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The expression of Mullerian inhibiting substance (MIS), a key molecule in sex differentiation and repro-
duction, is tightly regulated. It has been suggested that meiotic germ cells repress MIS expression in testicular
Sertoli cells, although the substance responsible for this cell-cell communication remains unknown. Here, we
present the cytokine tumor necrosis factor alpha (TNF-�) as a strong candidate for such a substance and its
downstream molecular events. TNF-� inhibited MIS expression in testis organ cultures, and TNF-��/� testes
showed high and prolonged MIS expression. Furthermore, in transient-transfection assays TNF-� suppressed
the MIS promoter that was activated by steroidogenic factor 1 (SF-1), one of the major transcription factors
that regulate MIS expression. The modulation of SF-1 transactivation by TNF-� is through the activation of
NF-�B, which subsequently interacts with SF-1 and represses its transactivation. The physical association of
NF-�B with SF-1 was shown by yeast two-hybrid protein interaction, glutathione S-transferase pull-down, and
coimmunoprecipitation (ChIP) analyses. ChIP assays also revealed that endogenous NF-�B, as well as SF-1,
is recruited to the MIS promoter upon TNF-� signaling. SF-1-bound NF-�B subsequently recruits histone
deacetylases to inhibit the SF-1-activated gene expression. These results may identify, for the first time, the
responsible substance and its action mechanism underlying the repression of MIS expression by meiotic germ
cells in the testis.

Mullerian inhibiting substance (MIS), also known as anti-
Mullerian hormone (AMH), is essential in normal sex differ-
entiation and reproductive function (for a review, see refer-
ence 48). Its expression is tightly regulated in tissue-specific
and development-specific manners. MIS expression in the tes-
tis is restricted to Sertoli cells and is high in fetal-to-prepuber-
tal mice, but it becomes low in pubertal-to-adult mice. Previous
studies have suggested that MIS expression is regulated inde-
pendently by meiotic germ cells (1, 38), androgens (39), and
gonadotropins (24), although the factors that govern the com-
plex expression of the MIS gene have not been fully under-
stood. The MIS promoter contains a number of evolutionarily
conserved elements, including those for steroidogenic factor 1
(SF-1), Sox9, and GATA-4, and these conserved elements and
corresponding transcription factors have been shown to be
required for the activation of MIS transcription (11, 43, 53).

SF-1, an orphan nuclear receptor, plays an important role in
development and differentiation of the endocrine and repro-
ductive systems (for reviews, see references 37 and 41). Mo-
lecular studies have revealed that many genes encoding steroi-
dogenic enzymes and regulators of endocrine function are
governed by SF-1 for their expression and contain SF-1 re-
sponse elements within their proximal promoters. In testicular

Sertoli cells, SF-1 is required for the expression of MIS (12,
43). Diverse coregulators have been reported to modulate the
effect of SF-1 on gene transcription. WT-1 and GATA-4 acti-
vate SF-1-mediated MIS expression (34, 51), whereas DAX-1
represses MIS expression (20). Other proteins, such as steroid
receptor coactivator 1 (SRC-1) (7), c-Jun (26), and DP103
(35), have also been shown to modulate the transactivation
activity of SF-1, although the significance of these interactions
remains elusive in terms of reproductive development and
function.

NF-�B is a pivotal transcription factor governing the expres-
sion of early response genes involved in numerous cellular
responses to a wide range of signals. The major form of NF-�B
is a heterodimer of the p65 and p50 subunits. In the inactivated
state, NF-�B is sequestered in the cytoplasm through its asso-
ciation with the inhibitor protein I�B. Activation of the NF-�B
signaling cascade results in phosphorylation and subsequent
degradation of I�B, allowing the translocation of NF-�B to the
nucleus, where it induces transcription by binding to specific
response elements (4). Previous studies have shown that
NF-�B cross-talks with other proteins. The NF-�B transacti-
vation function is modulated by proteins such as C/EBP,
SRC-1, glucocorticoid receptor (GR), and RXR, resulting in
the regulation of promoters with �B enhancer motifs (31–33,
45). Furthermore, NF-�B itself is able to repress the activity of
steroid receptors, modulating a number of gene responses to
hormonal stimuli (17, 31, 36).

There have been reports of an inverse relationship between
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germ cell meiosis and MIS expression (1, 38). Since transgenic
mice overexpressing MIS have normal spermatogenesis (3), it
has been suggested that meiotic germ cells repress MIS
expression in Sertoli cells possibly by producing an inhibiting
substance. The cytokine tumor necrosis factor alpha (TNF-� is
produced in meiotic germ cells, spermatocytes, and spermatids
(9, 44), whereas TNF-� receptor is detected in Sertoli cells
(30). Furthermore, NF-�B, a downstream mediator of the
TNF-� signaling cascade, is expressed at a high level in Sertoli
cells and has been implicated in the regulation of mammalian
spermatogenesis (10).

These previous studies allowed us to hypothesize that
TNF-� may be the inhibiting substance that is secreted from
meiotic germ cells and represses MIS expression in Sertoli
cells, possibly through NF-�B activation. To test this hypoth-
esis, we first examined whether MIS expression is repressed by
TNF-� in organ-cultured testes and cultured mammalian cells,
including primary Sertoli cells. Then, we investigated the in-
volvement of NF-�B in the TNF-� repression of MIS expres-
sion and the possible downstream events. Our results suggest
that TNF-� may act as a paracrine factor for the communica-
tion between meiotic germ cells and Sertoli cells to downregu-
late MIS expression in postnatal testis through the activation of
NF-�B and its subsequent interaction with SF-1 on the MIS
promoter. To our knowledge, this is the first molecular mech-
anism that has been suggested to explain the cellular regula-
tion of MIS expression in the testis.

MATERIALS AND METHODS

Animals. TNF-� knockout (B6;129S6-Tnf tm1Gkl, stock no. 003008) and wild-
type control (B6;129SF2, stock no. 101045) mice were purchased from The
Jackon Laboratory (Bar Harbor, Maine). ICR mice and Sprague-Dawley rats
were purchased from a commercial supplier (Daehan Laboratories, Daejeon,
Korea). Thirty-two-day-old male TNF-� knockout mice were injected intraperi-
toneally with recombinant mouse TNF-� (Pierce Biotechnology, Inc.) at 50
�g/kg (body weight) for 6 h. Animals were kept and bred in a cage with water and
chow available and were maintained under controlled conditions (12-h light and
dark photoperiod, 50% humidity, 22°C). The ethical treatment of animals in the
present study was carried out according to National Institutes of Health stan-
dards.

Plasmids. Full-length SF-1 and its deletion mutants were subcloned in frame
into pcDNA3flag and LexA202 vector to construct plasmids for in vitro transla-
tion and for LexA fusion proteins, respectively. Full-length SF-1 was obtained
by EcoRI digestion of pCEP4-SF-1 (a gift from D. D. Moore, Baylor College
of Medicine). SF-1DBD�PL was obtained by EcoRI-SacI digestion of the
pcDNA3flag-SF-1 and SF-1LBD�AF2 region by SacI digestion of pcDNA3flag-
SF-1. The proline-rich domain of SF-1 was amplified by PCR with forward
(5�-GGAATTCAAGCTGGAGACCGGACCA-3�) and reverse (5�-CCCGCTC
GAGCTCTGGTACATTGGGCCC-3�) primers. pcDNA3flag-SF-1DBD con-
struct was generated by self-ligation of pcDNA3flag-SF-1 after digestion with
ApaI. B42-p65 and B42-p50 constructs were as described previously (32).

MIS-Luc and Sox9 expression construct (pSGSox9) are kind gifts from P. K.
Donahoe (Harvard Medical School, Boston, Mass.) and by P. Koopman (Uni-
versity of Queensland), respectively. Mammalian expression constructs of SF-1
mutant (S203A and AF2M4) were kindly provided by H. A. Ingraham (Univer-
sity of California at San Francisco). SFRE-Luc and GAL4-SF-1 constructs were
kindly given by V. Laudet (Centre Nationale de la Recherche Scientifique UMR
49, Lyon, France) and D. D. Moore, respectively. Mammalian expression con-
structs of p65, p50, I�B, HDAC1, HDAC4, and HDAC5 were described previ-
ously (13, 32, 33). HDAC4 and HDAC5 were subcloned into NotI-XhoI site of
pBluescript II KS under the T7 promoter to do in vitro translation. Glutathione
S-transferase (GST)-p65 and GST-p50 constructs were as described previously
(32, 33). Mouse MIS cDNA (pBAM5-mAMH) is a kind gift from R. Lovell-
Badge (National Institute for Medical Research, London, United Kingdom).
Super-I�B� retrovirus vector pLI�B�MSN was obtained from I. Verma (Salk
Institute).

Organ culture. Testes were collected from 7-day-old male ICR mice and put
on a 0.45-�m-pore-size filter membrane in Dulbecco modified Eagle medium
plus 0.5% fetal bovine serum supplemented or not supplemented with 20 ng of
TNF-�/ml. Cultured testes at 32°C were collected at indicated time points and
processed for Northern blot analysis.

Immunohistochemistry. Testes were dissected from male mice and fixed in
10% formalin. The tissues were embedded in paraffin blocks and cut into 3-�m
sections. The sections were deparaffinized in xylene and rehydrated according to
standard procedures. After being blocked with rabbit serum, the sections were
incubated with goat anti-TNF-� antibody (1:150; Santa Cruz Biotechnology) for
60 min at room temperature, followed by the addition of biotinylated rabbit
anti-goat immunoglobulin G (Zymed LAB-SA kit) for 30 min. The sections were
then sequentially incubated with streptavidin peroxidase for 30 min and 3,3-
diaminobenzidine chromogen for 5 min, counterstained with Meyer’s hematox-
ylin, and mounted.

Transient-transfection assays. HeLa, TM4, RAW264.7/super-I�B�, and CV-1
cells were maintained in Dulbecco modified Eagle medium (Life Technologies,
Inc.) supplemented with 10% fetal bovine serum. Cells were plated in 24-well
plates, and transfected with the indicated amount of expression plasmids, a
reporter plasmid, and control lacZ expression plasmid pCMV� (Clontech) by
using Effectene reagent (Qiagen) according to the manufacturer’s instructions.
Total amounts of expression vectors were kept constant by adding appropriate
amounts of pcDNA3. TNF-� and anti-TNF-� antibody (Endogen) were treated
for 24 h after transfection. Trichostatin A (TSA) was added 20 h before the cells
were harvested. The luciferase and �-galactosidase activities were assayed as
described previously (32). The levels of luciferase activity were normalized to the
lacZ expression.

Primary Sertoli cell culture. Primary Sertoli cells were isolated from 20-day-
old rat testes as previously described (27). Transfection of the primary cells was
carried out by using Effectene reagent (Qiagen) as a described above for tran-
sient-transfection assays.

Northern blot analysis. Total RNAs were prepared from testes by using
Tri-Reagent (Molecular Research Center, Inc.). A total of 10 to 30 �g of total
RNA was separated on a 1.2% denaturing agarose gel, transferred onto Zeta-
Probe nylon membrane (Bio-Rad), and immobilized by UV cross-linking. The
membrane was hybridized with a random-primed 32P-labeled mouse MIS or
p450c17 cDNA probe as described previously (25). The membrane was reprobed
for GAPDH as a loading control.

Yeast two-hybrid assay. Plasmids encoding LexA fusions and B42 fusions were
cotransformed into Saccharomyces cerevisiae EGY48 containing the lacZ re-
porter plasmid. The transformants were grown in the inducing medium and
processed for liquid �-galactosidase assays as described previously (25).

GST pull-down assay. GST, GST-p65, GST-p50, and GST-SF-1 fusion pro-
teins were expressed in Escherichia coli BL21 cells and isolated with glutathione-
Sepharose 4B beads (Pharmacia, Biotech AB, Sweden). Immobilized GST fusion
proteins were then incubated with [35S]methionine-labeled proteins produced by
in vitro translation by using the TNT-coupled transcription-translation system
(Promega). The binding reactions were carried out in 250 �l of GST binding
buffer (20 mM Tris-HCl [pH 7.9], 100 mM NaCl, 10% glycerol, 0.05% NP-40, 5
mM MgCl2, 0.5 mM EDTA, 1 mM dithiothreitol, 1.5% bovine serum albumin)
for 4 h at 4°C. The beads were washed three times with 1 ml of GST binding
buffer. Bound proteins were eluted by adding 20 �l of sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) sample buffer, and then ana-
lyzed by SDS-PAGE and autoradiography.

Coimmunoprecipitation. In vivo coimmunoprecipitation assays were per-
formed with HeLa cells transfected with 500 �g of flag-SF-1, flag-HDAC4, or
flag-HDAC5 expression plasmid with 250 �g of each of the p65 and p50 subunits
of NF-�B. The cells were harvested with IPH cell lysis buffer (50 mM Tris-HCl
[pH 8.0], 150 mM NaCl, 5 mM EDTA, 0.5% NP-40, 0.2 M sodium PPi, 0.1 M
Na3VO4) 48 h after transfection. Whole-cell lysate (400 �g) was incubated with
8 �g of anti-flag antibody (Sigma) for 4 h at 4°C and further incubated for
another 4 h after adding 20 �l of protein A-Sepharose CL-4B bead slurry
(Amersham Pharmacia). Sepharose beads were washed three times with IPH
buffer at 4°C. Bound proteins were separated by SDS-PAGE, transferred to
nitrocellulose membrane (Sigma), subjected to Western blot analysis with anti-
flag, anti-p65, and anti-p50 antibody (Santa Cruz Biotechnology), and then
detected with an enhanced chemiluminescence kit (Amersham Pharmacia).

ChIP assay. Seven-day-old testes were organ cultured at 32°C as described
above and treated with 10 ng of TNF-�/ml for 6 h. Cultured testes were then
cross-linked in 2% formaldehyde–0.2% glutaraldehyde for 40 min at room tem-
perature. HeLa cells transfected with expression plasmids and the linearized
reporter MIS-Luc were treated with 10 ng of TNF-�/ml for 6 h and cross-linked
with 1% formaldehyde. After incubation with TSE I (100 mM Tris-HCl [pH 9.4],
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10 mM dithiothreitol) for 20 min at 30°C, testes or cells were washed and
processed for chromatin immunoprecipitation (ChIP) assay as previously de-
scribed (42). Anti-SF-1 (a kind gift from K. Morohashi, National Institute for
Basic Biology, Okazaki, Japan), anti-p65 (Santa Cruz Biotechnology), anti-hem-
agglutinin (anti-HA; Santa Cruz Biotechnology), or anti-Flag antibody (Santa
Cruz Biotechnology) was used for immunoprecipitations. Immunoprecipitated
DNA and input-sheared DNA were subjected to PCR with an MIS primer pair
(sense, 5�-GTGTTTGGTAGTGGGGAGGG-3�; antisense, 5�-GGTGGTACA
GCAAGGTCCGG-3�), which amplifies a 309-bp region spanning the endoge-
nous MIS promoter (�293 to �16). As a negative control, PCRs were performed
with either an actin primer pair (sense, 5�-GAGACCTTCAACACCCCAGCC-
3�; antisense, 5�-CCGTCAGGCAGCTCATAGCTC-3�), which amplifies a 362-
bp region spanning exon 4 of the �-actin gene, or a Luc primer pair (sense, 5�-
GAAGGTTGTGGATCTGGATAC-3�; antisense, 5�-TTTCCGTCATCGTCTT
TCCG-3�), which amplifies an �370-bp region spanning the C-terminal part of
luciferase coding region of the reporter.

EMSA. The preparation of nuclear extracts from HeLa cells and electro-
phoretic mobility shift assay (EMSA) were performed as described previously
(16). As probes, complementary oligonucleotides containing the Ig�-chain bind-
ing site (�B, 5�-CCGGTTAACAGAGGGGGCTTTCCGAG-3�) or the SF-1
binding site from MIS promoter (SFRE, 5�-GGCCGGCACTGTCCCCCAAGG
TCGC-3�) were labeled by a fill-in reaction in the presence of [�-32P]dCTP. For
competition or supershift experiments, a 50-fold excess of unlabeled competitor
oligonucleotide or antibody solution was incubated for 1 h at 4°C prior to the
addition of the probe.

RESULTS

MIS expression is downregulated by TNF-�. To test our
hypothesis that TNF-� is the inhibiting substance for the mei-
otic repression of MIS expression in Sertoli cells, we performed
organ culture of 7-day-old testes in the presence of TNF-� and
examined the effect of TNF-� on MIS expression (Fig. 1A).
MIS expression began to be reduced promptly and decreased
approximately sixfold at 6 h after TNF-� treatment compared
to the control testis without TNF-� treatment (Fig. 1A, top and
bottom panels).

Since TNF-� suppressed MIS expression in the organ-cul-
tured testis, we assumed that MIS expression might be altered
in the testis of TNF-� knockout mice (28). In order to confirm
this assumption, we measured MIS expression during testis
development in TNF-� knockout mice and compared it to that
of wild-type mice (Fig. 1B). In the postnatal testis of wild-type
mice, MIS expression was gradually reduced and became
hardly detectable at day 33. In the TNF-� knockout testis,
however, MIS expression was reduced more slowly than in the
wild-type testis and MIS transcripts were still detectable even
at day 33 (Fig. 1B, top and bottom panels). The alteration of
MIS expression was quite distinct starting around day 26, which
is probably when the expression and secretion of TNF-� from
germ cells in wild-type testis was well established.

The higher and prolonged MIS expression in TNF-� knock-
out mice was further confirmed by the reduced testicular tes-
tosterone level (approximately 2-fold lower than the wild-type
at day 30) and lower expression level of p450c17 mRNA in
postpubertal testes (data not shown). MIS has been reported to
decrease testosterone production in vivo and in vitro by down-
regulating at least the steroidogenic enzyme p450c17 (49, 50).

To test whether TNF-� treatment would correct the mis-
regulation of MIS expression in the TNF-� knockout testis, we
provided TNF-� to TNF-� knockout mice at day 32 after birth.
MIS expression was downregulated approximately threefold in
the TNF-�-injected testis compared to the uninjected testis,
confirming further the MIS gene regulation by TNF-� in vivo

(Fig. 1C). In addition, immunohistology showed that TNF-�
protein was expressed in meiotic germ cells, spermatocytes, in
mouse testis (Fig. 1D), as previously proposed in mice (9) and
recently reported in rats (44). Altogether, the results suggest
that TNF-� downregulates MIS expression in the testis.

TNF-� represses MIS promoter through the modulation of
SF-1 transactivation. To investigate the molecular mechanism
by which TNF-� inhibits MIS expression, we first examined
whether the activity of the proximal MIS promoter was affected
by TNF-� by using a reporter that contains the MIS promoter
spanning �269 to �2, followed by the luciferase gene (Fig.
2A). Previous studies have established that the 180-bp proxi-
mal region of the MIS promoter containing binding sites for
Sox9, GATA4, and SF-1 is sufficient to direct the initiation and
maintenance of cell-specific expression of MIS gene (12). As
shown in Fig. 2A, TNF-� treatment of HeLa cells transfected
with a reporter MIS-Luc alone caused very weak, if any, re-
duction in the basal activity of MIS promoter, which was res-
cued by cotreatment of anti-TNF-� antibody. Since the meiotic
repression of MIS expression in Sertoli cells in vivo occurs in
the state of active MIS expression, we then examined the effect
of TNF-� on the activated MIS promoter by Sox9, GATA4,
and SF-1. Expression of Sox9 and GATA4 moderately acti-
vated the MIS promoter, and treatment with TNF-� did not
affect the promoter activation. However, SF-1 expression acti-
vated the MIS promoter by approximately 4.5-fold and TNF-�
treatment suppressed the SF-1-activated MIS promoter in a
dose-dependent manner. TNF-�-suppression of SF-1 activity
was blocked by cotreatment with anti-TNF-� antibody, indi-
cating the specific effect of TNF-�.

To further confirm that TNF-� repression of the MIS pro-
moter is accomplished through the modulation of SF-1 trans-
activation activity, we tested the effect of TNF-� signaling on
SF-1 transactivation activity by using an SF-1 reporter plasmid
SFRE-Luc that contains SF-1 response elements with a mini-
mal promoter (52). SF-1 activated the reporter expression by
approximately 4.5-fold, and TNF-� treatment suppressed the
SF-1 transactivation activity in a dose-dependent manner,
which was blocked by anti-TNF-� antibody (Fig. 2B). These
results suggest that the TNF-� signaling cascade represses MIS
expression through the inhibition of SF-1 transactivation.

Repression of SF-1 transactivation by NF-�B. Since NF-�B,
a well-known downstream mediator of TNF-� signaling cas-
cade, is highly expressed in Sertoli cells (10), we then examined
whether NF-�B is involved in the TNF-� repression of SF-1
transactivation for MIS gene regulation. TM4 Sertoli cells were
cotransfected with SF-1 expression vector and an increasing
amount of NF-�B subunit (p65 or p50) expression plasmid,
along with a reporter SFRE-Luc (Fig. 3A). Coexpression of
p65 inhibited SF-1 transactivation in a dose-dependent man-
ner. This p65 inhibition of SF-1 transactivation was efficiently
recovered by coexpression of I�B, the inhibitor of NF-�B,
indicating that NF-�B influenced the inhibition of SF-1 trans-
activation. Coexpression of p50 also inhibited SF-1 transacti-
vation in a dose-dependent manner, albeit to a lesser extent
than p65. We also performed a parallel experiment with the
proximal MIS promoter. Consistent with the above data (Fig.
3A), p65 inhibited the expression of MIS-Luc in a dose-depen-
dent manner to an extent comparable to that of SFRE-Luc in
TM4 cells (Fig. 3B). Similar results were observed with both
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FIG. 1. Downregulation of MIS expression by TNF-� in the testis. (A) MIS gene regulation by TNF-� in the organ-cultured testis. Testes from
7-day-old male mice were organ cultured in the presence or absence of 20 ng of TNF-�/ml and collected at the indicated time points for the
preparation of total RNA. Testes from two to three mice were used for each time point. At the top of the panel, a Northern blot analysis of total
RNAs from organ-cultured testes with 32P-labeled mouse MIS cDNA as a probe is shown. The expression of GAPDH was used as an internal
control. At the bottom of the panel, MIS mRNA signal quantified by using a phosphorimager and normalized by determining the GAPDH mRNA
level in each sample is shown. Data are representative of three similar experiments. (B) MIS expression during the development of TNF-� knockout
testis. Total RNAs from TNF-� wild-type and mutant testes were prepared at different developmental days. Testes from two to three mice were
combined to prepare total RNAs for day 7 to day 26 samples. A Northern blot analysis of the total RNAs from testes with 32P-labeled mouse MIS
cDNA as a probe is shown in the top panel. 28S rRNA was used as an internal control. In the bottom panel, the MIS mRNA signal was quantified
and normalized by using the 28S rRNA level in each sample. Two independent experiments were performed, and error bars represent the standard
error of the mean (SEM). (C) Downregulation of MIS expression in TNF-� knockout testis by TNF-� treatment. Northern blot analysis was
performed with total RNAs from testes of three 32-day-old TNF-� knockout mice, which were injected with or without 50 �g of TNF-�/kg. (D)
Expression of TNF-� in meiotic germ cells. The immunohistology of mouse adult testis was evaluated with anti-TNF-� antibody. The negative
control was processed with exclusion of the primary antibody. Strong signals in pachytene spermatocytes and elongated spermatids are indicated
by arrows.

VOL. 23, 2003 DOWNREGULATION OF MIS EXPRESSION BY TNF-� 6003



SFRE-Luc and MIS-Luc reporters in HeLa cells (data not
shown). Interestingly, p65 overexpression alone never com-
pletely blocked SF-1 transactivation on the MIS promoter in
TM4 Sertoli cells, whereas 30 ng of p65 expression plasmid
completely blocked the SF-1 transactivation to the basal level
in HeLa cells (data not shown).

The involvement of NF-�B in TNF-�-mediated MIS gene
repression was further confirmed by using super-I�B�-express-
ing cells and IL-�. In super-I�B�-expressing RAW264.7 cells
that lack TNF-�-induced NF-�B activation, TNF-� signaling
did not significantly repress SF-1-induced expression of both
SFRE-Luc and MIS-Luc reporters (Fig. 3C). In addition, IL-�,
another NF-�B-activating agent, was also able to inhibit the
expression of MIS-Luc (Fig. 3D). On the other hand, overex-
pression of c-jun and/or c-fos did not significantly alter SF-1
transactivation with MIS-Luc, indicating no involvement of
TNF-�-induced AP-1 activation in the TNF-� inhibition of
SF-1 transactivation (Fig. 3D). Together, the results suggest
that NF-�B is the essential factor mediating the TNF-� repres-
sion of MIS gene expression.

To further confirm the direct involvement of NF-�B in the
repression of SF-1 transactivation, we simply tethered SF-1 to
a promoter by using GAL4–SF-1 fusion protein and GAL4-tk-
Luc reporter and investigated the effect of NF-�B coexpression
on GAL4–SF-1 transactivation activity (Fig. 3E). As expected,
TNF-� treatment or overexpression of either p65 or p50 re-
pressed the SF-1 transactivation by three- to fourfold. Further-
more, coexpression of both p65 and p50 synergistically inhib-
ited the SF-1 transactivation by approximately 40-fold.

Using primary Sertoli cells isolated from 20-day-old rat tes-
tes, we repeated the experiments with the proximal MIS pro-
moter. Consistent with the above data, TNF-� treatment or

p65 coexpression repressed the MIS promoter activated by
SF-1. Furthermore, TNF-� treatment and p65 coexpression
synergistically inhibited the MIS promoter (Fig. 3F). A parallel
experiment with SFRE-Luc reporter gave results comparable
to those with MIS-Luc (Fig. 3F). Taken together, these results
strongly suggest that NF-�B, a mediator of TNF-� signaling
cascade, is involved in the repression of MIS promoter through
the suppression of SF-1 transactivation in Sertoli cells.

Interaction of SF-1 with NF-�B in vitro and in vivo. To
verify that the functional interaction between NF-�B and SF-1
involved their physical association, we performed yeast two-
hybrid analysis by using SF-1 fused to the LexA DNA-binding
domain and either p65 or p50 fused to the B42 activation
domain. As shown in Fig. 4B, LexA-SF1 fusion protein itself
showed a basal level of �-galactosidase activity and so did
either B42-p50 or B42-p65 alone. However, the presence of
B42-p50 with LexA-SF-1 strongly induced �-galactosidase ac-
tivity, whereas the presence of B42-p65 with LexA-SF-1 in-
duced very weak activation of the reporter. The region of SF-1
protein responsible for its association with NF-�B was then
determined by using LexA fusion proteins of serial SF-1 dele-
tion mutants (Fig. 4A). The SF-1DBD�PL and SF-1PL inter-
acted with p50 as strongly as did the full-length SF-1, but very
weakly with p65 (Fig. 4B). LexA-SF-1LBD�AF2 fusion did
not exhibit any significant interaction with either p50 or p65.
The results indicate that SF-1 interacts with NF-�B mainly
through the p50 subunit, and the SF-1 region, which is circum-
scribed by amino acids 116 to 225 and contains the proline-rich
domain, is the major determinant for the interaction of SF-1
with NF-�B.

Direct physical interaction between SF-1 and NF-�B, and
the region of SF-1 responsible for their interaction were also

FIG. 2. Repression of MIS promoter by TNF-� through the negative regulation of SF-1 transactivation. HeLa cells were transiently transfected
with a reporter alone or along with 10 ng of SF-1, GATA4, or SF-1 expression plasmid. After 24 h of transfection, they were treated with TNF-�
alone (in nanograms/milliliter) or together with anti-TNF-� antibody (in micrograms/milliliter) for 24 h. (A) Cells were cotransfected with MIS-Luc
reporter. (B) Cells were cotransfected with SFRE-Luc reporter. All values represent the mean 	 the SEM of at least three separate transfection
experiments.
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FIG. 3. Inhibition of SF-1 transactivation by NF-�B. (A and B) The p65 and p50 subunits of NF-�B inhibited the transactivation of SF-1 with
SFRE-Luc and MIS-Luc reporter. (A) TM4 cells were transiently cotransfected with 10 ng of SF-1 expression vector and increasing amounts of
either p65 or p50 expression plasmid, along with SFRE-Luc. (B) TM4 cells were cotransfected with the indicated expression plasmids along with
MIS-Luc. (C and D) NF-�B activation is involved in the TNF-� inhibition of SF-1 transactivation. (C) RAW264.7 cells expressing super-I�B�
(stably transfected with pLI�B�MSN) were transfected with SF-1 expression vector, together with the indicated reporter, and treated or not treated
with TNF-�. (D) HeLa cells were transfected with the indicated expression vectors (10 ng of SF-1 and 50 ng of c-jun and/or c-fos) and MIS-Luc
and either treated or not treated with 10 ng of IL-1�/ml. (E) The p65 and p50 subunits are directly engaged in the repression of SF-1
transactivation. CV-1 cells were cotransfected with the indicated expression vectors (10 ng of GAL4-SF-1, 30 ng of p65 and/or p50), along with
GAL4-tk-Luc reporter. (F) In primary Sertoli cells, TNF-� and the p65 subunit of NF-�B inhibited SF-1 transactivation, resulting in the repression
of MIS promoter. Primary Sertoli cells isolated from 20-day-old rat testes were transiently transfected with the indicated expression vectors (20 ng
of SF-1, 50 ng of p65), together with either MIS-Luc or SFRE-Luc. All values represent the mean 	 the SEM of at least three separate
experiments.
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FIG. 4. Association of NF-�B with SF-1 in vitro and in vivo. (A) Schematic diagrams of SF-1 full-length and deletion constructs. (B) The p50
subunit of NF-�B efficiently interacted with SF-1 via its proline-rich domain in yeast two-hybrid protein-binding assays. The interaction between
SF-1 and either p65 or p50 was scored by the activation of �-galactosidase reporter. All values represent the mean 	 the SEM of at least three inde-
pendent colonies. (C) The p50 subunit directly interacted with SF-1 via its proline-rich domain in GST pull-down assays. [35S]methionine-labeled SF-1
and its deletion mutants were allowed to bind the GST fusion proteins of p65 and p50 subunits. Reactions were carried out with the equivalent
amount of each protein, as determined by Coomassie blue staining (data not shown). Five percent of the labeled protein used in the binding
reaction was loaded as input. (D) NF-�B was coimmunoprecipitated with SF-1. Flag-tagged full-length SF-1 expression plasmid or Flag-tagged SF-
1LBD�AF2 was cotransfected with p65 and p50 expression plasmid into HeLa cells. Coimmunoprecipitations were conducted with anti-Flag
antibody. Western blot analyses of immunoprecipitated materials were performed with anti-Flag, anti-p65, and anti-p50 antibody. Control Western
blots (WB) are shown for the expression level of each protein. (E) NF-�B was recruited to the endogenous MIS promoter in the testis. ChIP assays
were performed with organ-cultured 7-day-old testes treated or not treated with 10 ng of TNF-�/ml. Cross-linked DNA fragments were immuno-
precipitated with anti-SF-1 or anti-p65 antibody, and the immunoprecipitates were analyzed by PCR with pairs of specific primers spanning the
proximal promoter region of MIS. A control PCR for nonspecific immunoprecipitation was performed with primers specific to the �-actin coding region.
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assessed by GST pull-down experiments. [35S]methionine-la-
beled SF-1 and its deletion mutants produced by in vitro trans-
lation were allowed to bind the GST fusion protein of either
the p65 or p50 subunit of NF-�B (Fig. 4C). Although the p65
subunit did not interact with either SF-1 full-length or deletion
mutants, the p50 subunit interacted with full-length SF-1, SF-
1DBD�PL, and SF-1PL. SF-1DBD and SF-1LBD�AF2 did
not interact with p50. These results are consistent with those
from yeast two-hybrid analysis and suggest that SF-1 directly
interacts with NF-�B through the proline-rich domain of the
p50 subunit.

To determine the in vivo interaction of SF-1 with NF-�B,
coimmunoprecipitation experiments were performed by using
HeLa cells transfected with either Flag-tagged SF-1 or Flag-
tagged SF-1LBD�AF2, along with expression plasmids of the
p65 and p50 subunits of NF-�B. Whole-cell extracts were pre-
pared and immunoprecipitation was carried out with anti-Flag
antibody. Western blot analysis of the immunoprecipitated ma-
terial revealed that SF-1 is associated with NF-�B in vivo (Fig.
4D). There was no detectable p65 or p50 in the Flag-immu-
noprecipitated material from the negative control cells trans-
fected with SF-1LBD�AF2.

In order to determine whether endogenous SF-1 and NF-�B
are recruited by the MIS promoter in vivo, we performed ChIP
assays with organ-cultured 7-day-old testes that were treated
with or without 10 ng of TNF-� (Fig. 4E)/ml. Without TNF-�
treatment, only SF-1, not the p65 subunit (NF-�B), was asso-
ciated with the MIS promoter. However, TNF-� treatment
resulted in the recruitment of NF-�B by the MIS promoter. No
signal was detected from the control PCR for nonspecific im-
munoprecipitation with primers specific to the �-actin coding
region. These results suggest that, upon TNF-� signaling,
NF-�B is recruited to the MIS promoter by SF-1 and down-
regulates MIS expression. This is consistent with the fact that
NF-�B binding sites are not present within the MIS promoter

that is sufficient to direct the initiation and maintenance of
cell-specific MIS expression (12).

DNA-binding activity of SF-1 is not affected by NF-�B. To
explore how NF-�B activated by TNF-� signaling cascade af-
fects SF-1 function, alteration of SF-1 DNA-binding activity
was first accessed by EMSAs by using the SF-1 binding site
from the MIS promoter as a probe (11). When HeLa cells were
treated with TNF-�, NF-�B was activated and translocated
into the nucleus, which was confirmed by the formation of
NF-�B-DNA complex with �B enhancer oligonucleotide (16)
(Fig. 5A). Nuclear extracts from unstimulated HeLa cells pro-
duced a readily detectable SF-1-DNA complex. The formation
of the complex was eliminated by a 50-fold excess of the same
unlabeled SF-1 oligonucleotide but not by a 50-fold excess of
�B oligonucleotide, indicating that the complex formation was
specific (Fig. 5B). This SF-1-DNA complex formation was not
noticeably affected by either TNF-� treatment or the concom-
itant treatment of TNF-� with anti-TNF-� antibody (Fig. 5B).
These results suggest that the repression of SF-1 transactiva-
tion by TNF-� signaling may not be accomplished by the al-
teration of SF-1 DNA-binding activity.

NF-�B represses SF-1 transactivation via recruitment of
HDACs. To search for a clue to the mechanism by which
NF-�B represses SF-1 transactivation, we assessed the involve-
ment of histone deacetylase (HDAC) by using the HDAC
inhibitor TSA. In HeLa cells, cotransfection of SF-1 with p65
expression plasmid repressed SF-1 transactivation to the basal
level, which was fully recovered with TSA treatment at a con-
centration of 50 to 100 ng/ml (Fig. 6A). SF-1 transactivation
activity itself in the absence of p65 was not affected by TSA
treatment. These results imply that HDACs are involved in the
NF-�B repression of SF-1 transactivation.

NF-�B has been reported to recruit HDACs to negatively
regulate its target gene expression (2), which let us test the
possibility of recruitment of HDACs by NF-�B that is associ-

FIG. 5. DNA-binding activity of SF-1 was not affected by NF-�B. HeLa cells were either not treated or treated with TNF-� or TNF-� together
with anti-TNF-� antibody for 24 h. Nuclear extracts were prepared, and EMSAs were performed by using either the �B enhancer oligonucleotide
(A) or the oligonucleotide of the SF-1 binding site from MIS promoter (B) as a probe. (A) TNF-� activated NF-�B, allowing it to form a
NF-�B–DNA complex. (B) The formation of SF-1–DNA complex was not affected by TNF-� treatment. For competition or supershift experi-
ments, a 50-fold excess of unlabeled competitor oligonucleotide or antibody solution was preincubated for 1 h at 4°C.
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ated with SF-1. Each HDAC1, HDAC4, and HDAC5 expres-
sion plasmid, along with p65 and SF-1 expression plasmids, was
cotransfected into HeLa cells, and their effects on NF-�B re-
pression of SF-1 transactivation were assessed. As shown in
Fig. 6B, HDAC4 and HDAC5 were able to further inhibit
p65-repressed SF-1 transactivation by approximately 5- and
7.5-fold, respectively, whereas HDAC1 was unable to repress
it. It is notable that expression of HDAC4 or HDAC5 alone
significantly repressed SF-1 transactivation.

The inhibition effect of HDAC4 and HDAC5 on SF-1 trans-
activation in the absence of p65 coexpression made it difficult
to confirm the NF-�B-dependent recruitment of HDACs to
SF-1. To eliminate such interference, we searched for SF-1
mutants whose transactivation is still inhibited by p65 but not
directly affected by HDAC4 and HDAC5 without NF-�B me-
diation. Two SF-1 mutants, the phosphorylation-defective

(SF-1S203A) and AF-2 (SF-1-AF-2m4) mutants, were tested,
since phosphorylation at Ser-203 and the AF-2 domain of
SF-1 have been previously proposed to control its cofactor
recruitments (15). As shown in Fig. 6C, the transactivation
activities of both SF-1S203A and SF-1-AF-2m4 were repressed
by p65 in a dose-dependent manner, although the repressed
extents were different depending on the mutants. Mean-
while, the transactivation of both mutants was not significantly
affected by coexpression of either HDAC4 or HDAC5 only (Fig.
6D), in contrast with the wild-type SF-1 (Fig. 6B). Consistent
with the idea of NF-�B-mediated recruitment of HDACs to
SF-1, coexpression of HDAC4 or HDAC5 further inhibited
the NF-�B-repressed transactivation activity of both SF-1 mu-
tants (Fig. 6D).

Considered together, these results suggest that NF-�B re-
presses SF-1 transactivation by recruiting HDACs.

FIG. 6. HDACs were involved in the inhibition of SF-1 transactivation by NF-�B. (A) TSA rescued NF-�B inhibition of SF-1 transactivation.
HeLa cells were cotransfected with 10 ng each of SF-1 and p65 expression plasmids, along with SFRE-Luc reporter, and treated with 50 or 100
nM TSA for 20 h before being harvested. As a control, cells transfected with SF-1 expression plasmid alone were treated with 100 nM TSA.
(B) HDAC4 and HDAC5 were involved in the inhibition of SF-1 transactivation by NF-�B. HeLa cells were cotransfected with 10 ng of p65
expression plasmid, and 100 ng each of HDAC1, HDAC4, and HDAC5, along with 10 ng of SF-1 expression plasmid. p65 or each of the HDACs,
was cotransfected with SF-1 expression plasmid as controls. (C) p65 inhibited the transactivation of the SF-1 mutants SF-1S203A and SF-1AF2M4.
SF-1S203A and SF-1AF2M4 are phosphorylation-defective and transactivation activity-defective mutants, respectively. The 20 ng of SF-1 mutant and
3 to 30 ng of p65 expression plasmids were transfected. (D) Effects of both HDAC4 and HDAC5 coexpression on the transactivation of SF-1
mutants. Each expression plasmid of SF-1 mutants (20 ng) was cotransfected with p65 (10 ng), HDAC4 (100 ng), or HDAC5 (100 ng) into HeLa
cells. All values represent the mean 	 the SEM of at least three separate experiments.
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NF-�B directly recruits HDACs to the MIS promoter. To
determine whether NF-�B directly associates with HDAC4 or
HDAC5, we performed GST pull-down assays. Both [35S]me-
thionine-labeled HDAC4 and HDAC5 produced by in vitro
translation were allowed to bind the GST fusion protein of the
p65 or p50 subunit of NF-�B and the GST fusion protein of
SF-1 (Fig. 7A). The p65 subunit interacted efficiently with
HDAC5 and weakly with HDAC4, if at all. It is notable that
SF-1 itself interacted with HDAC4 and HDAC5.

We also performed coimmunoprecipitation experiments to
confirm the association of NF-�B with HDACs in vivo. HeLa
cells were cotransfected with each of Flag-tagged HDAC4,
flag-tagged HDAC5, and flag vector, along with both p65 and
p50 subunits of NF-�B. Whole-cell extracts were prepared, and

immunoprecipitations were carried out with anti-Flag anti-
body. Western blot analysis of the immunoprecipitated mate-
rial showed tighter association of HDAC5 than HDAC4 with
NF-�B in vivo (Fig. 7B).

To show whether endogenous NF-�B recruits HDACs to the
MIS promoter, we performed ChIP assays with HeLa cells
cotransfected with HA-tagged SF-1S203A and either Flag-
tagged HDAC4 or HDAC5 and then treated with or not
treated with 10 ng of TNF-�/ml (Fig. 7C). Without TNF-�
treatment, neither SF-1S203A, nor the endogenous p65 subunit
(NF-�B) nor HDACs were associated with the MIS promoter.
However, with TNF-� treatment, the endogenous p65 subunit
(NF-�B) and HDACs, as well as SF-1S203A, were recruited to
the MIS promoter. No signal was detected from the control

FIG. 7. Association of NF-�B with HDAC4 and HDAC5 in vitro and in vivo. (A) p65 and SF-1 directly interact with HDAC5. 35S-labeled
HDAC4 and HDAC5 were allowed to bind GST fusion proteins of p65, p50, or SF-1. Reactions were carried out with the equivalent amount of
each protein, as determined by Coomassie blue staining (data not shown). Ten percent of the labeled protein used in the binding reaction was
loaded as input. (B) NF-�B associates with HDAC4 and HDAC5 in vivo. p65 and p50 expression plasmids were cotransfected with either
Flag-tagged HDAC4 or HDAC5 expression plasmid into HeLa cells. Coimmunoprecipitations were carried out with anti-Flag antibody, and
Western blot analyses of the immunoprecipitated materials were performed with anti-Flag (HDACs), anti-p65, and anti-p50 antibody. As a
negative control, p65 and p50 expression plasmid were cotransfected with Flag empty vector. Control Western blots (WB) are shown for the
expression level of each protein. (C) Endogenous NF-�B recruits HDACs to the MIS promoter. ChIP assays were performed with HeLa cells,
transfected HA-tagged SF-1S203A, and either Flag-tagged HDAC4 or Flag-tagged HDAC5 and treated or not treated with 10 ng of TNF-�/ml.
Cross-linked DNA fragments were immunoprecipitated with anti-HA, anti-p65, or anti-Flag antibody, and the immunoprecipitates were analyzed
by PCR with pairs of specific primers spanning the promoter region of MIS. A control PCR for nonspecific immunoprecipitation was performed
with primers specific for the luciferase coding region.
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PCR for nonspecific immunoprecipitation with primers spe-
cific to the luciferase coding region, which is ca. 3.3 kb up-
stream of the MIS promoter in the MIS-Luc reporter that was
linearized at the SphI site located between the MIS promoter
and luciferase coding region. These results suggest that NF-�B,
which is recruited to the MIS promoter by SF-1 upon TNF-�
signaling, recruits HDACs to inhibit MIS expression.

DISCUSSION

The present study suggests the molecular mechanism for the
meiotic repression of MIS expression in the postnatal testis by
demonstrating TNF-� inhibition of MIS promoter and its sub-
sequent downstream molecular events. Furthermore, the reg-
ulatory mechanism of SF-1 transactivation by NF-�B, which is
defined in the present study, adds yet another level to the
already complex regulation of gene expression controlled by
SF-1. To our knowledge, this is the first report to address the
role of TNF-� signaling in the regulation of Sertoli cell func-
tion and to describe its action mechanism at the molecular
level.

TNF-� represses MIS expression in the testis and is a
strong candidate for the germ cell inhibitor. Previous studies
have suggested that meiotic germ cells repress MIS expression
in Sertoli cells, possibly by secreting an inhibiting substance.
However, no candidate substance for such a germ cell inhibitor
has been addressed. In the present work, we provide several
pieces of evidence that TNF-� is able to repress MIS expres-
sion, using organ-cultured testis, TNF-��/� testis, and cultured
cells. These results, considered together with the expression of
TNF-� in meiotic germ cells (Fig. 1D) (9, 44), suggest that
TNF-� is a strong candidate for the germ cell inhibitor that
downregulates MIS expression in the postnatal testis. How-
ever, we cannot rule out the possibility that factors other than
TNF-� are also involved in the meiotic repression of MIS
expression in the testis.

The present study demonstrates that TNF-� inhibition of
MIS expression involves NF-�B activation, NF-�B recruitment
by SF-1 to the MIS promoter, and subsequent HDAC recruit-
ment by NF-�B. SF-1 directly interacts with the p50 subunit of
NF-�B, whereas p65 (RelA) subunit is the major component to
recruit HDACs. On the basis of the findings in the present
study, we propose a working model wherein TNF-� signal from
meiotic germ cells activates NF-�B in Sertoli cells. The acti-
vated NF-�B consequently moves to the nucleus and interacts
with SF-1 on the MIS promoter, recruiting HDACs and/or
HDAC-containing complex(es) to repress gene expression
(Fig. 8).

Pubertal repression of MIS expression in Sertoli cells. The
MIS level in serum is inversely correlated to the testosterone
level in serum in males after the neonatal period and has been
suggested to be a useful marker for predicting the onset of
testicular pubertal maturation. Previous studies have suggested
that MIS expression might be regulated via multiple routes,
including meiotic germ cells and androgens. The drastic drop
of the postnatal MIS expression in both TNF-��/� and TNF-
��/� testes in the present study (Fig. 1B) also suggests that
there must be other mechanisms for the repression of MIS in
the absence of TNF-�. The postnatal downregulation of SF-1
in Sertoli cells (18, 19, 47), as well as the increased production

of androgen in the pubertal testis, might be responsible for
such downregulation of MIS since SF-1 is a major transcription
factor for MIS expression and androgen represses the expres-
sion of MIS (39). A synergy between the meiotic entry of germ
cells and androgen downregulation of MIS expression has also
been observed in mice (1).

Molecular mechanisms explaining the cellular and hormonal
regulation of MIS expression in the postnatal testis have re-
mained elusive. In the present study, we propose that TNF-
� is the substance responsible for germ cell inhibition of
MIS expression in Sertoli cells and that its action mechanism
includes NF-�B inhibition of SF-1 transactivation. This in-
hibition mechanism through protein-protein interaction is con-
sistent with the fact that NF-�B binding sites are not present
within the proximal MIS promoter that is sufficient to direct
the initiation and maintenance of cell-specific MIS expression
(12).

The molecular mechanism for androgen repression of MIS
expression during the pubertal period has also been unknown.
However, a recent report that ligand-bound androgen receptor
(AR) directly interacts with SF-1 and represses the SF-1-acti-
vated transcription of the LH� subunit (23) may provide in-
sight into the mechanism of androgen repression of the MIS
gene. That is, in a similar way, androgen-bound AR interacts
with SF-1 on the MIS promoter, repressing SF-1 transactiva-
tion, which consequently results in the suppression of MIS
expression. This protein interaction model of the mechanism
is attractive because androgen-responsive elements are not
found on the MIS gene from 3,750 bp upstream of the tran-
scription site to the polyadenylation site (40), a fact which

FIG. 8. Model for the downregulation of MIS expression by TNF-�
signaling. TNF-� signaling from meiotic germ cells activates NF-�B in
Sertoli cells. The activated NF-�B moves to the nucleus, interacts with
SF-1 that is bound to the SF-1 binding site (SF-1RE) within the MIS
promoter, and recruits HDACs and/or HDAC-containing complex(es)
to repress the gene expression.
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suggests intermediate or alternative pathways of AR function.
Further studies are necessary to determine whether this work-
ing model fits the androgen repression of the MIS gene and, if
so, to explain how the meiotic entry and androgen synergisti-
cally affect MIS expression through the action of both of their
mediators on SF-1.

NF-�B signaling cascades in the testicular function. Recent
studies suggest that NF-�B may have a role in regulating mam-
malian spermatogenesis, its activation being regulated during
spermatogenesis. The p65 and p50 subunits of NF-�B are
stage-specifically found in the nuclei of spermatocytes and
spermatids and constitutively expressed at high levels in the
nuclei of Sertoli cells (10). However, the mechanisms respon-
sible for such NF-�B activation in germ cells and Sertoli cells
are not understood. In addition, Sertoli cells also contain an
inducible pool of NF-�B, since the cytokine TNF-� has been
shown to increase DNA-binding and transcription activities of
NF-�B in Sertoli cells. A number of genes expressed in the
testis, including TNF-�, androgen receptor, and Fas ligand,
have been shown to be regulated by NF-�B in other cells (6, 29,
46). In addition, NF-�B is able to act as a corepressor of
steroid receptors, altering gene responses to hormonal stimuli
(17, 31, 36). However, the precise physiological role of NF-�B
in the testis has not been unraveled.

In the present study we postulate, as a mechanism for mei-
otic inhibition of MIS expression, that NF-�B activated by
TNF-� functions as a corepressor of the orphan nuclear re-
ceptor SF-1. It will be worth investigating whether the same
signal pathway and mechanism are generally applicable to
the regulation of genes whose expression is governed by
SF-1 and downregulated during puberty, such as inhibin alpha
subunit (21). Previous studies have revealed that NF-�B stim-
uli, such as interleukin-1 (IL-1) and TNF-�, inhibit steroido-
genesis by downregulating the transcription of steroidogenic
enzymes such as p450c17 and 3�-HSD in Leydig cells (14, 54).
Based on our present study, the transcriptional inhibition of
steroidogenic enzymes in Leydig cells by TNF-� and IL-1 may
be accomplished by a similar mechanism through NF-�B acti-
vation and its repression of SF-1 transactivation. In light of the
facts that the expression of many genes is regulated by SF-1
and that NF-�B is a ubiquitous transcription factor, the mech-
anism identified here might be one of the common and signif-
icant means of gene responses to NF-�B signaling cascades.

NF-�B as a new modulator of SF-1 activity and a recruiter
of class II HDACs. The transactivation activity of SF-1 is reg-
ulated by protein interaction with diverse coregulatory pro-
teins. WT-1, GATA-4, and DAX-1, which are coexpressed
with SF-1 in several tissues, including testis and ovary, either
enhance or repress SF-1 transactivation. The combination of
interactions might result in temporal and spatial fine-tuning of
the expression of SF-1 target genes such as MIS. Other tran-
scription factors and coregulators have been also shown to
modulate SF-1 transactivation. However, the precise mecha-
nisms responsible for their modulation of SF-1 activity are not
well understood. Some SF-1 coactivators, such as CBP and
SRC-1, themselves have histone acetyltransferase activity, and
DAX-1, at least, recruits the corepressor N-CoR for its repres-
sion of SF-1 (7, 8). In the present study, in particular, we
identify NF-�B as another important modulator of SF-1 trans-
activation.

Besides functioning as a transcription factor, NF-�B has been
reported to act as a corepressor of steroid hormone receptors
such as AR, GR, and estrogen receptor (17, 31, 36), although
the molecular mechanism for its action remains unknown. In
the present study, we demonstrate that NF-�B also acts as a
corepressor of the orphan nuclear receptor SF-1. Furthermore,
we show that SF-1-bound NF-�B recruits HDAC(s). NF-�B
interacts with multiple HDAC isoforms, including HDAC1 (2),
HDAC2 (22), and HDAC3 (5). In addition, we revealed here
that NF-�B is able to associate with class II HDACs, HDAC4,
and HDAC5 (Fig. 6 and 7), showing the capacity of NF-�B to
interact with diverse HDACs.
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