and were then incubated in 40% sucrose: optimal cutling tem-
perature (OCT) compound (1:1) overaight at 4°C. The tesles
were then embedded in OCT compound, frozen in liquid
nitrogen, sectioned at 8-um thickness on a cryostat (model 1720;
Lietz, Wetzlar, Germany) and dried for 2 h. After wetting with
PBS, the saniples were treated with (.1% Triton X-100 in PBS
for 30 min and blocked with 5% normal goat serum and 3% BSA
in PBS f{or 30 min. The samples were then incubated in rabbit
polyclonal antibody, KP12 (4 ug/ml; Abcam, Cambridge, U.K.),
in PBS at 4°C for 17 h. After washing with PBS. the testis sections
were incubated with Alexa Fluor 546 goal anti-rabbil IgG
(heavy-chain plus lJight-chain) (0.8 pg/ml; Molecular Probes,
Eugene, OR) and Hoechst 33258 (10 pg/ml; Sigma-Aldrich, St.
Louis, MO) for 30 min dissolved in PBS. After washing with PBS,
the samples were analyzed with a BX50 microscope (Olympus,
Tokyo, Japan) equipped with an imaging system composing of a
CCD camera RETIGA Exi FAST 1394 and an imaging soft ware
StideBook 4 (Nippon Roper, Chiba, Japan).

Immunoblot Analysis. Tissue extracts were prepared and analyzed
by immunoblotting with antibodies against Brek as described (3).

RT-PCR. Primers were checked by PCR to ensure that they
generated single products of the predicted size. Primers for
Prod ,Prm2, TP1, TP2, CREM, and CaMK4 were kindly provided
by A. Urano (University of Tokyo). PCR was performed al
typical amplification parameters (95°C for 10 min, [ollowed by
20-30 cycles of 95°C for 30 sec, 55°C {or 30 sec, and 72°C for 1
min) by using Ex Taq (TaKaRa Biomedicals, Shiga, Japan) and
ABI9700 thermal cycler (Applied Biosystems, Foster City, CA).

Fractionation of the Normal Testicular Cells. Testes were collected
from two male mice (8 weeks of age). The tunica albuginea was
removed from each testis. The seminiferous tubules were placed
in Bagle’s Minimal Fssential medium (GIBCO, Carlsbad, CA)
containing 0.1% collagenase (Wako Pure Chemical Industries,
Osaka, Japan), incubated at room temperature for 1 h with
gentle swaying. The tubule suspension was transferred into a
copical tube and kept standing for 5 min to precipitate tubule
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fragments. The supernatant containing separated cells was
filtered through a nylon mesh and centrifuged at 600 X g for 10
min. The precipitant was used as a Leydig cell-rich fraction. The
remaining tubules were dispersed by gentle pipetting a few times
in PBS containing 1 mM EIDTA to remove residual Leydig cells.
Tubules were then (reated with 0.25% Trypsin at 37°C for 10
min, and dispersed by vigorous pipetting. The suspension was
filtrated through a nylou mesh and centrifuged at 600 X g for 10
min. The precipitant was dispersed in Eagle’s Minimal Essential
medjum (pH 7.2) containing 10% FBS (GIBCO), transferred to
gelatin-coated culture dishes, and incubated at 37°C {for 2 h. The
culture supernatant was filtered through a nylon mesh and
centrifuged at 600 X g for 10 min. The precipitant was used as
a germ cell-rich fraction. The cells attached to gelatin-coated
culture dishes were washed with PBS a few times and then used
as a Sertoli cell-rich fraction.

Assessment of Serum Hormone Levels. The bloods of 8-week-old
male Brek™'* and Brek™~ mice were drawn by cardioceuothesis
and incubated at 4°C overnight. After centrifugation at 800 X g
for 10 min, the serum was collected and stored at —80°C until
analysis. The levels of serum testosterone, luteinizing hormone,
and follicle-stimulating hormone were measured by SR, Tokyo,
Japan.

Fertility Assessment. Eight-week-old Brek*/~ and Brek™'~ mice
were jntercrossed. One male was mated with two females for 2
weeks. Female mice were checked for vaginal plugs, and litter
sizes were recorded,

Statistical Analysis. Student’s ¢ test for paired variables was used
to examine differences, and data were considered significantly
different at P < 0.05.
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RA175/TSLC1/SynCAM/IGSF4A (RA175), a member of the immunoglobulin superfamily with Ca**-inde-
pendent homophilic frans-cell adhesion activity, participates in synaptic and epithelial cell junctions. To clarify
the biological function of RA175, we disrupted the mouse Igsfda (Ral75/Tslc1/SynCam/Igsf4a Ra175) gene. Male
mice lacking both alleles of Ral75 (Ral757/") were infertile and showed oligo-astheno-teratozoospermia;
almost no mature motile spermatozoa were found in the epididymis. Heterozygous males and females and
homozygous null females were fertile and had no overt developmental defects. RA175 was mainly expressed on
the cell junction of spermatocytes, elongating and elongated spermatids (steps 9 to 15) in wild-type testes; the
RA175 expression was restricted to the distal site (tail side) but not to the proximal site (head side) in
elongated spermatids. In Ral757/~ testes, elongated and mature spermatids (steps 13 to 16) were almost
undetectable; round spermatids were morphologically normal, but elongating spermatids (steps 9 to 12) failed
to mature further and to translocate to the adluminal surface. The remaining elongating spermatids at
improper positions were finally phagocytosed by Sertoli cells. Furthermore, undifferentiated and abnormal
spermatids exfoliated into the tubular lumen from adluminal surfaces. Thus, RA175-based cell junction is
necessary for retaining elongating spermatids in the invagination of Sertoli cells for their maturation and

translocation to the adluminal surface for timely release.

RA175/TSLC1/SynCAM/IGSF4A (RA175) is a new mem-
ber of the immunoglobulin superfamily that has three immu-
noglobulin domains in its extracellular region and EYFI, a type
II PDZ (postsynaptic density 95/disk large/zonula occluders-
1)-binding domain, in its C-terminal intracellular region and
has Ca?*-independent homophilic trans-cell adhesion activity
(10). RA175 was at first isolated as one of the genes preferen-
tially expressed during the neuronal differentiation of P19
mouse embryonal carcinoma (P19 EC) cells induced by reti-
noic acid (9, 21) and is localized in the mouse developing
nervous system and epithelium of various organs (2, 10, 11, 29).
In the nervous system, RA175 is designated the synaptic cell
adhesion molecule (SynCAM) and has been suggested to be
involved in the formation of functional synapses (2). The lo-
calization of RA175 also suggests its biological role in the
migration of neurons and the fasciculation of axons (11). In the
developing lung epithelium, RA175 is localized in the cell-
adherent region of the basolateral membrane in the polarized
cells lining the lumen (10). Defects in IGSF4A/tumor suppres-
sor gene in lung cancer 1 (TSLCI), an orthologue of mouse
Igsf4a (Ral75), promote the metastasis of lung carcinoma cells
(18). However, little is known about its real biological function

* Corresponding author. Mailing address: Division of Differentia-
tion and Development, Department of Inherited Metabolic Disorder,
National Institute of Neuroscience, NCNP, Ogawahigashi-machi 4-1-1,
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346-1778. E-mail: momoi@ncnp.go.jp.
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during organ development. To clarify the biological function of
RA175, we disrupted the murine Ral75 gene. Male mice lack-
ing both alleles of Ral75 (Ral757'") were infertile, whereas
heterozygous males and females and homozygous nul! females
were fertile and had no overt developmental defects.

The junctional complex formed near the base of Sertoli cells
is composed of ectoplasmic specialization and tight, gap, and
desmosome-like junctions, and it divides the microenviron-
ment into the basal and adluminal compartments (8). Sper-
matogonia and early spermatocytes, which are located in the
basal compartment, are in contact with the basement mem-
brane and Sertoli cells, whereas differentiating spermatocytes
and spermatids, which are located in the adluminal compart-
ment, are in contact with only Sertoli cells and therefore re-
ceive nutrition, hormones, and local factors exclusively from
Sertoli cells.

Various cell adhesion molecules have been shown to be
involved in the cell junction during spermatogenesis (3, 15, 16,
19, 22, 23). Among these, nectins and junctional adhesion
molecule C (Jam-C)/Jam-3 (Jam-C), members of the immuno-
globulin superfamily, have been shown to play essential roles in
spermatogenesis (3, 15, 23). Poliovirus receptor-related 2
(pvrl2)/mectin-2 (nectin-2) and pvri3/nectin-3 (nectin-3) are lo-
calized on the elongated spermatid (steps 9 to 16) and Sertoli
cells, respectively, and form actin-based Sertoli-spermatid
junctions that are involved in the assembly of actin filaments in
the ectoplasmic specialization (26). Jam-C is localized on the
round and elongated spermatids and mediates polarization of

- 166 -



VoL. 26, 2006

the adhesion junction with Sertoli cells by associating with
partitioning-defective-3 (PAR-3) (15). Homozygous null males
of Nectin-27'" and Jam-C~'~ are infertile (3, 15, 23). Nectin-
27/~ male mice show a random disorganization of the sper-
matozoan head and midpiece due to overall disorganization of
cytoskeletal structure, but they have motile spermatozoa (3,
23). Jam-C™'" male mice have an almost complete lack of
elongated spermatids as a result of a defect in the polarization
of adhesion junctions on the round spermatids, and they fail to
produce mature sperm cells (15).

Here we show that Ral75~/~ male mice are also infertile but
have different phenotypes from Nectin-27'" and Jam-C™'~
male mice. They are defective in spermiogenesis, fail to pro-
duce mature sperm cells, and have severe oligo-astheno-tera-
tozoospermia (low sperm number, low motility, and abnormal
sperm morphology). In addition, we discuss the biological role
of RA175 in spermiogenesis and the relationship between
RA175 and other cell adhesion molecules.

MATERIALS AND METHODS

In situ hybridization. The EcoRI fragment of RAI75 in the pGEM-T easy
vector was subcloned into pBluescript SK(+) vectors in both the sense and
anti-sense orientations as previously described (29). Digoxigenin (DIG)-labeled
RAI75 RNA probes were transcribed from Xhol-cut constructs using T3 RNA
polymerase (DIG RNA Labeling kit T3; Boehringer Mannheim, Mannheim,
Germany) in vitro according to the manufacturer’s instructions. Frozen sections
(10 wm thick) of mouse embryos at 13 embryonic days (E13.5) and testes of
4-week-old mice were treated with proteinase K (1 pg/ml) at 37°C for 10 min,
refixed in 4% paraformaldehyde, and hybridized overnight with the DI1G-labeled
RNA probes. Hybridized RNA was detected using alkaline phosphatase-conju-
gated anti-DIG according to the procedure described by Wilkinson (31).

Generation of Ra175~/~ mice. A 12-kb mouse Jgsfda (Mouse Genome Infor-
matics accession no. 1889272, Ral75) genomic DNA fragment was cloned from
the mouse 129Sv/Bv bacterial artificial chromosome genomic library. This
genomic fragment contains exon 1 (13). The clone starts from 8.1 kb upstream of
exon 1 and ends 3.8 kb downstream of exon 1, with a sequence of 5'-AATCTC
TTATGTATAAAGCTGAAATGTACCAGG-3’. One side of the lacZ-neo gene
cassette was inserted 5 bp upstream of the start ATG codon on exon 1. The
sequence that was replaced starts with 5'-CCGACATGGCGAGTGCTGTGCT
GCCGAGCGGATCCCAGTGTGCGGCGG-3'. The other side of the lacZ-neo
gene cassette was inserted 2.4 kb downstream of exon 1 inside intron 1. The
sequence that was replaced ends with 5'-TAGGGCTTGCTAAGACTCTCTCT
CAAACTGTATAC-3". In this strategy, the lacZ-nee cassette replaced the cod-
ing region of exon 1 and part of intron 1. As a result, the original Ral75 promoter
drives the LacZ expression. Ten micrograms of the targeting vector was linear-
ized by Notl and then transfected by electroporation of 129 SvEv embryonic stem
(ES) cells. After selection in G418 antibiotic, 300 surviving colonies were ex-
panded for PCR analysis to identify recombinant clones.

To identify the wild-type and targeted alleles, primer pairs 5'-TGGCCCCTT
CTAAGAAATACCCTC-3' and 5'-GATTTGTAGCGAGGGAATGAGATGA
C-3" at 2.3 kb downstream of exon 1 and 5-CCCAATAAGTCTCATAGAAC
TGATTGTC-3" and 5-TGCGAGGCCAGAGGCCACTTGTGTAGC-3' prim-
ers at the 5’ end of the Neo cassette were used for PCR analysis, respectively.
The PCR amplified the 1.8-kb fragment for wild-type allele and 1.6-kb fragments
for targeted allele at 94°C for 20's, 62°C for 60 s, and 72°C for 120 s for 35 cycles,
and then 72°C for 10 min. The correctly targeted ES cell lines were microinjected
into the C57BL/6] blastocysts, and the chimeras were then set up for mating with
the CS57BL/6] mice, and they gave germ line transmission of the mouse
Ral75lacZ knock-in gene. We intercrossed heterozygous Ral75 mice to produce
homozygous Ral75~/~ mice.

X-Gal staining of mouse testis. LacZ activity in Ral757/~ testes was detected
by 5-bromo-4-chloro-3-indolyl-B-p-galactopyranoside (X-Gal) staining as previ-
ously described (25). Mouse testes 10 to 12 weeks after birth were embedded in
freezing medium and frozen on dry ice. The embedded testes were sectioned at
a 15 pm thickness at —15°C. Each section was transferred onto a silanized slide
and allowed to dry and fixed in a fixing solution (0.2% glutaraldehyde, 2 mM
MgCl,, and 5 mM EGTA in phosphate-buffered saline [PBS]). After being
washed three times in a washing solution (2 mM MgCl,, 0.01% sodium deoxy-
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cholate, and 0.02% Nonidet P-40 in PBS), each section was stained in the X-Gal
staining solution [1 mg/ml X-Gal, 5 mM K;Fe(CN)¢, 5 mM K, Fe(CN),, and 2
mM MgCl, in PBS] at 30°C overnight. After being stained, testes were washed
and stored in PBS.

Sperm count and motility analysis. We placed cauda epididymides in 0.1 ml of
motile buffer (120 mM NaCl, 5 mM KCi, 25 mM NaHCO,, 1.2 mM KH,PO,, 1.2
mM MgSO,, and 1.3 mM CaCl,). We minced the tissue with scissors and
incubated it at 37°C for 5 min to allow sperm dispersal. The supernatant was
obtained as a sperm suspension, and the motility of sperm in the suspension was
visually monitored under phase-contrast images (IM type; Olympus, Tokyo,
Japan). After 25-fold and/or 50-fold dilution, the number of sperm in the 0.1-pl
suspension was counted by using cell counter plates under the microscope.

Immunohistochemical staining, Antibodies against a peptide corresponding to
the C-terminal region of RA175 were prepared as previously described (10) and
were used for the immunostaining. Testes of 10- 10 12-week-old Ral75%* and
Ral1757/~ male mice were fixed in 4% paraformaldehyde in phosphate-buffered
saline (PBS) at 4°C overnight and then soaked in 30% sucrose-PBS at 4°C
overnight and embedded in optimal cutting temperature compound (Sakura
Finetec. Co., Ltd,, Tokyo, Japan) and frozen. Frozen sections (10 pm thick) were
cut on a cryostat and attached to Matsunami adhesive silane-coated slides (Mat-
sunami Glass Co., Osaka, Japan) and incubated with rabbit anti-RA175 in PBS
containing 0.1% skim milk and 0.1% Triton X-100 at 4°C for 2 days as described
previously (10). Anti-RA175 immunoreactivity was detected using anti-rabbit
immunoglobulin G-Alexa Fluor 568 (Molecular Probes, Eugene, OR). Acro-
some structure was detected using fluorescein isothiocyanate-conjugated peanut
agglutinin (PNA) (J-Oilmills, Tokyo, Japan) staining in place of p-aminosalicylic
acid staining. F-actin was detected using Alexa Flour 568-phalloidin (Molecular
Probes). Nuclei were detected by Hoechst 33342 dye at 37°C for 15 min. The
sperm tail was detected by Alexa Fluor 568 Mitotracker (Molecular Probes).
Immunoreactivity was viewed using a confocal laser-scanning microscope (CSU-
10; Yokogawa, Tokyo, Japan).

Conventional light microscopy. We fixed testes of male mice (10 to 12 weeks
of age) in Bouin or 4% paraformaldehyde neutral buffer solution, embedded
them in paraffin, and cut 8-wm sections on a microtome. We stained sections with
hematoxylin and eosin by standard procedures.

Conventional transmission electron microscopy. Adult mice (12 to 16 weeks
of age) were perfusion fixed through the left ventricle with 3% glutaraldehyde in
HEPES buffer (10 mM HEPES ethansulfanic acid [Nacalai Tesque, Kyoto,
Japan] containing 145 mM NaCl). Testes cut into small pieces were immersed in
the same fixative for an additional 2 h. The samples were then postfixed in 1%
0sQ, for 1 h. After routinely dehydrated with graded ethanol series, the samples
were embedded in Epon812 and the ultrathin sections were made on an ultra-
microtome {Ulreacut E; Reihert-jung, Vienna, Austria). The thin sections were
stained with uranyl acetate and lead citrate and observed with a JEM 1200 EX
(JEOL, Tokyo, Japan) transmission electron microscope. One-micrometer semi-
thin sections were stained with toluidine blue for light microscopy.

RESULTS

To make clear the relationship between the biological func-
tion of RA175 and organ development, we examined the ex-
pression of Ral175 mRNA in mouse embryos. In situ hybrid-
ization showed that Ral75 mRNA was expressed in the
nervous tissues including brain, spinal cord, and dorsal root
ganglia (Fig. 1A and B) as well as in various epithelia, includ-
ing hair follicles (Fig. 1B and C), lung epithelium (Fig. 1D),
esophagus epithelium (Fig. 1E), olfactory epithelium (Fig. 1F),
and tongue epithelium (Fig. 1G) in mouse embryos at embry-
onic day 13.5 (E13.5). It was also expressed in testes 4 weeks
after birth (Fig. 1H) in spermatocytes and spermatids.

To determine the biological function of RA175, we inacti-
vated Ral75 in mouse ES cells by replacing exon 1 of the
Ral75 gene with the lacZ reporter gene cassette (Fig. 2A). Cell
lines that had undergone a targeting event were used to gen-
erate mice that transmitted the disrupted gene. These mice
were mated to produce Ral75"/~ mice. Intercrosses yielded
offspring {~20 litters) that segregated with the expected Men-
delian frequency: 41 wild type, 101 heterozygotes (Ral75%'7),
and 42 homozygotes (Ral757/") by PCR analysis (Fig. 2B).
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FIG. 1. In situ hybridization analysis of the expression of Ral75 mRNA in mouse embryos and testes. Expression of the Ra/75 mRNA on the
sagittal section (A) and transverse section of trunks (B) of mouse embryo at E13.5. (C to G) Magnification of the epithelium of each organ in the
rectangular region in panels A and B. (C) Hair follicle; (D) lung; (E) esophagus; (F) olfactory epithelium; (G) tongues epithelium; (H) testis of
the 4week-old mouse. OE, olfactory epithelium; To, tongue; Lg, lung; Ly, liver; Kd, kidney; Ht, heart; DRG, dorsal root ganglia; HF, hair follicle.
In addition to the nervous system including brain, spinal cord, and dorsal root ganglia, Ra175 mRNA was detected in the various epithelium of
the developing organs. Bars in panels A and B, 500 jum. Bars in panels C to H, 200 pm.
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FIG. 2. Targeted disruption of the mouse Ral75 gene. (A) Structure of the wild-type allele and the targeted allele. Exon 1 of the Ral75 gene
was replaced by lacZ and neo genes as described in Materials and Methods. (B) Genotype analysis of wild-type, heterozygote, and homozygote mice
by PCR. (C) X-Gal staining of Ral75"* and Ra1757'" testes. LacZ activity was detected in the germ cells including spermatocytes. Bar, 10 pm.

Male mice lacking both alleles of Ral75 (Ral757'") were
infertile, while Ral75%/~ males and females and Ral757/~

>
=~

females were fertile. RaI75 ™/~ mice had no overt developmen-
tal defects in the nervous tissues or other tissues except for in ™
testes. Consistent with the finding of Ra775 mRNA expression Tk S
in the wild-type testes (Fig. 1H), LacZ activity was detected in s £
the germ cells including spermatocytes in Ral75 ™'~ testes but E =S ol
not in Ral75*"" testes (Fig. 2C). Zosk g )
The weight of Ral757/" testes was about 15% lower than 5 2
that in the wild-type (Ral75™/") animals. In severe cases, most “ #
spermatozoa were lost in the seminiferous tubules of the , I, o
Ral757'" mice, and only a small number remained (Fig. 3A). Y Ra1?§7 Ratzs U Ral 75"
These remaining spermatozoa did not have motility (Fig. 3B). FIG. 3. Number of spermatozoa and the motility of Ral75%/* and
Thus, Ral757'" males show oligo-asthenozoospermia (low Ral757'~ mice. The number of spermatozoa (A) from Ral75"'* and
sperm number and low motility). Ra1757' mice and their motility (B). Normal and abnormal cells with

A detailed histological analvsis of seminife tubules f nuclei were counted as spermatozoa. The value is the average of three
a gl Yy81s ol seminnierous tu § rom experiments. Ral75~/~ males show low sperm number and motility.

Ra1757'~ mice clearly showed that in contrast with Ral75%/* Error bars indicate standard deviation. Statistical significance (P <
(Fig. 4A and C), residual bodies and the midpieces of sperm 0.05) in each assay was assessed by Student’s ¢ test.
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FIG. 4. Spermatogenesis at stage VIII and germ cells in the cauda epididymidis of Ra175%'" and RaI757"". (A, C, E, G, 1, and J) Ra175%/*;

(B,D,F,H, K, and L) Ral75"""; (A, B, E, and F) hematoxylin and eosin (HE) staining; (C and D) toluidine blue staining; (G and H) Nomarski
images; (I and K) fluorescence images with Mitotracker staining for mitochondria (red) and Hoechst staining for the nucleus (blue); (J and L)
bright-field images. Compared to normal spermatogenesis in Ral75%/" testes (A and C), spermatogenesis normally proceeds until the round
spermatid stage (B and D), but abnormally shaped germ cells appear in elongating stages (B) in Ral757/" testes. In contrast with Ral75*" testes
(A and C), the areas for the residual bodies and the thick portions of spermatid tails (mitochondrial regions indicated by asterisks) are almost
absent in Ral757'~ testes (B and D). In contrast with Ra175*'" (E, G, 1, and J), mature spermatozoa are not detected, but many exfoliated germ
cells are detected in the cauda epididymal lumen of Ra1757' (F, H, K, and L). Note that thick portions (mitochondrial regions) are absent in the
exfoliated elongated spermatid tails in the Ra175~~ (H, K, and L). Thus, immature elongated spermatids in the Ral75~/~ cauda epididymidis
lacked mitochondrial region, which eventually leads to sterility. RS, round spermatids; M, middle piece; N, nucleus. Arrows indicate irregular

nuclei. Bars in panels A, B, E, and F, 20 pm. Bars in panels C and D, 5 pm. Bars in panels G to L, 10 wm.

tails (asterisk) were almost not present in Ral75~'~ testes (Fig.
4B and D). Round spermatids were morphologically normal,
but elongated spermatids showed abnormally shaped heads in
Ral757'" testes, and they were not localized at the adluminal
surface. Furthermore, very few morphologically mature elon-
gated spermatids were detected in Ral757/" testes (Fig. 4B
and D). Thus, germ cells differentiated normaily into the round
spermatid stage but abnormally into the elongated spermatid
stage.

Germ cells including round spermatids exfoliated at various
stages of differentiation in Ra1757/~ testes and were found in
the lumen of the cauda epididymides (Fig. 4E to L). The
remaining spermatozoa had irregularly shaped heads, abnor-
mally arranged mitochondria (Fig. 4K and L), and erroneously
attached flagella (unpublished observation) as well as round
heads, probably due to the abnormal differentiation from
round spermatids (Fig. 4H). Thus, Ral75~'" males showed
oligo-astheno-teratozoospermia (low sperm number, low mo-
tility, and abnormal sperm morphology) leading to sterility.

We examined the localization of RA175 during spermiogen-
esis. The stage of spermatid differentiation is closely associated
with changes in the acrosomal system. Localization of RA175

TABLE 1. Localization of RA175 during spermiogenesis classified
by PNA and acrosomal structure®

Spermiogenesis stage PNA RALTS
(step)
Round spermatids + (acrosomal +
(1to5) granules)
Round spermatids + (cap acrosome) *
(6t08)
Elongating spermatid + (flattened cap + (mostly distal
(9 to 12) acrosomis) site)
Elongated spermatid - + (only distal
(13 to 15) site)

Mature spermatid (16) - _

2 The normal spermatid differentiation of the wild type are mainly classified
into five groups by PNA staining and acrosomal structures as follows: (i) Round
spermatids (steps 1 to 5); PNA-positive acrosomal granules and RA175-weakly
positive. (i) Round spermatid (steps 6 to 8); PNA-positive cap formation of
acrosome and RA175-weakly positive. (iii) Elongating spermatid (steps 9 to 12);
PNA-positive flattened cap formation of acrosome and RA175 is positive on the
cell junction of the distal site and a few proximal head portion. (iv) Elongated
spermatid (steps 13 to 15); PNA-negative and RA175 is positive on the cell
junction of the distal site (tail side) but negative on the proximal site (head site).
(v) Mature spermatid (step 16); RA175-negative, no residual bodies.
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/ Ral75*"*

Ral75" \

FIG. 5. Localization of RA175 during the differentiation from round to elongated spermatids in RaI75"/* and Ral757' testes. (A, B, E, F,
I, and J) Ral757"*; (C, D, G, H, K, and L) RaI75 7/~. (A, G, E, G, 1, and K) Merged images of spermatids stained with anti-RA175 (red) and
Hoechst staining (blue). (B, D, F, H, J, and L) Merged images of spermatids stained with anti-RA175 (red), fluorescein isothiocyanate-conjugated
PNA (green), and Hoechst staining (blue). (A to D) Stage VII; (E to H) stage XI; (I and J) stages II and III; (K and L) stages XII to II/III. Steps
of the spermiogenesis of Ral757'~ testes were not exactly determined due to abnormal differentiation and lack of elongated spermatids. The
differentiation of round to elongated spermatids was assessed by PNA staining (Table 1), which recognizes the acrosomal structure. Spermiogenesis
normally occurs in Ral75%/* testes, whereas in Ral757/" testes, PNA-positive elongating spermatids (steps 9 to 12; asterisks in K and L) appear
but stay together with the PNA-positive round spermatid (steps 2 and 3; K and L), probably due to the translocation failure. Elongated spermatids
(steps 13 to 15) were almost not detected in Ral757/~ testes (arrowheads in panels C, D, K, and L). St., step; Sc, spermatocytes. Bar, 20 pm.

during spermiogenesis (steps 1 to 16) could be mainly classified
into five groups by peanut agglutinin (PNA) staining (Table 1),
which recognizes the Golgi and acrosomal structures (15). In
addition to the cell junctions between Sertoli cells and sper-
matocytes (Fig. 5A, B, E, F, I, and J), RA175 was strongly
expressed in the cell junction of the elongating (step 11 in Fig.
5E and F) and elongated spermatids (step 14 in Fig. 5I and J)
but weakly expressed on the round spermatids (steps 7 and 8 in
Fig. 5A and B and steps 2 and 3 in Fig. 5I and J). In the
elongating (steps 9 to 12) and elongated spermatid (steps 13
and 14), RA175 was mainly localized on the cell junctions of
the distal site (Fig. 5E, F, I, and J) and tail side of elongated
spermatids that faced to the lumen of tubules at stages XI to
VL. After displacement of residual bodies, RA175 reactivity

was remarkably reduced in the mature spermatids (step 16 in
Fig. 5A and B).

PNA staining confirmed that acrosome formation of the
round spermatid (steps 6 to 8) was not compromised in
Ral757' testes (Fig. 5C and D). The elongating spermatids
(steps 9 to 12) also appeared (Fig. 5G and H), but the elon-
gated spermatids (PNA negative; steps 13 to 16) were hardly
detected at the adluminal surface or other sites (arrowheads
in Fig. 5C, D, K, and L). The elongating spermatids failed to
proceed into further maturation steps and were not trans-
located to the adluminal surface. The remaining elongating
spermatids (asterisks in Fig. 5K and L) decreased in their
cell number but stayed together with the round spermatids
(steps 1 to 5), which appeared in the same region (Fig. 5L).
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FIG. 6. Electron micrographs showing normal spermatogenesis in Ral75%/" testes and abnormal spermatogenesis in Ra175~/~ testes. All germ
cell images are taken from seminiferous tubules at around stage VIII. Compared to Ral75"'* (A), Ral757'" germ cells (B) are capable of
developing normally to round spermatid (RS) stage, whereas elongating spermatids start to degenerate and form irregular nuclei with incomplete
condensation (ES in panel B). (C) Elongating spermatids are frequently formed as a symplast in which malformed sperm components are found,;
e.g., incompletely condensed nuclei (N), incompletely developed acrosome (A), and disorganized tail components (T). (D) Degenerated germ cells,
which have ill-formed nuclei (N), acrosome (A), and axoneme (arrows), are readily phagocytosed by Sertoli cells. Inset, higher magnification of

axoneme (arrowed area). BM, basement membrane.

Thus, the steps of the spermiogenesis were disturbed in
Ral757/" testes.

Electron microscopy analyses clarified that compared to the
normal spermatogenesis in Ral75%"" testes (Fig. 6A), round
spermatids developed normally and formed acrosomes, but the
condensation of elongated spermatids was incomplete in
Ral757"" testes (Fig. 6B). Symplasts, which are formed by
undivided elongating spermatids, were frequently formed, and
they contained ill-formed sperm components such as incom-
pletely condensed nuclei, abnormally formed acrosomes, and
disorganized tail components (Fig. 6C). Interestingly, degen-
erated spermatids, which had ill-condensed nuclei, unusually
shaped acrosomes, and disarranged tail components, were
readily phagocytosed by Sertoli cells (Fig. 6D). Owing to this,
the number of ¢longating spermatids was reduced, eventually
leading to oligozoospermia. Thus, Ral75~'~ spermatocytes
could normally differentiate into the round spermatids but
failed to differentiate into the elongated spermatids.

DISCUSSION

The phenotypic difference between Ra175~/~ and Rxrb~/~ or
Cnot7™'™ mice showing oligo-astheno-teratozoospermia. The

Ral757'~ male mice were infertile due to the oligo-astheno-
teratozoospermia. Some gene-targeted mice have been shown
to be positive for oligo-astheno-teratozoospermia. Retinoic
acid receptor-a (RAR«) and retinoid X receptor-§ (RXRpB)
signals are essential for spermatogenesis. Male mice lacking
RXRB (Rawb™'7) and Cnot (Cnot7™’'7), a regulator of tran-
scriptional function of RXRB, are sterile due to an abnormal
process of germ cell maturation that leads to oligo-astheno-
teratozoospermia (17, 24). RA175 is at first isolated as the
gene highly expressed during the differentiation of P19 EC
cells induced by retinoic acid (9, 21, 29), making it possible to
speculate that the deficiency of the RAR/RXR receptor signal
leads to a lack of Ral75 expression, resulting in a defect of
spermatid-Sertoli cell junctions, which leads to abnormal sper-
miogenesis.

However, there is a remarkable morphological difference
between Ral757' and Rab ™'~ or Cnot7™'" testes. In the
Rxrb™'~ and Cnot7~'~ mutants, there is a progressive accumu-
lation of lipids within the Sertoli cells and many terminal de-
oxynucleotidyltransferase-mediated dUTP-biotin nick end la-
beling-positive  (apoptotic) cells in testes, and their
seminiferous tubules contain degraded mature spermatids at
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stages IX to XI as well as residual nuclear fragments at all the
other stages (14, 20, 24). In contrast, a progressive accumula-
tion of lipids and terminal deoxynucleotidyltransferase-medi-
ated dUTP-biotin nick end labeling-positive cells was not de-
tected (unpublished data), and elongated spermatids were
almost not present in Ral75™/" testes. These phenotypic dif-
ferences between Ral75~~ and Rub™'~ or Cnot7™'~ testes
suggest that genes other than Ral75 are also involved in the
defect of spermiogenesis in Rurb ™'~ or Crot7 ™'~ testes.

Oligo-astheno-teratozoospermia and defects in the elongat-
ing spermatid in the Ral175™/~ mice. Light and electron mi-
croscopic analyses clearly showed that in Ral757/" testes,
germ cells normally differentiated into round spermatids but
did not differentiate into mature elongated spermatids (Fig. 4
to 6); elongating spermatids (steps 9 to 12) were observed, but
they failed to mature further. Thus, lack of mature elongated
spermatid in Ral757/ testes is one of the major causes for the
oligo-astheno-teratozoospermia. In addition, the undifferenti-
ated germ cells, including round spermatids and abnormally
differentiated spermatids located at the adluminal surface,
seem to exfoliate into the seminiferous tubular lumen, proba-
bly due to a weak association between the spermatids and
Sertoli cells or denaturation of the abnormal and undifferen-
tiated spermatids. Furthermore, Sertoli cells, similar to the
residual bodies, may phagocytose the abnormally differenti-
ated spermatids, which were not translocated to the adluminal
surface. This possibility is supported by facts that the cell
number of the remaining elongating spermatids decreased (as-
terisks in Fig. 5K and L) and that the phagocytosis of the
abnormal elongated spermatids by Sertoli cells was frequently
observed (Fig. 6D). Thus, deficiency of RA175 causes loss of
the elongated and mature spermatids (steps 13 to 16) and the
exfoliation and phagocytosis of the abnormal or undifferenti-
ated elongated spermatids, leading to oligo-teratozoospermia.
In addition, only a few spermatozoa found in the epididymis
were immotile (Fig. 3). Owing to this, Rel75~’~ male mice
display oligo-atsheno-teratozoospermia and become sterile.

The phenotypic difference between Ral75™/~ and Nectin-
27/~ or Jam-C~'~ mice. Until now, many genes of cell adhe-
sion molecules in the immunoglobulin superfamily including
nectin-2 and JAM-C have been disrupted (3, 4, 5, 12, 15, 23).
Among them, Jam-C ™'~ and Nectin-27/~ male mice are infer-
tile.

InJam-C ™'~ testes, the differentiation of elongated sperma-
tid is inhibited. Jam-C proteins, which have important func-
tions in the assembly of tight junctions in endothelial and
epithelial cells (1), are localized in most generations of sper-
matogenic cells, including round and elongated spermatids
(15). Jam-C is confined to the junctional plaques in the heads
of elongated spermatids and alters the adhesion structures,
polarizing the localization of PAR-3 and anchoring spermatids
to the Sertoli cell epithelium. Round spermatids in Jam-C ™'~
~ testes lack acrosomal structures and are defective in the po-

larization of the adhesion structures. This inhibits the differ-
entiation of round spermatids into elongated spermatids (15).

In contrast with Jam-C ™/ testes, the acrosomal structures
of the round spermatids were uncompromised in Ral75~'~
testes (Fig. 5 and 6). RaI757"~ germ cells can apparently and
normally differentiate into the round spermatids with acroso-
mal structure. Furthermore, the level of the Jam-C was almost
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equal in Ral75%"" and Ral75~'" testes (unpublished data).
Thus, lack of RA175 does not seem to affect the level of
Jam-C, which provides the polarization of junctional plaque on
the elongated spermatids.

However, Jam-C has a type II PDZ binding domain, which
binds to polarizing proteins such as PAR-3 via PDZ domains
(6, 7, 28). Since RA175 also has type II PDZ binding motifs at
C terminals (2, 10), it may be possible that the lack of inter-
action between RA175 and proteins containing PDZ domains
causes the change of the Jam-C distribution or localization on
the elongated spermatid, providing the abnormal polarization
or absence of junctional plaque, which induces the abnormal
interaction between spermatid and Sertoli cells and resuits in
the defect of the differentiation into the elongated spermatid.
This possibility remains to be studied.

Nectin-27/~ male mice show a random disorganization of
the spermatozoan head and midpiece due to overall disorga-
nization of cytoskeletal structure, but they still possess motile
spermatozoa (3, 23). The spermatid (steps 9 to 15) forms a
Sertoli-spermatid junction via heterophilic interaction between
nectin-2 and nectin-3 (23, 26). The association of the C termini
of nectins and afadin, an actin-binding protein, is thought to
participate in the assembly of actin filaments at the apical
ectoplasmic specialization.

The following results suggest the distinct roles of the RA175
and nectins in the elongating spermatids. (i) Localization of
RA175 on the elongated spermatid (steps 13 to 15) was re-
stricted more distal to the head, near the tail (Fig. 5 and Table
1), whereas nectin-3 and nectin-2 are still restricted to around
the head region of the elongated spermatid (26). (ii) There is
the phenotypical difference between Nectin-2~/~ and
Ral757" mice. A deficiency in nectin-2 causes cytoskeletal
disruption, resulting in the malformation of spermatids, but it
does not induce the loss of the elongated spermatids or oligo-
astheno-teratozoospermia (3, 23), while nectin-mediated sper-
matid-Sertoli cell junction and the cytoskeletal organization
structure were normal; however, there was no maturation and
no translocation of the elongated spermatid in RaI757/" testes
(unpublished data). Thus, RA175- and nectin-mediated cell
junctions seem to have distinct roles in the distal portion and
proximal portion in the spermatid-Sertoli cell junctions, re-
spectively.

Possible roles of RA175-mediated cell junction in the distal
portion of the elongated spermatids. Light and electron mi-
croscopical analyses (Fig. 5 and 6) clearly showed that in
Ral757'" testes, the elongating spermatids (steps 9 to 12) are
defective and fail to proceed into the further maturation step,
while Ral75~/~ Sertoli cells seem to be normal; the lack of cell
contact of the elongating spermatid with Sertoli cells in their
invagination results in the incomplete differentiation, no mat-
uration, and no translocation of the elongating spermatids.

Recently, in addition to TSLC1 and SynCAM, RA175 has
been designated IGSF4A, SgIGSF, and Necl-2 (27, 30), which
have been isolated from various tissues and cells, suggesting
that RA175 has diverse biological functions in various tissues.
However, both male and female Ral75~'" mice have not
shown any altered behavior, including reproductive behavior
and any incidence of tumor for almost 1 year. Furthermore,
Ral757'" mice had no overt developmental defects in tissues
other than testes, suggesting that RA175-mediated cell junc-
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tion is very essential for spermatogenesis in testes. Normally,
the elongated spermatid is captured in the invagination of the
Sertoli cells during displacement of the spermatid cytoplasm
from the condensing nuclei during steps 13 to 15 (8). During
these processes, the clongated spermatid receives the nutri-
tion, hormones, and local factors required for maturation ex-
clusively from the surrounding Sertoli cells. After this, it is
translocated and released to the tubular lumen from the adlu-
minal surface.

Defect of IGSF4 (ISLCI), human orthologue of Igsfda
(Ral75), promotes the metastasis of lung carcinoma cells (18),
suggesting that loss of RA175 makes the cells easily release
from cell-to-cell interaction in some of the organs. It is likely
that lack of RA175-mediated cell interaction makes the elon-
gated spermatid and Sertoli cell adhesion unstable. Thus,
RA175-mediated cell junction in the distal site retains the
elongated spermatids in the invaginations of Sertoli cells until
release as spermatozoa.

In conclusion, our results indicate that the RA175-based cell
junction is necessary for anchoring the elongating spermatids
to Sertoli cells. This specialization retains the elongated sper-
matid in the invagination of Sertoli cells during their complete
differentiation and mediates the translocation of the elongated
spermatids to the adluminal surface.
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Abstraci

Innate amunity in the endomettum has fundamental significance Yor reproduction. Although foll-like receptors {TLRS) play
central roles in innate immune responses, their expression in the human endometrivin remains o be fully elucidated. We have
examined ihe gene expression of TLR2, TLR3, TLR4, and TLRY in endometrial tissues by real-time quantitative PCR and /x sity
hyhridization. The expression levels of the four zenes in endometrial tissues varied in 2 similar pattern during the menstrual cycle:
the levels were high in the perimenstruad period and low in the periovulatery period. Expression of the four genes was detected in
both epithelial cells and stromal celis throughout the menstrual eycle. Expression levels were higher in epithelial colis for TER3
and in stromad cells for TLR4, while they were cornparable in epithelial cells and stromal cells for TLRZ and TLRY. These findings

imply that differential spatio-temporal expression paiterns of TLRs subserve proper innate immunity of the endomelrium.

£ 2006 Elsevier freland Lid. Al rights reserved.
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1. Intreduction

The endometrium is a pivotal component of the repro-
ductive organs, which nourishes implanting embryos.
However, it is vulnerable {0 the spread of microorgan-
isms from the vagina and cervix, resulting inendometrial
infection that may impair normal fecundity. Thus, pro-
tective mechanisms against wawanted infection should
be inherent in the endometrium to achieve successful
reproduction.

Toll-like receptors (TLRS) are central regulators of
innate immune responses {Takeda ot i, 2003). Cur-
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rently, 10 different haman TLRs have been described,
and each TLR recognizes distinet pathogen-associated
molecular patterns. TLRs are thought t0 be important
for host defense against external pathogens in mucosal
systems, such as the intestinal and respiratory tracts. We
have previousty demonstrated the presence and possible
implication of TLR4, a receptor for LPS, in the human
endometrium (Hirata et al., 2005).

Other TERs have also been shown 1o be present in
the hraman endometrium. Young et al. {2004} detected
TLR1-6 and TLRY mRNA in both human endometrial
tissues and separated endometrial epithelial cells, while
Schagfer et 2l {20057 demonstrated the expression of
TLR1-9 mRMA in cultured human endometrial epithe-
lial cells. An immunohistochemical study showed the
presence of TLR1-6 in varions locations in the human
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femuade reproductive tradt, including the endometrium
(Fazeli et al,, 2003).

The endometrium changes its gene profile during
the menstroal cycle under the influence of ovarian hor-
mones. Accordingly, it is feasible that immunity in the
endometrium allers during the menstrual cycle. How-
ever, changes of TLR expression in the endometrium
during the menstrual cycle remain to be elucidated. Bae-
teria and viruses are common pathogens that could have
contact with the endometrium. We hypothesized that
proper innale ionnne system against these pathogens in
human endometritin work with the help of TLR2, TLR3,
TLR4, and TLRY thal recognize peptidoglycan from
Gram-pasitive bacteria (Yoshimura ot al.. 1999), viral
double-stranded RNA {Alexopoulou ef al.. 2001), LPS
from Gram-negative bacteria {Poltorak et al., 1998} and
unmethylaied CpG DNA in bacterial geoomes (Hemmi
et al., 2000y, respectively. In the present study, there-
fore, we have examined the gene expression profile of
TLR2Z, TLR3. TLR4, and TLRS through the menstrozl
gycle. We addressed their variation during the menstrual
cycle using real-time guantitative RT-PCR and in sin
hybridization.

2. Materials and methods
2.1. Patients and samples

Endometrial lissues were obtained from patients
undergoing eperations for benign gyaccological condi-
tions. All patients had regular menstrual oycles, and pone
had received hormonal treatment at least 6 months before
surgery. Specimens were dated according o the criteria
of Noyes ot al, (19507 and classified a8 carly prodifera-
tive, mid-proliferative, late proliferative, early secretory,
mid-secretory, and late secretory phases. Tissues for
mRNA extragtions were snap-frozen in lquid nitrogen
and stored at —80°C. Tissues {53mm x 5 mm) for in site
hybridization were fixed in 10% newtral buffered forma-
Hn for 16h, stored in 70% ethanol and wax embedded,
The experimental procedares were approved by the insti-
tutional review board of University of Tokyo, and signed
informed consent for use of the eadometrial tissue was
obtained from each woman.

2.2, Isplation amd culture of human endometrial
stromal and epithetial cells

Isotation and culture of human endometsial stromal
cells (E5C) and epithelinl cells (EEC) was processed ag
deseribed previously (Hirata ot al., 2005: Koga et al,,
20031). Fresh endometrial biopsy specimens collected

in sterile medium were rnsed o remove blood cells.
Tissues were minced into small pieces and incubated
n DMEM/F-12 containing typel collagenase (0.25%)
and deoxynucleasel (153 Uimiy for 120 minat 37 °C. The
resuftant dispersed endometrial cells were separated by
filtration through a 40 pm nylon cell strainer (Becton
Dickinson and Co., Franklin Lakes, NI Eandometrial
epithelial glands that remained intact were retained by
the strainer, whereas dispersed ESC passed through the
straingr into the filirate.

ESC in the filirate were collected by centrifuga-
tion, and resuspended in phenol red-free DMEM/F-12
containing 10% charcoal-stripped fetal bovine serum
{FB5}. 100 U/ml penicitlin, 0.1 mngfmi sireptomycin, and
0.25 pg/ml amphotericin B, ESC were seeded in a
100y mm culture plate and kept at 37°C in a humidified
3% CO/95% air atmosphere. At the first passage, cells
were plated into 1Z2-well culture plates {Becton Dick-
fason and Co.) at a density of 2 x 107 cells/ml. Cells,
mepehing confluence in 2 or 3 days were used for the
experiments.

EEC were collected by backwashing the steainer with
DMEM/-12 containing 10% charcoal-stripped FBS,
seedes in a 100mm plate and incubated at 37°C for
60 min to allow contaminated ESC 10 altach to the plaie
wall. The non-attached EEC were recovered and culiured
in thecubiure medinm at adensity of 2 » 10° cells/mt into
1Z-well culare plates. Cells which reached confluence
in 3 or 4 days were used for experiments. The purity
of both the stromal and epithelial cell preparations was
more than 98% as judged by positive cellular staining
for vimentin or cytokeratin, respectively,

2.3, Freatment of cells

To examine effects of hormone o TLRZ, TLR3,
TLR4, or TLRY mRNA expression, EEC and ESC were
incubated with 2.5% charcoal-stripped FBS in the pres-
erce of 10ng/mi (36.7nM) estradiol (E), 100ng/ml
{318 aM) progesterope (P E plus P (EP). or 0.1%
ethanol vehicle {control). EEC were incizbated with hor-
mone treatment for 24 and 48 h. ESC were incubated for
3,8,24, 48, and 72 h.

2.4, RNA extraction, RT and real-time quantitotive
PCR of TLR2, TER3, TLRS, and TLRS

Using an RNeasy Mini kit (QIAGEN, Hilden,
Germany), total RNA was extracted from biopsies
or cultpred cells. One microgram of fotal RNA was
reversg-transcribed in a 20pd volume using an RT-
PCR kit {TOYOBO, Osaka, Japan). Standard PCR was
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Tuble 1
Primer pairs nsed for real-time quantitutive PCR anulysis

TRNA Oligonucientide sequenies

TLRZ Bense ¥ -GATOCCTACTOGUTGGAGAA-Y
Amii-sense §-COCAGCTCTCAGATITACCC S

TLRZ Sensy F-AGCLCTTCAACGACTGATGCT-Y
Anti-semse FUTTTCCAGAGUCOTCUTAALTY

TLR4 Sense F-CAACAAAGGTGGGAATGCTEY
Anti-zense F-CAACAMAGGTGGGANTCCTT-Y

TLR® Sense §F-GGACACTCCCAGCTCTGAAG-Y

§-TTGGCTGTGGATGTIGTTGEY
¥ -ACCACAGTCCATGOCATLACY
3 TCCACCACCOTOTIGUTGTA-Y

Anti-sense

GAPDH Bense
Anli-seise

performed using Rever Tra Dash {(TOYOBO) according
to the manufacturer’s instruction. Human glyceralde-
hyde dehydrogenase {GAPDH) primers (TOYOBO;
were used o ensure RNA quality and amounts. Primer
pairs of TLR2, TLR3, TLR4, and TLRY used in
PCR are shown m Table 1. Standard PCR conditions
for amplifications of TLR2, TLR3, TLR4, TLRY, or
GAPDH were 28 cycles {for GAPDH and TLR4) or 30
eycles {for TLR2 and TLR9) 0t 98 °C for 105, 60°C for
25, and 74 7C for 15 s. PCR products were analyzed by
2% agarose get electrophoresis. Densitometric analysis
was performed using the Image J software {National
Institutes of Health, Bethesda, MDD, USAS.

Real-time guantitative PCR was pecformed as
reported previously {(Hirota et al., 2003; Koga et al,,
20005 To assess TER2, TLRA. TLR4, und TLRI mRNA
expression, reat-time quantitative PCR and data analysis
were performed using Light Cycler {Roche Diagnos-
tics GanbH, Mannheim, Geonany). Expression of TLRZ,
TLR3, TLR4, and TLRO mRNA was normalized to RNA
loading for each sample using GAPDH mRNA as an
internal standard. PCR conditions were as follows: for
TLR2, 40 cycles at 857C for 105, 64°C for 105, 72°C
for 12s; for TLR3, 40 cyeles at 95°C for 10s, 64°C
for 10s, 72°C for 115 for TLR4, 40 cycles at 95°C
for 10s, 64°C for 10s, 72°C for 113; for TLRS, 45
eycles, st 95 7Clor 105,64 “Clor 105, 72°Clor 125 Al
PCR conditions were foliowed by melting curve analy-
sis. Bach PUR product was pusified with 2 QIAEX H gt
extraction kit {QIAGEN, Hilden. Germany), and their
identity confirmed using an ABI PRISMTM 314 genetic
analyzer (Applied Biosystems, Foster City, CA)

2.5. In sita Wybridization (I5H

For preparation of the dioxigenin (DIG)-labeled RNA
probe for TLR2, TLR3, TLRA4, and TLRY, cach frag-

ment of the human complementary DNA, obtaimed by
RT-PCR with the primers described, was subcloned
into the appropriate restriction site of the PCR2-TOPO
Vector {Invitrogen, Carlsbad, CA). Afler lineariza-
tion of the plasmid with an appropriate restriction
enzyme, the linearized vectors were used as templates
for the synthesis of DIG-labeled RNA probes using
SP6 (antisense) or T7 {(sense)} RNA polymerase. s
sty hybridization was performed using an ISHR Start-
ing kit {(Nippon Gene, Toyama, Japan) as described
previpusly {(Koga et al., 2004). Paraffin-embedded spec-
imens were sliced at a 3 pum thickness. These sections
were mounted on poly-t-lysine-treated slides, deparaf-
fintzed mnd rehydrated. They were further digested with
5mgiml proteinase K for 10min at room tempera-
tare, treated with acetic anhydride, and then subjected
10 treatment with prehybridization selution for 30 min
at 42°C. Hybridization was carried out by applying
the diluted probe to cach slide section. Each section
was incobaws) in s bomidified chamber overnight at
42 (. Stides were washed in washing solution at 427°C
for 20min, treated with RNase for 30min at 377C,
After being blocked with blocking solution, sections
werg incubated with an anii-DIG alkaline phosphatase-
conjugated antibody {1:300, Roche) for 1h at room
temperature. Color development was carried out by
overlaying them with nitroblue tetrazolum/S-bromo-4-
echoloro-3-indolyl phosphate (NBT-BCIP; Roche), and
incubation in a humidified container in the dark for 8h
{TLR2 and TLRS}, 100 {TLR4), or I2h {TLR3}. Seose
probe hybridization was used as a control for back-
ground level. The intensity of staining was evaluated by
three independent ohservers using a semi-quasntifative
index, score=Y P/, where 7 is the inlensity of staining
with a value of 0, 1, 2, 3 {negative, weak, moder-
ate, or sirong, respectively), and P is the percentage of
stained cells for cach given { {range 0-100%;). Staming
score was the average of scores by three independent
observers.

2.6, Statistical analysis

Expression levels of mRNA by real-time (uantiia-
tive PCR and mRNA staining intensities by 18H during
menstrual cycles were analyzed by Kruskal-Wallis
test, followed by multiple comparisons using Dunn’s
procedure. Differences in the staining intensities by
ISH between the epithelinm and stroma in each mea-
strual phase were analyzed by Student’s f-test, P <0.03
was considered significant. Data are expressed as the
mean=3.EM.
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Flg. 1. Expression of TLR2Z £4}, TLR3 (B). TLR4 (C), and TLRS (D) mRNA throvughout the menstrual cyele. Endometrind tissues were obtuined
from 21 patients. The distribution according to the menstrugd cycle phase was enddy profifesative phase {EP: #= 33, mid-protiferative phase (3P,
# =43, late profiferative phase (LP; n=4), enrly secvetary phase (ES; n=3), mid-secratary phase {MS; 2= 33, late secretary phase (LS #=4). The
fevels of TLR mRNA weve determined by real-time guantitative PCR using LightCycler and normalized hy those of the respective GAPDH. Data
arz the mean £ S EM. (3} P <0.01 vs, MP, LP, ES, MS, and L5; (p) P< 0035 va. LF and E5; {2} P<0.08 vs. LP; {4} P<0.85 va. LP mnd BB, {2)

P <205 vs. MP, LP, ES, and MSB; (f) £<0.08 vs. MP, LP, and B8,
3. Resulis

3.4, Expression of TLR2, TLR3, TLRY, and TLRY
mRNA in endometrial tissues throughout the
menstraat cycle by quantimative RT-PCR

TLR2, TLR3, TLR4, and TLR9 mRMA were detected
in all endometrial biopsies {n=21) throughout the men-
strualcycle. AsshowninFig. 1, TLR2, TLR3, TLR4, and
TLRS showed significant variance during the menstroat
cycle. The expression levels of all four TLRs appeared
to be high at perimenstrual period and fow at perfovala-
tory period. Statistical analysis revealed the following.
TLR2 mRMA sxpression was significantly higher in the
garly proliferative phase than in other phases of the
menstrual cycle, and was significantly higher in the mid-
prolifesstive phase than the late proliferative phase and
carly secretary phase (Fig. 1A). TLR3 mRNA expres-
sion was significantly higher in the early proliferative

phase than the late proliferative phase, and was signif-
icantly higher in the latc secretary phase than the late
proliferative phase and early secretary phase (Fig. 1B).
TLR4 mRNA expression was significantly higher in the
early proliferative phase than the mid- and late prolifer-
ative phase and the carly and mid-secretary phase, and
was significantly higher in the Inte secretary phase than
in the mid- and late proliferative phase and the early
secretary phase {Fig. 1C). TLR9 mRNA expression was
signifivuntly higher in the early proliferalive phase than
other phases of the menstrual cycle (Fig. 1Dy

3.2, Expression of TLRZ, TLR3, TLR4, and TLRY
MRNA throughout the menstraal cycle by in situ
Ivbridization

Fig. 2 shows the histological identification of mRNA
of TLRZ, TLR3, TLR4, and TLRY in the endometrium.
The TLRs examined were all expressed throughout the

Fig. 2. Localization of mRNA encoding TLR2. TLR3, TLR4, and TLRS mRNA in buman endomelrivm from all stuges of the menstrual oyele.
Endometrial tissues were ohtained from 18 patients {#=3 jp each phase). The resull s representative of three sumples in each phase. AL TLR
BRWAR were toealized o the epithelial. stromal, and vascular compartment. EP. ewrly profiferative; MP, mid-profiferstive; LP. late profiferstive:
ES, zarly secretary; MS, mrid-secretary; LS, late secratary; Neg, nagative control treated with sense riboprobe; Vas, vascular compartments, Seziz
bars, 100 um.
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menstrual cycle in both epithelial and stromal cells.
No specific hybridization products were observed when
using the sense riboprobes. The intensity of expression in
epithelizl cells and stromal cells was separately scored,
Table 2 shows the summary of the results. The statisti-
cal analysis of the scores provided following findings.
Expression levels were equivalent between epithelial
celis and stromal celis for TLR2 and TLRY through-
out the menstrual cycle. Expression of TLR3 appeared
higher in epithelial cells than stromal cells throughout
the menstrual cycle, and the difference was statistically
significant at the early, mid- and late secretory phase. In
contrast, expression of TLR4 appeared lower in epithe-
linl cells than stromal cells throughout the menstraal
cycle, and the difference was statistically significant at
the carly and late proliferative, as well as early and late
secretory phases. The variation of expression levels both
in epithelivm and stroma during the menstrual cycle
appeared consistenl with those observed by real-time
RT-PCR.

3.3. Effects of hormone treaiment on expression of
TLR mRNA

The effects of hormone treatment on expression of
TLR mRNA in culured endometdal cells were then
investigated. The expression of TLR2, TLR3, TLR4,
or TLRY mRMA in EEC wag almost equivalent with or
without hormone treatment for 24 or 48h. The expres-
ston of TLR2, TLR3, and TLRY mRNA in ESC were also
equivalent with or without hormone treatment for 3, 8,
24, 48, and 72h. Whereas expression of TLR4 mERNA
did not significantly alter for 3, 8, 24, and 48h, expres-

Table 2
Expression of TLRs mRNA in e endometrivm determined by i st
tybridization

£p MP ip E3 MS 18
TLR2Z
E ++ ++ + + ++ ++
N 4+ ++ + + L=y +4
TLR3
E et “++ RS ++ - L
S it A *+ + -+ ++
TLRS
E b 4+ + + + 4
S e+ Ea) + 4+ -+ -+
T1RG
E -t R s + + + et
5 Eay ++ 3 + 4 o

E: epithelial cells, St stromad cells +, ++, and +++ denote the average
of seores <173, 175-225, and >223, respectively.

T1.RA

JPOE
ECIRCU.

-t

Relative ratio (TLR/GAPDH)

L, B8 oe ©
AR PR

Fig. 3. {(A) Effects of estradiol (E) and progesterone (P} freatment
for 72h on the expression of TLR4 mRNA. RT-PCR analysis wus
performed for TLR4 or GAPDH mRNA. The data shown e repre-
sentalive of three separme experiments wsing samples from different
women. {8 Quontitative densitompetric analysis of the expression of
TLRS mRNA. The data shown are the relative ratios (TLRYGAPDH)
measpred by densitometry. Data sre the mesn = S.EM. of three inde-
peadent experiments. {1} £<0.03 vs. controf; {b) £ <001 vs. E.

sinn was significantly decreased by treaiment with E, and
increased by treatment with P for 72h (Fig. 2A and B}
Expression of TLR4 mRNA In ESC stimulated with P
or EP was significantly stronger than in ESC stimnlated
with E for 72 h

4. Discussion

in the present study, we have demonstrated men-
strual cycle-dependent spatio-temporal gene expression
of TLR2, TLR3, TLR4, and TLRY in the human
endometrinm. Al of thess genss werg expressed
throughout the menstrual cycle, and alterations of the
levels of expression of these four genes showed the same
tendency, being high in the perimenstrual period and low
in the perdovulatory period. fn sifu hybridization revealed
that the expression levels of TLR3 were higher in epithe-
lal cells than in stromal cells, whereas those of TLR4
were the opposite. TLRZ and TLRY were expressed
equally in epithelial celis and stromat cells. These spatio-
temporal patterns of TLR gene expression may subserve
{ing-tuning of innate immunity in the endometrivm.

It has been reported that the proliferative phase
of the menstrual cycle, especially day 1 through 7,
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is the primary risk factor for ascending infection by
microorganisms {Eckert et al,, 2002; Kom et al., 1998}
Menstrual blood and shed endometrium could be a favor-
able environment for bacterial infection. as exemplified
by toxic shock syndrome. Thus, increased expression of
‘TLRs in the menstrual phase might be a plausible defense
mechanism of the ulerus,

The menstrual phase is a period when numerous
white blood cells are recruited in the endometrium
{Salamonsen and Woalley, 1999} White blood cells are
the main source of gamuma interferon in the endometrium
{Yeaman et al., 199%), and gamma interferon upregu-
lates expression of TLR4 in endometrial stromal cells
{Hirata et al., 2003} Thus, leukocytes and TLRs may
coordinately protect the endometriun: against microbial
attack.

Conversely, periovulatory low expression of TLRs
might prevent unfavorable inflammatory response of the
endometrium evoked by microbial contaminanis with
upcoming sperm {Friberg et al.. 1987; Svenstrup ot a.,
2003). Chemical mediators, such as prostaglanding, pro-
duced by uncontrolled inflammatory responses could
disturb proper uterine peristalsis for normal fecundabil-
ity {IHand et ab., 1997).

The ~ariation of expression of TLRs in the
endometrium appears related to alleration of ovarian hor-
e levels. In the present study, we have demonstrated
that estradiol treatment suppressed expression of TLR4
mRNA in ESC, and progesierone ireatment enhanced
expression of TLR4 mRNA in ESC. However, expres-
sion TLR2, TLR3, and TLRY mRMA in ESC as well as
that of TLR2, TLR3, TLR4, and TLRY mRMNA in EEC
were ot affected by hormone treatment. These findings
appear inconsistent with the variation of TLRs In vivo
during the menstrual cycle. A possibility is that sub-
stances other than ovarfan hormones might modulate
expression of TLRs in the endometrivin. Others have
also reported that estradiod treatment does not alter TLR3
mRNA of protein expression in RL95-2 cells {endome-~
trial epithelial cell line) {Lesmeister ef al., 2005). A
further study is warranted 1o reveal the regulatory mech-
anism for expression of TLRs inthe endometrium during
the menstrial cycle.

Ipnate inmame substances other than TLRs have been
shown to vary their expression levels inthe endometrium
duaring the menstrual phase. Defensins and secretory
leukocyte protease inphibitor (SLPI) are bactericidal
molecules secreted from endometrial cells. Homan -
defensin (HBDY)-3 mRMA expression is highest during
the secretory phase, whereas HBD-4 mBNA peaks inthe
projiferaiive phase (King et al.. 2003). The expression of
SLPis increased in endometrial epithelial cells from the

migd- to late secretory phase (King ot al,, 2000} Many
innate immoune factors, including TLRS, may play indi-
vidual functions depending on the phase of the menstrual
cycle.

TLR3 expression was enhanced in epithelial cells
compared to stromal cells. This finding is consistent
with a report that TLR3 immunostaining was mainly
observed in epithelial cells {Jorgenson et al, 2005).
Recent studies have shown that stimulation of TLR3 in
endometrial epithelial cells feads 1o expression of oot
only proinflammatory cylokines and chemokines, bt
also B-defensins and IFN-B, indicating prominent anti-
viral reactions (Schaefer et al., 2005}, Thus, epithelial
cells may be a premiere component against viral infec-
tion in the uterus.

TLR4, in conirasl, was expressed more intensely in
stromal cells. As previonsty demonsizated, TLRA expres-
sion in epithelial cells was unresponsive o LPS, the
ligand for TLR4, unless soluble CD14, indispensable
cofactor for Hx activalion, was supplied {(Hirata et al.,
200353, In contrast, stromal cells, which have membra-
nous CD14, were responsible for LPS. The lack of
membranous CD14 in epithelial cells may prevent harm-
ful hyperresponsiveness in response 10 BUCIOorZaniss,
while stromal cells may react promptly once the epithe-
lial barrier has been breached. Higher expression of
TLR4 in stromal cells appears 1o be in line with the
oo,

Interestingly, TLR type-dependent differential
expression in distinet compariments 15 observed also
in a longitudinal direction along with the reproductive
tract. Expression of TLR2 mRNA was higher in the fal-
lopian tabe and cervical tissnes than in the endomelrium
and ectocervix, whereas expressipn of TLRE mRNA
was higher in the fallopian tube and endometrium
than in cervical tissues and ectocervix (Pioli of al,
2004).

In summary, we bave demonstrated the variable
expression of TLR2, TLR3, TLR4, and TLRY in the
human endometrium during the menstrual cycle, The
overall expression patterns of these four TLR3 were simi-
larly high around menstruation and low around ovulation
periods. The expression in epithelial cells and stromal
cells is different depending on the TLR. The expression
paiterns of TLRs may subserve the fine-tuning of innate
immunity in the endometrium.
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Abstract

Invarious cells including endometriotic cells, p38 mitogen-activated protein kinase (MAPK) plays
assential roles for mnflamumation, an atinlogival factor for endometrinsis. We evaluated the affect of
FR 1657633, a p38 MAPK inbibitor, on the development of endometrosis using g murine moxdel.
Ax an endometrinsis model, estradint-treated ovariectomized BALB/c mice were injected infraperi-
toneally withendometrial fragments of the syngenic donor mice. The animals were injected with eithe
30 mglkg PR 167653 or paly vehicle (vonirol) s.c. twice aday, starting 2 days before endometrial injec-
tion. Theee weeks later, the periioneat finids and the developed endometriotic lesions werg vollected.
Both ihe weight of ail the endometsiotic lesions per mouse and the concentrations of interdevkin-6
and menocyte chemoattractant protein-1 in the pecitoneal fudd were significantly lfower in the FR
167653 -1eeated woice than in the control mice. These findings suggest that FR 167633 may inhibit the
development of endometrinsis possibly by suppressing periloneal inflammatory status.
£ 20006 Elsevier Treland Lid. All vights reserved.
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1. Introduction

Endometriosis, defined by the presence of viable endometriotic tissue outside the uterus,
% an coigmatic disease. Infertility and pain are the most comman symptoms that debili-
tate women affected with endometriosis {Marnyama et al., 2000; Momosda el al., 2002},
Most prevalent medical therapy uses GnRH analogue, whereas its adverse effects induced
by hypoestrozen often dismiss the compliance. Thus, the development of beller drugs i3
antivipated.

Implamation and growth of endometrial cells in menstrual blood spilled into the
peritoneal cavity is a widely accepied hypothetic pathogenesis. In addition, multiple
fines of evidence suggest that inflwmmation plays a pivolsl role in the pathogencsis
{Harada et al., 2001; Lebovic gt al., 2001). In particular, endometriotic cells and intraperi-
toneal leukocytes produce various proinflammatory cytokines including interleukin {IL)-6,
11-8 and monocyls chemoatiraciant profein (MCP)-1, which could be responsible for
eyoking an inflammatory enviropment as scen in the peritoneal cavity of women with
endometriosis.

P38 mitogen-activated protein kinase (p38 MAPK), an intraceliular signal-ransducing
medecule, plays an essential role in the expression of several Inflammatory mokscules 12
macrophage (Matsuyama et al., 2004; Ono and Han, 2000}, a central player in the patho-
physiology of endometriosis. In addition, we have recently shown that an activation of
P38 MAPK plays koy roles in inflammatory reactions of entopic endometrial stromal cells
{Yoshino g1 gl., 2003) and of endometriotic siromal cells {Yoshino et al., 2004},

These findings led us to speculate that inhibition of p38 MAPK might attenuate inflam-
mation associated with endometriosts, and thereby suppress the progress of codomolrios:s.
in the present study, we examined the effect of FR 187553, a well-characterized inhibitor of
p3% MAPK (Kawano et al., 1999; Nishikawa et al,, 2002; Nishikori et al,, 2002; Yamamoto
et #l., 19963, on the indoction of endomeiriotic lesions in a murine mndel.

2. Materials and methods
2.1, Animals

Femalks, 6-8-week-old, BALB/¢ mice were purchased from Tokyo Laboratory Animal
Science (Tokyo, Japan). Mice were fed on mouse diet and water ad libitum and kepton a
light/dark cycle of 16/8 b under conimlled conditions, Prior to any invasive procedure, the
mice were anaesthetized by 100mefy ketamine hydoeehloride (Sankye, Tokyo, Japan) s.c.
and 12 mefkg xylazine hydrochloride (Bayer, Tokyo, lapan) s.c. All antmal experiments
were according to the protocol approved by the Animal Care and Use Committee of the
University of Tokyo. Every surgical technique was performed under clean conditions.

2.3 Induction of endometriosis

Induction of endometripsis was performed according o the method as previonsly
deseribed {Dabrosin et al., 2002; Somighana et al., 1999} with minor modifications. First,
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