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Widespread association of the Argonaute protein
AGO2 with meiotic chromatin suggests a distinct
nuclear function in mammalian male reproduction
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Argonaute 2 (AGO2) is a ubiquitously expressed protein critical for regulation of mRNA translation and vital to animal

development. AGO2 protein is found in both cytoplasmic and nuclear compartments, and although its cytoplasmic role is

well studied, the biological relevance of nuclear AGO2 is unclear. Here, we address this problem in vivo using spermato-

genic cells as a model. We find that AGO2 transiently binds both chromatin and nucleus-specific mRNA transcripts of hun-

dreds of genes required for sperm production during male meiosis in mice, and that germline conditional knockout (cKO) of

Ago2 causes depletion of the encoded proteins. Correspondingly, Ago2 cKOmales show abnormal spermheadmorphology and

reduced sperm count, along with reduced postnatal viability of offspring. Together, our data reveal an unexpected nuclear role

for AGO2 in enhancing expression of developmentally important genes during mammalian male reproduction.

[Supplemental material is available for this article.]

Cells control gene expression through multiple mechanisms, in-
cluding regulation of chromatin state and transcription in the nu-
cleus, mRNA export to the cytoplasm, and translation to protein.
Argonaute (AGO) proteins play amajor role in fine-tuning gene ex-
pression through post-transcriptional regulation (Hutvágner and
Zamore 2002; Lee et al. 2004; Lim et al. 2005; Hornstein and
Shomron 2006; Ebert and Sharp 2012). Among the four AGO pro-
teins in mammals, Argonaute RISC Catalytic Component 2
(AGO2; also known as EIF2C2) is the best characterized and is es-
sential for life, as whole-bodymouse knockouts ofAgo2 are embry-
onic lethal (Alisch et al. 2007). AGO2 canonically acts in the
cytoplasm to inhibit target mRNA translation (Huang and Li
2014), but several roles for AGO2 in the nucleus have also been de-
scribed. In Drosophila larvae and human fibroblasts, AGO2 medi-
ates gene silencing by recruiting histone modifiers to target loci
(Grimaud et al. 2006; Benhamed et al. 2012). AGO2 also regulates
alternative splicing of pre-mRNAs in Drosophila and HeLa cells ei-
ther by the coupling of RNA polymerase II (RNAPII) with histone
modifications such as H3K9me3 or by an alternative unknown

mechanism (Ameyar-Zazoua et al. 2012; Taliaferro et al. 2013).
Lastly, AGO2 facilitates DNA double-strand break repair in
Arabidopsis and cultured human cells (Wei et al. 2012). These stud-
ies point to critical nuclear roles for AGO2, but the in vivo rele-
vance of these functions, particularly in mammals, remains
poorly understood.

Mammalian spermatogenic cells represent an exceptional
system to discover the in vivo nuclear contributions of AGO2. As
mature sperm develop inmammals, the genome undergoes exten-
sive chromatin reorganization and uses distinct mechanisms of
transcriptional regulation. During meiosis, chromosomes con-
dense and pair with homologs, and double-strand breaks are first
induced and then repaired in a highly coordinated manner.
After meiosis, the nucleus undergoes extreme compaction to
form the mature sperm head, including substitution of most nu-
cleosomes with specialized packaging proteins (Braun 2001).
Spermatogenic cell nuclei therefore offer a unique opportunity
to observe mechanisms of gene regulation that are latent or hard
to detect in somatic cells.

The contribution of AGO2 to spermatogenesis overall re-
mains unclear, and its nuclear activity in spermatogenic cells is

12These authors contributed equally to this work.
13Present address: Clinical Medicine Scientific and Technical
Innovation Center, Shanghai Tenth People’s Hospital, Tongji
University School of Medicine, Shanghai 200092, China
Corresponding author: bluma.lesch@yale.edu
Article published online before print. Article, supplemental material, and publi-
cation date are at https://www.genome.org/cgi/doi/10.1101/gr.276578.122.

© 2022 Griffin et al. This article is distributed exclusively by Cold Spring Harbor
Laboratory Press for the first six months after the full-issue publication date (see
https://genome.cshlp.org/site/misc/terms.xhtml). After six months, it is available
under a Creative Commons License (Attribution-NonCommercial 4.0
International), as described at http://creativecommons.org/licenses/by-nc/4.0/.

Research

32:1655–1668 Published by Cold Spring Harbor Laboratory Press; ISSN 1088-9051/22; www.genome.org Genome Research 1655
www.genome.org

 Cold Spring Harbor Laboratory Press on June 22, 2026 . Published by genome.cshlp.orgDownloaded from 

mailto:bluma.lesch@yale.edu
https://www.genome.org/cgi/doi/10.1101/gr.276578.122
https://www.genome.org/cgi/doi/10.1101/gr.276578.122
http://genome.cshlp.org/site/misc/terms.xhtml
https://genome.cshlp.org/site/misc/terms.xhtml
https://genome.cshlp.org/site/misc/terms.xhtml
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://genome.cshlp.org/site/misc/terms.xhtml
http://genome.cshlp.org/
http://www.cshlpress.com


completely unknown. Conditional knockout (cKO) of Ago2 in
male germ cells was reported to have no phenotype: Knockout
males were fertile and spermatogenesis was histologically normal,
although compensation by one of the other three AGO family pro-
teins could not be excluded (Hayashi et al. 2008). However, the
AGO family member AGO4 is important for regulating entry
into meiosis and silencing of sex chromosomes (Modzelewski
et al. 2012), and knockout of Ago2 in mouse oocytes led to female
sterility and impaired oocytematuration (Kaneda et al. 2009), sug-
gesting a crucial role for AGOproteins in gametes. In addition, cKO
of Dicer and Drosha, which act upstream of Ago2 in the miRNA
pathway, resulted in spermatogenic cell apoptosis, abnormal
spermmorphology, and infertility, depending on the stage of sper-
matogenesis that was targeted (Hayashi et al. 2008; Maatouk et al.
2008; Romero et al. 2011; Wu et al. 2012). Together, the existing
data suggest that the reported fertility of Ago2 cKO male mice
may mask an undescribed role for AGO2 in spermatogenesis.

Here, we asked howAGO2 functions in the nucleus to control
gene expression and what role this activity plays in male germ cell
development. We analyzed protein, RNA, and chromatin interac-
tions for AGO2 in the nucleus compared with the cytoplasmic
compartment during spermatogenic development.We then inves-
tigated how conditional loss of AGO2 in male germ cells impacts
expression of genes targeted by its nuclear activity. Finally, we ex-
amined the phenotypic effects of conditional AGO2 loss and the
extent to which they depend on nuclear AGO2 function. We re-
veal that AGO2 activity contributes to normal male germ cell de-
velopment and uncover an important and surprising role for
nuclear AGO2 in positive regulation of gene expression during
spermatogenesis.

Results

AGO2 interacts with distinct protein partners in male

germ cell nuclei

To determine if male germ cells offer a
promising system for understanding
AGO2 nuclear function, we first exam-
ined the subcellular localization of
AGO2 protein in spermatogenic cells.
We collected purified populations of cells
at two stages of spermatogenesis: meiotic
prophase (pachytene spermatocytes,
hereafter “meiotic”) and following com-
pletion of meiotic divisions (round sper-
matids, hereafter “postmeiotic”) from
adult mouse testes by gravity sedimenta-
tion (STA-PUT) (Bellvé et al. 1977; Bellvé
1993). Purity was estimated at 80%–85%
formeiotic and 90% for postmeiotic pop-
ulations based on visual examination of
brightfield and Hoechst-stained cells
(Supplemental Fig. S1A) as well as west-
ern blot for meiotic and postmeiotic
markers (Supplemental Fig. S1B). We iso-
lated nuclear and cytoplasmic fractions
from each population and confirmed
AGO2 protein localization in both the
nucleus and cytoplasm of meiotic and
postmeiotic male germ cells, in agree-
ment with previous observations in oth-

er mammalian tissues (Fig. 1A; Kim et al. 2011; Gagnon et al.
2014; Ravid et al. 2020; Chu et al. 2021), suggesting that AGO2
can function in both the nucleus and cytoplasm at multiple steps
of spermatogenic development.

Wenext sought to determine if AGO2has a specialized role in
the germ cell nucleus compared with the cytoplasm. First, we per-
formed AGO2 immunoprecipitationmass spectrometry (IP-MS) in
cytoplasmic and nuclear fractions of postmeiotic cells to identify
unique and common interactors in each compartment (Fig. 1B;
Supplemental Table S1). As expected, four components of the
miRNA/siRNA pathway (CNOT1, TARBP2, HSP90B1, and EIF4E)
were detected as cytoplasmic AGO2 interactors (Fig. 1C), along
with 329 other proteins enriched for numerous biological process-
es, including RNA localization (Supplemental Table S1). Of the 73
proteins that interacted with AGO2 in the nucleus, more than half
were also cytoplasmic interactors (Fig. 1C). However, no known
components of the miRNA/siRNA pathway precipitated with nu-
clear AGO2. Instead, the set of proteins that exclusively bound nu-
clear, but not cytoplasmic, AGO2 was enriched for splicing,
ribonucleoprotein nuclear export, and nucleosome positioning
(Fig. 1D; Supplemental Fig. S1C). We confirmed interaction be-
tween AGO2 and PTBP2 (a splicing factor), and between AGO2
and SMARCA5 (a chromatin remodeler) by coimmunoprecipita-
tion in nuclear fractions from whole testis (Supplemental Fig.
S1D). These data suggest that AGO2 operates via distinct pathways
in the nuclear and cytoplasmic compartments.

Nuclear AGO2 binds introns of unspliced mRNAs

in nuclei of male germ cells

Given the knownmolecular role of AGO2 as an RNA-binding pro-
tein, we next asked if it interacts with specific RNA species in the
nucleus. To identify AGO2 RNA-binding targets, we performed en-
hanced UV crosslinking and immunoprecipitation (eCLIP) (Van
Nostrand et al. 2016) in nuclear fractions of meiotic and

A C

D

B

Figure 1. Nucleus-specific protein function for AGO2 in male germ cells. (A) Western blot for AGO2
protein in whole-cell lysate (WCL), cytoplasmic fractions, or nuclear fractions of meiotic (pachytene sper-
matocyte, SYCP3+) and postmeiotic (round spermatid, ACRV1+) male germ cells. Tubulin and histone H3
are found in cytoplasmic and nuclear fractions, respectively. Round spermatids have not yet begun his-
tone-to-protamine exchange and therefore have similar levels of histone H3 comparedwithmeiotic cells.
(B) Immunoprecipitation of AGO2 for IP-MS in cytoplasmic and nuclear germ cell fractions validated by
western blotting with anti-AGO2 antibody. One percent of total lysate was used as input. IP with mouse
IgG is a negative control. (C) Common and compartment-specific AGO2 protein interactors in the nu-
cleus and cytoplasm of wild-type postmeiotic cells. Box shows detected miRNA/siRNA pathway compo-
nents along with the number of unique peptides identified in each compartment. (D) Statistically
enriched Gene Ontology (GO) terms for AGO2 protein interactors in the nuclear compartment.
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postmeiotic cells (Fig. 2A,B). AGO2 robustly bound 1448 and 2006
RNA targets in meiotic and postmeiotic nuclei, respectively (Fig.
2C; Supplemental Table S2). AGO2-bound nuclear transcripts
were enriched for a variety of developmental and signaling func-
tions in both cell types (Fig. 2D; Supplemental Fig. S2A). Seven
hundred fifty RNAs were bound by AGO2 in both meiotic and
postmeiotic nuclear samples (Fig. 2C; Supplemental Table S2),
and these stable targets were enriched for a similar set of broad
developmental and molecular functions (Supplemental Fig. S2B).
Unlike cytoplasmic AGO2, which primarily binds to 3′ UTRs of tar-
get transcripts (Chi et al. 2009; Hafner et al. 2010), most nuclear
AGO2 binding sites were located in intronic regions of unspliced
transcripts (62% of CLIP peaks in meiotic cells and 74% of CLIP
peaks in postmeiotic cells), consistent with a recent study in a hu-
man cancer cell line (Fig. 2E; Chu et al. 2021). Most nuclear RNA
targets corresponded to protein-coding genes in both meiotic
and postmeiotic cells (Fig. 2F).

To determine if nuclear AGO2mRNA targets are distinct from
cytoplasmic targets, we also collected eCLIP data from cytoplasmic
fractions of whole testes, where the majority of cells correspond to
either our meiotic or postmeiotic populations (Soumillon et al.
2013), and compared mRNAs bound by AGO2 in the cytoplasm
and nucleus (Supplemental Fig. S2C,D). As expected, cytoplasmic

AGO2 binding was enriched at 3′ UTRs and exons, compared with
intronic enrichment for nuclear AGO2 (Supplemental Fig. S2E).
The majority of nuclear AGO2-associated transcripts (64% of mei-
otic, 62% of postmeiotic, and 47% of shared targets) were not
boundby AGO2 in the cytoplasm, although a substantialminority
were associated with AGO2 in both compartments (Fig. 2G). These
data support distinct nuclear and cytoplasmic AGO2–mRNA inter-
actions in germ cells.

AGO2 interacts with open chromatin in meiotic male germ cells

The association of AGO2 with introns in the nucleus prompted us
to ask if it interacts with chromatinnear sites of active transcription,
consistent with reports in other cell types (Cernilogar et al. 2011;
Moshkovich et al. 2011; Nazer et al. 2018).We first validated a chro-
matin immunoprecipitation followed by sequencing (ChIP-seq)
protocol for AGO2 in mouse embryonic stem cells (mESCs) using
two different antibodies to endogenous AGO2 (Supplemental Fig.
S3A). We then evaluated AGO2 chromatin interactions by ChIP-
seq in premeiotic (differentiating spermatogonia), meiotic, and
postmeiotic cells (Fig. 3A,B; Supplemental Table S3).We further val-
idated the specificity of our AGO2 antibody by performing ChIP-
seq in Ago2 cKO male germ cells, confirming that ChIP signal was

A C

B

E F G

D

Figure 2. Identification of AGO2 mRNA targets in nuclei of male germ cells by eCLIP. (A) Immunoblot analysis of AGO2 immunoprecipitation. (B) Size
selection of cDNA (orange and purple bars) following AGO2 IP, linker (147 nt) ligation, and PCR amplification. (C) Overlap of AGO2 targets from two eCLIP
replicates frommeiotic (left) and postmeiotic (center) cells, and transcripts identified in both replicates of both cell types (right). (D) GO analysis of meiotic
consensus targets. (E) Genomic distribution of all AGO2 eCLIP binding regions. (F) Distribution of categories of bound transcript in both cell types (com-
mon), meiotic cells only, or postmeiotic cells only. Shuffled control distributions were generated by randomly shuffling a representative CLIP peak set across
all annotated transcripts. (TEC) To be experimentally confirmed. (G) Overlap between cytoplasmic and nuclear AGO2 eCLIP targets.
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almost completely abrogated compared with the control (Fig. 3A;
Supplemental Fig. S3B,C). In mESCs and in pre- and postmeiotic
germ cells, we found relatively few peaks (148 peaks in mESCs,
151 peaks in premeiotic cells, and 124 peaks in postmeiotic cells)
(Fig. 3B). In contrast, we identified thousands of broader, weaker
peaks in meiotic cells (Fig. 3A,B; Supplemental Table S3). Notably,
peakswere frequently shared across pre- and postmeiotic germ cells,
but these locations rarely overlappedwith binding sites identified in

meiotic cells (Fig. 3A,B; Supplemental Fig. S3B). Meiotic peaks were
more frequently intergenic, whereas premeiotic and postmeiotic
peaks were most often found in gene bodies (Fig. 3C). Together,
these data suggest that AGO2 interactswith chromatin in a develop-
mentally dynamic manner during spermatogenesis.

We next sought to determine if AGO2–chromatin interac-
tions correlatewith the transcriptional state of the nearby genome.
AGO2 and other AGO family proteins can associate with

A

C

G

J K

H I

D E F

B

Figure 3. AGO2 interacts with chromatin and binds the corresponding nuclear transcripts in a developmentally dynamic manner. (A) Genome browser
tracks (mm10) showing representative AGO2 ChIP peaks in two replicates from each cell type and from Ago2 cKO mixed meiotic and postmeiotic cells.
(B) Enrichment of AGO2 on chromatin in premeiotic, meiotic, and postmeiotic male germ cells. (Top) Metagenes showing average ChIP signal at
AGO2 peaks, with reference point set to the peak center. “Shuffle” shows ChIP signal when the same number of length-matched peaks were randomized
across the genome. (Bottom) Heatmaps showing ChIP signal enrichment at each peak. (C) Distribution of AGO2 peaks in introns, exons, and intergenic
regions. (D) Metagene of H3K9me3 ChIP signal at AGO2 peaks in meiotic cells. (E) Metagene of ATAC-seq signal at AGO2 peaks in meiotic cells.
(F ) Top motifs enriched in AGO2 ChIP peaks in meiotic cells. (G) AGO2 ChIP enrichment signal at eCLIP peaks in meiotic cells relative to shuffled eCLIP
peaks. (H) Genome browser tracks (mm10) showing representative genes associated with both ChIP signal and eCLIP peaks (pink bars). (I) Fraction of
meiotic CLIP target genes for which the gene body overlaps a meiotic ChIP peak. “Extended ChIP peaks” represent the same analysis performed with
ChIP peaks extended by 10 kb in both directions. (∗∗∗) P<10−15, hypergeometric test. (J) Overlap between genes associated with meiotic ChIP peaks
and genes containing eCLIP peaks in both meiotic and postmeiotic cells; P-value, hypergeometric test. (K ) Motifs enriched in AGO2 ChIP peaks associated
with genes that also contain eCLIP peaks. Only motifs matching a transcription factor expressed in meiotic cells are shown.
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heterochromatin and the repressive histone modification
H3K9me3 in other organisms (Zilberman et al. 2003; Verdel
et al. 2004; Ameyar-Zazoua et al. 2012). However, we found that
H3K9me3 was not associated with AGO2 binding sites in our
data (Fig. 3D), and there was no change in global levels of
H3K9me3 in Ago2 cKOmeiotic or postmeiotic cells (Supplemental
Fig. S3D; H3K9me3 data from Liu et al. 2019). We then tested
whether AGO2 binding sites were preferentially found in regions
of transcriptional activity.We evaluated ATAC-seq signal strength,
an indicator of open chromatin, at AGO2 peaks and found a mod-
erate enrichment for open chromatin (Fig. 3E; ATAC-seq data from
Maezawa et al. 2018). Although most expressed genes were not
associated with AGO2 peaks, a substantial fraction of AGO2-asso-
ciated genes were expressed (744/3190 (23%), TPM>5), support-
ing a relationship between AGO2 and active transcription.
Correspondingly, AGO2 binding was also enriched at short inter-
spersed nuclear elements (SINEs) (Supplemental Fig. S3E), which
gain the activation-associated histone modification H3K4me2
during spermatogenesis (Lambrot et al. 2019) and are associated
with active regulatory elements (Faulkner et al. 2009; Tashiro
et al. 2011; Nakajima et al. 2017; Policarpi et al. 2017).

Inmeiotic prophase, open chromatin is found both at regions
of transcriptional activity and also at sites of recombination be-
tween homologous chromosomes (Baker et al. 2014; Lange et al.
2016). To distinguish between these states, we asked if AGO2 in
meiotic cells preferentially localized to recombination hotspots.
Only 15 meiotic AGO2 peaks overlapped previously defined re-
combination hotspots (Smagulova et al. 2016), compared with
280 overlaps with randomized AGO2 peaks. This finding reveals
no significant association of AGO2 with recombination hotspots
and indicates that AGO2 preferentially binds chromatin near sites
of transcriptional activity in meiotic cells.

The finding that AGO2 binds both nuclear mRNAs (Fig. 2)
and active chromatin suggested that its association with chroma-
tin might be dependent on interaction with nascent transcripts.
Because of the limited cell numbers available for spermatogenic
cells, we addressed this question using mESCs. We treated mESC
nuclei with an RNase cocktail to cleave any nascent transcripts
and found that AGO2 binding did not change significantly in
RNase-treated cells relative to control, implying that AGO2 inter-
action with chromatin does not require RNA transcripts (Supple-
mental Fig. S3F).

We then definedmotifs enriched in AGO2ChIP peaks inmei-
otic cells. Several enriched motifs matched binding sites for tran-
scription factors expressed during male meiosis (Fig. 3F;
Supplemental Fig. S3G), suggesting that one or more of these tran-
scription factors may recruit AGO2 to target sites, similar to tran-
scription factor–mediated recruitment of AGO2 to chromatin in
other systems (Cernilogar et al. 2011; Moshkovich et al. 2011;
Benhamed et al. 2012; Nazer et al. 2018). Notably, we also con-
firmed an interaction between AGO2 and the nucleosome remod-
eler SMARCA5 (also known as SNF2H) (Supplemental Fig. S1C,D),
indicating that AGO2may be recruited directly by the remodeling
machinery, instead of or in addition to sequence-specific transcrip-
tion factor binding.

AGO2 binds chromatin near hundreds of genes corresponding

to AGO2-bound nuclear transcripts in meiotic cells

We next compared our ChIP and eCLIP data sets frommeiotic cells
to ask if there was a relationship between genomic sites and nuclear
transcripts bound by AGO2. There was moderate enrichment for

AGO2 chromatin binding at the specific genomic sites correspond-
ing to AGO2 binding at mRNA transcripts in meiotic but not post-
meiotic cells, determined by assessing AGO2 ChIP-seq signal
intensity at eCLIP peaks (Fig. 3G; Supplemental Fig. S3H). Themod-
est level of enrichment suggested variability in the exact placement
of the ChIP peak relative to the CLIP peak when both occur at the
same gene. Correspondingly, we consistently observed maximum
ChIP signal near, but not directly overlapping, a CLIP peak (Fig.
3H; Supplemental Fig. S3I). Supporting this model, bodies of genes
containing CLIP peaks were strongly enriched for ChIP peaks (odds
ratio 7.75, P<1015) (Fig. 3I). We identified 656 genes for which
AGO2 binds chromatin at or near (<20 kb) the coding region and
also binds the nuclear transcript (Fig. 3J; Supplemental Table S4).
ChIP peaks associated with these genes were enriched for nine mo-
tifs matching transcription factors expressed in male meiotic germ
cells (Fig. 3K), further refining a set of candidate protein partners
that may direct AGO2 function on chromatin.

Nuclear AGO2 regulates the expression of spermatogenesis

proteins

The association of AGO2 with hundreds of genes and transcripts
during meiosis motivated us to ask whether loss of AGO2 affects
expression of these nuclear targets and their encoded proteins.
We deleted AGO2 in male germ cells using a Ddx4-Cre transgene
(Gallardo et al. 2007; Hu et al. 2013) and a conditional Ago2 allele
(O’Carroll et al. 2007) to eliminate AGO2 expression specifically in
germ cells at birth. As expected, AGO2 protein expression was lost
in adult spermatogenic cells (Supplemental Fig. S4A). We purified
meiotic and postmeiotic germ cells fromAgo2 cKO and control tes-
tes and evaluated changes in the germ cell proteome and
transcriptome.

Despite the established function of AGO2 in reducing target
protein expression, there was a strong bias toward protein down-
regulation in both meiotic and postmeiotic Ago2 cKO germ cells
(177/201 [88%] of meiotic and 197/265 [74%] of postmeiotic dif-
ferentially expressed proteins) (Fig. 4A; Supplemental Fig. S4B;
Supplemental Table S5). The sets of down-regulated proteins
were significantly enriched for biological processes related to re-
production (Fig. 4B), whereas up-regulated proteins were not
strongly enriched for any function (Supplemental Fig. S4C). These
results imply that AGO2 plays a role in promoting spermatogenic
protein expression, contrasting with its expected role in inhibiting
translation.

Comparison with our eCLIP data revealed that AGO2 binds
transcripts corresponding to 230 of the 444 total misregulated pro-
teins (52%), either in the nucleus, cytoplasm, or both (76, 82, and
72 genes, respectively) (Fig. 4C), implying that AGO2 binding is im-
portant for downstream protein expression. The set of 122 genes
that are down-regulated at the protein level in the Ago2 cKO and
whose transcripts are bound by nuclear AGO2are enriched for func-
tions in sperm development (Fig. 4D). To evaluate the significance
of nuclear AGO2 transcript binding for developmental protein ex-
pression, we examined protein expression for the complete set of
1448 genes whose nuclear transcripts are bound by AGO2 inmeiot-
ic cells (Fig. 2C). Among the subset of nuclear AGO2 targets detect-
able at the protein level in our data (n=190), 30% (57/190) were
significantly up-regulated between the meiotic and postmeiotic
stages (Supplemental Table S6). Developmental protein up-regula-
tion was impaired in the absence of AGO2, and transcripts for
half of these genes (49%) were bound by AGO2 specifically in the
nucleus and not in the cytoplasm (Fig. 4E; Supplemental Fig.
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S4D), supporting the functional importance of nuclear AGO2 in
promotingdevelopmental regulationofproteins important for sper-
matogenesis. A luciferase reporter assay for intronic AGO2 binding
sites identified by eCLIP further revealed a contribution of these
sites to regulation of protein-level expression in a cell line derived
from meiotic spermatogenic cells (GC2spd(ts)) (Hofmann et al.
1994), although the direction and strength of the effect dependent
on the specific target site used (Supplemental Fig. S4E,F). Together,
our data imply that nuclear AGO2 binds mRNA transcripts in the
nucleus and selectively promotes protein-level expression of genes
important for spermatogenesis.

Down-regulated proteins are associated with down-regulated

transcripts in Ago2 mutants

We then asked whether the effect of Ago2 cKO on spermatogenic
protein levels was explained by changes in the level ofmRNA tran-

scripts. We collected RNA-seq data from meiotic and postmeiotic
cells from Ago2 cKO and wild-type control males. In meiotic cells,
94% (773/825) of differentially expressed genes (DEGs) were
up-regulated, contrasting with protein-level effects (Fig. 4F;
Supplemental Table S7), whereas postmeiotic DEGs had no bias to-
ward up- or down-regulation. Meiotic up-regulated transcripts
were enriched for Gene Ontology (GO) terms related to male
germ cell development (Supplemental Fig. S4G), and there was
no functional enrichment among postmeiotic or down-regulated
meiotic DEGs (Supplemental Table S7).

We applied gene set enrichment analysis (GSEA) (Mootha
et al. 2003; Subramanian et al. 2005) to evaluate the relationship
between changes in mRNA and protein levels. Despite the strong
bias toward up-regulation of transcripts in meiotic cells, changes
in protein expression were associated with the minority of
down-regulated transcripts, consistent with the trend toward
down-regulation of proteins. There was an association between
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Figure 4. AGO2 regulates protein and transcript expression of male reproduction-related genes. (A) Volcano plots showing protein level changes in mei-
otic and postmeiotic male germ cells from Ago2 cKO animals. Statistically significant differentially expressed proteins (P≤0.05) are shown by a dashed line
and are highlighted in red. Differentially expressed proteins belonging to the GO category “spermatogenesis” (GO:0007283) are highlighted in blue. (B)
Enriched GO terms associatedwith down-regulated proteins in Ago2 cKOmeiotic and postmeiotic cells. GO terms related tomale fertility are highlighted in
blue. (C) Distribution of transcripts encoding differentially expressed proteins bound by AGO2 in nucleus, cytoplasm, or both. (D) Selected enriched GO
terms for the set of genes with reduced protein expression in the Ago2 cKO and transcripts bound by AGO2 inmeiotic or postmeiotic nuclei. (E) Changes in
protein expression of meiotic AGO2 CLIP targets between meiotic and postmeiotic stages. Statistically significantly up-regulated proteins are in red.
Cartoon plot illustrates that proteins in the upper right quadrant are up-regulated at postmeiotic stages, and up-regulation is attenuated in Ago2 cKO
for proteins below the diagonal. (F) Volcano plots showing global transcriptional changes in Ago2 cKO male germ cells at meiotic (left) and postmeiotic
(right) stages. Transcripts with log2 fold change ≤1.5 or ≥1.5 and adjusted P-value≤0.05 are demarcated by dashed lines and highlighted in blue (up-
regulated) or red (down-regulated). (G–I) Gene set enrichment analysis (GSEA) for differentially expressed transcripts relative to the set of proteins differ-
entially expressed in meiotic cells (G), the set of proteins differentially expressed in postmeiotic cells (H), or genes for which AGO2 interacts with both chro-
matin and nuclear transcripts (I) (as shown in Fig. 3J).
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down-regulated transcripts in meiotic cells and changes in protein
expression both before and aftermeiosis (Fig. 4G,H), implying that
there is a developmental delay between altered mRNA levels and
some protein-level effects. The set of all meiotic AGO2 ChIP-seq
peaks was not significantly associated with DEGs, indicating that
many differences in transcript level may be indirect effects of
Ago2 loss. However, GSEA revealed enrichment for the set of
656 genes associated with nuclear AGO2 at both the chromatin
and transcript levels (Fig. 3J) among DEGs (Fig. 4I; Supplemental
Fig. S4H), supporting a model in which AGO2 associates with
chromatin and stabilizes nascent transcripts at a subset of these
regions.

Together, our results indicate that nuclear and cytoplasmic
AGO2 regulates different sets of genes and has different regulatory
effects on their targets. One-fifth (18%) of the genes whose expres-
sion at the protein level depends on AGO2 produce transcripts
bound by AGO2 exclusively in the nucleus, and one-half (49%)
of AGO2 target genes that are developmentally regulated between
meiotic and postmeiotic stages are bound by AGO2 exclusively in
the nucleus. These findings support separable contributions of nu-
clear and cytoplasmic AGO2 activities to protein expression in
male germ cells.

AGO2 plays a limited role in splicing and nuclear export

of bound transcripts in male germ cells

In addition to its association with chromatin, our IP-MS data indi-
cate that AGO2 also interacts with the RNA splicing machinery
and the nuclear pore complex (Fig. 1D; Supplemental Fig. S1C).
We therefore evaluated a possible function for AGO2 in splicing
and nuclear export in male germ cells. Using an established pipe-
line to evaluate splicing differences in our RNA-seq data sets
(Shen et al. 2012, 2014), we found that a modest number of
transcripts undergo altered splicing in Ago2 cKO germ cells
(Supplemental Fig. S5A; Supplemental Table S8). Splicing dif-
ferences are relatively small in magnitude (Supplemental Fig.
S5B–D), and a minority (17%) of differentially spliced transcripts
were directly bound by AGO2 in our eCLIP data. Differentially
spliced transcripts were not enriched for reproductive or spermato-
genic functions, and there was no bias toward retention of variant
exons in the absence of AGO2, contrary to a previous report in
HeLa cells (Ameyar-Zazoua et al. 2012).

AGO2 protein also interacted with subunits of the nuclear
pore and with the nuclear export factor NXF1 (Fig. 1D;
Supplemental Fig. S1C), leading us to test if AGO2 facilitates ex-
port of bound transcripts from the nucleus to cytoplasm. We se-
lected two transcripts bound by nuclear AGO2 in germ cells (Ak7
andHmgb2), alongwith two negative control unbound transcripts
(Ift27 and Ppib), and evaluated nuclear/cytoplasmic transcript dis-
tribution semiquantitatively using single-molecule RNA FISH
(Wang et al. 2012).We found amodestly increased ratio of nuclear
to cytoplasmic transcripts for the AGO2-bound transcript Ak7, in-
dicating increased nuclear retention (Supplemental Fig. S5E,F).
Hmgb2 transcripts also showed a trend toward increased nuclear re-
tention, although it was not statistically significant (P=0.0949,
Welch’s t-test). The nuclear transcript fraction was unchanged
for both control genes (Supplemental Fig. S5E,F). We conclude
that although AGO2 is involved in regulating differential splicing
and export of nuclear transcripts, neither function makes a strong
contribution to gene expression or phenotype in male germ cells.
These results suggest that nuclear AGO2 function is mediated pri-
marily by its interaction with unspliced transcripts at chromatin.

Germline loss of AGO2 causes sperm head defects and alters

offspring viability

Many of the genes bound by AGO2 at the chromatin and tran-
script levels in the nucleus and down-regulated at the protein level
in the Ago2 cKO are required for sperm morphology and motility
(Fig. 4D), leading us to predict thatAgo2 cKO sperm show impaired
development or function (Macleod 1971; Zhuang et al. 2014). We
therefore tested for morphology and motility defects in Ago2 cKO
sperm, after confirming down-regulation of a subset of spermato-
genesis-associated DEPs by western blot (Fig. 5A).

We first tested for sperm morphology defects using Coomas-
sie staining of cauda epididymal sperm and blinded scoring of
sperm head shape. Ago2 cKO sperm had a significantly higher pro-
portion of head morphology defects compared with the control
(37% vs. 3%), predominantly in the form of small, rounded heads
(Fig. 5B). Tail lengthswere comparable betweenAgo2 cKO and con-
trol sperm (Supplemental Fig. S6A). Defects in formation of the ac-
rosome, the organelle containing enzymes that break down the
zona pellucida at fertilization, are the major cause of sperm head
defects (Perrin et al. 2013), and lectin-peanut agglutinin staining
of the acrosome showed that it was small and improperly formed
in Ago2 cKO sperm (Fig. 5C). The set of head morphology defects
observed in Ago2 cKO sperm parallels the defects expected follow-
ing depletion of several of the proteins down-regulated in Ago2
cKO postmeiotic germ cells, including HMGB2, YBX2, and
PTBP2 (Catena et al. 2006; Snyder et al. 2015; Hannigan et al.
2018; Lorès et al. 2018). Further, at least two of the transcription
factors with binding motifs enriched among the set of dual
AGO2 ChIP and eCLIP targets (NF1 and STAT4) (Fig. 3K) are
known to regulate sperm head formation (Herrada and Wolge-
muth 1997; Chohan et al. 2018). Phenotype enrichment analysis
(Weng and Liao 2017) confirmed that down-regulated DEPs were
statistically significantly (adjusted P-value≤0.05) enriched for ab-
normalmale germ cellmorphology andmale infertility. As expect-
ed based on the association between sperm head morphology
defects and reduced sperm production, we observed a significant
reduction in sperm count in Ago2 cKO males (Fig. 5D).

To test for effects on sperm motility, we assessed Ago2 cKO
sperm using computer-assisted semen analysis (CASA). We found
a 7% increase in the fraction of slow-moving sperm among Ago2
cKO cauda epididymal sperm after capacitation (functional sperm
maturation), but no significant difference in overall progressive
motility compared with the control (Supplemental Fig. S6B,C),
leading us to conclude that loss of AGO2has atmost aminor effect
on motility.

In agreement with a previous report (Hayashi et al. 2008),
Ago2 cKOmice showed no obvious change in testis size, morphol-
ogy, or testis-to-body weight ratio compared with the littermate
controls, and spermatogenesis was grossly normal, with all sper-
matogenic cell types present in the seminiferous tubules
(Supplemental Fig. S7A,B). There was no difference in numbers
of apoptotic germ cells and no significant difference in the expres-
sion of transposable elements, which can cause spermatogenesis
defects (Supplemental Fig. S7C,D; Webster et al. 2005; Carmell
et al. 2007; Soper et al. 2008; Pastor et al. 2014). Loss of AGO2
was not strongly compensated by increased transcription of other
family members (Supplemental Fig. S7E). In agreement with the
normal fertility previously reported in Ago2 cKO male mice, Ago2
cKOmales fathered the samenumber of pups as the littermate con-
trols (Fig. 5E; Hayashi et al. 2008). This finding is consistent with
the observation that male mice with sperm count reductions as
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large as 60% can still produce normal numbers of offspring under
laboratory conditions (Kumar et al. 1997; Hudson et al. 1998;
Schürmann et al. 2002; Santti et al. 2005; Zhang et al. 2006).
However, although there was no difference in the number of neo-
nates, we observed a reduction in the number of live pups at wean-
ing (Fig. 5F), implying that alteredAGO2nuclear regulation during
spermatogenesis may influence offspring physiology. Loss of Ago2
in the male germline therefore undermines sperm production and

function despite the apparent fertility of
Ago2 cKO males under laboratory condi-
tions andmay impair the ability of sperm
to robustly withstand genetic and envi-
ronmental perturbations.

Discussion

We report that AGO2 localizes to the nu-
cleus of male germ cells and dynamically
binds chromatin and nuclear transcripts
of developmentally important genes dur-
ing prophase of meiosis. Loss of AGO2
impairs expression of the encoded pro-
teins, resulting in formation of morpho-
logically abnormal sperm, decreased
total sperm count, and impaired offspring
viability. We propose a model (Fig. 6) in
which AGO2undergoeswidespread, tran-
sient recruitment to active euchromatin,
binds nearby nascent transcripts, and se-
lectively promotes their stabilization and
export from the nucleus. This function
enhances expression of genes that con-
tribute to spermatogenic development
and contrastswith the canonical function
of cytoplasmic AGO2 in down-regulating
target gene expression.

In human cell lines and Xenopus oo-
cytes, cytoplasmic AGO2 can also have a
positive effect on protein levels by acting
in complex with fragile X mental retarda-
tion syndrome–related protein 1a (FXR1a)
to promote translation in a miRNA-de-
pendent manner (Vasudevan et al. 2007;
Mortensen et al. 2011; Bukhari et al.
2016). This function could contribute to
AGO2-dependent enhancement of pro-
tein expression for the subset of mRNA
targets bound by AGO2 in both the cyto-
plasm and the nucleus ofmale germ cells.
However, because nuclear AGO2 binds
a large fraction of the transcripts encoding
down-regulated proteins, includingmany
not bound in the cytoplasm, we suggest
that its positive effect on protein expres-
sion is mediated primarily by its nuclear
role. Future experiments in which AGO2
is excluded from the nucleus, but unal-
tered in the cytoplasm, will be required
to definitively rule out cytoplasmic
AGO2 function as an explanation for
the sperm phenotype observed in the
Ago2 cKO.

Additional work will also be needed to fully define themolec-
ular mechanism by which AGO2 promotes protein expression of
its nuclear targets. Loss of AGO2 did not have a strong effect on
splicing in male germ cells, in contrast to previous reports
(Ameyar-Zazoua et al. 2012; Tarallo et al. 2017; Nazer et al. 2018;
Chu et al. 2021). We found that AGO2 may play a role in export
of transcripts from the nucleus in germ cells. A nuclear export
function for AGO2 has not previously been described and merits

A

B

D E F

C

10µm

m
L

Figure 5. Loss of AGO2 impairs expression of proteins required for normal sperm production and re-
sults in oligospermia and abnormal sperm headmorphology. (A) Western blot validation of spermiogen-
esis protein down-regulation. Bar chart shows levels of each protein relative to histone H3, quantified
using densitometric analysis for three biological replicates per group. Error bars, SEM; (ns) not statistically
significant, (∗) P≤0.05, Welch’s t-test. (B, left) Percentage of Ago2 cKO spermatozoa with abnormal
heads, representing n>400 spermatozoa fromeach of three to four biological replicates. Points represent
mean of each replicate, and bars show median and interquartile range of all replicates. (∗∗∗) P<0.001,
Welch’s t-test. (Right) Brightfield images of spermatozoa stainedwith Coomassie blue, showing represen-
tative cells collected from control and Ago2 cKO cauda epididymides. Both normal and abnormal exam-
ples of Ago2 cKO sperm are shown. (C) Representative spermatozoa stained with fluorophore-
conjugated lectin-peanut agglutinin to visualize the acrosome (red) and DAPI to show DNA (blue).
Both normal and abnormal examples of Ago2 cKO sperm are shown. (D) Epididymal sperm count in
Ago2 cKOmales and littermate controls. (E,F) Fertility in Ago2 cKOmales and littermate controls, assessed
as number of pups at birth (E) or at weaning (F). Error bars, SD; (∗) P<0.05, (∗∗) P<0.01, (∗∗∗) P<0.005,
Welch’s t-test.
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deeper investigation in the future. We found several strongly
enriched DNA sequence motifs in AGO2 ChIP peaks, implying
that AGO2may partner with specific transcription factors or tran-
scription factor complexes at chromatin. Based on its interaction
with the chromatin remodeler SMARCA5, AGO2 could also be re-
cruited via direct interaction with the chromatin remodeling ma-
chinery, with sequence-specific transcription factors modulating
its function on chromatin and interaction with target transcripts.
Alternatively, sequence specificity could be mediated by RNA-
dependent interactions, analogous to the role of noncoding
RNAs in recruitment and stabilization of chromatin regulators at
heterochromatin (Johnson et al. 2017; Velazquez Camacho et al.
2017). Although AGO2–chromatin interactions appear to be resis-
tant to RNase digestion in mESCs (Supplemental Fig. S3F), RNAs
tightly associated with AGO2 in the miRNA-binding pocket could
be protected from RNase or could play a role in recruitment but be
dispensable for subsequent stabilization of binding at chromatin.

Our data indicate that nuclear AGO2 activity in the male
germ line occurs primarily duringmeiotic prophase, a cellular state
unique to germ cells. Meiotic prophase can be broken down into
four substages, each of which is associated with drastically differ-

ent chromosome conformations and chromatin activities. Our
“meiotic” cell population is primarily made up of cells in the
pachytene stage of meiotic prophase; although technically chal-
lenging, it will be informative to further dissect the substages of
meiotic prophase and to associate AGO2 nuclear function more
precisely with the events of homologous recombination, transpos-
able element repression, and sex chromosome silencing occurring
during this time.

Canonically, cytoplasmic AGO2 associates with miRNAs to
buffer gene expression against perturbations to normal cell func-
tion (Hornstein and Shomron 2006; Ebert and Sharp 2012;
Strovas et al. 2014). The nuclear function of AGO2 function we
identify here may contribute to maintaining robust germline
gene expression in the context of environmental stressors, such
as temperature or chemical exposure, and internal stressors, such
as aging or inflammatory activity. If so, we predict that the relative-
ly mild spermatogenesis phenotype found in Ago2 cKO mice
would be enhanced under stress conditions. Alternatively, the
mild phenotype could be explained by partial compensation of
AGO2 loss by other members of the AGO family. Simultaneous
depletion of multiple AGO family members in the male germline
will help to answer this important question.

Finally, a critical question is whether AGO2 nuclear function
is specific to the male germ line or whether it also occurs during
developmental transitions in other cell types. On one hand,
germ cells have unique requirements for gene regulation. AGO2
may participate in protection of gene expression programs during
the massive chromosome rearrangements that occur during meio-
sis, when most large-scale chromatin compartments are lost
(Alavattam et al. 2019). On the other hand, chromatin reorganiza-
tion during meiosis may reveal general regulatory functions that
are relevant but not immediately apparent in other cell types.
Supporting a more generalizable role for nuclear AGO2 is the
fact that many of its gene and transcript targets are involved in
somatic, rather than spermatogenic, development. The majority
of nuclear transcripts bound by AGO2 were not detectable at the
protein level in germ cells and do not have known functions in
spermatogenesis, potentially indicating relatively broad, non-tis-
sue-specific regulation of immature nuclear mRNAs by AGO2
(Fig. 2D). In addition, 16 of the nuclear AGO2 protein partners
we identify here were also found to interact with AGO2 in nuclei
of mouse neurons (Ravid et al. 2020). Nuclear AGO2 may target
a common set of genes across multiple cell types, with tissue-spe-
cific functions imposed by transcription factor partners or addi-
tional downstream regulatory mechanisms. Future work will
help to untangle these possibilities and further elucidate the bio-
logical andmolecular significance of nuclear AGO2 functionwith-
in and beyond the male germ line.

Methods

Antibodies

ChIP and eCLIP were performed using a mouse monoclonal anti-
body (Millipore 04-642) that has been previously validated for
ChIP-seq in human cells (Woolnough et al. 2015). A full list of an-
tibodies is provided in the Supplemental Methods.

Cell culture

mESCswere grown under standard serum conditions and passaged
1:10 every 2–3 d. Details are provided in the Supplemental
Methods.

Figure 6. Model for RISC-independent nuclear AGO2 function in germ
cells during meiotic prophase. AGO2 interacts with chromatin and binds
nearby nascent transcripts. At genes important for spermatogenic devel-
opment, AGO2 maintains its interaction with the nuclear transcript and
helps to stabilize and shuttle these transcripts to the cytoplasm, eventually
resulting in increased protein expression and promoting sperm produc-
tion. Diagrams created with BioRender (https://biorender.com).
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Mouse strains and animal care

All mice were maintained on a C57BL/6J genetic background.
Ago2flox/flox mice (B6.129P2(129S4)-Ago2tm1.1Tara/J) (O’Carroll
et al. 2007) were obtained from Jackson Laboratory (strain
016520). Ago2flox/flox mice were mated with mice carrying one
copy of the Ddx4-Cre transgene (B6-Ddx4tm1.1(cre/mOrange)Dcp)
(Gallardo et al. 2007; Hu et al. 2013) in which Cre is expressed spe-
cifically in germ cells beginning at embryonic day 15.5, to generate
Ago2 cKOmales (Ddx4-Cre/+;Ago2flox/Δ). Primers used for genotyp-
ing are listed in Supplemental Table S9. These studies were ap-
proved by the Yale University institutional animal care and use
committee under protocol 2020-20169. All mice used in these
studies were maintained and euthanized according to the princi-
ples and procedures described in the National Institutes of
Health guide for the care and use of laboratory animals.

Testis collection and cell dissociation

Seminiferous tubules were isolated by enzymatic digestion as de-
scribed previously (Bryant et al. 2013). Male germ cells were ob-
tained from seminiferous tubules using a second enzymatic
digestion (0.25% trypsin [EDTA-free, Sigma-Aldrich], 2 mg/mL
DNase I; StemCell Technologies 07900). Additional details are pro-
vided in the Supplemental Methods.

Spermatogenic cell isolation

STA-PUT was performed as described previously (Bellvé 1993). For
flow cytometry isolation, round spermatids were sorted based on
1C DNA content and size, and differentiating spermatogonia
(“premeiotic cells”) were isolated using an anti-KIT antibody
directly conjugated to PE (eBioscience 12-1171-82). Additional
STA-PUT and flow cytometry details are provided in the
Supplemental Methods.

Morphological assessment of spermatozoa

Cauda epididymides were dissected from adult (8–16 wk old) male
mice and allowed to swim out into PBS in a 12-well culture dish for
15 min and then were fixed and smeared onto a slide for staining
and visual inspection. Additional details are provided in the
Supplemental Methods.

Sperm motility assessment

Cauda epididymal sperm were collected by swim-out in HEPES
buffered saline (HS) medium and analyzed by CASA (Sperm
Class Analyzer version 6.3, Microptic). Over 200 motile sperm
were analyzed for each trial. Three and two biological replicates
were performed for the control and Ago2 cKO, respectively.
Additional details are provided in the Supplemental Methods.

Nuclear/cytoplasmic fractionation

A pellet of 0.5–2×107 fresh spermatogenic cells was resuspended
in 0.5–1 mLCell lysis buffer 1 (50 mM Tris-HCl at pH 7.4, 100
mMNaCl, 0.1%NP-40, with freshly added protease inhibitor cock-
tail) and incubated for 20 min on ice with inversion every 4 min.
Cell pellets were then spun down at 1200g for 5 min at 4°C, and
supernatants were kept as cytoplasmic lysate. Pellets were washed
oncewith 1mL of cell lysis buffer 2 (50mMTris-HCl at pH 7.4, 100
mMNaCl, 0.2%NP-40) andoncewith 1mLof cell lysis buffer 3 (50
mM Tris-HCl at pH 7.4, 100 mM NaCl, 0.5% NP-40) and were in-
cubated for 5 min on ice each time. Finally, the nuclear pellets
were spun down at 1200g for 5 min at 4°C; supernatants were dis-
carded; and pellets were resuspended with 500 μL of 1 mL of iCLIP

lysis buffer (50 mM Tris-HCl at pH 7.4, 100 mM NaCl, 1% NP-40,
0.1% SDS, 0.5% sodiumdeoxycholate) and incubated for 5min on
ice. Lysates were centrifuged at 15000g for 15 min at 4°C, and the
supernatants were collected as nuclear lysate.

Immunoblotting

Immunoblotting was performed using standard methods. Details
are provided in the Supplemental Methods.

Coimmunoprecipitation of AGO2 protein interactors

Coimmunoprecipitation was performed using standard methods.
Details are provided in the Supplemental Methods.

RNA isolation

RNAwas isolated in TRIzol, followed bywashing and elution using
spin columns from the RNeasy MinElute kit (Qiagen 74104). The
quality of the eluted RNA was determined by measuring 28S/18S
ribosomal ratios and RNA integrity number (RIN) using an
Agilent Bioanalyzer. Additional details are provided in the
Supplemental Methods.

Real-time quantitative PCR

RT-qPCR was performed on an Applied Biosystems QuantStudio 3
real-time PCR system using Power SYBR Green PCR master mix
(Applied Biosystems 4367659). Primer sequences are provided in
Supplemental Table S9, and additional details are provided in
the Supplemental Methods.

Luciferase assays

GC-2spd(ts) cells (ATCC CRL-2196) were transfected with
pmirGLO dual-luciferase miRNA target expression vectors
(Promega E1330) harboring sequences corresponding to targets
of Ago2 binding at Ak7, Spag17, or Tdrd9 mRNA. The inserted se-
quences are centered on the eCLIP peak (12–30 bp) and extended
in both directions for a final insert length of 400 bp (Supplemental
Table S10). Firefly luciferase signals were normalized to Renilla lu-
ciferase measurements according to the manufacturer’s instruc-
tions. Additional details are provided in the Supplemental
Methods.

eCLIP

AGO2 eCLIP in spermatogenic cell fractions and whole-testis tis-
sue was performed as described previously (Van Nostrand et al.
2016; Brugiolo et al. 2017; Biancon et al. 2022). Details are provid-
ed in the Supplemental Methods.

Chromatin immunoprecipitation

ChIP was performed as described previously (Lesch et al. 2013,
2016). Details are provided in the Supplemental Methods.

RNase treatment

mESC nuclei were treated with RNase according to a protocol
adapted from Sigova et al. (2015). Additional details are provided
in the Supplemental Methods.

Mass spectrometry analysis for AGO2 protein interactors

Nuclear and cytoplasmic fractions from wild-type round sperma-
tids purified by STA-PUTwere isolated as described above and incu-
bated with anti-AGO2 antibody (Millipore 04-642) or normal
mouse IgG as a negative control. Immunoprecipitated samples
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were then separated by SDS-PAGE, and the gel was stained with
Coomassie blue. All bands except immunoglobulin heavy-chain
and light-chain were excised from the gel and subjected to mass
spectrometry protein identification at the Keck MS & Proteomics
Resource at Yale University. The data were processed, and protein
identification was searched using Proteome Discoverer (v. 2.2,
Thermo Fisher Scientific) and Mascot search algorithm (v. 2.6,
Matrix Science). A protein was considered identified when
Mascot listed it as significant at a false-discovery rate of 1% and
more than two unique peptides matched the same protein.
Additional details are provided in the Supplemental Methods.

Quantitative mass spectrometry analysis of protein expression

Pachytene spermatocytes or round spermatids were isolated by
STA-PUT as described above, and pellets containing 1–3×106

pachytene spermatocytes or 0.4–1 ×107 round spermatids were
washed in PBS with protease inhibitors before sonicating in 400
µL of RIPA buffer and then processed for label-free quantitative
mass spectrometry at the Keck MS & Proteomics Resource. The
LC-MS/MS data were processed with Progenesis QI software
(Nonlinear Dynamics, version 2.4) with protein identification per-
formed using an in-house Mascot search engine (v2.6). A normal-
ization factor for each runwas calculated to account for differences
in sample load between injections and for differences in ioniza-
tion. Mascot search results from the MS/MS spectra were input
into Progenesis QI software, where peptides were synched with
the corresponding quantified features and their corresponding
abundances. Protein abundances (requiring at least two unique
peptides) were then calculated from the sum of all unique normal-
ized peptide ions for a specific protein on each run. Additional de-
tails are provided in the Supplemental Methods.

High-throughput DNA sequencing

Details of quality control, library preparation, and sequencing are
provided in the Supplemental Methods.

ChIP-seq data analysis

ChIP-seq data were quality-filtered with the fastq_quality_filter
tool from FASTX toolkit (http://hannonlab.cshl.edu/
fastx_toolkit), aligned to the mouse genome build mm10 using
Bowtie 2 (Langmead and Salzberg 2012), and used to call peaks
with MACS2 at q=0.05 (Zhang et al. 2008). Shuffled controls
were generated using the shuffle function in BEDTools (Quinlan
and Hall 2010). Additional details and specific parameters are pro-
vided in the Supplemental Methods.

RNA-seq data analysis

RNA-seq data were quality-filtered with fastq_quality_filter and
quantified using kallisto v0.45.0 (Bray et al. 2016). DEGs were
called using DESeq2 with batch correction (Love et al. 2014).
Splicing was assessed using rMATS with default parameters (Shen
et al. 2014), and downstream analysis was conducted using the
maser package in R (https://github.com/DiogoVeiga/maser).
Additional details and specific parameters are provided in the
Supplemental Methods.

eCLIP data analysis

AGO2 IP and size-matched input control data were processed as
previously described (Van Nostrand et al. 2016). Libraries were
demultiplexed; adapters were trimmed using cutadapt v1.18
(Martin 2011); and libraries were filtered for repeat elements.
Filtered libraries were aligned to mm10 using using STAR

v.2.6.1d (Dobin et al. 2013). PCR duplicates were removed based
on UMIs. Peaks were called using the tag2peak.pl script from a
CLIP tool kit (CTK) (Shah et al. 2017) with an adjusted P-value
threshold of 0.01 and normalized to the mm10 background mod-
el. eCLIP targets were confirmed by an additional independent
peak calling pipeline (Biancon et al. 2022). Additional details
and specific parameters are provided in the Supplemental
Methods.

Metagene analysis

Metagene analysis was performed using deepTools version 3.5.1
(Ramírez et al. 2016). Read distributions were compiled around
peak centers. Raw H3K9me3 ChIP-seq data from meiotic cells
(pachytene spermatocytes) were obtained from the NCBI Gene
Expression Omnibus (GEO: https://www.ncbi.nlm.nih.gov/geo/)
under accession number GSE137742 (Liu et al. 2019) and pro-
cessed as described above. Raw ATAC-seq data from meiotic cells
(pachytene spermatocytes) were obtained from GEO accession
number GSE102954 (Maezawa et al. 2018) and processed as de-
scribed above for ChIP-seq data. Locations of mouse recombina-
tion hotspots were obtained from DMC1 immunoprecipitation
and sequencing-based detection of ssDNA (SSDS) data from GEO
accession number GSE75419 (Smagulova et al. 2016) and inter-
sected with meiotic AGO2 peaks using the intersect function
from BEDTools (Quinlan and Hall 2010). Shuffled peaks were gen-
erated using the shuffle function from BEDTools.

Motif analysis

Motif analysis was performed using the findMotifsGenome.pl
script in HOMER with default parameters to screen a library of
known motifs (Heinz et al. 2010).

Functional enrichment analysis

GO enrichment analysis was performed using PANTHER GO an-
notations (https://doi.org/10.5281/zenodo.4495804 released:
February 1, 2021) at the GO Consortium website (Mi et al. 2017;
http://www.geneontology.org). GSEAwas conducted as previously
described using version 4.1.0 with default parameters (Mootha
et al. 2003; Subramanian et al. 2005).

Data access

All raw andprocessed sequencing data generated in this study have
been submitted to the NCBI Gene Expression Omnibus (GEO;
https://www.ncbi.nlm.nih.gov/geo/) under accession number
GSE181264. The mass spectrometry proteomics data have
been submitted to the ProteomeXchange Consortium via the
PRIDE (Perez-Riverol et al. 2019) partner repository (http://
proteomecentral.proteomexchange.org/cgi/GetDataset) under
the data set identifier PXD027935.
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