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Abstract
The death receptor Fas transduces apoptotic death signaling
upon stimulation with the Fas ligand. We previously reported
that Fas contributes to vaginal cell death observed during the
estrus cycle and after estrogen deprivation, using the
functional Fas-lacking lpr and lprcg mutant mouse. In the
present study, we investigated whether the Fas ligand also
plays a dominant role in vaginal cell death using the functional
Fas ligand-lacking gld mutant mouse. Our results demon-
strated that vaginal cells of gld mice do not show any
abnormalities, suggesting the possible presence of another
ligand for Fas. Through our investigation, we demonstrated
TNF-a as a ligand for vaginal Fas. Here, we propose that TNF-a
acts for the ligandforFas invaginalcells,suggestinganewcell
death induction system.
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Introduction

Programmed cell death is an indispensable process for cell
homeostasis and observed in various physiological phenom-
ena and disease states, with two processes characterized by
distinct morphology termed `apoptotic cell death' and `necrotic

cell death'1. Apoptotic cell death shows condensation and
fragmentation of nuclei, loss of plasma membrane microvilli,
condensation of cytoplasm, and fragmentation of chromoso-
mal DNA into 180 bp oligomers.1,2 Recently, various death-
associated genes have been identified, some functioning to
promote the death signaling and others acting to prevent it.

The death receptor Fas (APO-1/CD95) is a cell surface
molecule belonging to the nerve growth factor/tumor
necrosis factor (TNF) receptor family and transduces
apoptotic death signaling upon stimulation with Fas
ligand, a novel member of the TNF family.3 Endogenous
expression of Fas was found in thymus, lung, liver, ovary
and male and female reproductive tracts.4 ± 6 A dominant
role of Fas in physiological cell death and disease states of
the thymus and liver has been reported.7 ± 9 Lpr and lprcg

mutants were identified as endogenous Fas-lacking mice
caused by insertion of an early transposable element (ETn)
or a point mutation in the death domain.10 Using these
mutant mice, we demonstrated that Fas plays a dominant
role in physiological cell death and disease states of male
and female reproductive tracts.5,6,11 In addition, the gld
mutant mouse was reported as a Fas ligand-lacking mouse,
resulting from a point mutation.12

Cell proliferation in male and female reproductive tracts
is regulated by gonad steroid hormones, especially
estrogen and androgen.13 Therefore, estrogen- or andro-
gen-deprivation induces cell death in these tissues,
accompanying the down-regulation of Bcl-2 oncopro-
tein.5,6,11,14 We previously demonstrated a dominant role
of Fas in male and female reproductive tracts, especially
vagina, prostate and epididymis, and established these
tissues as an in vivo Fas-mediated apoptosis model.5,6 In
the present study, we examined whether the Fas ligand
also plays a dominant role in vaginal cells to further
investigate the molecular mechanisms of reproductive cell
death. The results demonstrate the presence of another
possible ligand for Fas, suggesting cell variation in Fas-
mediated apoptosis.

Results

Fas ligand/Fas system in the vagina

We previously reported that Fas-mediated apoptosis occurred
in vaginal cells after estrogen deprivation induced by
gonadectomy.5 In the present study, vaginae from wild type
mice showed regression 2 days after gonadectomy, but those
from lpr mutant mice did not (Figure 1), consistent with our
previous observations.5 When gld mutant mice were
gonadectomized to investigate whether Fas ligand also
plays a dominant role in vaginal cell death, those showed
estrogen dependency, namely regression after estrogen
deprivation (Figure 1) and normal estrus cycle (data not
shown). These results indicate that Fas plays a dominant role
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in vaginal cell death, but Fas ligand does not, implying the
presence of alternate ligands for Fas.

TNF-a/TNF-R1 system in the vagina

It is known that tumor necrosis factor-a (TNF-a) belongs to
the same family as Fas ligand and transduces apoptotic
death signaling through the type-I TNF receptor (TNF-
R1).3,15 Therefore, we examined the possibility that the
TNF-a/TNF-R1 death-inducing system may participate in the
vaginal Fas-mediated apoptosis. As shown in Figure 2A,
TNF-a was newly expressed in vaginal tissues by the
estrogen deprivation (2 days after gonadectomy). In
contrast, expression of TNF-R1 was not detected before
and after gonadectomy (Figure 2B).

Physical interaction between Fas and TNF-a

Our above results led us to the possibility that TNF-a may bind
to Fas and induce apoptotic death signaling in vagina.
Therefore, we investigated this potential interaction between
Fas and TNF-a. As shown in Figure 3, murine recombinant
TNF or Fas was co-immunoprecipitated by antibodies for Fas
or TNF in vaginal cells and murine Fas-expressing hepatoma
F6b cells,16 but not in N1d cells (control for F6b cells).

Figure 1 Vaginal regression induced by gonadectomy. Fas-mediated
apoptosis in mouse vagina is accompanied by decrease in vaginal organ
weight (5, 33). Vaginae were weighed from wild type (Wild), lpr/lpr (lpr) and
gld/gld (gld) mice before (open) and 2 days after (closed) gonadectomy. Bars
are S.E. of vaginal weight. Five mice/group were used for experiments and
experiments were repeated five times

Figure 2 Expression of TNF-a and TNF-R1. Vaginal proteins were extracted
from wild type mice before (lane 1) and 2 days after (lane 2) gonadectomy.
Immunoblotting with antibodies for TNF-a (left) or TNF-R1 (right) was
performed. In the present study, cultured medium (immunoprecipitation) of
LPS-treated mouse macrophage RAW264.7 cells (lane 3, left and34) and cell
membrane proteins (immunoblotting) extracted from mouse fibroblast L929
cells (lane 3, right) were used as the positive control. The arrows show the
position of TNF-a (left) or TNF-R1 (right)

Figure 3 Co-immunoprecipitation analysis of Fas and TNF-a. (A) Fas co-
immunoprecipitated with TNF-a. Cell surface proteins of vaginal cells (lane 2),
F6B cells (lane 3) and N1d cells (lane 4) were labeled with biotin, and reacted
with 100 ng mouse recombinant TNF-a for 2 h on ice. After reaction, cells were
lysed with buffer and immunoprecipitated with anti-mouse TNF-a antibody.
Immunoprecipitates were dissolved in SDS-containing buffer, heated and
separated on 10% SDS ± PAGE. Vaginal Fas which was collected by
immunoprecipitation with anti-mouse Fas antibody was used as the positive
control for Fas (lane 1). The arrow shows the position of Fas. (B) TNF-a co-
immunoprecipitated with Fas. Vaginal cells (lane 2), F6b cells (lane 3) and N1d
cells (lane 4) were reacted with 100 ng TNF-a, lysed with buffer, and then
immunoprecipitated with anti-mouse Fas antibody (Jo2 clone). Immunopreci-
pitates were separated on 12.5% SDS ± PAGE, and then immunoblotted with
anti-mouse TNF-a antibody. Mouse recombinant TNF-a used for the co-
immunoprecipitation analysis was included as the positive control (lane 1).
The arrow shows the position of TNF-a
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Biological interaction between Fas and TNF-a

We examined whether TNF-a could induce apoptosis through
interaction with Fas. Vaginal cells, F6b and N1d cells were
treated with agonistic anti-mouse Fas antibody (Jo2 Ab: Jo2
clone and 7) or mouse recombinant TNF-a (TNF). As shown in
Figure 4A, Jo2 Ab-induced apoptosis was observed in both
F6b and vaginal cells, but TNF induced only in vaginal cells.
Vaginal cells from lpr and gld mutant mice were prepared to
further examine TNF-induced apoptosis in vaginal cells.
Vaginal cells from an lpr mutant mouse did not show
apoptosis by either Jo2 Ab or TNF (Figure 4B). In contrast,
both Jo2 Ab and TNF induced apoptosis in the gld vaginal
cells (Figure 4B).

TNF-a induces apoptosis through Fas in vaginal
cells

Our present results suggested that TNF-a induces apoptosis
through Fas in vaginal cells. To directly demonstrate this, we

investigated effects of antagonistic Fas and TNF-R1
antibodies in TNF-a-induced apoptosis of vaginal cells.
When cells were pretreated with antagonistic Fas antibody
(C6-1 clone), Jo2 Ab- and TNF-induced apoptosis were not
observed (Figure 5). In contrast, antagonistic TNF-R1
antibody did not show any effects in Jo2 Ab- and TNF-
induced apoptosis (Figure 5).

Analysis of TNF-a deficient mouse

Our present results strongly suggest that vaginal cell death is
induced by TNF-a through Fas. Therefore, we analyzed the
reproductive system of TNF-a-deficient mouse17,18 to directly
demonstrate our hypothesis. The analysis of vaginal smear
showed the persistent estrous stage (data not shown), same
as lpr or lprcg mutant mouse. In addition, estrogen deprivation
triggered by gonadectomy did not induce a decrease in
vaginal organ weight (Figure 6). These results indicate that
TNF-a regulates the vaginal estrous cycle.

Discussion

The death receptor Fas transduces apoptotic death signaling
upon stimulation with Fas ligand or agonistic Fas antibody.3

The physiological role of Fas in the immune system and
various disease states, like hepatitis has been well
investigated,3 however, that in other tissues has not been
elucidated. Recently, we demonstrated that Fas regulated the
vaginal apoptosis observed during the estrus cycle and after
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Figure 4 Nuclear morphology of Jo2 antibody- or TNF-a-treated cells. (A)
F6b, N1d and vaginal cells were treated with or without (Control) 1 mg/ml Jo2
antibody (Jo2 Ab) or 100 ng/ml mouse recombinant TNF-a (TNF) for 12 h, and
then stained with Hoechst 33342. (B) Vaginal cells derived from lpr or gld
mutant mice were treated with 1 mg/ml Jo2 antibody (Jo2 Ab) or 100 ng/ml
mouse recombinant TNF-a (TNF) for 12 h, and then stained with Hoechst
33342

Figure 5 Effect of antagonistic antibody in Fas Ab- and TNF-induced
apoptosis. Vaginal cells were pretreated with 1 mg/ml antagonistic antibody for
Fas or TNF-R1 for 2 h, and then Jo2 Ab (1 mg/ml) or mouse recombinant TNF-a
(10 ng/ml) treatment was performed for 12 h. After treatment, cells were
stained with Hoechst 33342, and the extent of apoptosis induction was
measured as the ratio of apoptotic nuclei in total nuclei (about 5000 cells)
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estrogen deprivation induced by gonadectomy.5 In addition,
the functional absence of Fas induced by neonatal exposure
of synthesized estrogen diethylstilbestrol (DES) initiated the
persistent proliferation of vaginal epithelia, namely the DES
syndrome.11,13,19 Thus, Fas plays a dominant role in the
vagina, and we investigated whether Fas ligand also
participates in apoptosis of vaginal cells.

When intact mice were gonadectomized, vaginal
regression accompanied by a decrease in vaginal organ
weight occurred. In contrast, the functional Fas-lacking lpr/
lpr mutant mice10 did not show this, consistent with our
previous report.5 However, the functional Fas ligand-lacking
gld/gld mice showed the vaginal regression after gona-
dectomy. These results indicate that Fas ligand did not
participate in vaginal apoptosis, implying the presence of
another ligand for Fas in vaginal cells.

The Fas ligand belongs to the same family as tumor
necrosis factor (TNF)-a which also is a death inducing
factor.20 We examined whether TNF-a was expressed
during vaginal Fas-mediated apoptosis, and found specific
expression of TNF-a. In general, TNF-a induces apoptotic
death signaling through the type-1 TNF receptor (TNF-R1)
in various cells.15 However, TNF-R1 expression was not
observed during vaginal Fas-mediated apoptosis. These
results led us to one possibility that TNF-a may interact with
Fas to induce apoptosis in vaginal cells.

We prepared two kinds of cells, endogenous Fas-
expressing vaginal cells and exogenous Fas-expressing
(mouse Fas cDNA-transfected) F6b cell,16 to investigate
the interaction between Fas and TNF-a. Our present results
demonstrated that mouse recombinant TNF-a could bind to
both endogenous and exogenous Fas. However, a

biological interaction, namely apoptosis induction, was
observed in only the vaginal cells. TNF-a could bind to
Fas, but induction of apoptotic cell death was cell-type
specific. Recently, the Fas-DISC (Fas-death inducing
signaling complex) was reported as an essential factor(s)
which directly interacts with the Fas-death domain.21,22

FADD and caspase 8 (FLICE/MACH) was also identified as
the Fas-DISC.23 ± 25 We did not observe any differences in
expression of FADD or caspase 8 between vaginal cells
and F6b cells, but some proteins which were unknown and
were not detected in Fas-DISC from F6b cells, were
extracted as the vaginal Fas-DISC (data not shown). The
different sensitivity to TNF-a in Fas-expressing cells may be
due to the differences in the Fas-DISC pattern. We
additionally suggest that different sensitivity to TNF-a in
Fas-expressing cells causes the cell variation of Fas-
mediated apoptosis. Previous evidences about an interac-
tion between TNF-a and Fas has been reported by
Leithauser et al,26 and TNF-a up-regulates Fas expression
similar to interferon-g.4 In the present study, we demon-
strated a direct association between Fas and TNF-a,
namely binding and apoptosis induction, using vaginal cell.

Our present results strongly suggested that TNF-a acts
as a ligand for Fas in the vaginal cell. To further
demonstrate this, we investigated effects of antagonistic
antibodies for Fas and TNF-R1. In the present study, TNF-
R1 expression was not detected in vaginal cells. In
addition, TNF-a could induce apoptosis in vaginal cells
even in the presence of antagonistic TNF-R1 antibody.
These results indicate that TNF-a can induce apoptosis
independent of TNF-R1. In contrast, apoptosis induction
was suppressed when cells were masked with antagonistic
Fas antibody. On the basis of our present results, therefore,
we suggest that TNF-a can induce apoptosis through Fas in
vaginal cells.

Vaginal cell death and proliferation observed during an
estrous cycle are regulated by ovarian steroid estrogen.
Especially, vaginal cell death is transduced by Fas.5 So,
mice lacking functional Fas show the persistent proliferation
of vaginal epithelia.5 Thus, vaginal cell death is initiated by
Fas, but its stimulation is not triggered by Fas ligand. Our
present results strongly suggest that TNF-a induces vaginal
cell death through Fas. And, analysis of TNF-a-deficient
mice strongly supported this hypothesis. Expression of
TNF-R1 was not observed in vaginal cells, however, TNF-a
deficient mice showed the persistent estrous stage and the
resistance to estrogen regulation. We demonstrated two
important evidences. (1) Fas is an essential factor for the
vaginal cell death, but Fas ligand is not. (2) TNF-a is
necessity for the vaginal cell death, but TNF-R1 is not
expressed in vaginal cells. On the basis of these
evidences, we hypothesize that vaginal cell death is
initiated by new death induction machinery, TNF-a/Fas
system.

We have established the mouse vaginal cell as an in
vivo model of Fas-mediated apoptosis,5 and we continued
the characterization of our model in the present study. Fas
regulates the vaginal cell death observed during the estrus
cycle and after estrogen deprivation, but its death signaling
is not initiated by Fas ligand. We demonstrated TNF-a as a

Figure 6 Analysis of TNF-a deficient mouse. Vaginae were weighed from
TNF-a deficient mouse before (open) and 2 days after (closed) gonadectomy.
Bars are S.E. of vaginal weight. Five mice/group were used for experiments
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ligand for Fas in vaginal cell. TNF-a can bind to Fas in
various types of cells, but death induction is initiated only in
limited cell types, such as the vaginal cell. We could not
clarify the molecular mechanism of this selective death
induction in the present study. However, we detected some
unknown Fas-DISC in the vaginal cell which may contribute
to this selective death induction. We have also reported
that mouse male reproductive tracts, prostate and
epididymis, and pregnancy-dependent mammary tumor
(PDMT) showed apoptotic regression after androgen
deprivation or parturition.6,27 During these apoptosis, Fas
also plays a dominant role, but Fas ligand does not (A.
Suzuki, unpublished data). Therefore, our present findings
of novel death induction by a TNF-a/Fas system, is not
specific for vaginal cells, but also operates in the limited
case. Further studies will be needed to clarify the molecular
mechanism of selective death induction by the TNF-a
through Fas and the localization where TNF-a/Fas system
can operate to induce tissue regression.

Materials and Methods

Animals

Female C57BL/Tw, lpr/lpr mutant C3H and gld/gld mutant CBA mice
were kept in a 12 h light/12 h dark environment at 23 ± 258C and given
standard laboratory chow (CE-2, CLEA, Tokyo, Japan) and tap water
ad libitum. Two-month-old female mice at estrus stage were
gonadectomized and sacrificed. In the present study, five mice in
each group were used, and each experimental procedure was
performed three times.

Protein extraction

Proteins from each tissue were prepared for immunoblotting analysis
by a method described previously.28 Tissues were vortexed without
homogenization in 8 M urea containing 1% SDS and 2.5%
dithiothreitol (DTT, Sigma, St. Louis, MO, USA), then vortexed again
after the addition of 10% NP-40. The extracts were obtained by
centrifugation at 15 000 r.p.m. All procedures were carried out at 48C.
Protein concentrations in the supernatant were determined by the
method described previously29,30 using BCA protein assay reagent
(Pierce, Rockford, IL, USA) with bovine serum albumin as a standard.

Immunoblotting analysis

Expression of TNF-a and TNF-R1 was examined using an
immunoblotting approach. Sample proteins separated by SDS ±
PAGE were transferred onto nitrocellulose filters with a semi-dry
blotting system. The blotted filters were blocked with PBS containing
5% (w/v) skim milk (Snow Brand, Sapporo, Japan) at room
temperature for 1 h, washed with a mixture of PBS and 0.05% Tween
20 (Tween-PBS), and then incubated overnight at room temperature
with antibodies for TNF-a or TNF-R1 diluted 1 : 250 with PBS. After
washing with Tween-PBS, the filters were incubated with a 1 : 1000
dilution of biotinylated anti-rat IgG antibody (Vector Lab., Burlingame,
CA, USA), washed with Tween-PBS, and then incubated with avidin-
alkaline phosphatase (avidin-HRP; Vector Lab.) at room temperature
for 1 h. Color development procedure was performed using the ECL
system.

Immunoprecipitation analysis

Mouse Fas was collected with an immunoprecipitation procedure as
previously described.5 ± 7,11 Cell surface proteins were labeled with
biotin (Pierce), lysed in buffer containing NP-40, precleared with
normal hamster IgG and immunoprecipitated with the Jo2 anti-mouse
Fas antibody.7 The immunoprecipitates were boiled in SDS sample
buffer, separated on 10% polyacrylamide gels, transferred onto
nitrocellulose membranes, and incubated with avidin-HRP (Vector
Lab.), at room temperature for 45 min.

Co-immunoprecipitation analysis

Vaginal cells or a mouse hepatoma cell line transfected with mouse
Fas cDNA,4 F6b (mFas+) and N1d (mFas7) cells,16 were incubated
with 1 mg/ml TNF-a for 1 h at 48C, and then lysed in buffer containing
NP-40. After lysis, immunoprecipitation using Jo2 antibody was
performed. In separate experiments, cell surface proteins of both cells
were biotinylated, and then incubated with 1 mg/ml TNF-a. After lysis,
immunoprecipitation using anti-mouse TNF-a antibody was performed.
Immunoprecipitates were separated by SDS ± PAGE, and immuno-
blotted with anti-mouse TNF-a antibody (Genzyme), or the detection of
biotinylated proteins were performed.

Nuclear morphology analysis

Nuclear morphology after Jo2 antibody- or TNF-a-treatment in F6b,
N1d or each vaginal cells was observed with Hoechst 33342/PI
staining (Molecular Probes, Inc., Eugene, OR, USA) using a previously
described method.31,32

Vaginal cell preparation

Wild type, lpr/lpr and gld/gld mouse vaginae were removed to prepare
vaginal cells. Vaginal epithelial cells were collected with collagenase
treatment and incubated in 0.25% trypsin. Cells were seeded into cell
culture dishes or plates, and 16107 (for the co-immunoprecipitation
analysis) or 16104 (for the nuclear morphology analysis) cells were
used for each experiment.
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