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Follistatin-like-1, a diffusible mesenchymal factor
determines the fate of epithelium
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Mesenchyme is generally believed to play critical roles in “secon-
dary induction” during organogenesis. Because of the complexity
of tissue interactions in secondary inductions, however, little is
known about the precise mechanisms at the cellular and molecular
levels. We have demonstrated that, in mouse oviductal develop-
ment, the mesenchyme determines the fate of undetermined epi-
thelial cells to become secretory or cilial cells. We have established a
model for studying secondary induction by establishing clonal epi-
thelial and mesenchymal cell lines from perinatal p53~/~ mouse
oviducts. The signal sequence trap method collected candidate mol-
ecules secreted from mesenchymal cell lines. Naive epithelial cells
exposed to Follistatin-like-1 (Fstl1), one of the candidates, became
irreversibly committed to expressing a cilial epithelial marker and
differentiated into ciliated cells. We concluded that Fstl1 is one of
the mesenchymal factors determining oviductal epithelial cell fate.
This is a unique demonstration that the determination of epithelial
cell fate is induced by a single diffusible factor.

cell fate determination | epithelial-mesenchymal interaction | Follistatin-
like-1 | oviduct

n the early gastrula of Xenopus, the anterior portion of the

dorsal blastopore lip induces the dorsal axis. Hans Spemann
called this phenomenon “primary induction” (1, 2). The mecha-
nism behind primary induction now has been explained with
diffusible molecules such as chordin, noggin, Follistatin, Xnr3,
and BMP4 (3, 4). After primary induction is completed, “secon-
dary (reciprocal) induction” takes place in various organ anlagen.

Since the 1950s, secondary inductions have been extensively
studied. Various organ anlagen were dissected and enzymatically
separated into epithelia and mesenchyme. Then epithelia alone
or in combination with homologous or heterologous mesen-
chyme were cultured in vitro or grafted into the anterior eye
chamber or under the kidney capsule. It was concluded that the
mesenchyme plays critical roles in organogenesis in kidney (5),
pancreas (6, 7), tooth (8, 9), mammary gland (10), lung (11),
gastrointestine (12), male urogenital tract (13, 14), and female
reproductive tract (15, 16) tissues. In the 1970s, a search for
epithelial cell-fate-determining factors of mesenchymal origin
was begun, but has been without success (17-19).

The oviduct develops from the Miillerian duct and has a unique
epithelium containing two different epithelial cells, secretory
cells, and cilial cells in contrast to simple columnar uterine epi-
thelium and stratified squamous vaginal epithelium. Our previous
study suggested that the oviduct contains at least two distinct
epithelial cell populations rather than a single population with a
transitional phenotype (20, 21). How are their fates determined?

Secondary induction is commonly transient and takes place on
a small scale within a limited number of cells. To circumvent
problems of small tissue scale and to develop reproducible in
vitro models, we established epithelial and mesenchymal clonal
cell lines and attempted to investigate the mechanism of how
mesenchyme determines the fate of epithelial cells in the ovi-
duct. We have already demonstrated that the p53~~ mouse is a
useful source for establishing clonal cell lines with tissue-specific
phenotypes (20, 22-25) and developmental-stage-specific phe-
notypes (21, 26-29).

www.pnas.org/cgi/doi/10.1073/pnas.0909501107

In the present study, we have established clonal cell lines from
perinatal oviducts and have developed an in vitro system in
which epithelial fate determination can be studied. The system
provided evidence that epithelial fate was determined by mes-
enchymal diffusible factors. Then “signal sequence trap,” a ret-
rovirus-mediated expression screening method (SST-REX) (30),
was applied to identify the determining factors. Finally, we iso-
lated Follistatin-like-1 (Fstll) as a diffusible factor from fate-
determining mesenchymal cell lines.

Results

Clonal Cell Lines Established from Perinatal Oviducts. Our recent
study has revealed that undetermined epithelial cells coexist with
cilial and secretory epithelial cells in perinatal oviducts (31),
suggesting that epithelial fate-determining mechanisms become
activated around postnatal days 3-5 (P3-P5). Accordingly, clonal
epithelial cell lines E1 (Fig. S1 A-C) and B1 (Fig. S1 D-F) were
established from oviducts at embryonic day 18 (E18) as a source
of undetermined epithelial cells. Mesenchymal cell lines S1
(Fig. S1 G-I) and S10B (Fig. S1 J-L) were established from
oviducts at postnatal day 3 (P3) as a source of fate-determining
mesenchymal cells.

Both E1 and B1 epithelial cells were stained positive with anti-
cytokeratin 18 monoclonal antibody. Cytokeratin formed fiber
networks around the nucleus (Fig. S1 B and E). Both S1 and S10B
mesenchymal cells were positive for anti-vimentin monoclonal
antibody. Vimentin formed a fiber network in the cytoplasm (Fig.
S17andL). Asexpected, E1 and Bl epithelial cells did not express
Foxj1 or Ovgpl (Fig. 1 A and B). Ovgpl is one of the secretory
proteins of the mouse oviduct (32, 33), and Fox;j1 is a transcription
factor specifically involved in ciliogenesis (34-36). 6B, a cilial
epithelial cell line, and AB, a secretory epithelial cell line, which
were established from adult oviducts in our previous study (20),
expressed Foxjl and Ovgpl, respectively (Fig. 1 4 and B).

If both E1 and Bl epithelial cells are undetermined epithelial
cells, their fates must be determined by factors provided by the
oviduct mesenchyme around P3-P5. To examine this question,
we recently established an experimental method in which
undetermined oviductal epithelial cells can differentiate into
ciliated cells and secretory cells when recombined with mesen-
chyme and grown under the kidney capsule (31). This method
was adopted to evaluate whether E1 and B1 epithelial cells are
undetermined. E1 epithelial cells were recombined with ampul-
lar mesenchymal tissues of P3 oviducts (neo-AmpM) and grown
under the kidney capsule for 4 weeks. Miniature oviducts
developed from the recombinants, and the epithelium contained
abundant ciliated cells (Fig. 24). Immunohistochemical analyses

Author contributions: T.U. and Y.T. designed research; T.U., H.Y,, Y.l., and M.M. per-
formed research; T.U. and H.Y. contributed new reagents/analytic tools; T.U. and H.Y.
analyzed data; and T.U. and Y.T. wrote the paper.

The authors declare no conflict of interest.
This article is a PNAS Direct Submission.
To whom correspondence should be addressed. E-mail: tomoylab@rs.noda.tus.ac.jp.

This article contains supporting information online at www.pnas.org/cgi/content/full/
0909501107/DCSupplemental.

PNAS | March9,2010 | vol. 107 | no.10 | 4601-4606

-
<
=
2
[}
=
o
(=]
—
[
>
™}
a

>
[V
=]
=
]
)



http://www.pnas.org/cgi/data/0909501107/DCSupplemental/Supplemental_PDF#nameddest=sfig01
http://www.pnas.org/cgi/data/0909501107/DCSupplemental/Supplemental_PDF#nameddest=sfig01
http://www.pnas.org/cgi/data/0909501107/DCSupplemental/Supplemental_PDF#nameddest=sfig01
http://www.pnas.org/cgi/data/0909501107/DCSupplemental/Supplemental_PDF#nameddest=sfig01
http://www.pnas.org/cgi/data/0909501107/DCSupplemental/Supplemental_PDF#nameddest=sfig01
http://www.pnas.org/cgi/data/0909501107/DCSupplemental/Supplemental_PDF#nameddest=sfig01
http://www.pnas.org/cgi/data/0909501107/DCSupplemental/Supplemental_PDF#nameddest=sfig01
mailto:tomoylab@rs.noda.tus.ac.jp
http://www.pnas.org/cgi/content/full/0909501107/DCSupplemental
http://www.pnas.org/cgi/content/full/0909501107/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.0909501107

L T

/

1\

=y

AT w2
[}
- 1
< o8 )t
X 06
E o4
X 02
L0
[
2 @R PP E PR
g |
« J J J
Mono-culture Co-culture with Co-culture with
Neonate-derived mes.  Neonate-derived mes.
(S1) (S10B)
B _ 12
2
et
; 0.8
g o6
E 04
Q 02
[$)
3 o
[
%q&&@\@\&&@\@“é’&é@"
E J J J

Co-culture with Co-culture with
Neonate-derived mes.  Neonate-derived mes.
(S1) (S10B)

Mono-culture

Fig. 1. Marker expressions of epithelial cell lines cocultured with mesen-
chymal cell lines. Epithelial cell lines and mesenchymal cell lines were
cocultured for 24 h on a culture insert and on a dish, respectively. (A) Fox;j1
(ciliogenesis marker) expression of epithelial cell lines was analyzed by real-
time RT-PCR. In monoculture, cilial epithelial cells (6B, positive control) had
Foxj1 expression, but secretory epithelial cells (AB, negative control) and E1
and B1 epithelial cells had no Foxj1 expression. In coculture with S1 mes-
enchymal cells, E1 cells and B1 cells expressed Fox;j1 to the same level as the
positive control did. (B) Ovgp1 expression of epithelial cell lines analyzed by
real-time RT-PCR. Secretory epithelial cells (AB) had Ovgp1 expression in
monoculture (positive control). Error bars show the SD (n = 3).

demonstrated the presence of p-tubulin IV (an essential com-
ponent of cilia)-positive epithelial cells and Ovgpl-positive epi-
thelial cells at 79.2 + 7.7% and at 10.3 + 2.6%, respectively (n =
8) (Fig. 2 C and I). The ratio of the two types of epithelial cells
was similar to those of the recombinants of neo-AmpE and neo-
AmpM and the adult ampullar region (Fig. 2 E, G, and [).

In contrast, miniature oviducts developed from recombinants
of E1 epithelial cells and the isthmus mesenchymal tissues of P3
oviducts (neo-IstM) contained epithelia occupied mainly by
simple columnar cells (Fig. 2B). Immunohistochemical analyses
demonstrated Ovgpl-positive epithelial cells and p-tubulin IV-
positive epithelial cells at 80.5 = 5.5% and at 6.9 + 1.1%,
respectively (n = 12) (Fig. 2 D and I). The ratio of the two types
of epithelial cells was similar to those of the recombinants of
neo-IstE and neo-IstM and the adult isthmus region (Fig. 2 F, H,
and ). The oviductal epithelium is surrounded by muscular
layers. Immunohistochemistry confirmed a-actin-positive muscle
layers (Fig. S24) surrounding the epithelia in reconstructed
miniature oviducts. To examine further whether E1 epithelial
cells are undetermined, E1 epithelial cells were recombined with
mesenchymal tissues of P3 vagina (neo-VaM) and grown under
the kidney capsule. E1 epithelial cells formed stratified squ-
amous epithelia (Fig. S2B) as shown in the tissue recombinant
experiment; uterine epithelia at P3 (undetermined) become
stratified squamous epithelia when recombined with mesen-
chymal tissues of P3 vagina and grown under kidney capsule (16).
Thus, the results demonstrated that (1) the tissue-tissue
recombinant method was successfully adapted to the tissue—cells
recombinant experiment, (2) E1 cells were undetermined as
perinatal epithelial cells, and (3) the fate of El epithelial cells
was determined by mesenchyme.

4602 | www.pnas.org/cgi/doi/10.1073/pnas.0909501107

Fate Determination of Epithelial Cells by Mesenchymal Cell Lines in
Vitro. The in vivo tissue recombinant experiments demonstrated
that the fate of oviductal epithelial cells is determined by mes-
enchymal factors during a neonatal period. To define the factors,
we attempted to demonstrate epithelial fate determination in
vitro. Epithelial cells were seeded on a Millicell cell culture
insert (Millipore), and mesenchymal cells were layered on a
plastic surface. Physical contact was not allowed for epithelial
and mesenchymal cells in this coculture system. When unde-
termined epithelial cells (E1 and Bl) were cocultured with
mesenchymal cells (S1 or S10B) established from a neonatal
oviduct, Foxjl (ciliogenesis marker), expression became clearly
detectable in E1 and B1 epithelial cells cocultured with S1
mesenchymal cells. In contrast, coculture with S10B mesen-
chymal cells did not induce Foxjl expression in either E1 or Bl
epithelial cells (Fig. 14). None of mesenchymal cell lines
induced Ovgpl expression in either E1 and B1 epithelial cells
(Fig. 1B). A recent study demonstrated that neural stem cells
transdifferentiated into mammary epithelial cells when they were
transplanted into adult mammary mesenchyme (37). Therefore,
the questions of whether the epithelial fate determination is
reversible or irreversible and whether once-determined cilial
cells can transdifferentiate into secretory cells were addressed. If
epithelial fate determination elicited by mesenchymal cells has
proceeded, then the epithelial cells must express Foxjl (cilio-
genesis marker) without further determining factors. Therefore,
E1 epithelial cells exposed to S1 mesenchymal cells in coculture
were singly cultured as a subline d-E1 (determined E1) for 5 days
to deprive them of the determining factors. As shown in Fig.
S34, d-E1 cells continuously expressed Foxjl at almost the same
level as seen in the parental line. In previous studies (20, 21), we
established an adult cilial epithelial cell line (6B) and a mesen-
chymal cell line (S3B) from an adult oviduct. S3B mesenchymal
cells are capable of enhancing Foxjl (ciliogenesis marker)
expression on adult 6B epithelial cells in the coculture system
described above. S3B mesenchymal cells significantly and spe-
cifically increased Foxjl expression in d-El epithelial cells in
coculture (Fig. S3B). Furthermore, coculture with S3B mesen-
chymal cells had no detectable induction of Foxjl expression in
E1 epithelial cells (Fig. S3B).

Epithelial Fate Determination Is Irreversible. We addressed whether
epithelial fate determination is reversible or irreversible and
whether, once determined, cilial cells can transdifferentiate into
secretory cells. To examine this question, recombinants of d-E1
epithelial cells and neo-AmpM were prepared and grown under
the kidney capsule. Developed miniature oviducts had surface
covered mainly with (>90%) ciliated cells (Fig. 34). Likewise,
miniature oviducts developed from recombinants of d-E1 epi-
thelial cells, and neo-IstM had epithelia occupied by mainly
(>90%) ciliated cells (Fig. 3B). In both types of recombinants,
nonciliated cells were negative for both anti-Ovgpl and p-tubulin
IV antibodies (Fig. 3 C and D). Thus, the determination process
is irreversible, and an additional exposure to determining mes-
enchyme will not induce transdifferentiation into secretory cells.
To confirm this conclusion, epithelial cells of a cilial type line
(6B) derived from adult oviducts were recombined with neo-
AmpM and neo-IstM, and the recombinants were grown under
the kidney capsule. Miniature oviducts developed from both
recombinants had surface covered with mainly (>90%) ciliated
cells (Fig. 3 E and F). Nonciliated cells were negative for both
anti-Ovgpl and p-tubulin IV antibodies (Fig. 3 G and H).

Identification of Mesenchyme-Derived Determining Factors. The
preceding experiments have demonstrated that undetermined
epithelial cells were determined to cilial cells by S1 mesenchymal
cells in coculture in which epithelial and mesenchymal cells were
physically separated. The result strongly suggested that the
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Fig. 2. Histology and immunohistochemistry of recombinant tissues. Neo-
AmpM (mesenchyme of ampulla) and neo-IstM (mesenchyme of isthmus) of
P3 oviducts were recombined with E1 epithelial cells and grown under the
kidney capsule for 4 weeks. As control, neo-AmpE and neo-IstE (epithelium
of P3 oviducts) were recombined with neo-AmpM and neo-IstM, respec-
tively. (Scale bars: 100 um.) (A) E1 epithelial cells combined with neo-AmpM
developed epithelia with numerous cilia (arrows). (B) E1 epithelial cells
combined with neo-IstM developed epithelia of simple columnar cells
without cilia. (C) Double immunostaining for p-tubulin IV (green) and Ovgp1
(red). B-Tubulin IV-positive cells occupied the epithelium. (D) Double
immunostaining for p-tubulin IV and Ovgp1 of reconstructed oviducts with
E1 epithelial cells and neo-IstM. Ovgp1-positive cells occupied the epi-
thelium. (E) Neo-AmpE was recombined with neo-AmpM. Numerous cilia
were observed at the surface of the epithelium (arrows). (F) Neo-IstE was
recombined with neo-IstM. The epithelium was occupied mainly by simple
columnar cells without cilia. Insets in A, B, E, and F are partial enlargements
(x4). (G) Double immunostaining for p-tubulin IV and Ovgp1 of recon-
structed oviducts with neo-AmpE and neo-AmpM. p-Tubulin IV-positive cells
occupied the epithelium. (H) Double immunostaining for p-tubulin IV and
Ovgp1 of reconstructed oviducts with neo-IstE and neo-IstM. Ovgp 1-positive
cells occupied the epithelium. (/) Percentage of p-tubulin IV-positive cells and
Ovgp1-positive cells in epithelia of adult oviducts and reconstructed ovi-
ducts. To determine the ratio of ciliated epithelial cells (3-tubulin IV-positive)
and secretory epithelial cells (Ovgp1-positive), the numbers of p-tubulin
IV-positive epithelial cells, Ovgp1-positive epithelial cells, and double-
negative epithelial cells were counted on the screen in three frames for each
specimen (>400 total epithelial cells). Results were based on an analysis of
8-24 tissue recombinants per group. In ampulla of adult oviducts, epithelia
had p-tubulin IV-positive cells (78.4 + 6.2%) and Ovgp1-positive cells (21.6 +
3.1%) (n = 3). In the isthmus of adult oviducts, epithelia had p-tubulin V-
positive cells (15.3 + 1.4%) and Ovgp1-positive cells (84.7 + 5.8%) (n = 3). In
recombinants of neo-AmpE and neo-AmpM, epithelia had B-tubulin
IV-positive cells (81.2 + 7.3%) and Ovgp1-positive cells (14.3 + 2.6%). Double-
negative cells were 4.5 + 1.3% (n = 8). In recombinants of E1 cells and neo-
AmpM, epithelia had p-tubulin IV-positive cells (79.2 + 7.7%) and Ovgp1-
positive cells (10.3 + 2.6%). Double-negative cells were 10.5 + 1.6% (n = 12).
In recombinants of neo-IstE and neo-IstM, epithelia had p-tubulin IV-positive
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Fig. 3. Fatedeterminationisirreversible. Recombined tissueswere implanted
under the kidney capsule for 4 weeks. d-E1 epithelial cells were combined with
neo-AmpM (P3 mesenchyme of ampulla) and neo-IstM (P3 mesenchyme of
isthmus). As control, 6B cells (an adult epithelial line) were combined with neo-
AmpM and neo-IstM. (Scale bars: 100 pm.) (A) d-E1 epithelial cells combined
with neo-AmpM developed epithelia with numerous cilia at the surface
(arrows). (B) E1 epithelial cells combined with neo-IstM also developed epi-
thelia with numerous cilia at the surface (arrows). (C) Double immunostaining
for B-tubulin IV (green) and Ovgp1 (red) of reconstructed oviducts with d-E1
epithelial cells and neo-AmpM. B-Tubulin 1V-positive cells occupied the epi-
thelium, and no Ovgp1-positive cells were observed. (D) Double immunos-
taining for p-tubulin IV and Ovgp1 of reconstructed oviducts with d-E1
epithelial cells and neo-IstM. p-Tubulin 1V-positive cells occupied the epi-
thelium and no Ovgp1-positive cells were observed. (E) 6B epithelial cells
combined with neo-AmpM developed epithelia with numerous cilia at the
surface. (F) 6B cells (an adult epithelial line) combined with neo-IstM devel-
oped epithelia with numerous cilia at the surface as observed when combined
with neo-AmpM. Insets in A, B, E, and F are partial enlargements (x4). (G)
Double immunostaining for p-tubulin IV and Ovgp1 of reconstructed oviducts
with 6B epithelial cells and neo-AmpM. B-Tubulin IV-positive cells occupied the
epithelium. (H) Double immunostaining for p-tubulin IV and Ovgp1 of recon-
structed oviducts with 6B epithelial cells and neo-IstM. p-Tubulin IV-positive
cells occupied the epithelium as observed when combined with neo-AmpM.

determining factors are diffusible. To identify the diffusible
factors, the SST method was employed using pooled poly(A)
RNA from S1 mesenchymal cells (determined) and S10B mes-
enchymal cells (nondetermined). We screened and sequenced
123 clones from SST-REX of S1 mesenchymal cells. In addition,
96 clones were obtained from SST-REX of S10B mesenchymal
cells. After clones with transmembrane domain were excluded,
they were subtracted and selected as clones expressed only in S1
mesenchymal cells. Finally, seven genes were selected as candi-
dates of mesenchymal diffusible factors derived from S1 mes-
enchymal cells (Table S1).

cells (10.8 + 1.2%) and Ovgp1-positive cells (86.5 + 8.6%). Double-negative
cells were 2.7 + 0.3% (n = 8). In recombinants of E1 epithelial cells and neo-
IstM, epithelia had p-tubulin IV-positive cells (6.9 + 1.1%) and Ovgp1-positive
cells (80.5 + 5.5%). Double-negative cells were 12.6 + 2.7% (n = 12).
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Further Screening of Mesenchymal Factors Identified by SST Method.
To evaluate seven candidate factors, NIH/3T3 cells and S10B
mesenchymal cells were transfected with the recombinant plasmid
pcDNA3.1 using a commercial system, and we established cell lines
stably expressing individual candidate factors. All transfected cell
lines were cultured with E1 epithelial cells in the coculture system
described above. Only mesenchymal cell lines transfected with Fstl1,
S10B-Fstll, and 3T3-Fstll induced Foxjl (ciliogenesis marker)
expression in E1 epithelial cells (Fig. 44). The inductive activity of
Fstll-overexpressing lines was weaker than the activity of the
parental S1 mesenchymal line (as shown in Fig. 14). To eliminate
the possible long-lasting effect of Fstll and to confirm fate deter-
mination, E1 epithelial cells were monocultured for 5 days after
coculture with Fstl1-overexpressing mesenchymal cells for 24 h. E1
epithelial cells continuously expressed Foxjl expression without
the mesenchymal cells (Fig. S44). Longer exposure of E1 epi-
thelial cells to Fstl1-overexpressing mesenchymal cells in coculture
did not increase FoxjI expression; rather, it decreased its expres-
sion (Fig. S4B).The results indicated that Fstll was secreted by
transfected mesenchymal cells and determined E1 epithelial cells
to cilial cells. If this is the case, culture media conditioned by Fstl1-
transfected cell lines must contain Fstl1. The estimated molecular
size of Fstll was 34 kDa. Immunoprecipitaion and Western blot
analysis detected Fstll protein at 34 kDa in cellular extracts of
3T3-Fstll and S1 mesenchynmal cells (Fig. 4B, lanes 1 and 2) and
in the conditioned media from 3T3-Fstll and S1 mesenchymal
cells (Fig. 4C, lanes 1 and 2), whereas no bands were detected in
the extract of S10B mesenchymal cells or in the conditioned
medium from S10B mesenchymal cells (Fig. 4 B and C, lane 3).
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Fig. 4. Coculture of undetermined epithelial cells and Fstl1-overexpressing
mesenchymal cells. (A) E1 epithelial cells were cocultured with Fstl1 over-
expressing cells for 24 h and subjected to real-time RT-PCR analysis of Foxj1
(ciliogenesis marker) expression. Error bars show the standard deviation (n =
3). (B) Western blot analysis of Fstl1 in lysates of 3T3-Fstl1 cells (lane 1), S1 cells
(lane 2), and S10B cells (lane 3). Fstl1 protein was detected at 34 kDa in lysates
of 3T3-Fstl1 cells and S1 mesenchymal cells (lanes 1 and 2), but not in the
sample of S10B mesenchymal cells (lane 3). (C) Immunoprecipitation analysis
detected Fstl1 protein at 34 kDa in media conditioned by 3T3-Fstl1 and S1 cells
(lanes 1 and 2), but not in medium conditioned by S10B cells (lane 3).
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Localization of Fstl1 in Oviducts. Our recent study (31) and the
present study showed that the fate of oviductal epithelial cells is
determined around P3-P5. Therefore, Fstll must be expressed
during this period. In situ hybridization analyses demonstrated
that Fstll mRNA was strongly and specifically expressed in the
mesenchymal compartment of neonatal oviducts (Fig. 5 A and
B). The signal was especially strong in the cranial region of the
PO oviduct (Fig. 54). In P10 oviducts, the signal of Fst/I became
weaker when compared with the signal in P3 oviducts (Fig. 5 B
and C), and Fstll expression was undetectable in adult oviducts
(Fig. 5 D and E). Fstll expression was also analyzed with anti-
Fstll polyclonal antibody. At P3, a stronger immunoreaction for
Fstll in ampulla than in isthmus was observed, and the reaction
was detected mainly in mesenchymal cells (Fig. 6 4 and B) as was
observed for expression of Fstll mRNA. The immunoreaction
was also observed in the basement membrane in the ampullar
region (Fig. 64). No immunoreactions were detected in either
P10 or adult oviducts (Fig. 6 C— H). These results indicate that
Fstll is expressed and secreted from the mesenchymal cells and
acts on the neighboring epithelial cells during the critical period.

Discussion

The present study has demonstrated that (1) the oviductal epi-
thelium has two distinct cell populations: secretory and ciliated
types of cells; (2) during the critical neonatal period, mesen-
chymal factors irreversibly determine undetermined epithelial
cells to either of the two lineages; and (3) Fstll is one of the
determining factors secreted by mesenchymal cells during the
critical period that determines undetermined epithelial cells to
cilial epithelial lineage. Recent technical advances have begun to
unveil the developmental phenomenon of secondary (reciprocal)
inductions, although we are still at the early stage of understanding
the mechanisms in organogenesis. The major difficulties in ana-
lyzing the mechanisms of organogenesis are from the nature of the
developmental events that occur three-dimensionally during a
brief period in tissues of small scale. To circumvent these diffi-
culties, we have established oviductal eplthehal clonal cell lines
from p53_/ ~ mice (38) in the present and previous studies (20).
These epithelial cell lines allowed us to develop model systems in
which we can analyze the oviductal development in vitro and in
vivo. Both secretory and ciliated cells coexist in the epithelium of
the cranial oviductal region, whereas the majority are secretory
cells in the caudal oviductal region. The present study dose not
support an earlier idea that cilial and secretory epithelial cells are
transitory throughout the estrous cycle (39-41). To explain lineage

A .

Caudal region

PO Cranial region

b

Infundibulum-ampulla  Ampulla-isthmus

D E
Adult !

Fig. 5. Localization of FSTL1 mRNA in oviducts. In situ hybridization was
performed to localize the expression of Fst/1 in oviducts. (Scale bars: 100 um.)
(A) Signals of Fst/ were detected in the cranial part of PO oviducts. (B) Signals
of Fst/ were strongly and specifically detected in the mesenchymal com-
partment of P3 oviducts. (C) Signals of Fst/ became weaker in P4 oviducts. (D
and E) Signals of Fst/ were undetected in any region of adult oviducts.
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Fig. 6. Localization of FSTL1 in oviducts. (A and B) Stronger immunoreaction
for Fstl1 (red) was observed in the cranial region than in the caudal region, and
the reaction was detected mainly in mesenchymal cells of P3 oviducts. The
sections were counterstained with DAPI (blue). Insets in A and B are partial
enlargements (5x). (C-E) Immunoreaction was not detected in the infundib-
ulum, ampulla, and isthmus of P10 oviducts. (F-H) Immunoreaction was not
detected in the infundibulum, ampulla, and isthmus of adult oviducts.

determination and the cellular distribution pattern, there must be
at least two signals released from the neonatal mesenchyme. As
shown in the present study, one of them is Fstll, which induces
undifferentiated epithelial cells into the cilial lineage. Presumably,
there is another factor that induces the secretory lineage. Both
types of epithelial cells appear at an early stage in the cranial
oviductal region, suggesting that two different signals are released
from the mesenchyme during P3-P5. Approximately 10% of the
epithelial cells were negative for both secretory and cilial epithelial
cell markers in miniature oviducts developed from recombinants of
mesenchymal tissues and epithelial cells of lines. Such negative
cells were also detected at a lower incidence in control miniature
oviducts. Experimental procedures may perturb the determining
process. For example, enzymatic treatments will severely destroy
surface structures of epithelial plasma membrane, including pos-
sible receptors for determining factors.

El and Bl epithelial cells established from oviducts on E18
were selected at random, and they were shown to be naive and able
to respond to mesenchymal signals. In cloning mesenchymal cell
lines from P3 oviducts, we expected to establish multiple cell lines
secreting different determining signals. Two mesenchymal cell lines
were selected at random. The results showed that S1 mesenchymal
cells were Fstll-secreting and that S10B mesenchymal cells did not
have determining activity. This suggests that other signal-secreting
cell lines may be established from the mesenchyme of the caudal
region of an oviduct on P3. Oviductal mesenchyme must have
many functionally distinct groups of cells. During the critical period,
the mesenchyme contains determining signal-secreting cells such
as S1 cells and nondetermining cells such as S10B cells. In adult
mesenchyme, such determining cells disappear (Fstll-secreting
cells were undetected). Instead, the mesenchyme has enhancer cells
that enhance the expression of Ovgpl and Foxjl in secretory epi-
thelial cells and in cilial epithelial cells, respectively (20). Dual
origin of mesenchymal tissues is reported in mouse mammary gland
embryogenesis (42). At present, there is no information available
on the transition of cell populations in the oviductal mesenchyme.

Fstl1 was originally isolated from mouse osteogenic MC3T3E1
cells (43). Human follistatin-related protein (FRP) (44), chicken
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Flik (45), and Xenopus FRP (46) were identified as the homologs
of the Follistatin-related gene. Also known as TSC-36, Fstll is an
extracellular glycoprotein belonging to the BM-40/SPARC/
osteonectin family of proteins containing both extracellular cal-
cium-binding and Follistatin-like domains (47). Expression of
Fstll has been reported in the developing kidney and lung (48)
and the adult heart (49). In the present study, the expression of
Foxjl (ciliogenesis marker) in E1 epithelial cells was not induced
by BMP antagonists (Follistatin, Noggin, and Chordin) (Fig. S5),
suggesting that BMP signaling may not mediate cell fate deter-
mination of Fstll in oviduct. Fstll-overexpressing cell lines
showed a weaker potency than S1 mesenchymal cells in epithelial
fate-determining activity or Foxjl inductive activity (Fig. 44). A
much higher content of Fstll in the conditioned medium and
cellular extract of 3T3-Fstll cells than in S1 mesenchymal cells
was confirmed (Fig. 4C). Longer exposure to Fstl1-secreting cells
in coculture was thought to increase in Foxjl (ciliogenesis
marker) expression or in the number of fate-determined cells.
However, this was not observed in Foxjl expression (Fig. S4B).
These observations suggest that the molecular mechanism in
Fstll action is complex and that multiple factors might be
involved in epithelial cell fate determination in the oviduct.

Experimental Procedures

Animals. CD-1 mice (Charles River Japan) and p53"‘ mice (hybrid between
C57BL/6 and CBA) (38) were maintained as previously described (20). Mice
care and handling conformed to the National Institutes of Health guidelines
for animal research. The experimental protocols were approved by the
Institutional Animal Care and Use Committee.

Recombinant Tissue Preparation and Grafting Under Kidney Capsule. The
method for oviductal tissue recombination was developed in our recent
study (31). See SI Experimental Procedures for details.

Coculture of Epithelial and Mesenchymal Cells. The method for coculture of
epithelial and mesenchymal cells was developed in our recent study (21). See
SI Experimental Procedures for details.

Real-time RT-PCR. See S/ Experimental Procedures for details.

Construction of ¢cDNA Library for SST-REX. To identify ¢cDNAs encoding
secretory proteins from mesenchymal cell lines, a SST library of mesenchymal
cell lines was constructed and screened according to the method described in
ref. 30. See SI Experimental Procedures for more details.

Overexpression of Mesenchymal Factors in NIH/3T3 Cells. See S/ Experimental
Procedures for details.

Immunohistochemistry, Inmunoblotting, and Immunoprecipitation. Cell and
tissue extracts were prepared as previously described (24). See SI Exper-
imental Procedures for more details.

Anti-Fstl1 Antibody Production. See S/ Experimental Procedures for details.
In situ Hybridization. See S/ Experimental Procedures for details.
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