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The interaction of the female germ cell with somatic
cells during the development of the ovarian follicle in
the chicken provides a prime system to study gene ex-
pression. Here, we have uncovered the involvement of
clusterin, the function(s) of which is still poorly under-
stood, in this complex process. As revealed by molecular
cloning, chicken clusterin is a 428-residue protein that
migrates at 70 kDa on SDS-polyacrylamide gel electro-
phoresis and possesses most of the structural features of
its mammalian successors. However, in contrast to
mammalian clusterin, the chicken protein appears not
to be cleaved intracellularly into a disulfide-linked het-
erodimer; possibly as a consequence thereof, it is not se-
creted constitutively and is absent from the circulation,
where most of clusterin is found in mammals. In the
ovary, clusterin is a major product of the somatic granu-
losa cells, in a pattern correlating with the developmental
phases of individual follicles. In that, transcript levels are
high not only at onset of vitellogenesis, but also in atretic
follicles and in the postovulatory follicle sac, i.e. in situa-
tions characterized by apoptotic events. Yolk of growing
oocytes contains a 43-kDa truncated form of clusterin that
does not appear to be synthesized within the oocyte.
Rather, we here show for the first time that 70-kDa clus-
terin interacts not only with megalin, but also with two
chicken oocyte-specific members of the low density li-
poprotein receptor (LDLR) gene family. These receptors,
termed LDLR-related protein with eight ligand binding
repeats (LR8) and LDLR-related protein (380 kDa), likely
internalize granulosa cell-derived 70-kDa clusterin,
which may subsequently be processed to the 43-kDa prod-
uct. Thus, chicken clusterin could serve as a marker for
follicular atresia and resorption, and, based on its ability
to bind several other proteins, it may serve as carrier for
the receptor-mediated endocytosis into oocytes of compo-
nents important for embryonic development, two hith-
erto unknown functions of this intriguing protein.

Clusterin is a ubiquitous and highly conserved secreted gly-
coprotein thought to be involved in a variety of biological proc-
esses, including lipid transport (1), sperm maturation (2), reg-
ulation of the complement cascade (3), apoptosis (4), membrane
recycling (5), and possibly others (for review, see Ref. 6). Clus-
terin has been found in numerous biological fluids, including
semen, breast milk, urine, cerebrospinal fluid, and human
plasma (3, 7, 8). In addition, the expression of clusterin is
induced in several pathological conditions, such as atherosclero-
sis (9), neurodegenerative processes (10), and testosterone-with-
drawn prostatic involution (5). Clusterin is obviously identical to
the protein(s) previously characterized as apolipoprotein J, sul-
fated glycoprotein-2, serum protein 40-40, and testosterone
repressed prostate message-2. In the present work, we use the
term clusterin when referring to this protein. Most recently, in
addition to the well characterized, secreted form of the protein,
a shorter variant of human clusterin lacking the first 32 amino-
terminal residues, including the hydrophobic signal peptide,
has been reported (11). This truncated form, produced in re-
sponse to treatment with transforming growth factor b, is
retained intracellularly and targeted to the nucleus via an
SV40-like nuclear localization sequence, which is silent in the
full-length protein. The biological significance for such a trans-
forming growth factor b-induced nuclear localization is pres-
ently unclear.

Despite its purported function(s) in numerous physiological
and pathophysiological processes, the sites and mechanisms of
action of clusterin remain elusive. To date, the only receptor
known to bind and internalize clusterin is megalin/gp330, a
member of the low density lipoprotein receptor (LDLR)1 family
(12). Inasmuch as clusterin can also bind to the amyloid b
peptide generated from the amyloid precursor protein involved
in the development of Alzheimer’s disease (8, 13, 14), to dis-
crete subclasses of high density lipoprotein (1, 15), and to the
membrane attack complex C5b-C9 (3, 16), a role for LDLR
homologues in mediating the transport of clusterin in complex
with these or other yet unidentified molecules appears possible.

Thus, based on our previous work describing LDLR family
members in the chicken (17–20), we have become interested in
the biology of clusterin in this species. All presently known
receptors belonging to the LDLR gene family are represented
in this avian model (19, 21, 22), allowing a thorough investiga-
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tion into their possible roles in clusterin metabolism. As a first
step in this direction, we now have molecularly characterized
chicken clusterin, and we provide insights into its involvement
in the growth and development of chicken oocytes within ovar-
ian follicles.

EXPERIMENTAL PROCEDURES

Isolation of Chicken Clusterin cDNA—A 180-base pair PCR fragment
was produced by reverse transcription-PCR (Life Technologies, Inc.)
using chicken testes poly(A)1 RNA for first-strand cDNA synthesis and
two synthetic oligonucleotides corresponding to quail clusterin cDNA
(originally reported as T64 (23)): 59-GTG GGA GGA GTG CAA GCC
CTG CC-39 and 59-TGC CGC TGC TCC CGA TCC AGC AG-39. The
fragment was subcloned, and its sequence was found to be 98 and 73%
identical to quail and human clusterin, respectively. The fragment was
32P-labeled using the Megaprime DNA labeling kit (Amersham Phar-
macia Biotech) and used as probe to screen a random hexamer-primed
chicken brain lgt11 cDNA library (CLONTECH). Hybridization condi-
tions were as follows: 53 NET (500 mM NaCl, 75 mM Tris, pH 7.5, 5 mM

EDTA), 53 Denhardt’s solution (0.1% Ficoll, 0.1% polyvinylpyrrolidone,
0.1% bovine serum albumin), 0.2% SDS and 100 mg/ml salmon sperm
DNA for 20 h at 65 °C. The membranes were washed twice for 30 min
each time in 23 NET containing 0.2% SDS at 65 °C. Positive clones
were amplified by PCR using lgt11-specific primers, subcloned into the
pGEM-T (Promega) vector, and sequenced on both strands (Sequenase).
The complete open reading frame of chicken clusterin was obtained by
ligating two overlapping clones using their common SacI restriction
site. Comparison of the 180-base pair PCR product used as probe with
the corresponding region in the cDNA clone revealed differences in two
positions.

Northern Blot Analysis—For Northern blot analysis, total RNA pre-
pared from various tissues of male and female chickens was denatured
using glyoxal and dimethyl sulfoxide, separated by electrophoresis on a
1.2% agarose gel, and blotted onto Hybond N1 nylon membrane (Am-
ersham Pharmacia Biotech) using standard methods (24). The above-
described 180-base pair chicken clusterin cDNA fragment was labeled
with 32P using the Megaprime DNA labeling kit and used as probe. The
membrane was hybridized overnight at 65 °C in a solution containing
10 mg/ml bovine serum albumin, 70 mg/ml SDS, 0.5 M sodium phos-
phate buffer, pH 6.8, 1 mM EDTA, pH 8.0, and the 32P-labeled DNA
probe. Washing was performed at 65 °C in 5 mg/ml bovine serum
albumin, 50 mg/ml SDS, 40 mM sodium phosphate buffer, pH 6.8, and
1 mM EDTA, pH 8.0, and then in 10 mg/ml SDS, 40 mM sodium
phosphate buffer, pH 6.8, and 1 mM EDTA, pH 8.0. The Hybond filter
was exposed to ReflectionTM film (NEN Life Science Products) with
intensifying screens at 280 °C. The relative amounts of RNA loaded
were estimated using methylene blue staining of ribosomal RNA.

In Situ Hybridization—Tissue sections from ovarian follicles (small
yellow, 5–6 mm in diameter) were prepared for in situ hybridization as
described earlier (25, 26). The sections (8 mm) were hybridized over-
night at 45 °C with prehybridization solution containing 10% dextran
sulfate and ;300 pg/ml of the digoxigenin-labeled antisense or sense
RNA probes. The RNA probes were prepared as follows: a 180-base pair
PCR fragment (Fig. 1, nucleotides 333–512), prepared from the chicken
clusterin cDNA by PCR amplification using the primers 59-GTG GGA
GGA GTG CAA GCC CTG CC-39 (sense) and 59-TGC CGC TGC TCC
CGA TCC AGC AG-39 (antisense), was subcloned into the pGEM-T
vector (Promega). The purified plasmid was linearized, and the RNA
probe prepared and labeled with digoxigenin-UTP by in vitro transcrip-
tion with SP6 and T7 RNA polymerase (digoxigenin RNA labeling kit
(SP6/T7)) according to the manufacturer’s recommendations (Boeh-
ringer Mannheim). The slides were then washed three times for 10 min
each time with 0.23 SSC and twice for 10 min each time with 0.13 SSC
at 50 °C. After washing, slides were prepared for immunodetection by
incubating them in 150 mM NaCl, 100 mM Tris, pH 7.5 (Buffer A),
containing 3% normal goat serum and 1% bovine serum albumin for 30
min at 23 °C. The sections were then exposed to anti-digoxigenin-AP
Fab fragments (1:500 dilution, Boehringer Mannheim) in the same
buffer for 2 h at room temperature and extensively washed with Buffer
A and then with Buffer B (100 mM NaCl, 100 mM Tris, pH 9.5, and 50
mM MgCl2). The bound antibody was detected by incubating the slides
overnight with a precipitating BM purple AP substrate (Boehringer
Mannheim). The reaction was stopped by incubating the slides in 10 mM

Tris, 1 mM EDTA, pH 8.0, and mounting them in Aquamount (BDH,
Poole, United Kingdom). Photographs were taken with a Zeiss Axiovert
10 light microscope.

Antibody Production—Antiserum against chicken clusterin was pre-

pared against two synthetic peptides corresponding to an amino-termi-
nal (antibody A; residues 106–120 in Fig. 1, HSGSGLVGRQLEELL) or
a carboxyl-terminal (antibody B; residues 395–410 in Fig. 1, SLTVPG-
DISWDDPRFM) region of the protein. The peptides were coupled to
keyhole limpet hemocyanin and used for immunization of two adult
female New Zealand White rabbits. For the first injection (day 0), the
antigens were mixed with Freund’s complete adjuvant and for succes-
sive booster injections thereafter (days 21 and 28) with Freund’s incom-
plete adjuvant (27). Antibodies against LR8 (28) and LRP380 (28) and
an antibody recognizing both LR8 and LRP380 (17) are described in the
indicated references.

Preparation of Triton X-100 Extracts—For preparation of Triton
X-100 extracts from chicken tissues, freshly obtained samples were
placed in ice-cold solubilization buffer (4 ml/g of wet weight) containing
200 mM Tris-maleate, pH 6.5, 2 mM CaCl2, 0.5 mM phenylmethylsulfo-
nyl fluoride, 2.5 mM leupeptin, and 1% Triton X-100 and homogenized
with an Ultra Turrax T25 homogenizer at medium setting for 30 s, and
then at high setting for a further 30 s. The extraction mixture was kept
on ice for 15 min and then centrifuged at 300,000 3 g for 40 min at 4 °C.
The resulting supernatant was stored at 220 °C in aliquots until used.
Protein concentrations were determined by the Bio-Rad Protein Assay
(Bio-Rad). For preparation of Triton X-100 extracts of chicken ovarian
follicles, the follicles were first punctured, and the majority of the yolk
portion was carefully squeezed out, followed by a short wash in phos-
phate-buffered saline (PBS), pH 7.4. The remaining follicle tissue was
then processed as above. Triton X-100 extracts from membrane frac-
tions of chicken tissues were prepared as described previously (28).

SDS-Polyacrylamide Gel Electrophoresis and Immunoblotting—One-
dimensional, 4.5–18% gradient SDS-polyacrylamide gel electrophoresis
(SDS-PAGE) was performed according to Laemmli (29) using a minigel
system (Bio-Rad, Mini-ProteanTM II slab cell). Samples were prepared
either in the absence (nonreducing conditions) or the presence (reducing
conditions) of 10 mM dithiothreitol with heating. Electrophoresis was
performed at 180 V for 1 h with the inclusion of broad range Mr

standards (Bio-Rad). Electrophoretic transfer of the proteins to nitro-
cellulose membrane (Hybond-C, Amersham Pharmacia Biotech) was
performed in transfer buffer (26 mM Tris, 192 mM glycine, 20% metha-
nol) for 1 h at 200 mA, on ice, using the Bio-Rad Mini Transblot system.
The transfer was verified by staining the nitrocellulose membrane with
0.2% Ponceau S in 3% (w/v) trichloroacetic acid and destaining in water.
Western blotting was performed using specific rabbit antisera at the
concentrations indicated in the figure legends, followed by protein A-
horseradish peroxidase (Sigma, 1:5000) and the chemiluminescence
detection method (ECL system, Amersham Pharmacia Biotech).

Prokaryotic Expression of Clusterin as a GST Fusion Protein—A
full-length clusterin cDNA was prepared by ligating the two overlap-
ping clones obtained from screening the brain lgt11 cDNA library at
their common SacI restriction site. The ligated fragment was PCR-
amplified using Pfu DNA polymerase (Stratagene) and specific 59- and
39-end chicken clusterin oligonucleotides, and subcloned via blunt-end
ligation into pCR-ScriptTM SK(1) (Stratagene). The identity of the
PCR-generated fragment was verified by sequencing. The obtained
full-length clusterin cDNA was then directionally cloned in-frame into
a pGEX-5X-1 expression vector (Amersham Pharmacia Biotech) fol-
lowed by transfection of Escherichia coli XL1 Blue subcloning-grade
competent cells (Stratagene). The GST fusion protein was induced by
incubating the cells in the presence of 0.1 mM isopropylthio-b-D-galac-
toside and purified according to the method described by Frangioni and
Neel (30).

Combined Ligand and Western Blotting with GST-Clusterin Fusion
Protein—Nitrocellulose strips containing SDS-PAGE-separated oocyte
membrane proteins were blocked for 1 h in TBS (20 mM Tris-HCl, pH
7.4, 137 mM NaCl, and 2 mM CaCl2) plus 5% skim milk and 0.1% Tween
(blocking buffer). Strips were then incubated for 1 h in the same buffer
with or without purified GST-clusterin fusion protein at the concentra-
tions indicated in the figure legends. The strips were washed three
times for 20 min each time with TBS containing 0.1% Tween and 2 mM

CaCl2 (washing buffer) and then incubated for 1 h in blocking buffer
containing either anti-chicken clusterin antiserum, anti-chicken LR8
antiserum, or anti-chicken LRP380 antiserum at the concentrations
indicated in the figure legends. After three 20-min washes, the bound
antibodies were detected with protein A-horseradish peroxidase (1:
5000) using the chemiluminescence detection method.

Immunohistochemistry—Chicken follicles (small yellow, 5–6 mm in
diameter) were fixed overnight with 4% paraformaldehyde in PBS, pH
7.4, at 4 °C. Following three successive washes with PBS, the follicles
were treated with increasing concentrations of ethanol (50–100%), and
then, within a series of five steps, the ethanol was replaced by 100%
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xylol. The xylol was further substituted for paraffin in two steps at
50 °C, followed by three additional 20-min incubations in paraffin.
Tissues were then transferred to plastic moulds and embedded in par-
affin. Tissue sections of 6 mm were cut on a Microtome and transferred
onto glass slides that had been pretreated with 2% 3-aminopropyltri-
ethoxysilane, followed by heat treatment for 16 h at 60 °C. For immu-
nohistochemistry, the tissue sections were deparaffinized by soaking in
xylol two times for 10 min each, followed by treatment with decreasing
concentrations of ethanol and a final 5-min incubation in 3% H2O2. The
sections were incubated in PBS containing 1% nonfat powdered milk
and 3% goat serum (blocking buffer) for 1 h at room temperature.
Following five washes with PBS for 1 min each, the sections were
incubated in blocking buffer containing either primary antiserum
against chicken clusterin, LR8, LRP380, or their corresponding preim-
mune sera (at the concentrations indicated in the figure legends) and
incubated for 16 h at 4 °C in a humid chamber. After being washed five
times with PBS, follicle sections were incubated with biotinylated goat
anti-rabbit IgG (1:500) in blocking buffer for 1 h at 23 °C. Slides were
subsequently washed five times in PBS and incubated with avidin-
horseradish peroxidase (1:200) in blocking buffer without goat serum
for 1 h at 23 °C. Following extensive washing in PBS, the sections were
incubated in 0.1 M sodium acetate buffer, pH 5.2, containing 0.03%
H2O2 and 0.2 mg/ml 3-amino-9-ethylcarbazole (stock solution: 4 mg/ml
in N,N-dimethylformamide). The color reaction was followed under a
microscope and terminated by incubating the slides in water. The
stained sections were mounted in Aquamount (BDH), and photographs
were taken with a Zeiss Axiovert 10 light microscope.

RESULTS

A full-length chicken clusterin cDNA was isolated from a
brain lgt11 cDNA library by homology screening. The deduced
nucleotide sequence revealed an open reading frame of 1344
nucleotides, encoding a protein of 448 amino acids (Fig. 1). The
first translation initiation codon (ATG) is located in a context
(ACCATGG) that precisely conforms with the consensus se-
quence predicted by the compilation of animal initiation start
sites (31, 32). At the nucleotide level, chicken clusterin shows
61 and 94% identity to human and quail clusterin, respectively.
According to our calculations based on the criteria defined by
von Heijne (33), chicken clusterin has a putative signal se-
quence consisting of 20 amino acids (Fig. 1, boxed), generating
an amino-terminal leucine in the mature protein. In reviewing
the literature, we noticed that previously, the amino terminus
of quail clusterin, identical in that region to chicken clusterin,
had been proposed as the glycine 4 residues upstream of this
leucine (23) (Fig. 2). Our calculations confirmed, however, the
previously reported amino terminus of mature human clusterin
(Fig. 2). The predicted mature chicken clusterin polypeptide
(428 amino acids) has a calculated Mr of 50,157 and shows 45
and 95% identity to human and quail clusterin, respectively
(Fig. 2). All 10 cysteine residues are conserved in the three
species (Figs. 1 and 2, black squares), as well as four of the

FIG. 1. Nucleotide and deduced
amino acid sequence of the cDNA for
chicken clusterin. The amino acid se-
quence of chicken clusterin is presented
in single-letter code beneath the cDNA
sequence. Numbering of the amino acids
refers to the mature protein, generated by
removal of the putative 20-residue signal
peptide (boxed). Ten conserved cysteines
are indicated by black squares. Six poten-
tial N-linked glycosylation sites are un-
derlined, where a thin underline indicates
conservation in human clusterin and a
thick underline indicates absence in hu-
man clusterin. Three asterisks represent
the termination codon, and a polyadenyl-
ation signal is indicated by a dashed
underline.
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seven consensus sequences for potential N-linked glycosylation
in the human protein (Fig. 1, thin underlines) (7). Chicken
clusterin has two additional consensus sequences for N-linked
glycosylation that are absent in human clusterin but conserved
in quail clusterin (Fig. 1, bold underlines). The four predicted
potential heparin binding sites in human clusterin (7) appear
not to be strictly conserved in chicken (Fig. 2, light hatched
boxes). However, a potential nuclear localization signal (Fig. 2,
dark hatched box), present in human clusterin (LEEAKKKK)
and proposed to target a truncated form of the protein to the
nucleus (11), is also present in the chicken protein (LEET-
KRRK), as well as several potential in-frame translation initi-
ation sites (corresponding to codons 52, 56, and 66 in the avian
precursor protein; Fig. 2).

In order to visualize the chicken protein, we performed im-
munoblotting of detergent extracts prepared from various tis-
sues, as well as of serum, with rabbit antiserum raised against
a synthetic peptide derived from the predicted amino-terminal
half of chicken clusterin (antibody A; cf. under “Experimental
Procedures”) (Fig. 3). The commonly observed immunoreactive
band in all tissues was a ;70-kDa protein. Furthermore, in
certain tissues (Fig. 3A), various additional bands were visual-
ized, the identity of which remains unclear. The 70-kDa protein
did not change migration when the samples were analyzed
under reducing conditions (not shown, but cf. Fig. 8); thus, we
conclude that the major 70-kDa protein represents chicken

clusterin. Most significantly, chicken serum was devoid of clus-
terin, in contrast to the situation in mammals, in which clus-
terin is prominent in the blood compartment (1) (in Fig. 3A, the
;150-kDa protein in serum represents chicken IgG, which
cross-reacts, albeit weakly, with the protein A used to detect
the bound rabbit antibody). In experiments not shown, we
subjected isolated high density lipoprotein fractions (the major
clusterin-harboring serum fraction in mammals) from both
hens and roosters to the same analysis, but could not detect
clusterin there either. Also surprisingly, hepatic levels of the
protein were very low compared with those found in mamma-
lian species (34). However, levels of clusterin were significant
in brain, heart, kidney, muscle and gonadal tissues. Further-
more, in contrast to reports at the RNA level in mammals (6, 7,
34), there were high levels of clusterin in spleen and lung (Fig.
3). Clusterin was also present in the uropygial and adrenal
glands.

Next, we aimed at defining the correlation of the protein data
with the expression of chicken clusterin at the transcript level.
Northern blotting of total RNA from the same tissues as ana-
lyzed for protein content (cf. Fig. 3) confirmed that clusterin is
widely expressed (Fig. 4). A single ;1.7-kilobase transcript was
present at high levels in brain, lung, testes, follicles (Fig. 4,
ovary), ovarian stroma, and oviduct, and at lower levels in
heart, muscle, spleen, uropygial gland, and adrenal glands.
Thus, there was, in general, good agreement between the tran-

FIG. 2. Comparison of the clusterin
protein sequences of chicken, quail,
and human. Identical residues in all
three species are boxed. Numbering starts
with the respective initiator methionines,
and gaps introduced to optimize the align-
ment are indicated by dashes. Black
squares mark the 10 conserved cysteines.
Four potential heparin binding sites in
the human sequence (7) are underscored
by light hatched boxes. The dark hatched
box indicates the putative nuclear local-
ization sequence (11). Arrows on top mark
the reported signal sequence cleavage
sites for chicken (C) (this study), quail (Q)
(23), and human (H) (6) clusterin, respec-
tively. The upward arrow shows the pre-
dicted cleavage site producing the a and b
subunits in human clusterin (7).
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script and protein levels, with the possible exception of kidney
and muscle. Importantly, however, only very low, if any, tran-
script levels were detected in the liver, again in sharp contrast
to mammalian species, but in excellent agreement with the
protein data of Fig. 3A.

Because of the high levels of clusterin in the ovary and our
ongoing research interest in the biology of oocyte growth and
follicle development, we studied the pattern of clusterin expres-
sion in ovarian follicles in greater detail (Fig. 5). We analyzed
follicles in different developmental phases, i.e. with different
diameters. Shown in Fig. 5 are phase I small white follicles
(1–3 mm diameter); phase I large white follicles (3–5 mm);
phase II follicles, including small yellow (5–6 mm) and large
yellow (6–9 mm); and phase III follicles, characterized by F7
(10 mm) to F1 (33 mm) follicles, the latter being the next follicle
to ovulate. Clusterin transcripts were detectable throughout
the entire growth period. The highest levels were observed in
phase I follicles (small white and large white), which do not yet
contain yellow yolk. There was a gradual decrease in clusterin
expression with increasing follicle size (small yellow and large
yellow), followed by a moderate to low expression throughout
phase III (F7–F1), when committed follicles grow and rapidly
acquire yolk.

Interestingly, very high levels of clusterin mRNA were pres-
ent in atretic follicles (Fig. 5). It has been estimated (35) that
only 1 of every 10–20 ovarian follicles that have reached a size
of approximately 8 mm (i.e. large yellow) are committed to
further growth and entry into the ovulatory pathway; most
follicles undergo atresia and become resorbed. Moreover, high
levels of clusterin transcripts were also apparent at the oppo-
site end of follicle development, namely in the postovulatory
sac, i.e. the follicular tissue that remains following release of
the F1 oocyte into the oviduct. Consisting of the somatic cells
and the acellular structures that surround and support the
oocyte during its growth, the postovulatory sac is destined for
apoptosis and resorption (36).

Previous studies in mammals (2, 34) have suggested that
clusterin is expressed in somatic cells of gonadal tissue. Thus,
in order to identify the cell population(s) within chicken folli-
cles that express clusterin, we performed in situ hybridization
analysis on phase II follicles (small yellow, 5–6 mm). These
contain high levels of clusterin transcripts (see Fig. 5) and are
the easiest to manipulate due to their low yolk content. Within

FIG. 3. Western blot analysis of clusterin in different chicken
tissues. Crude Triton X-100 extracts (30 mg protein/lane) prepared
from the indicated chicken tissues (uropyg. gl., uropygial gland), as well
as 1.5 ml of serum, were subjected to 4–18% SDS-PAGE under nonre-
ducing conditions and processed for immunoblotting with rabbit serum
(1:250) raised against a synthetic chicken clusterin peptide (antibody A)
(see under “Experimental Procedures”). Numbers on the left correspond
to the positions of migration of marker proteins (in kDa).

FIG. 4. Northern blot analysis of clusterin transcripts in
chicken tissues. Total RNA (25 mg/lane) was isolated from the indi-
cated chicken tissues (uropyg. gl., uropygial gland), denatured, and
separated by electrophoresis on a 1.2% agarose gel. Hybridization was
performed with a 180-nt chicken clusterin fragment (nucleotides 333–
512 in Fig. 1). lDNA digested with HindIII was used as a size marker
(in kilobase pairs). The blot was standardized by methylene blue stain-
ing of 28S rRNA (bottom panel).

FIG. 5. Northern blot analysis of clusterin expression during
chicken follicle development. Total RNA (25 mg/lane) isolated from
follicles of different sizes was denatured and separated by electrophore-
sis on a 1.2% agarose gel. SW, small white; LW, large white; SY, small
yellow; LY, large yellow; F7–F1, growing follicles (7 (smallest) to 1
(preovulatory); for diameters, see text); Atretic, pool of three atretic
follicles of 4–5 mm diameter; Pov. sac, postovulatory sac from a recently
ovulated follicle. Hybridization was performed with a 180-nt chicken
clusterin fragment (nucleotides 333–512 in Fig. 1). lDNA digested with
HindIII was used as a size marker (in kilobase pairs). The blot was
standardized by methylene blue staining of 28S rRNA (bottom panel).
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the cell layers, clearly the highest levels of clusterin transcript
were present in the granulosa cells, and much lower levels were
present in the vascularized outer thecal layer and peripheral
epithelial cells (Fig. 6). The oocyte itself displayed only traces,
if any, of clusterin transcripts; the area of the oocyte shown in
Fig. 6 is representative of the entire germ cell periphery.

Detailed Western blot analysis for the detection of clusterin
in follicles (Fig. 7) confirmed that the 70-kDa protein is present
throughout the entire growth phase of chicken follicles, from
small white to F1, in agreement with the transcript data (Fig.
5). However, in all follicle extracts, particularly the extracts of
larger follicles that harbor yolk-rich oocytes (F4–F1), a smaller
band of ;43 kDa was observed in addition to full-size clusterin,
suggesting that the 43-kDa protein might be yolk-derived.
Analysis of yolk from vitellogenic follicles confirmed that the
70-kDa protein is absent from and the 43-kDa protein is pres-
ent in yolk (data not shown). These results are compatible with
the 43-kDa protein being a truncated form of clusterin, possibly
derived by proteolytic processing following uptake of 70-kDa
clusterin into the yolk compartment of the oocyte. In this con-
text, many yolk precursors, e.g. very low density lipoprotein
(VLDL), vitellogenin (VTG), and a2-macroglobulin, bind to oo-
cyte-specific LDL receptor family members, are internalized,
and postendocytotically cleaved into defined fragments (19,
37–39).

These findings prompted us to attempt the identification of
candidate receptors for clusterin on the chicken oocyte surface.
Thus far, two oocyte-specific LDLR family members have been
described. One is the chicken homologue of the mammalian
so-called VLDL receptor, termed LR8 for its harboring 8 LDL
receptor ligand binding repeats, that serves as a receptor for a
broad spectrum of ligands (19, 25). The other receptor is an
LDL receptor-related protein (LRP) with an apparent Mr of
;380,000 (28), here termed LRP380. To date, only mammalian
megalin, another large member of the LDLR gene family (12),
is known to be a receptor capable of binding clusterin.

In order to identify putative chicken clusterin receptors, we
performed ligand blotting analysis on oocyte membrane-en-
riched material (the membrane fraction had been prepared
from pooled, yolk-rich F4–F1 follicles) with recombinant
chicken clusterin-GST fusion protein, followed by detection of
bound ligand with anti-chicken clusterin antibodies (Fig. 8). In
addition to endogenous 70-kDa clusterin and the 43-kDa frag-
ment (cf. Fig. 7), three clusterin-binding proteins of 95, 180,
and 380 kDa were visualized (Fig. 8, lane 3). Binding of clus-
terin to the 95- and 380-kDa bands, but not to the 180-kDa
band, was inhibited by EDTA (lane 4), and all bands were
abolished when the membrane extract had been subjected to
electrophoresis under reducing conditions (lane 5). The nature
of the 180-kDa band is unknown. However, the 95- and 380-
kDa proteins were identified with specific antibodies (17) as
LR8 and LRP380, respectively (lane 6). Thus, these two LDLR

family members may indeed be involved in the metabolism of
clusterin, at least within the follicle.

Finally, in order to obtain further evidence for the possibility
that LR8 and LRP380 mediate clusterin uptake from the ex-
traoocytic space, we localized clusterin and the receptors in the
follicle by immunohistochemistry (Fig. 9). Whereas the North-
ern blot and in situ hybridization results of Figs. 5 and 6
strongly suggest, but do not show, that clusterin protein is
produced in granulosa cells, Fig. 9, A and B, clearly reveals
strong immunoreactivity in these cells and lower levels in the
intraoocytic (yolk) region. The immunoreactive material in the
yolk possibly represents, at least in part, the 43-kDa protein
(cf. Fig. 7). Importantly, both LR8 (Fig. 9, C and D) and LRP380
(E and F) are conspicuously absent from the granulosa cells but
present in the plasma membrane of the oocyte and in the region
of endocytic activity underlying the oolemma (40).

DISCUSSION

Despite extensive studies about clusterin, its function(s) has
not been identified unambiguously. To our knowledge, pub-
lished reports on genetic manipulation at the clusterin locus
are not available; however, transgenic mice overexpressing
human clusterin under the control of the phosphoglycerate
kinase promoter become obese.2 This finding, if confirmed, is in

2 L. E. French, personal communication.

FIG. 6. Localization of clusterin transcripts in chicken folli-
cles. Cryostat sections (8 mm) of a phase II follicle (small yellow, 5 mm
diameter) were subjected to in situ hybridization with digoxigenin-
labeled clusterin RNA probes as described under “Experimental Proce-
dures” (A, antisense; B, sense). g, granulosa cell layer; t, thecal cell
layers; o, oocyte proper. Bar represents 50 mm; magnification is 3 200.

FIG. 7. Immunoblot analysis of chicken clusterin in different
stages of follicle development. Triton X-100 extracts (30 mg protein/
lane) prepared from follicles of various sizes (for designations, see Fig.
5) were subjected to SDS-PAGE under nonreducing conditions and
blotted onto a nitrocellulose filter. The blot was processed for immuno-
blotting with rabbit antiserum (1:250) raised against a synthetic
chicken clusterin peptide (antibody A; see under “Experimental
Procedures”).

FIG. 8. Identification of clusterin receptors by ligand blotting.
Nitrocellulose strips containing SDS-PAGE-separated oocyte mem-
brane proteins (;25 mg/lane) were incubated in the presence (lane 2, 10
mg/ml; lanes 3–5, 40 mg/ml) or absence (lanes 1 and 6) of chicken
GST-clusterin fusion protein. In lanes 1–4 and 6, SDS-PAGE was
performed in the absence, and in lane 5, in the presence of 10 mM

dithiothreitol. The incubation mixture in lane 4 contained 50 mM

EDTA. Lanes 1–5 were subsequently incubated with anti-chicken clus-
terin antiserum (1:250) (antibody B) as described under “Experimental
Procedures,” and lane 6 was incubated with anti-chicken LR8 anti-
serum (1:500) that also cross-reacts with LRP380 (17). Numbers on the
left correspond to the positions of migration of marker proteins (in kDa).
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support of the suggested role of clusterin in lipid metabolism,
but unfortunately it does not provide functional insight. In a
situation where a protein is in search of its function(s), new
knowledge gained from a different experimental system can
often provide important clues. Thus, the facts that (i) clusterin
is expressed in the genital tract of mammals and (ii) a member
of the LDLR gene family, megalin, binds clusterin (12), com-
bined with our ongoing studies on gonadal development and
oocyte growth, lipid metabolism, and the LDLR gene family in
the chicken, prompted us to embark on studies of the biology of
clusterin in the bird.

Clusterin is a normal component of human blood, and it has
been detected in breast milk, urine, cerebrospinal fluid, and
seminal plasma (3, 7, 8); accordingly, clusterin expression is
almost ubiquitous, with the possible exception of adult lung
and intestine. Although particularly high levels of clusterin are
found in epithelial cells, it is not confined to these cells (34). An
interesting case of cell type specificity is the distribution of
clusterin in mammalian gonads. In the male genital tract, the
Sertoli cells lining the seminiferous tubules and the epithelial
cells lining all tubules in the head and tail of the epididymis
contain clusterin transcripts (41). In the mammalian female,
much of the epithelium of the genital tract expresses clusterin,
including the granulosa cells that line the follicles in the ovary
(34).

The chicken ovary harbors a complete series of growing oo-
cytes, i.e. an identifiable hierarchy of follicles containing oo-
cytes with diameters ranging from 1 to ;35 mm. The develop-
ment of chicken oocytes can be divided into three phases; in the
first phase, numerous oocytes, characterized by the absence of

typical yellow yolk, increase in diameter from 60 mm to 1–3 mm
(here referred to as small white follicles) over several months.
The second phase begins with the entry of certain of these
oocytes into a slow growth phase, and at reaching a size of 6–7
mm, an estimated 90% of them undergo atresia, whereas the
remaining follicles enter the final, third phase. The oocytes
selected into the third phase grow rapidly due to the accumu-
lation of yolk precursors and, at reaching a diameter of 30–35
mm, are ovulated. This final phase, a dramatic, 7-day growth
spurt, results in the deposition of up to 250 mg of cholesterol,
4 g of triglycerides, and ;5 g of protein into the yolk of the
oocyte. Ovulation occurs every 25 h and is thought to mark the
beginning of the rapid growth phase of an oocyte (in the F7
follicle) that will be laid as component of the egg 7 days later.
Therefore, at any one time during the reproductive period, the
chicken ovary contains numerous, macroscopically distinct fol-
licles either positioned in the developmental cascade or under-
going atresia. Thus, follicular growth in the chicken is a com-
plex process, in which the oocyte, the granulosa cells
juxtaposed to the oocyte, and the thecal cells must act together
to ensure growth of the female germ cell and ovulation. In this
powerful model system, gene expression can be studied at the
single-cell germ line level (the oocytes) and in a pure somatic
cell population (the granulosa cells).

In the present investigation, we have indeed obtained evi-
dence for an important involvement of clusterin in the interac-
tions between these cell types. First, clusterin is synthesized in
the granulosa cells, which surround the oocytes. Second, levels
of transcripts, but not necessarily of translation product, ap-
pear to correlate with the developmental status of the follicle.
Third, receptors for clusterin, here identified as such for the
first time, are expressed on the surface of the oocyte, i.e. im-
mediately adjacent to the cells that produce clusterin. Fourth,
possibly related to this finding, a truncated form of clusterin
appears to accumulate in yolk.

The restriction of clusterin expression in the follicles to gran-
ulosa cells is of interest. These cells are thought to support the
oocyte during its entire growth and development (42, 43). In the
rapid oocyte growth phase, granulosa cells presumably un-
dergo a crucial step in their differentiation program in prepa-
ration for ovulation. Ovulation occurs when the granulosa,
thecal, and epithelial cell layers rupture along an avascular
region termed stigma and release the germ cell with its sur-
rounding perivitelline (sperm binding) layer (44). Following
ovulation, the granulosa cells remain in the cavity of the so-
called postovulatory sac, which subsequently becomes resorbed
from the peritoneum. We have found clusterin transcripts and
protein in granulosa cells throughout the life span of the follicle
(Figs. 5–7). However, at the transcript level, there are peaks of
expression in early previtellogenic follicles, as well as in atretic
follicles and in the postovulatory sac. As mentioned above, only
about 10% of all follicles proceed from the previtellogenic to the
vitellogenic stage; the remaining follicles undergo atresia.
Thus, the high levels of clusterin expression in small follicles
may mirror their predominantly atretic fate. The process of
follicle atresia presumably resembles that of resorption of the
postovulatory sac, and includes apoptotic mechanisms (45–47).
Our finding of elevated transcript levels in these two situations
indeed points to similarities between atresia and resorption at
the molecular level and is compatible with the frequently pro-
posed involvement of clusterin in apoptosis (4, 5, 48, 49). More-
over, the anti-apoptotic gene bcl-xlong is expressed in granu-
losa cells in a pattern opposed to that observed here for
clusterin (50).

The apparent lack of differences at the protein level in situ-
ations where there are obvious differences in clusterin tran-

FIG. 9. Immunohistochemical localization of clusterin, LR8,
and LRP380 in chicken follicles. Microtome sections (6 mm) of par-
affin-embedded follicles (small yellow, 5–6 mm) were subjected to im-
munohistochemistry as described under “Experimental Procedures.”
The antisera and their dilutions were as follows: A, anti-clusterin an-
tibody B (1:400); C, anti-LR8 (1:500)(28); E, anti-LRP380 (1:500) (28).
The sections in panels B, D, and F were incubated with the respective
preimmune sera. Thecal cell layers (t), the granulosa cell monolayer (g),
and the oocyte proper (o) are indicated for each pair of panels. Bar
represents 20 mm.
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script levels in follicles (compare Figs. 5 and 7) will need fur-
ther attention. Discordance of transcriptional and translational
activities is a trivial possibility; it is also conceivable that at
elevated synthetic levels, clusterin protein is processed to a
form that becomes unrecognizable by our antibody or that it is
produced in a secretable form. The former possibility is sup-
ported by findings of a truncated form of human clusterin that
can be transported to the nucleus (11), the latter by the pres-
ence of an immunoreactive 43-kDa protein in the yolk of grow-
ing oocytes. This form of clusterin might be the end product of
receptor-mediated endocytosis of granulosa cell-derived clus-
terin by the adjacent oocyte, as discussed below. Alternatively,
the 43-kDa form could be the product of oocyte-specific expres-
sion of a differentially spliced transcript; however, we have not
obtained any evidence for the presence of alternative tran-
scripts in oocytes in Northern blot or PCR-based analyses.

An important difference between avian and mammalian
clusterins is the lacking posttranslational proteolytic cleavage
into two sulfhydryl-linked subunits of the chicken protein, a
conclusion based on the following observations. First, a major
70-kDa protein is detected in immunoblots under both reducing
and nonreducing conditions; the larger than predicted size (70
compared to 50 kDa) suggests extensive glycosylation of
chicken clusterin, analogous to that of mammalian homologues
(51–53). Second, the protein sequence around the known
cleavage site is different from that in human clusterin (RIVR-
cleavage-SLM) but identical in quail and chicken clusterin
(RLSRELH). Whereas both sequences appear to conform to
cleavage site requirements for furin (RXXR) (54), neither the
identity nor the subcellular localization of the protease(s) that
processes human clusterin has been demonstrated. In fact,
these findings suggest evolutionary changes from the produc-
tion of a single-chain protein in chicken to that of a het-
erodimeric, constitutively secreted form in mammals. Data on
human clusterin imply that the heterodimeric form of clusterin
is predominantly secreted via the classical secretory pathway
(53). On the other hand, the absence of immunoreactive mate-
rial in chicken serum points to a lack of secretion of the single-
chain chicken clusterin, at least into systemic fluids. The pres-
ence of a truncated form of clusterin in the oocyte, which
expresses clusterin receptors, may indicate that granulosa
cells, which have known high secretory capacity (55, 56), are
able to secrete clusterin by a specialized and/or inducible mech-
anism. Studies on the biosynthetic pathway of clusterin in
granulosa cells are under way in the laboratory; to date, these
have shown that granulosa cells produce and secrete apoli-
poprotein AI (a component of high density lipoprotein, the
major clusterin-carrying lipoprotein fraction in mammals) (55)
and are the source for at least one of the proteins involved in
sperm binding, termed zona pellucida 3 (56).

One of the most significant findings of the current investi-
gation is the identification of two novel receptors for clusterin,
i.e. the oocyte-specific members of the LDL receptor gene fam-
ily, LR8 and LRP380 (Figs. 8 and 9). Up to now, the only
receptor known to interact with clusterin is mammalian mega-
lin, a large member of the LDLR gene family (12). LR8, a well
characterized receptor present on the chicken oocyte plasma
membrane (17, 19, 22) has been known thus far to bind and
internalize VLDL, VTG, a2-macroglobulin, and riboflavin-bind-
ing protein/VTG complexes (57), i.e. molecules essential for the
normal growth and development of the chicken embryo. In that
it is the smallest LDLR family member with a ligand spectrum
resembling that of mammalian LRP, its exquisite multifunc-
tionality is underscored by the present identification of an
additional ligand, clusterin. LRP380, also present on the
plasma membrane of the chicken oocyte (Fig. 9), has been

demonstrated so far only to bind VTG and a2-macroglobulin
(28). Although the complete structure of LRP380 remains to be
determined, our observation of clusterin binding to this recep-
tor suggests that it has key characteristics resembling those of
mammalian megalin, rather than those of LRP.

The interaction of clusterin with the two oocyte-specific re-
ceptors and the accumulation of a truncated form of clusterin is
of interest for several reasons and gives rise to several specu-
lations. First, it provides further evidence for the previously
suggested synergy of LR8 and LRP380 in mediating oocyte
development (28). Second, the apparent absence of clusterin
transcripts in the oocyte but accumulation of the immunoreac-
tive 43-kDa protein may indicate that a receptor-mediated
endocytotic transport mechanism(s) becomes active during the
vitellogenic phase of oocyte growth. Third, if the 43-kDa form
indeed arises from postendocytic cleavage, the responsible pro-
tease(s) needs to be identified. Previously, we have observed
that cathepsin D single-handedly catalyzes the cleavage of the
apolipoprotein B moiety of VLDL (38), VTG (38), and possibly
riboflavin-binding protein (57), as well as a2-macroglobulin
(39), during their delivery into yolk. It will be interesting to
determine whether the same or other enzyme(s) produces the
43-kDa fragment of clusterin. Fourth, we and others will need
to address the question of whether clusterin and/or the 43-kDa
form is necessary for normal embryo development in a variety
of species. Fifth, in the context of embryo development, another
possibility is that clusterin functions as the mediating receptor-
ligand in a “piggy-back” transport mechanism that leads to the
uptake of essential embryonic factors. Not only has such a
piggy-back mechanism been described previously in the
chicken system, i.e. VTG as carrier for riboflavin-binding pro-
tein (57), but also several proteins are known to be bound by
and complexed with clusterin (1, 8, 16). The identification of
such partners of clusterin, in particular those produced by
granulosa cells in the chicken, is a prime goal in our current
research efforts.
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32. Lütcke, H. A., Chow, K. C., Mickell, F. S., Moss, K. A., Kern, H. F., and Scheele,

G. A. (1987) EMBO J. 6, 43–48
33. von Heijne, G. (1983) Eur. J. Biochem. 133, 17–21
34. Aronow, B. J., Lund, S. D., Brown, T. L., Harmony, J. A. K., and Witte, D. P.

(1993) Proc. Natl. Acad. Sci. U. S. A. 90, 725–729
35. Gilbert, A. B., Perry, M. M., Waddington, D., and Hardie, M. A. (1983)

J. Reprod. Fertil. 69, 221–227
36. Tilly, J. L., Kowalski, K. I., Johnson, A. L., and Hsueh, A. J. W. (1991)

Endocrinology 129, 2799–2801
37. Nimpf, J., Radosavljevic, M. J., and Schneider, W. J. (1989) Proc. Natl. Acad.

Sci. U. S. A. 86, 906–919
38. Retzek, H., Steyrer, E., Sanders, E. J., Nimpf, J., and Schneider, W. J. (1992)

DNA Cell Biol. 11, 661–672
39. Jacobsen, L., Hermann, M., Vieira, P. M., Schneider, W. J., and Nimpf, J.

(1995) J. Biol. Chem. 270, 6468–6475
40. Shen, X., Steyrer, E., Retzek, H., Sanders, E. J., and Schneider, W. J. (1993)

Cell Tissue Res. 272, 459–471
41. Sylvester, S., Morales, C., Oko, R., and Griswold, M. (1991) Biol. Reprod. 45,

195–207
42. Gilbert, A. B., Davidson, M. F., and Wells, J. W. (1978) J. Reprod. Fertil. 52,

227–232
43. Tilly, J. L., Kowalski, K. I., and Johnson, A. L. (1991) Biol. Reprod. 44, 305–314
44. Gilbert, A. B., Hardie, M. A., Perry, M. M., Dick, H. R., and Wells, J. W. (1980)

Br. Poult. Sci. 21, 257–260
45. Hsueh, A. J. W., Billig, H., and Tsaffriri, A. (1994) Endocr. Rev. 15, 707–724
46. Palumbo, A., and Yeh, J. Y. (1995) J. Soc. Gynecol. Invest. 2, 565–573
47. Tilly, J. L. (1996) Rev. Reprod. 1, 162–172
48. Bettuzzi, S., Trooiano, L., Davalli, P., Tropea, F., Ingletti, M., Grassilli, E.,

Monti, D., Corti, A., and Franceschi, C. (1991) Biochem. Biophys. Res.
Commun. 175, 810–815

49. Furlong, E. E. M., Keon, N. K., Thornton, F. D., Rein, T., and Martin, F. (1996)
J. Biol. Chem. 271, 29688–29697

50. Johnson, A. L., Bridgham, J. T., Witty, J. P., and Tilly, J. L. (1996) Endocri-
nology 137, 2059–2066

51. Collard, M. W., and Griswold, M. D. (1987) Biochemistry 26, 3297–3303
52. de Silva, H. V., Stuart, W. D., Park, Y. B., Mao, S. J. T., Gil, C. M., Wetterau,

J. R., Busch, S. J., and Harmony, J. A. K. (1990) J. Biol. Chem. 265,
14292–14297

53. Burkey, B. F., deSilva, H. S., and Harmony, J. A. K. (1991) J. Lipid Res. 32,
1039–1048

54. Molloy, S. S., Bresnahan, P. A., Leppla, S. H., Klimpel, K. R., and Thomas, G.
(1992) J. Biol. Chem. 267, 16396–16402

55. Hermann, M., Lindstedt, K. A., Foisner, R., Mörwald, S., Mahon, M. G., Wandl,
R., and Schneider, W. J. (1998) FASEB J. 12, 897–903

56. Waclawek, M., Foisner, R., Nimpf, J., and Schneider, W. J. (1998) Biol. Reprod.
59, 1230–1239

57. Mac Lachlan, I., Nimpf, J., and Schneider, W. J. (1994) J. Biol. Chem. 269,
24127–24132

Chicken Clusterin4044


