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Abstract

microRNAs associate with Argonaute proteins, forming the microRNA-induced silencing
complex (miRISC), to repress target gene expression post-transcriptionally. Although
microRNAs are critical regulators in mammalian cell differentiation, our understanding of
how microRNA machinery, such as the miRISC, are regulated during development is
still limited. We previously showed that repressing the production of one Argonaute
protein, Ago2, by Trim71 is important for mouse embryonic stem cells (MESC) self-
renewal (Liu et al., 2021). Here we show that among the four Argonaute proteins in
mammals, Ago2 is the major developmentally regulated Argonaute protein in mESCs.
Moreover, in pluripotency, besides the Trim71-mediated regulation of Ago2 (Liu et al.,
2021), Mir182/Mirl83 also repress Ago2. Specific inhibition of this microRNA-mediated
repression results in stemness defects and accelerated differentiation through the let-7
microRNA pathway. These results reveal a microRNA-mediated regulatory circuit on

microRNA machinery that is critical to maintaining pluripotency.
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Introduction

microRNAs (miRNAs) are endogenous ~22-nucleotide(nt) RNAs with critical roles in
modulating gene expression under diverse biological contexts (Bartel, 2009; 2018).
Most miRNAs are produced from long primary transcripts (pri-miRNAs) through
successive processing by two double-strand RNA (dsRNA) endonucleases named
Drosha and Dicer, generating pre-miRNAs and ~22-nt dsRNAs, respectively. One RNA
strand in the ~22-nt dsRNA, the mature miRNA, is selectively incorporated into the
Argonaute (Ago) protein, forming the miRNA-induced silencing complex (miRISC) (Ha
and Kim, 2014). In animals, miRISC recognizes its target mRNAs through partial base-
pairings mediated by the miRNA (Bartel, 2009). The Ago protein recruits GW182
proteins to down-regulate target mMRNA expression through mRNA degradation and/or
translational repression (Nilsen, 2007). Although microRNAs play critical regulatory
roles in mammalian cell differentiation (Ameres and Zamore, 2013; Ebert and Sharp,
2012), our understanding on how microRNA machinery, particularly the miRISC, are
regulated during development is still limited.

We recently found that Ago2, a key component in the miRISC, is repressed at
the mRNA translation level by an RNA-binding protein named Trim71 in mouse
embryonic stem cells (MESCSs) (Liu et al., 2021). This repression of Ago2 inhibits stem
cell differentiation mediated by the conserved pro-differentiation let-7 miRNAs (Bussing
et al., 2008; Liu et al., 2021). These results suggest that Ago2 is developmentally
regulated during stem cell self-renewal and differentiation, and beg for characterization
of additional regulators of Ago2. Moreover, besides Ago2, there are three additional Ago

proteins (Agol, Ago3, Ago4) in mammals that function redundantly in the miRNA
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pathway (Meister, 2013). The relative abundance of these Ago proteins and their
contribution to miRNA activities during cell differentiation, however, are still unknown.
Here, using mESC fate decisions between pluripotency and differentiation as a
mammalian cell differentiation model, we determined that AgoZ2 is the predominant Ago
protein in MESCs, and Ago2 level increases when mESCs exit pluripotency. In the
pluripotent state, Mir182 and Mirl83, two conserved miRNAs abundantly expressed in
MESCs, repress Ago2 and control the stemness of MESCs. Specific inhibition of
Mir182/Mir183-mediated repression of Ago2 results in stemness defects and
accelerated differentiation of mMESCs through the let-7 microRNA pathway. Collectively,
these results reveal a miRNA-mediated regulatory circuit on the miRNA machinery that

is critical to maintaining pluripotency.

Results

Agoz2 is the predominant developmentally regulated Argonaute protein in mESCs.
Mammals have four Ago proteins (Agol-4) that function redundantly in miRNA-
mediated regulations (Meister, 2013). Transcriptomic profiling on mESCs from different
laboratories indicated that mMESCs express only Agol and Ago2 (Figure 1-figure
supplement 1A) (Liu et al., 2021; Marks et al., 2012). To examine the relative
abundance of Agol and Ago2 at the protein level, we generated mESCs with a Flag-tag
knocked-in at the N-terminus of the Agol and Ago2 loci, respectively, via
CRISPR/Cas9-mediated genome-editing (Figure 1-figure supplement 1B&C). These
MESCs with the Flag-tag knocked-in displayed no stemness defects compared to the

WT mESCs (Figure 1-figure supplement 1D) and enabled us to use the same antibody
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(e.g., anti-Flag) to compare the relative abundance of Agol and Ago2. Western blotting
via an anti-Flag antibody indicated that Ago2 is the predominant Ago protein in mESCs
at the protein level (Figure 1A).

To examine whether Ago2 level is regulated during mESCs differentiation, we
cultured mESCs under three different conditions that mimic three different
developmental stages: ground/naive state (in 2i+Lif), primed state (in 15%FBS+Lif), and
differentiating state (in 15%FBS without Lif), which resulted in decreasing stemness in
MESCs, as determined by the colony formation assay (Figure 1B). Western blotting
indicated that Ago2 level increased when mESCs exited pluripotency (Figure 1C). This
result indicated that Ago2 is developmentally regulated in mESCs, and Ago2 level is

repressed in the pluripotent state.

Mir182/Mir183 regulate Ago2 and maintain stemness in mESCs.

To determine how Ago2 is regulated in mMESCs, we hypothesized that miRNAs
expressed in MESCs might contribute to the repression of Ago2 because miRNAs are
important negative regulators of gene expression. We identified the conserved miRNA-
binding sites in the 3'UTR of Ago2 mRNA through TargetScan (Agarwal et al., 2015)
and then examined the expression level of the corresponding miRNAs in mESCs using
existing small-RNA-seq datasets (Liu et al., 2021) (Figure 1D). This analysis revealed
that among the miRNAs that can potentially regulate Ago2, Mirl182 and Mirl83, two
mMiRNAs from the same miRNA family that are abundantly expressed in stem cells
(Dambal et al., 2015), have significantly higher expression levels (Figure 1E).

Interestingly, Mirl82/Mir183 decrease when mESCs transition from the ground state to
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the primed and differentiating state (Hadjimichael et al., 2016; Wang et al., 2017), which
negatively correlates with the Ago2 expression pattern during this transition (Figure 1C).
These observations suggest that Ago2 is repressed by Mir1l82/Mir183 in mESCs.
Consistent with this notion, using RNA antisense purification, we found that Mirl82 and
Mir183 specifically associated with Ago2 mRNA in mESCs (Figure 1-figure supplement
2).

Two lines of evidence indicated that Mir182/Mir183 regulate Ago2 mRNA. First,
Ago2 increased when Mirl82, Mirl83, or both Mirl82 and Mir183 were knocked out in
MESCs (Figure 2—figure supplement 1A & Figure 2A&B). Second, when either Mir182
or Mirl83 was over-expressed in the wild-type (WT) mESCs (Figure 2—figure
supplement 1B), the Ago2 level decreased (Figure 2—figure supplement 1C). The
results from these loss-of-function and gain-of-function experiments argue that
Mirl182/Mir183 repress Ago2 expression in mESCs.

Interestingly, Mirl824, Mirl834, and Mirl824/Mirl834 mESCs displayed defects
in self-renewal (Figure 2C), as determined by the colony formation assay in the
15%FBS+Lif medium, where differentiation was not blocked by the two inhibitors in the
2i+lif medium. Moreover, these miRNA knockout mESCs had accelerated differentiation,
as revealed by the exit pluripotency assay (Figure 2D), which evaluates the rate ESCs
exit the pluripotent state (Betschinger et al., 2013), and by the measurement of
pluripotency factors through Western blotting on differentiating embryonic bodies
(Figure 2E). These cellular phenotypes suggest that Mir182/Mir183-mediated regulation

of Ago2 is important to mESCs.
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Mir182/Mir183-mediated repression of Ago2 is required for maintaining
pluripotency.

A caveat in interpreting results from miRNA knockout and over-expression experiments
is the pleiotropic effects. Because each miRNA can regulate hundreds of mRNAs, when
a miRNA is knocked out or over-expressed, hundreds of miRNA:mRNA interactions are
altered, making it difficult to determine whether a specific miRNA:mRNA interaction
contributes to the phenotypical changes.

To address this issue and specifically examine the functional significance of
Mir182/Mir183-mediated regulation of Ago2 in mESCs, we mutated the Mir182/Mir183
binding sites in the 3’'UTR of Ago2 mRNA via CRISPR/Cas9-mediated genome editing
(Figure 3A&B). Two observations indicated that the mutations disrupted the interaction
between Ago2 mRNA and Mir182/Mirl83. First, similar to the miRNA knockout mESCs
(Figure 2B), Ago2 increased in the 3'UTR mutant mESCs (Figure 3C). Second, in
contrast to the results in the WT mESCs (Figure 2—figure supplement 1C), over-
expression of either Mirl82 or Mirl83 in the 3’'UTR mutant mESCs did not decrease
Ago2 (Figure 3—figure supplement 1A&B). Notably, in the Mir1824/Mir1834 mESCs,
these mutations did not increase Ago2 (Figure 3C), indicating the increased Ago2 from
these mutations in the WT mESCs is dependent on Mirl82/Mir183. Moreover, the
3’UTR mutations did not significantly alter the Mir182/Mir183 levels in mESCs (Figure
3—figure supplement 1C). Altogether, these observations indicated that the functional
significance of Mir182/Mir183-mediated repression of Ago2 could be specifically

evaluated in the 3’'UTR mutant mESCs.
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When subject to the colony formation assay, the 3’UTR mutant mESCs
displayed a defect in maintaining undifferentiated colonies (Figure 3D), indicating
compromised self-renewal. When differentiation was evaluated by the exit pluripotency
assay, the 3’UTR mutant mESCs had an increased differentiation rate (Figure 3E).
Consistent with these findings, differentiating embryonic bodies from the 3’'UTR mutant
MESCs had a lower amount of pluripotency factors (Figure 3F). Collectively, these
results indicate that Mir182/Mir183-mediated repression of AgoZ2 is important for mESC

self-renewal and proper differentiation.

Mir182/Mir183-mediated repression of Ago2 in mESCs inhibits the let-7 miRNA-
mediated differentiation pathway.

Two observations lead us to the hypothesis that Mir182/Mirl83-mediated repression of
Ago2 in mMESCs counteracts the differentiation pathway controlled by the let-7 miRNAs,
a conserved miRNA family that promotes stem cell differentiation (Roush and Slack,
2008). First, in Dgcr84 mESCs, where endogenous miRNAS’ biogenesis is blocked,
ectopic expression of Mirl83 inhibits the stem cell differentiation triggered by
exogenous let-7 miRNA (Wang et al., 2017). Second, our recent study indicated that
increasing Ago2 levels in mMESCs results in stemness defects in a let-7-miRNA-
dependent manner. This specificity on let-7 miRNAs is because the pro-differentiation
let-7 miRNAs are actively transcribed in mESCs, and the increased Ago2 binds and
stabilizes the let-7 miRNAs that are otherwise degraded in mESCs, thereby promoting

MESCs differentiation (Liu et al., 2021).
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To test this hypothesis, we examined the expression of let-7 miRNAs. The 3'UTR
mutant mMESCs had significantly higher let-7 miRNAs than the WT mESCs (Figure 4A).
This increase is specific to let-7 miRNAs because non-let-7 miRNAs were not elevated
(Figure 4A). Moreover, consistent with our previous observation that increased Ago2
stabilizes mature let-7 miRNAs (Liu et al., 2021), the pri-let-7 miRNAs and the pre-let-7
miRNAs were not significantly increased in the 3'UTR mutant mESCs (Figure 4A). To
determine whether the increased let-7 miRNAs are responsible for the stemness
defects in the 3’UTR mutant mESCs, we inhibited let-7 miRNAs using locked nucleic
acid antisense oligonucleotides (LNA) targeting the conserved seed sequence of let-7
mMiRNAs. When let-7 miRNAs were inhibited, the stemness defects of the 3’UTR mutant
MESCs were abolished (Figure 4B), indicating that disruption of Mir182/Mir183-
mediated repression of Ago2 in mESCs activates differentiation through the let-7

mMiRNA pathway.

Mir182/Mir183 and Trim71 function in parallel to repress Ago2 mRNA in mESCs.
Our previous study indicated that Ago2 mRNA is also repressed by Trim71 in mESCs
(Liu et al., 2021). Interestingly, the Trim71 binding site in the 3'UTR of Ago2 mRNA is
different from the Mir182/Mir183 binding sites, suggesting that Mirl82/Mir183 and
Trim71 function in parallel to repress Ago2 mRNA in mESCs. We performed the
following experiments to test this.

At the molecular level, we observed that over-expression of Trim71 still
repressed Ago2 in the 3’UTR mutant mESCs (Figure 5A), where Mir182/Mir183-

mediated repression is abolished (Figure 3). Moreover, in the 3'UTR mutant mESCs,
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inhibiting Trim71-mediated repression of Ago2 through deleting the Trim71-binding site
in the 3'UTR of Ago2 mRNA (CLIPA) (Liu et al., 2021) further increased AgoZ2 level
(Figure 5B, Figure 5-figure supplement 1). These results indicate that Trim71 and
Mir182/Mirl83 independently repress Ago2 mRNA in mESCs.

At the cell function level, we found that introducing the CLIPA in the 3'UTR
mutant mESCs further decreased stem cell self-renewal, as determined by the colony
formation assay (Figure 5C), and accelerated differentiation, as measured by the exit
pluripotency assay (Figure 5D). These observations argue that Trim71 and
Mir182/Mir183 function independently in regulating stemness in mESCs through
modulating Ago2 mRNA.

Collectively, these findings indicate that Mir182/Mir183 and Trim71 function in

parallel to repress Ago2 mRNA in mESCs.

Discussion
Our data reveal that the predominant Ago protein in mESCs, Ago2, is developmentally
regulated, with gradually increasing levels when mESCs exit pluripotency. Two miRNAs
abundantly expressed in mESCs, Mirl82/Mir183, contribute to the repression of Ago2 in
the pluripotent state. This miRNA-mediated regulation of Ago2 is critical to maintaining
stemness. Our findings raise several interesting aspects of miRNAs in stem cell biology.
First, since Ago2 is the predominant Ago protein in mESCs, the Ago2 expression
pattern during mESCs’ transition from self-renewal to differentiation argues that
although certain individual miRNAs may be required for pluripotency (e.g.,

Mir182/Mirl183), the global miRNA activity is suppressed in the pluripotent state and
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induced when mESC:s initiate differentiation. Consistent with this notion, knocking out
key components in global miRNA biogenesis, such as Dgcr8 (Wang et al., 2007), Dicer
(Kanellopoulou et al., 2005; Murchison et al., 2005), or Ago2 in the miRISC (Liu et al.,
2021), does not negatively affect mESCs self-renewal. However, differentiation in all
these mutant mESCs is severely compromised. Thus, at the global level, miIRNAs may
play more important roles in mESC differentiation.

Second, previous studies indicate that the two components of the miRISC, the
Ago protein and its associated miRNA, mutually regulate each other. In the absence of
mMiRNAs, the Ago protein is destabilized (Martinez and Gregory, 2013; Smibert et al.,
2013), while miRNAs are also unstable if they are not associated with Ago proteins
(Winter and Diederichs, 2011). Thus, the effective miRNA activity depends on the
limiting component in the miRISC. Our previous studies indicated that the conserved
pro-differentiation let-7 miRNAs are sensitive to Ago2 levels because an increase of
Ago2 results in specific stabilization of let-7 miRNAs that are otherwise degraded (Liu et
al., 2021). Thus, for let-7 miRISC, Ago2 is possibly the limiting component in mESCs.
Repression of Ago2 by either Mirl82/Mirl83 as we characterized here or Trim71 as we
identified previously (Liu et al., 2021) likely limits the effective let-7 miRISCs.
Interestingly, the pro-differentiation let-7 miRICSs can positively auto-regulate their own
biogenesis through inhibiting Lin28a, a conserved let-7 target, because Lin28a inhibits
the biogenesis of let-7 miRNAs through promoting their pre-miRNA degradation
(Tsialikas and Romer-Seibert, 2015). Thus, the effective let-7 miRNAs need to be tightly
controlled in stem cells. The two repression mechanisms on Ago2 mRNA contribute to

limiting the amount of effective let-7 miRISCs and maintaining pluripotency in mESCs.
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We speculate that similar mechanisms of regulating miRISCs by RNA-binding proteins
and microRNAs may exist in other developmental processes. Moreover, Ago2 is
dysregulated under many pathological conditions, such as cancer (Adams et al., 2014).
Thus, regulating miRISCs through modulating Ago2 levels may also contribute to
pathogenesis.

Finally, it is noticed that the Mir1824/Mirl834 mESCs displayed stronger defects
in self-renewal and differentiation than the 3’'UTR mutant mESCs did (Figure 2C&D
versus Figure 3D&E). Thus, besides Ago2 mRNA, Mirl82/Mirl83 may regulate

additional mMRNAs that are important for stem cell biology.
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Materials and Methods

Key Resources Table

Reagent type

: : : Source or - Additional
(species) or Designation Identifiers . .
reference information
resource
. Mouse monoclonal anti- : , )
Antibody ELAG M2 Sigma-Aldrich Cat# F1804 | WB (1:5000)
. Mouse monoclonal anti- Santa Cruz Cat# sc- .
Antibody GAPDH (6C5) Biotechnology 32233 WB (1:5000)
Antibody Rabbit monoclonal anti- | g0 yecyehem | cat# AS5032 | WB (1:5000)
beta-Tubulin
. Rabbit monoclonal anti- Cell Signaling .
Antibody Agol (D84G10) Technology Cat# 5053 | WB (1:1000)
Antibody igg’g't monoclonal anti- | gy e Cat# A5701 | WB (1:3000)
. BD
Antibody Mouse monoclonal anti- Transduction Cat# WB (1:5000)
Oct-4 ) 611202
Laboratories™
, Rabbit monoclonal anti- Cell Signaling .
Antibody Nanog (D2A3) Technology Cat# 8822 WB (1:3000)
. Goat Anti-Rabbit IgG (H : Cat# 170- .
Antibody L)-HRP Conjugate Bio-Rad 6515 WB (1:5000)
, Goat Anti-Mouse 1gG (H . Cat# 170- .
Antibody L)-HRP Conjugate Bio-Rad 6516 WB (1:5000)
Chemical Cath
compound, DMEM/F-12 Gibco 12500096
drug
Chemical
compound, FBS Millipore Cat# ES-
009-B
drug
Chemical
- Cat#
compound, mLIF Millipore ESG1107
drug
Chemical
compound, PD0325901 APEXBIo Cat# A3013
drug
Chemical
compound, CHIR99021 APEXxBio Cat# A3011
drug
Chemical
- Cat#
compound, N2 Millipore SCMO12
drug
Chemical
- Cat#
compound, N27 Millipore SCMO13
drug
Chemical MEM NEAA Gibco Cat# 11140-
compound, 50

13



drug

Chemical

- . . Cat#
compound, Penicillin-Streptomycin Gibco 11548876
drug
Chemical
compound, L-Glutamin Sigma-Aldrich Cat# G7513
drug
Chemical
compound, b-mercaptoethanol Sigma-Aldrich Cat# M3148
drug
Chemical
compound, Accutase Millipore Cat# SF006
drug
Chemical
compound, Fugene6 Promega Cat# E2691
drug
Chemical
compound, Puromycin Sigma-Aldrich Cat# P9620
drug
Chemical
compound, Doxycycline Sigma-Aldrich Cat# D9891
drug
Chemical Cath
compound, Protease inhibitors Bimake B14001
drug
Chemical
compound, Gelatin Sigma-Aldrich Cat# G1890
drug
Chemical Cath
compound, One Step-RNA Reagent Bio Basic
BS410A
drug
Chemical
Cat#
compound, DNase 1 NEB MO303L
drug
Chemical .
SuperScript™ Il Reverse . Cat#
S?l:r;pound, Transcriptase Invitrogen 18064014
g:nir;é%il d SsoAdvanced™ Univer_sal Bio-Rad Cat#
drug ’ SYBR® Green Supermix 1725270
Chemical Q5@ High-Fidelity DNA Cat#
compound, NEB
dru Polymerase MO0491L
g
Chemical
. Cat#
compound, Control LNA Qiagen 339137
drug
Chemical
compound, anti-let-7 LNA Qiagen Cat#
drug YFI0450006

14
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243

Commercial Alkaline Phosphatase System Cat#
assay or kit Assay Kit Biosciences AP100R-1
Commercial Gibson Assembly® Master NEB Cat#
assay or kit Mix E2611L
Commerm_al P!erce BCA Protein Assay Thgrm_o_ Fisher Cat# 23295
assay or kit Kit Scientific
Commercial Mir-X™ miRNA First Takara Cat#
assay or kit Strand Synthesis Kit 638313
cellline M.~ £ E14TG2a mESC ATCC CRL-1821
musculus)
Cell line (M. FLAG-Agol mESC this paper
musculus)
Cell line (M. PMID:
musculus) FLAG-Ago2 mESC 33599613
Cell line (M. Mir182A mESC this paper
musculus)
Cell line (M. Mir7183A mESC this paper
musculus)
Cellline (M. | \1ir182AMir183A mESC | this paper
musculus)
Cell line (M. 3'UTR Mutant mESC this paper
musculus)
Cell line (M. Mir182AMir183A/3'UTR this paper
musculus) Mutant mESC bap

. PiggyBac-based dox- _
Recombinant . . X PMID:
DNA reagent inducible expression 33509613 pWH406

vector

Recombinant Inducible GFP expressing | PMID:
DNA reagent vector 33599613 pWH1055
Recombinant Inducible mouse Mir182 .
DNA reagent expressing vector this paper PWH1039
Recombinant Inducible mouse Mir183 :
DNA reagent expressing vector this paper pWH1040
Recombinant SQRNA and Cas9
DNA reagent expressing vector (pX458) | Addgene Cat# 48138

9 PWH464
Recombinant .Srf;)ne; I?)gagsyeB:; ressin System Cat#
DNA reagent b b 9 Biosciences PB210PA-1

vector (pPWH252)

All the antibodies, plasmids, and oligonucleotides used in this study are listed in

supplemental file 1.

Cell lines
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All the cell lines from this study are based on ES-E14TG2a mESC (ATCC, CRL-1821).
They are listed in the supplemental file 1. The ES-E14TG2a mESCs were authenticated
through STR profiling and were negative for mycoplasma contamination determined by
a PCR-based kit.

CRISPR/Cas9-mediated genome editing in mESCs

To generate the FLAG-Agol, FLAG-Ago2 mESCs or Ago2 3’'UTR Mutant mESCs, cells
were co-transfected with 2 ug of pWH464 (pSpCas9(BB)-2A-GFP (pX458)) expressing
the corresponding targeting sgRNA and 1 pg of the corresponding donor oligo or
plasmid using the Fugene6 (Promega). To generate Mirl824 and Mirl834 mESCs,
cells were transfected with 2 pg of pWH464 expressing a pair of SgRNAs targeting pri-
Mirl82 or pri-Mirl83. The transfected cells were subject to single cell sorting and the
resulting clones were subject to genotyping to identify the correct clones.

qRT-PCR

For pri-miRNA quantification, reverse transcription was performed using random
hexamers and Superscript2 reverse transcriptase. pre-miRNA and miRNA
quantifications were using the Takara’s Mir-X miRNA quantification method. gPCR was
performed in triplicate for each sample using the SsoAdvanced Universal SYBR Green
Supermix (Bio-Rad) on a CFX96™ real-time PCR detection system (Bio-Rad).
Western blotting

Proteins were harvested in RIPA buffer (10 mM Tris-HCI pH 8.0, 140 mM NaCl, 1 mM
EDTA, 0.5 mM EGTA, 1% Triton X-100, 0.1% sodium deoxycholate, 0.1% SDS, and
protease inhibitor cocktail) and quantified with a BCA assay kit (ThermoFisher). Equal

amounts of protein samples were resolved by SDS-PAGE gel, and then transferred to
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PVDF membranes. Western blotting was performed using a BlotCycler (Precision
Biosystems) with the corresponding primary and secondary antibodies. The membranes
were then treated with the Western ECL substrate (Bio-Rad), and the resulting signal
was detected using an ImageQuant LAS 500 instrument (GE Healthcare).

Colony formation assay and exit pluripotency assay

For colony formation assay, 500 cells were plated on a 12-well plate in 2i+Lif media or
Lif media (DMEM/F12 supplemented with 15% FBS, 1 x penicillin/streptomycin, 0.1 mM
Non-Essential Amino Acids, 2 mM L-glutamine, and 0.1 mM 2-mercaptoethanol, and
1000 U/ml Lif). For exit from pluripotency assay, 1000 cells were plated on a gelatin-
coated 6-well plate in differentiation media (DMEM/F12 supplemented with 15% FBS, 1
x penicillin/streptomycin, 0.1 mM Non-Essential Amino Acids, 2 mM L-glutamine, and
0.1 mM 2-mercaptoethanol) for 2 days, then cultured in 2i+Lif media for another 5 days.
Colonies were stained using AP staining Kit and grouped by differentiation status 6-7
days after plating.

Embryoid body formation

For differentiation via embryoid body formation, 3 x 10° cells were plated per 10 cm
bacterial grade Petri dish and maintained on a horizontal rotator with a rotating speed of
30 rpm in differentiation media. The resultant EBs were harvested at the indicated time
points.

RNA antisense purification

MESCs were crosslinked with 0.1% formaldehyde for 5min at room temperature, and
the crosslinking reaction was quenched by adding 1/20 volume of 2.5M glycine and

incubating the mMESCs at room temperature for 10min on a rotating platform. The cells
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were then harvested and lysed in cell lysis buffer (50mM Tris-HCI pH7.4, 150mM NacCl,
5mM EDTA, 10% glycerol, 1% Tween-20, with freshly added proteinase inhibitors). The
cell lysate was cleared by centrifugation at 20,0009 for 10min at 4°C. The resulting
supernatant was used for RNA antisense purification. 5mg lysate in 500ul lysis buffer
was used for each purification. Specifically, a set of 5’-end biotinylated anti-sense DNA
oligoes and 5ul RNase inhibitor (NEB) were added to the lysate, resulting in a final
concentration of 0.1uM for each oligo. The lysate was incubated at room temperature
for 1 hour on a rotating platform. Then 100ul Dynabeads MyOne Streptavidin C1
(Invitrogen) was added and the lysate further incubated for 30min at room temperature
on a rotating platform. The magnetic beads were isolated through a magnetic stand and
then subject to 4 washes, with each wash in 500ul high salt wash buffer (5XPBS, 0.5%
sodium deoxycholate, 1% Triton X-100). The washed beads were resuspended in 100ul
DNasel digestion mix (1X DNasel digestion buffer with 5ul DNasel (NEB)) and
incubated at 37°C for 20min, followed by adding 350ul LET-SDS buffer (25mM Tris-HCI
pH8.0, 100mM LiCIl, 20mM EDTA pH8.0, 1%SDS) and 50ul proteinase K (20mg/ml,
ThermoFisher). The beads were then incubated on a thermomixer at 55°C 1000rpm for
2 hours. The RNA was isolated through phenol extraction and isopropanol precipitation

with glycoblue (Ambion) as a coprecipitant.
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Figure Legends
Figure 1. Ago2 is the major developmentally regulated Argonaute protein in mESCs.

A. Western blotting in the WT, Flag-Agol, and Flag-Ago2 mESCs.

B. Colony formation assay for the mESCs. The WT mESCs were cultured under the
indicated conditions, and the resultant colonies were fixed and stained for AP
(alkaline phosphatase activity). The results represent the means (x SD) of four
independent experiments.

C. Western blotting in the WT mESCs cultured under the indicated conditions.

D. Outline of identifying miRNAs that can potentially regulate Ago2.

E. Expression levels of the identified miRNAs from (D) in mESCs. CPM: counts per
million reads.

The following figure supplements are available for Figure 1:

Figure 1 - figure supplement 1. Expression of Argonaute proteins in mESCSs.

Figure 1 — figure supplement 2. Mir182 and Mirl83 are associated with Ago2 mRNA in
MESCs.

Figure 1 — source datal

Tiff files of raw gel images for Figure 1A,C; Figure 1-figure supplement1C

Excel files of numbers for Figure 1B,E; Figure 1-figure supplement 1A,D, Figure 1-figure

supplement 2.

Figure 2. Mir182/Mir183 regulate Ago2 and maintain stemness in mESCs.
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A. qRT-PCR on Mirl82 and Mir183. For each miRNA, the expression level in WT
cells was set as 1 for relative comparison. U6 RNA was used for normalization.
The results represent the means (x SD) of three independent replicates.

B. Western blotting in the WT, Mirl824, Mirl834, and Mirl82A/Mir183A mESCs.
Gapdh was used for normalization in calculating the relative expression levels.

C. Colony formation assay for mESCs. The mESCs were cultured in 15%FBS + Lif
for 7 days, and the resultant colonies were fixed and stained for AP.

D. Exit pluripotency assay for mESCs. The mESCs were induced to exit
pluripotency in medium without Lif for 2 days and then switched to 2i+Lif medium
for 5 days. The resultant colonies were fixed and stained for AP.

In C and D, the colony morphology and AP intensity were evaluated through

microscopy. 100-200 colonies were examined each time to determine the

percentage of undifferentiated colonies. The results represent the means (x SD) of
three independent experiments.

E. Western blotting of pluripotency factors during EB formation.

The following figure supplement is available for Figure 2:

Figure 2 - figure supplement 1. Ago2 mRNA is a target of Mir1l82 and Mir183 in mESCs.
Figure 2 — source datal

Tiff files of raw gel images for Figure 2B,E; Figure2-figure supplement1C.

Excel files of numbers for Figure 2A,C,D; Figure2-figure supplement1B.

Figure 3. Mirl82/Mir183-mediated repression of Ago2 is required for maintaining

pluripotency.
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D.

E.

Mutating Mir182 and Mir183 binding sites in Ago2 mRNA'’s 3'UTR via genome
editing.
Genotyping of the Ago2 3’'UTR mutant. The PCR was performed using the

oligoes (F and R) indicated in A.

. Western blotting in the WT, Ago2 3’'UTR mutant, Mirl824/Mir1834, and

Mirl82A/ Mirl83A/Ago2 3'UTR mutant.
Colony formation assay for mESCs.

Exit pluripotency assay for mESCs.

In D and E, the colony morphology and AP intensity were evaluated through

microscopy. The results represent the means (+ SD) of four independent

experiments. *p<0.05 by the Student’s t-test.

F.

Western blotting of pluripotency factors in day 5 EBs.

The following figure supplement is available for Figure 3:

Figure 3 — figure supplement 1. Inhibition of Mir182/Mir183-mediated regulation of Ago2

in MESCs.

Figure 3 — source datal

Tiff files of raw gel images for Figure 3C,F; Figure 3-figure supplement1B.

Excel files of numbers for Figure 3D,E; Figure 3-figure supplementl1A,C.

Figure 4. The stemness defects in the 3’UTR mutant mESCs are caused by elevated

let-7 miRNAS.

A.

Relative levels of miRNAs, let-7 pri-miRNAs, and let-7 pre-miRNAs in the WT

and the Ago2 3'UTR mutant mESCs. For each miRNA, pri-miRNA, and pre-
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mMiRNA, the expression level in WT cells was set as 1 for relative comparison. U6
RNA was used for normalization in miRNA and pre-miRNA quantification; 18S
rRNA was used for normalization in pri-miRNA quantification. The heatmap was
generated from the means of three independent replicates.

B. Colony formation assay for WT and the Ago2 3’'UTR mutant mESCs cultured in
the presence of 500 nM anti-let-7 LNA or a control LNA. The results represent
three independent experiments. *p<0.05, and n.s. not significant (p>0.05) by the
Student’s t-test.

Figure 4 — source datal

Excel files of numbers for Figure 4A,B.

Figure 5. Mirl82/Mirl183 and Trim71 function in parallel to repress Ago2 mRNA in
MESCs.
A. Western blotting in the WT mESCs expressing either a vector or FLAG-Trim71
and in the 3'UTR mutant mESCs expressing either a vector or FLAG-Trim71.
B. Western blotting in the WT, 3’UTR mutant, and 3’'UTR mutant/CLIPA mESCs.
In A and B, Gapdh was used for normalization in calculating the relative expression
levels.
C. Colony formation assay for mESCs.
D. Exit pluripotency assay for mESCs.
The following figure supplement is available for Figure 5:
Figure 5 — figure supplement 1. Generation of the CLIPA in the 3’UTR mutant mESCs.

Figure 5 — source datal
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Tiff files of raw gel images for Figure 5A,B; Figure 5—figure supplementl

An Excel file of numbers for Figure 5C,D.

Supplemental file 1. Antibodies, plasmids, and oligonucleotides used in this study.
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Abstract

microRNAs associate with Argonaute proteins, forming the microRNA-induced silencing
complex (miRISC), to repress target gene expression post-transcriptionally. Although
microRNAs are critical regulators in mammalian cell differentiation, our understanding of
how microRNA machinery, such as the miRISC, are regulated during development is
still limited. We previously showed that repressing the production of one Argonaute
protein, Ago2, by Trim71 is important for mouse embryonic stem cells (MESC) self-
renewal (Liu et al., 2021). Here we show that among the four Argonaute proteins in
mammals, Ago2 is the major developmentally regulated Argonaute protein in mESCs.
Moreover, in pluripotency, besides the Trim71-mediated regulation of Ago2 (Liu et al.,
2021), Mir182/Mirl83 also repress Ago2. Specific inhibition of this microRNA-mediated
repression results in stemness defects and accelerated differentiation through the let-7
microRNA pathway. These results reveal a microRNA-mediated regulatory circuit on

microRNA machinery that is critical to maintaining pluripotency.



24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

Introduction

microRNAs (miRNAs) are endogenous ~22-nucleotide(nt) RNAs with critical roles in
modulating gene expression under diverse biological contexts (Bartel, 2009; 2018).
Most miRNAs are produced from long primary transcripts (pri-miRNAs) through
successive processing by two double-strand RNA (dsRNA) endonucleases named
Drosha and Dicer, generating pre-miRNAs and ~22-nt dsRNAs, respectively. One RNA
strand in the ~22-nt dsRNA, the mature miRNA, is selectively incorporated into the
Argonaute (Ago) protein, forming the miRNA-induced silencing complex (miRISC) (Ha
and Kim, 2014). In animals, miRISC recognizes its target mRNAs through partial base-
pairings mediated by the miRNA (Bartel, 2009). The Ago protein recruits GW182
proteins to down-regulate target mMRNA expression through mRNA degradation and/or
translational repression (Nilsen, 2007). Although microRNAs play critical regulatory
roles in mammalian cell differentiation (Ameres and Zamore, 2013; Ebert and Sharp,
2012), our understanding on how microRNA machinery, particularly the miRISC, are
regulated during development is still limited.

We recently found that Ago2, a key component in the miRISC, is repressed at
the mRNA translation level by an RNA-binding protein named Trim71 in mouse
embryonic stem cells (MESCSs) (Liu et al., 2021). This repression of Ago2 inhibits stem
cell differentiation mediated by the conserved pro-differentiation let-7 miRNAs (Bussing
et al., 2008; Liu et al., 2021). These results suggest that Ago2 is developmentally
regulated during stem cell self-renewal and differentiation, and beg for characterization
of additional regulators of Ago2. Moreover, besides Ago2, there are three additional Ago

proteins (Agol, Ago3, Ago4) in mammals that function redundantly in the miRNA



47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

pathway (Meister, 2013). The relative abundance of these Ago proteins and their
contribution to miRNA activities during cell differentiation, however, are still unknown.
Here, using mESC fate decisions between pluripotency and differentiation as a
mammalian cell differentiation model, we determined that AgoZ2 is the predominant Ago
protein in MESCs, and Ago2 level increases when mESCs exit pluripotency. In the
pluripotent state, Mir182 and Mirl83, two conserved miRNAs abundantly expressed in
MESCs, repress Ago2 and control the stemness of MESCs. Specific inhibition of
Mir182/Mir183-mediated repression of Ago2 results in stemness defects and
accelerated differentiation of mMESCs through the let-7 microRNA pathway. Collectively,
these results reveal a miRNA-mediated regulatory circuit on the miRNA machinery that

is critical to maintaining pluripotency.

Results

Agoz2 is the predominant developmentally regulated Argonaute protein in mESCs.
Mammals have four Ago proteins (Agol-4) that function redundantly in miRNA-
mediated regulations (Meister, 2013). Transcriptomic profiling on mESCs from different
laboratories indicated that mMESCs express only Agol and Ago2 (Figure 1-figure
supplement 1A) (Liu et al., 2021; Marks et al., 2012). To examine the relative
abundance of Agol and Ago2 at the protein level, we generated mESCs with a Flag-tag
knocked-in at the N-terminus of the Agol and Ago2 loci, respectively, via
CRISPR/Cas9-mediated genome-editing (Figure 1-figure supplement 1B&C). These
MESCs with the Flag-tag knocked-in displayed no stemness defects compared to the

WT mESCs (Figure 1-figure supplement 1D) and enabled us to use the same antibody
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(e.g., anti-Flag) to compare the relative abundance of Agol and Ago2. Western blotting
via an anti-Flag antibody indicated that Ago2 is the predominant Ago protein in mESCs
at the protein level (Figure 1A).

To examine whether Ago2 level is regulated during mESCs differentiation, we
cultured mESCs under three different conditions that mimic three different
developmental stages: ground/naive state (in 2i+Lif), primed state (in 15%FBS+Lif), and
differentiating state (in 15%FBS without Lif), which resulted in decreasing stemness in
MESCs, as determined by the colony formation assay (Figure 1B). Western blotting
indicated that Ago2 level increased when mESCs exited pluripotency (Figure 1C). This
result indicated that Ago2 is developmentally regulated in mESCs, and Ago2 level is

repressed in the pluripotent state.

Mir182/Mir183 regulate Ago2 and maintain stemness in mESCs.

To determine how Ago2 is regulated in mMESCs, we hypothesized that miRNAs
expressed in MESCs might contribute to the repression of Ago2 because miRNAs are
important negative regulators of gene expression. We identified the conserved miRNA-
binding sites in the 3'UTR of Ago2 mRNA through TargetScan (Agarwal et al., 2015)
and then examined the expression level of the corresponding miRNAs in mESCs using
existing small-RNA-seq datasets (Liu et al., 2021) (Figure 1D). This analysis revealed
that among the miRNAs that can potentially regulate Ago2, Mirl182 and Mirl83, two
mMiRNAs from the same miRNA family that are abundantly expressed in stem cells
(Dambal et al., 2015), have significantly higher expression levels (Figure 1E).

Interestingly, Mirl82/Mir183 decrease when mESCs transition from the ground state to
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the primed and differentiating state (Hadjimichael et al., 2016; Wang et al., 2017), which
negatively correlates with the Ago2 expression pattern during this transition (Figure 1C).
These observations suggest that Ago2 is repressed by Mir1l82/Mir183 in mESCs.
Consistent with this notion, using RNA antisense purification, we found that Mirl82 and
Mir183 specifically associated with Ago2 mRNA in mESCs (Figure 1-figure supplement
2).

Two lines of evidence indicated that Mir182/Mir183 regulate Ago2 mRNA. First,
Ago2 increased when Mirl82, Mirl83, or both Mirl82 and Mir183 were knocked out in
MESCs (Figure 2—figure supplement 1A & Figure 2A&B). Second, when either Mir182
or Mirl83 was over-expressed in the wild-type (WT) mESCs (Figure 2—figure
supplement 1B), the Ago2 level decreased (Figure 2—figure supplement 1C). The
results from these loss-of-function and gain-of-function experiments argue that
Mirl182/Mir183 repress Ago2 expression in mESCs.

Interestingly, Mirl824, Mirl834, and Mirl824/Mirl834 mESCs displayed defects
in self-renewal (Figure 2C), as determined by the colony formation assay in the
15%FBS+Lif medium, where differentiation was not blocked by the two inhibitors in the
2i+lif medium. Moreover, these miRNA knockout mESCs had accelerated differentiation,
as revealed by the exit pluripotency assay (Figure 2D), which evaluates the rate ESCs
exit the pluripotent state (Betschinger et al., 2013), and by the measurement of
pluripotency factors through Western blotting on differentiating embryonic bodies
(Figure 2E). These cellular phenotypes suggest that Mir182/Mir183-mediated regulation

of Ago2 is important to mESCs.
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Mir182/Mir183-mediated repression of Ago2 is required for maintaining
pluripotency.

A caveat in interpreting results from miRNA knockout and over-expression experiments
is the pleiotropic effects. Because each miRNA can regulate hundreds of mRNAs, when
a miRNA is knocked out or over-expressed, hundreds of miRNA:mRNA interactions are
altered, making it difficult to determine whether a specific miRNA:mRNA interaction
contributes to the phenotypical changes.

To address this issue and specifically examine the functional significance of
Mir182/Mir183-mediated regulation of Ago2 in mESCs, we mutated the Mir182/Mir183
binding sites in the 3’'UTR of Ago2 mRNA via CRISPR/Cas9-mediated genome editing
(Figure 3A&B). Two observations indicated that the mutations disrupted the interaction
between Ago2 mRNA and Mir182/Mirl83. First, similar to the miRNA knockout mESCs
(Figure 2B), Ago2 increased in the 3'UTR mutant mESCs (Figure 3C). Second, in
contrast to the results in the WT mESCs (Figure 2—figure supplement 1C), over-
expression of either Mirl82 or Mirl83 in the 3’'UTR mutant mESCs did not decrease
Ago2 (Figure 3—figure supplement 1A&B). Notably, in the Mir1824/Mir1834 mESCs,
these mutations did not increase Ago2 (Figure 3C), indicating the increased Ago2 from
these mutations in the WT mESCs is dependent on Mirl82/Mir183. Moreover, the
3’UTR mutations did not significantly alter the Mir182/Mir183 levels in mESCs (Figure
3—figure supplement 1C). Altogether, these observations indicated that the functional
significance of Mir182/Mir183-mediated repression of Ago2 could be specifically

evaluated in the 3’'UTR mutant mESCs.
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When subject to the colony formation assay, the 3’UTR mutant mESCs
displayed a defect in maintaining undifferentiated colonies (Figure 3D), indicating
compromised self-renewal. When differentiation was evaluated by the exit pluripotency
assay, the 3’UTR mutant mESCs had an increased differentiation rate (Figure 3E).
Consistent with these findings, differentiating embryonic bodies from the 3’'UTR mutant
MESCs had a lower amount of pluripotency factors (Figure 3F). Collectively, these
results indicate that Mir182/Mir183-mediated repression of AgoZ2 is important for mESC

self-renewal and proper differentiation.

Mir182/Mir183-mediated repression of Ago2 in mESCs inhibits the let-7 miRNA-
mediated differentiation pathway.

Two observations lead us to the hypothesis that Mir182/Mirl83-mediated repression of
Ago2 in mMESCs counteracts the differentiation pathway controlled by the let-7 miRNAs,
a conserved miRNA family that promotes stem cell differentiation (Roush and Slack,
2008). First, in Dgcr84 mESCs, where endogenous miRNAS’ biogenesis is blocked,
ectopic expression of Mirl83 inhibits the stem cell differentiation triggered by
exogenous let-7 miRNA (Wang et al., 2017). Second, our recent study indicated that
increasing Ago2 levels in mMESCs results in stemness defects in a let-7-miRNA-
dependent manner. This specificity on let-7 miRNAs is because the pro-differentiation
let-7 miRNAs are actively transcribed in mESCs, and the increased Ago2 binds and
stabilizes the let-7 miRNAs that are otherwise degraded in mESCs, thereby promoting

MESCs differentiation (Liu et al., 2021).
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To test this hypothesis, we examined the expression of let-7 miRNAs. The 3'UTR
mutant mMESCs had significantly higher let-7 miRNAs than the WT mESCs (Figure 4A).
This increase is specific to let-7 miRNAs because non-let-7 miRNAs were not elevated
(Figure 4A). Moreover, consistent with our previous observation that increased Ago2
stabilizes mature let-7 miRNAs (Liu et al., 2021), the pri-let-7 miRNAs and the pre-let-7
miRNAs were not significantly increased in the 3'UTR mutant mESCs (Figure 4A). To
determine whether the increased let-7 miRNAs are responsible for the stemness
defects in the 3’UTR mutant mESCs, we inhibited let-7 miRNAs using locked nucleic
acid antisense oligonucleotides (LNA) targeting the conserved seed sequence of let-7
mMiRNAs. When let-7 miRNAs were inhibited, the stemness defects of the 3’UTR mutant
MESCs were abolished (Figure 4B), indicating that disruption of Mir182/Mir183-
mediated repression of Ago2 in mESCs activates differentiation through the let-7

mMiRNA pathway.

Mir182/Mir183 and Trim71 function in parallel to repress Ago2 mRNA in mESCs.
Our previous study indicated that Ago2 mRNA is also repressed by Trim71 in mESCs
(Liu et al., 2021). Interestingly, the Trim71 binding site in the 3'UTR of Ago2 mRNA is
different from the Mir182/Mir183 binding sites, suggesting that Mirl82/Mir183 and
Trim71 function in parallel to repress Ago2 mRNA in mESCs. We performed the
following experiments to test this.

At the molecular level, we observed that over-expression of Trim71 still
repressed Ago2 in the 3’UTR mutant mESCs (Figure 5A), where Mir182/Mir183-

mediated repression is abolished (Figure 3). Moreover, in the 3'UTR mutant mESCs,
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inhibiting Trim71-mediated repression of Ago2 through deleting the Trim71-binding site
in the 3'UTR of Ago2 mRNA (CLIPA) (Liu et al., 2021) further increased AgoZ2 level
(Figure 5B, Figure 5-figure supplement 1). These results indicate that Trim71 and
Mir182/Mirl83 independently repress Ago2 mRNA in mESCs.

At the cell function level, we found that introducing the CLIPA in the 3'UTR
mutant mESCs further decreased stem cell self-renewal, as determined by the colony
formation assay (Figure 5C), and accelerated differentiation, as measured by the exit
pluripotency assay (Figure 5D). These observations argue that Trim71 and
Mir182/Mir183 function independently in regulating stemness in mESCs through
modulating Ago2 mRNA.

Collectively, these findings indicate that Mir182/Mir183 and Trim71 function in

parallel to repress Ago2 mRNA in mESCs.

Discussion
Our data reveal that the predominant Ago protein in mESCs, Ago2, is developmentally
regulated, with gradually increasing levels when mESCs exit pluripotency. Two miRNAs
abundantly expressed in mESCs, Mirl82/Mir183, contribute to the repression of Ago2 in
the pluripotent state. This miRNA-mediated regulation of Ago2 is critical to maintaining
stemness. Our findings raise several interesting aspects of miRNAs in stem cell biology.
First, since Ago2 is the predominant Ago protein in mESCs, the Ago2 expression
pattern during mESCs’ transition from self-renewal to differentiation argues that
although certain individual miRNAs may be required for pluripotency (e.g.,

Mir182/Mirl183), the global miRNA activity is suppressed in the pluripotent state and
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induced when mESC:s initiate differentiation. Consistent with this notion, knocking out
key components in global miRNA biogenesis, such as Dgcr8 (Wang et al., 2007), Dicer
(Kanellopoulou et al., 2005; Murchison et al., 2005), or Ago2 in the miRISC (Liu et al.,
2021), does not negatively affect mESCs self-renewal. However, differentiation in all
these mutant mESCs is severely compromised. Thus, at the global level, miIRNAs may
play more important roles in mESC differentiation.

Second, previous studies indicate that the two components of the miRISC, the
Ago protein and its associated miRNA, mutually regulate each other. In the absence of
mMiRNAs, the Ago protein is destabilized (Martinez and Gregory, 2013; Smibert et al.,
2013), while miRNAs are also unstable if they are not associated with Ago proteins
(Winter and Diederichs, 2011). Thus, the effective miRNA activity depends on the
limiting component in the miRISC. Our previous studies indicated that the conserved
pro-differentiation let-7 miRNAs are sensitive to Ago2 levels because an increase of
Ago2 results in specific stabilization of let-7 miRNAs that are otherwise degraded (Liu et
al., 2021). Thus, for let-7 miRISC, Ago2 is possibly the limiting component in mESCs.
Repression of Ago2 by either Mirl82/Mirl83 as we characterized here or Trim71 as we
identified previously (Liu et al., 2021) likely limits the effective let-7 miRISCs.
Interestingly, the pro-differentiation let-7 miRICSs can positively auto-regulate their own
biogenesis through inhibiting Lin28a, a conserved let-7 target, because Lin28a inhibits
the biogenesis of let-7 miRNAs through promoting their pre-miRNA degradation
(Tsialikas and Romer-Seibert, 2015). Thus, the effective let-7 miRNAs need to be tightly
controlled in stem cells. The two repression mechanisms on Ago2 mRNA contribute to

limiting the amount of effective let-7 miRISCs and maintaining pluripotency in mESCs.
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We speculate that similar mechanisms of regulating miRISCs by RNA-binding proteins
and microRNAs may exist in other developmental processes. Moreover, Ago2 is
dysregulated under many pathological conditions, such as cancer (Adams et al., 2014).
Thus, regulating miRISCs through modulating Ago2 levels may also contribute to
pathogenesis.

Finally, it is noticed that the Mir1824/Mirl834 mESCs displayed stronger defects
in self-renewal and differentiation than the 3’'UTR mutant mESCs did (Figure 2C&D
versus Figure 3D&E). Thus, besides Ago2 mRNA, Mirl82/Mirl83 may regulate

additional mMRNAs that are important for stem cell biology.
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Materials and Methods

Key Resources Table

Reagt_ant type : : Source or - Additional
(species) or Designation Identifiers . .
reference information
resource
: (Mouse monoclonal) anti- . i : ]
Antibody ELAG M2 Sigma-Aldrich Cat# F1804 | WB (1:5000)
. (Mouse monoclonal) anti- | Santa Cruz Cat# sc- .
Antibody GAPDH (6C5) Biotechnology 32233 WB (1:5000)
Antibody (Rabbit monoclonal) anti- | goyocychem | cat# A5032 | WB (1:5000)
beta-Tubulin
. (Rabbit monoclonal) anti- Cell Signaling .
Antibody Agol (D84G10) Technology Cat# 5053 | WB (1:1000)
Antibody g;%gb't monoclonal) anti- | g oye Cat# A5701 | WB (1:3000)
. BD
Antibody (Mouse monoclonal) anti- Transduction Cat# WB (1:5000)
Oct-4 ) 611202
Laboratories™
: (Rabbit monoclonal) anti- | Cell Signaling )
Antibody Nanog (D2A3) Technology Cat# 8822 WB (1:3000)
. Goat Anti-Rabbit IgG (H : Cat# 170- .
Antibody L)-HRP Conjugate Bio-Rad 6515 WB (1:5000)
, Goat Anti-Mouse 1gG (H . Cat# 170- .
Antibody L)-HRP Conjugate Bio-Rad 6516 WB (1:5000)
Chemical Cath
compound, DMEM/F-12 Gibco 12500096
drug
Chemical
compound, FBS Millipore Cat# ES-
009-B
drug
Chemical
- Cat#
compound, mLIF Millipore ESG1107
drug
Chemical
compound, PD0325901 APEXBIo Cat# A3013
drug
Chemical
compound, CHIR99021 APEXxBio Cat# A3011
drug
Chemical
- Cat#
compound, N2 Millipore SCMO12
drug
Chemical
- Cat#
compound, N27 Millipore SCMO13
drug
Chemical MEM NEAA Gibco Cat# 11140-
compound, 50

13



drug

Chemical

- . . Cat#
compound, Penicillin-Streptomycin Gibco 11548876
drug
Chemical
compound, L-Glutamin Sigma-Aldrich Cat# G7513
drug
Chemical
compound, b-mercaptoethanol Sigma-Aldrich Cat# M3148
drug
Chemical
compound, Accutase Millipore Cat# SF006
drug
Chemical
compound, Fugene6 Promega Cat# E2691
drug
Chemical
compound, Puromycin Sigma-Aldrich Cat# P9620
drug
Chemical
compound, Doxycycline Sigma-Aldrich Cat# D9891
drug
Chemical Cath
compound, Protease inhibitors Bimake B14001
drug
Chemical
compound, Gelatin Sigma-Aldrich Cat# G1890
drug
Chemical Cath
compound, One Step-RNA Reagent Bio Basic
BS410A
drug
Chemical
Cat#
compound, DNase 1 NEB MO303L
drug
Chemical .
SuperScript™ Il Reverse . Cat#
S?l:r;pound, Transcriptase Invitrogen 18064014
g:nir;é%il d SsoAdvanced™ Univer_sal Bio-Rad Cat#
drug ’ SYBR® Green Supermix 1725270
Chemical Q5@ High-Fidelity DNA Cat#
compound, NEB
dru Polymerase MO0491L
g
Chemical
. Cat#
compound, Control LNA Qiagen 339137
drug
Chemical
compound, anti-let-7 LNA Qiagen Cat#
drug YFI0450006
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240

241

242

243

Commercial Alkaline Phosphatase System Cat#
assay or kit Assay Kit Biosciences AP100R-1
Commercial Gibson Assembly® Master NEB Cat#
assay or kit Mix E2611L
Commerm_al P!erce BCA Protein Assay Thgrm_o_ Fisher Cat# 23295
assay or kit Kit Scientific
Commercial Mir-X™ miRNA First Takara Cat#
assay or kit Strand Synthesis Kit 638313
cellline M.~ £ E14TG2a mESC ATCC CRL-1821
musculus)
Cell line (M. FLAG-Agol mESC this paper
musculus)
Cell line (M. PMID:
musculus) FLAG-Ago2 mESC 33599613
Cell line (M. Mir182A mESC this paper
musculus)
Cell line (M. Mir7183A mESC this paper
musculus)
Cellline (M. | \1ir182AMir183A mESC | this paper
musculus)
Cell line (M. 3'UTR Mutant mESC this paper
musculus)
Cell line (M. Mir182AMir183A/3'UTR this paper
musculus) Mutant mESC bap

. PiggyBac-based dox- _
Recombinant . . X PMID:
DNA reagent inducible expression 33509613 pWH406

vector

Recombinant Inducible GFP expressing | PMID:
DNA reagent vector 33599613 pWH1055
Recombinant Inducible mouse Mir182 .
DNA reagent expressing vector this paper PWH1039
Recombinant Inducible mouse Mir183 :
DNA reagent expressing vector this paper pWH1040
Recombinant SQRNA and Cas9
DNA reagent expressing vector (pX458) | Addgene Cat# 48138

9 PWH464
Recombinant .Srf;)ne; zgggeng ressin System Cat#
DNA reagent b P 9 Biosciences PB210PA-1

vector (pPWH252)

All the antibodies, plasmids, and oligonucleotides used in this study are listed in

supplemental file 1.

Cell lines
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246

247

248

249

250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

All the cell lines from this study are based on ES-E14TG2a mESC (ATCC, CRL-1821).
They are listed in the supplemental file 1. The ES-E14TG2a mESCs were authenticated
through STR profiling and were negative for mycoplasma contamination determined by
a PCR-based kit.

CRISPR/Cas9-mediated genome editing in mESCs

To generate the FLAG-Agol, FLAG-Ago2 mESCs or Ago2 3’'UTR Mutant mESCs, cells
were co-transfected with 2 ug of pWH464 (pSpCas9(BB)-2A-GFP (pX458)) expressing
the corresponding targeting sgRNA and 1 pg of the corresponding donor oligo or
plasmid using the Fugene6 (Promega). To generate Mirl824 and Mirl834 mESCs,
cells were transfected with 2 pg of pWH464 expressing a pair of SgRNAs targeting pri-
Mirl82 or pri-Mirl83. The transfected cells were subject to single cell sorting and the
resulting clones were subject to genotyping to identify the correct clones.

qRT-PCR

For pri-miRNA quantification, reverse transcription was performed using random
hexamers and Superscript2 reverse transcriptase. pre-miRNA and miRNA
quantifications were using the Takara’s Mir-X miRNA quantification method. gPCR was
performed in triplicate for each sample using the SsoAdvanced Universal SYBR Green
Supermix (Bio-Rad) on a CFX96™ real-time PCR detection system (Bio-Rad).
Western blotting

Proteins were harvested in RIPA buffer (10 mM Tris-HCI pH 8.0, 140 mM NaCl, 1 mM
EDTA, 0.5 mM EGTA, 1% Triton X-100, 0.1% sodium deoxycholate, 0.1% SDS, and
protease inhibitor cocktail) and quantified with a BCA assay kit (ThermoFisher). Equal

amounts of protein samples were resolved by SDS-PAGE gel, and then transferred to
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268

269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

PVDF membranes. Western blotting was performed using a BlotCycler (Precision
Biosystems) with the corresponding primary and secondary antibodies. The membranes
were then treated with the Western ECL substrate (Bio-Rad), and the resulting signal
was detected using an ImageQuant LAS 500 instrument (GE Healthcare).

Colony formation assay and exit pluripotency assay

For colony formation assay, 500 cells were plated on a 12-well plate in 2i+Lif media or
Lif media (DMEM/F12 supplemented with 15% FBS, 1 x penicillin/streptomycin, 0.1 mM
Non-Essential Amino Acids, 2 mM L-glutamine, and 0.1 mM 2-mercaptoethanol, and
1000 U/ml Lif). For exit from pluripotency assay, 1000 cells were plated on a gelatin-
coated 6-well plate in differentiation media (DMEM/F12 supplemented with 15% FBS, 1
x penicillin/streptomycin, 0.1 mM Non-Essential Amino Acids, 2 mM L-glutamine, and
0.1 mM 2-mercaptoethanol) for 2 days, then cultured in 2i+Lif media for another 5 days.
Colonies were stained using AP staining Kit and grouped by differentiation status 6-7
days after plating.

Embryoid body formation

For differentiation via embryoid body formation, 3 x 10° cells were plated per 10 cm
bacterial grade Petri dish and maintained on a horizontal rotator with a rotating speed of
30 rpm in differentiation media. The resultant EBs were harvested at the indicated time
points.

RNA antisense purification

MESCs were crosslinked with 0.1% formaldehyde for 5min at room temperature, and
the crosslinking reaction was quenched by adding 1/20 volume of 2.5M glycine and

incubating the mMESCs at room temperature for 10min on a rotating platform. The cells
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290

291

292

293

294

295

296

297

298

299

300

301

302

303

304

305

306

307

were then harvested and lysed in cell lysis buffer (50mM Tris-HCI pH7.4, 150mM NacCl,
5mM EDTA, 10% glycerol, 1% Tween-20, with freshly added proteinase inhibitors). The
cell lysate was cleared by centrifugation at 20,0009 for 10min at 4°C. The resulting
supernatant was used for RNA antisense purification. 5mg lysate in 500ul lysis buffer
was used for each purification. Specifically, a set of 5’-end biotinylated anti-sense DNA
oligoes and 5ul RNase inhibitor (NEB) were added to the lysate, resulting in a final
concentration of 0.1uM for each oligo. The lysate was incubated at room temperature
for 1 hour on a rotating platform. Then 100ul Dynabeads MyOne Streptavidin C1
(Invitrogen) was added and the lysate further incubated for 30min at room temperature
on a rotating platform. The magnetic beads were isolated through a magnetic stand and
then subject to 4 washes, with each wash in 500ul high salt wash buffer (5XPBS, 0.5%
sodium deoxycholate, 1% Triton X-100). The washed beads were resuspended in 100ul
DNasel digestion mix (1X DNasel digestion buffer with 5ul DNasel (NEB)) and
incubated at 37°C for 20min, followed by adding 350ul LET-SDS buffer (25mM Tris-HCI
pH8.0, 100mM LiCIl, 20mM EDTA pH8.0, 1%SDS) and 50ul proteinase K (20mg/ml,
ThermoFisher). The beads were then incubated on a thermomixer at 55°C 1000rpm for
2 hours. The RNA was isolated through phenol extraction and isopropanol precipitation

with glycoblue (Ambion) as a coprecipitant.

18



308

309

310

Acknowledgments
We thank Dr. Xiaoli Chen for his assistance with microRNA prediction. This work is

supported by Mayo Foundation for Medical Education and Research.

19



311

312

Competing interests

The authors declare no competing interests.

20



313
314
315
316
317
318
319
320
321
322
323
324
325
326
327
328
329
330
331
332
333
334
335
336
337
338
339
340
341
342
343
344
345
346
347
348
349
350
351
352
353
354
355
356

References

Adams, B.D., Kasinski, A.L., and Slack, F.J. (2014). Aberrant regulation and function of
microRNAs in cancer. Curr Biol 24, R762-776. 10.1016/j.cub.2014.06.043.

Agarwal, V., Bell, G.W., Nam, J.W., and Bartel, D.P. (2015). Predicting effective microRNA target
sites in mammalian mRNAs. Elife 4. 10.7554/eLife.05005.

Ameres, S.L., and Zamore, P.D. (2013). Diversifying microRNA sequence and function. Nat Rev
Mol Cell Biol 14, 475-488. 10.1038/nrm3611.

Bartel, D.P. (2009). MicroRNAs: target recognition and regulatory functions. Cell 136, 215-233.
10.1016/j.cell.2009.01.002.

Bartel, D.P. (2018). Metazoan MicroRNAs. Cell 173, 20-51. 10.1016/j.cell.2018.03.006.
Betschinger, J., Nichols, J., Dietmann, S., Corrin, P.D., Paddison, P.J., and Smith, A. (2013). Exit
from pluripotency is gated by intracellular redistribution of the bHLH transcription factor Tfe3.
Cell 153, 335-347. 10.1016/j.cell.2013.03.012.

Bussing, I., Slack, F.J., and Grosshans, H. (2008). let-7 microRNAs in development, stem cells and
cancer. Trends Mol Med 14, 400-409. 10.1016/j.molmed.2008.07.001.

Dambal, S., Shah, M., Mihelich, B., and Nonn, L. (2015). The microRNA-183 cluster: the family
that plays together stays together. Nucleic Acids Res 43, 7173-7188. 10.1093/nar/gkv703.
Ebert, M.S., and Sharp, P.A. (2012). Roles for microRNAs in conferring robustness to biological
processes. Cell 149, 515-524. 10.1016/j.cell.2012.04.005.

Ha, M., and Kim, V.N. (2014). Regulation of microRNA biogenesis. Nat Rev Mol Cell Biol 15, 509-
524.10.1038/nrm3838.

Hadjimichael, C., Nikolaou, C., Papamatheakis, J., and Kretsovali, A. (2016). MicroRNAs for Fine-
Tuning of Mouse Embryonic Stem Cell Fate Decision through Regulation of TGF-beta Signaling.
Stem Cell Reports 6, 292-301. 10.1016/j.stemcr.2016.01.004.

Kanellopoulou, C., Muljo, S.A., Kung, A.L., Ganesan, S., Drapkin, R., Jenuwein, T., Livingston,
D.M., and Rajewsky, K. (2005). Dicer-deficient mouse embryonic stem cells are defective in
differentiation and centromeric silencing. Genes Dev 19, 489-501. 10.1101/gad.1248505.

Liu, Q., Chen, X., Novak, M.K., Zhang, S., and Hu, W. (2021). Repressing Ago2 mRNA translation
by Trim71 maintains pluripotency through inhibiting let-7 microRNAs. Elife 10.
10.7554/elLife.66288.

Marks, H., Kalkan, T., Menafra, R., Denissov, S., Jones, K., Hofemeister, H., Nichols, J., Kranz, A.,
Stewart, A.F., Smith, A., and Stunnenberg, H.G. (2012). The transcriptional and epigenomic
foundations of ground state pluripotency. Cell 149, 590-604. 10.1016/j.cell.2012.03.026.
Martinez, N.J., and Gregory, R.l. (2013). Argonaute2 expression is post-transcriptionally coupled
to microRNA abundance. RNA 19, 605-612. 10.1261/rna.036434.112.

Meister, G. (2013). Argonaute proteins: functional insights and emerging roles. Nat Rev Genet
14, 447-459. 10.1038/nrg3462.

Murchison, E.P., Partridge, J.F., Tam, O.H., Cheloufi, S., and Hannon, G.J. (2005).
Characterization of Dicer-deficient murine embryonic stem cells. Proc Natl Acad Sci US A 102,
12135-12140. 10.1073/pnas.0505479102.

Nilsen, T.W. (2007). Mechanisms of microRNA-mediated gene regulation in animal cells. Trends
Genet 23, 243-249. 10.1016/j.tig.2007.02.011.

Roush, S., and Slack, F.J. (2008). The let-7 family of microRNAs. Trends Cell Biol 18, 505-516.
10.1016/j.tcb.2008.07.007.

21



357
358
359
360
361
362
363
364
365
366
367
368
369
370
371
372

Smibert, P., Yang, J.S., Azzam, G., Liu, J.L., and Lai, E.C. (2013). Homeostatic control of
Argonaute stability by microRNA availability. Nat Struct Mol Biol 20, 789-795.
10.1038/nsmb.2606.

Tsialikas, J., and Romer-Seibert, J. (2015). LIN28: roles and regulation in development and
beyond. Development 142, 2397-2404. 10.1242/dev.117580.

Wang, X.W., Hao, J., Guo, W.T,, Liao, L.Q., Huang, S.Y., Guo, X., Bao, X., Esteban, M.A., and
Wang, Y. (2017). A DGCR8-Independent Stable MicroRNA Expression Strategy Reveals
Important Functions of miR-290 and miR-183-182 Families in Mouse Embryonic Stem Cells.
Stem Cell Reports 9, 1618-1629. 10.1016/j.stemcr.2017.08.027.

Wang, Y., Medvid, R., Melton, C., Jaenisch, R., and Blelloch, R. (2007). DGCRS8 is essential for
microRNA biogenesis and silencing of embryonic stem cell self-renewal. Nat Genet 39, 380-385.
10.1038/ng1969.

Winter, J., and Diederichs, S. (2011). Argonaute proteins regulate microRNA stability: Increased
microRNA abundance by Argonaute proteins is due to microRNA stabilization. RNA Biol 8, 1149-
1157.10.4161/rna.8.6.17665.

22



373

374

375

376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

Figure Legends
Figure 1. Ago2 is the major developmentally regulated Argonaute protein in mESCs.

A. Western blotting in the WT, Flag-Agol, and Flag-Ago2 mESCs.

B. Colony formation assay for the mESCs. The WT mESCs were cultured under the
indicated conditions, and the resultant colonies were fixed and stained for AP
(alkaline phosphatase activity). The results represent the means (x SD) of four
independent experiments.

C. Western blotting in the WT mESCs cultured under the indicated conditions.

D. Outline of identifying miRNAs that can potentially regulate Ago2.

E. Expression levels of the identified miRNAs from (D) in mESCs. CPM: counts per
million reads.

The following figure supplements are available for Figure 1:

Figure 1 - figure supplement 1. Expression of Argonaute proteins in mESCSs.

Figure 1 — figure supplement 2. Mir182 and Mirl83 are associated with Ago2 mRNA in
MESCs.

Figure 1 — source datal

Tiff files of raw gel images for Figure 1A,C; Figure 1-figure supplement1C

Excel files of numbers for Figure 1B,E; Figure 1-figure supplement 1A,D, Figure 1-figure

supplement 2.

Figure 2. Mir182/Mir183 regulate Ago2 and maintain stemness in mESCs.
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A. qRT-PCR on Mirl82 and Mir183. For each miRNA, the expression level in WT
cells was set as 1 for relative comparison. U6 RNA was used for normalization.
The results represent the means (x SD) of three independent replicates.

B. Western blotting in the WT, Mirl824, Mirl834, and Mirl82A/Mir183A mESCs.
Gapdh was used for normalization in calculating the relative expression levels.

C. Colony formation assay for mESCs. The mESCs were cultured in 15%FBS + Lif
for 7 days, and the resultant colonies were fixed and stained for AP.

D. Exit pluripotency assay for mESCs. The mESCs were induced to exit
pluripotency in medium without Lif for 2 days and then switched to 2i+Lif medium
for 5 days. The resultant colonies were fixed and stained for AP.

In C and D, the colony morphology and AP intensity were evaluated through

microscopy. 100-200 colonies were examined each time to determine the

percentage of undifferentiated colonies. The results represent the means (x SD) of
three independent experiments.

E. Western blotting of pluripotency factors during EB formation.

The following figure supplement is available for Figure 2:

Figure 2 - figure supplement 1. Ago2 mRNA is a target of Mir1l82 and Mir183 in mESCs.
Figure 2 — source datal

Tiff files of raw gel images for Figure 2B,E; Figure2-figure supplement1C.

Excel files of numbers for Figure 2A,C,D; Figure2-figure supplement1B.

Figure 3. Mirl82/Mir183-mediated repression of Ago2 is required for maintaining

pluripotency.
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D.

E.

Mutating Mir182 and Mir183 binding sites in Ago2 mRNA'’s 3'UTR via genome
editing.
Genotyping of the Ago2 3’'UTR mutant. The PCR was performed using the

oligoes (F and R) indicated in A.

. Western blotting in the WT, Ago2 3’'UTR mutant, Mirl824/Mir1834, and

Mirl82A/ Mirl83A/Ago2 3'UTR mutant.
Colony formation assay for mESCs.

Exit pluripotency assay for mESCs.

In D and E, the colony morphology and AP intensity were evaluated through

microscopy. The results represent the means (+ SD) of four independent

experiments. *p<0.05 by the Student’s t-test.

F.

Western blotting of pluripotency factors in day 5 EBs.

The following figure supplement is available for Figure 3:

Figure 3 — figure supplement 1. Inhibition of Mir182/Mir183-mediated regulation of Ago2

in MESCs.

Figure 3 — source datal

Tiff files of raw gel images for Figure 3C,F; Figure 3-figure supplement1B.

Excel files of numbers for Figure 3D,E; Figure 3-figure supplementl1A,C.

Figure 4. The stemness defects in the 3’UTR mutant mESCs are caused by elevated

let-7 miRNAS.

A.

Relative levels of miRNAs, let-7 pri-miRNAs, and let-7 pre-miRNAs in the WT

and the Ago2 3'UTR mutant mESCs. For each miRNA, pri-miRNA, and pre-
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462

mMiRNA, the expression level in WT cells was set as 1 for relative comparison. U6
RNA was used for normalization in miRNA and pre-miRNA quantification; 18S
rRNA was used for normalization in pri-miRNA quantification. The heatmap was
generated from the means of three independent replicates.

B. Colony formation assay for WT and the Ago2 3’'UTR mutant mESCs cultured in
the presence of 500 nM anti-let-7 LNA or a control LNA. The results represent
three independent experiments. *p<0.05, and n.s. not significant (p>0.05) by the
Student’s t-test.

Figure 4 — source datal

Excel files of numbers for Figure 4A,B.

Figure 5. Mirl82/Mirl183 and Trim71 function in parallel to repress Ago2 mRNA in
MESCs.
A. Western blotting in the WT mESCs expressing either a vector or FLAG-Trim71
and in the 3'UTR mutant mESCs expressing either a vector or FLAG-Trim71.
B. Western blotting in the WT, 3’UTR mutant, and 3’'UTR mutant/CLIPA mESCs.
In A and B, Gapdh was used for normalization in calculating the relative expression
levels.
C. Colony formation assay for mESCs.
D. Exit pluripotency assay for mESCs.
The following figure supplement is available for Figure 5:
Figure 5 — figure supplement 1. Generation of the CLIPA in the 3’UTR mutant mESCs.

Figure 5 — source datal
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Tiff files of raw gel images for Figure 5A,B; Figure 5—figure supplementl

An Excel file of numbers for Figure 5C,D.

Supplemental file 1. Antibodies, plasmids, and oligonucleotides used in this study.
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