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ABSTRACT

The coxsackie and adenovirus receptor (CAR), a putative cell-cell adhesion molecule, has
attracted wide interest due to its importance in viral pathogenesis and in mediating
adenoviral gene delivery. However, the distribution pattern and physiological function of
CAR in the testis is still not clear. Here, we identified CAR in Sertoli cells and germ cells of
rats. In vivo studies have shown that CAR resides at the blood-testis barrier as well as at
the ectoplasmic specialization. The persistent expression of CAR in rat testes from
neonatal period throughout adulthood implicates its role in spermatogenesis. Using
primary Sertoli cell cultures, we observed a significant induction of CAR during the
formation of Sertoli cell epithelium. Furthermore, CAR was seen to be concentrated at
inter-Sertoli cell junctions, co-localizing with tight junction protein marker ZO-1 and
adherens junction protein N-cadherin. CAR was also found to be associated with proteins
of Src kinase family and its protein level declined after TNFa treatment in Sertoli cell
cultures. Immunofluorescent staining of isolated germ cells has revealed the presence of
CAR on spermatogonia, spermatocytes, round spermatids and elongate spermatids. Taken
together, we propose that CAR functions as an adhesion molecule in maintaining the
inter-Sertoli cell junctions at the basal compartment of the seminiferous epithelium. In
addition, CAR may confer adhesion between Sertoli and germ cells at the Sertoli-germ cell
interface. It is possible that the receptor utilized by viral pathogens to breakthrough the
epithelial barrier was also employed by developing germ cells to migrate through the
inter-Sertoli cell junctions.

© 2007 Published by Elsevier Inc.

Introduction

cell surface is a determining factor of a cell’s susceptibility to
adenoviral vectors for gene delivery [2]. Therefore, extensive

CAR is a 46-kDa transmembrane protein that enables viral
attachment and entry into cells for coxsackie virus group B
and adenovirus groups 2 and 5 [1]. The availability of CAR on

* Corresponding author. Fax: +1 212 327 8733.
E-mail address: Y-Cheng@popcbr.rockefeller.edu (C.Y. Cheng).

0014-4827/$ - see front matter © 2007 Published by Elsevier Inc.
doi:10.1016/j.yexcr.2007.01.017

studies have been carried out to establish the expression
profile of CAR in a variety of human tissues that are of interest
to gene therapy, such as brain, heart and muscles [3-6].
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As a structural component of tight junction and/or ad-
herens junction, CAR is engaged in homotypical trans-inter-
action at regions of cell-cell contact, promoting cell adhesion
and tissue genesis [6-8]. It has been found to associate with
scaffolding proteins ZO-1 and p-catenin [8,9]. With two
immunoglobulin-like domains in the extracellular region, a
single transmembrane domain and a cytoplasmic tail [1,10],
CAR joins JAMs and nectins to become a member of the
immunoglobulin (Ig) superfamily. Integral transmembrane
proteins of Ig superfamily are implicated in cell adhesion
and migration. For example, JAM-C was described to promote
neutrophil trans-endothelial migration [11], whereas nectin-
like molecule-5 has been shown to enhance cell movement in
NIH3T3 cells [12].

In adult rat testes, preleptotene spermatocytes traverse
the blood-testis barrier from the basal to the adluminal
compartment of the seminiferous epithelium for further
development [13]. While they migrate progressively towards
the lumen, spermatocytes differentiate into round and
elongate spermatids until they detach from the epithelium
at stage VIII of the epithelial cycle at spermatogenesis [13].
This movement of germ cells involves rapid disassembly and
reassembly of Sertoli-Sertoli and Sertoli-germ cell junctions
[14]. Transmembrane proteins at the Sertoli-germ cell inter-
face, for example, cadherins, nectins, integrins and JAMs,
function as anchoring devices to maintain attachment
between the two types of cells. More importantly, these
proteins work in concert to facilitate the movement of germ
cells [15]. To date, knockout studies of nectin-2 and JAM-C
have yielded mice that were defective in spermatogenesis
[16,17], illustrating the essential roles of these adhesion
molecules in spermatogenesis.

Due to the structural similarity between CAR, JAMs and
nectins, we aimed to investigate the presence of CAR in
different cell types of the testis and its physiological sig-
nificance to spermatogenesis. A recently published study has
identified CAR at the acrosome region of mouse and human
spermatozoa, as well as its interaction with JAM-C [18].
However, the presence of CAR at _the Sertoli-Sertoli cell
interface or tight junctions at the blood-testis barrier is not
clear, nor do we know for certainabout its expression in germ
cells during their differentiation in the testis. In this report, we
carried out in vivo and in vitro experiments to examine the
cellular localization of CAR in Sertoli and developing germ
cells, as well as its expression pattern during testicular
maturation. In addition, we studied the interaction of CAR
with peripheral regulatory proteins and the effects of cyto-
kines treatment (e.g. TNFa) on its expression level in primary
Sertoli cell cultures. These data will help elucidate the
physiological role of CAR as a cell adhesion protein in
spermatogenesis.

Materials and methods
Animals

Male Sprague-Dawley rats were obtained from Charles River
Laboratories (Kingston, NY). Rats were sacrificed by CO,
asphyxiation. The use of animals for this study was approved
by the Rockefeller University Animal Care and Use Committee
with Protocol Numbers 00111, 03017 and 06018.

RT-PCR

Total RNA was extracted from tissues or cells by Trizol
Reagent (Invitrogen). About 2 pg of total RNA was reverse
transcribed into cDNAs using 0.3 pg of oligo(dT);s with a
Moloney murine leukemia virus reverse transcription kit
(Promega) in a final reaction volume of 25 pL. PCR reaction
mixture was composed of 2-3 pL of RT product, with 0.4 ug of
both the sense and anti-sense primers targeted to CAR (see
Table 1). Co-amplification of rat ribosomal S16 gene was
included to ensure the quality of RT product and the correct
composition of each reaction mixture. The cycling parameters
used in amplifying CAR are as follows: denaturation at 94 °C
for 1 min, annealing at 58-59 °C for 1 min, and extension at
72 °C for 1.5 min, for a total of 26 cycles. After the reaction,
10 pL aliquots of PCR product were resolved by 5% T
polyacrylamide gels using 0.5x TBE (45 mM Tris-borate,
1 mM EDTA, pH 8.0) as a running buffer.

Antibodies

Primary antibodies purchased from different vendors are listed
in Table 2. Each antibody used in this study was shown to
cross-react with its corresponding rat protein in our prelimin-
ary experiments. Bovine anti-rabbit IgG, bovine anti-goat IgG
and goat anti-mouse IgG conjugated to horseradish peroxidase
were purchased from Santa Cruz Biotechnology. The rabbit
anti-CAR (H300) polyclonal antibody used in this study was
raised against amino acid residues 1-300 mapping the N-
terminus of CAR from human origin, which cross-reacted with
the rat protein as indicated by the manufacturer. The two
predominant isoforms of CAR differ only at the extreme C-
terminus of the intracellular tail [10,19,20], therefore the anti-
CAR (H-300) IgG detected both variants of this protein.

Primary testicular cell cultures

Sertoli cells
Sertoli cells were isolated from 20-day-old rats as previously
described [21]. Freshly isolated cells were cultured at high cell

Table 1 - Primers for RT-PCR analysis of CAR and S16

Gene Primer sequence Orientation Position Length (bp) Reference

CAR 5'-GGAAACTGCCTATCTACCCTGCAA-3’ Sense 173-196 531 GenBank Accession
5'-CTGTAGGTCCCAGAATACTCAGAACT-3’ Anti-sense 678-703 Number: NM_053570

S-16 5/-TCCGCTGCAGTCCGTTCAAGTCTT-3’ Sense 15-38 385 [51]
5'-GCCAAACTTCTTGGATTCGCAGCG-3’ Anti-sense 376-399

Please cite this article as: C.Q.F. Wang, et al., Coxsackie and adenovirus receptor (CAR) is a product of Sertoli and germ cells in
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Table 2 - Sources of antibodies and their working dilutions used for different experiments in this report

|

Vendor Antibody against Animal Catalog Lot no. Use Working
target protein? source no. dilution ©
Santa Cruz Biotechnologies CAR Rabbit sc-15405  J1304 P
(Santa Cruz, CA) IB 1:200
IF 1:50
IHC 1:100
CAR Goat sc-10313 F0304 IHC 1:100
CAR Mouse, monoclonal sc-32795 E2605 1B 1:200
Occludin Rabbit sc-5562 G2803 IB 1:200
JAM-C Goat sc-23005 L1704 IF 1:50
Actin Goat sc-1616 J0104 1B 1:200
CAR Goat sc-10313 F0304 P
a-Catenin Rabbit sc-7894 A2705 P
p-Catenin Rabbit sc-7199 F0204 P
v-Catenin Rabbit sc-7900 J139 P
Vinculin Rabbit sc-5573 12204 P
a-Actinin Goat sc-7453 D292 P
FAK Rabbit sc-558 D1806 P
c-Src Mouse, monoclonal sc-8056 F3006 IF 1:100
Upstate Biotechnology PI-3kinase Rabbit 06497 25006 P
(Lake Placid, NY) p130 cas Rabbit 06500 19950 P
Src, CT, clone NL19 Rabbit, Monoclonal 05-772 26812 P
1B 1:1000
BD Biosciences (San Jose, CA) Integrin p1 Mouse, monoclonal 610468 53855 P
Espin Mouse, monoclonal 611656 32291 IF 1:100
Zymed Laboratories Inc. N-Cadherin Mouse, monoclonal 33-3900 50393487 IF 1:50
(South San Francisco, CA) Z0O-1 FITC conjugate Mouse, monoclonal ~ 33-91111 60102882 IF 1:50
JAM-A Rabbit 36-1700 40890360 1B 1:200
Goat anti-mouse FITC conjugate Goat 81-6511 40397219 IF 1:50
Goat anti-rabbit Cy3 conjugate Goat 81-6115 51001169 IF 1:50
Chemicon (Temecula, CA) Donkey anti-mouse FITC conjugate  Donkey AP192F 508006630 IF 1:100
Donkey anti-rabbit Cy3 conjugate Donkey AP182C 24010618 IF 1:100
Donkey anti-goat FITC conjugate Donkey AP180F 24011222 e 1:100

@ All primary antibodies used in this report were polyclonal antibodies unless otherwise specified. It is noted that all antibodies obtained

commercially cross-reacted with the corresponding rat proteins.

b IB: immunoblotting; IF, immunofluorescent microscopy; IHC, immunohistochemistry; IP, immunoprecipitation.
¢ Working dilution of primary antibodies was prepared in ~30 ml of PBS-Tris. For all IP experiments, 2 pg IgG for each antibody against its

corresponding target protein was used per reaction tube.

density (0.5x10° cells/cm?) on Matrigel (BD Biosciences)-
coated 12-well dishes (effective surface area, 3:83 cm? per
well; containing 3 mL medium, with ~2x10°% Sertoli cells).
Serum-free Ham’s F12 nutrient mixture and Dulbecco’s
modified Eagle’s medium (F12/DMEM, 1:1, vol./vol) was
supplemented with gentamicin (20 mg/L), 15 mM HEPES,
sodium bicarbonate (1.2 g/L), bovine insulin (10 pg/mL),
human transferrin (5 pg/mlL), epidermal growth factor
(2.5 ng/mL) and bacitracin (5 ng/mL). Cultures were designated
as “time 0” at the time of plating. Cells were then incubated at
35 °C in a humidified atmosphere of 95% air-5% CO,. To obtain
Sertoli cell cultures with purity greater than 98%, cells were
hypotonically treated 36 h after plating with 20 mM Tris
(pH 7.4), for 2.5 min at 22 °C to lyse contaminating germ cells
[22]. The wells were then washed twice with F12/DMEM, media
were replaced every 24 h, and cells were incubated for an
additional 5-7 days [23], however, it is noted that functional
tight and anchoring junctions were established within 2-
3 days after cell plating (see below) [23]. To terminate cultures
at specified time points, cells were rinsed with cold PBS once
and then scraped from the wells with lysis buffer for protein
lysate preparation. For immunofluorescent staining, Sertoli

cells were cultured at low density (0.1x10° cells/cm?) to
allow the formation of a confluent monolayer with tight
junction and anchoring junctions. Cells plated at higher
densities often grow into an epithelium with overlapping cell
layers, which would later become an obstacle for imaging
cell borders.

Germ cells

Germ cells were isolated from 90-day-old rats by a mechanical
procedure without the use of trypsin as previously described
[24]. Since the glass wool filtration step was omitted from the
isolation procedures, germ cell preparation for this study
contained elongating/elongated spermatids. The ratio of
spermatogonia:spermatocytes:round spermatids:elongat-
ing/elongate spermatids was similar to that of germ cells in
vivo when assessed by DNA flow cytometry [24]. Germ cells
were used immediately after isolation.

Sertoli cells and germ cells isolated with the above
described protocol contained negligible contamination of
other type of cells, which was verified by RT-PCR and
immunoblotting analysis of cell-type specific protein mar-
kers [25]. For example, c-kit receptor was amplified by RT-
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PCR and probed in immunoblot to detect possible germ cell
contamination. Likewise, testin, 3p-hydrosteroid dehydro-
genase, and fibronectin were used to monitor the presence
of contaminating Sertoli cells, Leydig cells and peritubular
myoid cells, respectively [25].

described [26]. In brief, Sertoli cells were isolated from 20-day-
old rats and seeded at a cell density of 0.75 x 10° cells/cm?. Such
density is required for TER studies, because low-density cell
cultures would generate small blank areas with no or very few
cells on the bicameral units, forming leaky spots for electric

current to pass through. This renders TER measurement
inaccurate or impossible. Cells were plated onto the bicameral
units with F12/DMEM medium in each of the apical and basal
chambers. The assembly of inter-Sertoli tight junctions was
assessed by TER across the Sertoli cell epithelia using a

Transepithelial electrical resistance (TER)

The establishment of tight junction permeability barrier was
assessed by quantifying the TER across the cell epithelium as

A
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Fig. 1 - Expression of CAR in Sertoli and germ cells. (A) Results of RT-PCR using total RNA isolated from Sertoli (SC) and germ
cells (GC) to assess the steady-state mRNA level of CAR. DNA size marker is on the left (bp, base pair). Each lane represents
Sertoli cell or germ cell RNA extracted from a separate batch of cells. D, day. (B) A single prominent band corresponding to the
apparent Mr of CAR at 46 kDa was detected on the immunoblot using Sertoli cell lysate (100 pg protein), illustrating the
specificity of this antibody. DF, dye-front. (C) Protein extracts of Sertoli cells (from 20-day-old rats), germ cells (from 90-day-old
rats) and seminiferous tubules (from 90-day-old rats) were analyzed by immunoblotting, using a rabbit anti-CAR (H-300, Santa
Cruz) polyclonal antibody. The same blot was probed with B-actin to confirm equal protein loading. Protein lysate of rat brain
(from 20-day-old rats) was loaded onto the same gel, serving as positive control. D, day. (D) Bar graph summarizes results of
three sets of immunoblots using different batches of lysates from Sertoli and germ cells and seminiferous tubules (ST). D, day.
The level of CAR in germ cells was arbitrarily set at 1 against which 1-way ANOVA was performed. *P<0.01.
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Millicell (Millipore Corp) electrical resistance system. Briefly, induced by a short (~2 s) 20-pA pulse of current. The
current was passed through the epithelial monolayer between resistance was multiplied by the surface area of the filter to
two silver-silver chloride electrodes. Resistance was calcu- yield the area resistance in  cm? The net value of electrical
lated from the change in ohm () across the monolayer resistance was then computed by subtracting the background,

5 5L "“.5'5
vt

il )
&, i

3 ST

Fig. 2 - Localization of CAR in the seminiferous epithelium of adult rat testes by immunohistochemistry. (A) Frozen sections of
adult rat testes were stained using a rabbit anti-CAR polyclonal antibody. Signal was detected at the basal compartment of the
epithelium in virtually all stages of the epithelial cycle. However, strongest staining was found at the apical ectoplasmic
specialization in stage VIII tubules. (B) Magnified view of the boxed area “a” in A, showing CAR staining at the basal
compartment, which is consistent with its localization at the blood-testis barrier. (C-D) Corresponding to boxed area (i) and (ii).
Sickle-shaped CAR staining was concentrated at site of apical ES in stage VIII seminiferous tubules, where elongated
spermatids anchor onto Sertoli cells in the epithelium. CAR staining was also found at the site of blood-testis barrier. (E)
Localization of CAR by immunofluorescent staining. Sections were incubated with a rabbit anti-CAR, to be followed by a donkey
anti-rabbit IgG-Cy3 conjugate. Cell nuclei were visualized by DAPI staining. Merged image of CAR and DAPI staining identified
CAR at the apical and round spermatids. (F) Control experiment in which testis sections were stained with normal rabbit IgG at
the same dilution as the primary antibody shown in A-E. Scale bar=100 pm in A, which also applies to F. Scale bar=50 pm in B.
Scale bar=15 pm in G, which also applies to D and E.
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which was measured on Matrigel-coated cell-free bicameral
units, from values of Sertoli cell-plated chambers [26]. Under
these conditions, inter-Sertoli tight junctions were mostly
formed at ~2-3 days [23]. Each time point had triplicate
cultures, and each experiment was repeated 3 times using
different batches of primary Sertoli cell cultures.

Immunofluorescent microscopy

Frozen cross sections of testes (~6 um) obtained in a cryostat
were mounted on poly-L-lysine-coated slides, fixed with
Bouin's fixative and permeabilized with 0.2% Triton X-100
for 5 min. Sections are then washed with PBS and blocked with
10% normal goat or donkey serum for 1 h. This is followed by
incubation with primary antibodies overnight at room tem-
perature (see Table 2 for working dilutions). Slides were
washed in PBS before incubation with secondary antibodies
conjugated with FITC (green) or Cy3 (red). Sections were
mounted in Vectashield Hardset with 4/,6'-diamino-2-pheny-
lindole (DAPI) (Vector Laboratories, Burlingame, CA). Fluores-
cent micrographs were acquired by using an Olympus BX40
microscope (Olympus Corp., Melville, NY) equipped with
Olympus UPlanF1 fluorescent optics and an Olympus DP70
12.5 MPa digital camera. Sections were also stained with
normal rabbit, mouse or goat IgG as negative controls. For cell
staining, Sertoli cells were cultured for 2 to 3 days at
0.1x10° cells/cm? on Lab-Tek® Chamber Slide™ Systems
(Nalgene Nunc International) before fixation with Bouin’s
solution and immunofluorescent microscopy was performed
as detailed above. To eliminate inter-experimental variations,
all samples within an experimental group were processed
simultaneously by mounting 2-3 cross sections per slide.
Several slides were processed in parallel. Immunohistochem-
istry studies were handled with the same practice:

Immunohistochemistry

Immunohistochemistry was performed with a Histostain-SP™
kit (Zymed, CA). Frozen sections of (~6 um) of testes were

mounted onto poly-L-lysine-coated slides and fixed in Bouin’s
fixative. Sections were treated with 3% H,0, in methanol (vol./
vol) to block the endogenous peroxidase activity, to be
followed by incubation with 10% normal goat serum to block
nonspecific binding. Thereafter, sections were incubated with
a rabbit-anti-CAR (Santa Cruz, CA; dilution 1:100) polyclonal
antibody in a moist chamber at room temperature overnight.
Sections were then incubated in biotinylated secondary anti-
body for 30 min and treated with streptavidin peroxidase for
approximately 5 min. Immunoreactive CAR appeared as
reddish-brown precipitates on the sections. Slides were then
counterstained with hematoxylin and mounted in glycerol
vinyl alcohol (GVA, Zymed). Negative controls were included
by incubating the sections with normal rabbit IgG at the same
dilution as the primary antibody. Micrographs reported herein
were representative results from 3 to 6 experiments using
different samples.

Immunoblot analysis

Testes or cell lysates were prepared in immunoprecipitation
buffer [50 mM Tris, 150 mM NacCl, 1% Nonidet P-40 (vol./vol.),
2 mM EGTA, 1 mM PMSF, 1 mM sodium orthovanadate, 2 mM
N-ethylmaleimide, 10% glycerol (vol./vol.), pH 7.4 at 22 °C].
An equal amount of proteins from lysates (~100 pg) was
resolved by SDS-PAGE (7.5-14% T SDS polyacrylamide gels)
under reducing conditions. All samples within an experi-
mental group were processed simultaneously to eliminate
inter-experimental variations. Proteins were transferred onto
nitrocellulose membranes and probed with primary anti-
bodies listed in Table 2. The blots were developed with an
enhanced chemiluminescence system using kits from Amer-
sham Pharmacia Biotech (Piscataway, NJ). Each immunoblot
experiment was repeated at least three times using different
sets of samples to obtain sufficient data for statistical
analysis. In selected experiments, immunoblots were probed
with a different antibody, namely the mouse anti-CAR
antibody instead of the rabbit antibody (see Table 2), which
yielded virtually identical results.

Fig. 3 - Changes in CAR expression in rat testes during testicular maturation. (A) Imnmunofluorescent staining of CAR (H-300)
was performed on frozen sections of rat testes of different ages: 15- (a-d), 25- (e-h), and 60-day-old rats (i-l) vs. adult rat kidney
(body weight, 300 g) (m-p). A mouse antibody against ZO-1 conjugated with FITC (green fluorescence) was used to localize the
blood-testis barrier. Sections were then incubated with a donkey anti-rabbit Cy3-conjugated antibody to visualize CAR (red
fluorescence). (m-p): Cross-section of frozen rat kidney was included to demonstrate the specificity of CAR staining. Signals of
CAR staining co-localized with ZO-1 to tight junctions in the collecting tubules of rat kidney. At 15 days, when blood-testis
barrier was absent and only spermatogonia were found in the seminiferous tubules, CAR staining was detected at the
Sertoli-Sertoli and Sertoli-germ cell interface, surrounding cell nuclei. At day 25, CAR staining was observed to be co-localizing
with ZO-1 to the newly formed blood-testis barrier, along with staining surrounding the acrosome region of late round
spermatids. At day 60, when the rat testis matured with complete cycles of spermatogenesis, CAR staining were found at germ
cells of all stages, yet the signals were most intense in early stage VIII tubules, where elongated spermatids anchor their heads
to Sertoli cells in the epithelium. Signals were also detected at the blood-testis barrier, but not of the same intensity compared
to those at the apical ectoplasmic specialization. Scale bar=25 pm in (a), which also applies to (b-d) and (m-p). Scale bar=50 pm
in (e), which also applies to (f-I). (B) Inmunohistochemical localization of CAR in the seminiferous epithelium was performed on
frozen sections of testes from rats of different ages: 15- (a—c), 20- (d-f), 25-day-old rats (g-i); a, d, g are negative controls using
normal rabbit IgG for each sample group. Scale bar=50 pm in (b), which also applies to (e, h) and upper-right corer of (a, d, g).
Scale bar=25 pm in (a), which also applies to (c, d, f, g, i). (C) Immunoblot of CAR using testis lysates from rats of different ages.
Brain lysate of 20-day-old rats served as a positive control. Bar graph summarizes results of three sets of immunoblots using
separate batches of testis lysate preparation. The level of CAR in testes from 90-day-old rats was arbitrarily set at 1. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Immunoprecipitation (IP)

About 400 pg of proteins from testis or Sertoli cell lysates were
used for IP. Sertoli cells were cultured alone for 4 days at
0.5x10° cells/cm? on Matrigel-coated dishes with established
functional tight and anchoring junctions that mimicked the in
vivo cellular physiology and morphology as earlier reported [23]
prior to their used for lysate preparation. Testis or Sertoli cell
lysates were first pretreated with 2 pg of rabbit or mouse IgG for
approximately 1 h, followed by incubation with 10 uL Protein A/
G-PLUS agarose (Santa Cruz, CA) for 2 h to eliminate non-
specific binding of protein with IgG or agarose. After spinning
down the agarose beads, supernatants were collected into new
tubes for IP. 2 pg of primary antibody was added to this
supernatant and incubated overnight. In negative controls,
mouse or rabbit IgG of equivalent amount were applied in

Day 60 Day 25 Day 15

Kidney

substitute of primary antibodies. The immunocomplexes were
then precipitated by incubating with 20 pL of Protein A/G Plus-
Agarose for approximately 6 h. After that, the immunocom-
plexes were washed four times with 300 pL washing buffer
[50 mM Tris-HCl, 150 mM NaCl, 1% Nonidet P-40 (vol./vol.),
1 mM EGTA, 1 mM PMSF, pH 7.4 at 22 °C] by gentle re-
suspension and mild centrifugation (5 min, 1000xg). Precipi-
tated immunocomplexes were released from agarose beads by
heatingat 100 °C for 10 min in SDS-sample buffer [0.125 M Tris,
pH 6.8 at 22 °C, containing 1% SDS (wt./vol.), 1.6% 2-
mercaptoethanol (vol./vol.), and 20% glycerol (vol./vol.)] for
10 min. Proteins were then resolved by SDS-PAGE, and
immunoblotting was performed as described in the previous
section. Lysates from normal rat testes or Sertoli cells were
used to serve as positive controls. We opted to use Sertoli cell
lysates for co-IP instead of testis lysates for data reported
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A

Fig. 4 - CAR localize at cell-cell contacts of Sertoli cells. Sertoli cells were cultured at low density (1x10° cells/cm?) for 3 days
before staining. Areas of co-localization appear as orange. Inmunofluorescent micrograph demonstrates that CAR was heavily
concentrated at inter-Sertoli tight junctions, though staining occasionally was also seen close to the nucleus. (A) Cells were
incubated with a rabbit anti-CAR polyclonal IgG as primary antibody, followed by a goat anti-rabbit CY3-conjugated secondary
antibody. A mouse anti-ZO-1 FITC conjugate was used to locate inter-Sertoli tight junctions. (B) Cells were incubated with a
rabbit anti-CAR (H-300) polyclonal antibody, along with a mouse anti-N-cadherin monoclonal antibody. N-Cadherin is a known
component of the inter-Sertoli cell junctions at the blood-testis barrier. Scale bar=20 pm in A, which also applies to B. This
experiment was repeated atleast 4 times over a period of 18 months using different batches of Sertoli cells where cultures were
terminated on either day 2 (n=2) or day 3 (n=2), and similar results were obtained for all experiments. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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herein to avoid results of protein-protein association between
CAR and other peripheral proteins that were derived from cells
in the interstitium (e.g., Leydig cells, macrophages, endothelial
cells in microvessels) and the tunica propria (e.g., peritubular
myoid cells, lymphatic cells).

Statistical analysis
Statistical analysis was performed using one-way ANOVA

using the GB-STAT Statistical Analysis Software package
(Version 7.0, Dynamic Microsystems, Inc., Silver Spring, MD).

Results
CAR is a product of both Sertoli and germ cells in rat testes

In order to examine the presence of CAR in normal rat testes,
we performed RT-PCR with total RNA extracted from Sertoli
cells and germ cells. These cell preparations were contami-
nated with a negligible number of other cells as described in
Materials and methods. S16 was co-amplified in all experi-
ments to confirm the correct composition of each reaction
mixture and the quality of mRNA. As the two isoforms of CAR
vary only at the cytoplasmic C-terminus, we designed a pair of
primers that flanked a large region in the extracellular
domain. As shown in Fig. 1A, sharp bands of expected size
(531 bp) were detected in both Sertoli and germ cells. This PCR
product was confirmed by direct nucleotide sequencing at
Genewiz (North Brunswick, NJ). Each of the three lanes of
Sertoli and germ cells in Fig. 1A represents RNA sample
prepared from separate batches of cells.

To test whether CAR is translated into a functional protein
in the testis, we carried out immunoblot analysis: As CAR is
most abundantly expressed in rat brains at the early develop-
ment stage [7], brain lysate from 20-day-old rats was included
as a positive control. When the immunoblot of Sertoli cell
lysate was probed with a rabbit anti-CAR (H-300) polyclonal
antibody, only one single prominent band was detected at
46 kDa (Fig. 1B), illustrating the specificity of the antibody. We
also examined the expression level of CAR in different cellular
fractions of the testis as shown in Fig.1C. In comparison to
germ cells, Sertoli cells expressed a much higher level of CAR,
which contributed substantially to the amount of CAR protein
detected in lysates of rat seminiferous tubules. Fig. 1D is a
histogram representing densitometrically scanned results of
Fig. 1C, showing that the abundance of CAR in Sertoli cells is
approximately 6 times that of germ cells.

Localization of CAR in the seminiferous epithelium of adult rat
testes

Immunohistochemistry was used to examine the distribution
pattern of CAR in adult rat testes (Fig. 2A). Fig. 2B is a magnified
view of boxed area (a) in Fig. 2A, whereas Figs. 2C and D
correspond to boxed area (i) and (ii), respectively. CAR was seen
to be concentrated at the sites of apical ectoplasmic specializa-
tion of stage VIII seminiferous tubules, where elongated
spermatids anchor onto Sertoli cells before spermatogenesis.
Immunoreactive signals were discernible on round spermatids

and early elongating spermatids as well, but the most intense
reddish-brown precipitates were localized to the convex side of
elongate spermatid heads (Figs. 2C and D). This observation is
in agreement with a recent report [18], in which signals from
immunofluorescent staining of CAR in rat seminiferous
tubules were found to be very pronounced in elongate
spermatids of stage VIII tubules. More importantly, our data
demonstrate that CAR expression was not restricted to germ
cells only. Robust signals were also detected along the basal
compartment of the seminiferous tubule, especially at the site
of the blood-testis barrier. In Figs. 2C and D, reddish-brown
precipitates of CAR were found near the basal lamina of the
seminiferous epithelium sitting side by side with sickle shaped
CAR staining at elongate spermatids. We also noticed minor
staining on Leydig cells, which is consistent with findings of
another research group [27]. Immunofluorescent studies (Fig.
2E) yielded similar results, showing the same staining pattern
as seen in Figs. 2A-D. Here, CAR signal appears as red, while
cell nuclei were stained blue with DAPI. Again, we observed
CAR residing at the convex side of elongate spermatid heads.
Fig. 2F serves as-a negative control where cross-sections of
testes were incubated with purified rabbit IgG at the same
concentration as that of the primary antibody. No immunor-
eactivity was noticeable in the negative control, which verifies
the specificity of CAR (H-300) antibody. The results reported in
Figs: 2A-D by immunohistochemistry were also confirmed
using a different anti-CAR antibody raised in a goat (see Sup-
plementary Fig. 1), illustrating the localization of CAR in the
seminiferous epithelium as shown in Fig. 2 is specific to CAR.

CAR expression in rat testes changes during development

The expression of CAR is highly regulated during develop-
ment. In neonatal rats and mice, CAR was found to be
abundant in various tissues (e.g., heart, brain, skeletal
muscle), but its protein level would drop rapidly in adult
animals [7,28,29]. We thus sought to study the expression
pattern of CAR during testicular maturation. Immunofluor-
escent staining was performed on frozen sections of rat testes
of different ages. In 15-day-old rats (Figs. 3A, a-d), the blood-
testis barrier has not yet formed, CAR was seen to be
surrounding the nuclei of Sertoli cells and spermatogonia at
cell-cell interface. Signals of CAR (red) coincided with those of
ZO-1 (green) in most areas examined (Figs. 3A, c), suggesting
that CAR is implicated in the formation of the blood-testis
barrier. In 25-day-old postnatal rats, the blood-testis barrier
has already been established, as manifested by localization of
ZO-1 near the basal lamina of the seminiferous epithelium
(Figs. 3A, e-h). Here, CAR was observed to be associated with
spermatogonia, spermatocytes and round spermatids. Of note
is that elongating or elongate spermatids were absent in 25-
day-old rat testes. At the same time, modest CAR staining was
also found near the basal lamina of seminiferous tubules,
where it co-localized with ZO-1 at the blood-testis barrier
(Figs. 3A, e-h). By day 60 postnatal, rats are sexually mature,
with full epithelial cycles in the seminiferous tubules and
continuous waves of spermatogenesis. In cross sections of
adult rat testes, CAR staining appeared to be strongest in stage
VIII tubules, at the site of apical ES where elongate spermatids
anchor onto to Sertoli cells before spermatogenesis (Figs. 3A, i-
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1). CAR signals also associated with spermatogonia and round
spermatids near the basal compartment of the tubules.
Distinct fluorescent signals of CAR were also detected at the
blood-testis barrier (see Figs. 34, i, k), which is identified by
staining with mouse anti-ZO-1 FITC conjugate (see Figs. 3A, j).
CAR and ZO-1 fluorescent signals were also co-localized in the
seminiferous epithelium near the basement of the seminifer-
ous tubules, consistent with their localization at the blood-
testis barrier (Figs. 3A, k, ). In Figs. 3A, m—-p, CAR clearly co-
localized with ZO-1, which is expressed ubiquitously in the
tight junctions of collecting tubules in a kidney nephron. This
shall illustrate the specificity of CAR staining in the semi-
niferous epithelium of the testis.

Micrographs in Fig. 3B are results of immunohistochem-
istry studies using testes from rats at 15 day (a—c), 20 day (d-f),
and 25 day (g-i) of age. These data support the distribution
pattern of CAR seen in immunofluorescent staining. Figs. 3B
(a, d, g) are negative controls for each sample group, in which
normal rabbit IgG was used in substitute of polyclonal rabbit
anti-CAR (H-300) antibody.
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In addition, protein lysates of rat testes of different ages
were analyzed by immunoblot (Fig. 3C). As shown in the bar
chart (Figs. 3C, b), expression of CAR in rat testes was relatively
high in neonatal rats and possibly being used to construct the
blood-testis barrier at approximately 16 to 18 days of age.
Overall, the CAR steady-state protein level in rat testes
declined remarkably in adulthood. However, in comparison
to other organs such as the brain, heart or muscle, where CAR
level dropped by more than 100-fold after maturation, the drop
in CAR protein level we observed in the testes is not as drastic.

CAR is localized at inter-Sertoli cell junctions in vitro

Sertoli cells isolated from 20-day-old rats were plated at low
cell density at 0.1x10° cells/cm? to obtain confluent cell
monolayers. Cells plated at high density often grow into an
epithelium with overlapping cell layers, which would later
affect the imaging of the cell-cell interface by fluorescent
microscopy. Immunofluorescent staining was thus carried out
after culturing Sertoli cells for 2 to 3 days (see Fig. 4 where cells
were used for staining on day 3 following plating). By then,
functional inter-Sertoli tight junction and adherens junctions
were mostly established as shown by trans-epithelial elec-
trical resistance measurement (TER) (Fig. 5) and electron
microscopy [23]. CAR (red fluorescence) is observed to be
concentrated at cell-cell contacts of Sertoli cells (Figs. 4A-B),
exhibiting nearly identical localization pattern with tight
junction marker ZO-1 (green fluorescence) and adherens
junction protein N-cadherin (green fluorescence).

Induction of CAR in primary Sertoli cell cultures
Sertoli cells were isolated from 20-day-old rats and were

plated at 0.5x10° cells/cm? on Matrigel-coated dishes. At this
cell density, Sertoli cells were known to form a polarized

Fig. 5 - Induction of CAR during the assembly of inter Sertoli
cell junctions in vitro. Sertoli cells were cultured at high
density (0.5 x 10° cells/cm?) for 6 days. During this time
course, an intact cell epithelium with functional tight
junctions and adherens junctions were established and
maintained. Cell cultures were terminated at specified time
points. A steady increase in CAR expression level was
detected by immunoblot. JAM-A served as a protein marker
of tight junction, which also has an up-regulated expression
level. (A) Immunoblots illustrating changes in the protein
level of CAR and JAM-A. The same blot was also probed with
B-actin to confirm equal protein loading. (B) Bar graph
summarizes results from 3 sets of immunoblots using
different batches of Sertoli cells. The steady-state protein
level of CAR in Sertoli cells at time 0 was arbitrarily set at 1,
against which one-way ANOVA was performed. *P<0.01. (C)
Transepithelial electrical resistance (TER) was measured at
specific time points which assessed the establishment of the
Sertoli cell tight junction-permeability barrier. Each time
point had triplicate cultures, and each experiment was
repeated 3 times using different batches of primary Sertoli
cell cultures. TER reached its peak after about 4 days in
culture and was maintained at that level thereafter.
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epithelium that mimics the morphology and cellular behavior
found in vivo, such as the physiological barrier maintained by
tight junctions. Cultures were terminated at specific time
points and lysed for protein extraction. As shown in Figs. 5A, B,
at time 0, only a slight expression of CAR was detected by
immunoblots right after Sertoli cell isolation, because rigorous

CAR JAM-C DAPI

treatments with trypsin, collagenase and hyaluronidase in the
isolation process could lyse most cell adhesion proteins that
were used to maintain tissue organization. Expression level of
CAR increased rapidly (i.e., about a 5-fold boost within 24 h)
when Sertoli cells began to create clusters, gradually form and
maintain an epithelium. CAR level peaked on day 4 and

Merge
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Fig. 6 — CAR is expressed by germ cells at different stages of differentiation. (A) Immunofluorescent staining of rat testes
sections shows co-localization of CAR and JAM-C in vivo. Both proteins were found to be distributed on round spermatids and
were confined to the heads of elongating/elongate spermatids. Scale bar=5 pm. (B) Rat germ cells were isolated by mechanical
procedure (without glass wool), plated on poly-L-lysine-coated coverslips and permeabilized before staining. (a) Localization of
CAR on germ cells: Immunofluorescent staining was performed on the slides with rabbit anti-CAR (H-300) polyclonal antibody,
followed by incubation with Cy3-conjugated donkey anti-rabbit IgG. Scale bar=25 pm, which also applies to b and c. (b) Germ
cells are visualized under light microscope. (c) Merged image of CAR and DAPI staining of nuclei. (i-iv) Magnified views of
individual germ cells at different development stages: (i) spermatocyte, (ii) round spermatid, (iii) elongate spermatid (steps
17-18), (iv) elongating spermatid (steps 9-10). Scale bar=5 pm in (i), which also applies to (ii-iv). (C) Immunofluorescent
micrographs of a stage VIII seminiferous tubule. CAR (red) was stained with a rabbit anti-CAR (H-300) polyclonal antibody and
espin (green) was stained with a mouse anti-espin monoclonal antibody. Merged image (c) shows that CAR and espin were
co-localized to the apical ES site in the seminiferous epithelium. Scale bar=50 pm. (For interpretation of the references to colour

in this figure legend, the reader is referred to the web version of this article.)

remained plateau thereafter. JAM-A, another tight junction-
associated protein, was also seen to be significantly induced
during the assembly of inter-Sertoli cell junctions (Figs. SA-B).
The increase of CAR expression correlated with a rise in TER
readings, which were used to assess the establishment of the
inter-Sertoli cell tight junction permeability barrier (Fig. 5C).
These data suggest that CAR is indeed a building block of inter-
Sertoli cell junctions at the blood-testis barrier including tight
junctions and basal ectoplasmic specialization.

CAR is expressed by germ cells at different stages of
differentiation

In a recent paper, CAR was found to be localized to the
acrosome region of mature spermatozoa isolated from mouse

epididymis and human ejaculate [18]. From our immunohis-
tochemistry and immunofluorescent microscopy studies on
rat testes sections, we noticed that CAR staining was asso-
ciated with spermatogonia, spermatocytes, round spermatids
as well as elongate spermatids. Immunofluorescent staining of
adult rat testes sections has also co-localized CAR with JAM-C
in vivo (Fig. 6A). Both proteins were found to be distributed on
round spermatids and were confined to elongating/elongate
spermatid heads later on. To gain a more accurate picture of
CAR expression during germ cell differentiation, we conducted
immunofluorescent staining with germ cells alone. The
isolation process of germ cells was purely mechanical and
glass wool filtration step was omitted. Therefore the final
product contained germ cells at all stages of differentiation,
including spermatogonia, spermatocytes, round spermatids,
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elongating and elongate spermatids at a relative ratio similar
to that of germs cells found in the seminiferous epithelium in
vivo [24]. Germ cells were plated onto poly-L-lysine-coated
coverslips and permeabilized with 0.1% Triton X-100. Data
shown in Fig. 6B illustrated the presence of CAR in spermato-
cytes (i), round spermatids (ii), elongating spermatids (iv) and
elongate spermatids (iii). In round spermatids, CAR staining
appears to be at the site of early acrosome. In elongate and
elongating spermatids, immunoreactive signals are concen-
trated at the convex surface of spermatid heads, which is the
site of late acrosome as well as the apical ectoplasmic
specialization (Figs. 6B, a, b, ¢ and i-iv). A micrograph from
transillumination microscopy was presented in Figs. 6B, b to
show the morphology of germ cells.

CAR co-localized with espin at the apical ectoplasmic
specialization (apical ES)

CAR has previously been localized to the acrosome in mature
spermatozoa of mice and human [18]. Since acrosome/
acrosomal membrane and plasma membrane at the apical
ES are intimately associated structures, it is not known if the
findings reported above (e.g., Figs. 2 and 3) represent the
localization of CAR at the apical ES. In order to define the
precise ultrastructural location of CAR on germ cells,
immunogold electron microscopy studies were performed at
the Rockefeller University Bio-imaging Resource Center.
However, we encountered technical difficulties with both
antibodies (Table 2). We then turned to fluorescent micro-
scopy using double staining technique to assess the co-
localization of CAR with espin at the apical ES in ‘the
seminiferous epithelium in adult rat testes (Fig. 6C). Espin is
a known protein marker of ectoplasmic specialization (fora
review, see [33]) contributed by Sertoli cells (Fig. 6C). Red
fluorescence signals of CAR (Figs. 6C, a) appeared to co-
localize with the green fluorescence signals from espin (Figs.
6C, b) near the luminal edge of the seminiferous epithelium
in a stage VIII tubule, where elongate spermatids anchored
onto Sertoli cells before spermatogenesis (Figs. 6C, c, d). Due
to the limited resolution of immunofluorescent imaging, data
from this study are still not sufficient to distinguish between
the two locations (i.e. the plasma membrane and the
acrosome/acrosomal membrane). It is possible that CAR is
expressed on both sites, namely the acrosome membrane
and the apical ES structure. From immunohistochemistry and
immunofluorescence studies on testes from 15-day-old rats,
we observed that CAR staining surrounding the nuclei of
spermatogonia. and Sertoli cells (Figs. 3A-B). In 15-day-old
rats, only spermatogonia were present in the seminiferous
epithelium of pups. Considering that spermatogonia are non-
polarized stem cells without acrosome structures, significant
CAR staining surrounding the nuclei of spermatogonia favors
the notion that CAR is present on the plasma membrane of
germ cells.

TNFa treatment down-regulated CAR protein level in Sertoli
cell culture

Sertoli cells were cultured for 4 days alone to allow the
formation of an epithelium with functional tight junction

permeability barriers. Also the endogenous target gene expres-
sion pertinent to tight junction barrier assembly would have
subsided by then. On day 5, F12/DMEM medium containing
20 ng/mL recombinant human TNFa were added onto these
cultures and cells were terminated at specified time points (see
Fig. 7). Medium containing the same amount of TNFa was
changed every 24 h afterwards. By immunoblot analysis, we
observed a significant drop in CAR level by days 2 and 3 after
TNFa treatment (Figs. 7A-B). However, this response to
cytokine treatment was not very significant in comparison to
that of occludin and JAM-A, which displayed a dramatic
decrease after only 4 h of treatment.

Association of CAR with other proteins examined by co-IP

For co-IP experiments, Sertoli cells were cultured alone for
~4 days and terminated for lysate preparation. A rabbit
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Fig. 7 - TNFa treatment down-regulated CAR protein level in
Sertoli cell culture. Sertoli cells were cultured for 4 days prior
to their use for this experiment as described in Materials and
methods. Culture medium (F12/DMEM) was supplemented
with TNFa (20 ng/mL) on day 5 and thereafter. Cultures were
terminated at specified time points and processed for
immunoblot analysis. (A) CAR protein level decreased by 2 to
3 days after TNFa treatment, whereas the level of occludin
and JAM-A dropped significantly by 4 h after TNFa
treatment. (B) Bar chart summarizes results from 3 sets of
immunoblot using different batches of Sertoli cell cultures.
The steady-state protein level of the target protein at time 0
was arbitrarily set at 1, against which one-way ANOVA was
performed. ns, not significantly different; *P<0.05; **P<0.01.
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monoclonal antibody against Src-kinase family was used as a
precipitating antibody to incubate with Sertoli cell lysate.
Immunocomplexes were separated by SDS-PAGE, transferred
to nitrocellulose membrane and probed with a mouse anti-
CAR antibody. Normal rabbit IgG was used in negative
controls. We clearly detected a band at 46 kDa in lysates of
Sertoli cells that were incubated with a rabbit monoclonal
antibody against Src kinase family. A much stronger band of
the same size was identified in positive control where rabbit
anti-CAR (H-300) was used for precipitation (Fig. 8A). This
suggests that CAR was associated with members of Src kinase
family via direct or indirect interactions. The anti-Src antibody
(see Table 2) was shown to react specifically to Src as
illustrated in an immunoblot experiment (Fig. 8B). To further
verify that CAR is indeed structurally interacting with proteins
of Src kinase family, we next conducted immunofluorescent
microscopy studies on Sertoli cells in culture for 3 days at low
density (0.1x10° cells/cm?) to assess co-localization of CAR
and Src. As shown in Fig. 8C, CAR (red fluorescence) was
indeed co-localized with c-Src (green fluorescence), both of
which reside at the cell-cell interface (d vs. a—c in Fig. 8c). It is
possible that CAR might also co-localize with other members
of the Src kinase family, such as v-Src or Fyn, which we have
not examined in this study.

In order to expand the observation reported in Fig. 8A
regarding other binding partners for CAR, we also included
antibodies against other protein adaptors and kinases known
to affect tight and anchoring junction dynamics in Sertoli cells
(Figs. 8D-E). In this co-IP experiment, vinculin, and p-catenin
were also identified to be the putative interacting partners.of
CAR besides Src. Fig. 8E summarizes results of this co-IP study,
including both positive and negative data.

Discussion

CAR is strongly expressed in multiple tissues during the
embryonic and neonatal phase of rats and mice, but its level
attenuated substantially in brains, hearts and became unde-
tectable in muscles of adult animals [3,4,7]: The high
abundance of CAR during embryonic and neonatal periods
has been ascribed to its role in‘'mediating cell adhesion during
tissue morphogenesis [4,6,7]. In adult rat testes, extensive
restructuring of cytoarchitecture occurs continuously at
different stages of seminiferous epithelial cycle [13], which
enables the translocation of developing germ cells from the
basal to the adluminal compartment. In this respect, mature
testis does undergo developmental changes which resemble
those occurring in other organs during tissue genesis [30]. The
persistent expression of CAR in adult rat testes indicates that
it might serve an important role in spermatogenesis as a cell
adhesion molecule.

Our data from cell culture experiments show that CAR
resides at the inter-Sertoli cell contacts, co-localizing with
tight junction marker ZO-1 as well as adherens junction
protein N-cadherin. Furthermore, we detected an induction of
CAR during the formation of a functional Sertoli cell epithe-
lium in vitro. These findings are in agreement with previous
reports that CAR is an integral membrane component of tight
junction or adherens junction, and potentially a homophilic

adhesion molecule [7-9]. In vivo data from immunofluores-
cence and immunohistochemistry studies localized CAR to
the site of blood-testis barrier in rats. Based on these
observations, we propose that CAR is a building block of the
inter-Sertoli junctions at the blood-testis barrier.

We also identified CAR expression on isolated germ cells,
including spermatogonia, spermatocytes, round spermatids
and elongate spermatids. Detailed description of CAR loca-
lization in spermatozoa was given in a recent paper [18].
Taken together, we concluded that CAR is constitutively
expressed by germ cells during spermatogenesis, starting
from spermatocytes to spermatozoa. The presence of CAR at
opposing surfaces of both Sertoli and germ cells introduces
the possibility that homotypical CAR interaction might take
place. Structural analysis revealed that CAR form homodimer
in crystal and in solution via D1 domains, the distal one of its
two extracellular Ig-like loops [31]. Interestingly, fiber knob
projecting from adenovirus capsid binds to CAR through the
same interface, but at a higher affinity [31,32]. Viral fiber
knob competes with CAR to interrupt cell-cell adhesions, not
only for virus-attachment [1,10], but also to spread viral
particles from infected cells. To reach the airway lumen for
further infection, adenovirus released at the basolateral side
of the human airway epithelia must escape through adjacent
cells to.emerge on the apical cell surface. Viral fiber knobs
facilitate this escape by competitive inhibition of CAR-CAR
interactions, which either perturb junctional complex
mechanically or trigger a signaling cascade to disintegrate
the entire cell junction [9]. The breakthrough of viral
pathogens across tissue barriers is highly reminiscent of
germ cells traversing the seminiferous epithelium [13], which
requires breakdown of existent inter-Sertoli junctions and
instant assembly of inter Sertoli-germ adherens junctions
[33]. In this scenario, CAR expressed on differentiating germ
cells could interact with CAR on the Sertoli cell side,
replacing the original inter-Sertoli cell CAR: CAR homodimer.
During viral infection, it has been postulated that after
binding with CAR, the adenovirus fiber-knob triggers a
cytokine response to compromise the integrity of airway
junctions [34]. It is attractive to speculate that CAR on the
Sertoli cell side may have the same signaling properties to
open up inter-Sertoli cell junctions, thus allowing the
passage of germ cells.

Of particular interest is whether CAR presented on the
Sertoli cell surface would have heterotypical interaction with
JAM-C expressed on the opposing germ cell surface, since JAM-
C and CAR have been co-immunoprecipitated from mouse
testes [18]. Transmembrane proteins of the immunoglobulin
family have been known to confer adhesion between Sertoli
and germ cells via heterotypical interactions. For example,
nectin-2 and nectin-3 form heterotypical complex at the
Sertoli-spermatid interface [35], and likewise JAM-B on the
Sertoli cell side interact with JAM-C on spermatids in mouse
testes [17]. In this study, we were not able to immunopreci-
pitate CAR with JAM-C using protein lysate from rat testes or
Sertoli cells. This might be due to the titer or binding
specificity of our antibodies. However, we did characterize
the co-localization of JAM-C and CAR in rat testes at the site of
apical ectoplasmic specialization, where Sertoli-spermatid
junctions are present.
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In other cell types, for example, JAM-C has been observed to
mediate neutrophil migration through the endothelium [11].
Likewise, JAM-like protein on neutrophils and CAR on T84
monolayer were found to promote the trans-epithelial migra-
tion of neutrophils by adhesive interactions [25]. Similar
mechanisms could be utilized by developing preleptotene
spermatocytes to migrate through the tight junctions between
adjacent Sertoli cells, with CAR on the Sertoli cell surface
interacting with JAM-C on the germ cell surface. Needless to
say, this notion has to be vigorously investigated in future
studies.

During cytokine treatment (TNFa at 20 ng/ml) of Sertoli
cells in culture, we observed a decline in CAR level.
Inflammatory cytokines, such as TNFa, TGFB and IFNy, are
known to compromise epithelial integrity by repressing cell-
cell adhesion molecules (e.g. E-cadherin, ZO-1 and CAR) [36-
38]. Reduced expression of CAR or E-cadherin was most
evident among carcinomas under progression, which was
frequently accompanied by cytokine response in vivo [39,40].
In the testes, TNFa is secreted by both Sertoli and germ cells
[41,42]. Our group has conducted several studies on cytokine-
mediated restructuring of the junctional complex in sperma-
togenesis [41,43-45]. We found that TNFa is capable of
perturbing Sertoli—cell tight junction barrier assembly in vitro
dose dependently [41]. Recently we reported that TNF« is also
a regulator of Sertoli-Sertoli and Sertoli-germ cell junctional
dynamics in vivo [46]. Localized production of TNFa from
Sertoli and germ cells into the microenvironment at the basal
compartment of seminiferous tubule may induce an “open-
ing” of inter-Sertoli cell junctions by down-regulating tight
junction proteins occludin and ZO-1 [46]. With this knowl-
edge, we might be able to understand the physiology of CAR
decrease in Sertoli cell culture after TNFa treatment. It is
notable that occludin and JAM-A responded to TNFa treat-
ment far more rapidly than CAR in Sertoli cell culture. After

only 4 h of treatment, we saw a significant decline in the level
of occludin and JAM-A, in comparison to the time interval of 2
to 3 days before we detected a decline in CAR level. In some
types of cells, such as human airway epithelia, CAR was
located within the adherens junctions at the basolateral side
of the columnar cell layer, rendering the cells resistant to viral
infection from the apical surface [47]. Here, it is not certain
whether CAR also resides near the basal side of the Sertoli cell
layers as it does in human airway epithelia. If that were the
case, we might be able to explain its slow response to
cytokine treatment applied from the surface of the Sertoli cell
culture.

Through immunoprecipitation experiments, we identified
the protein complex of CAR and Src family kinase in Sertoli
cell lysate. Immunofluorescent studies did co-localize CAR
with c-Src in Sertoli cell culture. The rabbit monoclonal
antibody used for immunoprecipitation was targeted
towards Src kinase family, so we did not assign a specific
Src kinase that associated with CAR. Notably, the cytoplas-
mic tail of CAR does contain one putative tyrosine phos-
phorylation site [48]. Src kinases were known to interact with
other adhesion molecules at the Sertoli-germ cell interface,
including ps-integrin [49] and laminin 3 [29]. It is concei-
vable that Src kinase also interacts with CAR directly or
indirectly to mediate signal transduction between Sertoli-
Sertoli or Sertoli-germ cells. A recent article beautifully
illustrated the mechanism of coxsackievirus invasion of
tight junctions through CAR, demonstrating that Src kinase
(Fyn) activation is an essential signaling event for viral
internalization via caveolin-1 [50]. This poses an intriguing
question of how Src kinase activity regulates germ cell
movement along Sertoli cells. We also identified the inter-
action of CAR with vinculin and p-catenin in Sertoli cell
lysates, the latter of which has already been reported as a
putative binding partner of CAR in other epithelia [9]. But the

Fig. 8 - Association between CAR and different adaptors and kinases in Sertoli cells cultured in vitro. Sertoli cells were cultured
for 4 days at 0.5x10° cells/cm? that permitted the establishment of functional tight and anchoring junctions, which also
mimicked the functional physiology and morphology of Sertoli cells in vivo, prior to their use for lysate preparation. (A) Co-IP
experiments revealed the interaction between CAR and Src kinase in Sertoli cell lysates. 500 pg of Sertoli cell lysates were
prepared and immunoprecipitated with rabbit monoclonal antibody towards Src kinase family. The immunocomplexes
were then subject to immunoblot analysis and incubated with a mouse anti-CAR monoclonal antibody. Rabbit anti-CAR
polyclonal antibody and normal rabbit IgG were also used as precipitating antibodies for the Co-IP experiments, serving

as a positive and negative control, respectively. “Rb” stands for rabbit. (B) A single prominent band corresponding to the

apparent Mr of Src family protein kinase at 60 kDa was detected on the immunoblot using Sertoli cell lysate (100 pg protein),
demonstrating the specificity of the antibody. (C) Immunofluorescent staining reveals the co-localization of CAR with c-Src.
Sertoli cells were cultured at low density (0.1x10° cells/cm?) for 3 days prior to use for fluorescent microscopy. Cells were
incubated with a rabbit anti-CAR polyclonal IgG and a mouse anti-c-Src monoclonal IgG as primary antibody, followed by a
donkey anti-rabbit CY3 (red fluorescence)-conjugated secondary antibody (a) and a donkey anti-mouse FITC (green
fluorescence)-conjugated secondary antibody (b). Both proteins were seen to reside at cell-cell interface (a, b). Nuclei were
visualized by DAPI staining (c). Areas of co-localization appear as orange (d). Scale bar=30 pm in a, which applies to b-d. (D-E)
Aside from Src, we also performed co-IP studies with antibodies against other adaptors and protein kinase. In the blot shown in
D, the immunocomplexes were subject to immunoblot analysis and incubated with a mouse anti-CAR monoclonal antibody.
Lysates from Sertoli cells were loaded onto the same gel to illustrate the specificity of the antibody and served as positive
control (+ve Ctrl). (E) Tabulated co-IP results using different antibodies against protein adaptors and kinases present in Sertoli
cells. Antibodies that failed to pull down CAR were also listed here. The immunocomplexes were separated by SDS-PAGE and
probed with different CAR antibodies in immunoblots. The results shown here have been repeated three times using different
batches of Sertoli cell cultures. “+”, positive co-IP result; “~”, negative co-IP result. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)
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direct or indirect interaction between CAR and vinculin
require further investigation.

In summary, our study revealed the presence of CAR in rat
Sertoli cells and its localization at intercellular junctions. We
also identified CAR on isolated germ cells, including sperma-
togonia spermatocytes, round spermatids and elongate sper-
matids. The multifaceted nature of this protein was best
manifested by its localization at the blood-testis barrier of the
Sertoli-Sertoli cell interface as well as the apical ectoplasmic

A

I9G ,, 50 kDa —

IgG, , 23 kDa—

| I
SC Lysate

— CAR, 46 kDa

specialization at the Sertoli-germ cell interface. This suggests
that CAR not only serves to maintain inter-Sertoli cell
junctional barrier but could also be acting in concert with
other protein complexes to facilitate germ cell movement at
the Sertoli-germ cell interface. It is possible that the same
receptor utilized by viral pathogens to breakthrough the
epithelial barrier was also employed by germ cells to migrate
through the seminiferous epithelium during spermatogenesis.
Our data from immunoprecipitation and TNFa treatment of

Immunoblot: SC Lysate

170 —
130 —

100 —
72—

W — Src, 60 kDa
55—

Mrx103

40—

Fig. 8.

Please cite this article as: C.Q.F. Wang, et al., Coxsackie and adenovirus receptor (CAR) is a product of Sertoli and germ cells in
rat testes which is localized at the Sertoli-Sertoli and Sertoli-germ..., Exp. Cell Res. (2007), doi:10.1016/j.yexcr.2007.01.017

795
796
797
798
799
800
801
802
803



804
805
806

808

809
810
811
812
813

18 EXPERIMENTAL CELL RESEARCH XX (2007) XXX-XXX

D
Immunoprecipitation
I 1
& e f;&&o o &
o\-.\"’o@ Qg_o I &eﬁ“ q?)'-' s s & "
o ¥ L ,36“" > o & &
IgG,, 50 kDa— .
' b.! ' .' .'.“—CAR, 46 kDa
T & 5 ,
IgG,, 23 kDa —
—— Detect with
o -|-|+|-|+|+|- mouse anti-CAR
E
Association of CAR with other proteins examined by Co-IP
s . IB with | IB with | IB with
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y (Rabbit) [(Mouse)| (Goat)
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proteins [CAR Mouse ([sc-32795| E2605 | Santa Cruz + + -
CAR Goat |[sc-10313| F0304 Santa Cruz - - -
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Laboratories
Adaptors |a-catenin Rabbit |sc-7894 | A2705 Santa Cruz - - -
B -catenin Rabbit |sc-7199 | F0204 Santa Cruz + + +
y-catenin Rabbit [sc-7900 J139 Santa Cruz N + -
p120-catenin | Mouse [sc-23873( D2104 Santa Cruz - - -
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FAK Rabbit [sc-558 D1806 Santa Cruz = = =

Fig. 8 (continued).

Sertoli cell cultures supports, but does not prove, the potential
role for CAR'in promoting germ cell migration. Work is in now
progress to pursue this idea.

Appendix A. Supplementary data

Supplementary data associated with this article can be found,
in the online version, at doi:10.1016/j.yexcr.2007.01.017.
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