene

expression

during

oocyte

development (Debey et al., 1993). Transcription declines towards the end of oocyte
growth and by the time an oocyte is fully-grown, it is essentially transcriptionally
inactive. During the growth, DNA configuration of the oocytes changes from nonsurrounded nucleolus (NSN) to surrounded nucleolus (SN). Developmental
competence of fully-grown oocytes that do not undergo the NSN-to-SN transition
is compromised (Debey et al., 1993; Zuccotti et al., 1995). The change in DNA
configuration during the NSN-to-SN transition and the onset of transcriptional
quiescence is not coupled as oocytes that do not undergo the NSN-to-SN transition
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still become transcriptionally quiescent (De La Fuente et al., 2004). The loss of
transcription correlates with the exclusion of POLR2 from the oocyte nucleus.
POLR2 is present in the nucleus of growing NSN oocytes but not in the nucleus of
SN oocytes (Abe et al., 2010). Loss of phosphorylation on two residues of the
carboxyl-terminal domain (CTD) of POLR2A is also observed during loss of nuclear
localization of POLR2. These two residues are S2 and S5. S2 phosphorylation is
linked with transcription elongation and S5 phosphorylation with transcription
initiation. Communication with the surrounding follicle cells is key for the
development of the transcriptionally quiescent state of the oocyte. When oocytes
are cultured without granulosa cells (denuded oocytes), transcriptional activity
remains high. It declines when oocytes enclosed in granulosa cells are cultured
(De La Fuente and Eppig, 2001). It has also been shown that fully-grown NSN
oocytes are approximately three times more transcriptionally active when not
surrounded by cumulus cell complexes (Liu and Aoki, 2002). MSY2-null oocytes
do not become transcriptionally quiescent as they are devoid of attached cumulus
cells. This is due to Ccnt1 mRNA which remains elevated in these oocytes
(Medvedev et al., 2011). Although the signalling pathway between the two cell
types is not known, a juxtacrine model seems to be more likely than one mediated
by gap junction communication.

Oocyte maturation
Fully grown oocytes in the ovarian follicles are still tetraploid as they are
arrested at prophase of the first meiotic division. The arrest is maintained even as
the oocyte grows and its volume increases significantly. They remain arrested in
prophase unless they are removed from the follicular environment (Edwards, 1965;
Pincus and Enzmann, 1935). Once the oocyte reaches its final size, a mechanism
involving cyclic adenosine monophosphate (cAMP) helps to maintain the meiotic
arrest. Meiotic arrest is dictated by high concentrations of cAMP; the cumulus cells
control cAMP levels in the oocyte by transporting cyclic guanosine monophosphate
(cGMP). The transfer of cGMP to the oocyte takes place through cytoplasmic
projections across the zona pellucida. The increase in cGMP blocks
phosphodiesterase 3A, an enzyme that can hydrolyse and destroy cAMP
(Masciarelli et al., 2004). Ovulatory surge of LH results in drop in the amount of
17
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cGMP transported from the cumulus cells. This is due to both reduced production
of cGMP and closure of gap junctions between the oocyte and the cumulus cells
(Eppig and Schroeder, 1989; Sorensen and Wassarman, 1976). The subsequent
increase in phosphodiesterase activity causes a dramatic drop in cAMP level that
renders PKA inactive. The absence of functional PKA results in decrease in
WEE1B activity and increase in CDC25 activity. Ultimately, this results in dephosphorylation and activation of CDK1 that aids meiotic resumption (Han et al.,
2005; Pirino et al., 2009; Solc et al., 2008).
When fully grown, oocytes are released from the follicles and can respond
to the signals to resume meiosis. The signal arrives in the form of a luteinizing
hormone (LH) surge. LH is produced by the pituitary gland and binds to its receptor
on the follicular cells which surround the oocyte (Dorrington and Hofmann, 1973;
Eppig et al., 1992). In mammals LH stimulates CDK1 which forms a complex with
cyclin B1 to become active. This complex is known as MPF- metaphase promoting
factor.
During oocyte maturation, mRNAs and proteins associated with meiotic
arrest are degraded (Su et al., 2007). Simultaneously, there is translation of the
transcripts which are required for regulation of oocyte meiosis and maintenance of
second meiotic arrest (Su et al., 2007). This specific degradation and translation
of transcripts is important for vertebrate oocyte maturation. Consequently, posttranscriptional and translational gene regulation is critical for the oocyte to attain
full developmental competence.
Oocyte growth phase lasts for about 2.5 weeks. Maternal mRNAs in mouse
oocytes are unusually stable during this growth phase and have an average halflife of ~10 days (as determined using an in-vitro culture) in comparison to hours or
minutes in somatic cells (Brower et al., 1981; De Leon et al., 1983; Jahn et al.,
1976). In contrast, oocyte maturation is defined by transition from mRNA stability
to instability. Messenger RNAs are translated during oocyte maturation while an
almost equal number are selectively degraded (Chen and Shyu, 2011; Chen et al.,
2011; Su et al., 2007).
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Messenger RNA stability and degradation in oocytes
Estimations reveal that fully-grown oocytes contain ~ 0.6 ng of total RNA,
(Sternlicht and Schultz, 1981; Wassarman and Kinloch, 1992) out of which
approximately 10–15% is heterogeneous RNA, whereas most of the remaining
RNA (~ 65%) is ribosomal RNA (Abe et al., 2015; Wassarman and Kinloch, 1992).
The amount of RNA in fully grown oocytes is almost ~ 200 times the amount found
in a typical somatic cell. This increase of the RNA content in fully grown oocyte
occurs during the growth phase due to over-active transcription. As the fully grown
oocyte is transcriptionally inactive, transcripts accumulated during oocyte growth
are crucial for dictating oocyte maturation and fertilization (Bachvarova, 1985; De
La Fuente et al., 2004; Su et al., 2007) before the zygotic genome takes over. RNA
degradation eventually reverses accumulation of RNA in fully grown oocyte.
Whether an RNA will be targeted for degradation or stabilized depends on its
capability to associate with RNA binding proteins or on its recruitment on the
translational machinery (Eichenlaub-Ritter and Peschke, 2002).
The germ cell-specific RNA-binding protein MSY2 is an important factor with
a crucial role in the uncharacteristic stability of maternal mRNAs in oocytes. MSY2,
is abundant in oocytes and constitutes ~2% of total oocyte protein (Yu et al., 2002).
It binds RNA without any apparent sequence specificity and is essentially degraded
by the two-cell stage (Yu et al., 2001), coinciding with maternal mRNA degradation.
Binding of the maternal RNA by MSY2 stabilizes it. Phosphorylation of MSY2 by
CDK1 initiates the transition from mRNA stability to instability. This triggers nuclear
envelope breakdown and resumption of meiosis (Medvedev et al., 2008)
Another extensively studied mechanism for regulation of RNA stability and
translational regulation in the oocyte is selective polyadenylation (Oh et al., 2000).
Dormant RNAs are a defined class of messenger RNAs in oocyte with exceptional
stability which undergo non-existent translation during the oocyte growth phase.
Instead they are stored for later translation, after the oocyte initiates its maturation
phase (Charlesworth et al., 2004). These dormant RNAs time their translation by
modulating the length of their poly(A) tail. Poly(A) tail elongation results in increase
in translation , whereas, shortening of the poly(A) tail length leads to translational
repression (Richter, 1999). During oocyte growth, the dormant maternal mRNAs
are de-adenylated and hence translationally silent. This is reversed during oocyte
19
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maturation, when they are activated by poly(A) tail elongation. Two 3’UTR
elements are required for cytoplasmic polyadenylation, a polyadenylation signal
which is AAUAAA and a uridine rich sequence known as cytoplasmic
polyadenylation element (CPE). In immature oocytes when the mRNAs are not
translated, cytoplasmic polyadenylation element binding protein (CPEB) binds to
the cytoplasmic polyadenylation element (Mendez and Richter, 2001). This further
recruits an additional protein called Maskin which interacts with both CPEB and
eIF4E and represses translation (Stebbins-Boaz et al., 1999) (Figure 1). When the
oocyte undergoes maturation, CPEB is phosphorylated by EG2, an enzyme
functional only upon oocyte activation by progesterone (Frank-Vaillant et al., 2000).
Once CPEB is phosphorylated, it recruits CPSF. CPSF in turn binds poly(A) signal
and recruits poly(A) polymerase extending poly(A) length (Mendez et al., 2000).
Consequently, Maskin, which also promotes translation, is dislocated.

Figure 1: CPEB mediated translational control. (Adapted from Mendez, 2000)

Maternal mRNA degradation precedes resumption of meiosis, which is
generally considered the starting point for maternal mRNA clearance. There is
minor mRNA degradation between the end of transcription and resumption of
meiosis (Puschendorf et al., 2006). The importance of this remains unclear. After
resumption of meiosis the cytoplasmic environment of oocyte fosters mRNA
degradation instead of supporting mRNA stability. Phosphorylation of MSY2 by
CDK1 promotes degradation of mRNAs and is associated with meiotic maturation.
Additionally, recruitment of dormant mRNAs which encode components of de-
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capping and de-adenylase complexes results in increase in the mRNA degradation
capacity of the maturing oocyte.

Oocyte transcriptome regulation by small RNAs
Small RNAs play a crucial role in post-transcriptional gene regulation. They
are short regulatory RNAs, typically 20–30 nt in length which are involved in
silencing target mRNAs. Three major classes of small non-coding RNAs are
present in mouse oocytes: endogenous small-interfering RNAs (siRNAs),
microRNAs (miRNAs) and PIWI-interacting RNAs (piRNAs) (Garcia-Lopez et al.,
2014; Tam et al., 2008; Watanabe et al., 2008) .Small interfering RNAs are
processed from double strand RNAs (dsRNAs), which are directly cut by RNase II
Dicer into short 21–23 nt RNAs (Figure 2). MicroRNAs are initially transcribed as
long primary-miRNAs. They are first cleaved by the microprocessor complex,
composed of Drosha, an RNase III enzyme and dimer of RNA-binding protein
DGCR8 (DiGeorge syndrome critical region gene 8) into precursor miRNAs (Han
et al., 2004). Then they are cleaved by Dicer into ∼ 22-nt miRNAs (Kim, 2005).
PIWI interacting RNA biogenesis is Dicer independent and it’s function in
oogenesis is still poorly understood (Suh and Blelloch, 2011).
Both miRNAs and siRNAs get loaded onto the RNA-induced silencing
complex (RISC) as single stranded small RNAs and repress target mRNAs.
Argonaute2 (AGO2), a component of RISC, has endonuclease activity and is
responsible for direct endo-nucleolytic cleavage of target mRNAs (Denli et al.,
2004; Gregory et al., 2004; Song et al., 2004).
Studies suggest that miRNAs are functional during early oogenesis and in
late pre-implantation embryos but are non-functional in oocytes and during oocyteto-embryo transition (Ma et al., 2010; Spruce et al., 2010; Tang et al., 2007). In
contrast, importance of siRNA in oocyte maturation was shown in Dicer null
oocytes (Murchison et al., 2007; Tang et al., 2007). Loss of Dicer in oocytes leads
to loss of miRNAs, siRNAs and dysregulation of thousands of mRNAs; furthermore,
mutant oocytes displayed aberrant spindle organization and chromosomal
segregation, resulting in meiotic arrest. On the other hand, Dgcr8 null oocytes, an
essential miRNA biogenesis factor, did not exhibit any effect on mRNA levels or on
oocyte maturation. Therefore, siRNA mediated mRNA regulation is critical for
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oocyte maturation and early development but not miRNA mediated regulation
(Murchison et al., 2007; Suh et al., 2010; Tang et al., 2007).

Figure 2: Small RNA mediated transcriptome regulation

Oocyte-to-embryo transition
Oocyte-to-Embryo transition (OET) refers to the complex reprogramming an
oocyte undergoes with resumption of meiosis which continues post fertilization and
eventually gives rise to a totipotent embryo. An oocyte can be seen as a highly
differentiated cell, therefore the transition from oocyte to embryo involves many
changes, at the heart of which lies maternal mRNA degradation, translational
control and zygotic genome activation (ZGA). Stored messenger RNAs (mRNAs)
and proteins which accumulate during oogenesis dictate OET.
Following fertilization, maternal factors initiate parental gene expression
reprograming by another wave of maternal mRNA degradation and zygotic
genome activation (ZGA), which is essential for a successful oocyte-to-embryo
transition. First zygotic transcription begins during S-phase of zygote, known as
the minor ZGA (Abe et al., 2018; Aoki et al., 1997; Nothias et al., 1996). The first
wave of zygotic transcription is known to be promiscuous, low level and genome
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wide. The transcripts produced are inefficiently spliced and polyadenylated (Abe et
al., 2015). The low level of genome-wide transcription in zygotes is both inter- and
intragenic. This implies that transcription in zygotes only requires minimal promoter
features (Hamamoto et al., 2014). The second wave of transcription, also known
as major ZGA, occurs at the 2-cell stage (Golbus et al., 1973; Hamatani et al.,
2004; Li et al., 2010). The next phase of transcription marks the beginning of the
morphological changes that result in formation of the blastocyst and is initiated
during the 4- to 8-cell stage (Hamatani et al., 2004; Jukam et al., 2017). ZGA timing
in mice differs from human; major ZGA in mice takes place at 2-cell stage whereas
in humans it occurs at the 4-to 8-cell stage (Xue et al., 2013; Yan et al., 2013).
At the 8-cell stage, a process called compaction re-arranges the embryo
into a tightly packed structure. Around this time, the first cell fates are established.
The cells give rise to either inner cell mass (ICM) or trophectoderm (TE). ICM gives
rise to the embryonic tissue and TE is the source for extraembryonic tissues of the
blastocyst.
Changes in chromatin configuration, transcription, and mRNA processing
during ZGA are interdependent and intertwined. Chromatin structure in zygotes is
likely the key feature that characterizes minor ZGA. There is higher level of
transcription in the male pronucleus when compared to the female pronucleus
(Aoki et al., 1997). This difference arises as a result of the extensive chromatin
remodeling that the male pronucleus undergoes due to the protamine–histone
exchange (Nonchev and Tsanev, 1990). During this exchange , the maternal
transcription factors get a time window to preferentially associate with the male
pronucleus (Aoki et al., 1997). There is additional remodeling of the chromatin
between the zygote and two-cell stage (Burton and Torres-Padilla, 2010, 2014)
when 5-methyl cytosine residues in DNA become hydroxy-methylated (Iqbal et al.,
2011; Wossidlo et al., 2011). Further oxidation of 5-Hydroxy-methyl cytosine to 5formyl-cytosine results in DNA unwinding (Raiber et al., 2015). This further relaxes
the chromatin in the male pronucleus. Furthermore, the promiscuous transcription
during minor ZGA can also be attributed to the extensive exchange of modified
histones and histone variants that occurs after fertilization (Beaujean, 2014).
The regulation of the onset of mammalian ZGA is still poorly understood.
One of the classical models suggests that ZGA timing is controlled by
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nucleocytoplasmic ratio changes during cleavage. The geometrically increasing
amount of genomic DNA titrates away transcriptional repression (Newport and
Kirschner, 1982). Furthermore, SCNT experiment has conclusively shown the
astounding ability of the maternal cytoplasm to reset the chromatin configuration
of a differentiated nucleus. The fact that maternal contribution plays a defining role
in OET is not up for debate, however, the factors involved in it are not yet fully
understood.

MicroRNA pathway
MicroRNAs are 22nt small regulatory RNAs which bind to and inhibit
expression of their target mRNAs. The first known miRNA was found in C.elegans.
It came with the discovery that lin-4 and let-7 genes produced short noncoding
RNAs 22 nucleotide in length (Lee et al., 1993; Reinhart et al., 2000) which were
essential for the proper timing of C.elegans development. The lin-4 and let-7 RNAs
had imperfect complementarity to sites within the 3’ UTRs of mRNAs. These sites
were conserved and were genetically identified. This led to the development of a
model where these small RNAs mediate translational repression through antisense
binding to their target mRNAs (Lee et al., 1993; Moss et al., 1997; Reinhart et al.,
2000; Wightman et al., 1993). The let-7 RNA was subsequently recognized in
humans and other bilaterian animals (Pasquinelli et al., 2000). As the function of
these small RNAs was discovered later they were called ‘‘microRNAs’’ because of
their small size (Lagos-Quintana et al., 2001; Lau et al., 2001; Lee and Ambros,
2001).

Canonical miRNA biogenesis
In animals, Canonical miRNAs are first produced as much longer ‘‘primiRNAs’’ (Cai et al., 2004; Lee et al., 2002; Lee et al., 2004). They are transcribed
by RNA polymerase II and have a 5’cap, but do not necessarily have a poly(A) tail.
This is due to co-transcriptional processing by Microprocessor which can
sometimes trigger transcription termination before normal 3’-end maturation
(Ballarino et al., 2009). They then undergo multiple steps of processing. Pri-miRNA
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serves as a hairpin substrate which is processed by the Microprocessor complex
in the nucleus. Microprocessor is a complex with one molecule of the Drosha
endonuclease and two molecules of DGCR8 (Nguyen et al., 2015). Drosha has
two RNase III domains. Each domain of Drosha cuts one strand of the stem of the
pri-miRNA hairpin and produces a 60 nt stem-loop called a ‘‘pre-miRNA’’ (Lee et
al., 2003) (Figure 3).
Following cleavage by Drosha, Exportin 5 and RAN–GTP exports the premiRNA from the nucleus to the cytoplasm (Bohnsack et al., 2004; Lund et al., 2004;
Yi et al., 2003). Once in the cytoplasm, the miRNA precursor is further processed
by Dicer (Grishok et al., 2001; Hutvagner et al., 2001). Dicer, like Drosha is also
an endonuclease with two RNase III domains (Bernstein et al., 2001; Zhang et al.,
2004). In flies, Dicer associates with a partner protein, TRBP and this is necessary
for pre- miRNA processing. However TRBP is not required for Dicer activity in
mammals (Chendrimada et al., 2005; Ha and Kim, 2014; Haase et al., 2005).
Cleavage by Dicer takes place near the loop and both strands are cut to generate
the miRNA duplex. This duplex comprises of the guide miRNA strand paired to its
passenger strand (often called the ‘‘miRNA*,’’ pronounced ‘‘miRNA star’’). The
duplex consists of a 2 nucleotide 3’overhang on each end, as a result of the offset
cuts made by both Drosha and Dicer (Lee et al., 2003; Zhang et al., 2004) (Figure
3). After cleavage by Drosha and Dicer, the miRNA duplex is loaded into an
Argonaute (AGO) protein. Loading of the small RNA duplex on Argonaute is
coupled to Dicer processing and requires the assistance of chaperone proteins
(HSC70/HSP90). These chaperone proteins are ATP dependent and help AGO
assume a high-energy and an open conformation state suitable for binding the stiff
miRNA duplex (Iwasaki et al., 2010). MicroRNAs are loaded as a duplex, but finally
only one strand remains on AGO. The passenger strand is expelled by the
relaxation of AGO back to its ground-state conformation (Kawamata and Tomari,
2010).
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Figure 3: Structural and sequence features of canonical miRNA hairpins. Adapted from
Bartel, 2018

The decision regarding which strand of the duplex becomes the guide strand
and which one is discarded as the passenger strand depends on the orientation
with which the duplex binds AGO. This orientation is dictated by the suitability of
the 5’ terminus of the duplex for loading onto the AGO. The 5’ nucleoside binding
pocket of AGO protein has bias for a 5’- terminal pU or pA (Frank et al., 2010;
Suzuki et al., 2015). It also has a preference for 5’nucleoside monophosphate of
the strand with the least stable 5’terminal (Khvorova et al., 2003; Schwarz et al.,
2003). After being loaded into the silencing complex, the miRNA represses its
target RNA by pairing to binding sites within the 3’UTR of the RNA.
Once miRNAs are incorporated into the silencing complex, the resulting
miRISC is very stable (Bail et al., 2010; Gantier et al., 2011; van Rooij et al., 2007).
This stability of miRISC is imperative for miRNAs to reach their threshold
concentration, as during their search for targets, miRNAs can transiently interact
with multiple different mRNAs with sub-optimum pairing. Therefore, detectable
miRNA-mediated repression requires high miRNA levels (Bosson et al., 2014;
Denzler et al., 2016). However, there are exceptions, as evidenced by some
neuronal miRNAs with reduced stability (Krol et al., 2010). Also a few miRNAs have
been reported to be constitutively unstable which enables a more rapid response
to transcriptional changes (Rissland et al., 2011).
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MicroRNA mediated repression
In animals, there are two different modes by miRNA mediated recognition
and repression of target takes place. When the miRNA is loaded on an AGO protein
that has retained its ability to catalyse endo-nucleolytic cleavage (slicing) and the
pairing between the miRNA and the target is sufficiently extensive (Liu et al., 2004;
Meister et al., 2004), then the miRNA endo-nucleolytically cleaves the target
transcript (Hutvagner and Zamore, 2002; Yekta et al., 2004). This slicing mode of
repression defines RNAi and is also characteristic of plant miRNAs (JonesRhoades et al., 2006). It might also play a role in sea anemone (Moran et al., 2014).
In mammals the active endogenous RNAi pathway in oocytes utilizes this cleavage
activity of AGO2 for siRNA mediated repression.
However, when target mRNAs have extensive complementarity to the
miRNA, it can trigger miRNA degradation instead of the expected target
degradation. This is known as target RNA–directed miRNA degradation (TDMD).
TDMD is particularly sensitive to the extent of pairing of the target to the 3’end of
the miRNA. The mechanism for this selective degradation is 3’-terminal tailing
which results in trimming of the mature miRNA (Ameres et al., 2010). This suggests
that extensive pairing frees the 3’ of the miRNA from AGO protein. It is now
exposed to be acted upon by terminal transferases and exonucleases. TDMD is
most robust in neuronal cells in mammals (de la Mata et al., 2015). Small RNAs
like piRNAs and siRNAs which classically bind to their targets with extensive
complementarity are methylated at their terminal 2’ oxygen (Ameres et al., 2010;
Li et al., 2005). This is probably to prevent their degradation by TDMD as this
modification prevents tailing of the small RNAs.
In the classical miRNA repression mode, the mRNA doesn’t extensively
pair to the miRNA and the mRNA is not sliced. Instead, it utilizes other co-factors,
the most conserved being TNRC6. TNRC6 has three paralogs in mammals,
TNRC6A/B/C and two paralogs: AIN-1/2 in nematodes. In flies there is a single
ortholog named GW182 (Ding et al., 2005; Jonas and Izaurralde, 2015; Rehwinkel
et al., 2005). Recruited by AGO, each TNRC6 molecule can interact with multiple
AGO proteins simultaneously (Elkayam et al., 2017). TNRC6 interacts with the
poly(A)-binding protein (PABPC) which is bound to the mRNA poly(A) tail and
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competes with eIF4G for binding to PABPC1. This prevents circularization of the
mRNA which leaves the ends exposed to be acted upon by exonucleases and
eventually degradation. TNRC6 achieves this by recruiting PAN2–PAN3 and
CCR4–NOT de-adenylase complexes (Jonas and Izaurralde, 2015) (Figure 4). The
de-adenylases cause shortening of the poly(A) tail, which eventually results in
mRNA destabilization through de-capping and finally 5’-to-3’ exo-nucleolytic decay
(Chen and Shyu, 2011). CCR4-NOT also recruits DDX6, a helicase that binds the
de-capping complex (Chu and Rana, 2006; Jonas and Izaurralde, 2015) (Figure 4)
DDX6 inhibits translation by disrupting the translational elongation complex and
promotes degradation of miRNA targets (Kamenska et al., 2014; Kamenska et al.,
2016; Nishimura et al., 2015).

Figure 4: Mechanism of miRNA mediated repression. Adapted from Bartel, 2018

The cells choose between the two (mRNA decay and translational
repression) consequences of miRNA mediated repression depending on their
physiology. In all examined post-embryonic cells, mRNA decay eventually follows
translational repression. This is revealed by experiments which compared the
changes between mRNA and protein levels after either introducing or removing a
miRNA (Baek et al., 2008; Eichhorn et al., 2014; Guo et al., 2010; Hendrickson et
al., 2009).
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Argonaute
AGO proteins are a highly conserved branch of the larger Argonaute protein
family. This family of proteins also contains the PIWI proteins that associate with
piRNAs and silence transposons in the germline. Argonaute (AGO) proteins are
the major constituent of the RNA-induced silencing complex (RISC). They directly
bind small RNAs such as small interfering RNAs (siRNAs) or microRNAs (miRNAs)
(Hutvagner and Simard, 2008; Meister, 2013). Argonaute proteins are comprised
of 4 domains- amino-terminal (N), PAZ (PIWI–ARGONAUTE–ZWILLE), MID
(middle) and PIWI domain (Figure 5). The N domain is required for small RNA
loading and also has a role in unwinding the small RNA duplex by functioning as a
‘wedge’. Conformational changes in the AGO protein drive the N domain between
the two duplex strands, leading to duplex opening and further unwinding (Kwak
and Tomari, 2012). Th PAZ domain is known to anchor the 3’ end of the duplex
within a specific binding pocket and the MID domain binds the 5 ’ end of the small
RNA (Lingel et al., 2003; Ma et al., 2004; Ma et al., 2005; Song et al., 2004). These
two domains serve as a molecular “ruler” as they only accept small RNAs within a
very defined length range of 19 to 25 nucleotides. The PIWI domain is structurally
similar to RNaseH and serves as the catalytic domain. When the target RNA is fully
complementary to the bound small RNA, Argonaute proteins can function as endonucleases and cleave the target RNA (Figure 5). The PIWI domain contains a
catalytic tetrad composed of DEDX (where X is D or H). Additionally, an
unstructured loop in the N domain is also essential for cleavage (Hauptmann et
al., 2013).
Four different AGO proteins (AGO1–4) exist in mammals. However, only
AGO2 is catalytically active and therefore often referred to as “slicer” (Liu et al.,
2004; Meister et al., 2004). AGO1, AGO3, and AGO4 are not catalytically active
due to structural changes. Nevertheless, they bind small RNAs with equal
efficiency and fulfil cleavage-independent miRNA functions (Faehnle et al., 2013;
Hauptmann et al., 2013; Hauptmann et al., 2014; Schurmann et al., 2013).
Although AGO3 has the conserved DEDX catalytic residues in its PIWI domain it
is still unable to cleave target mRNAs. Partial replacement of the N domain of
AGO3 with that of AGO2 renders AGO3 catalytically active hinting at another
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possible function of N domain in modulating catalytic activity of Argonaute proteins
(Hauptmann et al., 2013). AGO2 slicer activity is also essential for the biogenesis
of miR-451, as this miRNA is generated from a precursor that is too short to be
recognized by Dicer (Cheloufi et al., 2010; Cifuentes et al., 2010; Yang et al., 2010).
Argonaute slicer activity is also required for loading AGO proteins with perfectly
paired small RNAs. These small RNAs are cleaved by AGO2 (Leuschner et al.,
2006; Matranga et al., 2005; Rand et al., 2005) which leads to their efficient loading
on catalytically active AGO proteins. AGO proteins which do not have catalytic
activity also load the small RNAs but they are less efficient in removing the
passenger strand.

Figure 5: Domains and structure of mammalian Argonaute protein

AGO proteins are intensively regulated as they form the core of small RNAmediated gene silencing. This is executed by post-translational modifications at
various positions, each of which affect the function of AGO proteins differently (Jee
and Lai, 2014). When miRNAs are absent, AGO proteins are ubiquitinated and
degraded (Smibert et al., 2013). If AGO proteins are

PARylated, it leads to

inhibition of AGO mediated repression in stress granules (Leung et al., 2011).
Another modification which is known to make AGO more stable is the hydroxylation
of proline 700 (Qi et al., 2008). The most widely present and most well
characterized modification, however, is phosphorylation. It has been demonstrated
that AGO2 S387 affects cellular localization of endogenous AGO proteins into
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processing bodies called P bodies (Zeng et al., 2008). A tyrosine within the 5’
phosphate-binding pocket of the MID domain has been characterized as a
phosphorylation site (Rudel et al., 2011). In animals, the phosphorylation of a
specific serine/threonine cluster which is present on the surface of the PIWI domain
is essential for miRNA mediated repression as in the hyper-phosphorylated state,
AGO proteins cannot associate with mRNAs. Nevertheless, they are fully functional
when artificially tethered to the target mRNAs (Quevillon Huberdeau et al., 2017).

MicroRNA pathway in female germline
Although miRNA pathway is known to have a role in post-transcriptional
regulation of most cellular processes, their importance in oocyte differentiation and
oocyte to embryo transition is still under debate. In zebrafish, miRNAs do not play
any role in oogenesis but have a well-established role in maternal to zygotic
transition. Zebrafish deficient for Dicer cannot generate mature miRNAs and
display defects during gastrulation and brain morphogenesis (Giraldez et al.,
2005). These defects can be rescued by just one miRNA- miR-430. It is the most
abundant miRNA family expressed during early zebrafish development and
selectively targets maternal transcripts during maternal to zygotic transition. It is
known to accelerate the de-adenylation and clearance of maternal transcripts
(Giraldez et al., 2006). In C.elegans, miRNAs form a distinct silencing complex
which is GW182 independent. They instead associate with GLH-1 and aid
translational

repression

but

not

target

degradation.

The

complex

uncharacteristically stabilizes the target mRNA (Dallaire et al., 2018). In mouse,
miRNAs are non-functional in oocytes and during oocyte-to-embryo transition (Suh
et al., 2010; Tang et al., 2007). Dgcr8 null oocytes, an essential miRNA biogenesis
factor, do not exhibit any effect on mRNA levels or on oocyte maturation and
oocytes lacking miRNAs can be fertilized and develop till blastocyst stage
(Murchison et al., 2007; Suh et al., 2010; Tang et al., 2007).
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Aim of the study
There is a vast repertoire of literature describing physiological significance
of miRNAs in various tissues and model organisms where they regulate the
transcriptome in almost all cell processes. However, even though it has been
known for over a decade that miRNAs do not function in mouse oocyte
development and oocyte-to-embryo transition (OET), the reason behind their nonfunctionality and their function in other mammalian oocytes still eludes us. Aim of
this study was to understand why miRNAs do not work in mouse oocyte, their
status in other mammalian oocytes and expression and regulation of key miRNA
effector proteins. This project can be divided into three specific aims:
1. Understanding why miRNAs do not work in mouse fully-grown oocytes:
Studying the miRNA:mRNA stoichiometry in growing and fully grown mouse
oocytes.
2. Studying the functionality of miRNA pathway in other mammals: Elucidate
and explore the role of miRNA pathway in other mammals, whether miRNA
pathway inactivity is restricted to mouse oocyte or extends to other mammals too.
3. Adaptations of miRNA effector protein AGO2 in mouse oocytes:
Characterization, biological significance and function of Ago2 adaptation and Ago2
isoforms in mouse oocytes.
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Materials and Methods
Oocyte Collection
Animal experiments were approved by the Institutional Animal Use and Care
Committees (approval no. 34/2014) and were carried out in accordance with the
European Union regulations. C57BI/6NCrl mice and Golden hamsters were
obtained from Charles Rivers. 12 days old mouse females were used for the
isolation of meiotically incompetent oocytes. Fully-grown germinal vesicle-intact
oocytes were isolated from 7-9 weeks old females. For hamsters oocyte isolation,
ovaries of freshly sacrificed 12 months old animals were used. Porcine and bovine
oocytes were obtained from the slaughterhouse material as described previously
(Blaha et al., 2015; Kinterova et al., 2019). For isolation of meiotically incompetent
oocytes the ovaries were incubated in 1x PBS with 1 mg/ml collagenase (Sigma)
and 1 μl Turbo DNAse at 37 °C and then the oocytes were collected in M2 medium
(Sigma). For isolation of fully grown oocytes, antral follicles of mouse and hamster
ovaries were first punctured by a syringe needle followed by collection in M2
medium containing 0.2 mM iso-butyl-methyl-xanthine (IBMX; Sigma). IBMX was
added to prevent resumption of meiosis.

Reverse transcription and RT-qPCR (miRNA)
The oocytes were washed with M2 media to remove any residual IBMX and
collected in minimum amount of M2 media with 1μl of Ribolock. They were then
incubated at 85°C for 5 minutes to release the RNA. In case of 3T3 cells, they were
first counted and then lysed using a RealTime ready Cell Lysis Kit (Roche).
miRCURY LNA RT kit (Qiagen) was used for cDNA synthesis of miRNA. Each
qPCR reaction was set using a single oocyte cDNA equivalent. The miRCURY
LNA SYBR green kit (Qiagen) was used as per manufacturer’s protocol to set the
qPCR reaction and Roche LightCycler 480 machine was used for qPCR.
MiRCURY LNA miRNA-specific primers were used.
The standard curve reactions were carried out using mmu-miR-221 and let7a oligonucleotides obtained from Integrated DNA Technologies (oligonucleotide
sequences listed in Table 1). Calibration curve was first done using the let-7a RNA
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oligonucleotide. The oligonucleotide was first serially diluted and then cDNA was
prepared for each dilution. Alternatively, the cDNA was prepared first and then
serially diluted. This was done to rule out the variability in the efficiency of cDNA
synthesis. The calibration curve was also synthesized using the miR-221
oligonucleotide as it was not detected in fully-grown mouse oocytes. It could
therefore be added to fully-grown mouse oocyte lysate and then used to set cDNA.
This would rule out any role of oocyte-specific factors in the miRNA quantification.

Reverse transcription and RT-qPCR (mRNA)
Total RNA was isolated from cultured cells using RNeasy mini kit (Qiagen)
as per manufacturer’s protocol. Oocytes were washed with M2 media to remove
any residual IBMX and collected in minimum amount of M2 media with 1μl of
Ribolock and incubated at 85°C for 5 minutes for lysis which would release the
RNA.
Total RNA for cultured cells was reverse transcribed using RevertAid
(Fermentas) whereas Maxima RevertAid was used for oocyte with random
hexamers. Maxima SYBR Green qPCR Master Mix (Fermentas) was used for
qPCR and the reaction was set on LC480 (Roche) systems.

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 labelled by
incubating the RNA with 20 μCi of γ- 32P-ATP (Hartmann Analytic) and 0.5 U/μl
T4 Polynucleotide Kinase (PNK) in 1x PNK buffer A (Thermo Scientific) at 37°C for
30-60 minutes. The reaction was stopped by adding EDTA, pH 8.0, and the
labelled oligonucleotides were purified with a G-25 column (GE Healthcare).
Oocytes were collected in 1x PBS with Ribolock, RNA was isolated with Trizol, and
separated in 1x TBE in 12% polyacrylamide urea gel. The RNA was then blotted
for 30 min at 20 V onto an Amersham Hybond-N membrane (GE Healthcare) and
crosslinked to the membrane for 1 hour at 50°C using 1-ethyl-3-(3dimethylaminopropyl) carbodiimide solution. The membrane was incubated
overnight at 50°C in hybridization solution (5x SSC, 7% SDS, 20 mM sodium
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phosphate buffer pH 7.2, 1x Denhardt's solution) with a 32P-labelled oligonucleotide
antisense to the small RNA. This was followed by two washes of the membrane
with 5x SSC, 1% SDS, once with 1x SSC, 1% SDS. Signals were detected by
exposing the saran wrapped membrane to a phosphor screen. Scanning was
performed with the Personal Molecular Imager (Bio-Rad). For further details, refer
to (Hasler et al., 2016).

Next Generation Sequencing
RNA-seq libraries were prepared from 25 mouse oocytes. PicoPure RNA
Isolation Kit was used for total RNA extraction with on-column genomic DNA
digestion. This was done as per manufacturer’s protocol (Thermo Fisher Scientific).
RNA-seq libraries were generated by Ovation RNA-Seq system V2 (NuGEN) and
Ovation Ultralow Library system (DR Multiplex System, NuGEN). The libraries
were then pooled and sequenced (125 bp paired-end reading) with the help of
Illumina HiSeq.

Cell Culture and Transfection
Mouse fibroblasts NIH-3T3 cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) containing 10% fetal calf serum (Sigma) at 37°C in 5%
CO2. Lipofectamine 3000 Reagent (Invitrogen) was used for cell transfection
according to manufacturer’s protocol.

Plasmid reporters
Nanoluciferase plasmid pNL1.1 was obtained from Promega. Nluc gene
was cleaved out and ligated in the phRL-SV40 plasmid downstream of the T7
promoter. MicroRNA binding sites were ordered as oligonucleotides from Sigma
(listed in Table 1). Oligonucleotides were annealed, phosphorylated, and then
cloned downstream of Nluc gene in XbaI site. The firefly control plasmid was made
in house with a T7 promoter. Mos reporter system plasmids were made in house
as described in (Demeter et al., 2019). pGL4-minP plasmid was obtained from
Promega. The MT cluster of Ago2 was amplified from mouse genomic DNA using
primers with BamH1 and Sal1 overhangs (Primers are listed in Table 1).
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In-vitro transcription
Let7a-perfect, bulged, mutant NanoLuciferase and firefly plasmids were first
linearized and then in vitro transcribed, capped, and polyadenylated by Poly(A)
tailing kit (ThermoFisher).

Luciferase assay
Five oocytes were collected per aliquot in the lysis buffer supplied with
Nano-Glo Dual-Luciferase reporter assay system. The same assay system was
used to measure the luminescence as per the manufacturer’s protocol (Promega).
In case of 3T3 cells, they were first washed with 1x PBS and then lysed at RT for
5 minutes. Following centrifugation, 5 μl of supernatant was used for luciferase
reading. Dual Luciferase Reporter Assay System (Promega) was used according
to the manufacturer's protocol. Luciferase activity was measured on the Modulus
Microplate Reader (Turner Biosystems).

Western Blot
For western blot of oocytes, injected or non-injected oocytes were cultured
in M2 media with IBMX for 20 hours. For cycloheximide treatment, they were
cultured for 8 hours in M2 media with IBMX and 20 µM cycloheximide (Sigma).
This was followed by a wash and collection in 1x PBS with protease inhibitor
cocktail. The oocytes were then lysed in RIPA buffer supplemented with protease
inhibitor cocktail followed by SDS-PAGE. In case of HIF1AN (ThermoFisher #
TF- Cat #MA5-27619) western, fifty oocytes were loaded in each lane whereas 25
oocytes were used for NR6A1 (Bioss- bs-11558R). 100 oocytes were used for
AGO2 (Abcam) western blot. The blots were developed for the target proteins first
and then washed with sodium azide twice for 5 minutes, followed by reblotting for
Tubulin (Sigma #T6074). 3T3 cells were trypsinized and pelleted followed by lysis
with RIPA supplemented with protease inhibitor cocktail. After lysis for 30 minutes
in ice the supernatant was collected and protein concentration determined using
Bradford. 80ug of the sample was aliquoted with 1x SDS dye, boiled at 90°C for 10
minutes and then loaded on SDS gel. The samples were transferred on PVDF
membrane, blocked using skimmed milk, probed with above mentioned primary
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and appropriate secondary antibodies with intermittent washes, and finally
developed with Pierce ECL kit.

Production of knock-out mice
Ago2-MT and Ago2-dSA knockout mice were produced in the Transgenic
Unit of the Institute of Molecular Genetics ASCR, Czech Centre for
Phenogenomics. Entire MT cluster or a short region of 61/77 bp in the splice
acceptor region of Ago2 (sequences of guide RNAs are listed in the Table 1) was
removed by Cas9 mediated deletion. First, guide RNAs were produced for which
synthetic 128 nt guide RNA templates were used. The template consisted of 18nt
sgRNA sequence and tracrRNA sequences. These were present downstream of
T7 promoter necessary for in-vitro transcription. Guide RNAs were synthesized
using the mMESSAGE mMACHINE T7 Transcription kit (Ambion). They were
further purified using the mirPremier™ microRNA Isolation Kit (Sigma). The Cas9
mRNA was similarly synthesized from pSp Cas9-puro plasmid. Microinjection
sample was prepared by mixing the validated guide RNAs in equal concentration
together with Cas9 RNA (100 ng/μl). Microinjection mixture was injected into
C57Bl/6 zygotes and transferred into pseudo pregnant mice. Once the pups were
3 weeks-old, they were weaned and genotyped (primers are listed in Table 1).

Production of Ago2 maternal N terminal cell lines
Ago2 maternal N-terminal transgenic cell lines were produced by CRISPR
mediated homologous recombination of the first exon of Ago2 in NIH-3T3 cells.
The sgRNAs, Cas9 plasmid and puromycin reporter plasmid were transfected in
the cells. This was followed by selection for transfected cells on puromycin for 48
hours. Then single cells were plated and colonies picked and genotyped
(sequences listed in Table 1).

Oocyte Microinjection
For cytoplasmic microinjection of a typical RNA, a mixture of in-vitro
transcribed and poly-adenylated firefly and nanoluciferase (NanoLuc) RNA either
in the ratio of 100,000:10,000 or in a ratio of 100,000:100,000 molecules were
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prepared. Let-7a or miR-30c mimic (Sigma) were added for the mimic injection
experiments. Fully-grown GV oocytes were injected with a FemtoJet microinjector
(Eppendorf). For DNA, nuclear injections were performed. Purified experimental
firefly plasmid and control Renilla plasmid were mixed in the ratio of 20,000: 20,000
molecules. Growing oocytes isolated from 12-14 days old females were injected.
Post injection, mouse oocytes were cultured in M16 media (Merck) supplemented
with IBMX in 5% CO2 at 37°C for 20 hours. Bovine oocytes were cultured in MPM
media (Kinterova et al., 2019) supplemented with 0.1 mM milrinone (Sigma)
without a paraffin overlay in a humidified atmosphere at 39°C with 5% CO2 for 20
hours. Pig oocytes were cultured in M-199 MEDIUM (Gibco) with 1 mM dbcAMP,
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 hours.

Mathematical modelling
The following assumptions were made for mathematical model:


MicroRNA degradation is modelled as a one step process (similar to RNAi
pathway), but with lower kinetic efficiency than the RNAi pathway.



It is assumed that all miRNAs are loaded on AGO2 at any tested
concentration and hence AGO2 concentration is not rate limiting.



A steady concentration of AGO2 and miRNA complex is assumed, i.e., there
is neither synthesis nor degradation of miRNA or AGO2.



Target mRNA concentrations remain same.



Only pure seed pairing targets were considered.



Only un-cleaved free mRNA is considered in the simulations (mRNA bound
in a complex with AGO2 and miRNA is excluded from the simulations).

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
d[complex]
d𝑡
d[enzyme]
d𝑡

= −𝑘𝑜𝑛 [target][enzyme] + 𝑘𝑜𝑓𝑓 [complex]
= 𝑘𝑜𝑛 [target][enzyme] − 𝑘𝑜𝑓𝑓 [complex] − 𝑘𝑐𝑎𝑡 [complex]
= −𝑘𝑜𝑛 [target][enzyme] + 𝑘𝑜𝑓𝑓 [complex] + 𝑘𝑐𝑎𝑡 [complex]
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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 (Soetaert et al., 2010) and visualised via ggplot2
(Wickham, 2009).

Methylation assay
Oligonucleotides or oocytes (supplemented with a methylated miR-221
oligonucleotide as an internal normalization control) were incubated in 50 μl Borax
buffer with sodium periodate for 30 minutes at the room temperature in dark. Next,
3 μl of 60% glycerol was added and further incubated for 10 minutes at RT. This
was followed by phenol- chloroform extraction and precipitation with isopropanol.
The pellet was dissolved in water and used for cDNA synthesis followed by qPCR.
Average CT values were first normalized to internal methylated miR-221 control
followed by normalization to untreated sample.

Parthenogenetic activation and embryo culture
After injection of miRNA inhibitor, oocytes were washed twice in PXMHEPES and activated by exposure to 10 μM ionomycin in PXM-HEPES for 5
minutes. This was followed by two washes in porcine zygote medium 3 (PZM 3)
supplemented with 2 mM 6-DMAP and cultivation for 5 hours at 38.5°C in 5% CO2.
Then they were washed twice in PZM 3 and cultivated for 7 more days in PZM 3
medium.
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PART 1: MicroRNA pathway activity in mammalian female
germline
Fully-grown

oocytes

are

transcriptionally

quiescent;

making

post-

transcriptional regulatory mechanisms key to maintaining the transcriptome.
Therefore, inactivity of ubiquitously present post-transcriptional regulatory miRNA
pathway in mouse oocytes is puzzling. Hence we investigated the reason for
miRNA inactivity by adapting a quantitative approach that dissected the miRNA:
mRNA stoichiometry in mouse oocytes. The study was also expanded to
investigate miRNA pathway activity in other mammalian oocytes.

Canonical

miRNA-mediated

repression

is

negligible

in

mammalian oocytes
Earlier study which analysed miRNA pathway activity in mouse oocytes
used firefly and Renilla luciferase reporter assays (Ma et al., 2010). These
reporters followed a well-established design (Hutvagner and Zamore, 2002; Pillai
et al., 2005). The reporters measure two distinct modes of miRNA-mediated
repression: (i) RNAi-like endo-nucleolytic cleavage of perfectly complementary
binding sites by AGO2 and (ii) miRNA like translational repression followed by
target degradation of an imperfectly complementary binding site. The luciferase
reporter approach used previously for studying miRNA activity in oocytes required
~100,000 reporter molecules to be injected per oocyte (Ma et al., 2010). This is in
the range of the most abundant maternal mRNAs (Roller et al., 1989). The use of
such high reporter amount could limit sensitivity of detection of miRNA-mediated
repression. For instance, if 5,000 out of the injected 100,000 reporter molecules
are repressed, this constitutes only 5% of the injected reporter. This amount of
repression cannot be reliably detected with the above mentioned reporter system.
However, with a more sensitive assay, if we could inject 10,000 molecules, 5000
molecules repressed would represent 50% and would be detectable.
Therefore, we employed NanoLuc luciferase, a new type of luciferase
reporter system that allowed us to

reduce the reporter amount significantly
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(England et al., 2016). NanoLuc luciferase reporters were synthesized to carry
either a single perfectly complementary site or four bulged sites to let-7a (Fig. 6A).
These were normalized to a reporter with four mutant sites which would not be
targeted by the miRNA. Similarly, a set of miR-30c targeted reporters was also
produced. Repression of reporters with intact miRNA binding sites was first
validated in cultured cells (Fig. 6B). Injection accuracy in oocytes was confirmed
by qPCR of injected miR-221 oligonucleotides (Fig 6C).

Figure 6: Validation of NanoLuc reporters in cultured cells and accuracy of
microinjection methodology. A) Schematic showing the design of let-7a
nanoluciferase reporter constructs used in the study. A corresponding set of miR-30c
reporters were also synthesized. (B) Let-7a and miR-30c nanoluciferase reporter
activities on transfection of reporters in 3T3 cells. The experiment was performed
thrice (C) Graphs represent qRT-PCR quantification of numbers of molecules of
endogenous let-7a (left) and miR-221 (right) post injection of 250,000 molecules of
miR-221 RNA oligonucleotide to check for injection accuracy. Three groups of 10
microinjected oocytes were analysed independently by qRT-PCR reactions performed
in triplicates. All luciferase data is normalized to a co-injected control firefly luciferase
reporter activity and to the relative 4x-mutant reporter which is set to one. Each data
point represents analysis of a pool of five microinjected oocytes. Error bars = SD.
Asterisks indicate statistical significance (p-value) of one-tailed t-test, (* < 0.05, ** <
0.01, *** < 0.001).
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On injection of fully-grown oocytes with 10,000 or 100,000 molecules of
NanoLuc reporters, let-7a perfect reporter was repressed substantially in both
cases. However, the let-7a bulged reporter was negligibly repressed (Fig 7A).
Injection of 10,000 let-7a bulged reporter molecules in meiotically incompetent
oocytes showed efficient repression (Fig. 7A), confirming the activity of miRNA
pathway in growing but not fully grown oocytes. Analysis of miRNA mediated
reporter repression for let-7a was extended to porcine and bovine oocytes. The
perfect reporter, with a binding site extensively complementary to let-7a, which
would lead to its cleavage, was repressed by 45% and 60%, respectively (Fig. 7B).
However, the bulged reporters again did not show any repression. When culture of
an extra batch of porcine oocytes was extended to 40 hours instead of 20 hours,
the bulged reporter was repressed although the difference was not statistically
significant (Fig. 7B). In case of miR-30c-targeted reporters, both perfect and bulged
reporters were not repressed in mouse oocytes (Fig. 7C) in our study. This differs
from the results reported earlier (Ma et al., 2010) where repression of perfect but
not bulged reporter was observed in mouse, but agreed with low miR-30c
abundance estimated by qPCR in mouse oocytes (Fig. 9A). MiR-30c perfect
reporters were significantly repressed in both bovine and porcine oocytes (Fig. 7C).
The bulged reporters did not show any repression, as expected.
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Figure 7: Analysis of miRNA
activity
in
mammalian
oocytes
with
NanoLuc
reporters. (A) Luciferase
reporter activity for let-7a in
meiotically-incompetent
growing (GO) and fullygrown
(FGO)
mouse
oocytes. The oocytes were
injected with 10,000 or
100,000 molecules of let-7
reporters and cultured for 20
hours in IBMX (B) Luciferase
reporter activity for let-7 in
fully-grown
bovine
and
porcine oocytes. 10,000
molecules of let-7a reporters
were microinjected and
reporter expression was
measured after 20 hours and
40 hours of culture (C)
Luciferase reporter activity of
miR-30c
in
fully-grown
mouse, bovine, and porcine
oocytes. 10,000 molecules
of NanoLuc reporters were
microinjected and luciferase
expression was measured
after 20 hours of culture. All
luciferase
data
are
normalised over a coinjected
control
firefly
luciferase reporter activity
and over the relative 4xmutant reporter which was
set to one. All error bars=
(SD). Asterisks indicate
statistical significance (pvalue) of one-tailed t-test (* <
0.05, ** < 0.01, *** < 0.001).
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Mammalian oocytes have low miRNA concentration
Low miRNA abundance in oocytes could be a possible cause of minimal
miRNA activity. To assess this, we quantified selected maternal miRNAs by qPCR.
Candidate miRNAs were selected based on small RNA sequencing data (GarciaLopez et al., 2014; Tam et al., 2008; Yang et al., 2016). Eight miRNAs were chosen
either because of their high abundance in mammalian oocytes (let-7a, c (Tang et
al., 2007; Yang et al., 2016)), association with pluripotency (miR-290 (Svoboda and
Flemr, 2010)), or because they were unique so that no additional family members
would contribute to the analysis.
First multiple calibration curves were produced to rule out potential biases
at both cDNA and qPCR steps. The let-7a oligonucleotide was first serially diluted
and then cDNA was set with each dilution followed by qPCR (Fig 8A). Alternatively,
one cDNA was serially diluted and then qPCR was set with each dilution (Fig 8B).
As miR-221 was not detectable in mouse oocytes (Fig. 9A), miR-221*
oligonucleotide was added to oocyte lysate followed by generation of calibration
curve to avoid any potential biases arising from oocyte lysate (Fig. 8C). We also
confirmed the specificity of the let-7a qPCR primer by cloning the qPCR product
followed by sanger sequencing (Fig. 8D).
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Figure 8: Calibration curves for miRNA quantification. (A, B) Standard curve with let-7a
synthetic single-stranded RNA oligonucleotides. (A)The oligonucleotide was serially
diluted first and then cDNA was set for each dilution. This was followed by qPCR (B)
The oligonucleotide was first reverse transcribed into cDNA, then the cDNA was serially
diluted for qPCR. (C) Calibration curve for miR-221 oligo. The oligonucleotide was
serially diluted first and then either used directly or added to oocyte lysate. This was
followed by reverse transcription. Each calibration was performed three times; data
points represent average values. (D) Alignment of sequences of twelve sub-cloned let7a qPCR products to let-7a sequence.

Next, we quantified the number of molecules of the selected miRNAs per
cell in 3T3 fibroblasts and rodent (mouse, rat, and hamster) fully-grown oocytes
(Fig. 9A). Surprisingly, qPCR results revealed that the most abundant miRNAs
were present in the same order of magnitude (104 copies) in both 3T3 cells and
rodent oocytes. Our qPCR estimation showed that let-7a, the most abundant of the
studied maternal miRNAs, has ~20,000 copies/oocyte. The qPCR data was further
validated by quantitative northern blotting (Fig. 9B). Northern blot method does not
include reverse transcription and geometric amplification of the signal like qPCR
and directly detects the level of endogenous RNA. In the Northern blot (done in
collaboration with Prof Gunter Meister) from fully-grown mouse oocytes we did not
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detect any pre-let-7a, indicating the all the precursors are processed to mature
miRNAs. The estimate from northern blot yielded ~ 66,000 let-7a molecules per
oocyte (Fig. 9B). This estimate is higher than the one obtained from qPCR but it is
likely that other let-7 family members were also detected by the northern blot based
quantification, whereas qPCR primers were specific for the tested miRNA.
However, this does not alter the conclusion, as both experimental strategies reveal
miRNA abundance in fully-grown oocytes to be in the sub-nanomolar range.
It can be argued that presence of highly active RNAi in rodent oocytes could
lead to reduced miRNA levels as they would compete for the same proteins.
Therefore, maternal miRNAs were also quantified in bovine and porcine oocytes,
where a truncated Dicer isoform does not exist according to RNA-seq data (Graf
et al., 2014). Quantification of miRNAs by qPCR estimated miRNA numbers in
bovine and porcine oocytes to be similar to those in rodent oocytes (Fig. 9C). Let7a, which is one of the most abundant quantified miRNA, had around 50,000
molecules per bovine oocyte. This suggests that the sub-nanomolar miRNA
abundance is not limited only to mouse oocytes but is a common feature of fullygrown mammalian oocytes; independent of the presence of Dicer isoform and
RNAi that emerged over the course of rodent evolution.
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Figure 9: Quantification of miRNAs in mammalian oocytes and 3T3 cells. (A)
miRNAs were quantified by qPCR in 3T3 cells ( 18 m) and rodent fully-grown
oocytes ( 80 m). (B) Northern blot based quantification of let-7a miRNA in
mouse fully-grown oocytes. For the quantification shown in the graph signal from
serial dilution of let-7a synthetic oligonucleotide was used. (C) miRNAs were
quantified in porcine oocytes ( 105 m) and bovine oocytes ( 120 m) by qPCR.
The graphs show miRNA copy numbers per cell estimated in three independent
experiments using the standard curve shown in Fig. 8C, Error bars = SD. Y-axis
is represented in logarithmic scale.
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Mathematical modelling supports the impact of sub-nanomolar
miRNA concentration
To further understand the implications of the observed low miRNA numbers
in mammalian oocytes we collaborated with Martin Modrak to generate computer
simulations of the miRNA: mRNA concentrations. To examine the plausibility of the
stoichiometric explanation, computational simulations of target repression was
performed using kinetic parameters of target binding and repression derived from
experimental analyses of miRNAs (Salomon et al., 2015) (Fig. 10A). The model
simulated miRNA-mediated repression at different concentrations of targets and
miRNAs. No transcription was assumed, which is indeed the case in
transcriptionally quiescent fully-grown oocytes. The binding of a miRNA to a target
was modelled as a one step process using K D 26 pM, which applies to the seedonly mammalian miRNA: mRNA interaction (Wee et al., 2012). Typical miRNAmediated repression is a multistep process with unknown rate constant(s).
Therefore, typical miRNA-mediated repression was replaced with RNAi-like
cleavage for which the kcat was measured (Wee et al., 2012). The model was then
adjusted 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 let7a in 3T3 cells. However, minimal degradation was predicted for miRNA
concentrations of let-7a in oocytes (Fig. 10B). The model predicted that subnanomolar miRNA concentrations observed in fully-grown oocytes could be
inefficient for repression of targets above one nM. The entire maternal
transcriptome is ~150 nM. If a miRNA targets 5% of the transcriptome through the
seed interaction (let-7 has 1074 predicted mRNA targets with 15,028 binding sites
(Agarwal et al., 2015), its target pool concentration could be just below 10 nM.
Taken together, mathematical modelling supports the importance of the two orders
of magnitude difference in the concentration of miRNAs in somatic cells and fullygrown oocytes relative to the target concentration.
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Figure 10: Mathematical simulation of mRNA repression by miRNAs in mouse
oocytes. (A) A scheme of the miRNA pathway with the parameters adopted for
the mathematical simulation. (B) Results of mathematical simulation showing the
proportion of mRNA target repression after 20 hours. Three different values of
efficiency of typical miRNA-mediated repression relative to RNAi-like cleavage
were considered. All the three results are shown. Left: assumption: miRNA
repression is as effective as RNAi-like cleavage (relative efficiency = 1). Centre
and right: assumption: four and ten times less effective miRNA mediated
repression when compared to RNAi (relative efficiency = 0.25 and 0.1,
respectively).
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Increased miRNA levels are sufficient to restore miRNA mediated
repression
Unfavourable miRNA stoichiometry was observed in all examined
mammalian oocytes. Therefore, we further tested if increasing miRNA abundance
would be sufficient to restore the repressive potential of the miRNA pathway. This
was accomplished by microinjection of let-7a mimics in mouse and porcine
oocytes. We observed that injection of 500,000, 250,000 and 100,000 miRNA
mimic molecules were sufficient to restore the miRNA pathway activity in mouse
oocytes (Fig 11A). When the amount of the bulged reporter was increased from
10,000 to 100,000 molecules, there was a reduction in the repression upon coinjection of 250,000 mimic molecules (Fig. 11B). This further proves the importance
of maintaining physiological levels of the target to effectively detect miRNA
mediated repression. This result was also corroborated with 250,000 miR-30c
mimic and miR-30c targeted reporters in mouse oocytes (Fig. 11C). In porcine
oocytes, which are bigger than mouse oocytes, efficient repression was observed
for 500,00 and 250,000 miRNA mimic molecules but not for 100,000 molecules
(Fig. 11D). Hence, these data suggest that a five- to ten-fold increase in let-7a
abundance, which would effectively bring its concentration to above ~ 1 nM, is
sufficient to restore miRNA-mediated repression in both mouse and porcine
oocytes. This is evidenced by robust repression of 10,000 molecules of let-7 bulged
reporters (Fig. 11A, D). We also validated that mimic and reporter molecules do
not interact during microinjection by performing a dual microinjection where first
250,000 molecules of miR-30c mimic was microinjected followed by subsequent
microinjection of miR-30c targeted reporters (Fig. 11E).
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Figure 11: Restoration of miRNA pathway activity in mammalian oocytes on injection
of miRNA mimics. (A) Luciferase assay upon co-injection of 10,000 molecules of let7a reporters and 5x105, 2.5x105 and 1x105 molecules of let-7a mimic in mouse fullygrown oocytes. (B) Luciferase assay upon co-injection of 100,000 reporter molecules
with 2.5x105 let-7a mimic molecules. (C) Luciferase assay of 10,000 mir-30c reporter
molecules co-injected with 2.5x105 mir-30c mimics in mouse oocytes (D) luciferase
assay on co-injection of 5x105, 2.5x105 and 1x105 molecules of let-7a mimic and 10,000
molecules of let-7a luciferase reporters in porcine fully-grown oocytes (E) independent
injections of miR-30c luciferase reporter and miR-30c mimics. All luciferase data are
normalised over a co-injected control firefly luciferase reporter activity and over the
relative 4x-mutant reporter which was set to one. Three independent luciferase
experiments were performed. Error bars = SD. Asterisks indicate statistical significance
(p-value) of one-tailed t-test, (* < 0.05, ** < 0.01, *** < 0.001).

When Dgcr8, the key component of miRNA biogenesis, was deleted, the
mutant oocytes did not exhibit any relevant transcriptome changes (Suh et al.,
2010). We therefore tested whether endogenous let-7 targets were also detectably
repressed upon increasing let-7 abundance, as increasing miRNA abundance
repressed the injected reporters. This was achieved by injection of 250,000
molecules of the let-7a mimic into fully-grown oocytes. The targets of let-7a
selected for quantification were Nr6a1, Hmga2, and Hif1an. These particular
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targets were selected because of their high target score (Kozomara et al., 2019).
Additionally, they are also well expressed and conserved in mouse oocytes (Karlic
et al., 2017), and their paralogs were shown to be targeted by let-7 in human cells
(Gurtan et al., 2013). For controls, which are not targeted by let-7, a combination
of dormant and translated mRNAs were analysed: Ccnb1 being the dormant RNA;
Rps17 and Zp3 being the translated ones. After microinjection of miRNA mimics,
the above mentioned target and control mRNA levels were estimated by RT-qPCR.
All three examined let-7 targets showed significant reduction in expression in
oocytes injected with the miRNA mimics relative to non-injected oocytes while the
expression of non-targeted controls was not affected (Fig. 12A). To check for
miRNA mediated translational inhibition, we also analysed the protein levels of
NR6A1 and HIF1AN. These two proteins were examined because they could be
detected with available antibodies using 25 and 50 oocytes per western blot lane,
respectively. However, the protein levels were not reduced on increase of miRNA
abundance in mouse oocytes (Fig. 12B). This is likely due to the high abundance
and stability of NR6A1 and HIF1AN proteins in fully-grown oocytes (Fig. 12B),
which would obscure their translational repression. The levels of both the proteins
did not change after 8 hours of oocyte culture in cycloheximide, proving their high
stability. Thus, analysis of reporters and endogenous targets showed that
increasing the concentration of the miRNA to nanomolar amounts is sufficient to
restore miRNA mediated repression of endogenous targets in mammalian oocytes.
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Figure 12: Repression of endogenous targets on injection of miRNA mimic (A) qPCR
for Let-7 target mRNAs was done on injection of 2.5x105 let-7a mimic molecules.
Oocytes were either collected at 0 hour without injection or cultured for 20h in IBMX,
either non-injected or injected with let-7a mimic. Two independent experiments were
carried out, each time in duplicate. Data are normalized to 0 hour, which is set to 1.
Error bars represent SD. Asterisks indicate statistical significance (p-value) of onetailed t-test, (* < 0.05, ** < 0.01, *** < 0.001) (B) Western blot showing expression of
endogenous let-7 target protein levels on injection of 2.5x105 let-7a mimic molecules.
Fifty oocytes were used for Hif1an and 25 oocytes for Nr6a1. The blots were reblotted
for tubulin after treatment with sodium azide. To check for translational turnover,
oocytes were treated with cycloheximide for 8 hours in addition to IBMX.

MicroRNAs fail to accumulate during the growth phase
There was repression of the bulged reporter showing the activity of miRNA
pathway in mouse growing oocytes. Quantification and comparison of miRNA
numbers between meiotically incompetent growing oocytes and fully-grown mouse
oocytes showed that growing oocyte contains the same number of miRNAs as a
fully-grown mouse oocyte even though it is half in size and eight times smaller in
terms of cytoplasmic volume (Fig. 13A). This implies that in growing oocyte, the
cytoplasmic concentration of let-7 would be above 1 nM and in fully-grown oocytes,
it is diluted to a sub-nanomolar level. This also implies that miRNAs do not
accumulate during the oocyte growth phase.
First, we experimentally demonstrated the accumulation of maternal
mRNAs for which we analysed ten different maternal mRNAs. These were a
combination of stable dormant maternal mRNAs, translated mRNAs and RNAi
targeted unstable RNAs. Ccnb1, Mos, Plat, and Dcpa1 are dormant in mouse
oocytes, Rps17, Eif3l, Ppil3, Hprt, and Ago2 are translated and Kif2c and Elob are
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actively destabilized. Their abundance was compared between meioticallyincompetent and fully-grown oocytes by RT-qPCR. The experiment confirmed that
stable dormant mRNAs accumulated the most from growing to fully-grown oocytes
(Fig. 13B). Translated mRNAs Rps17 and Ppil3 also accumulated well, while Eif3l
and Ago2 showed mild accumulation. Hprt accumulated the least, like Kif2c and
Elob, which are targeted by endogenous RNAi, hence, unstable.
The ratio of transcription and transcript degradation determines the steady
state level of a transcript. The fully-grown oocyte offers an ideal environment for
analysis of transcript turnover, as there is no transcription, hence the turnover can
be solely attributed to transcript degradation. The miRNAs did not accumulate in
the fully-grown oocyte but mRNAs did, therefore, we next assessed their turnover
in mouse oocytes. Briefly, fully-grown oocytes were cultured in the presence of
IBMX for up to 40 hours. In every 10 hours interval, oocytes were collected and
processed for cDNA synthesis. Then selected miRNAs and mRNAs were
quantified by qPCR (Fig. 13C, D). In this analysis miRNA levels gradually
decreased over the course of 40 hours, showing them to be unstable (Fig. 13C).
The analysed miRNAs exhibit a half-life of approximately 10 hours in mouse
oocytes. In contrast, dormant mRNAs exhibited high stability while translated
mRNAs showed variable stability (Fig. 13D). Good correlation was observed
between transcript stability and accumulation in oocytes as less stable transcripts
did not accumulate well during oocyte growth (Fig. 13B).
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Figure 13: Accumulation of miRNAs during oocyte growth (A) miRNAs were quantified by
qPCR in 3T3 fibroblasts, mouse growing oocyte and fully-grown oocyte. Results shown
are an average of three independent experiments. Y axis is represented in logarithmic
scale. (B) mRNA abundance was measured in mouse fully-grown oocyte ( 80 m) and
growing oocyte ( 40 m). Three independent experiments were carried out. qPCR was
set with cDNA equivalent for one oocyte and mRNA abundance in growing oocyte is set
to one (C) Quantification of miRNA per oocyte equivalent by qPCR. Fully-grown oocytes
were cultured in the presence of IBMX for a total of 40 hours, with collection at every 10
hour interval starting from 0 hour. miRNA abundance was estimated in two independent
experiments. (D) mRNA abundance in fully-grown oocytes during extended culture in the
presence of IBMX relative to oocytes collected at 0 hour, which is set to one. mRNA
abundance was estimated per oocyte equivalent in two independent experiments. All error
bars represent standard deviation (SD).

Functional miRNAs in porcine and bovine oocytes
Our results suggest that miRNAs with less than 100,000 molecules per
mammalian oocyte do not exert functional gene control in the enormous maternal
transcriptome. This is mainly due to miRNA abundance which is the primary cause
of reported miRNA insignificance in mammalian oocytes. Therefore, we scanned
published small RNA sequencing data for examples of abundant miRNAs in
mammalian oocytes. Notably, published miRNomes of porcine and bovine oocytes
(Gad et al., 2019; Roovers et al., 2015) contain two such miRNAs. Their exceptional
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abundance implies functional repression. These two miRNAs are ssc-miR-205 in
pig oocytes and bta-miR-10b in cow oocytes (Fig. 14A). We confirmed that high
abundance of both miRNAs by qPCR: ssc-miR-205 was estimated to be present at
~1,6 million molecules per oocyte while bta-miR-10b has approximately ~261,000
molecules per oocyte (Fig. 14B). In our analysis, both miRNAs exhibit abundance
that implies capability to repress targets in the oocyte. To further examine the
activity of ssc-miR-205 and bta-miR-10b in oocytes, luciferase reporters carrying
specific binding sites for the miRNAs as described previously were synthesized and
injected in the respective oocytes. Following 20 hours of culture efficient repression
of the reporter was observed for each miRNA. This proves that both miRNAs are
active and able to repress targeted reporters (Fig. 14C). Consistent with its higher
abundance, ssc-miR-205 in porcine oocytes exhibited stronger reporter repression
(Fig. 14C).
We further examined whether ssc-miR-205 is endogenously active in
porcine oocytes and suppresses its endogenous mRNA targets in oocytes. For
this, an antisense inhibitory oligonucleotide against ssc-miR-205 was microinjected
in fully-grown porcine oocyte to functionally inactivate the miRNA. A set of five
endogenous targets were selected based on their predicted high-score in miRBase
and expression in porcine oocytes. The selected endogenous targets were Plcb1,
Prkab2, Lsm4, Mbip and Srfbp1. Fully-grown oocytes were injected with the
antisense miR-205 inhibitor and cultured for 24 hours followed by RT-qPCR for the
selected targets. On microinjection of miRNA inhibitors, a significant 3-5-fold
increase in mRNA abundance was observed for all predicted targets but not for
two non-targeted control genes (Fig. 14D). This implies that ssc-miR-205 regulates
endogenous gene expression in porcine oocytes.
Given that ssc-miR-205 represses its endogenous targets we were
interested in studying its role in biological function. This was tested by
microinjection of fully-grown porcine oocytes with the miRNA inhibitor followed by
maturation

to

metaphase

II

stage

and

parthenogenetic

activation

to

preimplantation development. Let-7a inhibitor was used as a negative control as
our data shows that this miRNA is present but not effective in porcine oocytes. sscmiR-205 inhibitor-injected oocytes showed ~50% reduced ability to support
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development to the blastocyst stage relative to water-injected control and let-7a
inhibitor-injected oocytes (Fig. 14E).

Figure 14: Functional miRNAs in mammalian oocytes (A) miRNA abundance in RNAsequencing samples from murine, porcine, and bovine oocytes. Each graph shows reads
per million of 19-32 nt reads for miRNAs on the y-axis and on the x-axis miRNAs are
ordered by name. (B) qPCR quantification of ssc-miR-205 and bta-miR-10b miRNAs in
porcine and bovine oocytes, respectively. (C) Repression of nanoluciferase reporters by
ssc-miR-205 and bta-miR-10b miRNAs (D) De-repression of predicted ssc-miR-205
targets. An antisense oligonucleotide inhibitor was microinjected and target levels were
assessed after 24 hours by RT-qPCR. (E) Inhibition of ssc-miR-205 by a microinjected
antisense oligonucleotide inhibitor results in reduced development to the blastocyst
stage. All error bars represent standard deviation (SD). Asterisks indicate statistical
significance (p-value) of one-tailed t-test (* < 0.05, ** < 0.01, *** < 0.001).

The exceptional abundance of ssc-miR-205 suggests existence of a specific
adaptation which enables accumulation during oocyte growth. Ssc-miR-205 is a
single-copy

miRNA

conserved

across

mammalian

genomes,

which

is

overabundant in porcine but not mouse and bovine oocytes. We therefore analysed
the turnover of miR-205 in porcine oocytes. Let-7a turnover was also analysed as
this miRNA does not accumulate in porcine oocytes and hence serves as a control.
While ssc-let-7a levels were reduced by ~70% over the course of 40 hours, sscmiR-205 levels were reduced only by ~25% (Fig. 15A). This suggests that
accumulation of ssc-miR-205 during oocyte growth involves increased miRNA
stability. The molecular mechanism responsible for the increased stability remains
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elusive but it does not involve a 2’-OH modification (Fig. 15B), such as 2'-Omethylation, which is common for plant miRNAs and was found to stabilize miR21-5p in lung cancer (Liang et al., 2020).

Figure 15: ssc-miR-205 has increased stability in porcine oocytes. (A) Fully-grown
porcine oocytes were cultured for indicated periods of time and the amount of ssclet-7a and ssc-miR-205 was quantified by RT-qPCR. All error bars represent
standard deviation (SD) (B) Oxidation by sodium periodate followed by qPCR does
not support 2’-OH modification of either ssc-miR-205 or bta-miR-10b miRNA. Nonmethylated and methylated miR-221 RNA oligonucleotides were used as controls.
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Part 2: Adaptations and isoforms of Ago2 in mouse oocytes
MicroRNAs, after being processed by Dicer, are loaded onto Argonaute
proteins where the passenger strand is expelled and the guide strand remains,
forming the RISC complex. Loading on Argonaute proteins makes the miRNAs
stable and miRNAs in turn stabilize Argonaute proteins. Therefore, both miRNAs
and Argonautes are co-dependent and the stoichiometry and stability of miRNAs
heavily rely on that of Argonaute proteins. Hence, we performed in depth analysis
of the Argonaute genes and proteins in mouse oocytes.

Expression of Argonautes in mouse oocytes
Expression of the four AGO proteins was analysed in growing and fully
grown oocytes. RNA-seq data (Veselovska et al, Genome Biology GSE70116)
show similar expression of Ago2 in growing and fully-grown mouse oocytes at the
transcript level (Fig. 16A). Ago3 is also well expressed at the transcript level in
mouse oocytes whereas Ago1 and Ago4 transcripts are not detected (Fig. 16B).
However recent proteomic analysis only detects AGO2 (Israel et al., 2019). The
reported truncated Ago2 (Freimer et al., 2018) was clearly visible in the RNA-seq
data (marked by red asterisk). We also observed this truncated isoform in our RNAseq analysis (unpublished results) which is mouse oocyte specific and has a novel
3' terminal exon in intron 3 of Ago2. This truncated Ago2 isoform would produce a
protein with only part of the N-terminal of AGO2 and would therefore be nonfunctional.
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Figure 16: Expression of Ago paralogs in growing and fully-grown mouse oocytes. (A)
Meiotically incompetent mouse oocytes express similar amount of truncated Ago2
transcript as fully-grown oocytes. Shown is a UCSC genome browser snapshots of murine
Ago2 locus depicting normalized RNA-sequencing data from a single RNA-seq
experiment by Veselovska et al (Genome Biology GSE70116). The alternative 3’exon
prematurely terminating Ago2 transcript is indicated by red asterisk. Dashed grey line
depicts 10 counts per million (CPM). (B) Expression of Ago1, 3, 4 paralogs.

A study published claimed the truncated AGO2 isoform in mouse oocytes
to be responsible for the inactivity of miRNA pathway in mouse oocytes (Freimer
et al., 2018). However, our results show that miRNA pathway inactivity is not limited
to just mouse oocytes but is a general feature of mammalian oocytes. We therefore
analysed the Ago2 locus in other mammalian oocytes. RNA-seq data show the
truncated Ago2 isoform to be specific to mouse oocytes which is absent in the other
analysed mammalian oocytes (Fig. 17A). The presence of the truncated AGO2
isoform would effectively reduce the amount of full length functional AGO2 isoform.
This was confirmed by qPCR (Fig. 17B). To quantify the amount of AGO2 protein
in mouse oocytes, cytoplasmic equivalent calculation was done for NIH-3T3 cells
and oocytes. Roughly 2.5ug of total protein from NIH-3T3 cells is equal to total
protein from 100 mouse oocytes. Western blot was done with a range of dilution of
protein from 3T3 cells and compared to 100 mouse oocytes. The amount of AGO2
protein in mouse oocytes correlates to 1.25ug of total protein from 3T3 cells- hence
a 50% reduction is observed in AGO2 protein level. Western blot was also done
for DDX6, another protein involved in miRISC complex, and it was found to be
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abundant in mouse oocytes (Fig. 17C). AGO2 protein levels in different stages of
oocyte growth and maturation were also analysed (Fig. 17C).

Figure 17: Expression and analysis of truncated Ago2 isoform in mammals (A)
Truncated Ago2 isoform is a feature specific to mouse oocytes and is absent in other
mammalian oocytes. Shown is UCSC genome browser snapshots of Ago2 locus
depicting normalized RNA-sequencing data (B) Expression of full length and truncated
Ago2 isoform in mouse fully-grown oocytes and NIH3T3 cells. RT-qPCR was performed
in triplicates and the data was normalized to HPRT. Error bar = SD. (C) Western blot of
3T3 cells and mouse oocytes for Ago2 and DDX6. 100 oocytes were used for both Ago2
and DDX6 westerns. Experiment was performed twice.
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Deletion of truncated AGO2 isoform in mouse oocytes
On further analysis of Ago2 locus in mouse oocytes we observed a MT
element cluster (one full-length element which was disrupted by later insertions of
other retrotransposons) between exon 3 and exon 4 of Ago2 gene. The truncated
Ago2 isoform corresponds to the MT element cluster. MT elements are active
retrotransposons in mouse oocytes and function as promotors and lend alternate
start sites to many genes in mouse oocytes- best documented example being the
short Dicer in mouse oocytes (Flemr et al., 2013; Peaston et al., 2004). In case of
Ago2, MT element provides an alternate exon and a splice acceptor emerged
before it which leads to a truncated Ago2 isoform (Fig. 18A). The recognition of this
alternate splice acceptor leads to reduction of full length Ago2 transcript ultimately
resulting in lower AGO2 protein expression. We hypothesized that deletion of the
MT cluster would lead to removal of the alternate exon and splice acceptor, in turn
abolishing the truncated Ago2 isoform and restoring the expression of full length
Ago2 transcript. Transgenic mouse carrying deletion of the MT cluster were
generated by CRISPR-Cas9 technology (Fig. 18A). The mice were backcrossed
twice and then oocytes were processed for further experiments. RNA-sequencing
from the oocytes confirmed the deletion of the MT cluster and the removal of the
truncated Ago2 isoform (Fig. 18B). The oocytes were also used for qPCR to
analyse the Ago2 locus in the transgenic mouse which further confirmed the
absence of the truncated Ago2 (Fig 18C). These mice were viable and fertile (Fig
18D). This shows that the truncated AGO2 isoform does not have any function in
the mouse oocytes. The mouse model also conclusively proved that the MT cluster
is responsible for the truncated Ago2 isoform.
We hypothesized that the active MT elements in mouse oocytes are bound
by various transcription factors which would pause the RNA polymerase analogous
to a road block. This could lead to recognition of the alternate splice acceptor. This
theory was tested in somatic 3T3 cells with the help of CRISPR-dCas9. SgRNAs
targeting the MT cluster were transfected in 3T3 cells producing dCas9 which
would mimic the ‘roadblock’ made by MT element binding factors in mouse
oocytes. Truncated Ago2 isoform was in fact observed in the cells transfected with
the sgRNAs proving the hypothesis (Fig. 18E).
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Figure 18: Ago2MT transgenic mouse (A) Deleted MT cluster which gives rise to the
truncated Ago2 isoform in mouse oocytes. Shown is UCSC genome browser snapshots
of Ago2 locus depicting normalized RNA-sequencing data (B) RNA-seq analysis from
fully-grown oocytes of Ago2MT mice. The red box shows the absence of the alternate
Ago2 isoform in Ago2MT-/- mice. (C) RT-qPCR analysis of the Ago2 locus in the
Ago2MT mice. qPCR was carried out in triplicates and normalized to HPRT. Error bars
represent SD. (D) Breeding data for Ago2MT mice. (E) RT-qPCR data for 3T3 cells with
a stable dCas9 integration transfected with sgRNAs targeting the MT cluster of Ago2.
qPCR was carried out in triplicates and normalized to HPRT. Error bars represent SD.

MT element cluster acts as an enhancer for Ago2 locus
We hypothesized that the deletion of the MT element cluster would lead to
removal of the alternate splice acceptor and the full length Ago2 transcript
expression would be restored. Contrary to our expectation, significant upregulation
of the full length Ago2 was not observed in the Ago2-MT mouse (Fig. 18B, C).
However, the exons upstream of the MT element were downregulated in the Ago2MT mouse implying lower transcription of the Ago2 locus (Fig. 18C and 19A). The
fact that deletion of the MT cluster leads to lower transcription of Ago2 implies its
possible role as an enhancer. This was directly tested by cloning the MT cluster in
a minimal vector promoter (Fig. 19B) followed by nuclear microinjection in growing
oocytes. As fully-grown oocytes are transcriptionally quiescent, growing oocytes
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Figure 19: Ago2-MT cluster acts as an enhancer in mouse oocytes (A) Deletion of MT
cluster reduces transcription of the Ago2 locus in Ago2MT -/- mouse oocytes. Shown is
UCSC genome browser snapshots of Ago2 locus depicting normalized RNA-sequencing
data (B) Zoomed in view of the Ago2-MT cluster in mouse oocytes. Representation
shows the division of the Ago2-Mt cluster into 4 regions for cloning for enhancer activity
analysis. (C, D) Luciferase assay for enhancer activity of the Ago2-MT cluster. The
plasmids were injected in the nucleus of mouse growing oocytes and cultured for 24
hours. All luciferase data are a ratio of the firefly luciferase over a co-injected control
Renilla luciferase activity; the relative pGL4-sv40 was set to one. Luciferase experiments
were performed three times. Error bars = SD.

were used. Part of the MT element cluster shows clear enhancer activity (Fig. 19C,
D).
The removal of the MT element enhancer resulted in lower transcription of
Ago2. Hence no change in Ago2 expression was observed on abolition of the
truncated Ago2 isoform. To address this unexpected caveat of MT element
deletion, another transgenic mouse model was generated with deletion of just the
splice acceptor (Ago2-dSA mouse) in the MT cluster (Fig. 20A). Two founders- one
carrying a 61 base pairs deletion and the other carrying a 77 base pairs deletion
were used for further analysis (Fig. 20B). However, a short deletion in the MT
cluster also affected the transcriptional rate and as the MT region was not
completely removed other cryptic splice acceptors were recognized (Fig. 20C).
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Figure 20: Ago2-dSA transgenic mouse (A) Deletion of splice acceptor of the MT cluster.
Zoomed in view of the region targeted by sgRNAs. Shown is UCSC genome browser
snapshot of Ago2 locus depicting the splice acceptor in the red box. (B) The two founder
animals used for further analysis. The deleted sequence is highlighted. (C) RNA-seq
analysis from Ago2-dSA mice. Shown is UCSC genome browser snapshots of Ago2 locus
depicting normalized RNA-sequencing data. The red box indicates the exon preceding
the deleted region and the arrows indicate the cryptic splice acceptors recognized on
deletion of the canonical splice acceptor of the MT-cluster in the Ago2 locus.

Ago2 also has an alternate N-terminal in oocytes
While analysing the Ago2 locus we also observed an alternate exon1 of
Ago2 in mouse oocytes (Fig. 21A). Interestingly, this alternate exon2 lacks tyrosine
and serine residues in position 2 and 3 respectively. The tyrosine is known to be
phosphorylated in mouse whereas phosphorylation of serine is not detected
(Quevillon Huberdeau et al., 2017). To further study the biological significance of
this alternate maternal exon, if any, transgenic 3T3 cell lines were generated with
homologous recombination at the endogenous Ago2 locus using CRISPR-Cas9
method. The somatic exon1 was replaced with maternal exon1 either with a HA
tag or without tag. Multiple clones were validated and used for further analysis.
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NT1 and NT81 were non-tagged homozygous clones, TAG7 and 13 were HA
tagged homozygous clones and TAG 9,12 and 17 were HA tagged heterozygous
clones as confirmed by PCR and western blot (Fig. 21B, C). On further analysis of
Ago2 locus it was also discovered that the alternate N-terminal of Ago2 is not
limited only to mouse but also detected in other mammalian maternal
transcriptomes (Fig. 22). The maternal exon1 lacking the tyrosine or serine in the
second position was observed in all the analysed rodents but not in pig and cow
oocytes (Fig 22).

Figure 21: Ago2 alternate N-terminal in mouse oocytes (A) UCSC genome browser
snapshot of Ago2 locus where the red arrow depicts the alternate N terminal of Ago2 in
mouse fully grown oocytes. (B) PCR validation of the transgenic 3T3 cell lines carrying
maternal Ago2. (C) Western blot validation of the transgenic cell lines carrying maternal
Ago2. Tagged cell lines express HA-Ago2 and the Ago2 protein levels are not affected
in the cell lines. The experiment was repeated twice.
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Figure 22: Table showing the sequence of the alternate N-terminal in mammalian
oocytes. Rat has an extra exon 2 in oocytes which is written in blue.

Alternate N-terminal alters the catalytic activity of AGO2
The function of maternal AGO2 in small RNA mediated post transcriptional
regulation was assayed in the transgenic 3T3 cells generated, by luciferase
reporter assay as described earlier. The perfect complementarity reporter is
cleaved by AGO2 resulting in RNAi like effect whereas the bulged reporter is
repressed by translational inhibition resulting in miRNA like effect. The reporter
assay was done for two different miRNAs- let-7a and miR-30c. There was no
difference in the repression of the bulged reporters in the transgenic cell lines
carrying maternal AGO2 when compared to control wild-type 3T3 cells but there
was a detectable change in the suppression of the perfect reporter. The perfect
reporter was less repressed in all the clones carrying maternal AGO2- ranging from
2-5 fold for let-7 (Fig. 23A) and 2-4 fold for miR-30c (Fig. 23B). Given only the
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Figure 23: Analysis of miRNA and RNAi pathway activity in the 3T3 maternal Ago2
clones (A, B) NanoLuc reporters carrying 1x-perfect or 4x-bulged binding sites targeted
by Let-7a (A) and miR-30c (B) were transfected in 3T3 wild-type and maternal Ago2
transgenic cell lines. The grey line indicates repression of the 1x-perfect reporter in wildtype 3T3 cell line. All luciferase data are a ratio of the NanoLuc luciferase reporter
activity over a control firefly luciferase reporter activity; the relative 4x-mutant reporter
was set to one. Luciferase experiments were performed three times. Error bars = SD.

repression of perfect reporter is effected but not that of the bulged reporter it can
be deduced that small RNA loading on maternal AGO2 is intact.
To further confirm the de-repression of RNAi like cleavage activity of
maternal AGO2 another reporter system was employed. In this reporter system,
dsRNA producing plasmids were transfected along with targeted luciferase
plasmid. The Renilla luciferase plasmid was targeted by Lin28 and Rluc whereas
MosMos, MosIR, ElavlIR and AmpIR plasmids produce dsRNA that serve as nontargeted controls to normalize against non-specific targeting of the luciferase
plasmid (Demeter et al., 2019). This reporter system confirmed the previous result
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as there was a clear de-repression of the luciferase plasmid in the clones with
maternal AGO2 compared to somatic AGO2 (Fig. 24A-E). To clearly show that the
de-repression of the perfect reporter is due to altered catalytic activity of maternal
AGO2 and not due to a co-factor, in-vitro cleavage assay was performed (Fig. 25A,
B).

Figure 24: Analysis of RNAi pathway activity in the 3T3 maternal Ago2 clones (A, B,
C, D, E) dsRNA producing plasmids were transfected along with targeted luciferase
plasmid in (A) wild-type 3T3 cells, (B) non-tagged homozygous for maternal Ago2- NT1
and (C) NT81 clones (D) HA tagged homozygous for maternal Ago2- TAG7 clone and
(E) HA tagged heterozygous for maternal Ago2- TAG9 clone. The Renilla luciferase
plasmid was targeted by Lin28 and Rluc whereas MosMos, MosIR, ElavlIR and AmpIR
plasmids produce dsRNA that serve as non-targeted controls to normalize against nonspecific targeting of the luciferase plasmid. The grey line indicates repression of the
targeted plasmid in wild-type 3T3 cell line. All luciferase data are a ratio of the Renilla
luciferase reporter activity over a control firefly luciferase reporter activity; the relative
MosMos reporter was set to one. Luciferase experiments were performed three times.
Error bars = SD.
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Figure 25: In-vitro analysis of catalytic activity of wild-type and maternal Ago2. (A)
Northern blot showing the cleavage of target mRNA by wild-type Ago2 and maternal
Ago2 over a time range of 2-30 minutes. (B) Quantification of cleavage activity.
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Discussion
Although the dispensability of miRNA pathway during oocyte growth and
early development in mouse has been known for over a decade, the reason why
miRNAs do not function in fully grown oocytes in spite of intact biogenesis was not
known. My research was aimed at understanding the reason for the apparent
inactivity of miRNAs in mouse oocytes. This study also elucidates the activity of
miRNA pathway in other mammalian oocytes.
Our quantitative analysis implies that the apparent miRNA inactivity in
mammalian oocytes can be attributed to unfavourable miRNA: mRNA
stoichiometry. The unfavourable stoichiometry minimizes the impact of miRNA
mediated repression. During oocyte growth, there is an increase in cytoplasmic
volume. This necessitates adaptations to prevent dilution and preserve functionally
important molecular mechanisms. Messenger RNAs in mouse oocytes have
evolved adaptations which leads to their accumulation through extended half-life
while miRNAs did not. This is manifested as skewed miRNA: mRNA stoichiometry
in mammalian oocytes. In fact, the amount of miRNAs in oocytes are reduced to
such extent that it can be compared to an efficient miRNA knock-down in somatic
cells. Thus, what initially seems to be suppression of miRNA pathway activity can
be explained by their dilution due to their failure to adapt and accumulate during
oocyte growth. This model is supported by (i) quantification of miRNAs and mRNAs
in growing and fully-grown oocytes, (ii) accumulation of mRNAs during oocyte
growth and their greater stability when compared to miRNAs (iii) restoration of
miRNA-mediated repression upon increasing let-7a or miR-30c concentration to
nanomolar range and (iv) in-vivo examples of abundant functional miRNAs in pig
and cow oocytes.
Let-7 is one the most abundant maternal miRNAs in mouse (Ma et al., 2010;
Tang et al., 2007; Yang et al., 2016), bovine (Roovers et al., 2015), and porcine
(Gad et al., 2019) oocytes as identified by RNA-sequencing. In addition, qPCR
data from mouse oocytes support the dominancy of let-7a and other family
members in mouse oocytes (Tang et al., 2007). In this study, particular attention
was paid to construction of calibration curves to avoid aberrant estimations of
miRNAs by qPCR. The specificity of qPCR primers was also confirmed.
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Quantification by qPCR was further corroborated by quantitative northern blot
analysis of let-7a. Northern blot detects endogenous miRNAs directly as there is
no amplification step like qPCR. However, the northern blot-based estimate is three
times higher than qPCR, but this could be due to cross-hybridization of other let-7
family members. The qPCR method specifically detected let-7a as confirmed by
cloning of the qPCR product. Importantly, both estimates are in a sub-nanomolar
range and represent two orders of magnitude difference when compared to the
concentration of the miRNA molecules in somatic cells. 50,000 miRNA molecules
in a somatic cell (3T3) would be ~28 nM but ~0.3 nM in fully-grown oocytes.
The three rodents; mouse, rat, and hamster express a mouse specific
truncated Dicer isoform, which facilitates robust production of siRNAs (Flemr et al.,
2013; Franke et al., 2017). The miRNA levels in oocytes could be influenced by the
presence of the endogenous RNA interference (RNAi) pathway as siRNAs would
compete for the proteins that otherwise serve the miRNA pathway. However, the
miRNA pathway was unable to repress the targets even in porcine and bovine
oocytes and it’s in-effectivity was not restricted to just rodents. Therefore, the
inactivity of miRNA pathway in oocyte is a common phenomenon in mammals
regardless of existence of Dicer and Ago2 variants. Analysis of porcine and bovine
small RNAs suggests negligible amounts of endo-siRNAs, which implies that RNAi
pathway in bovine and porcine oocytes is much weaker, if relevant at all, while
miRNAs are low in abundance and equally inefficient as in mouse oocytes.
In this study, NanoLuc reporter results showed that miRNA activity can be
detected in mammalian oocytes with perfect reporters but the pathway is not
efficient enough to repress the targets with typical bulged conformation
characteristic of miRNA binding sites. Furthermore, the results demonstrate the
suitability of microinjected NanoLuc reporters for studying post-transcriptional
control of gene expression in oocytes. When abundant mRNAs exist in the range
of thousand transcripts and most mRNAs are less abundant, using 100,000
molecules of reporters is at the level of the most abundant mRNA and is not
physiological. NanoLuc reporters are more sensitive than Renilla or firefly
luciferase and therefore, can be used to avoid this caveat.
In a conclusive experiment we show that increasing miRNA levels was
sufficient to induce significant repression of the bulged reporter. This suggests that
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the miRNA machinery has sufficient capacity to accommodate the injected 2.5x105
molecules of miRNAs on the endogenous AGO proteins in mouse and porcine
oocytes. This observation differs from that of Freimer et al., where they did not
observe repression of the bulged reporter or endogenous targets upon injection of
2 M miRNA mimic (Freimer et al., 2018) but detected repression of the bulged
reporter on injection of miRNA mimic and Ago2. However, the amount of reporter
molecules used in the study was not clearly stated. If we extrapolate from known
properties of Renilla and firefly luciferase reporters and previously published
studies (Ma et al., 2010), it can be assumed that at least 100,000 reporters were
injected in their experiment. It is possible that the amount of the reporter injected
overwhelmed the repressive capability of the miRNA pathway. We also show this
experimentally, when instead of 10,000, 100,000 NanoLuc reporter molecules
were co-injected with 250,000 let-7 mimic molecules, repression of the bulged
reporter was relieved (~30% instead of 60%) (Fig. 11). Therefore, when reporters
operate at mRNA levels comparable to medium abundant transcripts, they are
more sensitive to miRNA mediated repression.
The “dilution model” proposed in this study is also consistent with the
reported disappearance of P-bodies during the oocyte growth (Flemr et al., 2010).
P-bodies are cytoplasmic foci which form as liquid–liquid phase separation as a
consequence of proteins involved in RNA metabolism, miRNA effector complexes
and their targets (Luo et al., 2018). It was originally hypothesized that the P-body
disappearance is due to inhibition of the miRNA pathway. However, on
extrapolation of the current data, the disappearance of P-bodies could also be
explained by the dilution caused during oocyte growth.
It is remarkable that miRNA molecules do not accumulate during the mouse
oocyte growth as maternal mRNAs do. A previous study also measured amounts
of let-7 miRNAs in P15-16 (growing) and P20-21 (fully-grown) oocytes (Tang et al.,
2007). They also did not observe any change in miRNA abundance between the
two stages of oocyte growth. The turnover assay conducted in this study implies
that reduction in miRNA number on oocyte growth could occur because of their
failure to adapt their turnover. Unlike miRNAs, mRNAs accumulate during the
growth phase of oocyte, resulting in a similar mRNA density in the cytoplasm of
fully-grown oocytes when compared to somatic cells. Therefore, oocyte mRNAs
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have evolved adaptations to avoid their dilution during oocyte growth. Longer halflife of maternal mRNAs due to interaction with RNA binding protein, MSY2, is one
of the most plausible mechanism to maintain their concentration. Furthermore,
dormancy of de-capping and de-adenylation factors prevents degradation of
maternal transcripts (Svoboda et al., 2015). Consequently, maternal mRNA
acquires a half-life that could be as long as 10 days (Brower et al., 1981; De Leon
et al., 1983; Jahn et al., 1976). It remains to be investigated if the increase in mRNA
concentration is the cause of oocyte growth or the consequence. While it is likely
that these processes are interdependent, mRNA metabolism is clearly adapted to
the diluting effect of oocyte growth.
However, miRNAs did not gain an evolutionary adaptation which would
facilitate their accumulation, presumably because the turnover of miRNA is
regulated by mechanisms different from that of mRNA regulation (Krol et al., 2010).
We examined the turnover of two miRNAs and remarkably it was higher than that
of most examined mRNAs. The half-life of the two analysed miRNAs was between
10 and 20 hours. This is comparable to median miRNA half-lives reported for
mouse embryonic stem cells (11 h) and contact-inhibited MEFs (34 h) (Kingston
and Bartel, 2019). This turnover rate suffices for miRNA mediated repression in
normal cells, due to their traditional size and constant transcription, however, it is
not enough for the unique physiology of oocytes. MicroRNAs could have evolved
multiple adaptations to facilitate their accumulation during oocyte growth phase.
They could have higher transcription during growth phase either by a strong
promoter or through tandem duplication. An example of a miRNA adapted to the
large cytoplasmic volume is miR-430 which rapidly reaches functionally relevant
amounts because it is simultaneously expressed from multiple tandemly arrayed
copies (Giraldez et al., 2006). Another strategy to make miRNAs more stable like
mRNAs in oocytes would be to limit miRNA degradation pathway or to modify the
miRNAs to prevent their degradation. Selective stabilization of miRNAs could also
be achieved by specific binding factors- either through a RNA binding protein or
through sponging by circRNAs.
It was reported earlier that miR-27a in porcine oocytes (Chen et al., 2012)
and miR-130b in bovine oocytes (Sinha et al., 2017) are active. However,
abundance of these miRNAs and reporter repression by endogenous miRNA levels
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were not assessed. Therefore, whether these miRNAs are exceptions to the rule
with unique adaptations remains to be investigated.
The relatively passive mechanism by which mammalian oocytes seem to
abandon the miRNA pathway implies a lack of positive selection for miRNA
function in fully-grown oocytes and early mammalian development. The lack of
miRNA pathway is not limited to just mammals but was also observed in frog
oocytes (Freimer et al., 2018), and it was reported that zebrafish oocytes also
undergo miRNA depletion (Chen et al., 2005). The connection between AGO and
miRNA levels and the control of AGO expression in mammalian oocytes is yet to
be investigated.
It is remarkable that a ubiquitous post-transcriptional regulatory pathway like
the miRNA pathway would lose its repressive potential in mammalian oocytes and
play no critical role in the establishment of the zygotic genome in mammals (Suh
et al., 2010). There are several hypothetical scenarios for the passive loss of
miRNA pathway activity which remains to be investigated. First, the oocyte may
not be particularly keen to stabilize its transcriptome, especially once it enters
meiosis. Second, retaining a functional miRNA pathway may be a hindrance for
the mechanisms needed for maternal-to-zygotic (MZT) transition. This could either
negatively impact the post-transcriptional regulation already employed by the
maternal transcriptome such as storage of de-adenylated dormant maternal
mRNAs or accumulation of totipotency factors which would be effected by the
presence of let-7 miRNA (Svoboda et al., 2015). Third, the dilution of miRNA could
be adopted as a strategy to landscape the miRNA population during MZT,
specifically to replace let-7, which defines a differentiated cell state to pluripotent
zygotic miRNAs of the miR-290 family (Svoboda and Flemr, 2010).
In addition, there are indeed exceptional miRNAs which accumulate in
mammalian oocytes. MiR-205 in pig oocytes and miR-10b in cow oocytes exhibit
enough abundance to be functional. They are adapted to overcome the constraints
imposed by the size of the maternal transcriptome and volume of the oocyte. This
also further validates that miRNA turnover renders its dilution during oocyte growth
as miR-205 exhibits exceptionally long half-life when compared to nonaccumulated let-7a miRNA in pig oocytes. This observation supports the model
that the main cause of the apparent maternal miRNA inactivity is unfavourable
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miRNA: mRNA stoichiometry. Ssc-miR-205 reported here is a unique example of
an active maternal mammalian miRNA, which functionally contributes to zygotic
development. At the same time, the lack of conservation of high expression of miR205 and miR-10b in mammalian oocytes suggest that they represent unique
evolutionary events. These two miRNAs are exceptions from the rule of biological
insignificance of maternal miRNAs in mammalian oocytes.
The significance of regulation of AGO expression and its influence on
miRNA abundance in mammalian oocytes remains to be addressed. At mRNA
level, Ago2 and Ago3 transcripts are the most abundant, while proteomic analysis
identified AGO1 and AGO2 proteins in mouse oocytes (Israel et al., 2019). Further
research is necessary for quantification of AGO in mammalian oocytes and to
elucidate the adaptations controlling their expression.
It was proposed in an earlier study that the non-functionality of miRNAs in
mouse oocytes is due to an oocyte-specific truncated Ago2 variant, production of
which limits expression of the full-length functional Ago2 (Freimer et al., 2018).
While this Ago2 regulation and the resulting decrease in AGO expression could
contribute to the lack of miRNA accumulation in mouse oocytes, our data shows
that this alternative isoform is mouse-specific. The alternative terminal exon is not
conserved in the rat genome and the presence of the truncated Ago2 transcript
was not observed in bovine oocytes (Graf et al., 2014).
Further analysis of the Ago2 locus in mouse oocytes revealed an MT cluster
between exon-3 and exon-4 of Ago2 to be responsible for the truncated Ago2
isoform. The active MT element provides an alternate splice acceptor which leads
to a shorter truncated AGO2. Given that AGO2 expression is lower than expected
in mouse oocytes, it is possible that the truncated Ago2 isoform reduces the
amount of full-length Ago2 transcript, resulting in reduction of AGO2 protein level.
However, this cannot be conclusively proven as both our Ago2 deletion models
failed to restore full length AGO2 expression. Regulation of AGO2 protein is critical
in mouse oocytes as it is the only AGO which is catalytically active in mammals,
therefore essential for the active RNAi pathway in mouse oocytes.
Removal of the truncated Ago2 transcript in Ago2MT mice did not yield any
phenotype proving that the truncated AGO2 protein does not have any function in
mouse oocytes. Deletion of the MT cluster shows the function of the MT cluster in
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Ago2 as an enhancer. It is possible that the truncated Ago2 isoform evolved to
regulate the expression of Ago2 and negate the enhancer activity of the MT cluster.
If this is in fact the case, then mouse oocytes have evolutionarily constrained AGO2
expression. Further work is required to test the impact of restored AGO2
expression on mouse oocyte physiology. Even a shorter deletion in the Ago2 MT
cluster disrupts the expression of Ago2 and leads to cryptic SA being recognized.
One way to address this problem would be to make a transgenic mouse with a
Ago2 cDNA knock-in under the somatic Ago2 promoter. This mouse model could
address the impact of overexpression of AGO2 on mouse oogenesis and early
development.
Injection of miRNA mimics lead to repression of miRNA targeted reporters
showing that the endogenous AGO levels are enough to accommodate more
miRNAs. Overexpression of AGO in mouse oocytes could possibly lead to higher
accumulation of miRNAs but it might not be significant enough to make them active
unless miRNAs adapt for a longer half- life in the oocytes. Therefore, the regulation
of AGO protein expression could be an RNAi adaptation rather than a miRNA
pathway adaptation. Endogenous RNAi pathway has been shown to be essential
in mouse oocytes and the truncated Ago2 isoform is a mouse specific feature. It is
highly likely that the overexpression of AGO2 protein would lead to an overactive
RNAi pathway which could be detrimental for oocyte maturation. However, further
work is required to validate this hypothesis. AGO2 is the only catalytic AGO in
mammals whereas AGO 1,3 and 4 exclusively cater to the miRNA pathway. This
feature of mammalian Argonautes could be further exploited to dissect the
importance of AGO protein overexpression in miRNA and RNAi pathway activity.
Mouse, rat and hamster oocytes express the unique Dicer isoform responsible for
production of siRNAs but RNAi pathway activity in rat and hamster oocytes is
poorly understood. The truncated Ago2 isoform is only expressed in mouse
oocytes. Analysis of RNAi pathway activity in rat and hamster oocytes can further
reflect on the importance of AGO2 protein regulation and its importance for the
RNAi pathway. Although it is possible that Ago2 is regulated through some other
mechanism in other mammals, if they have an active RNAi pathway in oocytes.
Ago2 in mouse oocytes also has an alternate N-terminal. RNA-seq data
conclusively shows the maternal Ago2 transcript dominating Ago2 expression in
77

Discussion
mouse oocytes. This maternal Ago2 isoform has a different exon-1 which loses the
tyrosine and serine in the second and third position. The tyrosine in the second
position of somatic AGO2 is phosphorylated whereas the serine is not. The serine
is replaced by aspartic acid which is a phosphomimic in the maternal AGO2
isoform. This leads to a switch where in the somatic AGO2 presence or absence
of phosphorylation could regulate the function of the protein but not in the maternal
AGO2.
In this study we show that maternal AGO2 is catalytically less efficient than
somatic AGO2. Given that the miRNA mediated repression is not affected, small
RNA loading remains intact in maternal AGO2. Therefore, the change in the activity
of maternal AGO2 could either be due to i) interaction with the perfect
complementary target ii) cleavage efficiency of maternal AGO2 iii) target release
post cleavage. As both the reporter assay and the cleavage assay performed were
multiple turnover assays, the exact mechanism by which maternal AGO2 differs
cannot be distinguished. A cleavage assay without turnover to be performed in the
future will conclusively differentiate between the catalytic cleavage activity and
target release.
Interestingly, we observe a difference in the N-terminal sequence of AGO2
in not just mouse but also other rodents, albeit the exact sequence differs between
each species. Pig and cow, however, continue to use the somatic exon-1 even in
oocytes. Therefore, the alternate N-terminal of AGO2 is not universal to mammals
but might be a rodent specific adaptation. The rodents also express the short Dicer
characteristic of oocytes with an active endogenous RNAi pathway. Given that the
maternal AGO2 has altered catalytic activity, it can be presumed that there might
be an evolutionary correlation between the two protein isoforms, but this is purely
hypothetical and needs further investigation.
Mammalian AGO2 and AGO3 both possess conserved catalytic residues in
their PIWI domain, yet AGO2 is catalytically active whereas AGO3 is not. A
previous study showed the importance of the N-terminal of AGO for its catalytic
activity (Hauptmann et al., 2013). Exchange of much larger regions of N-terminal
were necessary between the two Argonautes to make them equally active.
Maternal AGO2 further validates the importance of N-terminal region in modulating
AGO catalytic activity and is the first reported example of an in-vivo mammalian
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AGO isoform where just a 7 amino acid change in the N-terminal region of AGO2
modifies its catalytic activity. At this point, a possible role of N-terminal in the
orientation and positioning of the catalytic residues of AGO2 can be hypothesized.
Given that maternal AGO2 is catalytically less efficient, it further points
towards a possible regulation of the endogenous RNAi pathway in mouse oocytes
as canonical miRNA pathway does not rely on AGO’s catalytic activity. This
adaptation of maternal AGO2 could possibly aid in preventing a hyperactive RNAi
pathway. Even though this is just a speculation at this point, the evidence so far
points towards multiple adaptations of Argonaute in mouse oocytes for regulation
of the RNAi pathway. The implications of a hyperactive RNAi pathway need to be
studied further. This can be explored by a cDNA knock-in of Ago2 under the
somatic Ago2 promoter with a somatic exon-1. This mouse model should have
restored Ago2 expression and the more catalytically active somatic AGO2 isoform.
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Conclusions
My PhD project “MicroRNA pathway activity in mammalian oocytes”, yields a
mechanistical insight into non-functionality of miRNA pathway in mammalian
oocytes and into adaptations of Ago2 in mouse oocytes. The key conclusions
are:
•

MicroRNAs do not accumulate during mouse oocyte growth.

•

MicroRNA concentration in oocytes is much lower than in somatic cells and
miRNA:target ratio is even worse because of mRNA accumulation.

•

MicroRNA inactivity in oocytes is a general feature of mammalian oocytes
which comes from unfavourable stoichiometric conditions

•

Deletion of MT element cluster leads to removal of truncated Ago2 isoform
in mouse oocytes. There is no function of the truncated AGO2 as the mice
are fertile.

•

Deletion of MT element cluster failed to restore expression of full-length
Ago2 as the MT element cluster acts as enhancer in mouse oocytes.

•

Mouse oocytes also express an Ago2 isoform with an alternate N-terminal
and this maternal AGO2 has reduced catalytic activity.
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TABLE:1
let-7a
Perfect
let-7a
Bulged

top
bottom
top
bottom

let-7a
Mutant

top
bottom

miR-30c
Perfect
miR-30c
Bulged

top
bottom
top
bottom

miR-30c
Mutant

top
bottom

let-7a oligo
miR-221 oligo
miR-205
top
Perfect
bottom
miR-205
top
Bulged
bottom
miR-205
Mutant

top
bottom

miR-10b
Perfect
miR-10b
Bulged

top
bottom
top
bottom

CTAGACTATACAACCTACTACCTCAT
CTAGATGAGGTAGTAGGTTGTATAGT
CTAGACTATACAACCGTTCTACCTCATCATGAACTATACAACCG
TTCTACCTCAATTGCAACTATACAACCGTTCTACCTCAACGATT
GACTATACAACCGTTCTACCTCAT
CTAGATGAGGTAGAACGGTTGTATAGTCAATCGTTGAGGTAGA
ACGGTTGTATAGTTGCAATTGAGGTAGAACGGTTGTATAGTTC
ATGATGAGGTAGAACGGTTGTATAGT
CTAGACTGAACAACCGTTCTACGACATCATGAACTGAACAACC
GTTCTACGACAATTGCAACTGAACAACCGTTCTACGACACGAT
TAACTGAACAACCGTTCTACGACAT
CTAGATGTCGTAGAACGGTTGTTCAGTTAATCGTGTCGTAGAA
CGGTTGTTCAGTTGCAATTGTCGTAGAACGGTTGTTCAGTTCA
TGATGTCGTAGAACGGTTGTTCAGT
CTAGAGCTGAGAGTGTAGGATGTTTACAT
CTAGATGTAAACATCCTACACTCTCAGCT
CTAGAGCTGAGAGTGCGTGATGTTTACATCATGGCTGAGAGTG
CGTGATGTTTACAATTCGGCTGAGAGTGCGTGATGTTTACACG
ATTGCTGAGAGTGCGTGATGTTTACAT
CTAGATGTAAACATCACGCACTCTCAGCAATCGTGTAAACATC
ACGCACTCTCAGCCGAATTGTAAACATCACGCACTCTCAGCCA
TGATGTAAACATCACGCACTCTCAGCT
CTAGAGCTTGGAGTGCGTGATTGTTACATCATGGCTTGGAGTG
CGTGATTGTTACAATTCGGCTTGGAGTGCGTGATTGTTACACG
ATTGCTTGGAGTGCGTGATTGTTACAT
CTAGATGTAACAATCACGCACTCCAAGCAATCGTGTAACAATC
ACGCACTCCAAGCCGAATTGTAACAATCACGCACTCCAAGCCA
TGATGTAACAATCACGCACTCCAAGCT
UGAGGUAGUAGGUUGUAUAGUU
ACCUGGCAUACAAUGUAGAUUUCUGU
CTAGACAGACTCCGGTGGAATGAAGGAT
CTAGATCCTTCATTCCACCGGAGTCTGT
CTAGACAGACTCCGGTCTTATGAAGGTCATGCAGACTCCGGTC
TTATGAAGGATTCGCAGACTCCGGTCTTATGAAGGCGATTCAG
ACTCCGGTCTTATGAAGGT
CTAGACCTTCATAAGACCGGAGTCTGAATCGCCTTCATAAGAC
CGGAGTCTGCGAATCCTTCATAAGACCGGAGTCTGCATGACCT
TCATAAGACCGGAGTCTGT
CTAGAACTGATCCGGGCTTATGGCAGTCATGACTGATCCGGGC
TTATGGCAGATTCGACTGATCCGGGCTTATGGCAGCGATTACT
GATCCGGGCTTATGGCAGT
CTAGACTGCCATAAGCCCGGATCAGTAATCGCTGCCATAAGCC
CGGATCAGTCGAATCTGCCATAAGCCCGGATCAGTCATGACTG
CCATAAGCCCGGATCAGTT
CTAGACACAAATTCGGTTCTACAGGGTAT
CTAGATACCCTGTAGAACCGAATTTGTGT
CTAGACACAAATTCGGTCTCACAGGGTTCATGCACAAATTCGGT
CTCACAGGGTATTCGCACAAATTCGGTCTCACAGGGTCGATTC
ACAAATTCGGTCTCACAGGGTT
CTAGAACCCTGTGAGACCGAATTTGTGAATCGACCCTGTGAGA
CCGAATTTGTGCGAATACCCTGTGAGACCGAATTTGTGCATGAA
CCCTGTGAGACCGAATTTGTGT
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miR-10b
Mutant

top

top

CTAGATCAGGATTCGACCTCACATATTTCATGTCAGGATTCGAC
CTCACATATTATTCGTCAGGATTCGACCTCACATATTCGATTTCA
GGATTCGACCTCACATATTT
CTAGAAATATGTGAGGTCGAATCCTGAAATCGAATATGTGAGGT
CGAATCCTGACGAATAATATGTGAGGTCGAATCCTGACATGAAA
TATGTGAGGTCGAATCCTGAT
CACCGAAGAGTGACGGCACCAGC

bottom

AAACGCTGGTGCCGTCACTCTTC

top
bottom

CACCGCGTCACAACTGCTATGC
AAACGCATAGCAGTTGTGACGC

top
bottom

CACCGTCTGCATGGCAATTGTCT
AAACAGACAATTGCCATGCAGAC

top
bottom

CACCGAAGGTATGTGGCTTGTCG
AAACCGACAAGCCACATACCTTC

top
bottom

CACCGTATGTCCCCTTGTTAGA
AAACTCTAACAAGGGGACATAC

top
bottom

CACCGAGCTGTCTAGTAGCCAGC
AAACGCTGGCTACTAGACAGCTC

top

CACCGCCAACCGCCAACCGCCG

bottom

AAACCGGCGGTTGGCGGTTGGC

top

CACCGCTACGCCGCGGCCCCAC

bottom

AAACGTGGGGCCGCGGCGTAGC

top

CACCGCGCCACCGGGACGTGTG

bottom

AAACCACACGTCCCGGTGGCGC

top

CACCGCTCGGGATCCAAAGGGCG

bottom
top

AAACCGCCCTTTGGATCCCGAGC
CACCGCGGGATCCAAAGGGCGT

bottom

AAACACGCCCTTTGGATCCCGC

top

CACCGAGGCCCAAGCCTCTCCAT

bottom

AAACATGGAGAGGCTTGGGCCTC

bottom
Ago2MT
sgRNA
1A
Ago2MT
sgRNA
1B
Ago2MT
sgRNA
1C
Ago2MT
sgRNA
2A
Ago2MT
sgRNA
2B
Ago2MT
sgRNA
2C
Ago2Nterm
sgRNA
1A
Ago2Nterm
sgRNA
1B
Ago2Nterm
sgRNA
1C
Ago2Nterm
sgRNA
2A
Ago2Nterm
sgRNA
2B
Ago2Nterm
sgRNA
2C
Ccnb1
Mos
Plat
Dcp1a
Rps17

FP
RP
FP
RP
FP
RP
FP
RP
FP
RP

TGCATTTTGCTCCTTCTCAA
CAGGAAGCAGGGAGTCTTCA
TGAGCAAGACGTTTGTAAGATCA
TGCCCCCTATGTGGTGAG
CCTCATGGGCAAGAGTTACAC
ATCACATGGCACCAAGGTCT
CCTTCCATTATCCTCAGCAAGT
TGAGGAAGCTGGAGTCATTCT
CTGATGAAGCGGATTCAGAGA
CTGATCTAGGGCTGAGACCTCA
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Eif3l

FP
RP
FP
RP
FP
RP
FP
RP
FP
RP
FP
RP
FP
RP
FP
RP
FP
RP
FP
RP
FP
RP
FP
RP
FP
RP
FP
RP
FP
RP
FP

GATGGCGAATTCCAGTCG
TGGTGTCTGCAATATGGATCA
TTCGAGGTGTTGTATCTATGGCTA
CTCCAGACCATCTATTACCTTTCC
GCTACTGTAATGATCAGTCAACGG
CTGTATCCAACACTTCGAGAGGTC
TTGCCATTCCCAGCCACCCTC
CTCCGAACTGAGTTCCCAGG
AAGGATGACCAGCTCCTTGATG
AGAGCTTCGAAGGTGTCATCTG
CTCTCCAGTTCACGGTGGAT
AGATGGCAGGTGATGTAGAGC
GGCATGAACAGGAAGGCTATCA
TATCTGGACTGGTCCAATGCTC
CCAGGTGGACTTTGACAATCCT
ATGTAAAGAACATCCCCAGGGC
AAAACAAGAGCCCCTCTAAAGC
TCTTCTGAACGACTTGTTGTGG
GACTTCTACCTGTGCAGTCAC
GCAGCTCATCAGAAGAAAAACG
CCAAAAGGAACACGTGTGGA
GCATAGCCAGGTCCACTGTT
AGAGCCTGTGGTTACCAGTC
GTGAGCTGGAAAGGTCTCG
GCCACTCCATTTCAGCCTAGT
CAGCGACAAGGGAAGCATGG
CCCTTGCTGGACAACTTAACCT
GAGCAAAGCAGGCTGGAATG
TATGGTTGAGCCGGGGACTT
GTGCATCTTCGGTGCCCTTTTT
CAAACCTGAGAAATGCCCTCG

RP

TCAAACACTGGCTTCCGGTC

FP

GAAATGCCCTCGGAGAGTGA

RP

CTTCCATCAAACACTGGCTTC

Ago2
ex1718-1

FP

GACTTCTACCTGTGCAGTCAC

RP

GCAGCTCATCAGAAGAAAAACG

Ago2
ex1718-2

FP

CTGAGTTTGACTTCTACCTGTG

RP

GCTCATCAGAAGAAAAACGATTG

Ago2
ex3-mt1

FP

GTCCCCTTCGAGACGATCC

RP

AAGCAAGAGCAAGAAGAAAGAG

Ago2
ex3-mt2

FP

CTGGACGTTGTCATGAGGC

RP

GAGCAAGAAGAAAGAGGAAATC

Ago2
ex3-4-1

FP

TCCCCTTCGAGACGATCCAG

RP

CACCCAGAGGGTTGGAACAG

Ppil3
Hprt
Kif2c
Elob
Zp3
Nr6a1
Hif1an
Hmga2
Ago2
Plcb1
Prkab2
Lsm4
Mbip
Srfbp1
Ago2
ex2-3-1
Ago2
ex2-3-2
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Ago2
ex3-4-2
Ago2
MT
Ago2
het
Ago2
dSA

FP

ACGTTGTCATGAGGCACTTAC

RP

GGAAGCCAAACCACACTTCTC

FP

CTGTGTGTGGTACGCCTCAG

RP

TCTGGCGTCACAACTGCTAT

FP

ACCAGAATGAGCATGAACCACT

FP

AGCCAGGAATCATGGGTCTTT

RP

GGTTTCTCTGTGTAGCCCTGG
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Supplementary figures

Figure S1
Supplementary data for miRNA quantification. (A) Calibration curve made
using let-7a synthetic single-stranded RNA oligonucleotides. The oligonucleotide was
serially diluted first and then cDNA was set for each dilution followed by qPCR. (B)
Calibration curve made from let-7a oligonucleotide where the oligonucleotide was first
reverse transcribed into cDNA, then the cDNA was serially diluted for qPCR. (C)
Calibration curve made from miR-221 oligo. The oligonucleotide was serially diluted first
and then reverse transcription was done or each of its dilution was added to a mouse oocyte
lysate before reverse transcription (miR-221 was undetectable in mouse oocytes). A-C
calibrations were performed three times; data points represent average values. (D)
Alignment of sequences of twelve subcloned let-7a qPCR products. (E) Quantification of
let-7a northern blots (Fig. 2B).
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Figure S2
Validation of microinjection methodology. A) Validation of microinjected
volume/amount of molecules. In this test, a solution of miR-221 RNA oligonucleotide was
diluted to 250,000 molecules/5pl and microinjected into fully-grown GV oocytes. Graphs
represent qRT-PCR quantification of numbers of molecules of endogenous let-7a (left) and
miR-221 (right). For each treatment three groups of 10 microinjected oocytes were
analyzed independently by qRT-PCR reactions performed in triplicates. B) Independent
miRNA and reporter injection yields the same result as a single microinjection of both types
of molecules (Fig. 4D). Oocytes were microinjected first with 250,000 molecules/5pl miR30c mimic molecules and then with 10,000 molecules/5pl mir-30c reporters. All luciferase
data are a ratio of the NanoLuc luciferase reporter activity over a co-injected control firefly
luciferase reporter activity; the relative 4x-mutant reporter was set to one. Each data point
represents analysis of a pool of five microinjected oocytes. Error bars = SD. Asterisks
indicate statistical significance (p-value) of one-tailed t-test, (* < 0.05, ** < 0.01, *** <
0.001).
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Figure S3
Abundance of relevant mRNAs in mouse oocytes. Raw reads from 7 single
GV stage WT oocyte polyA-RNA enriched libraries (GSE141190 (Wu and Dean, 2020))
were mapped onto mouse mm10 genome with added ERCC RNA spike-in mix
(ThermoFisher 4456740) sequences using STAR 2.5.3a (Dobin et al., 2013) as previously
described (Horvat et al., 2018). Raw counts were normalized for library size and feature
lengths to obtain RPKM values. In order to estimate number of transcripts from RPKM
values, linear model was built in R (R Core Team, 2013) between known number of ERCC
molecules in each sample as a function for their RPKM values obtained from sequencing:
linearMod = lm(molecules_n ~ 0 + rpkm, data = ercc_rpkm). This model was then used
to estimate number of transcripts of interest in oocyte from their respective RPKM values:
transcript_n = predict(linearMod, newdata = transcript_rpkm).
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Figure S4
Bovine oocytes do not express a truncated Ago2 isoform. Shown is
composition of UCSC genome browser snapshots of Ago2 locus depicting RNAsequencing data from bovine (Roovers et al., 2015) and mouse (Horvat et al., 2018)
oocytes. Briefly, RNA-seq data were mapped onto indexed mm10 mouse genome using
STAR 2.5.3a (Dobin et al., 2013) as previously described (Horvat et al., 2018). Read
mapping coverage was visualized in the UCSC Genome Browser by constructing bigWig
tracks using the UCSC tools (Kent et al., 2010). Note that the region carrying the
alternative 3’exon (red asterisk) prematurely terminating Ago2 transcript (short AGO2
isoform) is not present in the rat genome as apparent in the rat conservation track from the
UCSC browser (red arrow). Occasional intronic signal in bovine Ago2 comes mostly
from reads mapping to repetitive elements and is not spliced into Ago2 transcript. Red
lines connect homologous exons.
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Figure S5
Expression of Ago paralogs in growing and fully-grown mouse oocytes.
(A) Meiotically incompetent mouse oocytes express similar amount of truncated Ago2
transcript as fully-grown oocytes. Shown is a UCSC genome browser snapshots of
murine Ago2 locus depicting normalized RNA-sequencing data from a single RNA-seq
experiment by Veselovska et al. (Veselovska et al., 2015). The alternative 3’exon
prematurely terminating Ago2 transcript is indicated by red asterisk. Dashed grey line
depicts 10 counts per million (CPM). (B) Expression of Ago1, 3, 4 paralogs.
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Supplemental Table S1

mouse
growing
oocyte

mouse
fullygrown
oocyte

rat

37,993

31,765

19,661

15,805

4,658

42,300

52,516

+10,215
- 8,050

+3,519
- 3,168

+2,288
- 2,049

+6,328
- 4,519

+5,070
-2,427

+6,213
-5,417

+21,220
-15,113

3T3
cell
let-7a

let-7c

miR-30c

miR-22

miR-322

miR-132

miR-290

miR-221

Quantifications of miRNA molecules per cell (+/- SD)

golden
hamster

pig

cow

18,809

4,926

8,841

6,315

5,600

2,661

3,284

+5,405
- 4,199

+1,041
- 859

+8,316
- 4,285

+2,610
- 1,847

+260
-248

+219
-202

+1,136
-844

56,148

12

8

2

9

+17,945
- 13,599

+1
-1

+8
-4

+1
-1

+5
-3

216

352

1,122

606

2,857

6,215

31,048

+225
- 110

+113
- 85

+2,005
- 719

+50
- 46

+32
-32

+2,046
-1,539

+12,300
-8,810

644

930

1,947

555

1

N.D

+160
- 128

+1,834
- 617

+523
- 412

+22
-21

+1
-0

N.D

N.D

N.D

117

384

65

7,654

298

3,285

+53
- 36

+153
- 109

+19
- 15

+87
-86

+152
-100

+1,118
-834

N.D

N.D

3

3

N.D

+2
-2

+0
-0

52

45

18

27

+17
- 13

+330
- 40

+10
-6

+11
-8

N.D

1,640

1

2

+595
- 437

+5
-0

+3
-1
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Supplemental Table S2
let-7a
Perfect
let-7a
Bulged

top
bottom
top
bottom

let-7a
Mutant

top
bottom

miR-30c
Perfect
miR-30c
Bulged

top
bottom
top
bottom

miR-30c
Mutant

top
bottom

let-7a oligo
miR-221 oligo
Ccnb1
Mos
Plat
Dcp1a
Rps17
Eif3l
Ppil3
Hprt

FP
RP
FP
RP
FP
RP
FP
RP
FP
RP
FP
RP
FP
RP
FP

Oligonucleotide table.

CTAGACTATACAACCTACTACCTCAT
CTAGATGAGGTAGTAGGTTGTATAGT
CTAGACTATACAACCGTTCTACCTCATCATGAACTATACAACCGTTCT
ACCTCAATTGCAACTATACAACCGTTCTACCTCAACGATTGACTATAC
AACCGTTCTACCTCAT
CTAGATGAGGTAGAACGGTTGTATAGTCAATCGTTGAGGTAGAACGGT
TGTATAGTTGCAATTGAGGTAGAACGGTTGTATAGTTCATGATGAGGT
AGAACGGTTGTATAGT
CTAGACTGAACAACCGTTCTACGACATCATGAACTGAACAACCGTTCT
ACGACAATTGCAACTGAACAACCGTTCTACGACACGATTAACTGAACA
ACCGTTCTACGACAT
CTAGATGTCGTAGAACGGTTGTTCAGTTAATCGTGTCGTAGAACGGTT
GTTCAGTTGCAATTGTCGTAGAACGGTTGTTCAGTTCATGATGTCGTA
GAACGGTTGTTCAGT
CTAGAGCTGAGAGTGTAGGATGTTTACAT
CTAGATGTAAACATCCTACACTCTCAGCT
CTAGAGCTGAGAGTGCGTGATGTTTACATCATGGCTGAGAGTGCGTGA
TGTTTACAATTCGGCTGAGAGTGCGTGATGTTTACACGATTGCTGAGA
GTGCGTGATGTTTACAT
CTAGATGTAAACATCACGCACTCTCAGCAATCGTGTAAACATCACGCA
CTCTCAGCCGAATTGTAAACATCACGCACTCTCAGCCATGATGTAAAC
ATCACGCACTCTCAGCT
CTAGAGCTTGGAGTGCGTGATTGTTACATCATGGCTTGGAGTGCGTGA
TTGTTACAATTCGGCTTGGAGTGCGTGATTGTTACACGATTGCTTGGA
GTGCGTGATTGTTACAT
CTAGATGTAACAATCACGCACTCCAAGCAATCGTGTAACAATCACGCA
CTCCAAGCCGAATTGTAACAATCACGCACTCCAAGCCATGATGTAACA
ATCACGCACTCCAAGCT
UGAGGUAGUAGGUUGUAUAGUU
ACCUGGCAUACAAUGUAGAUUUCUGU

TGCATTTTGCTCCTTCTCAA
CAGGAAGCAGGGAGTCTTCA
TGAGCAAGACGTTTGTAAGATCA
TGCCCCCTATGTGGTGAG
CCTCATGGGCAAGAGTTACAC
ATCACATGGCACCAAGGTCT
CCTTCCATTATCCTCAGCAAGT
TGAGGAAGCTGGAGTCATTCT
CTGATGAAGCGGATTCAGAGA
CTGATCTAGGGCTGAGACCTCA
GATGGCGAATTCCAGTCG
TGGTGTCTGCAATATGGATCA
TTCGAGGTGTTGTATCTATGGCTA
CTCCAGACCATCTATTACCTTTCC
GCTACTGTAATGATCAGTCAACGG
128

Supplemental Information

Kif2c
Elob
Zp3
Nr6a1
Hif1an
Hmga2
Ago2

RP
FP
RP
FP
RP
FP
RP
FP
RP
FP
RP
FP
RP
FP
RP

CTGTATCCAACACTTCGAGAGGTC
TTGCCATTCCCAGCCACCCTC
CTCCGAACTGAGTTCCCAGG
AAGGATGACCAGCTCCTTGATG
AGAGCTTCGAAGGTGTCATCTG
CTCTCCAGTTCACGGTGGAT
AGATGGCAGGTGATGTAGAGC
GGCATGAACAGGAAGGCTATCA
TATCTGGACTGGTCCAATGCTC
CCAGGTGGACTTTGACAATCCT
ATGTAAAGAACATCCCCAGGGC
AAAACAAGAGCCCCTCTAAAGC
TCTTCTGAACGACTTGTTGTGG
GACTTCTACCTGTGCAGTCAC
GCAGCTCATCAGAAGAAAAACG

Supplementary files

2019 Kataruka et al. supplementary_code.zip
The code used for mathematical modelling
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