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Abstract Rat quiescin/sulphydryl oxidase (rQSOX) in-
troduces disulphide bridges into peptides and proteins with
the reduction of molecular oxygen to hydrogen peroxide.
Its occurrence has been previously highlighted in a wide
range of organs by reverse transcription-polymerase chain
reaction (RT-PCR) and Northern blot analyses, methods
that have provided information concerning its expression
in whole organs but that do not reveal the cell types ex-
pressing this enzyme. In this report, in addition to RT-PCR
and Western blot experiments, the cell-specific localization
of rQSOX has been investigated in a wide range of male
and female adult rat tissues by using in situ hybridization
and immunohistochemistry. Labelling was detected in most
organs and systems including the immune, endocrine and
reproductive systems, the respiratory, digestive and urinary
tracts and the skin. No labelling was observed in the heart,
blood vessel endothelium, liver or smooth and skeletal mus-
cles. yOSOX expression was mainly localized in epithelial
cells specialized in secretion, strengthening the hypothesis
that QSOX enzymes play an important role in the mecha-
nism of secretion, notably in the folding of secreted proteins.
The intracellular patterns of immunolabelling indicate that
the protein usually follows the secretory pathway, which is
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in accordance with its secreted nature and its presumed
involvement in the elaboration of the extracellular matrix.
In seminiferous tubules, where a high level of expression
was noticed, QSOX might play an important physiological
role in sperm function and serve as a marker for the diag-
nosis of male infertility.
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Introduction

Sulphydryl oxidases are enzymes that catalyze the forma-
tion of disulphide bonds in peptides and proteins with the re-
duction of molecular oxygen to hydrogen peroxide (Chang
and Morton 1975; Ostrowski et al. 1979). Two families of
flavin adenine dinucleotide (FAD)-linked sulphydryl oxi-
dases have been described so far: the QSOX (quiescin sul-
phydryl oxidase) family (Hoober et al. 1999; Thorpe et al.
2002) and the ERV/ALR (essential for respiration and veg-
etative growth/augmenter of liver regeneration) family (Lee
et al. 2000; Lisowsky et al. 2001). QSOX members share
strong cDNA sequence identities and common amino-acid-
ic sequence features (Hoober et al. 1999; Thorpe et al. 2002).
They display an N-terminal thioredoxin PDI (protein di-
sulphide isomerase)-like domain and a C-terminal ERV1-
like domain, which contains the FAD-binding site (Coppock
et al. 1998). The QSOX family includes the human qui-
escin Q6 from lung fibroblasts (Coppock et al. 1993) and
sulphydryl oxidases from chicken egg white (Hoober et al.
1999), rat seminal vesicles (Ostrowski and Kistler 1980;
Benayoun et al. 2001), guinea-pig endometrial cells (Musard
et al. 2001) and mouse epidermis (Matsuba et al. 2002).
Quiescin/sulphydryl oxidase (QSOX) proteins have been
implicated in essential cellular functions such as protein
folding (Thorpe et al. 2002), elaboration of the extracellular
matrix, regulation of the redox state and control of the cell
cycle (Coppock et al. 1993, 2000; Musard et al. 2001).
Recently, in human, a paralogue gene to QSOX (originally
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named QOscn6 and localized on locus 1q24; Thorpe et al.
2002) has been identified on locus 9934 in neuroblastoma
cells and has been named SOXN or Oscn6LI (Wittke et al.
2003). The SOXN protein is highly homologous to mem-
bers of the QSOX family and has been linked to apoptosis
signalling (Wittke et al. 2003).

Rat QSOX protein (rQSOX) was first identified in the
reproductive tract (Chang and Morton 1975) and later se-
quenced from seminal vesicles (Benayoun et al. 2001). It
is a 64-kDa glycoprotein and contains 570 amino acids,
including a signal sequence of 32 amino acids. High levels
of rOSOX expression have been detected by reverse tran-
scription-polymerase chain reaction (RT-PCR) and Northern
blot in seminal vesicles and epididymis, with lower levels
in a broad range of other peripheral organs (Benayoun et al.
2001; Mairet-Coello et al. 2002). Rat QSOX is also widely
distributed throughout the brain. Two transcripts of 2.8 kb
and 3.6 kb, arising from alternative splicing, have been found
in the brain, whereas only the 2.8-kb mRNA form has been
detected in peripheral organs (Mairet-Coello et al. 2002).
The mapping of the protein in adult rat brain by immuno-
histochemistry has shown that it is specifically expressed
by neurons and differentially distributed throughout the
central nervous system (Mairet-Coello et al. 2004). In
particular, high rQSOX levels have been noted in neuron
populations known to secrete disulphide-bond-containing
peptides such as the magnocellular neurons of the hypo-
thalamus, which produce oxytocin and vasopressin. It is also
expressed in several cell populations of the adenohypoph-
ysis but mainly in a subset of gonadotrophs (Tury et al.
2004). In the present paper, we have extended our histo-
logical observations concerning the cellular localization
of rQSOX to peripheral organs by immunohistochemistry
(IHC) and in situ hybridization (ISH). The analysis of the
distribution of QSOX enzymes in normal tissues represents
an essential step towards the elucidation of the physiolog-
ical substrates and functions of these highly conserved and
widely distributed proteins.

Materials and methods
Animals and tissue preparation

Sprague—Dawley rats (IFFA Credo, L’Arbresle, France)
were housed in a temperature-controlled room under a
natural light-dark cycle and fed with standard laboratory
chow and water ad libitum. Animal manipulations and ex-
perimental procedures were performed in accordance with
the recommendations of our institution and under the su-
pervision of authorized investigators.

For RT-PCR investigations, one male and one female
adult rat were killed by decapitation. Peripheral organs were
removed, rapidly frozen over liquid nitrogen and stored at
—80°C until RNA extraction. Another adult male rat was
used for protein extractions and Western blot experiments.

For ISH and IHC investigations, two male and two
female adult rats were deeply anaesthetized with 7% chlo-

ral hydrate solution (1 ml/200 g body weight) and then
perfused transcardially with 400 ml 0.9% NaCl followed
by 400 ml fixative, viz. ice-cold 1% paraformaldehyde
(PFA) solution in 0.1 M phosphate buffer (PB), pH 7.2.
Organs were removed, postfixed in the same fixative for
2 h at 4°C, immersed overnight in a 15% cryoprotective
sucrose solution in 0.1 M PB at 4°C, embedded in a com-
mercial medium (Cryomatrix, Shandon, Pittsburgh, USA),
deep-frozen over liquid nitrogen and serially cut into 10-pm-
thick sections with a cryostat-microtome. Sections were
mounted on gelatinized slides and stored at —45°C until
treatment.

RNA extraction

Total RNA was extracted from the various tissues by using
the RNA NOW extraction kit (Ozyme, Saint Quentin en
Yvelines, France) as previously described (Mairet-Coello
et al. 2002). RNA concentrations were determined by ab-
sorbance at 260 nm.

RT-PCR technique

Denatured total RNA (1 pg) was reverse-transcribed into
cDNA as previously described (Tury et al. 2004). PCR
amplifications were carried out in a PTC-200 thermocy-
cler (MJ-Research, Fontenay Sous Bois, France) with 1 pl
cDNA and the FastStart Taq DNA polymerase kit (Roche,
Meylan, France) in a 25-pul final reaction mixture contain-
ing 2.5 pl 10x PCR buffer, 3 mM MgCl,, 0.4 mM mixture
of the four deoxyribonucleotides (Roche) and 1 U Tag
DNA polymerase. PCR was performed to amplify a 797-bp
fragment of rOSOX cDNA (base 17 to base 813 of the 2.8-
kb »OSOX mRNA, GenBank accession no. NM_053431;
base (—3) to base 793 of the 3.6 kb rOSOX mRNA,
GenBank accession no. AY623665) with the rOSOX sense
primer 5~ ACTTGAGCGAGGTGGACAGTCAAG-3’ and
the rOSOX antisense primer 5-AGCACAGGCACTCGG
GAA-3' (Eurogentec, Seraing, Belgium; Benayoun et al.
2001; Mairet-Coello et al. 2002). A 509-bp fragment of
cyclophilin cDNA (CYC, GenBank accession no. M19533)
was used as an internal standard and was amplified with
specific CYC primers (sense primer: 5'-CGCCGCTTGCT
GCAGACATGG-3"'and reverse primer: 5-GAGTTGTC
CACAGTCGGAGATGG-3', Eurogentec). After one step
of PCR enzyme activation at 96°C for 5 min, reactions
were performed in a PTC-200 thermocycler for 30 cycles
of 30 s at 96°C, 30 s at 60°C and 90 s at 72°C, followed
by one final extension step at 72°C for 10 min. Aliquots of
20 pl of each PCR product were separated by electropho-
resis on a 1% agarose gel containing ethidium bromide and
were analysed by using a Gel Doc 2000 (Bio-Rad, Marnes-
la-Coquette, France) and Bio-Rad Quantity One 4.2.3
software.



Cloning of rQSOX cDNA

The 797-bp rQSOX cDNA obtained by RT-PCR from brain
(Mairet-Coello et al. 2002), seminal vesicles, pancreas and
small intestine were purified from agarose gel by using the
QIAquick gel extraction kit (QIAGEN, Courtaboeuf, France)
according to the manufacturer’s instructions. The purified
fragments were then cloned into the pGEM-T easy vector
(Promega, Charbonniéres, France) as recommended by the
manufacturer. The four cDNA inserts were sequenced on an
automated Applied Biosystem Model 373A sequencing sys-
tem (Courtaboeuf, France).

QSOX riboprobe synthesis

The plasmid containing the 797-bp rQSOX insert obtained
from brain was linearized with Ncol restriction enzyme
(Roche). After phenol/chloroform purification, the linear-
ized plasmid was used for in vitro transcription with the
DIG (digoxigenin) RNA labelling kit (Roche). Transcrip-
tion was performed for 2 h at 37°C according to the
manufacturer’s instructions. As a control, an unlabelled
riboprobe was also obtained by replacing the DIG-labelled
NTP mixture with a mix of 10 mM each unlabelled NTP.
Plasmid containing the template cDNA was then digested
with 20 U RNase-free DNase I for 15 min at 37°C and the
reaction was stopped by adding 2 pl 0.2 M EDTA pH 8.
The riboprobe was subsequently purified through a pre-
cipitation step by addition of 2.5 ul 4 M lithium chloride
and 75 ul 100% ethanol (2 h at —20°C) followed by cen-
trifugation for 15 min a 4°C. After a washing with 100 ul
70% ethanol during centrifugation for 15 min at 4°C, the
pellet was resuspended in 50 pl diethyl-pyrocarbonate-
treated water (DEPC, Sigma, Saint Quentin Fallavier,
France). Riboprobe concentration was determined by ab-
sorbance at 260 nm. The length and integrity of the ribo-
probe were monitored by gel electrophoresis.

ISH protocol

The technique was adapted from the simplified ISH pro-
tocol developed by Braissant and Wahli (1998) with DIG-
labelled riboprobes to detect abundant and rare mRNA on
tissue sections.

All steps prior to and during hybridization were con-
ducted under RNase-free conditions. After a post-fixation
in 4% PFA prepared in DEPC-treated phosphate-buffered
saline (PBS), pH 7.5, sections were incubated twice for
15 min in PBS containing 0.1% active DEPC and equili-
brated for 15 min in DEPC-treated 5x standard saline cit-
rate buffer (SSC). Sections were then prehybridized for 2 h
at 58°C in the hybridization solution (50% formamide,
50% DEPC-treated 5x SSC, 200 pg/ml salmon sperm
DNA; 150 pl on each slide). The probe was added to the
hybridization solution (5.3 ng probe per microliter hybrid-
ization solution) and denatured for 5 min at 80°C prior
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use. The hybridization reaction was carried out at 58°C for
40 h with 75 pl of this probe solution (corresponding to
400 ng riboprobe) on each slide. To avoid evaporation dur-
ing the prehybridization and hybridization steps, slides were
placed in a box saturated with 5x SSC and sections were
covered with laboratory film (Parafilm) and sealed to the
slide with rubbercement glue (Royal Talens). After incu-
bation, sections were washed for 30 min in 2x SSC at room
temperature, incubated 30 min at 37°C in RNase A solution
(20 pg/ml) in 2x SSC, washed twice in 2x SSC for 5 min at
room temperature, for 1 h in 2% SSC at 58°C and for 1 h
in 0.1x SSC at 58°C. After equilibration for 5 min at room
temperature in buffer 1 (100 mM TRIS-HCI, 150 mM
NaCl, pH 7.5), the sections were incubated for 2 h at room
temperature with alkaline-phosphatase-conjugated DIG an-
tibody (Roche) diluted 1/2500 in buffer 1 containing 0.5%
blocking reagent (Boehringer Mannheim-Roche). They were
then washed twice for 15 min in buffer 1 and equilibrated
for 5 min in buffer 2 (100 mM TRIS-HCI, 100 mM NaCl,
50 mM MgCl,, pH 9.5). Hybridization was revealed, at
room temperature, with 4.5 pl nitro-blue tetrazolium chlo-
ride and 3.5 ul 5-bromo-4-chloro-3-indolylphosphate p-tolu-
idine salt (Roche) diluted in 1 ml buffer 2. The enzymatic
reaction was conducted for up to one night. Staining was
stopped in 10 mM TRIS and 1 mM EDTA, pH 8, for
10 min. The precipitated TRIS was removed in a bath of
distilled water. Negative controls included (1) the omis-
sion of the antisense rQSOX riboprobe, (2) the omission
of the DIG antibody and (3) hybridization with a mix
of labelled and unlabelled rQSOX antisense riboprobes
(ratio 1:10).

Protein extraction and Western blot

Proteins were extracted from various tissues according
to the method recommended by the supplier of the Tri-
Reagent kit (Euromedex, Souffelweyersheim, France). The
rQSOX antiserum raised against the purified QSOX pro-
tein from rat seminal vesicles was prepared and checked at
INSERM U618 (Protéases et Vectorisation Pulmonaires),
Tours (Benayoun et al. 2001). Samples containing 25 pg
total proteins extracted from rat tissues were separated on
12% SDS-polyacrylamide gels without reducing agent in
the sample buffer and transferred to a nitrocellulose mem-
brane. The membrane was incubated with the rQSOX an-
tiserum diluted 1:600, followed by incubation with goat
peroxidase conjugated anti-rabbit IgG (DAKO, Trappes,
France). Signals were visualized by using the RPN 2106
chemiluminescence detection system (Amersham Pharma-
cia Biotech, Orsay, France).

IHC protocol
After being rinsed in 0.1 M PBS containing 0.3% Triton

X-100 (PBS-T), cryostat sections were submitted to an
indirect immunofluorescence protocol. They were incu-
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bated overnight with the rQSOX antiserum diluted 1:500 in
PBS-T containing 10% lactoproteins, 1% bovine serum
albumin and 0.01% sodium azide. Labelling was revealed
by incubation for 1 h in secondary goat anti-rabbit IgG
conjugated to Alexa Fluor 488 (Molecular Probes, Interchim,
Montlugon, France) diluted 1:400 in the same solution as
the primary antibody. A control step was performed for each
tissue by incubating the rQSOX antiserum for 4 h with the
antigen solution (0.03 nmol rQSOX protein purified from
seminal vesicle fluid per microliter of non-diluted antise-
rum) before the immunolabelling procedure.

A double immunofluorescence protocol was conducted
for the simultaneous detection of rQSOX and insulin
(DAKO), glucagon (G2654; Sigma), somatostatin (MAB354;
Chemicon International, Temecula, California, USA) and
mitochondrial cytochrome oxidase subunit I (Molecular
probes; see Table 1). Sections were first incubated with the
rQSOX antiserum and revealed as described above with
goat anti-rabbit IgG conjugated to Alexa Fluor 488 or
CY3-conjugated donkey anti-rabbit IgG (Jackon Immuno-
research Laboratories, Interchim). They were then incubat-
ed with the second primary antibody, which was revealed
with the appropriate secondary antibody conjugated to CY3
or to Alexa Fluor 488. rQSOX and phenylethanolamine
N-methyl transferase (PNMT), the final enzyme in the
synthetic pathway for adrenalin, were also detected on con-
secutive sections of adrenal glands. The antiserum against
PNMT was kindly provided by Dr. Orsini (Laboratoire de
Neurobiologie, CNRS, Marseille, France); its preparation
and specificity have been reported by Kitahama et al. (1985).

Photomicrograph production

Sections were observed under a fluorescence microscope
(Olympus BX51). Digital image acquisitions were carried
out with a DP50 Olympus camera and AnalySIS 3.1
software (Soft Imaging System) and imported into Adobe
Photoshop software for subsequent treatment, minimally
altering the captured images.

Table 1 Antisera used for the immunohistochemical studies

Results
RT-PCR and Western blot analyses

The expected 797-bp rOQSOX cDNA fragment was detected
by RT-PCR in all analysed organs. The rOQSOX mRNA
level varied from one tissue to another (Fig. 1). The highest
level of expression of rQSOX was found in seminal ves-
icles and testis. It was strongly expressed in lung, salivary
glands, stomach, small intestine, adrenal glands, kidney,
uterus and ovary, with lower expression levels being noted
in heart, spleen, large intestine, liver, skeletal muscle and
eye. Sequencing the 797-bp cDNA fragment isolated from
seminal vesicles, pancreas and small intestine confirmed
that it corresponded to the 5' common part of the two 2.8-
kb and 3.6-kb rOSOX mRNAs (Mairet-Coello et al. 2002;
bases 17 to 813, GenBank accession no. NM 053431
for the 2.8-kb rOQSOX mRNA and no. AY623665 for the
3.6-kb rOSOX mRNA).

A single 64-kDa band was detected by Western blot with
the rQSOX antiserum in homogenates from seminal vesi-
cles, testis, epididymis, lung and pancreas (Fig. 2). The most
intense signal was observed in seminal vesicles. No signal
was revealed in homogenates from heart, skeletal muscle
or liver.

ISH and THC localization of rQSOX in organs
ISH and IHC controls

No signal was observed on tissue sections when the
riboprobe or the DIG antiserum was omitted. Moreover, no
or only slight labelling was obtained on tissue sections
hybridized with a mix of labelled antisense riboprobe
added with an excess of the same unlabelled riboprobe, as
shown in seminal vesicles (Fig. 4e,f).

For IHC, preadsorption of the antiserum with rat QSOX
protein purified from seminal vesicle fluid before its ap-
plication on tissue sections completely abolished immuno-
labelling (Fig. 4g,h).

Antiserum Species  Dilution Manufacturer
Alexa Fluor 488 Goat 1:400  Interchim, molecular probes
Cyanine 3 (CY3) Donkey  1:400  Jackson Immunoresearch Laboratories
Cytochrome oxidase subunit I Mouse 1:200  Molecular probes
Glucagon Mouse 1:1,000 Sigma
Insulin Guinea 1:100 DAKO
pig
Phenylethanolamine N-methyl transferase Rabbit 1:1,000 Dr. Orsini, Laboratoire de Neurobiologie, CNRS, Marseille, France
(PNMT)
rQSOX Rabbit 1:500 INSERM U618 (Protéases et Vectorisation Pulmonaires), Tours,
France
Somatostatin Mouse 1:100  Chemicon International
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Fig. 1 RT-PCR detection of QSOX and CYC in rat peripheral
organs. RT-PCR were performed on 1 pg total RNA extracted from
each sample by using rOSOX and CYC primers. After Agarose gel
electrophoresis and ethidium bromide staining, 797-bp (»*OSOX) and
a 509-bp (CYC) bands were detected in all the analysed tissues (lane

General observations

ISH and IHC results are summarized in Table 2. The
distribution of rOQSOX mRNA observed by ISH correlated
well with that of the protein observed by IHC. Rat 0SOX
expression was detected in most systems and tracts, in-
cluding the immune, endocrine and reproductive systems,
the respiratory, digestive and urinary tracts, the skin and
the retina. However, neither ISH nor IHC labelling was ob-
served in liver or smooth and skeletal muscles. Heart and
blood vessel endothelia were also devoid of rQSOX label-
ling. A more detailed description of the localization of rQSOX
in the various systems and tracts is provided below.

Immune system

In the thymus, ISH staining and reticular cytoplasmic im-
munolabelling were seen in granulocytes localized around
the blood vessels but no labelling was observed in lym-
phoid cells. In spleen, labelling was also found in granu-
locytes localized around sinuses of the red pulp (Fig. 3a,b)
whereas lymphoid follicles of the white pulp were not or
only slightly labelled.
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Fig. 2 Western blot analysis of QSOX in protein extracts from rat
peripheral tissues; 25 g total protein was separated on 12% SDS-
polyacrylamide gel under non-reducing conditions. The nitrocellu-
lose membrane was probed with the rQSOX antiserum and bands
were visualized by chemiluminescence. A single band of about

St SI LI Li

95
AG K T SV SM E u O

T —— S W o e — g— '(QSOX

797 bp

- — T — — — — — — — — — — —— 4— (Y

509 bp

1 1-kb Plus DNA Ladder (Invitrogen), 4G adrenal glands, E eye, H
heart, K kidney, Li liver, L/ long intestine, Lu lung, O ovary, S/ small
intestine, SG salivary glands, SM skeletal muscle, Sp spleen, St
stomach, SV seminal vesicles, T testis, U uterus)

Respiratory tract

In trachea, the majority of goblet and ciliated epithelial
cells of the epithelium and seromucous glandular cells of
the submucosa were strongly immunolabelled for rQSOX.
In the various divisions of the lung, from the bronchi to the
terminal bronchioles, ciliated epithelial, goblet and Clara
cells displayed intense immunolabelling (Fig. 3c). No
labelled cells were seen in the most distal subdivisions, i.e.
alveolar ducts, alveolar sacs and alveoli.

Digestive tract

Rat OSOX was expressed along the digestive tract from
salivary glands to colon. Broadly speaking, it was mainly
detected in epithelium and glands, whereas no or only a
few labelled cells were observed in the lamina propria,
muscularis mucosa, submucosa or smooth muscle. In sali-
vary glands, intense rQSOX immunoreactivity was observed
next to the lumen of the acini (Fig. 3d). Weak labelling was
also sometimes observed in epithelial cells of excretory
ducts. In the oesophagus, epithelial cells of the granular
layer were strongly labelled for rQSOX both by ISH and

4— rQSOX

¥

* |
64 kDa was detected in homogenates from the following tissues:
E epididymis, Lu lung, P prostate, SV seminal vesicles, 7 testis. No
signal was revealed in extracts from the following: H heart, Li liver,
SM skeletal muscle. Lane 1 MagicMark protein molecular weight
markers (Invitrogen)
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Table 2 Tissue distribution and cellular localization of QSOX
mRNA and protein in rat peripheral tissues. This table summarizes
the localization of OSOX expression observed by ISH and IHC in
various organs classified by large systems and tracts and provides a

rough relative estimation of the intensity of the immunolabelling
(- absence of labeling, + weak to moderate intensity, ++ strong
intensity). For ISH staining, only the presence (+) or absence (—)
of labelling was considered

System/tract Tissue Cell type ISH Intensity of immunolabelling
Epithelial Non-epithelial
Circulatory system Heart Cardiomyocytes — — -
Blood vessels Endothelial cells - -
Immune system Thymus Lymphocytes - -
Granulocytes + ++
Spleen Lymphocytes - -
Granulocytes + ++
Respiratory tract Trachea Ciliated epithelial cells + +
Goblet cells + ++
Seromucous glands + ++
Lung Bronchiolar epithelium + ++
Alveolar sacs, alveoli - -
Digestive tract Salivary glands Acinar cells + ++
Duct cells + +
Myoepithelial cells - -
Oesophagus Granular epithelial cells + ++
Other epithelial cells - -
Stomach Superficial epithelial cells + ++
Mucous neck cells + ++
Gastric glands - -
Small intestine Enterocytes - -
Goblet cells + ++
Endocrine cells + +
Brunner glands + ++
Large intestine Absorbant cells - -
Goblet cells + +
Liver Hepatocytes - -
Biliary ducts - -
Pancreas Acinar cells + +
Excretory ducts - -
Islets of Langerhans + ++ (o cells)
Urinary tract Kidney Glomeruli - -
Renal tubules + +
Urinary bladder Urothelium Not done ++
Endocrine system Pancreas Islets of Langerhans + ++ (o cells)
Adrenal glands Cortex - -
Medulla + ++ (adrenergic cells)
Pituitary Adenohypohysis + ++
Neurohypophysis — ++
Epiphysis Pinealocytes Not done  ++

IHC (Fig. 3e,f) but no positive cells were observed in any
other layers of the epithelium. In the stomach, the most
superficial cells of the epithelium lay close to the gastric
cavity. The mucous neck cells localized in the back of the
gastric crypts were labelled for rQSOX (Fig. 3g), whereas
gastric glandular cells were unlabelled. In the small intes-
tine, i.e. duodenum, jejunum and ileum, ISH staining and a
granular and diffuse cytoplasmic IHC labelling were found

in the majority of goblet cells localized in villi and glan-
dular epithelium but absorptive cells were virtually devoid
of labelling (Fig. 3h,i). Brunner’s gland cells of the duo-
denum submucosa were intensely labelled, whereas glan-
dular cells of the jejunum were barely labelled. In the
ileum, Paneth cells localized in the back of folds were also
rQSOX-positive. rQSOX labelling was also seen in mas-
tocytes and polynuclear cells localized in the lamina pro-



Table 2 (continued)

97

System/tract Tissue Cell type ISH Intensity of immunolabelling
Epithelial Non-epithelial
Reproductive system  Testis Spermatozoids - -
Spermatogonia - -
Other germinal cells + ++
Sertoli cells - -
Leydig cells + +
Stroma - -
Seminal vesicules ~ Luminal epithelium + ++
Epididymis Epithelial cells + ++
Uterus Luminal epithelium + +
Glandular epithelium + ++
Stroma - -
Myometrial cells — -
Ovary Follicles (all stages) - -
Corpus luteum - -
Stroma - -
Vagina Epithelial cells + ++
Stroma - -
Skin Epidermis Granular epithelial cells + +
Other epithelial cells - -
Dermis - -
Cutaneous annexes Sebaceous glands + ++
Hair follicucles + ++
Others Muscle Smooth muscle - -
Skeletal muscle Not done —
Eye - retina Pigment epithilium + ++
Photoreceptor layer + +
Outer nuclear layer - -
Inner nuclear layer + ++
Ganglion cell layer + +

Other cell types

pria of the mucosa and in some endocrine glandular cells.
Surprisingly, a few labelled goblet cells were noted in the
large intestine. In the pancreas, ISH staining was found in
both the exocrine and endocrine portions, the most intense
staining being observed in acinar cells. Granular immuno-
labelling was also seen in the two portions of the pancreas
but the strongest labelling was observed in specific cells
located at the periphery of islets of Langerhans (Fig. 3j,k).
Double IHC showed that they corresponded to the subset of
glucagon-secreting o cells (Fig. 31). No or very weak
granular rQSOX labelling was seen in the insulin-secreting
3 (Fig. 3k) and somatostatin-secreting & (not shown) cells.

Urinary tract

Few elements of the kidney were labelled for rQSOX.
Some positive cells were observed in the epithelium of
renal tubules but not in glomeruli. The most superficial

cells of the transitional epithelium of the urinary bladder
were intensely labelled for rQSOX (Fig. 3m,n); however
the immunoreaction was not continuous along the wall.

Endocrine system

Numerous cells of the anterior lobe and pars intermedia of
pituitary were immunolabelled for rQSOX, as were fibres
and probably pituicytes of the posterior lobe (not shown).
In the epiphysis, numerous pinealocytes were also intense-
ly labelled for rQSOX by IHC (Fig. 30). In the adrenal
glands, ISH staining and intense IHC labelling filling the
whole cytoplasm were seen in catecholamine-secreting cells
of the medulla (Fig. 3p,q). Consecutive sections treated
with rQSOX and PNMT antisera strongly suggested that
the most intense labelling was localized in adrenergic cells
(Fig. 3q.,r). No labelling was found in any zones of the
steroid hormone-secreting cortical region.
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Fig. 3 ISH and IHC localization of »QSOX expression in rat pe-
ripheral tissue sections. rQSOX ISH staining (a) and IHC labelling
(b) of granulocytes cells (arrows) located around sinuses of the red
pulp of the spleen. Note the reticular aspect of the immunolabelling
in these cells (inset in b). ¢ Immunolabelling of bronchiolar epi-
thelial cells (arrows and inset) in lung. d Intense immunoreactivity
bordering the apical side of acinar cells (arrows) of salivary glands.
In the oesophagus epithelium, rQSOX mRNA (e) and protein (f)
were exclusively localized in the granular layer (f arrows and inset).
g In stomach, the most superficial cells of the epithelium (arrows)
and neck cells (arrowheads and inset) were labelled for rQSOX. No
labelling was observed in gastric glandular cells. In small intestine,
ISH staining (h) and intense granular immunolabelling (i) filled the
whole cytoplasm (inset in i) of goblet cells (arrows), whereas no
labelling was found in enterocytes (arrowheads). j ISH staining in
acinar (arrows) and islet of Langherans (arrowheads) cells of the
pancreas. k The highest rQSOX immunolabelling was localized at

the periphery of the islets of Langherans (arrows) and exhibited a
granular aspect filling the whole cytoplasm (insef). Double immuno-
detection of rQSOX (green) and insulin (red) showed that rQSOX
was not or only slightly expressed in (3 cells. 1 Double immuno-
fluorescence for rQSOX (green) and glucagon (red) revealed that all
the « cells were positive for rQSOX (yellow, arrows). ISH staining
(m) and [HC labelling (n) of the most superficial cells of the urinary
bladder transitional epithelium (n arrows and inset). o In the epiph-
ysis (Ep), numerous pinealocytes were intensely labelled for rQSOX.
Note also in this section the labelling of neurons of the inferior
colliculus (/C), a nucleus of the brainstem. In adrenal glands (cx
cortex), ISH staining (p) and diffuse IHC labelling (q, see also insef)
was exclusively localized in the chromaffin cells of the medulla
(m). Immunodetection of QSOX (q) and PNMT (r) on two consec-
utive sections indicated that rQSOX was the most expressed in the
adrenergic cell population of the adrenal medulla (m). Bars 100 um
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Fig. 4 Cellular localization of 7QSOX expression observed by ISH
and IHC on rat peripheral tissue sections (continued). ISH (a) and
immunohistochemical detection (b) of rQSOX in seminiferous tu-
bules of testis (arrows). ¢ In round spermatids, an intense juxta-
nuclear crescent-shaped labelling (green, arrows) surrounded one
pole of the nucleus (coloured red by ethidium bromide). d Double
immunohistochemistry for rQSOX (red) and cytochrome oxidase
subunit [ (green) showing that rQSOX is not localised in the mito-
chondria of these cells (arrows). e ISH staining of seminal vesicle
epithelial cells (arrows). f No labelling was obtained on the consec-
utive section hybridized with a mix of labelled antisense riboprobe
with an excess of the same but unlabelled riboprobe. g Immuno-
reactivity is concentrated at the apical side of the epithelial cells of
the seminal vesicle (arrows and inset). h Preincubation of rQSOX
antiserum with the antigen completely abolishes the labelling on the

consecutive section. i Epithelial cells of the epididymis (arrows)
displaying strong reticular immunolabelling (insetr). ISH (j) and IHC
(k) labelling in luminal (arrows) and glandular (arrowheads) epi-
thelial cells of the endometrium. A higher magnification of a gland
shows that the immunolabelling accumulates at the secretory apical
side of the cells (inset in k). 1 The most superficial cells of the vagina
epithelium (arrows and inset) were strongly labelled. m In the skin,
labelling was observed in the granular layer of epidermis (arrows).
Immunoreaction also affected sebaceous glands and hair follicles
(arrowheads) dispersed in dermis. In retina, ISH (n) and IHC (o)
labelling were observed in the photoreceptor, inner nuclear and
ganglion layers (GCL ganglion layer, /NL inner nuclear layer, /PL
inner plexiform layer, OPL outer plexiform layer, Ph photoreceptor
layer). Bars 100 pum (a,b, e-0), 20 um (c,d)
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Reproductive system

In seminiferous tubules of testis, ISH staining was found in
germinal cells of all stages (Fig. 4a) but immunolabelling
appeared in a stage-dependent manner (Fig. 4b). Intense
crescent-shaped cytoplasmic labelling concentrated at one
pole of the nucleus (Fig. 4c) was observed at various stages
of spermatocytes and spermatids, whereas spermatogonia
and spermatozoids were not labelled. Immunoreaction was
also detected in interstitial Leydig cells but not in Sertoli
cells. Double IHC with an antibody against mitochondrial
cytochrome oxidase subunit I (Fig. 4d) showed that
rQSOX protein was not localised in the mitochondria of
these cells. Epithelial cells of seminal vesicles strongly ex-
pressed rQSOX, as shown by both ISH and IHC (Fig. 4e,g);
the immunoreactivity was punctiform and concentrated at
the apical side. In the epididymis, epithelial cells displayed
strong reticular immunolabelling (Fig. 4i). The ovary ex-
hibited no labelling in either the oocytes, follicle cells or
corpus luteum (not shown). In the uterus, luminal and glan-
dular epithelial cells of the endometrium were stained by
ISH (Fig. 4j). IHC observations confirmed this localization,
the immunolabelling accumulating at the apical side of the
cells (Fig. 4k). The most superficial cells of the stratified
squamous epithelium of the vagina were strongly labelled
(Fig. 41).

Skin

rQSOX labelling was observed in the granular layer of
epidermis but the other layers were unlabelled. Intense
immunoreaction was also associated with the sebaceous
glands and hair follicles in the dermis (Fig. 4m).

Retina

Among the various layers of the retina, three were labelled
for rQSOX by ISH and IHC (Fig. 4n,0). Weak immuno-
labelling was localised in the photoreceptor layer mainly in
the rods. An intense filiform labelling was observed through
the inner nuclear layer and the majority of cells of the
ganglion layer were also strongly labelled.

Discussion

In the present paper, we report rQSOX expression in a large
panel of tissues belonging to various systems and tracts
including the respiratory, digestive and urinary tracts, the
endocrine, immune and reproductive systems and the skin.
On the whole, our histological observations are in accor-
dance with our biomolecular results and with previous
studies (Coppock et al. 2000; Benayoun et al. 2001; Musard
et al. 2001; Mairet-Coello et al. 2002; Thorpe et al. 2002).
They confirm the occurrence of QSOX in numerous pe-
ripheral organs and emphasize its strong level of expression
in secretory glands and the male reproductive system.

Recently, we have shown that the rat OSOX gene, which
is located on locus 1321, is widely expressed throughout
the brain with two transcripts (2.8 kb and 3.6 kb) arising
from alternative splicing (Mairet-Coello et al. 2002). The
3.6-kb rOQSOX mRNA has not been revealed by Northern
blot in peripheral organs (Benayoun et al. 2001; Mairet-
Coello et al. 2002). The paralogue gene of rat OSOX,
corresponding to the human SOXN (Wittke et al. 2003), is
predicted to be localized on locus 3p13 (Genbank GenelD
296586). The cDNA transcribed from this paralogue gene
(Genbank accession no. XM _231083.1) displays no simi-
larities with the yOSOX cDNA, indicating that only the 2.8-
kb rOSOX mRNA, which encodes the 64-kDa rQSOX
protein, is probably detected by ISH. The deduced protein
translated from the paralogue cDNA has an estimated mo-
lecular weight of 87 kDa and displays 41% of identity with
the rQSOX protein from rat seminal vesicles. Although
both proteins contain some regions of identity, Western blot
analyses performed with our polyclonal antibody on pro-
tein extracts from rat brains (Mairet-Coello et al. 2004) and
several peripheral organs have revealed a unique protein of
64 kDa that corresponds to the QSOX protein from rat
seminal vesicles. This result, together with protein liquid-
phase adsorption of the antiserum performed by IHC, sug-
gests that the same protein is detected with both techniques.
In addition, the mRNA distribution observed by ISH and
that of the protein observed by IHC are well correlated in
all tissues. One small discrepancy between RT-PCR and the
other methods of analysis (Western blot, ISH and THC)
concerns the heart, liver and skeletal muscle; this is prob-
ably attributable to the differences of sensitivity between
the techniques.

Distinct patterns of immunolabelling were noticed de-
pending on the cell type, giving indications regarding the
intracellular localization of the protein. The rQSOX la-
belling was exclusively present in the cytoplasm of the
cells. In several cell types, such as goblet cells, acinar cells
or epithelial cells of seminal vesicles and endometrium, the
immunolabelling was granular, filling the whole cytoplasm
or being restricted to the apical pole of the cells. This sug-
gests a localization of the protein in secretory granules as
previously observed in cells of the adenohypohysis (Tury
et al. 2004). In the granulocytes of the thymus and spleen
and in the epithelial cells of the epididymis, labelling
displays a reticular appearance reminiscent of that observed
in neurons (Mairet-Coello et al. 2004), strongly suggesting
a localization of the enzyme in the Golgi apparatus. The
perinuclear crescent-shaped labelling observed in seminif-
erous tubules is in accordance with a Golgi localization
but could also correspond to a labelling of the acrosome.
Double IHC experiments with an antibody specific to mi-
tochondria has excluded a mitochondrial localization of
rQSOX, an observation in disagreement with the initial
findings of Aumiiller and co-workers who have identified a
sulphydryl oxidase of 65 kDa probably corresponding to
QSOX, in mitochondria of rat, hamster and human ger-
minal cells (Kumari et al. 1990; Aumiller et al. 1991). A
thorough electron-microscopical study at various stages of
spermatogenesis should help to clarify this discrepancy.



Proteins of the QSOX family display a signal peptide
sequence and have been detected extracellularly. They are
notably found in seminal vesicle secretions (Ostrowski and
Kistler 1980; Benayoun et al. 2001) and tissue culture
medium (Coppock et al. 2000; Musard et al. 2001). These
data and our present work suggest that QSOX proteins
follow the secretory pathway in many cell types and may
participate in the elaboration of the extracellular matrix or
intervene in extracellular redox processes as previously
proposed (Coppock et al. 1998, 2000; Hoober et al. 1999;
Thorpe et al. 2002). Sulphydryl oxidases of the ERV/ALR
family display different intracellular localizations. Mam-
malian ALR protein and its orthologue yeast ERV1 are
localized in the mitochondrial intermembrane space where
they play a role in the assembly of cytosolic iron/sulphur
proteins and cellular iron homeostasis (Lange et al. 2001).
ERV2, the yeast paralogue of ERV1, is a resident protein of
the endoplasmic reticulum and is involved in an oxidative
folding pathway (Gerber et al. 2001).

Human QSOX paralogue SOXN (Wittke et al. 2003) and
rat ALR (Hagiya et al. 1994; Klissenbauer et al. 2002) were
detected in several peripheral organs and in the central
nervous system by using biomolecular techniques but few
histological studies have described their precise localiza-
tion in tissues (Gandhi et al. 1999; Klissenbauer et al.
2002). To date, only the distribution of the bovine milk
metallosulphydryl oxidase had been thoroughly reported in
rat peripheral organs by using IHC (Clare et al. 1984). This
enzyme is localized in the endothelial cells of the capil-
laries of kidney, heart and small intestine and in centro-
acinar cells of the pancreas but has not been found in brain
and thymus. Our results show that rat QSOX is distributed
in a large variety of peripheral tissues in which it is mainly
localized in epithelial cells specialized in secretion. In the
central nervous system, the enzyme is ubiquitously dis-
tributed and specifically expressed by neurons (Mairet-
Coello et al. 2004). Thus, the metallosulphydryl oxidase
and rQSOX display distinct patterns of expression, prob-
ably because they have different specific substrates and/or
functions.

Although the precise roles of sulphydryl oxidases have
not as yet been elucidated, their cellular distribution pro-
vides clues regarding their potential substrates and phys-
iological functions. As proposed by Thorpe et al. (2002),
the most obvious substrates for QSOX enzymes are se-
creted proteins that possess one or several disulphide bridges.
Thus, mucins, the major constituents of mucus, contain di-
sulphide bonds (Perez-Vilar and Hill 1999) and are secreted
by goblet cells, salivary and Brunner’s glands. They could
therefore represent good substrates for the enzyme. Semi-
nal vesicle epithelium also secretes disulphide-bonded pro-
teins in seminal fluid (Luo et al. 2001; Wagner and Kistler
1987). In the adenohypophysis, although most of the se-
creted hormones contain disulphide bridges, rQSOX is
strongly expressed in a subset of gonadotrophs that syn-
thesize luteinizing hormone and/or follicle-stimulating
hormone (Tury et al. 2004). In keratinized stratified epi-
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thelia that cover the skin and rat oesophagus, rQSOX is
specifically localized in the granular layer, supporting the
hypothesis that it plays an important biological role in the
structural integrity of the upper epidermis by catalysing
the introduction of disulphide bonds into precursor proteins
such as loricrin and involucrin (Hashimoto et al. 2000,
2001; Matsuba et al. 2002). Interestingly, in seminiferous
tubules, rQSOX expression appears in a stage-dependent
manner, no labelling being observed in the early stages of
spermatogenesis or in mature spermatozoids, suggesting
that rQSOX is of transient importance in the maturation
of germinal cells. Redox regulation has been shown to be
crucial in the physiology of normal sperm function and a
dysregulation of this process has been linked to sperma-
togenetic abnormalities (Aitken and Baker 2004; Baker and
Aitken 2004). It is noteworthy that another redox protein,
the thioredoxin SPTRX-3, displays an expression pattern
resembling that of rQSOX in seminiferous tubules (Jimenez
et al. 2004). Thioredoxins are potential substrates of sul-
phydryl oxidases (Thorpe et al. 2002) and, given the
possible colocalization of these proteins, they could be
involved in a common function in germinal cells, such as
acrosomal biogenesis or post-translational modifications
of acrosomal enzymes in the Golgi apparatus (Jimenez
et al. 2004). In the endocrine pancreas, the highest rQSOX
expression occurs in cells secreting glucagon, which does
not contain a disulphide bond, whereas the enzyme is not
or only faintly expressed in cells secreting insulin or so-
matostatin, both of which display disulphide bonds. This
observation suggests that insulin and somatostatin are not
preferential substrates for rQSOX and that a specific sub-
strate for the enzyme is present in « cells of the islets of
Langherans. Stanniocalcin 2, an hormone containing 15
cystein residues allowing the formation of a disulphide-
bridged homodimer (Conlon 2000), is reported to be spe-
cifically expressed in « cells of the pancreas (Moore et al.
1999) and might thus be a target for QSOX. In adrenal
glands, rQSOX is exclusively localized in catecholamin-
ergic cells, more precisely in the PNMT-expressing ad-
renergic cell population of the medulla, indicating that it
might play a specific role in the metabolism of adrenalin.

In conclusion, through the formation and/or mainte-
nance of disulphide bonds in secreted proteins, QSOX
enzymes are probably involved in the secretory mechanism
in a large variety of tissues. They could also be co-secreted
with their substrates in order to continue their oxidative
folding activity outside the cell. In addition, they may
participate extracellularly in different processes such as the
elaboration of the extracellular matrix. In testis, QSOX
could fulfil an important physiological role in sperm
function and has previously been proposed to serve as a
marker for spermatogenic efficiency and the diagnosis of
male infertility (Bergmann et al. 1992).
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