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Summary

Nuages are found in the germ cells of diverse organisms.
However, nuages in postnatal male germ cells of mice are
poorly studied. Previously, we cloned a germ cell-specific
gene named Rnfl7, which encodes a protein containing
both a RING finger and tudor domains. Here, we report
that RNF17 is a component of a novel nuage in male germ
cells — the RNF17 granule, which is an electron-dense non-
membrane bound spherical organelle with a diameter of
0.5 pm. RNF17 granules are prominent in late pachytene
and diplotene spermatocytes, and in elongating spermatids.
RNF17 granules are distinguishable from other known
nuages, such as chromatoid bodies. RNF17 is able to form

dimers or polymers both in vitro and in vivo, indicating
that it may play a role in the assembly of RNF17 granules.
Rnf17-deficient male mice were sterile and exhibited a
complete arrest in round spermatids, demonstrating that
Rnf17 encodes a novel key regulator of spermiogenesis.
Rnf17-null round spermatids advanced to step 4 but failed
to produce sperm. These results have shown that RNF17 is
a component of a novel germ cell nuage and is required for
differentiation of male germ cells.
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Introduction

Spermatogenesis, the elaborate process by which sperm are
produced, is marked by dramatic cell proliferation and
differentiation (Russell et al, 1990; Sharpe, 1993).
Spermatogenesis can be divided into three phases: mitotic,
meiotic and haploid. During the mitotic phase, stem cell
spermatogonia undergo self-renewal, proliferation and
differentiation. Eventually spermatogonia enter meiosis to
become spermatocytes. During meiosis, DNA replicates only
once so that two successive rounds of meiotic cell divisions
result in haploid spermatids. Homologous chromosome
synapsis and recombination occur during the prophase of the
first meiotic cell division, which is further divided into five
stages: preleptotene, leptotene, zygotene, pachytene and
diplotene. During the haploid phase, spermatids undergo
complex differentiation and morphogenesis processes,
including acrosome formation, chromatin condensation,
cytoplasm elimination and flagellum development. One of the
striking features of spermatogenesis is that dividing germ cells
are interconnected by stable cytoplasmic bridges because of
incomplete cytokinesis (Fawcett et al., 1959).

Nuage is found in germ cells of diverse organisms (al-
Mukhtar and Webb, 1971; Eddy, 1974; Mahowald, 1968). The
term nuage refers to various forms of electron-dense cellular
material that are amorphous and are not surrounded by
membranes. The most extensively characterized nuage is the
Drosophila polar granule (Mahowald, 1968). The polar granule
is present in the cytoplasm of oocytes and is required for germ

cell specification during embryogenesis (Mahowald, 2001).
Components of polar granules include Tudor and Vasa
(Bardsley et al., 1993; Hay et al., 1988; Thomson and Lasko,
2004). The Drosophila Tudor protein contains 10 copies of
what has been termed the tudor domain. The function of tudor
domain is unknown (Ponting, 1997).

The mouse Vasa homolog (MVH) is a component of
chromatoid bodies in mammalian germ cells (Toyooka et al.,
2000). MVH is required for spermatogenesis in mice (Tanaka
et al., 2000). The chromatoid body is a prominent multi-lobular
nuage found in the cytoplasm of spermatocytes and spermatids
(Eddy, 1970; Sud, 1961a). The function of chromatoid bodies
is not known. Interestingly, mouse TDRD1 (also referred to as
MTR-1), containing four tudor domains, is also a component
of the chromatoid body (Chuma et al., 2003). In addition to the
chromatoid body, early ultrastructural studies identified as
many as five other types of nuage in rat male germ cells,
including chromatoid satellites, sponge bodies and spherical
particles (Fawcett et al., 1970; Russell and Frank, 1978).
Frequently, little distinction is made between these lesser
known nuages and chromatoid bodies, largely owing to a lack
of specific cytological markers that might distinguish among
them.

Recent microarray analyses have shown that haploid germ
cells express a far greater number of germ cell-specific genes
than spermatogonia and spermatocytes (Schultz et al., 2003;
Shima et al., 2004). By contrast, only five mutants generated
by gene targeting caused complete arrest in spermiogenesis, in



Development

4030 Development 132 (18)

which spermatids failed to produce spermatozoa. These five
genes [Crem, Miwi (Piwill — Mouse Genome Informatics),
Trf2 (Tbpll — Mouse Genome Informatics), Tpap (Papolb —
Mouse Genome Informatics) and Ddx25] constitute a unique
group of so-called ‘key regulators of spermiogenesis’ (Blendy
et al., 1996; Deng and Lin, 2002; Kashiwabara et al., 2002;
Martianov et al., 2001; Nantel et al., 1996; Tsai-Morris et al.,
2004; Zhang et al., 2001). CREM is a transcriptional activator
(Blendy et al., 1996; Nantel et al., 1996). MIWI is a
cytoplasmic protein and is associated with mRNAs (Deng and
Lin, 2002). Disruption of Crem or Miwi results in arrest of
round spermatids at step 4. TRF2 is a TBP (TATA-binding
protein)-related transcription factor (Martianov et al., 2001;
Zhang et al., 2001). TPAP is a testis-specific cytoplasmic
poly(A) polymerase (Kashiwabara et al, 2002).
Spermiogenesis proceeds up to step 7 in mice that lack either
TRF2 or TPAP. DDX2S5 is a testicular RNA helicase. Lack of
DDX25 causes round spermatid arrest at step 8 (Tsai-Morris
et al., 2004). These key regulators appear to define distinct
regulatory pathways of spermiogenesis, even though they may
regulate some common target genes or transcripts. They share
two common features. First, the arrest of spermiogenesis is
complete and uniform in mutant mice. Second, each key
regulator affects the transcription or translation of multiple
(even hundreds of) genes or transcripts, suggesting that they
function as ‘master switches’ of spermiogenesis.

Here, we describe studies of a novel key regulator of
spermiogenesis called Rnfl7. We previously showed that
Rnf17 is specifically expressed in testis (Wang et al., 2001).
RNF17 contains a RING finger motif and tudor domains. The
RING finger motif is present in many ubiquitin E3 ligases
(Joazeiro and Weissman, 2000; Lorick et al., 1999). RNF17
interacts with all four members of the Mad family (Madl,
Mxil, Mad3 and Mad4), which are basic-helix-loop-helix-
leucine zipper (bHLH-ZIP) transcription factors of the Myc
oncoprotein network (Yin et al., 1999). Mad proteins repress
transcription of Myc-responsive genes by binding to Max (a
bHLH-ZIP protein). Mad-Max heterodimers compete with
Myc-Max heterodimers for the same ‘myc box sequence’
CAC/TGTG in the Myc-responsive genes (Grandori et al.,
2000). RNF17 was able to activate transcription of Myc-
responsive genes by recruiting Mad proteins from the nucleus
to the cytoplasm (Yin et al., 2001; Yin et al., 1999). In this
report, we identify RNF17 as an integral component of the
RNF17 granule, a novel nuage in male germ cells. RNF17
forms a complex with itself. We disrupted Rnfl7 in mice by
gene targeting and found that animals lacking Rnfl17 were
viable but male sterile. The Rnfl7-deficient testis displayed a
complete arrest in spermiogenesis.

Materials and methods

Cloning of Rnf17 cDNAs

Based on previously reported Rnfl7 cDNA sequences, we designed
Rnf17-specific primers for 3’'RACE to obtain full-length cDNA
sequences for Rnfl7s and Rnf17] (Wang et al., 2001; Yin et al., 1999).
By using 3'RACE (rapid amplification of cDNA ends), we amplified,
subcloned and sequenced Rnfl7 cDNA fragments from bulk mouse
testis Marathon-Ready cDNAs (BD Biosciences). The composite
cDNA sequences have been deposited in GenBank under the
following accession numbers: Rnfl7s, AY854010; Rnfl17I,
AY854011.
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Generation of antibodies

Two polyclonal anti-RNF17 antibodies were generated. The Rnf17
cDNA fragment encoding the N-terminal 100 residues was cloned into
pGEX-4T-1 (Amersham Biosciences). The GST-RNF17 (1-100)
fusion protein was expressed in BL21 bacteria, purified with
glutathione-sepharose beads and used to immunize two rabbits
(Cocalico Biologicals), resulting in anti-serum 1774. The Rnfl171
cDNA fragment corresponding to the residues 1341-1540 was cloned
into pQE30 (Qiagen). The 6XHis-RNF17L (1341-1540) fusion
protein was expressed in M 15 bacteria, purified with Ni-NTA agarose,
eluted in 8 M urea and used to immunize two guinea pigs (Cocalico
Biologicals), resulting in anti-serum GP8. Specific antibodies were
affinity-purified with the immunoblot method (Harlow and Lane,
1998).

Western blotting and co-immunoprecipitation

Adult testes were homogenized using a glass homogenizer in the
SDS-PAGE sample buffer (100 mM Tris, pH 8.3, 2% SDS, 200 mM
DTT, 10% glycerol, 1 mM EDTA, 0.025% bromophenol blue).
Protein lysate (30 pg) was resolved on 9% SDS-PAGE gels and
electro-blotted onto PVDF membranes. For some experiments,
cytoplasmic and nuclear fractions of testis were prepared using the
NE-PER kit according to the manufacturer’s protocol (Pierce).
Western blotting was performed using the following antibodies: anti-
serum 1774 (1:500), anti-serum GP8 (1:500), anti-MVH (1:10,000),
anti-SYCP3 (1:2,000) and anti-B-actin (1:2,500, Sigma). HRP-
conjugated anti-rabbit or anti-guinea pig secondary antibodies
(Sigma) were used.

For immunoprecipitation, one adult testis (80 mg) was
homogenized in NP-40 lysis buffer [150 mM NaCl, 1.0% NP-40 and
50 mM Tris (pH 8.0)] in the presence of protease inhibitors (Sigma),
incubated at 4°C for 30 minutes, and spun at 10,000 g for 10 minutes.
The resulting supernatant was pre-cleared by incubation with 20 wl
pre-bleed serum and 20 pl protein A agarose (Invitrogen) for 1 hour
at 4°C and by centrifugation at 1000 g for 10 minutes. Subsequently,
the supernatant was incubated with 20 pl anti-serum GP8 (RNF17L-
specific) or pre-bleed at 4°C overnight, incubated with 20 .l protein
A agarose for 1 hour, and spun at 10,000 g for 10 minutes. The pellets
were washed with NP-40 lysis buffer five times and proteins were
dissolved in 15 pl SDS-PAGE sample buffer. Immunoprecipitated
proteins were subjected to western blot analysis with anti-serum 1774.

Immunofluorescence microscopy

Adult testes were fixed in fresh 4% paraformaldehyde (PFA) at 4°C
overnight and were dehydrated in 30% (w/v) sucrose. The testes were
embedded with TBS tissue freezing medium (Fisher Scientific) and
frozen at temperatures below —20°C. Sections (8 wm) were cut using
a Reichert-Jung cryo-microtome. Sections were post-fixed in 4% PFA
at room temperature for 10 minutes prior to immunostaining. Primary
antibodies used were as follows: anti-RNF17 (anti-sera 1774 and
GP8), rat anti-TDRD1 (Chuma et al., 2003), rat anti-LAMP2 (GL2A7,
Developmental Studies Hybridoma Bank) (Granger et al., 1990) and
rat TRAS54 monoclonal antibody (Pereira et al., 1998). Texas Red or
FITC-conjugated secondary antibodies were used. Nuclear DNA was
stained with DAPI. For immunostaining with anti-TDRD1 antibodies,
the testis was fixed in 2% PFA for 30 minutes. Immunostained
sections were visualized under a Zeiss Axioskop 40 fluorescence
microscope. Images were captured with an Evolution QEi digital
camera (MediaCybernetics) and processed with the Image-Pro
software (Phase 3 Imaging Systems).

Immuno-electron microscopy (EM)

Immuno-EM was performed as described previously (Allen et al.,
1996). Briefly, an adult testis was fixed in 2% PFA and 0.05%
glutaraldehyde for 1 hour, washed with PBS, dehydrated with ethanol
at —25°C, embedded in Lowicryl K4M medium, and polymerized with
UV (365 nm) at —25°C for 5 days. Ultra-thin sections (100 nm) were
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cut and collected on Formvar-coated Nickel grid. Ultra-thin sections
were immunostained with anti-RNF17 antibodies or pre-bleed serum
and 10 nm gold particle-conjugated secondary antibodies (Electron
Microscopy Sciences), counterstained with uranyl acetate and lead
citrate, and visualized with a JEOL-1010 electron microscope.

Cell culture and transfection

Rnf17 cDNAs were cloned in frame with GFP into pEGFP-C1 (BD
Biosciences). NIH 3T3 cells were grown in D-MEM media
supplemented with 10% newborn calf serum and transfected with
various plasmids using Lipofectamine reagent (Invitrogen). Twenty-
four to 48 hours after transfection, cells were washed twice with PBS,
fixed in cold methanol for 15 minutes, air dried for 5 minutes,
mounted with DAPI-containing Vectashield mounting medium
(Vector Labs) and visualized on a Zeiss Axioskop 40 microscope.

GST-pulldown assay

The cDNA fragment corresponding to RNF17 (amino acids 1-287)
was cloned into pGEX-4T-1. The GST-RNF17 (1-287) was expressed
in BL21 bacteria and purified. The pGBKT7-RNF17 (amino acids 1-
626) construct was used in a 50 pl reaction for in vitro transcription
and translation in the presence of [>>S]methionine with the TNT kit
(Promega). In vitro translated [PS]RNF17 (1-626) (5 ul) was
incubated with 2 pg of GST-RNF17 (1-287) or GST in a 100 pl
reaction at RT for 30 minutes. A 50% (v/v) slurry of glutathione beads
(20 pl) was added. After incubation for 30 minutes, beads were
washed extensively with TNT buffer prior to addition of 15 pl SDS-
PAGE sample buffer. Protein samples were resolved on 12% SDS-
PAGE gels and were subject to autoradiography.

Generation of the Rnf17 knockout mice

To make the targeting construct, we obtained five Rnfl7-positive BAC
clones by screening a 129Sv  genomic DNA library
(http://bacpac.chori.org/). One BAC clone (RPCI22-539M9) was used
as the PCR template to amplify two homologous arms of 2.6 kb and
2.7 kb by using high-fidelity HF2 Tag DNA polymerase (BD
Biosciences Clontech) and 25 cycles of PCR. The left arm (2.6 kb)
lies 1 kb upstream of exon 1 and was subcloned into the EcoRI-
digested pPGKNeo vector. The right arm consists of 2.7 kb of
sequence immediately downstream of exon 2 and was subcloned into
the Sall site of the pPGKNeo vector (Fig. 7A). Sequencing of both
arms revealed no mutations in the final targeting construct. The
targeting construct was linearized with X#ol and electroporated into
the V6.5 ES cells (Eggan et al., 2001). We recovered 384 clones
following growth in G418 (350 pg/ml, Invitrogen). Three ES clones
were homologously targeted at both 5’ and 3’ ends. We obtained
chimera mice by injecting targeted ES clones into BALB/c
blastocysts. PCR primers used for genotyping were as follows (Fig.
7A): P1, GTGGAGAGTAAGAGTGGAGC; P2, AAACTACCCAG-
GAAAATCAAGT; P3, CCGATGGGCTTTATTCTTAAC; P4,
TCCTGACTAGGGGAGGAGTA. The PCR product of the wild-type
allele assayed with P1 and P2 is 457 bp, and the PCR product of the
mutant allele assayed with P3 and P4 is 250 bp (Fig. 7B). For
histological analysis, testes were fixed in Bouin’s solution and
embedded in paraffin. Sections (6 pm) were stained with
Hematoxylin/Eosin.

Northern blot analysis

Total RNAs were prepared from mouse tissues by using Trizol reagent
(Invitrogen). Total RNAs (10 pg) from each tissue were separated on
2% agarose gel and blotted onto nitrocellulose membrane. After pre-
hybridization in Rapid-hyb buffer (Amersham Biosciences), the
membrane was hybridized with 3?P-labeled probes, washed and
subjected to autoradiography. In Fig. 9B, the same set of membranes
were stripped of probes and hybridized with different gene probes.
The DNA probes were amplified from total testis cDNAs by RT-PCR
using the following primers: Rnfl7 (bases 1-861), TACTCGAG-
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CTATGGCGGCAGAGGCTTCGTC and AAGAATTCGATTACAT-
GCAGATGGCCTCACTGCA; Ldh3, ACTGGATCCGGATCTGCA-
GTTATAAACTC and GACGAATTCGTGGTGGTTGCCTTTAAT-
AC; Miwi, CTTCACCACCTCCATCCTTC and TCTGTTCTGT-
CATCCACCTC; Pabpc3, ACTGGATCCCTAGTGCAAAGGTAA-
CGATG and GACGAATTCCCCTAACATTTGCTTTTGAG; Tpap,
CAGCATACCCACAGCAGAAC and AGGTGGTGGTGAAATGG-
TAG. The primers for Act, Crem, Prml, Prm2, Tp1, Trf2 and B-actin
have been previously described (Kashiwabara et al., 2002).

Results

Identification of two Rnf17 isoforms

We examined expression of Rnfl7 in a panel of adult mouse
tissues including testis and ovary by northern blot analysis.
Rnfl7 was exclusively expressed in the testis (Fig. 1A). In
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Fig. 1. Identification of two Rnf17 isoforms. (A) Northern blot
analysis of Rnf17 expression. Two Rnf17 transcripts (5.2 kb and 3.5
kb) were detected in the testis. 3-Actin served as a loading control.
(B) Schematic diagram of two RNF17 protein isoforms. (C) Western
blot analysis of RNF17 proteins. Testicular protein extracts (30 pg)
were resolved by SDS-PAGE. Anti-serum 1774 recognized both
RNF17L and RNF178S. Anti-serum GP8 was specific to RNF17L.
(D) RNF17 is largely cytoplasmic. Cytoplasmic and nuclear fractions
of adult testis were prepared and subjected to western blot analysis.
MVH (Mouse Vasa homolog) is a cytoplasmic protein control
(Toyooka et al., 2000); SYCP3 (synaptonemal complex protein 3) is
a nuclear protein control (Chuma and Nakatsuji, 2001); 3-actin
served as a loading control. C, cytoplasmic fractions; N, nuclear
fractions.
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addition, this analysis revealed two RnfI7 transcripts, which
were referred to as Rnf171 (5.2 kb) and Rnf17s (3.5 kb). These
transcripts were much longer than previously reported (Wang
et al., 2001; Yin et al., 1999). By using 3’'-RACE, we obtained
the composite sequences for both transcripts. Comparison of
cDNA sequences with the mouse genomic sequence
demonstrated that alternative splicing resulted in these two
Rnf17 transcripts, which shared the first 25 exons and differed
only in their 3" sequences. The last exon of RnfI7s (exon 26)
contains a non-canonical polyadenylation signal (AATAA) and
is AT rich. By contrast, the Rnf17] transcript lacks exon 26,
contains 12 additional exons, and contains a canonical
polyadenylation site (AATAAA) in its last exon.

Two RNF17 proteins were predicted from the new cDNA
sequences (Fig. 1B). RNF17L (1640 amino acids) consists of
a RING finger motif and five tudor domains. RNF17S (1130
amino acids) contains only three tudor domains. The RING
finger is a zinc-binding motif. A growing number of RING-
containing proteins were found to exhibit ubiquitin E3 ligase
activities (Joazeiro and Weissman, 2000; Lorick et al., 1999).
The 60 amino acid tudor domain was first identified in the
Drosophila Tudor protein, which contains 10 copies.

RNF17 is a cytoplasmic protein in male germ cells

We raised polyclonal antibodies (anti-serum 1774) against the
N-terminal 100 residues of RNF17. By western blot analysis,
anti-serum 1774 recognized two bands with M, of 200 kDa and
160 kDa in testis (Fig. 1C), which appeared to correspond to
RNF17L and RNF17S. Both RNF17 isoforms migrated at a
slower rate than expected, possibly owing to the high
percentage of negatively charged residues (15%). RNF17S is
more abundant than RNF17L. To distinguish between the two
RNF17 isoforms, we generated polyclonal antibodies (anti-
serum GPS8) against the C-terminal region of RNFI17L
(residues 1341-1540). As expected, anti-serum GP8
recognized only RNF17L and not RNF17S. To determine the
subcellular compartment to which RNF17 was localized, we

RNF17

Fig. 2. Distribution of RNF17
in male germ cells. Sections of
adult testis were immunostained
with anti-RNF17 antibodies
(anti-serum 1774, red). For
purposes of staging, testis
sections were also stained with
anti-SP-10 antibodies (green)
and counterstained with DAPI
(blue). Only part of a
seminiferous tubule is shown in
each panel. Anti-RNF17
staining alone is shown in
A,C,E,G,LK. The merged
image of anti-RNF17, anti-
SP10 and DAPI is shown in
B,D,EH,J,L. The stage of each
seminiferous tubule is indicated
in the center. Representative
RNF17 granules are indicated
by arrows in pachytene or

B

RNF17+SP10+DNA
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prepared cytoplasmic and nuclear fractions of testicular protein
extracts. Western blot analysis with anti-serum 1774
demonstrated that both RNF17L and RNF17S were present
predominantly in the cytoplasm (Fig. 1D). They were also
detected in the nucleus but in much lower abundance.

RNF17 is localized to a novel organelle

We next determined the subcellular localization of RNF17 by
indirect immunofluorescence on testis sections using affinity-
purified antibodies (anti-serum 1774). RNF17 was diffusely
localized in the cytoplasm of all germ cells (spermatogonia,
spermatocytes and spermatids) (Fig. 2). In addition, the RNF17
localization was exhibited as large perinuclear dots in some
spermatocytes and spermatids but not in spermatogonia. It
appeared that one prominent dot was present in each cell, but
more than one dot could be present in spermatocytes. This dot-
like structure was not previously reported, and thus we named
it ‘RNF17 granule’.

The presence of RNF17 granules in germ cells is stage
dependent. The mouse seminiferous tubules are classified into
12 stages (I-XII), each of which consists of a unique assortment
of differentiating germ cells (Russell et al., 1990). The
development of acrosomes in spermatids is closely correlated
with each stage of spermatogenesis and therefore has been used
as a major criterion for staging of seminiferous tubules. SP10
(Gene symbol: AcrvI) is a component of the acrosome (Reddi
et al., 1995). To determine the appearance of RNF17 granules,
we performed double immunostaining of adult testis sections
with anti-RNF17 and anti-SP10 antibodies (Fig. 2). Staining of
nuclei with DAPI further facilitated staging of seminiferous
tubules. We did not observe RNF17 granules in early
spermatocytes (pre-leptotene, leptotene and zygotene).
However, small granules were present in the pachytene
spermatocytes at stages II-VII (Fig. 2C,E). RNF17 granules
appeared as large prominent dots in pachytene spermatocytes
at stages VII-X (arrows, Fig. 2G,I) and in diplotene
spermatocytes at stage XI (arrow, Fig. 2K). We did not observe

RNF17 RNF17+SP10+DNA

ae

)

diplotene spermatocytes, or by arrowheads in elongating spermatids. Immunostaining of Rnfl7-null testes with antiserum 1774 was negative
(data not shown). Control experiments without primary antibodies were also negative (data not shown). Scale bar: 20 wm.
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RNF17 granules in early spermatids (steps 1-9), which form
the middle layers of germ cells with small round nuclei (step
1, Fig. 2A,B; step 4, Fig. 2C,D; step 7, Fig. 2E,F). RNF17
granules appeared again in step 10 spermatids (arrowhead, Fig.
2]) and became very prominent in spermatids of steps 11-16,
indicated by arrowheads (step 11, Fig. 2K; step 13, Fig. 2A;
step 15, Fig. 2C; step 16, Fig. 2E). In summary, RNF17
granules were observed in pachytene and diplotene
spermatocytes at stages VIII-XI, disappeared in spermatids of
steps 1-9 and were assembled again in spermatids of steps 10-
16.

To distinguish the distribution of RNF17L and RNF17S, we
performed double immunostaining of testis sections with anti-
sera 1774 and GP8. Staining with anti-serum GPS8 revealed that
RNF17L was localized to granules in the pachytene and
diplotene spermatocytes but not those in the spermatids (Fig.
3B,C). However, RNF17 granules in the spermatids were
stained by anti-serum 1774 but not GPS8, implying that they
contain RNF17S but not RNF17L (Fig. 3C).

RNF17 granules are distinct organelles in male germ
cells

The chromatoid body is a well-described nuage in mammalian
germ cells (Fawcett et al., 1970; Sud, 1961a). To address
whether RNF17 granules are chromatoid bodies, we performed
colocalization studies with anti-RNF17 and anti-TDRDI
antibodies. TDRD1 is a known component of chromatoid

A Serum 1774

Serum GP8

Fig. 3. Differential distribution of RNF17 protein isoforms. Adult
testis sections were immunostained with anti-sera 1774 in red (A)
and GPS in green (B). The seminiferous tubule shown is in stage X.
In the merged image (C), selected RNF17 granules are indicated by
arrows in the spermatocytes, and by arrowheads in the spermatids.
Scale bar: 10 pm.
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bodies (Chuma et al., 2003). Precursors of chromatoid bodies
appeared as numerous small punctate structures in
spermatocytes (Fig. 4A). Only one large irregularly shaped
chromatoid body was observed in each spermatid (Fig. 4B).
The RNF17 granules recognized by anti-RNF17 antibodies
were prominent in both spermatocytes and spermatids (Fig.
4A,B). Apparently, RNF17 did not colocalize with TDRDI.
TDRDG6 is another component of chromatoid bodies (S.C.,
unpublished). RNF17 did not colocalize with TDRD6 (data not
shown). In conclusion, RNF17 granules were distinguishable
from chromatoid bodies. TRAS54 (a monoclonal antibody)
recognizes cytoplasmic granules in round spermatids, in
addition to Golgi apparatus and acrosome (Pereira et al., 1998;
Ventela et al., 2003). We did not detect specific co-localization
between RNF17 and TRAS54, suggesting that RNF17 granules
are distinct from TRAS54-positive granules (data not shown).

Then we explored whether RNF17 granules might be
lysosomes. Lysosomes are membrane-bound cytoplasmic
organelles. LAMP2 (lysosome-associated membrane protein
2) is a component of lysosomes (Chen et al., 1985). We
performed double immunostaining of testis sections with anti-
RNF17 and anti-LAMP?2 antibodies. We detected lysosomes in
spermatids (Fig. 4D), but not in spermatocytes (Fig. 4C). We
did not observe co-localization of RNF17 and LAMP2, and
thus concluded that RNF17 granules are distinct from
lysosomes.

RNF17 granules are spherical electron-dense
structures

We performed ultrastructural analysis of RNF17 granules by
immuno-electron microscopy (EM). Ultra-thin sections of the
adult testis were probed with anti-RNF17 antibodies and gold-
conjugated secondary antibodies. RNF17 granules were

Spermatocytes

Spermatids

RNF17 + TDRD1

RNF17 + LAMP2

Fig. 4. RNF17 granules are distinct organelles in the testis. Double
immunostaining of adult testis sections was performed with
antiserum 1774 (red) and anti-TDRD1 antibodies (green) or anti-
LAMP?2 antibodies (green). RNF17 granules (red) are prominent in
spermatocytes (A,C) and elongating spermatids (B,D). Dynamic
changes of chromatoid bodies (green) are seen in spermatocytes (A)
and spermatids (B). Lysosomes (green) are not present in
spermatocytes (C) but are abundant in spermatids (D). Scale bar:

10 pm.
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Fig. 5. Ultrastructural analysis of RNF17 granules by immuno-EM.
Affinity purified anti-RNF17 antibodies (anti-serum 1774) were used
as primary antibodies. Secondary antibodies were labeled with 10
nm gold particles. (A) The RNF17 granule in a spermatocyte.

(B) The RNF17 granule in a spermatid. (C) The RNF17 granule in a
cytoplasmic residual body. Arrows indicate the accumulation of gold
particles in the 500 nm RNF17 granules. Immuno-EM without the
primary antibody was negative (data not shown). cb, chromatoid
body; m, mitochondria; n, nucleus; v, vacuole.

heavily labeled by gold particles (Fig. 5). The immuno-EM
analysis showed that RNF17 granules are spherical electron-
dense organelles with a diameter of 0.5 wm (Fig. 5), which is
consistent with their manifestation as round dots in
immunofluorescence studies (Fig. 2). Furthermore, RNF17
granules did not appear to be surrounded by membranes, but
rather contained outwardly protruding fine fibers. Under EM,
we frequently observed RNF17 granules in spermatocytes (Fig.
5A). RNF17 granules were also observed in spermatids (Fig.
5B). As expected, the irregularly shaped chromatoid body (cb)
in the spermatid was not labeled with gold particles (Fig. 5B).
RNF17 granules were found to be smaller than chromatoid
bodies, which are 1-2 pm in diameter (Fawcett et al., 1970).
Residual bodies are formed by the fusion of cytoplasmic
materials shed by elongating spermatids (Russell et al., 1990).
The residual bodies are characterized by the presence of
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vacuoles and lack of nucleus. RNF17 granules were observed
in residual bodies, implying that at least some RNF17 granules
are discarded by elongating spermatids (Fig. 5C).

RNF17 forms large granules in NIH 3T3 cells

To address whether RNF17 is able to form granules de novo,
we expressed the GFP-RNF17L fusion protein in NIH 3T3
fibroblast cells. RNF17 was predominantly cytoplasmic and
distributed in a punctate pattern (Fig. 6B), suggesting that
RNF17 may form oligomers. The number and size of granules
varied from cell to cell, possibly owing to different levels of
protein expression. Furthermore, we observed the same
punctate cytoplasmic localization pattern for GFP-RNF17L in
two other cell lines: BHK21 hamster cells and immortalized
GC-1spg germ cells (data not shown) (Hofmann et al., 1992).

To define the minimal region of RNF17 that is required for
granule formation, a series of terminal truncations of RNF17
were generated and expressed in NIH 3T3 cells. Transfected
cells were examined for RNF17 protein distribution by
fluorescence microscopy. These experiments demonstrated that
the 45-amino acid region of RNF17 (residues 243-287) is both
necessary and sufficient for granule formation (Fig. 6A).
Without this region, the distribution of RNF17 displayed a
diffuse pattern (Fig. 6B). These data suggest that the 45-amino
acid RNF17 (243-287) region, referred to as the binding
domain, might be involved in dimerization or polymerization
of RNF17.

RNF17 associates with itself both in vivo and in vitro

To determine whether RNF17 is associated with itself in vivo,
we took advantage of the presence of two RNF17 isoforms.
RNFI17L and its associated proteins were immunoprecipitated
from the total testis protein extract with RNF17L-specific
antibodies (anti-serum GP8) and were subject to western blot
analysis with anti-serum 1774. Our co-immunoprecipitation
experiment showed that RNF17L and RNF17S were associated
with each other in vivo (Fig. 6C).

We next performed GST pulldown experiments to determine
whether RNF17 physically binds to itself. Our GST pulldown
experiment showed that in vitro translated RNF17 (1-626) was
able to bind to GST-RNF17 (residues 1-287) but not GST,
suggesting that RNF17 physically interacts with itself (Fig.
6D). We further confirmed the interaction by yeast two-hybrid
assay (data not shown).

Generation of mice lacking Rnf17

To investigate the function of Rnfl7 in spermatogenesis, we
used homologous recombination in embryonic stem cells to
create mice that lack the RnfI7 gene. In the targeting construct,
a 4.1 kb DNA fragment containing the first two exons of Rnf17
was replaced by the neomycin selection marker (Fig. 7A). This
Rnfl7 mutant allele deletes the ATG initiation codon, the
RING finger and part of its Mad-binding domain (Wang et al.,
2001; Yin et al., 1999). The RNF17 protein was not detected
in Rnf177~ testis by western blotting, indicating that an RnfI7-
null mutant was generated (Fig. 7C).

Spermiogenesis deficiency in the Rnf17 mutant mice
Rnf17-deficient mice appear to be normal in development. No
gross defects have been observed up to 8§ months of age.
Interbreeding of heterozygous (Rnfl7+") mice yielded the
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Fig. 6. RNF17 binds to itself both in vivo and in vitro.

(A) Identification of the RNF17 granule formation domain.
Truncated RNF17 polypeptides were expressed as GFP fusion
proteins in NIH 3T3 cells. Formation of granules was assayed by
fluorescence microscopy. +, formation of GFP-RNF17 granules; —,
diffuse GFP-RNF17 distribution. The numbers adjacent to the
endpoints designate the corresponding amino acid positions.

(B) Distribution of GFP-fusion proteins expressed in NIH 3T3 cells.
Punctate granules were present in cells expressing RNF17L (1-
1640), RNF17S (1-1130), RNF17 (1-626), RNF17 (1-287) or RNF17
(243-287). RNF17 (286-626) or GFP alone (data not shown) was
diffusely distributed. (C) Co-immunoprecipitation of RNF17L and
RNF17S from testis. Immunoprecipitation (IP) using testis protein
extracts was carried out with RNF17L-specific antibodies (anti-
serum GP8). Immunoprecipitated proteins were subjected to western
blot analysis with anti-serum 1774. IP with pre-bleed serum served
as a control. (D) GST-pulldown assay. GST-RNF17 (1-287) was
expressed in E. coli and purified with glutathione beads. RNF17 (1-
626) was in vitro translated in the presence of [>3S]methionine. GST
alone served as a control.

Mendelian ratio (77:164:78) of Rnfl7*"*, Rnf17*~ and Rnf177"-
offspring, suggesting that disruption of Rnfl7 causes no
embryonic lethality. The RnfI7”~ males were infertile, despite
normal sexual behavior, as evidenced by formation of
copulatory plugs in females. By contrast, Rnfl7”~ females
exhibited normal fertility and produced normal litter sizes
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Fig. 7. Targeted disruption of the RnfI7 gene. (A) Schematic diagram
of the wild-type allele, the targeting vector and the targeted allele.
PGK-Neo: neomycin-resistance gene driven by the PGKI promoter.
PCR primers (P1, P2, P3 and P4) used for genotyping are indicated.
(B) PCR analysis of genomic DNA from Rnf17 mice. +/+, wild type;
+/—, heterozygote; —/—, homozygote. All four primers were included
in each PCR assay. WT, wild-type allele; MT, mutant allele.

(C) Absence of RNF17 proteins in the Rnfl7-deficient testes.
Western blot analysis was done with both anti-sera 1774 (as shown)
and GP8 (data not shown).

(7.0£1.1 offspring, n=7 litters). Histological analysis of
Rnf17”~ ovaries revealed no abnormalities.

Testes of 8-week-old Rnfl7”~ mice were 25% smaller than
those of wild-type littermates. Histology revealed that the
diameter of seminiferous tubules was significantly smaller in
Rnf177~ testis (Fig. 8B) than in wild type (Fig. 8A). In adult
Rnfl77~ testis, Leydig cells and Sertoli cells appeared to be
normal in number, size and morphology. However, while germ
cells developed to round spermatids, they then failed to
differentiate  into elongating spermatids (Fig. 8D),
demonstrating that Rnfl7 is required for spermiogenesis.
Round spermatids first begin to differentiate into elongating
forms 28 days after birth. Testes from RnfI77~ mice at day 28
after birth and beyond contained round spermatids but lacked
elongating spermatids completely, suggesting that Rnf17 is also
essential for spermiogenesis in the first wave of
spermatogenesis. Immunostaining of acrosomes with anti-
SP10 antibodies revealed that round spermatids advanced up
to step 4 in Rnfl7-deficient testis (Fig. 8H).

In the seminiferous tubules of Rnfl7~" testes, we frequently
observed large multi-nucleated degenerating cells, which we
believed to be apoptotic cells (Fig. 8D). Such large abnormal
cells were rarely seen in normal testes. Interestingly,
epididymal tubules from 8-week-old wild-type mice were
filled with sperm (Fig. 8E), whereas those from Rnfl7”~ mice
contained apparently apoptotic round spermatids (Fig. 8F). No
sperm were found in the epididymis of Rnfl7~~ mice, which
accounts for their infertility.

Downregulation of spermiogenesis genes in Rnf17-
null testis

To identify potential downstream target genes of Rnfl7, we
performed Northern blot analysis of known testis-specific
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genes in Rnfl7”~ testis. A number of genes that begin to
transcribe in meiosis, such as Ldh3 (lactate dehydrogenase 3,
C chain), Miwi and Pabpc3 (poly A-binding protein,
cytoplasmic 3), did not show significantly reduced expression
in Rnfl77 testis when compared with wild-type and Rnfl 7+~
testes (Fig. 9A) (Deng and Lin, 2002; Sakai et al., 1987; Wang
et al.,, 1992). However, genes that initiate transcription
postmeiotically, such as Act (activator of CREM in testis), Tp!
(transition protein 1), Prml (protamine 1) and Prm2
(protamine 2), exhibited greatly reduced expression in Rnfl 77/
testis (Fig. 9A). These expression data are consistent with the
spermiogenic defects in Rnfl77 testes revealed by histology.

To determine whether the reduced expression of postmeiotic
genes in Rnfl7-deficient mice is due to transcriptional
regulation by Rnf17 or to the absence of elongating spermatids,

Fig. 8. Spermiogenesis defects in Rnf17-deficient mice.

(A,B) Histological analysis of seminiferous tubules in adult wild-
type (A) and Rnfl 77~ (B) mice at low magnifications.

(C,D) Histology of wild-type and RnfI77~ seminiferous tubules at
high magnifications. White arrows, round spermatids; black arrow,
an abnormal multinucleated cell. (E) Wild-type epididymal tubules
(arrow) are filled with sperm. (F) Epididymal tubules (arrow) from
Rnf17~~ mice lack sperm but contain spermatid-like germ cells.
(G,H) Acrosomal morphology in wild-type (Stage I1X) and Rnf17-
deficient seminiferous tubules. Testis sections were immunostained
with anti-SP10 antibodies (green) and DNA was stained with DAPI
(blue). Scale bars: 25 pm.
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we examined gene expression in juvenile testes from different
developmental stages. We observed significant reduction in the
expression of Act, Tpl, Prml and Prm2 in Rnfl77'~ testes of
24 days after birth, when the most differentiated germ cells are
round spermatids (Fig. 9B). This reduction cannot be explained
by a lack of elongating spermatids in Rnfl77~ testes, as such
cells do not appear in normal testes until day 28. By contrast,
the level of expression of Ldh3 is indistinguishable between
Rnfl77~ and wild-type testes throughout development. In
addition, we examined expression of four known key regulators
of spermiogenesis (Crem, Trf2, Miwi and Tpap) to address
whether their expression might be regulated by RnfI7.
Expression of these four genes is comparable in Rnfl77~ and
wild-type  testes, suggesting that Rnfl7 regulates
spermiogenesis in a manner independent of these four known
key regulators.

Discussion

Many types of nuage have been found in both male and female
germ cells of a wide variety of species by electron microscopy
(al-Mukhtar and Webb, 1971; Eddy, 1974; Sud, 1961a). It has
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Fig. 9. Analysis of gene expression in Rnfl7~~ testes. B-Actin was
included as a control for RNA loading. (A) Northern blots of testis-
specific genes in adult testes. +/+, wild type; +/—, heterozygote; —/—,
homozygote. (B) Gene expression during juvenile testis
development. Five testis-specific genes (Act, Tpl, Prml, Prm2 and
Ldh3) and four key regulators of spermiogenesis (Crem, Trf2, Miwi
and Tpap) were examined. The age of mice (in days after birth) is
indicated. +/+, wild type; —/—, Rnf17 deficient.
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been hypothesized that nuages play important roles in germ
cell specification and differentiation. Owing to a lack of
specific markers, it has been difficult to identify and distinguish
most nuages unambiguously. In this report, we definitively
identify a novel mouse nuage, the RNF17 granule, and its first
protein component. RNF17 granules appear to be
distinguishable from other known germ cell nuages. TDRD1
is a component of the well-described chromatoid body in the
male germ cells (Chuma et al.,, 2003). Our double
immunostaining experiments demonstrated that RNF17
granules were distinct from chromatoid bodies. A spherical
nuage was previously reported to be in contact with or close
proximity to the chromatoid body and thus was referred to as
the chromatoid satellite (Fawcett et al., 1970; Sud, 1961b).
Chromatoid satellites are smaller and less electron dense than
chromatoid bodies (Fawcett et al., 1970). Because we did not
observe close association of RNF17 granules with chromatoid
bodies, we reasoned that RNF17 granules were unlikely to be
chromatoid satellites.

In addition to chromatoid bodies and chromatoid satellites,
at least four different types of nuage were identified in rat
spermatocytes by electron microscopy: 70-90 nm spherical
particles, sponge bodies, inter-mitochondrial substance and 30
nm particles (Eddy, 1974; Russell and Frank, 1978). The
appearance and dissociation of all six types of nuage are
dynamic. However, except for chromatoid bodies, no
cytological markers are known for the remaining five types of
nuage, making it difficult to track these dynamically changing
organelles definitively. Among these different types of nuage,
the sponge body closely resembles the RNF17 granule in
appearance and size. Sponge bodies in rats were large
structures with a diameter of 0.5-1.5 wm. They appeared in late
pachytene spermatocytes and were only occasionally seen in
round spermatids. It was not reported if sponge bodies were
present in elongating spermatids (Russell and Frank, 1978).
RNF17 granules are very prominent in elongating spermatids
in mice. However, the presence of sponge bodies in mice has
not been reported. Whether RNF17 granules and sponge bodies
represent the same structure remains to be examined.

Our data suggest that RNF17 may play arole in the assembly
of RNF17 granules. Several lines of evidence support this
notion. First, RNF17 physically bound to itself in the GST-
pulldown assay. Second, RNF17L and RNF17S were co-
immunoprecipitated from the testis, suggesting that they may
form heterodimers. RNF17 granules in elongating spermatids
contained RNF17S but not RNF17L, suggesting the possibility
of RNF17S homodimerization. Third, RNF17 was capable of
forming large aggregates when ectopically expressed in
cultured cells. RNF17 aggregates have also been observed
previously (Yin et al., 1999). Taken together, we hypothesize
that RNF17 may form high order polymers in vivo and play a
crucial role in the assembly of RNF17 granules.

RNF17 contains multiple tudor domains (Fig. 1). The
specific functions of tudor domains remain elusive. However,
two recent studies have shown that tudor domains are directly
involved in protein-protein interactions. The tudor domain in
SMN (survival of motor neuron) binds to Sm proteins of
snRNP (small nuclear ribonucleoproteins) (Selenko et al.,
2001). The tudor domain in 53BP1 (p53 binding protein 1)
interacts with methylated histone 3 (Huyen et al., 2004). We
hypothesize that the tudor domains in RNF17 may recruit other
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proteins to form large macromolecular complexes.
Interestingly, the founding member of the tudor domain-
containing protein, Tudor, is a component of polar granules in
Drosophila and is required for their assembly (Bardsley et al.,
1993). TDRD1/MTR-1 is a component of chromatoid bodies
in mice (Chuma et al., 2003). TDRD®6 is also a component of
chromatoid bodies (S.C., unpublished). The localization of
proteins with multiple tudor domains in nuages indicates a
conserved role for tudor domains in these diverse organelles.

The chromatoid body has been assumed to serve as a storage
site for proteins and RNAs during spermatid differentiation. A
number of proteins and RNAs were found in chromatoid
bodies, including TDRD1, MVH, DDX25, mRNAs and rRNAs
(Chuma et al., 2003; Figueroa and Burzio, 1998; Toyooka et
al., 2000; Tsai-Morris et al., 2004). However, the specific
functions of chromatoid bodies remain unclear. Vasa is a highly
conserved germ-cell-specific RNA helicase. Because targeted
deletion of Mvh (mouse Vasa homolog) in mice resulted in
meiotic arrest, the functional significance of the association of
MVH with chromatoid body could not be studied (Tanaka et
al., 2000). DDX25 is a gonadotropin-regulated testicular RNA
helicase. In Ddx25 mutant mice, spermatogenesis was blocked
in the round spermatid stage, and chromatoid bodies in
spermatids were markedly reduced in size, suggesting that
chromatoid bodies may be essential for spermatid
differentiation (Tsai-Morris et al., 2004). Chromatoid bodies
were observed to travel between spermatids through
cytoplasmic bridges and thus were proposed to be involved in
sharing of haploid gene products between spermatids (Ventela
et al., 2003). It is worth noting that chromatoid bodies are
present in round spermatids, while RNF17 granules are present
in late pachytene spermatocytes and elongating spermatids.
The functions of these two nuages may be complementary
during spermatogenesis. Analogous to chromatoid bodies, we
assume that RNF17 granules may serve as a storage site for
other proteins and RNAs, and may shuttle between
interconnected germ cells to promote synchronized
differentiation.

RNF17 binds to all four members of the Mad protein family
(Madl, Mxil, Mad3 and Mad4), which are present in many
tissues (Yin et al., 1999). Although Rnfl7 is required for
spermiogenesis, mice lacking Madl, Mxil or Mad3 are viable
and fertile, suggesting functional redundancy among Mad
proteins (Foley et al., 1998; Queva et al., 2001; Schreiber-Agus
et al., 1998). As antagonists of Myc, Mad proteins repress
transcription of Myc-responsive genes by competing with Myc
for binding to the Max transcription factor (Grandori et al.,
2000). RNF17 was shown to activate transcription of Myc-
responsive genes by retaining Mad proteins in the cytoplasm
(Yin et al., 2001; Yin et al., 1999). RNF17 is predominantly
cytoplasmic in germ cells. It is possible that RNF17 sequesters
Mad proteins in the cytoplasm and thereby prevents
transcriptional repression of spermiogenesis-specific genes.

RNF17 is evolutionarily conserved in mammals. The
RNF17L ortholog was identified in silico in the rat genome. A
full-length cDNA clone encoding the human RNF17L ortholog
was present in the public database. We observed RNF17
granules in the rat testis using our anti-RNF17 antibodies (data
not shown), suggesting that RNF17 granules may be present in
other mammalian species. RNF17 is a novel key regulator of
spermiogenesis in mice. Therefore, we anticipate that the
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essential role of RNF17 in spermiogenesis is conserved in
other species, including humans.
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