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SUMMARY

The four mammalian Argonaute family members are
thought to share redundant functions in the micro-
RNA pathway, yet only AGO2 possesses the catalytic
“slicer” function required for RNAi. Whether AGO1,
AGO3, or AGO4 possesses specialized functions
remains unclear. Here we show that AGO4 localizes
to spermatocyte nuclei during meiotic prophase I,
specifically at sites of asynapsis and the transcrip-
tionally silenced XY subdomain, the sex body. We
generated Ago4 knockout mice and show that
Ago4~'~ spermatogonia initiate meiosis early, result-
ing from premature induction of retinoic acid-
response genes. During prophase I, the sex body
assembles incorrectly in Ago4~’~ mice, leading to
disrupted meiotic sex chromosome inactivation
(MSCI). This is associated with a dramatic loss of
microRNAs, >20% of which arises from the X chro-
mosome. Thus, AGO4 regulates meiotic entry and
MSCI in mammalian germ cells, implicating small
RNA pathways in these processes.

INTRODUCTION

Argonaute proteins form two clades within a larger superfamily,
based on their sequence homology (Cenik and Zamore, 2011;
Czech and Hannon, 2011). The PIWI clade includes Mili,
Miwi1, and Miwi2 in mice, which are required for retrotrans-
poson silencing in the germline and normal progression
through prophase | in male meiosis (Aravin et al., 2006; Girard
et al., 2006; Grivna et al., 2006), in conjunction with the PIWI-
interacting RNAs (piRNAs). The second clade is comprised of
the AGO proteins, of which there are four in mammals
(AGO1-AGO4; Steiner and Plasterk, 2006). However, only
AGO2 is capable of mediating small RNA-directed endonucleo-
lytic cleavage of mMRNA targets, the hallmark of RNAI (Liu et al.,
2004; Meister et al., 2004; Song et al., 2003). No individual
functions have yet been ascribed to the other mammalian
AGOs, but they can all associate with several distinct classes

of small RNAs, including microRNAs (miRNAs) and small inter-
fering RNAs (siRNAs).

Endogenous siRNAs and miRNAs are found in the male
germline (Song et al., 2011; Watanabe et al., 2006), and whereas
some associate with AGO proteins (Kim et al., 2006), their
precise roles are unknown. Small RNAs may function in the
process of meiotic silencing of unpaired chromosomes, a
common feature of prophase | in a number of organisms (Maine,
2010). During meiosis in Neurospora crassa, for example, the
presence of unsynapsed DNA triggers the posttranscriptional
silencing of any homologous sequences. This process, called
meiotic silencing of unpaired DNA (MSUD), requires Ago protein
function and small RNA involvement (Raju et al., 2007; Shiu et al.,
2001).

The high expression of mouse Ago4 (and Ago3) in the male
germline (Gonzalez-Gonzalez et al., 2008) indicates that similar
meiotic functions for AGO proteins may also exist in mammals.
Two distinct levels of meiotic silencing in the male germline
have been described: meiotic silencing of unsynapsed chro-
matin (MSUC; Schimenti, 2005) and meiotic sex chromosome
inactivation (MSCI; Fernandez-Capetillo et al., 2003; Turner,
2007). MSUC monitors complete pairing before permitting
progression through prophase | and protects the genome from
transposon mobilization by silencing regions that fail to pair
because of hemizygous transposon insertions (Turner et al.,
2005). MSCI, on the other hand, is unique to the sex chromo-
somes and results in their heterochromatinization and compart-
mentalization into a specialized nuclear subdomain known as the
sex body (SB; Handel, 2004). This enables the unpaired sex
chromatin to bypass meiotic synapsis check points and
is essential for meiotic progression in males (Baarends and
Grootegoed, 2003). Although neither mechanism is fully under-
stood, it is notable that the miRNA genes located on the
X chromosome evade MSCI, perhaps indicating a role for small
RNAs in silencing (Song et al., 2009).

To examine the role of AGO4 in mammals, we generated an
Ago4 null mouse line. Ago4~'~ mice are viable, but males have
fertility defects including reduced testis size and lower sperm
counts. AGO4 localizes to the SB during pachynema of pro-
phase |, and loss of Ago4 perturbs SB morphology leading to
an influx of RNA polymerase Il (RNAP ll), and an associated
failure to silence many sex-linked transcripts, resulting in
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Figure 1. AGO4 Localization and Phenotypic Analysis of Ago4~~
Males

(A-D) AGO4 localization on chromosome spreads from wild-type (WT) and
induced asynaptic mouse models. (A) Spermatocyte from a WT mouse stained
with anti-SYCP3 (i, green), anti-AGO4 (ji, red), and anti-yH2AX (iii, blue).
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apoptosis. Interestingly, our analysis also reveals an unexpected
role for AGO4 in the onset of meiosis, in that spermatogonia from
Ago4’/’ males enter prophase | prematurely. These findings
reveal a role for nonslicing Argonautes in mammalian germ cell
development.

RESULTS AND DISCUSSION

AGO4 Localizes to the Sex Body during Prophase | of
Meiosis

In adult mouse testis, Ago4 mRNA expression is highest at
prophase | during pachynema (Gonzalez-Gonzalez et al.,
2008), the stage at which homologous autosomes are com-
pletely synapsed (paired), and the SB is formed. AGO4 protein
localization was assessed on chromosome-spread preparations
from prophase | spermatocytes of wild-type (WT) adult male
testes (day 70 postpartum [pp]), together with staining of the
synaptonemal complex (SC) using antibodies against the lateral
element protein, SYCP3 (Figure 1A). AGO4 staining was evident
in the nucleus, with the most intense staining at the SB (Fig-
ure 1Aii), where it colocalizes with yH2AX (Figure 1Aiii). The
AGO4 SB staining pattern was lost when the antibody was
preincubated with the immunizing peptide, indicating specificity
of the signal for AGO4 (see Figure S1A available online), and no
AGO4 staining was observed from Ago4-deficient males (Fig-
ures S1B and S1C). Only faint punctate staining was observed
in oocytes (Figure 1B), which do not possess an SB.

To explore whether the meiotic localization of AGO4 to the X
and Y chromosomes is a consequence of their lack of pairing,
we examined the localization of AGO4 in two mouse models
displaying varying degrees of induced autosomal asynapsis in
spermatocytes: mice carrying a T(X:16)16H translocation (Fig-
ure 1C), or hybrid offspring of two divergent strains (PWKxB6,
Figure 1D). In both cases, significant degrees of autosomal asyn-
apsis were evident by the staining pattern for SYCP3 (Figure 1C,
arrowhead), and AGO4 colocalized to all these sites (Figures 1C
and 1D, arrows). Given that these asynapsed regions of

(B) Pachytene stage oocyte from WT mouse stained with anti-SYCP3 (green)
and anti-AGO4 (red) antibodies and DAPI to highlight DNA (blue). (C and D)
Pachytene stage spermatocytes from a T(X:16) male translocation mouse (C)
and a PWK x C57BL/6J hybrid mouse (D) that both exhibit significant levels of
asynapsis (arrows), stained with anti-SYCP3 (red), CREST autoimmune serum
(pink localization on centromeres in C only), and anti-AGO4 (green) antibodies.
Asynapsis induced by chromosome 16 to X translocation in (C) is marked by
white arrowhead (inset). Dashed-line boxes in (A) and (C) identify the region
that is further magnified in the corresponding inset panels.

(E) Testes from Ago4~’~ mice (n = 19) are significantly reduced in size
compared to WT (n = 16; *p < 0.05, t test).

(F) Caudal epididymal sperm counts shown in millions. Sperm counts from
Ago4~'~ mice (A n = 19) are reduced when compared to WT (Ml n = 16;
***p < 0.0005, t test).

(G and H) Testis sections from (G) Ago4*’* and (H) Ago4~'~ mice with H&E.
Scale bars, 100 um. Large multinucleated cells are apparent in Ago4’/ ~ mice
(arrowheads and inset).

(1and J) TUNEL staining and quantitation of testis sections from (I) Ago4*/* and
(J) Ago4~"~ mice.

(K and L) Ago4** (black bars) and Ago4 '~ mice (gray bars) expressed per
tubule (K) or per section (L) showing significant increase in Ago4’/’ mice
(n =230, 45.2% increase; **p < 0.0005, t test). Error bars, SEM.

See Figure S1 and Table S1.
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chromatin are silenced during prophase | (Handel, 2004), these
observations suggest a role for AGO4 in meiotic silencing.

Loss of Ago4 Results in Reduced Testis Size and
Epididymal Spermatozoa Together with Increased
Apoptosis of Spermatogenic Cells

We generated a floxed Ago4~~ mouse line that, following
Cre-driven excision of a LoxP-flanked region, lacks exons 3-17
of the gene (Figure S1D; Supplemental Experimental Proce-
dures). The recombinant allele was backcrossed for six genera-
tions from the mixed 129/C57 background onto a pure C57BI/6J
background. Backcrossed homozygous Ago4~~ male and
female mice were healthy and viable, and male and female
offspring were observed at the expected frequencies (male,
54%:; female, 46%; n = 121). Furthermore, Ago4’/’ males exhibit
normal mating behavior with no decrease in litter sizes from
Ago4** males (Table S1). However, testis weights in Ago4 "/~
adult mice were reduced by 13% compared to Ago4** mice
(Figure 1E; Table S1). Similarly, epididymal spermatozoa counts
were also abnormal in Ago4~’~ mice, reduced by 22% com-
pared to WT littermates (Figure 1F; Table S1).

Testes from Ago4~~ Males Undergo Increased

Apoptosis

Histological analysis with H&E revealed similar cellular composi-
tion of the seminiferous epithelium in Ago4** and Ago4~/~
males (Figures 1G and 1H). In the latter, however, we observed
abnormally large, densely staining cells within the seminiferous
tubular lumen (Figure 1H). TUNEL staining of testis sections

Figure 2. Upregulation of Ago3 mRNA and
Protein in the Testis of Ago4~~ Males

(A and B) Quantitative RT-PCR analysis of Ago4 (A)
and Ago3 (B) expression in total RNA from whole
testes, seminal vesicle (S.V.), liver, and kidney
isolated from Ago4** (n = 5, black bars) and
Ago4’/ ~ (n =5, gray bars) adult littermates (**p <
0.001, t test). Error bars, SEM. n.s., not significant.
(C and D) Spermatocyte spreads from Ago4*'* (C)
and Ago4 '~ (D) males stained with anti-yH2AX
(red, Ci and Di) and anti-AGO3 (green, Cii and Dii)
antibodies and DAPI (blue). “Pseudosex body”
regions in (D) denoted by arrows. Dashed-line
boxes identify the region that is further magnified
in the corresponding inset panels. In both cases
these boxes define the SB.

(E and F) Testis sections from Ago4** (E) and
Ago4~'~ (F) stained with anti-AGO3 antibody to
demonstrate increased AGO3 signal within germ
cells of Ago4~'~ males.

See also Figure S2.
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(Figures 11 and 1J) revealed a significant
increase in apoptotic cells within the pro-
phase | layers of the seminiferous epithe-
lium of Ago4~’~ mice compared to WT
(Figures 1l and 1J, arrowheads; Figures
1K and 1L). These results demonstrate
that Ago4~'~ mice exhibit an increase
in testicular apoptosis, reduced testes
weight, and lowered sperm counts,
phenotypes previously observed in MSCIl-compromised animals
(Turner et al., 2004).

Loss of AGO4 Results in Increased AGO3 Protein

Given the high degree of sequence similarity (Cenik and Zamore,
2011), together with the high expression of Ago3 in testis, we
reasoned that overlapping functions might exist between
mammalian Argonaute genes. Therefore, we used quantitative
reverse-transcription PCR to measure the expression of all four
AGO family members in testes of Ago4*’* and Ago4~'~ mice.
As expected, both Ago3 and Ago4 mRNA are highly expressed
in adult testes, and at higher levels than in all other tissues exam-
ined (Figures 2A and 2B). Ago1 was expressed at lower and more
uniform levels throughout all of the tissues, and Ago2 expression
was higher in nonmeiotic tissues (Figure S2). Loss of Ago4 re-
sulted in a significant increase in Ago3 expression specifically
in testis (Figure 2B; p < 0.05, t test), whereas Ago7 and Ago2
transcripts were not affected by the loss of AGO4 (Figure S2).
Together, these data suggest that Ago3 and Ago4 may function
redundantly in the male germline, such that loss of Ago4 results
in a compensatory elevation in Ago3 mRNA.

We next investigated whether AGOS3 protein shows similar
localization to AGO4 on male prophase | chromosome spreads.
Like AGO4, AGOS3 localized preferentially to the SB at pachy-
nema in WT spreads (Figure 2Ci). When examining the AGO3
staining pattern on Ago4~'~ spreads, however, we found that
the chromatin domain occupied by AGO3 signal was dramati-
cally expanded (Figure 2D). Indeed, both AGO3 and yH2AX
extended beyond the SB into areas of chromatin associated
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with the autosomes (Figure 2D, arrows). In mouse mutants that
exhibit similar disruption of the SB appearance, these extended
YH2AX domains have been termed “pseudosex bodies” (Barchi
et al., 2005; Bellani et al., 2005; Daniel et al., 2011).

AGO3 localization was also assessed by immunohistochem-
istry of whole testis sections from Ago4*’* and Ago4~/~ adult
males. In WT testis, AGO3 localized to meiotic cells and was
absent in the nonmeiotic spermatogonial cells (Figure 2E). In
Ago4~'~ testis, AGO3 signal was increased (Figure 2F), as ex-
pected, but still restricted to spermatogenic cells. Thus, the
loss of Ago4 results in increased expression of Ago3 in the testis.
We conclude that some functions of AGO4 in the male germline
may be redundant with AGO3, and, if so, this would imply that
the testis weight and sperm count phenotypes observed in
Ago4~'~ mice result from only a partial defect in these shared
functions.

Loss of AGO4 Disrupts SB Formation and Alters the
Localization of Key SB Components

To examine more closely the SB morphology of Ago4 '~ males,
we investigated the localization of the SC central element
protein, SYCP1, together with SYCP3 during prophase | (Fig-
ure 3A). In Ago4~'~ spreads, SYCP1 localized to unsynapsed
regions of the X and Y (Figure 3B) approximately 4-fold more
frequently than in the WT (Figure 3C; Ago4*"* 6.3%, Ago4~'~
22.8% of 300 pachytene spermatocytes; p < 0.0005, %2 test),
indicating that loss of AGO4 perturbs SC formation and/or
integrity within the SB. Importantly, initial events of prophase |
progression, including the processing of double-strand breaks
(DSBs) for recombination, and crossover formation, appeared
normal in Ago4 '~ males (data not shown).

The mislocalization of SC components in the Ago4~'~ SB,
together with the importance of SB integrity for MSCI, led us to
hypothesize that AGO4 may play a role in transcriptional
silencing of the X and Y chromosomes. To test this, we utilized
a repertoire of antibodies (yH2AX, TOPBP1, ATR, pCHK2,
SUMO1, UbiH2A) against SB components to assess the integrity
and functionality of this structure. The histone variant H2AX
(histone 2A family member X) is phosphorylated during prophase
| by the ATM and ATR kinases to become yH2AX (Turner et al.,
2004). SB-associated H2AX phosphorylation is mediated by
ATR during pachynema, a stage at which yH2AX is found almost
exclusively in the SB and at any remaining asynapsed regions on
autosomes (Figure 3D). However, a large proportion of Ago4 /'~
pachytene cells (Figures 3E and 3F, 31% versus 5.5% in WT; n=
300; p < 0.0005, %2 test) exhibit expanded yH2AX staining
beyond the SB, often associating with synapsed autosomes,
or pseudosex bodies. The localization of yYH2AX during diplo-
nema is unaffected by loss of AGO4 (data not shown), and in
fact such defects appear to be restricted to early pachytene
spermatocytes. To illustrate this, we used an antibody against
the testis-specific histone variant H1T, which localizes to chro-
matin from late pachynema (Lin et al., 2000). We found no
instances in which the altered pseudo-SB staining of YH2AX,
or other SB markers, coincided with the appearance of H1T in
late pachytene or diplotene cell populations (Ago4** n = 289,
Ago4~'~ n = 241; Figures S3K-S3M). Together, these results
suggest that the SB morphology defects occur in early pachy-
nema in Ago4~’~ mice. Defective Ago4~'~ spermatocytes are
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likely to be eliminated by the pachytene checkpoint, as evi-
denced by the increased TUNEL staining.

One explanation for aberrant yH2AX localization in Ago4’/’
mice is failure to recruit ATR, which we investigated by staining
for both ATR and TOPBP1, a regulator of ATR (Kumagai et al.,
2006). In WT mice, ATR staining is pronounced on the X and Y
chromosome cores and throughout the SB starting from pachy-
nema (Figure 3G). In Ago4~’~ pachytene cells, however, ATR
is frequently mislocalized (Figures 3H and 3I, n = 200 cells;
p < 0.0005, %2 test). A range of aberrant staining patterns were
observed, including a complete loss of signal at the SB, reduced
X chromosome core localization, and almost complete loss of Y
chromosome core localization. TOPBP1 localization is similarly
altered by the loss of Ago4 (Figures S3A and S3B). The loss of
ATR at the SB coincides with increased signal on autosome
cores, potentially utilizing the limited store of ATR that would nor-
mally be required to induce MSCI.

We corroborated ATR mislocalization in Ago4~'~ mice using
an antibody against the phospho-(Ser/Thr)ATM/ATR substrate
motif (Figure S3C) and an antibody specific to phosphorylated
CHK2 (Weiss et al., 2002), a substrate of ATM/ATR (Figure S3E).
In both cases, ATM/ATR substrate and pCHK2 were absent in
a subset of pachytene spermatocyte spreads from Ago4 ™'~
mice (Figures S3D and S3F).

SUMO1 and ubiH2A are proteins implicated in meiotic
silencing (Brown et al., 2008; Vigodner, 2009). SUMO1 first
appears in zygonema localizing to the X and Y cores (data not
shown) and persists into pachynema (Figure S3G). During
pachynema, the ubiH2A histone mark emerges and localizes to
the SB (Figure S3I; Baarends et al., 2005). SUMO1 and ubiH2A
localization is abolished in a subset of Ago4 '~ cells (Figures
3H and 3J). Together, these studies reveal that a subset of
spermatocytes in Ago4*/ ~ males fails to assemble a normal
SB structure, leading to the appearance of pseudosex bodies
and mislocalization of key SB markers.

Ago4~'~ Mice Fail to Correctly Silence the X and Y
Chromosomes during Meiosis

The defects we observed in SB components prompted us to
determine whether silencing of the sex chromosomes during
meiosis was normal in the absence of AGO4. The trimethylation
modification of H3K9 is associated with repressed heterochro-
matinized DNA. During prophase | in WT male mice, H3K9me3
is primarily restricted to autosomal centromeres and the majority
of the SB (Kim et al., 2007; Tachibana et al., 2007; Figure 3J). In
early pachynema, loss of Ago4 results in diffuse H3K9me3 local-
ization in a significant portion of cells (Figures 3K and 3L; n = 300;
p < 0.0005, 2 test). These results suggest that AGO4 contrib-
utes to the establishment of chromatin marks associated with
silencing, but as meiosis progresses aberrant cells are either
eliminated or overcome the defect.

To further assess transcriptional activity of the sex chromo-
somes, we compared the localization of RNAP Il in WT and
Ago4”’ pachytene spermatocytes. As expected, in Ago4*/+
cells, RNAP Il is absent from sites of silencing and heterochro-
matin (Figure 3M) and is excluded from the SB through pachy-
nema. This exclusion is no longer maintained in a significant frac-
tion of pachytene spermatocytes from Ago4 '~ males (Figures
3N and 30; Ago4*’*, 7%, and Ago4~’~, 25.5%; n = 200;
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Figure 3. Loss of AGO4 Disrupts Localization of SB-Associated Proteins and RNAP Il during Pachynema

Pachytene stage spermatocytes with SB (white arrows) from Ago4*’* (A, D, G, J, and M) and Ago4~’/~ (B, E, H, K, and N) mice, stained with anti-SYCP3 (green).
For all quantitation graphs (C, F, I, L, and O), WT (left bar) and Ago4’/’ (right bar).

(A-C) SYCP1 in red. Insets show magnification of SYCP1 in SB (n = 300 per genotype; **p < 0.005, %2 test).

(D-F) YH2AX in red (n = 300; **p < 0.005,  test).

(G-1) ATR in red (n = 200; *p < 0.05, 2 test).

(J-L) H3K9Me3 in red (n = 300; **p < 0.005, 7 test).

(M-0) RNAP I staining in red (n = 200; **p < 0.01, % test).

See also Figure S3.
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p < 0.0005, %? test), matching the frequency of mislocalization
we observed for SB components and further indicating
a silencing defect in Ago4’/’ spermatocytes.

Loss of Ago4 Leads to Downregulation of Specific
miRNA Families
Because Argonaute proteins function with small RNAs, we
hypothesized that the phenotypes in Ago4~~ animals reflect
alterations in the small RNAs. We therefore cloned and
sequenced small RNAs (18-30 nt) from purified pachytene cells
isolated from Ago4*’* and Ago4~'~ littermates. We obtained
21.2 and 14.7 million genome-matching reads from the
Ago4*’+ and Ago4 ™'~ samples, respectively, a sequencing depth
sufficient to robustly profile the small RNAs of pachytene cells.
piRNAs are the most abundant small RNAs in pachytene cells
(Pillai and Chuma, 2012; Siomi et al., 2011), and loss of Ago4 only
minimally perturbed these piRNA populations (Figures S4F and
S4G), as expected. By contrast, loss of Ago4 had a substantial
effect on the miRNAs present in pachytene cells. Overall, we
observed an approximately 2.3-fold reduction (Figures 4 and
S4) in reads matching miRNA hairpins in Ago4 '~ pachytene cells
(Figures 4A and S4A; 6% Ago4*'*, 2.6% Ago4~'"). However, this
reduction was not consistent among different miRNA families,
indicating some degree of miRNA specificity for AGO4 (Figures
4C, 4D, S4C, S4D, and S5). Approximately 20% of the global
miRNA downregulation came from miRNAs expressed from the
X chromosome, and, interestingly, all miRNAs encoded on the
X are significantly less abundant (p < 0.01, Wilcoxon rank sum
test) in Ago4~/~ cells, whereas not all autosomal miRNAs are
decreased (Figures 4B-4E and S4B-S4E).

We considered two explanations for the alterations in the
miRNA profile of Ago4~'~ cells. First, AGO proteins might asso-
ciate with miRNAs at different efficacies; thus, in the absence of
AGO4, the sequenced miRNAs would represent the propensities
of AGO1, AGO2, and AGOS3 to form complexes with specific
miRNAs. Second, the altered profile might be a downstream
consequence of altered transcriptional regulation of miRNA
genes. To distinguish between these possibilities, we compared
the change in abundance for each mature miRNA sequence to
each variant miRNA sequence originating from the same
precursor. The normal processing of miRNA precursors (Ruby
et al., 2006, 2007) results in the production of a mature miRNA
species together with rarer shorter or longer variant miRNAs.
Such variations can alter propensities for association with AGO
proteins (Okamura et al., 2009; Wang et al., 2011), whereas alter-
ations in the transcription of miRNA genes would be reflected
equally by all variant products (isomiRs) of a particular miRNA.
We found that changes in the abundance of pairs of miRNAs
and variant miRNA species were significantly correlated (Fig-
ure 4F; R = 0.68; p < 107*%; Figure S5; Table S2), a result
most consistent with transcriptional differences for miRNA
genes in Ago4~'~ cells. Interestingly, when comparing miRs
and isomiRs with shared 5 ends and shared 3’ ends, those
with shared 5’ ends were somewhat (p = 0.09) more correlated
(Figure 4F; R values of 0.70, purple) than those with shared 3
ends (R = 0.41, yellow). These results are consistent with loss
of Ago4 resulting in both changes in miRNA transcription,
together with different propensities for certain miRNA species
to form complexes with different AGO proteins. Importantly,
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loss of AGO4 results in a significant reduction in specific
miRNAs, and despite increased RNAP Il in the SB, a significant
fraction of these arise from the X chromosome.

To correlate changes in small RNA species identified by small
RNA cloning with changes in their localization, we examined the
localization of miRNAs originating from the X chromosome. For
example, miR-322 is known to escape MSCI (Song et al.,
2009) and was shown in our small RNA cloning to be dramatically
downregulated in the absence of AGO4. We find that miR-322
localizes to the SB in WT spermatocytes (Figure 4G), whereas
its localization is decreased in those Ago4 '~ pachytene sper-
matocytes that display aberrant SB morphology (Figure 4H).
Furthermore, we confirm the SB localization of miR-24 as
demonstrated previously (Marcon et al., 2008), and observed
no signal from miR-206, consistent with the small RNA cloning
data (Figures S4H and S4l). Together, these studies demonstrate
that certain miRNAs are dependent on AGO4 and suggest an
accumulation of some miRNA species in the SB during
pachynema.

Expression Profiling of Pachytene Spermatocytes
Reveals Loss of Silencing of Sex-Linked Genes

To better understand alterations in gene expression that result
from loss of Ago4, we used RNAseq to profile the transcriptome
ongo4*/* and WT cell populations. Our profiling was performed
on whole testis extracts at days 3—-4 and 8-9 pp, both comprised
solely of somatic cells and spermatogonia, together with isolated
meiotic cell fractions from adult testis at leptonema/zygonema
and at pachynema. RNA from adult kidney and seminal vesicles
served as controls for each genotype.

Contrary to our expectation, we found no evidence for a global
failure in sex chromosome silencing in Ago4 '~ pachytene cells
(Figure 5A). However, numerous Y-linked transcripts did show
upregulated expression in the absence of Ago4, including Zfy2
and Ube1ly1 (Figures 5B and 5C). Zfy2 is one of the “suicide”
genes (along with Zfy1) whose expression in the absence of
MSCI results in apoptosis (Royo et al., 2010). Zfy2 expression
was elevated approximately 2-fold in pachytene spermatocytes
from Ago4 ™'~ males (p < 0.03). Importantly, the increased tran-
scription seen for certain sex-linked genes in the absence of
AGO4 is likely contributed only by those pachytene cells
showing SB aberrations. Thus, the overall extent of the loss of
silencing is likely diluted by the heterogeneous population of
aberrant and normal pachytene cells obtained for RNAseq
analysis. This would suggest that the effect of AGO4 loss on
MSCI is underestimated by our RNAseq analysis.

Many aspects of MSCI initiation and maintenance remain
elusive. Establishment of MSCI requires H2AX phosphorylation
by ATR in the SB. Thus, during meiotic prophase I, ATR and
YH2AX accumulate on sex chromatin in spermatocytes
(Fernandez-Capetillo et al., 2003; Turner et al.,, 2004, 2005).
The prevailing model proposes that to maintain MSCI, the limited
pool of ATR functions to prevent expression of toxic Y-linked
genes (Royo et al., 2010). Thus, ATR must be recruited to the
SB by first being depleted from the autosomes following
synapsis. In various SC or recombination repair mouse mutants,
therefore, ATR persists on the autosomes due to the more gener-
alized MSUC mechanism, resulting in upregulation of gene
expression from the sex chromosomes including Zfy1/Zfy2. It
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Figure 4. Loss of Ago4 Results in Loss of miRNAs Originating from Chromosome X and Wide-Scale Alterations in the Expression of Most
miRNA Families

(A) The difference between miRNAs cloned from pachytene cells of WT and Ago4~'~ males, distributed by miRNA length and base identity of the most 5’
nucleotide.

(B) For miRNAs with a single chromosomal origin, the difference between WT and mutant counts of these miRNAs is shown by chromosome (autosomes in
orange; X chromosome in blue).

(C and D) miRNA families, grouped by common “seed” (nucleotides 2-7), with the highest expression in WT pachytene cells (C) and those showing the largest
decrease in expression in the Ago4~/~ (D).

(E) MA plot showing the intensity of expression (x axis) versus change in expression (y axis) for WT and mutant miRNAs reveals a preferential decrease in miRNA
levels in the mutant for miRNAs originating from the sex chromosomes.

(F) Comparison of the ratio of WT to mutant miRNA counts between each miRNA and other variant species derived from the same hairpin.

(G and H) miRNA fluorescence in situ hybridization for miR-322 using pachytene stage spermatocytes from Ago4*’* (G) and Ago4~/~ (H) mice stained with
anti-yH2AX (red), anti-SYCE2 (purple), and DAPI (blue).

See also Figures S4 and S5 and Table S2.
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Figure 5. RNAseq Profiling of Purified Spermatocytes from Different Stages of Prophase | and from Premeiotic Testes

(A) Differential expression between WT and Ago4~/~ transcript levels was determined by RNAseq and depicted by ratios of WT to Ago4~'~ mRNA levels by
chromosome.

(B and C) Quantitative RT-PCR analysis of XY-linked gene expression in total RNA from isolated (B) leptotene/zygotene and (C) pachytene spermatocytes from
Ago4*”* (n = 3, black bars) and Ago4~'~ (n = 3, gray bars) adult littermates (significant values in bold). Error bars, SEM.

(D) GO analysis of transcripts showing significant differential expression (q < 0.05) in mRNA levels; the most significant groups of transcripts differentially ex-
pressed are shown for each cell type.

See also Table S3.

is the expression of these genes that results in meiotic arrest, The derepression of certain XY-linked transcripts was exam-
rather than any effects of recombination failure per se (Royo ined further by performing quantitative reverse-transcription
et al.,, 2010). Importantly, RNAseq analysis of RNA from the = PCR on RNA from isolated leptotene/zygotene and pachytene
leptotene/zygotene and pachytene stages did not show any spermatocytes (Figures 5B and 5C, respectively). Three out of
differences in expression of Atr or Brcal between WT and four Y-linked genes examined (Zfy1, Zfy2, Ubely1) and one
mutant (Table S3). These genes are essential for phosphorylation ~ X-linked gene (Rhox13) showed significant increases in expres-
of H2AX during MSCI (Turner et al., 2004), suggesting that the  sion in Ago4 ™'~ spermatocytes compared to WT specifically at
derepression of XY-linked genes is not due to failure to phos-  pachynema (Figure 5C), indicating that many XY-linked genes
phorylate H2AX. escape MSCI in the absence of AGO4.
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Given our model for AGO4 involvement in MSCI, it was some-
what surprising to see only a modest loss of silencing in the SB,
associated with modest persistence of ATR on the X, but not the
Y, chromosome, and only a slight increase in ATR localization on
the autosomes. This could reflect partial redundancy with AGO3,
which is upregulated in Ago4~'~ spermatocytes. Alternatively,
this partial loss of MSCI could reflect the fact that only ~30%
of cells observed in early pachynema have abnormal SB
morphologies, which are likely eradicated by apoptosis; thus,
those that survive are functionally intact with respect to MSCI
processes. This possibility is supported by the finding that all
abnormal SBs are observed in cells that are H1T negative, indic-
ative of early pachynema, whereas only normal SB morphologies
are observed in cells that are H1T positive, indicative of late
pachynema.

Loss of Ago4 Drives Premature Entry into Meiosis

While comparing gene expression profiles between Ago4 ™'~ and
WT littermate males, gene ontology (GO) analysis of RNAseq
data revealed a dramatic upregulation of transcripts encoding
proteins involved in spermatogonial proliferation in Ago4’/’
testes on day 3-4 pp relative to WT, together with a distinct
induction of genes regulating meiotic entry within day 8-9 pp
Ago4~'~ testes (Figure 5D). This suggests that loss of AGO4
facilitates spermatogonial differentiation and proliferation lead-
ing to premature meiotic initiation. In WT mice, meiotic initiation
is brought about by the production of retinoic acid (RA) via the
action of the RALDH2 enzyme (the product of the Aldh1a2
gene) in Sertoli (and other) cells of the postnatal testis. The oxida-
tion of RA by the P450 enzyme, CYP26B1, prevents RA-induced
meiotic entry in fetal testes at a time when fetal oocytes initiate
meiosis because they lack this enzyme (Hogarth and Griswold,
2010). In postnatal males, at around day 5-6 pp, RA binds to
the retinoic acid receptor G (RARG) on the surface of type A
spermatogonia (Gely-Pernot et al., 2012) and induces a cascade
of genes, including Stra8, Esco2, and Uba6 (Hogarth et al., 2011),
whereas negative regulators of meiotic onset act to repress
Stra8 function and promote spermatogonial maintenance. These
negative regulators of meiotic induction include Nanos2 and
Fgf9 (Suzuki and Saga, 2008).

Genes involved in spermatogonial stem cell maintenance and
proliferation were upregulated in RNA samples from day 3-4 pp
Ago4~'~ testes (Figure 6A). These included Sox2 (Figure 6A) and
Sox9 (data not shown), members of the Sox family of transcrip-
tion factors that are involved in the reactivation of stem cell
pluripotency (Yabuta et al., 2006). Similarly, the RNA-binding
protein, Lin28b, was upregulated along with its downstream
target, Prdm1, whereas let-7 was downregulated in Ago4~/~
testes. Under the influence of RA, LIN28b is required to repress
the somatic mesodermal program by sequestering the let-7
miRNA family, which in turn allows PRDM1 to act as an inducer
of germ cell lineages (Bowles and Koopman, 2010). Thus, the
day 3-4 pp GO analysis of RNA from whole Ago4~/~ testes re-
vealed a switch from spermatogonial stem cell maintenance to
one of spermatogonial proliferation and/or differentiation.

At day 8-9 pp in Ago4 '~ testes, Cyp26b1, Nanos2, and Fgf9
levels are all reduced, whereas Aldh1a2, Rarg, and Stra8 levels
are greatly enhanced compared to Ago4*’* males. Similarly,
Esco2 and Uba6 show premature increases in expression at

day 8-9 pp in the Ago4~/~ testes (Figure 6B). These alterations
to transcripts involved in the induction of the RA pathway
suggest that the absence of AGO4 results in premature induction
of meiotic genes approximately 5 days earlier than in WT.

Early meiotic initiation in young Ago4 '~ male pups was sup-
ported by the onset of expression of genes known to be essential
and specific to meiotic prophase |, which usually occurs from
around day 9 pp in the male mouse (Goetz et al., 1984). These
include the genes encoding SPO11, the topoisomerase that
generates DSBs that initiate meiotic recombination, the RecA
homologs, DMC1 and RAD51, which process DSBs to facilitate
homology searching and recombination (reviewed by Handel
and Schimenti, 2010), TEX15, which facilitates loading of the
RecA homologs (Yang et al., 2008), and the SC components,
SYCP1 and SYCPS3 (Figure 6C).

To confirm the early onset of prophase | at the cytological
level, chromosome preps were examined from pups at days
5-6 and 8-9 pp. At day 5-6 pp, no cells were found to be in
prophase | in Ago4** males, whereas a large number of cells
from Ago4’/’ males were found to be in preleptonema (data
not shown). This difference was even more dramatic by day
8-9 pp, when large numbers of spermatocytes from Ago4~/~
males were found to have entered, and progressed through,
the early stages of prophase I. Progression through prophase |
was demonstrated by staining with antibodies against SYCP3,
together with SYCP1 (Figures 6D-6J), or with YH2AX (Figures
6K-6P), and with RAD51 (Figures 6Q-6V). In all cases, the major
alteration to the spermatocyte pool in Ago4 '~ males appeared
to be a decrease in total leptotene cells (collective counts shown
in Figure 6W, n = 400; p < 0.005, t test), and a concomitant
increase in zygonema/pachynema intermediate cells (“Zyg/
Pach” Figure 6W, n = 400; p < 0.005, t test). The emergence of
pachytene cells in Ago4*/ ~ males was approximately 5-6 days
earlier than in WT males. Interestingly, all spermatocytes ob-
served to reach the pachytene stage in the young mutant pups
(Figures 6J and 6P) displayed defects identical to the altered
staining patterns described earlier for spermatocytes from adult
males. This observation suggests that meiotic progression in the
adult can be partially rescued, perhaps by AGO3, whereas the
initial waves of meiotic prophase | in early postnatal life are
more wholly dependent on AGOA4.

Together, our observations demonstrate early entry into
meiosis in Ago4~'~ males caused by premature induction of
RA response genes that trigger meiotic initiation. These studies
are in line with a recent report that demonstrates that the
C. elegans Argonautes ALG-1 and ALG-2 are required for germ
cell proliferation and entry into meiosis (Bukhari et al., 2012). In
the worm, ALG-1 and ALG-2 localize to distal tip cells (DTCs),
which are specialized somatic cells in the gonad that regulate
the switch from mitosis to meiosis (Kimble and Crittenden,
2007), suggesting a cell-nonautonomous mMiRNA mechanism
for regulating meiotic entry.

Conclusions

The studies described herein demonstrate a role for AGO4 in the
nucleus of male germ cells. Our data support a model whereby
AGO4-associated small RNAs directly participate in MSCI (Fig-
ure 7). Consistent with the discovery of nuclear RNAi compo-
nents in human cells (Ahlenstiel et al., 2012; Robb et al., 2005),
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Figure 6. Loss of AGO4 Induces Early Entry into Meiosis in Postnatal Testes

(A-C) Quantification of transcripts from RNAseq performed on premeiotic testis from Ago4*/+ and Ago4’/’ males at day 3-4 pp (blue [Ago4*/*]
and red [Ago4 /"] bars) and day 8-9 pp (purple [Ago4**] and orange [Ago4 ] bars). GAPDH is shown as a control. Genes with a significant
degree of differential expression between Ago4*/+ and Ago4”’ males (g < 0.05) are indicated with an asterisk (*). Genes in (A) are associated with
spermatogonial proliferation and/or differentiation. Genes in (B) are involved in the initiation of meiosis, via RA. Genes involved in early prophase |
progression are in (C).

(D-V) Chromosome immunofluorescence from day 8-9 pp testes from Ago4"/+ (D-F, K, L, Q, R, and Wi) and Ago4”’ (G-J, M-P, S-V, and Wii) littermates stained
with anti-SYCP3 (green), together with anti-SYCP1 (D-J), anti-yH2AX (K-P), or anti-RAD51 (Q-V), all in red. Progression through prophase | is depicted by

260 Developmental Cell 23, 251-264, August 14, 2012 ©2012 Elsevier Inc.



Developmental Cell
Multiple Roles of AGO4 in Mammalian Germ Cells

Ago4** Males Ago4” Males

yH2AX domain

- Restricts RNA
Co-local

4004

AGOM4 localizes to
the Sex Body in
pachynema,
concurrent with
XY-dinked small
RNASs also in this
Iocation

rase |l access

PAR PAR > -

-l
-+ *  Sex Body at Pachyne™

RNA Pol 1l
- Excluded from Sex Body

yH2AX domain

Aberrant Pseudo-Se*

Figure 7. Model for the Role of AGO4 in
Meiotic Silencing

In WT males at pachynema (left side), the SB
domain is defined by localization of YH2AX (yellow
background), whose phosphorylation is mediated
by the ATR kinase, which coats the unsynapsed
- lengths of the X and Y chromosomes (green). Sex
chromosomes are also coated with small RNAs
(pink) at this time. We propose that the presence of
these RNA species may depend on AGO4, and the
sum effect is the exclusion of RNAP Il from the SB
and silencing of the sex chromosomes by MSCI. In
the absence of AGO4 (right side), ATR localiza-
tion is drastically reduced along abnormal SB
morphology. Sex-linked small RNAs are drasti-
cally reduced and no longer reside in the SB,
leading to RNAP Il infiltration and failed silencing.
These effects are distinct from those involving
RA signaling and meiotic initiation described in

et

our study reveals distinct localization patterns for both AGO3
and AGO4 within the nuclei of mouse spermatogenic cells, along
with certain miRNAs. These observations support the idea that
AGO4 may recruit small RNAs to the SB, or vice versa. Impor-
tantly, we show that in the absence of AGO4, disproportionate
numbers of downregulated miRNAs originate from the X chro-
mosome and that miRNA localization in the SB is markedly
reduced. This loss of miRNAs specifically from X and Y is
contrary to expectation, given the increased localization of
RNAP Ilin the SB, but is in line with the fact that X-linked miRNAs
have been found to escape repression during MSCI of prophase
| (Song et al., 2009).

Given the localization of AGO4 to asynapsed regions and the
SB in pachynema, together with its colocalization with mediators
of MSCI (ATR and yH2AX), and the dependence of these medi-
ators on AGO4, the results presented herein indicate a role for
AGO4 in the initiation and/or maintenance of transcriptional
silencing during prophase I. We hypothesize that this transcrip-
tional regulation is regulated by AGO4 in a manner reminiscent
of the RITS complex seen in S. pombe and C. elegans (van Wolf-
swinkel and Ketting, 2010). Although small RNAs have been
postulated to be involved in MSCI (Burgoyne et al., 2009), our
data provide direct evidence for AGO4 in these events (Figure 7).

The role of AGO4 in meiotic initiation appears to originate in at
least two cell types: the RA-producing Sertoli cells, and the sper-
matogonia. However, AGO4 expression appears to be confined
to the germ lineages, leading us to postulate an indirect effect on
RA production by the somatic cells of the testis. In this scenario,
loss of AGO4 results in loss of a signal from the germ cells to the
Sertoli cells that would usually repress RA production. The action
of AGO4 in the germ cells themselves may be directed toward
RA signal transduction and/or toward downstream mediators.
Indeed, treatment of fetal testes with trichostatin A, an inhibitor
of class I/l histone deacetylases, promotes premature activation
of Stra8 expression and early meiotic entry (Wang and Tilly,
2010), suggesting epigenetic regulation of these events. More-

Figure 6.

over, there is evidence supporting the role of RNA-binding
proteins and small RNAs in self-renewal of spermatogonial
stem cells (Niu et al., 2011), as well as in the response of sper-
matogonia to RA signaling (Griswold et al., 2012; Ro et al.,
2007). For example, DAZL, an RNA-binding protein expressed
in germ cells, which is upregulated on day 8-9 pp in the absence
of AGO4, facilitates germ cell responses to RA to promote
meiotic initiation (Gill et al., 2011; Lin et al., 2008; Lin and
Page, 2005). In contrast, two miRNA clusters have been impli-
cated during spermatogonial differentiation in mice, miR-17-92
and miR-106b-25 (Tong et al., 2011), and both are downregu-
lated in Ago4 ™/~ testes.

Taken together, our studies demonstrate important roles for
AGO4 in meiotic induction and progression in male mice. Of
particular note is the observation that AGO4 is found in the
nucleus of prophase | cells, suggesting the existence of a
RITS-like complex at the level of heterochromatin during
meiosis. Finally, it is important to note that the two roles for
AGO4 in mammalian germ cells that we describe appear to be
distinct because treatment of vitamin A-deficient mice with RA
does not lead to MSCI defects or meiotic disruption (van Pelt
and de Rooij, 1990). Indeed, it is plausible that the early meiotic
entry and the MSCI events require different roles for AGO4 in
the context of its nuclear and cytoplasmic activities. Continued
studies are aimed at elucidating the mechanisms of AGO4
involvement in these mammalian germ cell events.

EXPERIMENTAL PROCEDURES

Generation of Ago4 Mutant Mice

All mouse studies were conducted with the prior approval of the Cornell Insti-
tutional Animal Care and Use Committee. An Ago4-targeting construct, con-
taining a 2.5 kbp 5’ arm from intron 2 of Ago4, a LoxP site, 25.4 kb of Ago4
from exons 3-17, an Frt-flanked Pgk-neo cassette, a second LoxP site, and
a 1.6 kbp 3 arm within intron 17 of Ago4 (Figures S1D-S1F), was used to
generate chimeric mice using standard mouse mutagenesis techniques.
Following FIpE and CRE-mediated excision of the Fri-flanked and

horizontal panels from left to right. If no image is given for a particular stage of prophase I, then that stage was not observed in the staining for this genotype.

Percent (%) cells found at each stage is shown.

(Wi and Wii) Quantification of prophase | stages for Ago4*’* and Ago4 /', respectively (n = 400). %2 analysis revealed significant differences between the two

populations (***p < 0.0001).
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LoxP-flanked cassettes, respectively, the resulting Ago4~~ allele (lacking

exons 3-17) was bred to homozygosity onto a C57BL/6 background.

Testes Weights, Sperm Counts, and Histology

Whole testes were removed from Ago4** and Ago4~/~ littermates and
weighed, and epididymal sperm counts assessed (Edelmann et al., 1996).
For histological analysis, testes were fixed in Bouin’s (for H&E) or in 10%
formalin (for all other staining and for TUNEL) overnight at 4°C. Paraffin-
embedded tissues were sectioned at 5 um before dewaxing and histological
staining.

Chromosome Spreading and Immunofluorescent Staining

Prophase | chromosome spreads and antibody staining were prepared as
previously described (Holloway et al., 2008; Holloway et al., 2011; Kolas
et al., 2005; Lipkin et al., 2002) using antibodies from various sources (see
Supplemental Experimental Procedures).

RT-PCR and Quantitative PCR

Total RNA was extracted from whole tissue or isolated spermatocytes using
TRIzol reagent (Invitrogen). Reverse transcription was performed using
SuperScript Il (Invitrogen). For real-time PCR analysis, TagMan probes
(Applied Biosystems, Carlsbad CA, USA) were used on the 7500 Real-Time
PCR System (Applied Biosystems). Raw data were analyzed using the 7500
System Sequence Detection Software (Applied Biosystems). Probe sets are
provided in Supplemental Experimental Procedures.

Isolation of Mouse Spermatogenic Cells

Testes from adult Ago4*/+ and Ago4’/’ mice (day 70-80 pp) were re-
moved, weighed, and decapsulated prior to enrichment of specific sper-
matogenic cell types using the STA-PUT method based on separation by
cell diameter/density at unit gravity (Bellvé, 1993). Purity of resulting fractions
was determined by microscopy based on cell diameter and morphology.
Pachytene cells were at approximately 95% purification with potential
contamination from spermatocytes of slightly earlier or later developmental
timing.

mRNA Transcript Sequencing and Analysis

mRNA transcripts were isolated and prepared for sequencing using lllumina’s
TruSeq kit. The completed library was sequenced on an lllumina HiSeq 2000
and aligned to the genome using TopHat and Cuffdiff programs (Trapnell
et al.,, 2009) to determine differential expression between WT and mutant
samples. A g value, which represents a false discovery rate-corrected p value
(Klipper-Aurbach et al., 1995), of <0.05 was chosen as the cutoff for deter-
mining whether differential gene expression was significant. For ontology anal-
ysis, genes with significant differential expression were analyzed using DAVID
(Huang et al., 2009a, 2009b).

Small RNA Sequencing and Analysis

Small RNA sequencing was performed as described previously (Grimson et al.,
2008). Sequences were filtered to remove reads containing undefined bases
(“N”) and reads under 14 nt in length. Sequences were aligned to the genome
using Bowtie (version 0.12.07; Langmead et al., 2009). miRNAs were deter-
mined by alignment of sequences to mouse miRNA hairpins (miRBase Release
18; Griffiths-Jones, 2004; Griffiths-Jones et al., 2006, 2008).

miRNA Fluorescent In Situ Hybridization and Immunofluorescence
Slides were prepared and stained as described above with modifications to
retain RNA (see Supplemental Experimental Procedures). Following immuno-
fluorescence with primary antibodies as described previously (Holloway et al.,
2010; Kolas et al., 2005), and using an anti-SYCE2 antibody (from Howard
Cooke, Edinburgh, Scotland), fluorescein-conjugated Locked Nucleic Acid
(LNA) probes (Exigon, Copenhagen, Denmark) were used to probe for mature
miRNA localization. Probes were first denatured by incubation at 90°C for
4 min, and hybridizations were carried out at the appropriate incubation
temperature overnight. Slides were then washed, mounted with antifade
(ProLong Gold; Molecular Probes), and visualized.
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