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In mouse Sertoli cells, transcription of the Inha gene encoding the o subunit of inhibin, which acts locally
as a tumor suppressor, is down-regulated in tumors and in normal cells during aging. Previous studies
suggested that regulation of Inha transcription involves the binding of a protein(s) to a repeat of the GGGGC
motif in the promoter. Expression screening identified a cDNA encoding a protein that binds this sequence. Of
the RING-H2 family, it is the mouse homologue of a human protein of unknown function, RNF6. The mouse
gene, Rnf6, is predominantly expressed in two interacting cell types of the testis, Sertoli cells and pachytene
spermatocytes. In Sertoli cells, it colocalizes with the PML and Daxx proteins in punctate nuclear bodies. In
transient and stable transfectants, Rnf6 expression from a heterologous promoter increased the expression of
reporter genes driven by the Inha promoter. In a Sertoli tumor cell line in which expression of both Inha and
Rnf6 was reduced, reexpression of the latter restored the level of Inha while, concomitantly, the cells reverted

to normal growth control in culture.

Inhibin was initially identified as an endocrine regulator of
pituitary function. An important autocrine and/or paracrine
function was later demonstrated in the seminiferous epithe-
lium of the testis. Inhibin is a heterodimeric protein composed
of a unique subunit, a, associated with either one of two
polypeptides BA or BB (reviewed in reference 4). While the 8
subunits are made in a variety of tissues, to generate homo-
and heterodimers (activins), the main site of expression of the
a chain (designated a-inhibin, encoded at the Inha locus) is the
Sertoli cells in the testis (reviewed in reference 22). In the
complex interplay between germ cells and their somatic sup-
porting cells, the Sertoli cells, a role of inhibin was established
in the regulation of DNA synthesis (8) and a targeted null
mutation in the gene resulted in the development of testicular
malignancies (15).

We previously reported (11) that in transgenic mice that
express the large T antigen of polyomavirus (PyLT) in Sertoli
cells and develop fast-growing tumors at advanced ages (19),
Inha levels at the pretumoral stages in the young adult testis
were two- to threefold lower than in normal mice. In the
tumors that eventually developed in the aging males, Inha
expression was further decreased to the point of being, in most
cases, undetectable. Cotransfection experiments performed
with Sertoli cells in culture directly demonstrated that the Inha
promoter is down-regulated by PyLT to an extent comparable
to the decrease observed in vivo. A role of inhibin as a tumor
suppressor was finally confirmed by studies with cell lines de-
rived from the tumors. Restoration of Inha expression in these
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cells with a transfected expression vector led to the resumption
of normal growth control in culture.

The PyLT and the simian virus 40 large T antigen are reg-
ulators of transcription and replication that bind to sites in the
early promoters made of direct repeats of a G(A/G)GGC
motif (6, 24). We hypothesized that the observed repression of
the Inha promoter by PyLT could be due to competition by the
viral protein for the binding of a cellular transcriptional acti-
vator. The Inha gene includes repeats of the GGGGC motif
immediately upstream of the transcription start site. The same
sequence is also present in other promoters expressed in Ser-
toli cells in a region that, in the case of the human urokinase
gene, has been shown to be required for expression in Sertoli
cells (7). It may also explain our earlier observation of testis-
specific expression of the early polyomavirus promoter in
transgenic mice (19).

To test the hypothesis that interaction of a positive regulator
with GGC boxes is involved in Sertoli cell-specific expression,
we screened a testis cDNA expression library for proteins that
would bind the Inha promoter. We have identified in this way,
cloned, and sequenced a ¢cDNA encoding a protein that is
preferentially expressed in the testis in both Sertoli and germ
cells. Sequence analysis showed that it is the murine homo-
logue of a human protein of unknown function, RNF6. Co-
transfection experiments demonstrated a positive regulatory
effect on Inha expression, dependent on the integrity of the
GGGGC repeats in the promoter sequence. Furthermore, re-
expression of Rnf6 in tumor-derived cell lines was sufficient to
restore Inha expression from the endogenous promoter and,
consequently, contact inhibition of growth in culture.

MATERIALS AND METHODS

Mice. All experiments were performed with C57BL/6 X DBA/2 F, hybrids
(B6D2F1). Investigations were conducted in accordance with French and Euro-
pean regulations for the care and use of research animals.

Cell culture and fractionation of germ cells. Cell lines BALB/3T3 (clone A31;
ATCC CCL-163), 45T-1, and 15P-1 (20) were cultivated in Dulbecco modified
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Eagle’s medium (Gibco) supplemented with 10% fetal calf serum (Gibco). Frac-
tionation of germ cells by elutriation centrifugation was performed as previously
described (26). Primary Sertoli cell cultures from 2- to 3-week-old mice were
established in accordance with previously published methods (23). They were
maintained for 20 h in Dulbecco modified Eagle’s medium with 10% fetal calf
serum at 32°C. Attached germ cells were removed by hypotonic treatment (20
mM Tris-HCI, pH 7.4, for 2 to 5 min at 20°C), and the Sertoli cells were washed
with culture medium before further treatments.

Transfection and B-galactosidase assays. Transfection was performed with
Fugene 6 in accordance with the supplier’s (Boehringer Mannheim) instructions.
B-Galactosidase activity was measured in cell extracts by using the Galacto-Light
Kit (Tropix, Bedford, Mass.) in accordance with the manufacturer’s instructions.

Plasmids and DNA preparation. Plasmid DNA was extracted from bacteria
with a Qiagen Maxiprep kit in accordance with the supplier’s instructions. Each
construct was checked by sequencing with either a T7 sequencing kit (Pharmacia
Biotech) or an Amplicycle PCR sequencing kit (Perkin-Elmer, Foster City,
Calif.). Plasmid HSS26 contains the cDNA of the human ribosomal S26 protein
(28). Plasmid pPyLT1 codes for PyLT (29). Construction of Inha reporter plas-
mid pInh-lacZ was done as described previously (11). The full-length cDNA
encoding the Rnf6 protein was amplified by reverse transcription-PCR per-
formed on testis mRNA with primers RNF6am (5'CAGGATGGATCTGTCT
AGATC3') and RNF6av (5’ AGCAGACCCCACCTCTCAC3') and cloned into
PCR cloning vector pPGEM-T easy (Promega). The pNeoRNF6 plasmid was
obtained by subcloning the cDNA in the pCDNA3-1 vector (cytomegalovirus
promoter; Invitrogen) with NotI restriction sites in both vectors.

Mutagenesis of the Inha promoter. PCR amplification was performed on
mouse DNA with primers X (5'CGGAATTCCCATAGTTCACTTGCCCGT3')
and Y (5'CCACGCACCACAGTCCCAGTGGCACCTGCC3') and primers Y’
(5'GGCAGGTGCCACTGGGACTGTGGTGCGTGG3') and Z (5'CGGAAT
TCCTCAACCTTAAGCAC3'). The Y and Y’ sequences correspond to an in-
ternal region of the promoter (nucleotides [nt] —103 to —73) with the two
GGGGC sequences mutated to GGTGC. The amplified products were purified
from free oligonucleotides and mixed, and the mixture was further amplified with
primers X and Z to generate the mutated 452-bp Inha promoter. The pInhmut-
lacZ plasmid was obtained by cloning this fragment at the EcoRI site of pNASSB
(Clontech).

RNA Northern blot analysis. Twenty micrograms of total RNA from testes or
from cells in culture was prepared and hybridized as previously described (11).

Reverse transcription and PCR amplification. Quantitation of RNA amounts
in cell extracts was done by comparison with that of hypoxanthine phosphoribo-
syltransferase reverse transcripts amplified as an internal standard in the same
reaction mixture. Total RNA (1 pg) prepared with a Total RNA Isolation kit
(Boehringer Mannheim) was reverse transcribed with murine leukemia virus
reverse transcriptase in accordance with the supplier’s instructions. PCR ampli-
fication was performed with Tag DNA polymerase (Boehringer Mannheim) with
oligonucleotide primers for Inha and Hprt as previously described (11). For the
Hprt internal controls, a sample was taken after only 5 min of reverse transcrip-
tion.

Testis cDNA expression library. A cDNA expression library was generated by
starting with 5 g of poly(A)" RNA purified from the testes of adult BOD2F1
mice by using the Oligotex direct mRNA kit (Qiagen) in accordance with the
manufacturer’s instructions. Double-stranded cDNA was obtained by using the
ZAP express cDNA synthesis kit, inserted in the correct orientation into the
N-pBK-CMV vector, and encapsidated with the ZAP Express cDNA Gigapack
IIT Gold Cloning kit, both from Stratagene, in accordance with the manufactur-
er’s instructions. The number of independent clones was estimated to be 1 X 10°
to 1.2 X 10°, with insert sizes between 1.3 and 3 kb. Screening for expression of
DNA binding proteins was performed as previously described (25). A 30-bp
double-stranded labeled oligonucleotide (NMPI) containing sequences from the
Inha promoter (nt —64 to —93) was used as a probe in the screening. The same
oligonucleotide with the two GGGGC boxes mutated to GGTGC (DMPI) was
used as a negative control. After three rounds of selection, isolated phagemids
were selected and the cloned cDNA was obtained in the pBK-CMYV vector by
rescue with the Ex-assist helper phage in accordance with the manufacturer’s
(Stratagene) instructions.

In vitro protein synthesis. Transcription and translation were performed with
the TNT kit (Promega) in accordance with the instructions of the manufacturer
(Promega).

Gel electrophoresis retardation assay for DNA-protein complexes. Binding
reaction mixtures (25 pl) contained 10 mM Tris-HCI (pH 7.5), 40 mM NaCl, 1
mM EDTA, 1 mM B-mercaptoethanol, 4% glycerol, 5 pg of poly(dI-dC) het-
eropolymer, and 0.5 ng (15,000 dpm) of 3*P-end-labeled probe. Either total or
nuclear protein extracts were prepared as previously described (1) and added last
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(5 pg of protein in 1 to 5 wl). When indicated, antibodies (final dilution, 1:250)
were added to the reaction mixture. After 15 min at 25°C, samples were loaded
onto a 4% (29:1 cross-linked) polyacrylamide gel in 40 mM Tris-HCI (pH 7.2)-20
mM Na acetate-1 mM EDTA and electrophoresed at 12.5 V/cm and 4°C. Gels
were fixed for 15 min in 5% acetic acid-5% methanol, dried at 80°C, and exposed
on Kodak XAR-5 film.

Antibodies. Two peptides obtained from Eurogentec-France S.A. were used as
immunogens. They correspond to the amino-terminal 15 residues of Rnf6
(MDPSRSRSGGSGEESC) and to an internal hydrophilic peptide (FLEQG
RERRGTDYTPC; residues 339 to 353). Two rabbits were immunized with each
peptide with a boost 4 weeks after the initial injection, and serum was collected
after 4 months. Among the four antisera thus obtained, SE2896, directed against
the amino-terminal peptide, and SE2893, directed against the internal peptide,
were retained for further analysis. Antibodies directed against the PML (sc-9863;
goat polyclonal immunoglobulin G [IgG]) and Daxx (sc-8043; mouse monoclonal
IgG2a) proteins were obtained from Santa Cruz Biotechnology.

Immunocytochemistry analysis. Cells (2 X 10%well in four-well Labteck plates
[Nalge Nunc International]) were fixed in cold methanol for 10 min before a
30-min blocking step in 0.03% Triton-1% normal goat serum (G9023; Sigma) or
fetal bovine serum (Gibco-BRL, Life Technologies) in phosphate-buffered saline
(PBS). Either the primary antibodies or the preimmune serum was diluted
100-fold in 0.03% Triton X-100-1% calf serum in PBS and incubated for 2 h at
room temperature with the cell preparation. After three washes for 5 min each
time in 1% normal serum in PBS, the secondary antibodies (1/400 dilution in
PBS) were added and the mixture was incubated for 1 h at room temperature.
Three additional washes were performed, and slides were mounted in Vectash-
ield reagent with 4',6'-diamidino-2-phenylindole (DAPI; Vector Laboratories,
Inc., Burlingame, Calif.). For PML and Daxx immunolocalization, negative con-
trols were performed with the secondary antibodies alone.

In situ hybridization. In situ hybridization experiments were performed as
previously described, with digoxigenin-labeled single-stranded RNA probes cor-
responding to either the sense or antisense Rnf6 messenger (13).

Nucleotide sequence search of data banks. Sequencing of the cloned cDNAs
on both strands was performed with the DNA cycling sequencing kit (Perkin-
Elmer) in accordance with the manufacturer’s instructions and confirmed by
extensive sequencing (Genome Express). The Genetics Computer Group
FASTA software was used for comparisons to sequences in libraries.

Nucleotide sequence accession number. The nucleotide sequence of the Rnf6
gene has been submitted to the GenBank database and assigned accession
number AY039004.

RESULTS

Integrity of the GGGGC motifs of the Inha promoter is
required for maximal expression in Sertoli cells. The PyLT
protein of polyomavirus is a transcriptional regulator with a
binding site in the viral promoter consisting of a repeat of the
G(A/G)GGC nucleotide sequence (GGC box). Repeated
GGC boxes are also present in the promoter of the a subunit
of inhibin (Inha), and we formulated a hypothesis of compet-
itive inhibition by PyLT of the binding of a positive regulatory
protein in the same region of the promoter (11). In order to
evaluate the role of the GGC boxes in the regulation of Inha
expression, we generated a mutated promoter by replacement
of the two GGGGC motifs with GGTGC sequences. Reporter
constructs with either the wild-type or the mutated Inha pro-
moter driving the lacZ gene were transfected into Sertoli cell
primary cultures. Expression of the gene under control of the
wild-type promoter was twofold greater than the activity ob-
served with the mutated promoter. Interestingly, coexpression
of PyLT repressed the wild-type promoter to the same extent,
comparable to the decrease in Inha expression in the PyLT
transgenic mouse testis in vivo (11), and it had no effect on the
residual expression of the mutant (Fig. 1).

The murine Rnf6 protein binds the Inha promoter. In order
to identify a protein(s), that would recognize the region of the
Inha promoter containing the GGC box regulatory sequences,
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GGCAAGTGAA CTATG

FIG. 1. GGGGC motifs of the Inha promoter are required for
maximal expression in Sertoli cells. (A) Primary cultures of Sertoli cells
were transfected with the indicated amounts of plasmid DNA contain-
ing the lacZ reporter gene under control of the Inha promoter (pInh-
lacZ) either without (bar 1) or with (bar 2) pPyLT1, an expression
vector for PyLT (29). The same experiment was performed in parallel
with the mutated Inha promoter pInhmut-lacZ, either without (bar 3)
or with (bar 4) pPyLT1. Activities measured after transfection of the
indicated DNA are presented relative to the activity indicated by bar 1
(mean = standard error of the mean of triplicate experiments). (B) Se-
quence of the Inha promoter fragment in pInh plasmids. The G nu-
cleotides underlined are replaced with T nucleotides in the mutated
form pInhmut-lacZ.

we screened a testis expression cDNA library in A phage. The
NMPI double-stranded oligonucleotide probe reproducing the
sequence of the promoter from —64 to —93 and the DMPI
oligonucleotide mutated in the two GGC boxes were used in
parallel to probe the library. After three rounds of selection,
several clones positive with NMPI and negative with DMPI
were isolated that carried cDNA inserts whose sequences were
compared with those in databases. One of them had extensive
similarity to a human gene of unknown function designated
RNFG6, identified on the basis of its proximity to the transloca-
tion breakpoint in a myelofibrosis case (14). The sequence of
this initial 1.5-kb cDNA fragment was subsequently extended
by computer analysis of mouse expressed sequence tag librar-
ies, and a full-length cDNA of 3,204 bp (Rnf6) was finally
generated by reverse transcription-PCR amplification of testis
RNA. The complete cDNA sequence contains an open reading
frame for a 667-amino-acid polypeptide with a predicted mo-
lecular mass of 79 kDa. The mouse sequence shows an overall
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identity of 75% with the human RNF6 amino acid sequence
(Fig. 2). The cloned mouse cDNA, in fact, corresponds to a
spliced isoform of the human gene containing alternative exon
1A (14). Like the human protein, murine Rnf6 has a zinc finger
domain and a coiled-coil domain, two characteristics of the
RBCC subgroup of the RING-H2 family (9, 12),

Rnf6 is transcribed in the testis, in both germ cells and
Sertoli cells. Northern blot analysis of RNA from various tis-
sues demonstrated high levels of a 3.2-kb Rnf6 RNA in the
testis (Fig. 3A). Smaller amounts of RNA were detected in
somatic tissues, especially in the brain and intestine, but clearly
not at the level observed in the testis. Whether or not the
doublets of slightly different sizes observed in some of the
tissues correspond to splice isoforms remains to be investi-
gated. The same analysis was also performed with prepuberal
animals. The first wave of germinal differentiation occurs syn-
chronously, starting after birth from prospermatogonia, which,
together with Sertoli cells, constitute the testis cords, precur-
sors of the seminiferous tubules (2). Rnf6 RNA was detected at
day 10 postparturition, before the first germ cells enter meiosis,
and reached maximal levels between days 10 and 20 postpar-
turition (first meiotic division). Three possible explanations
were considered for the increased expression observed during
meiosis: increased transcription levels in the maturing Sertoli
cells, expression of the gene in spermatocytes, and both events
occurring simultaneously. The latter explanation turned out to
be the correct one. Robust expression in Sertoli cells was
directly demonstrated by Northern blot hybridization of RNA
prepared from primary cultures of purified Sertoli cells pre-
pared between 2 and 3 weeks after birth and devoid of germ
cells (23) (Fig. 3A). On the other hand, Northern blot analysis
of purified fractions of germ cells (Fig. 3B) and in situ hybrid-
ization on adult testis sections (Fig. 3C) evidenced Rnf6 RNA
in meiotic cells, with a maximal level at stages IX and X of
spermatogenesis.

The Rnf6 protein is a constituent of the punctate nuclear
bodies (PODs) in Sertoli cells. Protein localization was per-
formed by immunocytochemical analysis with antipeptide an-
tibodies SE2896 and SE2893, directed, respectively, against the
amino-terminal and internal regions of Rnf6. Identical results
were, in every instance, generated by the two types of antibod-
ies, in agreement with the observation that they both revealed
a polypeptide with the same apparent molecular mass (79 kDa)
on Western blots prepared from testicular protein extracts
(Fig. 4A). Immunocytochemical localization assays with similar
results were performed with freshly prepared Sertoli cells in
primary cultures (Fig. 4B) and the established line of Sertoli
origin 15P-1 (20) (data not shown). A punctate distribution
was evidenced in the interphasic Sertoli cell nuclei. This local-
ization was evocative of the nuclear structures designated
ND10, PML bodies, or PML oncogenic domains (PODs; re-
viewed in reference 16). That Rnf6 was indeed present in these
structures was ascertained by double immunostaining of the
same preparations with antibodies against two of the known
components of nuclear bodies, the PML and Daxx proteins.
Results presented in Fig. 4C show colocalization of Rnf6 with
PML and Daxx immunostaining in interphasic nuclei. As ex-
pected (16), this punctate pattern was not seen in mitotic cells
and, similarly, was also not seen in pachytene spermatocytes
engaged in the first meiotic division.
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TCCTCTCTTAGCTTTCTCTCCGCCAGGTCGACTCCGAGCAGCAACACAGACTCTGAGCTTCGCGCCTCAGGGGAAGATTAGTGGGCGTAGCAGCCTTCGAAGG
CTCGGCCAAGAACCTTCCGCCCCCTCGCCGCCTCGATGAGCAGCTCTCAARARGAGGCACAAGCATCAGAAGCATGGATACAGTCTCATCTGTTAGAAGAATGT

TCAAAGGAAAATAAGGAAACTAGAAGTCTCAGGATGGATCTGTCTAGATCTAGATCAGGTGGGAGTGGAGAAGAGAGCTCATTTCAAGAAARATGAGAGAAGAT
M D L 8 R 8 R 8 G G S8 G EE S 8 F Q E N EZR R W
GGCAGCAAGAACGTCTCCACAGAGAAGAAGCCTATTATCAGTTTATTAATGAGCTCAGTGATGAAGATTATCGGCTAATGAGAGACCATAATCTTTTAGGCAC
Q O ERL HRUEEA AY Y QO F I NEUL S DEUD Y RULMUPBRDUHNULLGT
CCCTGGAGAAATAACATCAGAGGAGCTGCAGCAGCGCTTAGAGAGAGCAAAGGAACAGCTGGCATCTCAGCCTGGCTCTGACAGCGCGGCAAGTGATGGAGAC
P G E I T S E E L Q0 O R L EFE R A K E Q L A 8 Q P G S D S A A S D G D
TCAGAAAGCCTTAGAGCACATTCAGATGAGGACTCTCTGCTGCGATGGCTGAATACCTTTCGGCGCACTGGGAATGTGACTCGAAGCGGACAGAATGGGAACC
S E S L R A H S D ED S L L RWILDNTFRIRTGNV TR S G Q NG N Q
AAAGCTGGAGGGCCGTGAGTCGAACAAACCCGAACAGTGGCGAGTTCGGGTTTAGCCTGGAAATCCACATAAACCCTGACAACAGAGGTTCTGAAATGCATGG
S W R AV 8 R T NUP NS G E F G F 8 L E I HTINUPUDDNURGSEMMHG
AGAGGACTCGACGGACATCCCTCTGTCAGGTGTTAACAGAGAGCATAGGCAGCAAAGACCATCGAGTCCTGTGGCTAGGCGAACCAGAAGCCAGACCTCCATG
E D S T D I P L S GV NREUHRUGOUGOIRUPS S P VAR RTI RS QT S M
AGCTCCAGTGGTCCTAGGGGCAGGCGTGGTGCGAGGAGGCAGGGTTCTGTGCAAGGGTCATTTGCAACTCTGGGAAGGTTAAGGAATGGAATTGGAGTAGCCC
S 8 s G P R G RRGARIRGQGS V QGG S FATULGRULZRWNGTIUGV AL
TTGGTGTTCCCAGAGTTAGTGCCCCTCGCACTAATGTTATTAATTCCCACACCAACCAGTCAGATGGTAGTACTCTCAGGCAAGGTGGACGGCAGCGGTTTGG
G vV P R V S A P R T NV I NS HTWNOQ S DG S TLIRQ G G R Q R F G
AGCAGCACATATTTGGGAAAACGGGGCTAGAAGTAATGTTACAGTGAGGAACACAAACCAAAGATTAGAGCCAATAAGATTACGTCCTGCTTTCAGTAGTCGA
A A H I WEDNUGA AWRSNUV TV RNTNUGQRILEU®PTIRTILIRUPATF S S R i34

AGCCGGTCCCCCATTCAGAGACAGAATGGTACTGTTCATCATAATTCCCAAAGGCAGGGTAGACCAGTACAGCARACGGGTAGAAACAGGTCTGTTAGGCACA

1237

S R 8§ P I 0 R Q NGTT V HHNSOQIRUOQGRUPVQ QT G RNIR S V R HR
GAGGTGTAACTCGGGTCTTTTTAGAACAAGGTAGAGAACGCAGAGGCACTGATTACACCCCGCTGTCCAACTCAAGACTTGTGTCAAGAATAACAGTAGAAGA
G v T R V F L E Q GREURRGTUD YTPUL S N S RULV S RI

GGGAGAGTCTAGCAGGTCCTCAGCTGCCACCCAGCGTCATCCAGCAATCACACTGGACCTGCAAGTCAGGAGGATTCGGCCTGGAGAAACTAGAGATAGGGAT
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§ I A N R TR S R A GLAE STV E ST S GGG G F HRTTI S HLETR S G
GTGTCCGAACCTACGTGAGCACCATCACAGTTCCTCTTCGCAGGATT TCTGAGAATGACGTGGTCGAGCCATCCTCCGTGGCTCTTCGGTCAATTTTAAGGCA

vV R T Y VvV s T I T V P L R R I S ENDV V E P S S V A L R S I L R Q
GATCATGACTGGGTTTGGAGAGCTGAGTTCTCTAATGGAGGTGGAGCCTGCGTCAGAGAATCAAAGCAATGGCCAACGTTTACCAGAGGTGTACCTAGAACTG
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AGTGAGTTAGGTAAGGTGTGTAGCGTGTGCATCAGTGACTACGTGGCTGGGAACAAGCTCCGGCAGCTGCCTTGTCTGCACGAGTTTCACATTCACTGTATTG
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TGTTGCTGGAGCTTCATAGTCAAACGCTTTTCTTGAGTTACTTGTGATCAGGTAACCAAGGCAAAAAAAAAACAAARAACAAAAAAACCTATCAGATTATAGT
TTGCACTATTTTTTGTGTGCTTTTTTTTAAAACTTGTTACAGAGTTTGTTTATATAAAAAAATTTAAAATGCAGATGTTAAATTATCCAAAAGTAAAGAATAG
TTAATATTGCTAGAACCAAATAACCTTTAAAATGTTTTTATTTTGGTAATTTTGTCATGCTAAGCACTTTTGTATGTTAGGGATCTTGAGTCTTTCTCCTAAT
ACTGCAGTAGGGATGGCTGGGATTTTCCAGTTTGAGCTCAGTGCTTTGTTTAGACACTACTGTCTGGTCTTTGTAGACTGTTAGGGTGAATGTCTGCTAGATA
GACTTAAGTTACTTGAAATGATAATTTAACTCGTGGCACACTCTATGTGTGTATGCAGGTATGTAACTGTGGGAACATATCCAGGCTAAAAACTCTAAGCTTG
AGACTTAAGCTTCGGGGCTTAGACTGCATATGGTACAGTGTAAACAGTGACAAGATCATCTCCACGAGGAAGTGAATTAAGATACAGTTTTAAGATAGAGATT
GTTTACTGAAGCGTGTCTGACAATCTGACTTAATAGAGAGCGAGCGACATACAATAATGAACCTAGTATTTCTTTATTCATGGAATGTGGAAATTTTATGACA
GGTAGTTTTAAGTTCGTCTTTTTTGTGATTTTTTTTTTTTAGAAGTACAAATACTTCTTGGGTTAGGTAAGGGTTTAACACTAGCTTGATTTTCAAAGTTAGT
TTTAAAATACTAAATACTTTAGTCTATCCAGTAGTGCAATGCATAGCAGCAATATAGTAAATTTGGTGCCCAAAAGCTCCAAATAAAAGCCTTTAAAAGAACA

TAGAGTTTATA
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FIG. 2. Nucleotide sequence of Rnf6 cDNA and sequence comparison of the human and murine proteins. Nucleotides are numbered from the
transcription start. Amino acids in boldface are identical between the murine and human proteins. The coiled-coil and RING-H2 domains are

singly and doubly underlined, respectively.

Rnf6 binding to the Inha promoter: a role of the GGGGC
repeats. Gel electrophoresis retardation assays were per-
formed to monitor complex formation with a labeled NMPI
probe by first using the in vitro transcription-translation prod-
uct of the complete Rnf6 cDNA. As shown in Fig. 5A, a
protein-DNA complex was detected. Specificity of complex
formation was ascertained by its sensitivity to competition by
an excess of the unlabeled probe and by the lack of effect of the
oligonucleotides DMPI (mutated in the two GGC boxes) and

STATS3 (an unrelated sequence). It is of interest that the Spl
oligonucleotide, which includes a direct repeat of GGGGC
without a spacer, did not compete to a significant extent with
binding of the protein to NMPI. Addition of anti-Rnf6 anti-
bodies resulted in the appearance of a slowly migrating com-
plex, thereby confirming that the protein was associated with
the DNA probe.

When nuclear protein extracts prepared from primary-cul-
ture Sertoli cells were used as a source of protein, two com-
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FIG. 3. Rnf6 messenger is preferentially expressed in testicular cells.
(A) Northern blot analysis of total RNA prepared from brain (lanel),
heart (lane 2), liver (lane 3), intestine (lane 4), lung (lane 5), spleen (lane
6), adult testis (lane 7), testis of a 10-day-old mouse (lane 8), testis of a
20-day-old mouse (lane 9), testis of a 25-day-old mouse (lane 10), testis of
a 30-day-old mouse (lane 11), testis of a 2-month-old mouse (lane 12), and
freshly isolated Sertoli cells from 3-week-old mice (lane 13). Hybridization
was performed in succession with probes for Rnf6 ¢cDNA and for the
ubiquitous ribosomal S26 protein cDNA (28). (B) Northern blot analysis
of total RNA prepared from germinal fractions purified (=90% pure) by
elutriation centrifugation. Fractions: 1 and 2, spermatozoa and elongated
spermatids; 3 and 4, round spermatids; 5 and 6, spermatocytes. Hybrid-
ization was performed in succession with probes for cDNAs of the Rnf6
and S26 proteins. (C) Top, in situ hybridization performed on testis
section with Rnf6 antisense riboprobe. Bottom, same section stained with
Hoechst 33258. The germinal differentiation stage (2) is indicated for each
tubule section in roman numerals. Bar, 50 pm.
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FIG. 4. Immunolocalization of the Rnf6 protein in the nuclei of
Sertoli cells. (A) Western blot analysis of total testicular protein ex-
tracts with antibodies against the Rnf6 protein. Lanes: 1 and 3, immu-
nization against the amino-terminal 15-mer (SE2896); 2 and 4, immu-
nization against an internal peptide (SE2893; see Materials and
Methods); 1 and 2, immune serum; 3 and 4, preimmune serum. MW
(kDa), molecular mass in kilodaltons. (B) Immunofluorescence stain-
ing (a and c) and Hoechst 33258 staining (b and d) of Sertoli cell
primary cultures with SE2896 antibodies (a) and the corresponding
preimmune serum (c). Bar, 10 um. (C) Double immunofluorescence
staining of Sertoli cell primary cultures with antibodies directed against
the Rnf6 protein (SE2896) and either the PML or the Daxx protein.
The Rnf6 protein was revealed with tetramethyl rhodamine isothio-
cyanate-conjugated anti-rabbit IgG and staining of PML or Daxx pro-
tein with fluorescein isothiocyanate-coupled anti-goat or anti-mouse
IgG, respectively. The images at the bottom show staining with the
preimmune serum and the corresponding mixed secondary antibodies.
Bars, 10 pm.

plexes with distinct migration rates were evidenced (Fig. 5B),
with the faster-migrating complex at the same position as the
one generated by the in vitro translation products (Fig. 5C).
Although DNA-protein interactions in a complex nuclear ex-
tract cannot be directly compared with those allowed by the
simplified transcription-translation system, the presence of the
protein was ascertained in both cases by the changes in mobil-
ity seen in all cases in the presence of antibodies (see Fig. 7).
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FIG. 4—Continued.

Rnf6 up-regulates the Inha promoter. Following up from
our initial hypothesis that the PyLT protein competes for the
binding of a transcriptional activator to the Inha promoter, we
sought evidence of an activating function of Rnf6 by transient-
cotransfection experiments with BALB/3T3 cells. The pNeo-
RNF6 expression vector for the complete cDNA was trans-
fected together with pInh-lacZ. As shown in Fig.6, expression
of Rnf6 increased the activity of the Inha promoter in a dose-
dependent manner. This increase in expression was abolished
in the presence of the PyLT protein (cotransfection of the
pPyLT1 expression vector). As predicted, Rnf6 had no effect
on the activity of the Inha promoter mutated in the two GGC
boxes.

We previously reported that expression of the Inha tumor
suppressor was greatly reduced in 45T-1, a cell line derived

from a Sertoli tumor (11). Rnf6 expression was, in fact, also
reduced to very low levels in the same cells (Fig. 7). To confirm
directly an effect of Rnf6 on the expression of the endogenous
Inha promoter, 45T-1 cells were transfected with pNeoRNF6
DNA and, as a control, with the pCDNA3-1 empty vector.
Three independent transformants were cloned in each series
after selection in G418-containing medium. As shown in Fig. 7,
increased levels of Ruf6 transcripts were observed by Northern
blot hybridization in all three of them. Protein extracts pre-
pared from these clones generated complexes in gel electro-
phoresis retardation assays comparable to those produced by
extracts from native Sertoli cells, and the presence of the Rnf6
protein in these complexes was demonstrated by a shift in
electrophoretic mobility upon addition of anti-Rnf6 antibod-
ies. Positive regulation of endogenous Inha transcription was



3494 LOPEZ ET AL.

z
=
32
=3

X0OL IdWN
X0LELVLS
X00L ELVLS
X0L IdWa
X00L g

3
@ 7
& £

o

X001 1dg

NMPI : GGCAGGGGCGACTGGGACTGTGGGGCGTGE
DMPI : GGCAGGTGCGACTGGGACTGTGGTGCGTGG
STAT3 : ATGATTTACGGGAAATGTC

Sp1 | GGGTCCAGAGCGGGGCGGGGCTGGCCGTE

c TRLETEE D .,

T I ., 22 HH I3

Competitor DNA = & |/ s i
0% 8 X 8888 o 08 8

> X >

Nuclear extracts In vitro product

‘-

o

FIG. 5. Binding of the Rnf6 protein to the Inha promoter and
requirement for the GGGGC repeat. (A) Electrophoretic retardation
assay performed with the double-stranded oligonucleotide NMPI cor-
responding to part of the /nha promoter and the in vitro transcription-
translation product of Rnuf6 cDNA. The competitors used were oligo-
nucleotides STAT3 (unrelated); Sp1, with two immediately adjacent
GGGGC boxes; and DMPI, with the same sequence as the probe
except for GGC-to-TGC mutations in the two boxes. (B) Same exper-
iment as in panel A but with the addition of anti-Rnf6 serum (SE2896,
diluted 1:250). The arrow indicates the protein complex bound to the
NMPI probe, and the arrowhead indicates the position of the higher-
molecular-weight complex formed in the presence of antibodies.
(C) Same assay performed with nuclear protein extracts from a pri-
mary culture of Sertoli cells (5 pg per assay). (D) Comparison in the
same experiments of the migration rates of the complexes generated by
the nuclear extract (left lane) and the in vitro translation product (right
lanes).

demonstrated by the increased levels of Inha RNA in the three
clones in which Rnf6 was reexpressed from the transfected
expression vector (Fig. 7C). In agreement with previous find-
ings on the effect of Inha expression, these clones recovered
the contact inhibition of growth in culture characteristic of the
nontransformed Sertoli line (data not shown).

DISCUSSION

Previous results (11) led us to a hypothesis of competition
between PyLT and a still undefined cellular transcriptional
activator for binding to a critical site in the Inha promoter. A
similar hypothesis had been proposed previously by Grimaldi
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et al. (7) for a different promoter also expressed in Sertoli cells
(human urokinase) and simian virus 40 T antigen, which has
the same binding sites (repeated G[G/A]GGC boxes) as the
polyomavirus oncoprotein (23). In both instances, the identity
of the putative transcriptional activator had remained un-
known. In order to identify a candidate protein(s), we screened
a testis cDNA expression library for the binding of a double-
stranded oligonucleotide containing a fragment of the Inha
promoter region with the characteristic repeat of a GGGGC
motif. A negative criterion was introduced into the screening
procedure by retaining only cDNA clones that would bind the
probe (NMPI) but would not recognize the mutated oligonu-

E3
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6
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2
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plnh-lacZ 0.5 pg 0.5 ug 0.5 png 0.5 ng
pCDNA3 0.5 pg L = =
pneoRNF6 - 0.1 pug 0.2 ug 0.5ng
11
Relative
B galactosidase
activity
0.51
0 ﬂ
pinh-lacZ 0.5 pg - - -
pinhmut-lacZ - 0.5 g 0.5 ng 0.5ug
pneoRNF6 0.2 ug i 0.5 pg 0.2 ug
pPyLT1 0.2 ug - - 0.2 ug
pCDNA3 - 0.5 ug - -

FIG. 6. Rnf6 expression upregulates the activity of the Inha pro-
moter. B-Galactosidase activity was measured in BALB/3T3 cells 72 h
after transfection of the indicated plasmid DNA mixtures. Relative
values are indicated as the mean = the standard error of the mean in
triplicate measurements. The experiment shown is representative of a
set of four independent experiments.
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FIG. 7. Rnf6 overexpression increases Inha messenger level.
(A) Complex formation between the NMPI probe and nuclear protein
extracts from total testis cells, primary-culture Sertoli cells, and one of
the 45T-1(RNF6) clones. The probe was incubated with the protein
extracts either with or without an excess (100-fold) of unlabeled NMPI
oligonucleotide. In the indicated lanes, the binding reaction was per-
formed in the presence of anti-Rnf6 antibodies (SE2896). The arrows
correspond to the protein complexes bound to the NMPI probe, and
the arrowhead indicates the position of the higher-molecular-weight
complex in the presence of antibodies. (B) Northern blot analysis of
Rnf6 expression in primary-culture Sertoli cells (lane 1), in the 45T-1
cell line (lane 2), in 45T-1 cells transfected with the empty vector (lane
3), and in three independent 45T-1(RNF6) stable transformants (lanes
4,5, and 6). The same membrane was hybridized in succession with
probes for the Rnf6 (top) and Hprt (bottom) mRNAs. (C) The same
RNA preparations as in panel B were reverse transcribed with oli-
2o(dT) primers and tested by PCR for the presence of Inha (top) and
Hprt (bottom) messengers.

Rnf6 CONTROL OF GENE EXPRESSION IN THE TESTIS 3495

cleotide DMPI, in which the GGGGC motifs were replaced
with GGTGC.

Sequence analysis of one of the clones initially selected
showed that it corresponds to the murine homologue of the
RNF6 protein identified in humans (14). It belongs to a sub-
family of the zinc finger proteins designated RING-H2 (12). Its
function is unknown, but expression in the testis of several
proteins belonging to this family and their possible implication
in spermatogenesis were recently reported (5, 17, 21). North-
ern blotting and in situ hybridization revealed that Rnf6 is
preferentially expressed in the testis, in both Sertoli cells and
pachytene spermatocytes. The protein belongs to the RBCC
subfamily of RING finger proteins that contain B-box and
coiled-coil domains (9). The discrete nuclear speckles revealed
by immunostaining with anti-Rnf6 antibodies were evocative of
the nuclear bodies known as PODs or ND10 (reviewed in
reference 3), and the Rnf6, PML, and Daxx proteins were
indeed found to colocalize in the interphase nuclei of primary-
culture Sertoli cells and of cells of the Sertoli-derived 15P-1
line. The POD structures have been proposed to represent a
nuclear depot for storage, degradation, and/or titration of nu-
clear proteins involved in regulatory functions. The dot struc-
ture is known to disappear during mitosis and to be replaced by
a diffuse intranuclear distribution, and it was, similarly, not
seen during meiosis.

The complexity of the observed gel shift patterns suggests
that a protein(s) other than Rnf6 participates in the complexes
controlling Inha expression. The modulatory role of Rnf6 is
exerted within a two- to threefold range, a moderate extent but
one that may be critical in physiological control mechanisms, as
suggested by in vivo observations on tumor development in
transgenic animals (11). The occurrence in other Sertoli cell-
specific promoters of sequences similar to the Rnf6 binding
sites of Inha (reference 7 and our unpublished results) suggests
that the protein may regulate a number of target genes during
spermatogenesis that remain to be characterized. A detailed
analysis of the features of the promoter sequence critical for
protein binding is in progress. Preliminary results indicate that
one GGGGC box alone is not sufficient for RNF6 binding and
that spacing between two of them may be critical. This is
already indicated by the low efficiency as a competitor for Rnf6
binding of the Spl oligonucleotide, which contains two adja-
cent GGGGC motifs (Fig. 5A).

On the other hand, recent reports from several laboratories
(reviewed in reference 10) have assigned to the RING finger
proteins a critical role as E3 ubiquitin ligases that are able to
transfer ubiquitin to heterologous substrates, as well as to the
RING proteins themselves. These reports point to a possible
function of these proteins in the regulation of protein stability,
a feature of germinal differentiation that has yet to be exam-
ined in detail but is likely to be important. Establishment of
whether or not Rnf6 could act as an E3 ligase in Sertoli and/or
germ cells may provide a first clue in this direction, as well as
the identification of potential targets and cell-specific partners
of the protein in the somatic and germinal cells of the testis.

Because of the lack of a culture system for meiotic cells,
mutagenesis by targeted meiotic recombination (27) appears
to be the most hopeful approach to elucidation of the function
of Rnf6 in the germinal component of the testis. Analysis of
the function of the protein and its RING domain in Sertoli
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cells may, on the other hand, be performed by a genetic anal-
ysis of primary-culture cells and the established line 15P-1 (20).
Another possible outcome of these studies may be to gather
information on the mechanism responsible for the decrease in
Inha expression associated with the aging process (11, 18).
Possible changes in Rnf6 expression during that period of life,
either at the transcriptional level or in the properties of the
protein, are under investigation.
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