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Adhering Junction Dynamics in the Testis Are Regulated
by an Interplay of pl-Integrin and Focal Adhesion

Complex-Associated Proteins

MICHELLE K. Y. g1U. DOLORES D. MRUK. WILL M. LEE. axn C. YAN CHENG

The Population Council MEY.S. D.DM.. CY.Co. Center for Binmedical Research. Neu York, New York P2l end
Deparfment of Zoology W M.L.. University of Hong Kong. Hong Rong. Special Admnistrante Regien o7 China

During spermatogenesis. the movement of developing germ
cells across the seminiferous epithelium associates with ex-
tensive restructuring of cell-cell actin-based adherens june-
tions (AJs), such as ectoplasmic specialization (ES, a testis-
specific AJ junction}, between Sertoli and germ cells.
Although this event of germ cell movement is essential to the
completion of spermatogenesis. the mechanism!s! that regu-
lates Ad restructuring is largely unknown. Using Sertoli-germ
cells cocultured in vitro to study the regulation of Ad assem-
bly. it was shown that this event associated with a transient
induction of pl-integrin, vinculin, p—FAK-T}T397. and phos-
phatidylinositol 3.kinase (PI3K) but not the nonphosphory-
iated form of focal adhesion kinase (FAK), paxillin, and p130
Cas. Furthermore, p-FAK-Ty 97 was shown to coimmunopre.
cipitate with pl-integrin, vinculin, and c-Sre both in vitro and
in vive using Sertoli-germ cell cocultures and seminiferous
tubules, respectively. These results seemingly suggest that
the testis is using constituent proteins of the focal adhesion
complex (FACY found in other epithelia between cell and ex-
tracellular matrix to regulate Ad dynamics. To further con-
firm that p-FAK. a putative FAC protein in other epithelia, is
indeed present at the site of ES, ;mmunochistochemistry and
jmmunofluorescent microscopy were used. The 1:i-FAK-Ty1-“m
and p-FAK-Tyr”E were found to localize almost exclusively at

DL'R[‘_\'G SPERMATOGENESIS. PRELEPTOTENE and
leptotene spermatoc.\'tes must translocate acrass the
blood-testis barrier (BTB), which ¥ formed by the inter-
Sertoli tight junctions {T1s) near the basal lamina, entering
into the adluminal from the basal compartment of the sem-
iniferous epithelium for further devetopment (for reviews.
«ee Refs. 1 and 2). This timelv movement of developing germ
cells is essential tor spermatogenesis: it also associates with
oxtensive restructuring of the actin-based cell-cell, interme-
diate filament-based celi-cell. and actin-based cell-matsiy ad-

-

Abbreviations: AF-230d, 1442 4-Dichlorubenz_\l'—md.\mle-3-&1:'{*0‘!\\'-
drazide: Al adherens junction: ETB. blowd-testis barrier: Csh, proteti
pvrosine Kinase that phosphor}'lates ore tamily kinases’ ES, evtoplasmw
specialization: F12, Ham= F12 nutrient mixure FAU focal adhesen
compies: FAR focal adhesion hinase: FITC. fluoresceln jothiocyanate
GO, germ cell-conditioned medium: Gl gap uptien: 1Lk intenrm-
linked kinase: 17 meunepreipitation M, orelative molevular mass
P40, Nonidet DY PIEk. phu:‘-phatidyhnosiioi-S-Lims‘o: pli Cas
protein encoded by Crkas gene abso called Crh-associated protn
PALSE, phen5'1methylsuifom"‘1 fiuoride; Pdlnstd 30 Phx‘h}‘hdhd)’]lhn‘—
citol 4.5-bisphosphate; S e homelosy 2 Jomain, Sre. a protein
trvosine kinase of the transforming gene of Rous sarcama s 1= ihesides
Sre, this family includes Fyn. Yes. Far Lvn. Hek Lk, Bl and Yk
proteinst: T}, tight function.

the site of apical ES with weak staining at the basal ES in the
seminiferous epithelium in a stage-specific manner. being
highest at stages V1-V111. In contrast. FAK was largely re-
stricted to the basal compartment but with weak staining at
the apical compartment. When rats were treated with 1
(‘2.4-dichlorobenz3.'lLindazole-&earbohydra:ide WAF-2364) to
perturb Sertoli-germ cell AJs. an induction of Bl-integrin.
vinculin, p-FAK-T_\'r'““. PI3K. and p130 Cas but not the non-
phosphorylated form of FAK and paxillin was also detected in
the testis, coinciding with the time spermatids began to de-
plete from the epithelinm. indicating their involvement in Ad
disassembly. ThereafteT. the levels of vinculin. p—?.—\K-T}‘r"”.
PI3K. and p130 Cas in the testis plunged. coinciding with the
declining events of AJ disruption when virtually all sperma-
tids were depleted from the epithelium. Taken collectively.
these results suggest a bifunctional role of p-FAK. being in-
volved in the events of Sertoli-germ cell AJ assembly and
disassembly. In summary. the events of AJ dynamics in the
testis., in particular at the site of ES, are regulated. at least in
part, by proteins that are found in the FAC in other epithelia.
such as pl-integrin. vinculin. and FAK utilizing the integrin/
pFAK/PBlUplS(} Cas signaling pathway. \Endocrinology 144
2141-2163. 2003

hering {07 anchoring? junetions. alse hnown 1= adherens
junctions (Als), desmoreme unctions and focal contadct= 10
other cpithelia, respccti\'cl) CRAL TeVIeI R ST Rets. -3 Be-
tophsmic spc{iahmtmns (Ewsr are 7':."‘.‘\.‘i.“.!;‘.ic’d actin-based
cell-cell Als unique o the testis. Thew are round in Sertolt
colls at the sitex inwhich developing and mature spermatids
attach (apica! F&iand between Sertoli cells at the pasal vom-
panment ibasal BN Rets. 1 4. and 3 The turnover of basal
and apical FS are essential tor the movement of spermates
cvtes across the seminiferous cpxthcimm cerand the moves
ment of :'\pcrnmhds and the release of spermants e tubular
jumen at .-pcrmmtion - :

Sy eral protemns hav e been idenafied at the stte of E3 N the

respectively
tostis, which include arsl integrin is v yineulin (10 o
sctinin (110 fimbon Sy espin - 120 myesin Vila 1130 ¢S
(14 Cahotdn ntegrin-hinked fanase TERERY gelsolin o
phosphatidj.'l'moﬁitoi 4 5-pisphosphate Prilesd 30 Ret
1oy phu:‘-phmﬂwitide—specmc phospholipase e Bviua
member of the S1¢ famuly protein fresiny anase 170 heapl
(185 and testin (1%, A0 et little s known about these mol-
ecules regarding their function and rexulationin the testis.
In this report, we have i estigated the roles of gl-integrin
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and vinculin in AJ dynamics using Sertoli-germ celf cocul-
tures in vitro, These proteins were selected becayse they are
known to colocalize to the actin filament bundles at the site
of ESina stage-dependent manner (9,15,21) and are putative
constituent proteins of S, Recent studies have shown that
l~(2,4—dichlorobenzyl)-indazo]e-3-carbohydrazide (AF-2364)
is a potential male oral contraceptive that can induce germ
cell loss from the seminiferous epithelium possibly by dis-
rupting the Sertoli-germ cell Als, such as ES, in fhe rat teskis,
without affecting the hypothalamus-pimitnl‘y-testicular axis
(22, 23) and Al structures in ather epithelia (for review, spe
Ref. 1). Also, this compound is neither nephrotoxic nor hep-
atotoxic (I, 22, 23) unlike its analog, lonidamine [1-(2,4-
dichlombenzyl)—indazole—B-carbox ylicacid], which is known
to disrupt the stress fibers and microfilament netwark in
Sertoli cells when administered i1 pigo by gavage but is toxic
(for reviews, see Refs. 1 and 24). As such, this AF-2364-
induced germ cell foss is being used as a model to study the
cascade of events leadin g the disassembl y of Sertoli and germ
cell Afs both i yig and in vitrp,

Studies by immunohistochemistry using a specific phos-
pho-Tyr antibody have shown intensive staining at the site
of ES (14, 15), indicaﬁng that at least some molecules at this
site can be tyrosine phosphorylated. There are also reports
illustrating focal adhesion kinase (FAK) can become tyrosine
phosphorylated in cells upon integrin clustering or during
integrin-mediated cell adhesion (for reviews, see Refs. 25
28). Activation of FAK occurs during its interaction with the
cytoplasmic tail of the clustered Bl-integrin (for review, see
Ret. 26). On activation, autophosphorylation of PAK at Tyr*7
takes place; this in turn cteates a binding site for the Src
homo[ogy 2 (SH2) domain of Src or Fyn (29, 30) and other
effector molecules, such ag phosphatid vlinositol-3-kinase
(PI3K; Ref. 31). The coupling of Sre family protein tvrosine
kinases to this FAK/Sre complex can further modity FAK by
inducing phosphorylation of FAK at Tyr™ and Tyr™ in the
kinase domain activation loop, which enhances its ¢q talystic
activity (32), or else at Tyr™, which creates a bj nding site for
the adaptor Grh2 SH2? domain (33). Besides, Src kinases can
phosphorylate other focal adhesion-associated substrates,
such as paxillin {34} and p130 Cas (35, 36). Treatment of col s
with cytochalasin ID, also known to disrupt actin filaments in
ES (37, 38), that disrupts the actin cytoskeleton can also
inhibit the phosphorylation of FAK (39, 40). 1t is therefore
logical to speculate that Bl-integrin at the site ot ES activates
FAK, leading to changes in Sertoli-germ cell A) dynamics,

To test this hypothesis, we have investigated: 1) the protein
levels of FAK, P-FAK-Tyr™, PI3K pgsq paxillin, and p130
Cas during Sertoli-germ cel} AJ assembly and disassembly
both ir vitro and iy vivo; 2) the localization of FAK, p-FAK-
Tye*, and P-FAK-Tyr7* in the seminiferous epithelium
from normal and AF-2364-treated rats; 3) colocalization of
P-FAK-Tyr™7 with vinculin, a putative ES-associated protein
(10, 15, 21), FAK, or Z0-1, a putative TJ-associated protein
(41) in the seminiferous epithelium by immunof] uorescent
microscopy; and 4) the constituents of the molecylar complex
that is present at the sife of ESby immunaprecipitati(m using
ananti-p-FAK-Ty*7 antibody. These results sy geestthat the
dynamics of ES, , testis-specific, cell-cell actin-based AJ
structure, are regulated by some of the Same component
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proteins, such as FAK and Bl-integrin, that are found in focal
adhesion complex (FAC) in other epithelia at the site of
cell-matrix focal contacts.

Materials and Methods
Animels

Male Spragu Dawley rats ranging between [ and 120 g of age were
obtained from ( haries River Laboratories, Inc, {Kingston, MA}. Rats
were kiiled by €0, asphyxiation, and teste were removed immediately
for the ‘salafion of testicular cells or for RVA extraction. The uge of
ANIMals for studies described herein wasg approved by the Rockefeller
University Anim.l Care and Use Comimittee with protocol ne. 97117 and
0111,

Freparation of testicular cells gng spent media

Sertoli celf cudiures. Sertoli cells were isolated from 20-d-0ld rats as pre-
viously deseribed (09, 42). At low cel] density (5 x 10% cells/em?),
inter-Sertoli T)s could not form because of the lack of cloge proximity
between cells reridoring them incapable of assuming the columnar
shape, which {e cormmen in Sertoli cells when they form TJs in Wk
(42-44), Nonetheloss, bnih Als and Communicating gap junctions (Gfs)
were present (19, 43, Isolated cells were plated at 5 » 10 cells /em? in
W0-mm Potzi dishes i o ml serum-free Ham's F12 nutrient mixture and
DMEM (F12/1M )i L vol/vol: ~4.5 10° cells /9 ml/100-mm dish}
supplemented with 5 mpy HEPES, 1.2 g /liter sodium bicarbonate, 19
ng/mlbovine insulin, 5 g/ ml human fransferrin, 2.5 ng / mi epidermal
growth factor, 20 me /ey gentamicing and 10 kg/mlbacitracin, At high
cell density (0.5 or | w10 cells/cm?), all three types of junctions (TJs,
Afs, and Gls) were formed. In S0me experiments, cells were plated on
Matrigel-coated (Collaborative Biochemical Products, Bedford, MA; di-
luted 1.7 with F12/ MEM, vol/vol) 12-well dishes (Cotning, Inc., Corn.
ing, NY) at o density of | % 100 cells/cm- ag previously described (19,
45, 46). These cultures were incubated in g bumidified atmosphere of
5% air and 5%, O (vols vol) at 35 C. Unless specified otherwise, time
0 represents Sertol ¢ol; cultures that were terminated approximately 3 h
after plating, Aftor 4x h of incubation, cultyres were hypot()nically
treated with 20 ma Ty (PH 7.4) for 2.5 min to lyse the residyal germ
cells (47), to be followed DY two successive washes with F12/DMEM to
remove porm cell dobris, Media were replaced every 24 h. For adult
Sertoli cell cultures, Sertali colls were isolated from rats at 45 and 90 d
of age with 4 purity of approximately 95% ag previously described (48).
The purity of thes sertoli cell cultures were analyzed microseopically
(48, 49) and by RT-PC using primer pairs specific to markers of Levdig
cells (Rﬁfh}-'dmx'\ steroid -:hrhydrogenase), germ cells {o-kit receptor),
and peritubular myoid el (fibronectin; Ref 50).

Genm coll cultures, o) serm celis were isolated from 90-d-old rats by
a mechanicai procedy o 4. previeusly described (51). Sequential filtrg.
tions woere performed to remove cellular debris, Spermatozoa, and elon-
gated spermatids, VWi oy the final Preparation wag analyzed by DNA
Hlow cytometry ag rroviously described {(51) and direct microscopic
examination {31), it c Misisted largely of Spermatogonia (17%), sper-
matocytes (18, and “aungd (prestep &; 57%) and elongating (step §)
spermatids (8%). These germ cells had a purity of greater than 95% with
negligible somatic col| ventamination when examined micmscopically
and assessed by other crin Tia, such as RT-PCR to amplify testing a known
Sertoli celi product (51 53); ek receptor; a Spermatogenium progduct
{54); 3,8—!1ydrn.\}steroid dchydmgenaso; a Leydig cell product (55); and
fibronectin, a peritubular myoid celj product (56). The cel| number of
freshly isolated germ colls was determined by a hemocytometer. The
desired cel| density was nbtained by reconstituting cells in F12/DMEM,
supplemented with ¢ iy sodium lactate, 2 my sodium pyruvate, 2p
mg/liter gentamicin, an,| 0 g/ ml bacitracin and were used within 1 h
for coculture experimerts. In selected experitnents {see Fig. 7B, lower
panel), elongated spermatics were not removed by omitting the glass
wool filtration steps,
To assess changes in farget gene EXPression in germ cells durin

maturation, gere celly were also isolated from rat testes at 10, 15, 20, 45,
50, 90, and 200 d of age as described above, Freshly isolated germ cells
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were terminated by RNA STAT-60 (Tel-Test inc.. Friendswood, T\ for
RNA extraction.

Preparation o¥ qor el comditioned madien $GCCAL For the preparation
of GCCOM, freshly isolated germ cells wore cultured at0.3 1 cells cm’
ina lo0-mm dish (223 < W7 colls 0 mi 1o0-mm dishy and incubated
in a humidified atmosphere of 937 air and 3 COLtvel A elhrat 33 C tor
1ah. Spent media were collected. centrifuged at S0t - ¥ for I hto remove
residual germ cells, followed by 300t~ g tor Linte remove ceilular debris
and designed GCCM GCCN were concentrated by a \finitan tangential
witrafiltration unit (Millipere Corpe. Bedrord, MA) equipped with eight
Minitan plates [relative molecular mass (M cut-otf at 10 kDaj. and
filtered through 0.2-pm filter units. The protein content was estimated
by Cocmassie blue dve-binding assav using BSA as a standard 30 To
sfudy the effects of GUCM protein on Sertolicell target gene expression.
GCOM were incubated with Sertoli cells cultured alone for 3 dats -
107 cells cm” ina 10-mm dishi <35 = 1Y celis ¥ ml medium per Jdishy
at a concentration of 1, 30, 30, and 1310 gy protein ml tor 2h betore
termination for RNA extraction.

Preparation of nonziable germ oolis To anaivze the effects of non iable
germ cells on Sertoli cell Bl-integrin and vinculin expression, germ cell~
isolated from adult rat testes were atored at 4 C far approsimately 24 h
in F12 - DMEN with 200 mnt phcn_\'lnu‘thylsuifnn_\'l fluoride (PMSF) and
» mu EDTA. These nonviable cells. contirmed by ervthrosine red dve
exclusion test (58), were washed bwice in F12 DMEM by centritugation
at 80 = ¢, 10 min cach, and lavered unte the Sertoli cell (43 - 17
cells Sl Fi2 DMEM per 1i0-mm dish? monelaver that had been cul-
tured alone for 3 d using a germuSertoli cell ratio of 111 and termunated
at specified time points.

Serteli-germ cell cocudtures To assess changes in target gene expressien
during the assembly of Sertoli-germ cell Ajs, freshiy isolated Sertels cells
as described above were first plated at high cell density (03 - 1Y
cells cm) on Matrigel-coated 12awel] dishes, These cells were cultured
alome for 5 d to allow the establishment of a cell epithelium with T Gl
AJ. and desmosome-tike junctions {431 and the endogenous target geaw
expression to subside before their use for covulture experiments because
cell-substratum structures were also formed in these cultures. Freshly
isolated germ cells as described above were added onte this vell epi1-
thelium on d 6 and cocultured using a Sertoligerm cell ratio of either 11
13, or 13 to initiate Sertoli-germ Al [Although the assernbly of
desmosome-like junctions also take place in these cultures (79, rib we
limited our discussion ononly A] assemblv throughout the test bevause
we had not included any desmosome-like junction protein markers in
our investigation because none of the desmuseme junction proteins
found in other epithelia. such as desmocollins, Jesmogleing. desme-
plakin, and plakophilin. have been positively identified in the testis ifor
reviews. see Refs. | and 351

Earlier studies by electron micrascopy have shown that anchoring
junction structures. such as desmosome-like junctions. are found be-
tween Sertoli and germ cells (up to step 7 round spermatids: within
3448 h when these cells were coculturen in serum-free media o .
(5%, 60). The presence of functional A structures in the=e covultures was
subsequently characterized in our laboratory by light and fluorescent
microscopy and other piochemical analvsis 143, 30 el The tselated
germ cells used in the studies reported herein contained up to step X
spermatids as earlier described (51,585 and ultrastructures similar to ES
found i i had been detected between Sertoll cells and stepr 8 sper-
matids 5 vitro o This i» not entirely surpri=img because ES can be
farmed between Sertoli ceils amd steps 7 % round spermatids o o n2
w7y, Furthermore. current investizaiions in our laboratory by immune:
Auorescent microscopy have also identified espin. 2 putative Ex- spediic
marker 12, oli. in these cocubtures iMrub D0 D.oand C Y. Chena
unpublished observations!. In addition. recently completed electron mi
croscopy study using Sertoli-germ cell cocultures from our biboratend
performed at the Rockefeller University Bivimaging Resource LenteT
has conclusively identitied functional ES structure at the ultrastructural
level consistent with cartier published reports iRets. 39 and n and >ui,
A, K. Y. and C. Y. Cheng. unpublizhed abservations, Taken colle-
tively. these results clearly illustrate sunctional Al structures. such az
actin-based ES. are present in the Sertoli-germ ceil cocultures used fnour
studies as reported herein.

Cocultures were terminated at specific time pomnts by RNA STAT-
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doses of AF-2364 (1,50, and 500 ng/ml) and terminated at specified Hme
points.

Treatment of Sertoli cells with AF-2364 and lonidamine 11-(2,4-dichloroben-
zyl)-indazole-3-carboxylic acid]. Sertolj cells (0.5 x 10" celis /cm?) jsolated
from 20-d-old rats as described above were cultured for & d alone and
then incubated with 1,50, and 500 ng/ml AF-2364 for { hand terminated
thereafter. For lonidamine treatment, Sertoli cells were cultured for 2 d
and then incubated with 1, 50, and 500 ng/ml lonidamine for 24 h and
terminated thereafter.

Treattnent of germ colls with AF-2364, Germ cells (22.5 % g¢ cells /9 ml
per 100-mm dish) isolated from 90-d-old rats were incubated immedi-
ately with 1, 30, and 500 ng/ml AF-2364 for 1 h and terminated
thereafter.

Semiquantitative RT-PCR

Total RNA was isolated from tissues or cells by RNA STAT-60 (Tel-
Test}, and RNA concentration was quantified by spectrophotometry at
260 nm usingan RNA /DNA calculator {model GeneQuant I1, Pharmacia
Biotech, Uppsala, Sweden). Semiquantitative RT-PCR was performed
essentially as previously described {45, 46, 65, 66). To enhance the de-
tection sensitivity and fo yield semiquantitative data for analysis and
comparison after densitometric scanning of the resultant autoradio-
grams, a trace amount of {y-"2P|-labeled primers were also inciuded in
the RT-PCR tubes. Briefly, the sense primers of a target gene and 516
were labeled at the 5'-end with [y-"P]-dATP {specific activity, 6000
Ci/mmol, Amersham) using T, polynucleotide kinase {Fromega Corp,,
Madison, Wi). Approximately, 1 x 10° cpm were used per PCR and the
ratio of the [y-"*P-labeled sense primer of a target gene to [y-"Pl-labeled
516 was the same as the uniabeled prinsers.

To ensure the linearity of a target gene and 516 during their ampli-
fication, 10-p1 aliquots of PCR products at 18,20, 22, 24, and 26 cycles
were withdrawn and resolved onto 5% T polyacrylamide gels using 0.5
TBE (45 mm Tris-borate, 1 ma EDTA, pH 8.0} as a running buffer in
preliminary experiments. Also different concentrations of primer pairs,
reverse transcription products and annealing temperzatures were used in
preliminary experiments for each target gene to ensure its production
and 516 in each PCR experiment were in linear phase. Because of the
disparity between the endogenous levels of a target gene and 516, the
linear phase of the housekeeping gene, such as SI6, was close to its
saturation phase. For the target gene, its litiearity was at its exponential
phase in the PCR.Ttis because of this disparity issue we had made every
etfort 1o include results of immuncblot analysis to verify data of RT-PCR.
Furthermore, the additional protein analysis ensures that the detected
changes in mRNA levels indeed translate in-o functional proteins, which
are the effectors to induce any phenotypic and /or cellular changes. The
PCR products were visualized by ethidiur bromide staining and au-
toradiography was performed using X-OMAT AR film (Eastman Kodak
Co., Rochester, NY) after gels were dried. The authenticit_\f of the PCR
products for 51 integrin, vineulin, and 516 (Table 1} was confirmed by
direct nucieotide sequencing as previously described (46, 61).

Immunoblotting

Total Sertoli-germ cells lysates were obtained from cocultures plated
in 12-well dishes at specified time points. Bricfly, spent media were
removed from each well, and 1 m! SDS lysis buffer was added to the
remaining cells. The solubilized cel] Suspension was transferred to a
tnicrofuge tube, vortexed, incubated at room terperature for 5-10 min,
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and centrifuged at 15,000 x £ to remove cellular debris, The clear su-
pPernatant was used as whole-cel] lysate. Protein content was estimated
by Coomassic blue dye-binding assay using BSA as a standard (57).
Equal amounts of protens (~100 pg/lanc) were resolved onto 7.5% or
10% I SDS-polyacrylamide gels by SDS-PAGE under reducing condi-
tions (67) and lectroblotted onto nitrocel{uiose papers. Membranes
were blocked with 6% nonfat dry milk (Nestle, Solon, OH) in PRS-Tris
(10 mm sodium phosphate, 0.15 M NaCl, 10 mm Tris, pH 7.4 at 22 )
containing (1.1 Tween 20 {(vol/vol). For immunoblotting, the following
primary antibudies were used: rabbit anti-fl-integrin {catalog no. sc-
8978, iot no. B221), rabbit anti-FAK {catalog no. se-558, lot no, 10513, and
mouse anti-PI3K p45q (catalog no. s¢-1637, lot no, | 101) were from Santa
Cruz Biotechnnlug}_x, [nc. (Santa Cruz, CA). Mouse antivinculin (catalog
no. VI13T, 1ot no. TCKA877) was from Sigma (St. Louis, MQO). Rabhit

anti-p-FAK-Tyr™

wcatalog no. 07-012, lot no. 21019} and rabbit anti-

p-FAK-Tyr™ ‘eatalog no. 07-157, lot no. 20262) were from Upstate
Biotechnc:logy, Ine. ilake Placid, NY). Mouse antipaxillin {catalog
no. P13520, lot ne. 16) and mouse anti-p130 Cas {catalog no. F27820, ot
no. 7} were from "ransduction Laboratories, Inc. (Lexington, KY). These
antibodies were known to cross-react with the corresponding target
proteins in rats av indicated by the manufacturers.

After the primary antibody incubation, membranes were incubated

with either one of the “oliowing secondary antibodies depending on the
source of the primary antibody. These include goat antirabbit 1¢G-
horseradish peroxiiase (catalog no. sc-2004, lot no. G091} and goat
antimonse IgG-horseradish peroxidase (catalog no. s¢-2005, lot no.
H231), which were purchased from Santa Cruz Biotechnology. The blots
were then developed with an enhanced chemiluminescence system us-
ing a kit from Amersham Pharmacia Biotech (Piscataway, NJ). We have
listed both the cataleg and lot numbers for each specific antibody used
in this report beca:se preliminary experiments have shown that several
antibodies from oiher vendors fatled to yield satisfactory results.

i

About 500 ug protein of whole-cell lysates of Sertoli-germ cell co-
cultures (in ~250-301) il sample size) terminated on d 2 after addition
of germ cells onto the Sertali cell epithelium and seminiferous tubules
after 36--48 h in culture, and lysates of adult rat testes were pretreated
by incubating with 5 d normal rabbit serum for 3 h at room temperature
to be followed by 201 ] protein A/G PLUS-agarose (Santa Cruz Bio-
tectnology) for 1 a1 to eliminate proteins in the lysates that would
otherwise nonspecifically bind to rabbit serum proteins and subse-
quently bound to protein A/G PLUS-agarose. The lysates were then
centrifuged at 10011 < & for 5 min to peliet the agarose beads and
supernatant was collected. Two microgram of either anti-FAK or anti-
p-FAK-Tye "7 antibudy were added to the supernatant and incubated
avernight. Thereafter, 20 ui protein A /G PLUS-agarose was added to the
lysates and incubated for 4 h, The samples were centrifuged at 1000 x
& for 5 min © collect pellet. Supernatant was discarded and the immune
complexes were wached four times with [P buffer. After the final wash,
the immunocompleses were resuspended in 50 pl SDS-PAGE sample
buffer [0.1253 m Tris pH 6.8 at 22 C containing 1% SDS {wt/vol), 20%,
glycerol, 1.6% 2-mer. aptoethanol (vol /vol)] and heated for 10 min at 100
C to extract the proteins. Beads were pelleted by centrifugation and
supernatant was coliected and resolved by SDS-PAGE using a 7.5% T
polyacrviamide gel v ader reducing conditions and were immunoblotted
with mouse anti-p-Tyy (p-Tyr-100; catalog no. 9411) (Cell Signaling
Technology, Inc., Beverly, MA} or anti-FAK antibody (for FAK immu-
noprecipitation experiment); and anti-Bl-integrin, anti-vinculin, anti-c-

TABLE 1. Primers used for semiquantitative RT-PCR to assess the steady-state mRNA levels of Bl-integrin, vinculin, and 81§

T Annealin,
Target gene Primer sequence Orientation Pos:ting Length temp. usegc’ri Ref,
bp; (€

B1-Integrin 5'-GAGGAGGATTACTTCAGACB' Sense 519-537 303 58 81
5-AGCAGTC GTGTTA CATTC-3° Antisense 804821

Vinculin by -CTGGTGGACGAGGCTAT- 3 Sense 2134-2150 290 59 82
3 -ATGTTTCCAGCCACAGC-3' Antisense 2407-2423

518 5'-TCCGCTGCAGTCCGTTCAAGTCTTE.’S" Sense 15-38 385 58-59 83
5’-GCCAAACTTCTTGGATTCGCAGCG-S' Antisense

376-349
— T -_— o
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Sre (catalog no. sc-8056, [ut no. C0A1; Santa Cruz Biotechnologyy, or
p—FAK—T_\'r‘"r antibody Ufor P-FAK-Tvr™" immunoprecipitation exper-
imenty. Whole-cell hvsates of Sertoli-germ cell cocultures isolated on d
5 and testicular lysates and or seminiferous tubular lvsates without

incubation with antibodies or with incubation with normal rabbit serum
were used as negative controls.

Immunohistochemistry

Immunohistechemistry was performed to lovalize FAK and p-FAK M
the semniniferous epitheiium of normat and AF-23td-treated rat testes
essentially as previoushy described (63-71) using Histostain S hits
(catalog no. 95-6143) from Zvmed Laboratories. Inc. Corp. {Burlingame,
CA . Brietlv. animals were Lilled by CO. asphyiation. Testes were
removed immediataly, embedded in O.CT. compound Miles Scientib,
Elkhart, IN), and frozen in liquid nitrogen. Al tissue blocks were stored
at — 80 C until used. Frozen sections (§ pm thick) were cut at =20 with
a disposable blade in 2 crvostat {Hacker, Fairfield. N]1 and mounted on
palv-L-lvsine (Sigma. M, 130 kDajvoated plass slides. Sections were
air dried at room temperature. fived in modified Bouin s Hixative for >-10
mir, and washed thoroughly with PBS (10 mut sadium phosphate, 115
s NaClh pH T 2at22C Streptavidin-biotin peroxidase immunostaining
was performed as foilows. Briefly, fixed sections were treated with 37
hydrogen perovide in methanol for 5 min to block endogenuis peroy
idase activity, To minimize the nonspecitic antibody binding, sections
were incubated with a serum blocking sotution (Zymed Laboratories.
Inc. Corp ) or 10, nonimmane goatserum. Sections were ther incubated
with primary antibodies in 2 moist chamber at 35 C overnight. Primary
antibodies were used with the following ditution: rabbit anti-FAK (130
to 1:100), rabbit anti-p-F.—\K-Tyr:”_ {1:100 o 1:230, and rabbit anti-p-
FAK-Tvr 71120 to 1:150). Sections were washed thoroughly with PBS
and incubated with biotinvlated goat antirabbit [gG for 30 min and then
with the strepta\'idin—peroudase conjugate for 10 min. Sections were
treated with the amineethvlcarbazole mature {substrate-chromogen
minture! for 310 min. Sections were counterstained in hematoxylin and
mounted. Sections were examined and photographed ina BXAC1Olvm-
pus Corp., Velville, WY1 using planapochromat 10, =200 and
ohjectives and an 222 blue filter
All micrographs were digitaily acquired using a digital imaging cam-
era (Olvmpus Corp.d intertaced to a Macintosh G computer running
under Mac 05 6.22 and analvzed by Adobe Photoshep iversion 70 At
Jeast SN-1W sections were ovamined from each testis and at least three
rats were used per time point in each experimental set. Contrals con-
<isted of: 11 sections incubated with PBS instead of the specitic primary
antibody; 2) sections incubated with normal rabbit serum at the same
Zilution as of the specific primary antitody but omitting the primary
ansibody incubation: 31 the secondary antibody replaced with normal
rabbit serum; and 4) sections incubated with the primary antibudy that
had been preabsorbed with lvsates of seminiferous tubules or control
peptides provided by the manufacturer (such as Santa Cruz Bitech-
nology). Control and exvperimental slides were immunwstained simul-
taneously in the same experiment session. For preabsorbed controls.
approximately 30 g protein of seminiferous tubule hvsatewor = =1
uy blocking peptide if available from the antibody vendor 10 ul
‘mmunoprecipitation buffer (see abover was added to 200 pl diduted
rabbit anti-p-FAK-Tvr™, rabbit anti-p-FAR-Tve™ ", or rabbat anti-FAK
and incubated overnight at 4 ¢ with agitation before it was used for
immunostaining. In all experiments. contrat shides vielded nondetect-
able staining illustrating specificity ot the staining results.

Immunofluorescent nicroscopy for colocalization of p-FAK.
vineulin, Z0-1. and FAK to the ES in the geminiferous
epithelium of rat testes

To confirm results of the immunoprecipitabion eyperiments that p-
FAK. the phosphnr_\'lated {activatedr form of FAK. indeed associates
with the apical ES at the adiuminal compartment of the seminilerous
epithelium. immunofliorescent MICTescopy was performed essentialiv
as pre\'iousl_\‘ described for testin 120} and cadherin catenin 154 from
this laboratory. Double-fluaresvent probes, namely fluorescein isothie-
cvanate (FITO) and Cvi were wied to colocalize p-FAK with vinculin [a
putative ES-associated protein (10, 15, 211 which cerved as a positive
control]. ZO-1 [a Tj-associated protein in the testis (111, which served as
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Results
Sertolt and geren ceils

Relative expression of Bl-integris
and its developmental reguiation in
and the testis

Nerfo.] gl germ cy

It is potedd that most of the Bl-integrin in the seminiterous
epithelium i= contributed by Sertoli rather than germ cells in
all ages examined except in prepubertal rats Fig. 1. A-Fi. The
steadv-state mRNA lovel of 3l-integrin remained relativety
steady during Sertoli cell maturation Fig. 1. C and D [t=
expression by germ cells plummeted drasticallyv and became
almost undetectable atter 20°d of age Fio 1 Eand Fr During
testis maturation, the steadyv-state mRNA level of 31-integrin
hecame clearh detectable at 2 g of ages comnetding with the
initiation of spermategonial proliferation at 3-o Jd atter birth
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Fic, 1. A-H, Differential expression of f1- r
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20-day-old
germ cells 2
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integrin in Sertoli and germ cells, and changes
on its steady-state mRNA level in these cells and
testes during maturation. Total RNA wag ex-

il

Www e fut 516,385 bp

= 1-integrin, 1

tracted from Sertoli cells, germ cells, or testes.
Sertoli cells isolated from rats at specified ages
were cultured in vitro for 3 d before termination
so that germ cells could be removed by a hypo-
tonic treatment on d 2 to eliminate ENA con-
tributed by germ cells (see Materials and Meth- C
ads). For germ cell preparations, cells were
terminated soon after their isolation bacause
more than 90% of germ cells became nonviahle
within 16 h of their iselation (51, 58). These
germ cells, however, had negligible sematic cell
contamination using varions criteria to confirm
their purity as described {50, 51}, Semiquanti-
tative RT-PCR was performed to assess changes
in the steady-state mRNA level of Bl-integrin
using primer pair-specific to this target gene
and coamplified with S16, A An autoradiogram
showing the relative steady-state mRNA level of
£l-integrin in Sertoli and germ cells isolated
from 20-d-old rat testes, C.E, and G, Autoradio- E
grams showing the changes in steady-state pI-

|
Q Q
& & of

Age of germ cells

303 bp

* ¥

Sertoli cells
(n=7)

D

germ cells
(n=4)

Age of Sertoli cells

L]

= 5186, 385 bp
~*fit-integrin,
303bp

20 45 90
Age of Sertoli cells {Day)

-integrin expression

F

(Arbitrary densitometric uhnit)

integrin mRNA Ievel in Sertoli and germ cells
and testes during development, respectively. B,
D, F, and H, Corresponding densitometrically

r )
\QQ@OQS)O@D@QQ%QO%Q’Q

~

Relative p1

ns

scanned results using autoradiograms, such as
those shown in A, C E, and G, and normalized
against S-16, Each bar represents a mean =+ sp

Lo T

et LT e =518.385bp

=31 fntegrin,

aciop

of two to three experiments using different
batches of cells or testes from three rats.
Statistical analysis was performed by ¢ test by
comparing the steady-state mRNA level of B1-
integrin in either cells or testes atother ages vs.
d 20 D), 10 (F), or 3 (H), which was arbitrarily (3
set at 1, except for results shown in (B) in which

Age of testes

10 15 20 45 60 g0 200
Age of germ cells (Day)

Sertoli eells were compared with germ cells and
vice versa. *, Significantly different, P < 0.05;
**, significantly different, P < 0.01; ns, Not sig-

T 0 T~ 1 QO
P PP P SO,

nificantly different.

and peaked at 10-20 d of age coinciding with the assembly
of the BTB, and by 90-120 d of age, it was plunged to a level
approximately one third of those rats at 5-60 d of age (Fig.
1, G and H). This lowering in Bl-integrin level in adult rat
testes could be the result of an increase in the ratto of germ
cells vs. Sertoli cells in the seminiferous epithelium.

Relative expression of vinculin in Sertoli and germ cells
and its developmental regulation in Sertoli and germ cells
and the testis

RT-PCR was performed to study whether Sertoli and germ
cells express vinculin. In 20-d-old rats, like Bl-integrin,
Sertoli cells contributed most of the vinculin expression in
the seminiferous epithelium (Fig. 2, A and B). The steady-
state mRNA level of vinculin plummeted during Sertoli

n 2]
Wt WP |~ 515 3650,
© =B 1-integrin,
303tp J
0

3 5 10 20 40 80 90 120
Age of testis {Day)

cell maturation (Fig. 2, C and D) in contrast to the pattern
of B1-in tegrin, which remained relatively stable {Fig.2,C
and D s, Fig 1, C and D). Unlike Bl-integrin, its steady-
state mRNA [eve] in germ cells, although relatively low,
compared with Sertoli cells, increased steadily and peaked
at 90 d of age during germ cell maturation {(Fig. 2, E and
Ey. During testis maturation, the steady-state mRNA level
ot vineulin becanic detectable at 5 d of ages and peaked at
60 d of age (Fig. 2, G and H). Because germ cells contrib-
uted more RNA than Sertolj cells in the testis samples
being analyzed at 90 d of age vs. 20 d, it is likely that the
increase in vinculin expression in the testis during mat-
uration, as shownrn in Fig. 2, G and H, could be the result
of increased Sertuli—germ cell interactions, to be investi-
gated in the tollowing section (see Fig. 4).
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mRNA level of vinculin in Sertoli and germ <516 ¥
celi= isolated from 20-d-old rat testes. C. E. - Vingun
and . Autoradiograms showing changes in 20bp

the steady-state vinculin mRNA level in Ser-
toli and germ cells. and in testes during de-
velopment. respectively. B.D. F.and H. Cor-
responding densitometrically scanned results
using autoradiograms., such as those shown in
A C E. and G. and normalized against S-16. E
Each bar represents a mean = =D of two to
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three experiments using different batches of
cells. Statistical analysis was performed by ¢
test by comparing the steady-state mRNA
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Changes in the expression of Bl-integrin in Sertolt germ
cell cocultures during Ad assernbly in vitro and the effects
of GCCM and non viable germ cells on Sertoli cell
Bl-integrin expression

Farlier studies have shown that Bl-integrin was localized
at the site of ES (8.9.15). We sought to examine its invalves
ment during Sertoli-germ cell A assembly in citro. Sertehi
ceils isolated from 20-d-old rats were cultured for 5 d alone
at 0.5 % 10° celis/cm” on Matrigel-coated dishes forming an
epithelium with Tls, Als, and Gls to permit the endogenous
Bl-integrin mRNA and protein level to subside (see Fig. 5. F
and F). On d 6, freshly isolated germ cells from 9u-d-oid rat
testes were added onto this Sertoli cell epithelium and cocul-

29C bp

w jnon-detectable

5 10

20 40 80
Age of tests | Day!

oG 120

tured at a Sertoligerm cell ratio of b et at Jifferent ratios
ro initiate the Sertoli-germ cell Al amembly Cultures were
terminated at specific time paints Semiquantititive RT-I'CR
and immunoblotting were pertnrmv_\i. A transient but siz-
aificant induction of both mRNA iFrg. 3A. e v and
protein levels dhig IAL eneer rancs of SARtegnn was Jdo-
tocted during Al assembly b 30A and Be seemingly sug-
cesting that Bl-inteann (< involved in the Sertoli-germocell Al
assembly boevause sertoli cells cultured alone without werm
coll addition tailed to displav anindreasen Sl-integrin idata
not showny, To assess the effects of the soluble factoristin
GCUM on Sertoli cell gl-intesrin expressien. ditterent con-
contrations of GUCN (1 ™ and MW g protemn

mli were
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Sertoli-germ cell cocultures
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B Il mRNA .
[ protein

Fie. 3. A-H, Changes in the steady-state mRINA

and/or the protein level of Bl-integrin when Ser-
toli cells were cultured with germ cells, GCCM,
and nonviable germ celis. Semiquantitative RT-

s 6\‘3“\@“\&3“:\‘?‘ NN *

| 518, 385 bp 4
ot | A B 1-integrin,

PCR was performed to assess changes in the 8i-
integrin steady-state mENA level and coamplified
with $16. Sertoli cells isolated from 20-d-oid rats
were cultured for & d alone at 0.5 x 10° cells/em?
on Matrigel-coated dishes forming an epithelium

Immunoblot
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rtoli-germ cell cocultures
(SC:GC, 1:1,8Cat0.5% 10% callsicm?)
Time in cutture

with Tds, AJs, and GJs and to permit the endog-

enous Bl-integrin mRNA fevel to subside (see Fig.
5,EandF). Ondg, freshly isolated gerra cells from
90-d-old rat testes were added onto this Sertoli cell

epithelium and cocultured using a Sertolizgerm C Sertoli cells+ ns “
cell ratio of 1:1 (A and B) or at different, ratios (G GCCM /i *
and H) to initiate Sertoli-germ cell AJ assembly. ]_Aﬂ) '

Upper and lower panels in A represent results of o
the steady-state mRNA and protein levels of 31-
integrin when Sertali cells were cocultured with
germ cells, respectively, C and D, Results showing
Sertoli cells (5 x 10* cells/em?) cultured alone for
5 d; thereafter, different concentrations of GCUM
(1, 50, and 500 ug protein/ml) were added to the
Sertoli cell monolayer and cultures were termi-
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nated after 2 h. E and F, Sertoli cells (5 x 101 6

cellsfem™} cultured alone for 5 d; thereafter non- E F "

viahle germ cells obtained from 90-d-old rat testes Sertoli ceils+ “3
as describedinMazerialaandMethoc_iswere‘adde_d non-viable GC (H) 4

onto the Sertoli cell monolayer using a Sertoli: —

germ cell ratic of 1:1. Cocultures were terminated 0 1 24

at specified time points. B, D, F, and H, Corre- 2

sponding densitometrically scanned results using W o | 516,385 b

autoradiograms or immunoblots, such as those e WD S|« 11 integrin,

shown in A, C, E, and . For RT-PCR, data were 303 by 0

normalized against S16, For immunoblotting data Sertoii celis?cuhumd w1th1ncn-viable ;:m cals (H)
presented herein and all subsequent exXperiments

in this report, results were normalized against the 1)

protein level at time 0, which was a_.rb{trarll_y sot G H 5238&; . —’
at 1. Each bar represents a mean — 3D of three . .

experiments, Each experiment had replicate cul- Sertoli celis : germ cells ratio 2

tures. *, Significantly different from cultures at 11 13
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of RT-PCR and immunoblotting, by ¢ test (P -
0.05). **, P <2 0,01; ns, not significantly different.
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added to the Sertoli cell monolayer {5 X 10 cells /em?) on d
6 and incubated for 2 h; a significant and dose-dependent
increase in the Bl-integrin expression was observed (Fig. 3,
Cand D). To examine the effect of cell-cell contact on Sertoli
cell Bl-integrin expression by germ cells, Sertoli cells were
cultured with nonviable germ cells. Likewise, germ cells,
even nonviable, could induce Sertolj cel] Bl-integrin expres-
sion (Fig. 3, E and F). To further confirm the effects of germ
cells on Sertoli cell Bl-integrin expression, increasing num-
bers of germ cells were cocultured with Sertoli cells for O h
and 2 h. Similarly, an increase in germ cells indeed increased
the Sertoli cell B1-integrin expression {Fig. 3, G and H) when
germ cells per se contributed very little Bl-integrin to the
cocultures (see Fig. 1, E and F). These results clearly illustrate
that the Sertoli cell Bl-integrin steady-state mRNA level can

CH 2H
Sertoli-germ cell cocultures

be induced by germ cells via the soluble factor(s) secreted by
germ cells as well as cell-cell contact,

Changes in the expression of vinculin in Sertoli-germ cell
cocultures during AJ assembly in vitro and the effecis

of GCCM and nonviahble germ cells on the Sertoli cell
vineulin expression

We nextinvestigated the participation of vinculin (another
ES protein) {15, 21) during Sertoli-germ cell AJ assembly in
vitro. Sertoli cells were cultured for 5 d alone to permit the
endogenous vinculin mRNA and protein level to subside
(see Fig. 5, Gand F). Ond 6, freshly isolated germ cells were
added onto this Sertoli cell epithelium to initiate AJ assem-
bly, and these cocultures were terminated at specific time
points. Semiquantitative RT-PCR and immunoblotting were
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then performed. A transient but significant induction of both
mRNA (Fig. 4A, npper panel} and protein (Fig. 44, foteer ;uzm i
levels of vinculin was detected during A assembly (Fig. 4

A and BJ but not in Sertoli cells cultured alone without ;:,crm
cell addition (data not shown), suggesting that vincalin is
involved in the Sertoli-germ cell AF assembly. To assess the
effects of the solubie factor(s) in GCCOM on Sertoli cell vin-
culin expression, different concentrations of GCCM (1, 50
500, and 1300 pg proteinsmi) were added to the Sertoli cell
monolaver (3 % 10% cells. em”) on d 6 and incubated for 2 h.
In contrast to Bl-integrin, the Sertoli cell vinculin expression
was not atfected by GCCM (Fig. 4, C and D). To define the
effects of cell-cell contacts on Sertoli cell vinculin expression
by germ cells, Sertoli cells were cocultured with nonviable
germ cells. In contrast to GCCOM. cocultures of Sertoli cells
with nonviable germ celis induced Sertoli cell vinculin ex-

Erdwrns o Moy 00w 2144 5 2l4i-Cind

pression, indicating the impoertance of cell-cell contacts in ies
regulation (big. 4 Eand Fu. To further confirm the effects of
germ celis on Sertol cell vinculin expression increlsing
aumbers of germ cells were covulured with Sertolt cells tor
Ohand 2h A germeeell number-dependent increase in =ertolt
cell vinculhin expression was obsen ed Fro 4G oand H
Thewe resuits thus tllustrate that the sertoh cell vinculin ex-
Presson is stimulated by germ cells via e Sontacs

Levels of endogenous steady-stase mBNA 2l proren o7 5l
integrin and vinculin re Serrols collcultires du
Junction assembly in vitro

To investizate whether there are changes in si-integnn

and vinculin during Sertoh cell Al and T asmembly therr
steadv-state mRNA and protein e ol in Sertoli cells cul-
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tured at high and low cell density were quantified when
these junctions were assembled, When Serteli cells were cul-
tured at low cell density (0.5 x 10" cells/cm?) on Matrigel-
coated dishes in serum-free F12/DMEM to allow the assem-
bly of Sertoli cell AJs without TJs because of low proximity
between cells, it was associated with a significant induction
of Bl-integrin mRNA (Fig. 5, A and B) but not vinculin (Flg,
5, C and D). At high cell densny (1 10" cells/cm?), a
significant increase in S1-integrin steady-state mRNA and
protein levels were detected {Fig. 5, E and F} at the time
Sertoli cell TJs were being assembled. Untike Bl-integrin, no
changes in vinculin were detected (Fig. 5, GG and H). These
results seemingly suggest that f1-integrin, but not vinculin,
was involved in Sertoli cell AJ and TJ assembly.

Changes in the protein levels of FAK, p-FAK-Tyr’"7. PI3K
p85¢, paxillin, and p130 Cas in Sertoli germ cell cocultures
during AJ assemnbly

Data shown in Figs. 3 and 4 have illustrated a transient but
significant induction of both Bl-integrin and vinculin during

Siv el of. » Adhering Junction Dynamics in the Testis

Sertoli-germ coll AJ assembly. It is possible that such an
induction in f1-integrin will in turn activate the downstream
integrin-related proteins that constitute the ES complexes. To
explore such a possibility, Sertoli-germ cell cocultures were
terminated at specific time points for immunoblotting to
examine the protein levels of several ES-associated proteins.
Indeed, there w ere lransient but significant inductions in the
protein levels of p-FAK-Tyr*” and PI3K p85a during Sertoli-
germ cell Al cssembly (Fig. 6). In contrast, the protein levels
of the nonphosahorylated FAK, paxillin, and pl130 Cas re-
mained unaltered during Sertoli-germ cell AJ assembly (Fig.
6). Taken ml]mtl»e[v, these results seemingly suggest that
p-FAK-Tyr™” and PI3K p85a take part in the regulation of
sertoli-germ coll A assembly, It might be argued that such
changes shown in Fig. 6 (upper and lower panels) could be the
results of changes in Sertoli-substratum structures when
germ cells woere layered onto the Sertoli cell epithelium.
Nonetheless, this possibility is highly unlikely. First, the Ser-
toli cells used lor the coculture experiment had been cultured
for 5 d, forming an epithelium with intact cell-substratum

A B [Toriear]
Sertoli cell cultures (5 x 10%cellsicm?) 41 -
I — 1
PRPRPL OP
FiG. 5. A-H, Changesinthe steady-state mRNA s D Y el REA ALY 27 s & W
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and vinculin (C, D, G, and H} in Sertcli cells 102 bp
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puints for RNA extraction. Time 0 indicated RNA
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steady-state mRNA levels of §1-integrin (A and
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sembly. The lower panels in E and G are the
corresponding immunoblots that illustrate the
protein levels of Bl-integrin and vinculin in
Sertoli cells cultured at high celi density, respec-
tively, B, D, F, and H are the correspending den-
sitometrically seanned results using autoradio-
grams or immunoblets, such as those shownin A,
C, E, and G. For RT-PCR, data were normalized
against S-16. Each bar represents a mean = ¢
of three experiments. Each experiment had rep-
licate cultures. *, Significantly different by
ANOVA, P < 0.05; significantly different by
ANQOVA, P < 0.01; ns, not significantly different.
nd, not determined. The relative level of target
gene and/or protein expression was arbitrarily
set at 1 for cuitures at time 0,
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Sertoli-germ cell cocultures

Fi. 6. Changes in the protein levels of FaK.
p-FAK-Tyvr*" PI3K p83a. paxiilin. and p130 Cas

& & @‘}%Q\bé”\b& &0

L

D

in Sertoli-germ cell cocultures during the assem-

[————— ———— — |4FAK. 125 kDa

bly of AJs. Sertoli and germ cells were cocuitured

as described in Material and Methods, Cocul-
tures were terminated at specified time points to l

e -JCD-FAK-TyrE!-’. 125kDa

obtain whole-cell lvsates for immunoblotting.

Equal amounts of Sertoli-germ cell lysates 1100

= = == == == & Wm = a]<Pl3kinase pd5a 80kDa

ugrwere resotved by SDS-PAGE using 7.5 0r 107
T polvacrylamide gels under reducing condi-

[an ab o & @ > & @ @ @] Paxiin 58xDa

tions. Proteins on the gel were transferred to

nitrocellulose papers and immunostained ze-

(- oo o e o> o> o> - o am|p130 Cas 13C kDa

quentially using an anut-FAK, p-FAK-Tyr i
PI3K p83a. paxillin. and p130 Cas antibodies.

Each experiment had triplicate cultures. Only

one representative set of experiments were 5 E-AFKAKVTW"'

shown herein: another set of experiments using 4 { = P 314onase 85 e

different batches of testicular cells for cocultures £ Paxitn -
p130Cas

vielded virtually identical results. In each exper-
iment, each time point had triplicate cultures.
The lower panel shows densitometrically scanned
results using immunoblets. such as the one
shown in the upper panel. in which the levels of
the corresponding target proteins at different
time peints of the Sertoli-germ cell cocultures
were normalized against the level at time 0
i/.¢. the time when freshly isolated germ cells
were added onto the Sertoli cell epithehbum ond 6
in which Sertoli cells were cultured alone for 5 d
forming an epithelium with intact TJs and AJs.
which was arbitrarilv set at 1. M. Minute:
H. hour: D, day: ns. not significantly different by
¢ test. compared with cocuitures at time 0. *, Sig-
nificantly different, P < 0.05: =¥, significantly
different. P =2 0.01.

[#]

Relative target protein level
(Arbitrary densitometric unit)
— (=
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oM

structure (see Materials amd Methods), Second, it was noted
that in the same experiment when germ cells were not added
to the Sertoli cell epithelium, these changes in the expression
of ES-associated proteins were not detected (data not
shown).

FAK was tvrosine phosphorvlated and the phosphorylated
FAK was associated with Bl-integrin. o-Sre. and vineulun
during Sertoli-germ cell AJ assembly in vitro in adult testes
and seminiferous tubule cuftures

Because there was a transient induction in the p-FAK-
Tyr™ protein level during Sertoli-germ cell A] assembly in
sitro. we sought to verify whether FAK could indeed be
tvrosine phosphoryvlated by firstisolating FAKN from lvsates
of Sertali-germ cell cocultures and testes by immunoprecipi-
tation, which was subsequentiy examined by immunoblot-
ting using a specific antiphospho-Tyr antibody (Fig, TA).
Sertoli-germ cell cocultures were terminated on d 2 tollowing
addition of germ cells onto the Sertoli cell epithelium where
Sertoli cells had been cultured alone for 5 d and whole-cell
lysates were extracted from these cocultures. In parallel ex-
periments, lvsates were also obtained from adult rat testes.
Thereafter, immunoprecipitation was performed using an
anti-FAK antibody and the immunoblot was stained with an
antiphospho-Tyr antibody (Fig. 7A et panely s ananti-FAK

antibody (Fig, 7 A, right panely. A 123-kDa band was detected

He

LA ET,
AT

5M  15M 30M  45M  1H 3H 6+
Sertoli-germ cell cocultures
(SC:GC. 1'1. SC at 0 5 x 10F cellsicm™:
Time in culture

in both Sertoli-germ cell cocultures and extracts of adult rat
testes with an antiphospho-Tur antibody SFan TA o
which had the same electrophoretic mobiiits when the =ante
Blot was stained by an anti-FAK antibods P TA
panel), demonstrating Tve-phosphoryiation of AN mndeed
occurred in the samples during Al assembh Pz 7A

We nest investigated whether the phosphon laed FAK
associated tightly with pl-intesrin, C-sroand vimcubin torme
ing a complex stable enough to be exiravied Tyoimmuno-
precipitation. Brietly. Sertoli-germ cell. semuuterous tibade
or testicular lvsates were immuneprevipitated By asing an
anti-p-FAR-Tve™ antibody. The Immunovomplesws wete
then extracted in SDS <ample buffer. resobved by SIS AGE
clectroblotted onto nitrovellulose membrane, and stained ~o-
quentiallv by using antibodies agamnst Sl-integrin vineuin
o-Src, and prFAR-Tvr 7 It was noted that p-FAaR-Tyr 7 ant
bodv pulled out slontegrin, vinculin and coore b 3
apper pancii, demonstrating the stable neracions amons
}‘-!",*\K*T‘\'T.\J‘ glintegnn. vinculing and oo It i~ of note
that in the covulture expenments Jewribed above most of
the vlongated spermatids poststep > sperr

tds were re-

moved from total germ cells solated rrom testes i the glass
waoeod filtration step and testicular v <ates nughtoontan other
FAC proteins derived from Levdic or pentubular my oud celis
{or even small blood vesselsin the interstitiums. As such. the
asseciation of different proteins with pEAR-TS T shown m
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A FAK IP
Blot: p-Tyr FAK
SIG T SiG T
125 kDa - 125 kDa
B p-FAK-Tyr*7 {p
Blot: Bi-integrin Vinculin c-Src p-FAK-Tyr
G T SiG T SIG T SIG T
-4 140 kDa = 116kDa - 60 kDa . |- 125kDa
SiSp ST SS0 ST $/Sp ST S/Sp ST
§§§ W |~ 40kpa - 116 kDa I »  |-=125kDa

Fig. 7. A and B, An immunoprecipitation study to assess the tyrosine phosphorylation of FAK (A) and association of p-FAK Tvr™" with
Bl-integrin, vinculin, and ¢-Sre in Sertoli-germ cell cocultures during AdJ assembly in vitro, and in adult testes and seminiferous tubules (B).
Whole-cell lysates of Sertoli-germ cell rocultures torminated on d 2 with (5/5p1 and without elongated spermatids (S/G), adult testes (T) and
seminiferous tubule cultures (ST; see Materials and Methods) were prepared and immuunoprecipitated using either an anti-FAK (A) or an
anti-p-FAK-Tvr**7 (B) antibody. The immunocomplexes were subjected to immunoblotting as described in Materials and Methods and stained
with the corresponding antibody as described in A and B to examine the association of difierent proteins in the immunocomplexes. Whele-ceil
lysates of S/G without incubation with antibodies or with normal rabbit serum were used as negative controls (data not shown), Normal [gG
immunoprecipitates did not react to anv detectable band (data not shawn). illustra ting the specificity of the IP. This figure is the representative
results derived from three independent experiments and each time point had triplicate cultures. 8/G, Sertoli-germ cell cocultures using a
Sertoii;germ cell ratio of 1:1 (Sertoli cells at 0.5 x 10% cells/em®} in which elongated spermatids were removed by glass wool filtration. T, Testis
lysates; 5/Sp. Sertoli-germ cell cocultures using a Sertoli:germ cell ratio of 1:11Sertoli calls 1t 0.5 ¥ 10% cells/em?) in which elongated spermatids
were not removed by omitting the glass wool filtration step; ST, lysates from seminiferons tubule cultures,

Fig. 7B (upper panel) could possibly be the result of other
cellular contamination. To verify that this biochemical ob-
servation is beyond refute, we had also used Sertoli-germ cell
cocultures in which the glass wool filtration step was omitted
in germ cell isolation, thercby retaining elongated sperma-
tids in the preparation for lysate preparation. Furthermore,
we also included seminiferous tubule lysates for immuno-
precipitation, which were shown to have negligible Leydig
cell and myoid cell contamination (64). For instance, these
tubules failed to respond to human chorionic gonadotropin
treatment, illustrating the number of Leydig cells in the tu-
bule cultures, if any, is negligible (50, 64). When similar
amounts of samples (ail of the immunocomplexes derived
from 500 pg total proteins used as starting materials for I
with anti-p-FAK-Tyr™ were analyzed (Fig. 7B, fower panel vs.
upper panel), p-FAK-Tyr*” indeed was shown to associate
with l-integrin, vinculin, and c-Src (Fig. 7B, lower panel).
It is ironic that the results shown in Fig. 7B (bot)y panels) are
not precisely quantitative, even though the same amounts of
total Eroteins {(~500 pg) were used for II’ with anti-p-FAK-
Tyr™” and all of the recovered immunocomplexes were used
for SDS-PAGE. Yet the total immunoprecipitated p-FAK-
Tyr* recovered from Sertoli-germ cell cocultures with elon-
gated spermatids (S/Sp, Fig. 7B, lower panel, tast column) is at
least approximatety 3-fold higher than that recovered from
Sertoli-germ cell cocultures in which maest, if not all, of the
elongated spermatids (poststep 8 spermatids) were removed

by the glass wool filtration step (S/G, Fig. 7B, upper panel, last
column). This result is thus consistent with the notion that
p-FAK s largelv associated with apical ES at the site between
Sertoli cells and clongating /elongated spermatids. Taking
these data and results of immunohistochemistry and immu-
nofluorescent microscopy (Figs. 8 and 9, see below) collec-
tively, which coupled with the fact that the Sertoli and germ
cells used for the studies presented herein were contami-
nated with negligible number of other cell types (see Ref. 50
and Materials aid Methods), p-FAK-Tyr™” is structurally and
functionally assaciated with Bl-integrin, vinculin, and c-Src
in the ES.

Immunohistochemical localization of p-FAK-Tyr™7 p-FAK-
Tyr®™", and FAK in the seminiferous epithelium of adult
rat testis

In light of tne changes of p-FAK-Tyr*”, but not FAK,
detected at the time of Sertoli-germ cell AJ assembly in vitro
reported herein and the fact that autophosphorylation of
FAK at Tyr™" recruits Src family kinases, which in turn
further activates FAK via phosphorylation on Tyr"® and
Tyr*™ (for reviews, see 25-28), we next sought to localize
p-FAK-Tyr'™, p-FAK-Tyr™ and FAK in the adult rat testis
to examine thoir cellular localization and stage specificity, if
any (Fig. 8, A-C and E-]). The p-FAK-Tyr**” and p-FAK-T5576
were colocalized in the seminiferous epithelium virtually to
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the same sites showing stage specificity with the highest
staining found at stages VI-VIL largely surrounding the
heads of elongated spermatids adjacent to the seminiferous
tubule lumen and at the site of cell-cell contacts between
Sertoli cells and round spermatids at the adluminal com-
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atstages VI-VIll (see Fig. 8) and to complement results of the
IP and immunohistochemistry experiments, irmunofluo-
rescent microscopy was used to investigate whether p-FAK-
Tyr™ could colocalize with vinculin, a putative ES compo-
nent protein in the testis (10, 15, 21), to the same site in the
seminiferous epithelium. A parallel experiment was per-
formed using Z0-1, a TJ-assoc.ated protein (41), which
served as a negative control. Figure 9 is the result of colo-
calization of p-FAK-Tyr™” and vinculin (Fig. 9, A-C), p-FAK-
Tyr™” and FAK (Fig. 9, D-F), and p-FAK-Tyvr™ and ZO-1
(Fig. 9, G-1) at stage VI-VII tubules of adult rat testes using
dual fluorescent probes. The immunofluorescent staining
pattern of p-FAK-Tyr™” and vinculin alone in the seminif.
erous epithelium was shown in Fiz. 9, A and B, respectively,
It was noted that p-FAK-Tyr™” was associated with the api-
cal ES (Fig. 9A), consistent with results show n in Fig. 8F and
the reported results of vinculin in the literature (10, 15, 21}
(Fig. 9B). More important, both p-FAK-Tyr™" and vinculin
were localized to the same site in the ES (Fig. 9C, merged
images, vs. A and B). For FAK, it was localized targely to the
basal compartment with very weak immunoreactive FAK
being detected near the apical compartment (Fig. 9E), and
results of the immunofluorescent staining on p-FAK-Tyr*”
and FAK (Fig. 9, D-F) were consistent with immunohisto-
chemistry data shown in Fig. 8. FAK was colocalized with
p-FAK-Tyr™ to the same site at the apical ES (Fig. 9, F,
merged images, zs. D and E). Furthermore, ZO-1, a TJ-
associated peripheral protein (41, was found largely re-
stricted to the site of the BTB in the basal compartment in
staged VI-VII tubule {Fig. 9H), consistent with results of an
early report (41), and failed to colocalize with p-FAK-Tyr*”
(Fig. 9, G-I). Taken collecti vely, the results shown in Figs. 7-9
have proven beyond refute that FAK found in the adluminal
compartment at the site of apical ES is almost exclusively
phosphorylated and those detected in the basal compartment
were largely nonphosphorylated. it is also clear that B1-
integrin, phosphorylated FAK, c-Se¢, and vineulin are the
putative constituent proteins of the apical ESin the rat testis.

Effects on the expression and/or protein levels of BI-
integrin during AJ disruption in the testis in vivo and
Sertoli-germ cell cocultures in vitro induced by AF-2364, o
compound known to induce germ cell loss from the
seminiferous epithelium by perturbing Ad function

Results presented above have suggested that Bl-integrin
and components of the FAC play an important role in Sertoli-
germ cell A] assembly. It is of interest to study their expres-
sion during A] disruption induced by AF-2364, a potential
male contraceptive being actively investigated in our labo-
ratory (for review, see Ref. 1). When adult rats wore treated
with a single dosc of AF-2364 at 50 mg/kg body weight by
gavage and testes were removed at specified time points for
RNA and protein extraction, an induction in the mRNA and
protein level of Bl-integrin (Fig. 10, A and B) in the testis by
as much as 3.5-fold was detected within 24 h after AF-2364
treatment. And this induction of B1-integrin was detected up
to 8 d after treatment. In vitro studies were also performed
to assess treatment using Sertoli-germ cell cocultures (Fig. 10,
Cand D), Sertoli cell cultures {Fig. 10, Eand F), and germ cell
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Fia. 9. A-1, Tmmunofluerescent microscopy to colocalize p-FAK-
Tyr™ with vineulin (A—(1), FAK (D-F), and ZO-1 (G-1) in the sem-
iniferous epithelivn: of adull rat testes. A-L Immunofluorescent, mi-
crographs using ¢ross-sections of the seminiferous epithelium from
normal Sprague awley rats 300 g body weight) at stages VI-VII,
C, ¥, and I. Mergod images of the corresponding immunofluorescent
micrograplis shown in A and B, D and E, and G and H, for p-FAK-
Tyr*¥ Arinculin. pIAK-Tyr**/FAK, and p-FAK-Tyr*"/Z0-1, respec-
tively. It is noted that p-FAK-Tyr"™7 calocalized with vinculin, a pu-
tative IIS protein largely restricted to apical ES in the rat testis (10,
15, 21} 1A-C). Similar to results of the immunochistochemistry anal-
vsig shown in Fig. 8 the Iocalization of p-FAK-Tyr*? largely re-
stricted to the apical ES, whereas FAK largely confined to the basal
ES (D), Also, p-1"AK-Tyr™” failed to colocalize with Z0-1, which is
a Tuf-associated poripheral protein at the basal compartment congig.
tent with its prescnce af the BTB (41). Bar, 20 um.

cultures (data not shown) following incubation with differ-
ent doses of Al-2344 (1, 50, and 500 ng/ml). Sertoli cell
cultures treated with different doses of lonidamine [1-(24-
dichlorobenzyl)- nd azole-3-carboxylic acid] (1, 50, and 500
ng/ml) (Fig. 10, (G and H) were also assessed, which is a
molecule sharing similar structure with AF-2364 (for re-
views, see Refs. 1 and 24; alsc see Refs, 22 and 23}, and is
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known to affect Sertoli cell cytoskeleton filament network
(71). Using semiquantitative RT-PCR, it was noted that 81-
integrin mRNA was induced dose dependently by AF-2364
in Sertoli-germ cell cocultures (Fig. 10, C and D) and Sertoh
cells cultured alone (Fig. 10, E and F). Furthermore, Sertoli
cell Bl-integrin was also induced by lonidamine (Fig. 10, G
and H) similar to AF-2364 (Fig. 10, E and F). However, B1-
integrin mRNA could not be detected in adult germ cells
with or without treatment with AF-2364 {data not shown)
(see also Fig. 1E), which seemingly suggests that Bl-integrin
is expressed exclusively by Sertoli cells, but not germ cells,
in adult rat testes.

Effects of AF-2364 on the steady-state mENA and /or
protein levels of vineulin during AJ disruption in the testis
in vivo and in Sertoli-germ cell cocultures in vitro

A transient induction in the mRNA and protein levels of
vineulin (Fig. 11, A and B) in the testis by as much as 7-fold
was detected 8 h after AF-2364 treatment. [ts expression
plummeted rapidly thereafter (Fig. 11, A and B). In in vitro
studies, vinculin mRNA was also induced dose dependently
by AF-2364 in Sertoli-germ cell cocultures (Fig. 11, C and )
and Sertoli cells cultured alone (Fig. 11, E and F) but not in
germ cells cultured alone {Fig. 11, E and F). Furthermore,
Sertoli cell vinculin was also induced by lonidamine {Fig. 11,
G and H) similar to AF-2364 (Fig. 11, E and F). Taken col-
lectively, these results suggest that the induction of vinculin
in the testis by AF-2364 is mediated via its cffects on Sertoli
cells.

Effects of AF-2364 on the protein ievels of FAK, p-FAK-
Tyr*", PI3K p85ea, paxillin, and pI130 Cas in the testis
during AF-2364-induced AJ disruption

A transient induction in the protein levels of p-FAK-Tyr™”,
PI3K p85a, and p130 Cas were detected in the testis between
4 and 24 h after AT-2364 treatment (Fig. 12, upper and lower
paiicls). Thereafter, this induction plunged rapidly within 2-8
d after treatment. Although the protein levels of FAK and
paxillin were unaltered after AF-2354 treatment (Fig. 12), it
is of interest to note that this pattern of induction for p-FAK-
Tyr™, PI3K p85a, and p130 Cas is similar to that of p1-
integrin and vinculin shown in Figs. 10, A and B, and 11,
Aand B, suggesting they are partof a functional multiprotein
complex, which can be activated and induced simultaneously.

7

Immunohistochemical localization of p-FAK-Tyr*7 in the
seminiferous epithelium of adult rat testis during AF-2364-
induced AJ disruption

Because there was a transient induction of p-FAK-Tyr*7,
but not FAK, in the testis during AF-2364 induced germ cell
loss from the epithelium (Fig. 12), we examined whether
there were any changes in the pattern of localization of p-
FAKby immunochistochemistry. Adult rats were treated with
asingle dose of AF-2364 at 50 mg/kgbody weightby ga vage,
and testes were removed at specified time points for immu-
nchistochemical localization, Indeed, AF-2364 induced an
increase in p-FAK-Tyr*” in the seminiferous epithelium as-
sociated with the heads of elongating spermatids at the cell-

Siuof al. & Adhering Junction Dynamics in the Testis

cell contact sites between elongating spermatids and Sertoli
cells (it is somewhat difficult to discern stages of the epithe-
lial cycle as carly as 8 h post treatment because of the loss of
elongated spermatids from the epithelium), consistent with
its localization at the site of apical ES by 8 h to 2 d (Fig. 13,
B-D). And by ¢ 1 post AF-2364 treatment, intense p-FAK-
Tyr™ staining was also found fo associate with round sper-
matids and some spermatocytes in most tubules when vir-
tually all clmgated and elongating spermatids were
depleted from the epithelium (Fig. 13, E vs. A). Yet in control
testes (see Figs. 13A and 8), p-FAK-Tyr®7 was largely asso-
clated with elengated spermatids at stages VI-VII cycle (Fig.
13, B-Fos. A, vnd Fig, 8). By d 8 post treatment, tubules were
virtually devoid of elongated and round spermatids, and the
number of spermatocytes was significantly reduced, immu-
noreactive p-FAK-Tyr™" was detected occasionally within
large multinucleated cells (Fig. 13F), and its overall level was
also reduced. 7 his pattern of changes in steady-state mRNA
level was also consistent with immunoblot data shownin Fig.
12. Based on the results presented in this report, itis apparent
that the dynamics of ES are regulated by an array of FA-
asseciated molecules that are functionally and structurally
associated with n6f1 integrins as depicted in Fig. 14.

Discussion

Bl-Integrin and vinculin at the site of ESs, a testis-specific
Ad type. are contributed largely by Sertoli cells

During spermatogenesis, developing germ cells must
translocate across the seminiferous epithelium; at the same
time, they must attach onto the epithelium via specialized
actin-based cell-cel! A)s between them and Sertoli cells (for
reviews, see Rels. 1-3). ESs are unique actin-based A} struc-
tures found at the basal compartment between adjacent Ser-
toli cells and possibly Sertoli and germ cells and at the apical
adhesion sites between Sertoli cells and heads of developing
spermatids (starting from step 8 spermatids and onward) (1,
4, 5). Sub extensive remodeling of ES is essential to facilitate
germ cell movement in the epithelium. We have reported
herein Bl-integrin and vinculin, two FS component proteins
(810, 15, 21), are largely contributed by Sertoli cells, which
Is in good agrecment with earlier reports that ESs are re-
stricted to Sertoli cells (4, 5). During testis maturation, the
steady-state mRNA levels of Bl-integrin and vinculin be-
came detectable at 5 d of age, coinciding with the initiation
of spermatogomal proliferation at 3-6 d after birth, illus-
trating they may have other roles in spermatogenesis,

BI-Inteyrin and sinculin participate in the assembly of
Sertoli-germ cell Ads in vitro

When germ cells were cocultured with Sertoli cells 711 vifro
to initiate AJ assumbly, it was associated with transient but
significant induction of both mRNA and protein levels of
Bl-integrin and vinculin, These results, coupled with the
observation that Sertoli cell Bl-integrin and vinculin can be
induced by gerir: cells via celi-cell contacts, have unequiv-
ocally demaonstrated that Fl-integrin and vinculin are in-
volved in the asscimbly of AJs between Sertoli and germ cells,
which is consistent with previous studies that immunoreac-
tive Bl-integrin and vinculin are found at the contact sites
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Frc. 12. Immunoblot analysis to assess changes in the protein levels
of FAK, p-FAK-Tyr**", PI3K p85«, paxillin, and p130 Cas in the testis
during AF-2364-induced AJ disruption in the seminiferous epithe-
lium. Rats were treated with AF 2364 at 50 mgkyg bady weight by
gavage with three rats per time point. Rats at time 0 were designated
controls. Testes were removed from animals at specified lime points,
To obtain tissue lysates, testes were homogenized with the Iysiz buffer
using a tissue:buffer ratio of 1:3 as described in Materials and Meth-
ods for immunoblot analysis, Equal amounts of testis lysates (100
pg protein/lane) were resolved by SDS-PAGE onto 7.5% or 10% T
polyacrylamide gels under reducing conditions, Proteins on the gel
were transferred to nitrocellulose papers and immunostained SEqUEN-
tially using an anti-FAK, anti-p-FAK-Tyr™". anti PI3K P8Aw, anti-
paxillin, and anti-p130 Cas antibodies. The results shown herein are
derived from a representative experiment. Results derived from the
other two rats yielded identical results. The foier panel represents
results of the protein analysis in which the relative levels of the
corresponding target proteins in the immunoblots were densitemetr: -
cally scanned and normalized against the protein level of control rats
at time 0, which was arbitrarily set at 1 tn = 3 rais per time point).
ns, not significantly different by ¢ test, compared with the protein level
at time 0 (control, Ctrl). #, P <2 0.05; **, P« (.01 nd. nondetectahle.

Sertoli cells might be different from those found between
Sertoli and germ cells. Indeed, there are other specialized A
structures, such as tubulcbulbar complexes (for reviews, see
Refs. 1, 3,5, and 7), present between Sertoli and germ cells
bestdes ES. Furthermore, vinculin may be involved in other
physiolegical processes.

Ironically, the functional nature of 81 -integrin in Sertoli A]
and TJ assembly remains to be characterized. In this con-
nection, it is noteworthy to mention that these coculture
studies should be expanded using purified germ cel types
to assess whether the reported effects are mediated by sper-
matocytes, round spermatids, or elongating and /or elongate
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spermatids. Furthermore, one can argue that the induction of
Bl-integrin and vinculin during Sertoli-germ cell AJ assem-
bly mav be unrelated to this event; rather, the addition of
germ cells onto the Sertoli cell epithelium may induce the
production ard/or tormation of FA complexes between Ser-
toli-substratrum fi.e. cell-matrix anchoring junctions). Yet
such a possibility is unlikely because the FA-associated pro-
teins that constitute the apical ES, such as Bl-integrin and
vinculin (8, 9, 15, 21) and p-FAK as reported herein, were
localized to the site of apical ES in the seminiferous epithe-
lium i1 vive instead of to the site of FA complexes at the basal
compartment. Obviously, this issue can only be settled by
using immunoegold electron microscopy to precisely localize
these FA-assoviated proteins during AJ assembly in vitro,

Tyrvsine phosphorylation of FAK is erucial for the Sertoli-
germ ccll AJ assembly, and the B1 integrin/ p-FAK-Tyr®" f
e-Srelvineulin complex is found in the Sertoli-germ cell
coculture in vitro and adult rat testis in vivo

It is known that clustering of integrins or integrin-medi-
ated cell adhesion can induce autophosphorylation of FAK
at Tve™ (for reviews, see Refs, 25-28). Herein, we have
reported that tyrosine-phosphorylated FAK at Tyr*” was
induced at the fime germ cells attached to Sertoli cells in pifro
to initiate A] assembly, indicating tyrosine phosphorylation
of FAK indeed plays a crucial role on AJ assembly. Although
the binding ligand{s) for the a631 integrin at the site of apical
ES in the testis remains to be identified, a recent study has
demonstrated Ihe presence of a nonbasement membrane-
associated laminin y3-chain in the seminiferous epithelium
in the adluminal compartment consistent with its localiza-
tion at the apical ES (72). In the same study, al, 81, and 1
laminin chains were shown to be confined to the basal lamina
in the testis by im munohistochemistry (72), suggesting lami-
nin can indeed exist at the adluminal compartment without
confining to the extracellular matrix. Taking these results
collectively, if i~ increasingly clear that laminin chains, such
as ¥3, could be the binding partner of abBl-integrin. Yet it
remains to be determined whether germ cells indeed express
and preduce lammin 3. Furthermore, the other two chains
required to constitute the functional laminin ligand are also
not known. The fact that studies by immunoprecipitation
using a phospho-specific anti-p-FAK Tyr™” antibody can
pull out the Bi-integrin/p-FAK-Tyr™7 /¢-Sre /vinculin com-
plex from whole-cell lysates of Sertoli-germ cell cocultures
and tissue extracts of the testes and lysates of seminiferous
tubule cultures hos confirmed the possibility that an activa-
tion of FAK is I'kely a response to the clustering of £1-
integrin in the testis. To the best of our knowledge, this is
likely the first article reporting the in oivo interactions of
Bl-integrin with p-FAK-Tyr™ in the testis.

PFAR Ty qarid p-FAK-Tyr®™ was localized at the site of
apical ES

The detection of immunoreactive p-FAK-Tyr™” and p-
FAK-Tyr"at thesite of apical ES by immunohistochemistry,
and the colocalization of p-FAK-Tyr*” with vinculin, a pu-
tative IiS-associated protein in the rat testis (10, 15, 21), have
provided a strong argument for its colocalization with B1-
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Fic. 13. A-F. Micrographs of cross-sections of adult rat testes illustrating the localization of immunureactive p-FAR-T.r”
epithelium by immunohistochemistry after treatment of rats with a single dose of AF-2364 150 my kg body weiaht by Zavage. A
of a control rat testis at low magnification. B-F. Corresponding cross-sections of testes from rats cxamined at s nB.ia .
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integrin forming the Bl-integrin/ p-FAK-Tyr™ and Tve' "
c-Src/ vinculin complex at the apical ES because Bl-integrin
(8,9, 15), c-Src (14), and vinculin (10, 15, 21) are the putative
ES constituent proteins at this site. However, our data were
somewhat in contrast to a previous study (151, which failed
to detect phosphoryvlated FAK using rat testis lvsates and an
anti-FAK antibody for immunoprecipitation. The explana-
tion is not immediately known. Nonetheless, this discrep-
ancy could be due to the fact that the majority of FAK found
at the basal compartment of the seminiferous tubules were
not phosphorylated, whereas t}'rosine-phosplmr}.'latcd FAK
was present exclusively at the site of apical ES as demon-
ctrated in our immunohistochemistry. immunofluorescence
analvsis. Also, we have cleariy illustrated the presence of
t}'rosine—phosphor}'lated FAK in lvsates of Sertoli-germ cell
cocultures and adult rat testes by I using an anti-FAK
antibody.

Constituent proteins of the apical ES are similar to the FAC
at the basal lamina: tb\'rosinevphosphorylared FAKR is a
potential linker for Bl-integrin. recru iting ES components
to the site of apical ES

Recent studies have identified ceveral proteins that con-
stitute the apical ES; many of them can also be found in the
FAC at the basal lamina, which are the functional unit of the
cell-matrix focal contacts. These includv Bl-integrin (3,4, 15,
vinculin (10, 13, 21), ¢-Sre (141, Csh (14, ILK {15} phospha-
tidvlinositol 4,3-bisphosphate [PtdIns(4,510:] (161, phosphor-
nositide-specitic phospholipase C 1160, Fyvn (1), and Keapl
{18). Because Bl-integrin i« a transmembrane receptor and
signal transducer, regulating cell adhesion. cell migration,
growth, differentiation, and programmed cell death tfor re-
view, see Ref. 28), this molecule must associate with several
downstream signaling molecules linking the cvtoplasmic ES
components to exert its signaling function. ILK (13} is one of
the putative kinases functionally linking Bl-ntegrin and
other downstream effector proteins in the ES. However, to
the best of our knowledge, none ot the above-mentioned
cvtoplasmic ES components are known to interact with [LK
either structurally or functionally. Results reported herein

strongly suggest that, bewtdes 1LA. the tvrosine-phosphory -
lated FAK mav be one of the crucial downstream hinases of
Bl-integrin in the apical ES that regulates the mteann lami-
nin multiprotein complex’s cell adhesion function.

We postulate that the ES dvnamics are ressitated . at least
in part, by a cascade of events with imtial autephosphony-
lation of EAK at the apical Ex at Tvr' ™ onintesnin clustering
{Fig. 14). This in turn creaies a high affinity -binding site S
c-Sre: the recruitment of c-Sre induces further phosphorvia-
tion of FAK at T_\'r?”. This compley assovidtes th vinculin
to regulate A] assembly between Serteh and germ ceils Bes
cause vinculin does not link to p-FAR-Tyvr 7 through direct
interaction, it is postulated that a-acunm falso a hnown BES
component {111 or paxillin may a0t 23 2 hridge for these
proteins {fOr reviews, sev Rets. Furthermore the
hinding of Ptdinsi4, 3P to the vinculin il is an essential step
known to induce vinculin conformattenat change Trom 4
close sinactive) o an open actives state sierre e s, see Rets.

-~z i
2aand e

=3 and 741 As such, the presence o Ptdlns 450 i the >
i 16} seemingly suggests that it has a putential role o activase
vinculin, which in turn facilitates the apical o restructunng
dunng spermatogenesis.

PI3K pSoa, a <ubunit of the PISK = Aitown teoact as an
adaptor tor coupling the pl1id ~ubunit to the activated pro-
tein tyrosine kinase ifor review . sev Ref, T3 It was shown to
be induced during Sertoli-germ cell covultures az reported
herein, indicating its partiapation in Sertoti-gernt cell Al
assembly possibly viaits eftects on the actin v tosheletonitor
review, see Ref 730 PI3K. also a foval adheston component
(for review, see Rets 258 and T4 s also an ertector molevule
that binds to the SH2 domam of pFAR-TS r T30 et ther
interaction in the testis remains to be cluaidated. Ajthough
the expression ot panillin and plid Cas remains relatively
steady during the assemblh of Als i Serrobi-germ velt cocul-
fuTes, Work I$ oW in progress to determune whether thev can
be tyvrosine ph(‘rsphor_\'latui hevatise both molecules are known
substrates of kinases during the assemibly of the FAK Srocom-
plex {for reviews, see Refe, 23275 Tahing these results collev-
tively, it is hkelv that the t}'r\hinm‘-;“!lxwpilt\r} lated FAK i the
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Sertoli cell

Fic. 14. The molecular structure of
apical ES in the testis. This is a sche-
matie drawing that depicts the current
molecular structure of apical ES in the
seminiferous epithelium of rat testes.
This drawing also illustrates the exten.
sive restructuring of TJs, cell-cel] actin-
based Ads, and cell-cell intermediate fil-
ament-based desmosome-like junctions
during spermatogenesis when develop-
ing germ cells traverse the seminiferous
epithelium from the basal to the adlu.
minal compartment. ES is a modified
testis-specific AJ. Results presented
herein postulate that tyrosine-phospho-
rylated FAK is a potential linker for
Bl-integrin, recruiting ES components
te the site of apical ES. Autophosphor-
ylation of FAK at Tyr*® oceurs on in-
tegrin clustering at the site of ES; this
In turn creates a high affinity-binding
gite for ¢-Bre, which further induces
phosphorylation of FAK at Tyr™'%, This
complex associates with vinculin, pos-
sibly through paxillin, to regulate api-
cal ES dynamics via its effects on the
actin-based cytoskeletal network,

ES 8 B ntegrin

Vinculin

Testin

Nectin-2

Al

apical ES is a potential linker for Bl-integrin, recruiting ES
components to the site of apical ES to regulate FS dynamics.

Sertoli-germ cell Ads disruption induced by AF-2364 is
regulated by the interplay of Bl-integrin, vinculin, p-FAK-
Tyr**", PI3K p85a, and p130 Cas in the ES, proteins that
are usually associated with the FAC in other epithelia

AF-2364 is a potential male contraceptive that exerts its
effects by inducing germ cell loss from the seminiferous
epithelium possibly disrupting the AJ structures, such as ES,
between spermatids and Sertoli cells (22,23). AF-2364 is also
a new analog of lonidamine [1-(2,4-dich10r0benyz])—inda-
zole-3-carboxylic acid] sharing a similar structural formula
(for review, see Ref. 1), which was identified from a panel of
more than 20 new analogs by screening their ability to per-
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turb the expression of testin {22,23), anovel A] signal protein
in the testis (19, 20, 65). And earlier studies have shown that
lonidamine can disrupt the actin filament network in Sertoli
cells when rats were treated with this compound by gavage
(71}, which is why this compound could induce germ cell loss
from the seminiferous epithelium. Its use for male contra-
ceptive, however, was limited because of its nephrotoxicity
and hepatotoxicity (for reviews, see Refs, 1 and 24).

The original goal of this laboratory was to synthesize and
identify a new compound, which maintains the biological
activity of onidamine by inducing germ cell loss from the
seminifercus epithelium without lonidamine’s toxicity (23),
and AF-2364 apparently fits into this profile (22, 23). Al-
though the precise mechanism by which AF-2364 perturbs
the AJ dynamics is not completely known, several lines of
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evidence suggest that it limits its action in the specialized Al
structures in the testis, such as ES. First, AF-2364 activates
testin in the testis, which is a known AJ-signaling molecule
largelv restricted to ES (19, 63). Indeed, AF-2364 was selected
from more than two dozen candidate compounds based on
its ability to induce testin expression in the testis from rats
treated with a single dose of this compound by gavage (23).
Second, results of serum microchemistry analvsis have
shown that AF-2364 fails to induce liver and kidnev damage
{22). Furthermore, histological analysis of tissue sections of
Jiver and kidnev also fails to detectany cellular damages {22}
suggesting the AJ structures in these organs remain intact.
Taking these results collectively, it is likely that AF-2364
perturbs the AJ dynamics in the testis by activating a unique
ES structural component complex, which somehow links to
testin, and is likely the putative receptor for AF-2364 and
tonidamine. In this study, an induction of Bi-integrin, vin-
culin, p-FAK-Tyr™", PI3K p83c, and p130 Cas, but not the
nonphosphorylated form of FAK and paxillin, was detected
after AF-2364 treatment within 4-24 h. This induction also
coincides with the time that elongating and elongate sper-
matids begin to deplete from the epithelium, followed by the
loss of round spermatids, indicating their involvement in
Sertoli-germ cell Al disassembly induced by AF-2364. Fur-
thermore, a transient induction of the immunoreactive p-
FAK-Tyr™ was also detected between the heads of elon-
gated spermatids and Sertoli cells and also at the cell-cell
contacts between round spermatids and Sertoli cells as
shown by immunohistochemistry after AF-2364 treatment
before germ cell loss from the epithelium.

In this connection, it is important to note that this pattern
of protein activationwas also detected in Sertoli-germ cell Al
assembly, suggesting the activation of FAK can take partin
both the events of junction assembly and disassembly. Such
a potential bifunctionai role of FAK signaling in regulating
junction disassembly and assemblv is not unprecedented.
For instance, earlier studies have demeonstrated FAK signal-
ing indeed plays a crucial role in both focal adhesion as-
sembly and disassembly (27, T6-78) via a vet-to-be-defined
mechanism that is reminiscent of the observations reported
herein. Needless to say, results presented herein have pro-
vided compelling evidence implicating the autophosphory-
Jation of FAK at Tyr™" at apical ES likely plays a crucial role
for the AF-2364-induced disassembly of Sertoli-germ cell
AJs. This postulate is also consistent with a previous study
suggesting that tyrosine phosphorylationis important in reg-
ulating spermiation {79). Although the precise functional
nature of the Bl-integrin induction following AF-2364 treat-
ment before Al disruption remains obscure, it is pussible that
such induction relates to the signal transduction event nec-
essarv for the integrin- mediated AJ disruption, such as re-
arranging the microfilament network. For instance, lonidam-
ine is known to induce rearrangement of the stress fibers and
cvtoskeleton network in Sertoli cells {80), thereby causing
germ cell loss from the seminiferous epithelium. In view of
the fact that both AF-2364 and lonidamine share similar
structural formulas (22, 23), both molecules mav exert their
offects via similar mechanistic pathway.

Interestinglv, the levels of vinculin, p-FAK—T_\'r“—, PI3K.
p85a, and p130 Cas were also plunged in the testis within2-5

Fond.

d after the AF-2364 treatment, coinciding with the declining
events of A] disruption when » irtaaihy ali elongating and
elongate spermatids were depieted trom the seminiterous
epithelium in more than 9% of tubules examined. rollowed
bv the loss of round spermatids and mest Spermatocyies
from the epithelium. These results further suppoert the notion
that these proteins are involved in Al disaszembly, In con-
trast, the protein level of plantesrin o sl up-regulated
within 2-% d after treatment. indicating Sl-infesrin mas
regulate some other functionss: at the basat Ex such as the
maintenance of Alsand Tisbetween adiacent Sertali cells and
also the AJs between sertoh cells and spermatogonia
primary spermatocytes at the time of AF-23~d-mediated
testis damage (see Ret, 501
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