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Summary

Tight control of transposon activity is essential for the integrity of the germline. Recently, a germ
cell-specific organelle, nuage, was proposed to play a role in transposon repression. To test this
hypothesis, we disrupted a murine homolog of a Drosophila nuage protein Maelstrom. Effects on
male meiotic chromosome synapsis and derepression of transposable elements (TESs) were
observed. In the adult Mael ™~ testes, LINE-1 (L1) derepression occurred at the onset of meiosis.
As a result, Mael '~ spermatocytes were flooded with L1 ribonucleoproteins (RNPs) that
accumulated in large cytoplasmic enclaves and nuclei. Mael~/~ spermatocytes with nuclear L1
RNPs exhibited massive DNA damage and severe chromosome asynapsis even in the absence of
SPO11-generated meiotic double strand breaks. This study demonstrates that MAEL, a nuage
component, is indispensable for the silencing of TEs and identifies the initiation of meiosis as an
important step in TE control in the male germline.

Introduction

Germ cells are key to the propagation and evolution of species. Therefore, the ability to
prevent and correct the deleterious consequences of endogenous and exogenous damaging
agents is critical for the germline function. Genome sequencing efforts over the past decade
revealed the enormous impact of transposable elements (TEs) on the evolution and content
of genomes throughout the animal kingdom (Babushok and Kazazian, 2007; Kazazian,
2004; Lander et al., 2001; Waterston et al., 2002). Derepression and mobilization of active
TEs has been implicated in gene mutation, abrogation or perturbation of gene expression
and DNA damage (Girard and Freeling, 1999; Han and Boeke, 2005). The mouse genome
contains around 600,000 copies of LINE-1 (L1) non-LTR retrotransposon in various states

© 2008 Elsevier Inc. All rights reserved.

“Correspondence: bortvin@ciwemb.edu, Tel. (410) 246-3034; FAX (410) 243-6311.

These authors contributed equally to this work
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Soper et al.

Page 2

of decay (Waterston et al., 2002). Only about 3000 of murine L1 elements are thought to be
active (DeBerardinis et al., 1998).

In response to the danger posed by active TEs, various species have evolved elegant
mechanisms of TE silencing many of which utilize RNA interference (RNAI), small repeat-
targeting RNAs and Argonaute proteins (for a recent review see (Slotkin and Martienssen,
2007)). Furthermore, RNAI-related factors often localize to perinuclear electron-dense
structures of various shapes and numbers collectively called nuage (for cloud in French) that
are present in germ cells from over 80 animal species (Eddy, 1975). These factors include
Drosophila Aubergine, AGO3, Armitage, and SPN-E (reviewed in (Klattenhoff and
Theurkauf, 2008)), zebrafish ZIWI (Houwing et al., 2007) and mouse MIW!I (Kotaja et al.,
2006). Based on these observations, nuage has been proposed to function in the repression
of TEs (Lim and Kai, 2007). One model for transposon suppression in Drosophila envisions
the production of repeat-associated small RNAs in nuage and their subsequent translocation
to the nucleus (Klattenhoff and Theurkauf, 2008). Once in the nucleus, small RNAs could
guide chromatin modifying complexes to their target TEs to initiate silencing.

In mammalian germ cells, DNA methylation is the primary known mechanism of TE
silencing (Bourc'his and Bestor, 2004). Mouse primordial germ cells undergo genome-wide
DNA demethylation prior to activation of sex-specific differentiation programs (Hajkova et
al., 2002). In males, de novo DNA methylation of TEs is orchestrated by DNMT3I protein in
the non-proliferating gonocytes in late gestation (Bourc'his and Bestor, 2004). In addition to
the core DNA methylation machinery (Goll and Bestor, 2004), murine PIWI-like proteins
MILI (Aravin et al., 2006; Aravin et al., 2007b; Kuramochi-Miyagawa et al., 2008) and
MIWI2 (Carmell et al., 2007; Kuramochi-Miyagawa et al., 2008), and their interacting
repeat-targeting small RNAs (piRNAs) were recently implicated in DNA methylation-based
TE silencing in mice (Aravin et al., 2007a, Aravin and Bourc’his, 2008). Just like in the
DNMTS3I mutant (Bourc'his and Bestor, 2004), male germ cells lacking either MILI or
MIWI2 fail to establish de novo DNA methylation and silence TEs (Kuramochi-Miyagawa
et al., 2008). These findings raise the possibility that small RNAs guide de novo DNA
methylation machinery to TEs in the mammalian germline (Aravin et al., 2007a; Aravin and
Bourc’his, 2008; Girard and Hannon, 2008).

Whether nuage particles participate in TE silencing in the mammalian germline is presently
unclear. The best recognized nuage in the mammalian germline is the chromatoid body of
round spermatids (Kotaja and Sassone-Corsi, 2007). Given its prominence in haploid germ
cells, this specific type of nuage is most commonly associated with translational regulation
of germ cell MRNASs possibly by an RNAi-like mechanism as suggested by the presence of
MIWI, Dicer and miRNAs (Kotaja et al., 2006). Even though earlier stages lack an equally
prominent structure, Eddy (Eddy, 1975) concluded that nuage is present at various stages of
germ cell development in rodents. This view is now further supported by studies of other
nuage components like MVVH (Toyooka et al., 2000), RNF17 (Pan et al., 2005), TDRD1,
TDRD6, TDRD7 (Hosokawa et al., 2007) that are present in nuage structures of
spermatocytes. However, none of these factors have been reported to be required for TE
repression in mice.

To gain further insight into the mechanism of transposon repression in the mouse germline,
we focused on a murine homolog of a Drosophila gene maelstrom (mael) (Clegg et al.,
1997). Mael belongs to a group of Drosophila genes required for the production of repeat-
targeting interfering RNAS, repression of TEs and oocyte axis specification (Findley et al.,
2003; Klattenhoff et al., 2007; Lim and Kai, 2007). Mutations in these genes lead to the
accumulation of non-meiotic DNA double stand breaks (DSBs) that are thought to trigger a
checkpoint response and derail oocyte development (Klattenhoff et al., 2007). In the
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Drosophila female germline, MAEL is found predominantly in nuage, but its function is
unknown (Findley et al., 2003). MAEL contains a domain with weak similarity to a high
mobility group (HMG) box DNA-binding domain, but otherwise its amino acid sequence
offers little clues about its potential biochemical function. Mouse MAEL is expressed in the
male germline where it was reported to localize to the sex body in spermatocytes and to the
chromatoid body in round spermatids (Costa et al., 2006). Consistent with its chromatoid
body localization, MAEL co-immunoprecipitates with MIWI, MVH and TDRD1 (Costa et
al., 2006). In this study we re-examined MAEL localization in the male germline and
generated a null allele of Mael. Our studies demonstrate that MAEL is a component of
perinuclear nuage and is essential for TE repression in the male germline during early stages
of meiosis.

MAEL localizes to perinuclear nuage

Previously, MAEL was reported to localize to the sex body in spermatocytes and to the
chromatoid body in round spermatids (Costa et al., 2006). To further clarify MAEL
localization during spermatogenesis, we undertook a careful analysis of MAEL localization
in male germ cells by immunofluorescence on frozen sections, a three-dimensional
preparation technique using fibrin clot-embedded spermatocytes and immunoelectron
microscopy (IEM) (Figure 1). The combination of these approaches established that MAEL
is a predominantly cytoplasmic protein that localizes to perinuclear nuage. Low MAEL
levels were observed in the early stages of meiotic prophase I (leptonema to mid-
pachynema) (Figure 1A, 1B, 11, 1J, 1K). MAEL started to accumulate throughout the
cytoplasm and in prominent perinuclear nuage in late pachytene and diplotene
spermatocytes (Figure 1C, 1J). Meiotic metaphases and secondary spermatocytes showed a
high level of MAEL in the cytoplasm as well as in nuage (Figure 1D, 1K). Round
spermatids contained MAEL in the chromatoid body and in a second smaller nuage (Figure
1E and 11). IEM revealed cytoplasmic (Figure 1M; 1N) and nuclear clusters of MAEL
(Figure S1A). These results establish stage-specific recruitment of MAEL to perinuclear
nuage during spermatogenesis. However, MAEL was not found in the sex body using our or
commercial anti-MAEL antibodies (Figure S4A, C).

Targeting of mouse Maelstrom (Mael)

To determine the functional role of MAEL in vivo, we targeted mouse Mael by homologous
recombination in mouse embryonic stem (ES) cells and generated Mael null mice. A single-
copy Mael locus spans 37 Kb of mouse Chromosome | (chr1:168,038,061 — 168,075,419;
Assembly February 2006). The Mael locus contains 12 coding exons that are spliced into a
predicted mRNA with a 1,302 nt ORF. The gene does not overlap with any other known or
predicted genes, and no known small RNAs map to the Mael locus. Thus, a deletion of the
whole or a part of the Mael locus will be expected to exclusively perturb MAEL.

The loss-of-function allele of Mael was generated as outlined in Figure 2A (see
Experimental Procedures in the Supplementary Information for details). Matings of Mael*/~
animals produced viable wild-type, heterozygous and homozygous mutant offspring in
normal Mendelian ratios suggesting that the zygotic function of MAEL is dispensable for
viability of embryos, neonates, and adults (Figure 2B). RT-PCR on testicular RNA samples
of Mael ™~ animals revealed no expression of the remaining coding sequence of Mael
(Figure 2C). Western blot analysis revealed the presence of a protein of expected molecular
weight in the wild-type but not in the Mael /= testes (Figure 2D). Taken together, these
results suggest that the generated mutant allele of Mael is null.
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MAEL is essential for spermatogenesis

Further analysis established that MAEL is essential for spermatogenesis. In contrast to their
wild-type and heterozygous siblings, none of tested Mael "~ males (n > 20) sired progeny
despite normal mating behavior as determined by the presence of mating plugs. Examination
of the Mael™/~ adult reproductive system revealed normal anatomical appearance of their
reproductive system with the exception of a smaller size of testes (Figure 3A). Histological
analysis of juvenile mutant testes during the first spermatogenic wave revealed a delay in
meiotic entry of MAEL-deficient spermatogonia at day 10 postpartum (p10). In our
experiments in the C57BL/6 genetic background, 21% of wild-type tubules at p10 and 90%
of tubules at p15 contained spermatocytes (Figure 3B). By contrast, only 8% of the p10 and
70% of p20 seminiferous tubules showed evidence of meiosis in Mael ™/~ testes. This
analysis also revealed widespread germ cell degeneration leading to a drop in the number of
spermatocyte-containing tubules between p20 and p30 (Figure 3B). Consistent with this
observation, practically every seminiferous tubule of a 56 day-old Mael ™/~ testis had
evidence of a prior or ongoing germ cell degeneration (Figure 3D). Most strikingly, post-
meiotic germ cells (round and elongate spermatids) were completely absent suggesting
meiotic arrest of spermatogenesis in the absence of MAEL.

Further histological analysis revealed that Mael =/~ spermatocytes failed to complete meiotic
prophase | (Figure 3E, F and Figure S2A-D). Specifically, we observed the appearance of
atypical spermatocytes of two types: some zygotene — early pachytene spermatocytes began
to exhibit compact nuclei (Figure 3E and 3F, arrow) while others developed expanded nuclei
with scattered chromatin (Figure 3E and 3F, arrowhead). The two cells types were very
similar to abnormal spermatocytes present in Miwi2 mutant testes (Carmell et al., 2007).
Abnormal spermatocytes were eliminated by apoptosis by mid-pachynema, around stage 1V
(Figure S2) consistent with activation of the pachytene checkpoint in response to incomplete
synapsis of homologous chromosomes.

MAEL is essential for normal chromosome synapsis in meiosis

To better understand meiotic failure in the absence of MAEL, we examined nuclear spreads
of meiotic cells with antibodies against SYCP3 and yH2AX (Figure 4). SYCP3 is an
essential component of axial elements (prior to chromosome synapsis) and the lateral
elements (after synapsis) of the synaptonemal complex (SC) (Yuan et al., 2000). yYH2AX is a
marker of double-strand DNA breaks (DSBs) in normal leptotene and zygotene
spermatocytes, the sex body and autosomal asynaptic chromatin in pachytene spermatocytes
(Celeste et al., 2002;Mahadevaiah et al., 2001; Turner et al., 2005). Hence, in wild-type
spermatocytes, SYCP3 and yH2AX exhibit dynamic but characteristic localization patterns
during meiotic prophase | (Figure 4B — 4E). Thus, the SYCP3 and yH2AX patterns provide
a powerful tool to characterize meiotic progression in the absence of MAEL.

Careful analysis of 800 meiotic nuclei obtained from two Mael mutant males (2 months of
age) uncovered severe impairment of meiosis in the absence of MAEL (summarized in
Figure 4A with examples shown in Figure 4F — 41) (similar results were obtained using
meiotic spreads from developmental series of juvenile testes spanning the entire first wave
of spermatogenesis (postnatal days p10 — p42) (data not shown)). In contrast to pachytene
and diplotene spermatocyte-rich wild-type spreads (Figure 4A), leptotene and zygotene
spermatocytes dominated spreads in the Mael mutants (26% and 33%, respectively). Only a
minority of spermatocytes (9%) was scored as pachytene (P bar in Figure 4A) and less than
1% of spermatocytes reached diplonema (D bar in Figure 4A). Thus, Mael-deficient
spermatocytes fail in zygonema of meiotic prophase I.
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Closer examination revealed a profound defect in homologous chromosome synapsis in the
absence of MAEL. In 14% of Mael~/~ spermatocytes despite some evidence of homolog
interaction, all 40 chromosomes were fully asynaptic (univalent) and contained high levels
of yH2AX in euchromatin (U bar in Figure 4A; 4F). Other Mael ™~ spermatocytes (9% of
counted cells) were on the verge of entering pachynema (judging by the extent of sex
chromosome synapsis) but were held back by autosomal asynapsis (Z/P bar in Figure 4A;
Figure 4G and 4H). Synaptic defects were also prominent in 75% of pachytene Mael~/~
spermatocytes containing yH2AX-positive sex bodies (P bar in Figure 4A, Figure 41).
Collectively, these findings identify abnormal chromosome synapsis as a common meiotic
defect in Mael ™~ spermatocytes and suggest a role for MAEL downstream of partner
recognition but prior or during the initiation of synapsis.

MAEL is not required for meiotic sex chromosome inactivation (MSCI)

To address a previously proposed role of MAEL in MSCI, we examined Mael = pachytene
spermatocytes by fluorescence in situ hybridization with a Cot-1 probe for the presence of
nascent transcripts in the yYH2AX-positive sex bodies. The sex bodies of wild-type and

Mael ™~ spermatocytes showed a comparably low level of Cot-1 signal (Figure S3). Thus,
MAEL is not required for MSCI. Furthermore, we determined that the anti-MAEL antibody
used in the original report (Costa et al, 2006) is not specific to MAEL. We carried out
Western blot (Figure S4A) and immunofluorescence (Figure S4B) studies on wild type and
Mael "~ samples with the anti-MAEL antibody used in (Costa et al., 2006). These
experiments revealed cross-reactivity of this anti-MAEL antibody with proteins other than
MAEL both on Western blots and in the sex body of Mael ™~ spermatocytes. Collectively,
these results rule out a direct role of MAEL in MSCI.

Biogenesis of piRNAs in the absence of MAEL

Mael-deficient germ-cell phenotypes were reminiscent of the defects observed in Mili
(Kuramochi-Miyagawa et al., 2004) and Miwi2 (Carmell et al., 2007) mutants. Could MAEL
be required for biogenesis of MILI/MIWI/MIWI2 associated piRNAs? To address this
hypothesis, we examined small RNAs isolated from wild-type and Mael mutant testes.
Ethidium bromide staining of the adult wild-type small RNAs revealed a characteristic 30—
32 nt piRNA cloud (Figure S5A). In contrast, corresponding RNA species were never
observed in adult Mael '~ mutant testes. Since repeat-targeting pre-pachytene piRNAs
(Aravin et al., 2007b) are present at levels insufficient for their detection by in-gel staining,
we turned to Northern blots to evaluate their expression. Using p15 small RNA samples, we
found evidence of a pre-pachytene piRNA targeting SINE elements present in Mael =/~
mutant animals (Figure S5B), demonstrating that mice lacking MAEL remain competent for
production of pre-pachytene piRNAsS.

However, we found no evidence of pachytene piRNAs in mice lacking MAEL at p18
(Figure S5C) or any later age (Figure S5D). Despite the fact that pachytene piRNAs could
never be detected by Northern blot analysis in Mael mutant mice, using long-range RT-PCR
we were able to identify, albeit at a lower level, a full-length precursor transcript that gives
rise to numerous pachytene piRNAs from a cluster on Chromosome 6 (Figure S5E) (Ro et
al., 2007). Given that Mael-deficient spermatocytes do not progress past mid-pachynema,
lack of pachytene piRNAs could be explained by the failure of Mael-deficient spermatocytes
to reach a pachytene-piRNA-producing stage of spermatogenesis.

Derepression of transposable elements in the Mael~/~ male germline

To determine if the loss of mouse MAEL results in TE derepression, we examined
expression of L1 element on adult testis sections by in situ RNA hybridization using an anti-
sense L1 probe (Figure 5A and 5B). Unlike wild-type, the Mael ™'~ testis had high levels of
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L1 transcript, particularly in tubules containing zygotene and abnormal early pachytene
spermatocytes (inset, Figure 5B). No specific staining was obtained using sense L1 probe
(data not shown).

To quantify derepression of TEs in the absence of MAEL, we examined L1 and
intracisternal A particle (IAP) element expression in adult testis by quantitative RT-PCR
(gPCR). In the adult mutant testes, we observed a 100-fold increase in the levels of L1
expression over the wild-type (Figure 5C). We also observed a three- to five-fold increase in
IAP expression in adult Mael~/~ mutants over the wild-type. Thus, a component of
mammalian nuage is essential for transcriptional or post-transcriptional silencing of at least
two unrelated TEs in the mouse male germline.

To determine if the observed derepression of TEs in Mael mutants was accompanied by
reduced CpG methylation, we carried out Southern blot analysis using an L1 probe. Samples
of testicular genomic DNA of wild type and Mael ™~ adult animals were digested
individually with isoschizomers of opposite CpG methylation sensitivity. Such analysis
demonstrated that the L1 5’UTR was fully methylated in the wild type testes (+/+ sample,
Figure 5D). Likewise, genomic DNA extracted from the tail of Mael-deficient adult males
appeared fully methylated leading us to conclude that MAEL is not required for somatic
DNA methylation (—/— tail sample, Figure 5D). However, digests of Mael =/~ testis samples
revealed a loss of DNA methylation in the mutant germ cells (—/— sample, Figure 5D). This
result is consistent with the MAEL role in transcriptional repression of TEs by a mechanism
that involves DNA methylation.

Loss of MAEL causes a vast accumulation of L1 RNPs

Could L1 derepression be a primary cause of the meiotic failure and excessive DNA damage
observed in the Mael mutant testes? L1 transposition depends on the function of both of its
encoded proteins, ORF1p and ORF2p (Babushok and Kazazian, 2007; Martin, 2006; Moran
et al., 1996). 42 to 44.6 kDa isoforms of ORF1p can be detected in L1-expressing embryonal
carcinoma cells (Martin and Branciforte, 1993) and in the testis (Branciforte and Martin,
1994). We probed protein lysates prepared from wild-type and Mael ™~ adult testes with an
antibody to ORF1p (Martin and Branciforte, 1993) and observed a vast increase in the
ORF1p levels in the mutant sample (Figure 6A). Consistent with this result, we observed a
massive increase in the number of ORF1p-positive germ cells in the Mael ™'~ testis (Figure
6C). Unlike wild-type (Figure 6B) or a different meiotic mutant (Spo11~/~, Figure S6)
where ORF1p was present in only a subset of tubules at low to moderate levels, Mael =/~
testes contained a large number of tubules with a high level of ORF1p (Figure 6C). These
results demonstrate that transcriptional derepression of L1 elements results in a vast
upregulation of ORF1p levels specifically in the Mael ™~ testis.

The disruption of MAEL altered the timing of ORF1p expression. In the normal testis,
detectable ORF1p expression was limited to leptotene, zygotene and early pachytene
spermatocytes (Figure 6D and Figure S7). By contrast, in Mael ™/~ testis ORF1p expression
was first detected in preleptotene spermatocytes (enhanced cytoplasmic signal in Figure 6D;
see Figure S7, Mael~'~ panel for the original image). Subsequently, all Mael ™~ leptotene,
zygotene, early pachytene and atypical spermatocytes showed a high level of ORF1p. Type
A and B spermatogonia, like in the wild type, showed little or no expression of ORF1p.
Thus, in the absence of MAEL, L1 ORF1p expression is initiated precociously, in
preleptotene rather than in leptotene spermatocytes at the onset of the meiotic program.

High level of L1 expression in the absence of MAEL led to the flooding of the cytoplasm
with L1 RNPs. In the cytoplasm, ORF1p was often observed in large perinuclear enclaves
(Figure 6D, Cytoplasmic). Similar cytoplasmic, bean-shaped structures were also prominent
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in our histological samples stained with hematoxylin and eosin (Figure 6F). We posited that
these structures are enriched in L1 RNPs. Indeed, a brief pre-treatment of the sections prior
to hematoxylin/eosin staining with RNase A reduced detection of these structures by the dye
(Figure 6F). In electron micrographs, these enclaves appeared as large cytoplasmic
territories almost completely surrounded by membranes and filled with small particles of
approximately 25 — 30 nm diameter that could represent L1 RNPs as they were labeled with
the anti-ORF1p antibody (Martin and Branciforte, 1993) (immunofluorescence in Figure 6G
— 61, and immunoelectron microscopy Figure S8).

In a dramatic contrast to the wild-type spermatocytes where none of 852 scored
ORF1ppositive cells exhibited nuclear localization, 34% of 1098 Mael~/~ spermatocytes
contained nuclear ORF1p (Figure 6D, Nuclear). Double-labeling of Mael~/~ nuclear spreads
with SYCP3 and ORF1p antibodies revealed that 89% of Univalent and 76% of Z/P
spermatocytes (described earlier, shown in Figure 4) contained nuclear ORF1p. These
results demonstrate that nuclear localization of L1 RNPs correlates with the most prominent
representation of chromosome asynapsis in the absence of MAEL.

Overexpression of L1 elements in cultured human cells is accompanied by the accumulation
of yH2AX foci suggesting generation of DSBs in the transposition process (Belgnaoui et al.,
2006; Gasior et al., 2006). To address the relationship between L1 expression and DNA
damage in the mouse germline, we examined 200 Mael ™~ spermatocytes for nuclear co-
localization of ORF1p and yH2AX (Figure 6J). The analysis revealed that 90% of Mael =/~
spermatocytes with nuclear ORF1p exhibited a high level of yH2AX. Likewise, 90% of
yH2AX-positive mutant nuclei contained nuclear ORF1p. Cumulatively, these experiments
demonstrated that, in the absence of MAEL, derepression of L1 results in a vast
accumulation of ORF1p in cytoplasmic enclaves and in nuclei that show signs of severe
DNA damage.

DNA damage in the absence of MAEL is independent from meiotic DNA DSBs

Meiosis is characterized by programmed generation of a large number of DSBs (300 — 400
in the mouse) introduced by SPO11, a type Il-like topoisomerase (Bergerat et al., 1997;
Keeney et al., 1997). Only around 25 of these DSBs are utilized for the exchange of genetic
information between homologous chromosomes, while the remaining DSBs must be
repaired to allow further progression of meiosis. To differentiate between the incomplete
repair of meiotic DSBs and other DNA damage that might have been accumulating in the
absence of MAEL, we created double-mutant animals lacking both MAEL and SPO11
proteins. To reveal DNA DSBs in Mael ™~ and Spo11~/~ (Romanienko and Camerini-Otero,
2000) single mutant and Mael™~; Spo11~/~ double mutant spermatocytes, we used a
combination of antibodies to SYCP3 and yH2AX. In agreement with (Baudat et al., 2000;
Bellani et al., 2005; Romanienko and Camerini-Otero, 2000), Spo11~/~ spermatocytes
exhibited a zygotene-like arrest and few amorphous areas of yH2AX accumulation (Figure
7A). In contrast, the elimination of MAEL in a Spol1-deficient background induced
extensive yH2AX signal indicative of the accumulation of a large number of DSBs
throughout the genome (Figure 7B).

To confirm the presence of SPO11-independent DSB DNA breaks in the absence of MAEL,
we examined the localization of RAD51, a recombinase physically recruited to DSBs
(Kawabata et al., 2005). Consistent with the absence of meiotic DSBs, we did not observe
RAD51 localization to the axial elements in the Spo11~/~ spermatocytes (Figure 7C and
7D). Single Mael~/~ spermatocytes contained large numbers of RAD51 foci (Figure 7E and
7F). In a striking contrast to Spo11~~ mutants, Mael™~; Spo11~/~ late zygotene
spermatocytes also contained RAD51 foci on axial elements (Figure 7G and 7H). These
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results demonstrate that DSBs in Mael~/~ spermatocytes are created by a SPO11-
independent mechanism.

Discussion

To test the hypothesis of nuage participation in transposon repression in the context of the
mammalian germline, we studied the localization and functional role of a murine homolog
of a Drosophila nuage protein Maelstrom. We demonstrate that mouse MAEL localizes to
perinuclear nuage in spermatocytes and round spermatids. Disruption of MAEL results in a
profound defect in synapsis of homologous chromosomes in male meiosis, DNA
demethylation of L1 elements and a 100-fold increase in L1 expression in the adult testis.
These results support the idea of nuage function in transposon silencing in a wide range of
animal species.

Our studies of Mael mutant testes suggest close functional relationship of MAEL with
MIWI2 and MILI, two of three murine PIWI-like proteins. Mael, Mili and Miwi2-deficient
spermatocytes fail to complete meiotic prophase and to assemble functional synaptonemal
complexes (Kuramochi-Miyagawa et al., 2004; Carmell et al., 2007). Interestingly Mael and
Miwi2-deficient spermatocytes develop identical atypical morphologies (hot reported for the
Mili mutant) prior to their elimination by apoptosis (Carmell et al., 2007). Furthermore,
Mael and Miwi2 mutant testes exhibit common pattern of TE activation (high levels of L1
expression and only modest derepression of IAP) that contrasts TE expression in the Mili
mutant (Aravin et al., 2007b; Carmell et al., 2007; Kuramochi-Miyagawa et al., 2008).
These data suggest that MAEL plays a more prominent role in the MIWI2-dependent
processes, possibly at a post-piRNA production step (since we did not observe reduction of
pre-pachytene piRNAs in the Mael mutant). Given that MAEL was reported to shuttle
between the nucleus and cytoplasm in Drosophila (Findley et al., 2003) and MAEL
complexes were observed in the nucleus and at nuclear pores in this study, we speculate that
MAEL may facilitate trafficking of MIWI2-piRNA complexes to or from nuage.

Of particular interest is our observation of L1 expression at the onset of meiosis in the
absence of MAEL. It is generally accepted that de novo DNA methylation of TEs in
gonocytes of late gestation male fetuses is crucial for TE repression in the male germline
(Bourc'his and Bestor, 2004; La Salle et al., 2007). In addition, recent studies demonstrated
essential roles of MILI and MIWI2 in de novo DNA methylation of TEs in fetal gonocytes
(Kuramochi-Miyagawa et al., 2008). Once established in the fetal germ cells, repressive
DNA methylation of TEs is expected to be maintained in the male germline into the
adulthood. One would expect, therefore, L1 derepression to be apparent in both pre-meiotic
and meiotic germ cell populations of an adult Mael-deficient testis. In our study, however,
L1 RNA and ORF1p are found exclusively in the adult Mael~~ meiotic germ cells and not
in the spermatogonia. L1 ORF1p expression starts in preleptotene Mael~/~ spermatocytes
(characterized by the pre-meiotic S phase) and persists until germ cell elimination. These
results suggest a more dynamic control of TE expression at the onset of meiosis and parallel
the findings of an earlier study of L1 expression in the testes (Branciforte and Martin, 1994).
Taken together, the two studies suggest a tantalizing possibility of existence of an epigenetic
reprogramming step at the onset of meiosis that involves transient derepression of TEs.

Our study provides compelling evidence of a highly detrimental effect of TE derepression
on the male germline. We demonstrate that L1 transcriptional derepression in the absence of
MAEL leads to flooding of spermatocytes with ORF1p found both in the cytoplasm and
nuclei. Cytoplasmic ORF1p is often present in large enclaves that contain vast numbers of
25 — 30 nm particles that could be identical to L1 RNPs observed previously (Martin and
Branciforte, 1993). Nuclear ORF1p localization strongly correlates with accumulation of
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severe DNA damage that is mechanistically distinct from developmentally programmed
SPO11-generated meiotic DSBs. The presence of numerous RAD51 foci in the absence of
SPO11 further supports the idea that Mael ™/~ spermatocytes harbor an endonuclease that is
absent or inactive in wild-type and Spo11~/~ spermatocytes. A leading candidate for such an
enzyme is L1-encoded ORF2p whose N-terminus has endonuclease activity (Feng et al.,
1996) that is required for retrotransposition and generation of DSBs in cultured human cell
lines (Gasior et al., 2006; Moran et al., 1996). Finally, nuclear accumulation of L1 RNPs
also strongly correlates with defects in chromosome synapsis. A great majority of Mael ™/~
spermatocytes exhibiting the most severe disruption of synapsis contain nuclear L1 RNPs
(89% of cells in the univalent class). The precise mechanism of suppression of synapsis by
L1 is yet to be understood, but our results already suggest a strong correlation between the
frequency of nuclear L1 RNPs, the severity of DNA damage and asynapsis. Cumulatively,
our study vividly illustrates an absolute requirement for efficient TE restraining mechanisms
in the mammalian germline.

Experimental Procedures

Generation of Mael mutation

Gene targeting was performed in V6.5 (129SvJae x C57BL/6)F1 ES cells. Following
germline transmission of the mutant allele, the Mael mutation was backcrossed to the
C57BL/6 genetic background for 10 generations. See Supplemental Information for details.

Anti-MAEL antibody generation

Rabbit polyclonal affinity-purified anti-MAEL antibodies to a peptide corresponding to the
C-terminal 22 amino-acids of MAEL were produced at 215t Century Biochemicals
(Marlboro, MA).

Histology

Freshly dissected testes were fixed in Bouin’s fixative overnight at room temperature. Testes
were processed to paraffin, embedded and sectioned at a thickness of 6 microns. Slides were
stained with hematoxylin and eosin.

Cryosections

After dissection of the testis, the tunica was punctured, the testis was fixed (2% PFA in
PBS) on ice for 4 hours. Samples were passed through a sucrose gradient (10%, 20%, 30%
in water) and embedded in OCT. Sections of 10 um were used.

Preparation of fibrin-clot embedded samples
Fibrin clots were made as described in (Baart et al., 2000; Hunt et al., 1995).

Cot-1 in situ Hybridization
Cot-1 in situ hybridization was performed as previously described (Turner et al., 2005).

Preparation of surface spreads

Nuclear spreads of testis cell suspension were obtained as described in (Peters et al., 1997),
with minor modifications described in Supplemental Information.

Antibodies

Mouse monoclonal anti-yH2AX (1:1000, Upstate; #05-636), rabbit polyclonal anti-SYCP3
(1:750, Abcam; ab15092), guinea pig polyclonal anti-Sycp3 (1:300, R. Benavente), anti-
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hRAD51 (1:300, R. Kanaar), rabbit polyclonal anti-ORF1p (1:500 for IF, 1:2000 for WB, S.
L. Martin), rabbit polyclonal anti-MAEL (1:100 for IF and 1:500 for WB, Abcam;
ab28661), rabbit polyclonal anti-MAEL (1:300 for IF, 1:1000 for WB, H. Cooke), rabbit
polyclonal anti-Actin (c-11)(1:500, Santa-Cruz; sc-1615). The Zenon Alexa Fluor 594
Rabbit 1gG 225307 labeling kit, was used to directly label Sycp3 antibody according to the
manual. Secondary antibodies used were Alexa goat-anti-rabbit 488, Alexa goat-anti-guinea
pig 594 (Molecular Probes) and goat-anti-mouse Texas Red (Jackson Immunoresearch). All
secondary antibodies were used at a 1:500 dilution.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Stage XI'

Mael- Stage I-1il

Figure 1. MAEL localizes to perinuclear nuage

(A—H) Localization of MAEL in spatially preserved fibrin clot-embedded testis cell
suspension. This approach underestimates MAEL level (compared to frozen sections below)
likely due to a loss of weakly associated MAEL during the fixation step but provides a
clearer picture of MAEL localization in nuage. All samples are wild type unless indicated
otherwise. Cells are stained with anti-MAEL (green) and anti-yH2AX (red) antibodies.
DAPI labels DNA blue.

(A — D) MAEL localization in (A) Leptotene; (B) Late zygotene; (C) Late pachytene; (D)
Meiotic metaphase spermatocytes.

Dev Cell. Author manuscript; available in PMC 2009 August 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Soper et al.

Page 15

(E - G) MAEL localization in (E) round spermatids where arrows point to chromatoid
bodies and arrowheads to a smaller nuage; (F and G) elongate spermatids with a single focus
in the caudal cytoplasmic lobe also most likely to be the chromatoid body.

(H) Mael ™~ pachytene spermatocyte subjected to identical labeling with anti-MAEL
antibody.

(I-L) Localization of MAEL in germ cells as revealed by immunofluorescence in testicular
frozen sections. This approach retains all cellular MAEL and is particularly useful in cells
with low or modest MAEL levels. Sections are stained with anti-MAEL (green) and anti-
YH2AX (red) antibodies. DAPI labels DNA blue. All samples are wild-type unless indicated
otherwise.

(1) Stage VI tubule shows low MAEL signal in the type B spermatogonia (arrow), a modest
increase in mid-pachytene spermatocytes (cells with yH2AX-positive sex bodies), and a
sharp increase in the cytoplasm and chromatoid body of round spermatids (arrowhead).

(J) Stage XI tubule shows cytoplasmic nuage in zygotene (arrowhead) and diplotene (arrow)
spermatocytes. The signal in elongating spermatids (step 10) was largely confined to the
cytoplasm.

(K) Stage XII tubule shows strong cytoplasmic MAEL signal in meiotic metaphases and
secondary spermatocytes, but cytoplasmic structures are apparent (arrow).

(L) No specific signal was obtained with the anti-MAEL antibody in the Mael = sections
(Stage 11I-111).

(M) Immunoelectron microscopy localization of MAEL to a single spherical nuage in a wild
type spermatocyte and to an adjacent cytoplasmic cluster (circled).

(N) Immunoelectron microscopy localization of MAEL to the chromatoid body in round
spermatid and two adjacent cytoplasmic clusters. Scale bar - 0.2 um.
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Figure 2. Construction and validation of a Mael null allele

(A) Exon-intron structure of the Mael locus and knock-out strategy. Shaded areas of exons 1
and 12 represent 5” and 3’ UTRs respectively. Correctly targeted hygromycin-resistant ES
cell clones were transiently transfected with Cre-recombinase and cultured in the presence
of ganciclovir to eliminate the selection cassette.

(B) Genotyping by PCR of wild-type and mutant Mael alleles. Tail genomic DNA are
assayed independently for the presence of wild-type and mutant alleles. Wt and Mut —
amplicons corresponding to the wild-type and mutated allele respectively. Inferred
genotypes are shown above. M - 100 bp DNA marker.

(C) Gene expression in the wild-type (WT) and homozygous mutant (KO) testes as
determined by RT-PCR using total RNA as templates. Shown are amplicons for Mael, Mvh
(germ-cell specific control), and Gapdh (ubiquitous expression control). “RT - ” and
“Water” control reactions carried out with Gapdh primers.

(D) Western blot of wild-type and Mael~/~ testicular lysates probed first with anti-MAEL
and then with anti-Actin (Santa Cruz) rabbit polyclonal antibodies.

Dev Cell. Author manuscript; available in PMC 2009 August 1.



duasnuely Joyiny vVd-HIN 1duosnuey JoyIny vd-HIN

duasnuely Joyiny vd-HIN

Soper et al.

Page 17

100

75

Percent of all tubules

25

pio p13 p15 pi8 p20 p30
Days postpartum

%

Figure 3. MAEL is essential for spermatogenesis

(A) Gross anatomical appearance of wild type and Mael ™/~ testes of 3 month-old males.

(B) Share of spermatocyte-containing tubules in wild type and Mael ™/~ testes during the first
wave of spermatogenesis (100 tubules counted for each time point).

(C, D) Gross appearance and histological sections of wild-type and Mael~/~ testes of 56 day
old animals. Mutant tubules either entirely lack germ cells (asterisk) or have gaps indicative
of germ cell loss (arrows), and sloughing Sertoli and germ cells (arrowheads).

(E, F) Epithelial stage 11-111 tubule from a p18 Mael ™~ mutant containing two types of
abnormal spermatocytes. Atypical cells with darkly stained nuclei (arrow) appear first
among zygotene spermatocytes at stage XI followed by the appearance of atypical
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spermatocytes with large, nuclei and scattered chromosomes. Additional images are shown
in Figure S2.
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Figure 4. MAEL is required for chromosome synapsis

Meiotic spreads in (B — ) are stained with antibodies against H2AX phosphorylated on
S139 histone (red) and SYCP3 (green). DAPI labels DNA blue.

(A\) Distribution of wild-type (gray bars, 400 scored nuclei) and Mael = (orange bars, 800
scored nuclei) spermatocytes among different substages of the meiotic prophase I (L -
leptotene, Z - zygotene, P - pachytene, D - diplotene), metaphase (M 1/11) and atypical
classes (U — 40 univalents, Z/P - nuclei combining zygotene and pachytene features) of
spermatocytes.

(B-E) Leptotene (B), zygotene (C), zygotene-pachytene transition (D) and pachytene (E)
stages of the first meiotic prophase in wild type spermatogenesis.
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(F-1) Representative examples of univalent (F), Z/P (G, H) and pachytene (1) Mael ™/~
spermatocytes.

(F) A Mael~/~ spermatocyte with 40 univalent (fully asynaptic) chromosomes and high
levels of DNA DSBs as indicated by yH2AX signal. Pairs of equal-sized axial elements in
proximity of each other (asterisk) suggest homolog recognition.

(G) A Z/P Mael™'~ spermatocyte with synapsed sex chromosomes (arrow) but only limited
(asterisk) synapsis of autosomes and extensive DNA damage (yH2AX signal).

(H) A Z/P Mael™'~ spermatocyte with minor autosomal asynapsis and synapsed X (arrow)
and Y (arrowhead) chromosomes.

(1) A pachytene Mael~/~ spermatocyte with asynapsed regions within bivalents (insets) and
non-homologous synapsis (arrows).
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Figure 5. MAEL is essential for TE repression and L1 DNA methylation

(A, B) In situ RNA hybridization analysis of L1 expression in the testes of adult wild type
(A) and Mael~'~ animals (B). A probe anti-sense to the 5’-UTR of L1 was hybridized to
adult testis sections. Sections are counterstained with nuclear fast red.

(C) Quantitative analysis of retroelement expression. gPCR was performed on random-
hexamer primed cDNAs made from whole RNA extracted from adult testes. Experiments
were performed in triplicate.

(D) Southern blot analysis of L1 DNA methylation. Lanes marked by H contain genomic
DNA cut with Hpall, a methylation sensitive restriction enzyme, while M denotes DNA cut
with the methylation insensitive enzyme Mspl. Blots were probed with the same probe used
for in situ analysis. Arrows mark expected bands. Genomic DNA is from testes unless
otherwise noted.
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Figure 6. L1 ORF1p accumulation in cytoplasmic enclaves and nuclei of Mael ™~ spermatocytes
(A) Western blot analysis using an antibody to L1 ORF1p reveals a large increase in the
protein levels in Mael ™/~ testis.

(B) Immunofluorescence using anti-ORF1p antibody on frozen sections of wild-type testes.
(C) Immunofluorescence using anti-ORF1p antibody on frozen sections of Mael ™/~ testes. A
significant number of Mael ™~ tubules contain spermatocytes with high levels of ORF1p in
the cytoplasm and nuclei.

(D) ORF1p localization in wild type (WT) and Mael~/~ (—=/-) germ cells. Spg A — type A
spermatogonia, Spg B — type B spermatogonia, Cytoplasmic — localization of ORF1p to
cytoplasmic enclaves. Green - ORF1p, Red - SYCP3, DAPI stains DNA blue.

(E) Percent of ORF1p positive nuclei in various classes of Mael ™~ spermatocytes described
in Figure 4.
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(F) Cytoplasmic enclaves (arrows) in a p18 Mael ™~ spermatocytes. Shown are
representative examples of spermatocytes from histological H & E sections either subjected
or not to RNase A treatment prior to staining.

(G) Electron microscopy of Mael ™/~ testis reveals perinuclear domains (arrowheads) packed
with presumed L1 RNPs (bar - 2 um).

(H) A close-up view of the cytoplasmic enclave shown in (F) (bar — 0.5 pm).

(I) A close-up view of the presumed L1 RNPs in the cytoplasmic enclave (bar — 100 nm).
(J) Co-localization of ORF1p and yH2AX in the nucleus of a Univalent Mael =/~
spermatocyte. yH2AX; ORF1p double positive spermatocyte is inferred to be a Univalent
spermatocyte based on the pattern of yH2AX staining (high level in euchromatin, very little
in heterochromatin; compare to Figure 4F).
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Figure 7. Accumulation of DNA damage in Mael7~; Spoll_/_ spermatocytes

(A, B) SYCP3 (green) and yH2AX (red) localization in Spo11~/~ (A) and Mael~;Spo11~/~
spermatocytes (B).

(C —H) SYCP3 (red) and RAD51 (white in C, E, G and green in D, F, H) localization in
Spo11~/~ (C, D), Mael '~ (E, F) and Mael~'~; Spo11~/~ (G, H) spermatocytes.
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