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Abstract.  The apoptosis inhibitory ligand (Netrin-1) and its receptor (p53-regulated receptor for death and life:
p53RDL1) play an important role in the regulation of selective apoptosis.  When Netrin-1 binds to p53RDL1, p53-
dependent apoptosis is inhibited.  We identified porcine (Sus scrofa) cDNAs encoding Netrin-1 [pNetrin-1; 1,803 base
pairs (bp) and 600 amino acids (aa)] and p53RDL1 (pp53RDL1; 2,838 bp and 945 aa).  Porcine p53RDL1 (pp53RDL1)
contains a death domain (DD), a tandem specific amino acid region, in its C-terminal, suggesting that it mediates death
signaling by binding with other pro-apoptotic factors via the DD.  Porcine Netrin-1 (pNetrin-1), pp53RDL1 and the DD
in pp53RDL1 showed high levels of identity in aa sequence with human and murine Netrin-1 (98 and 97%,
respectively), p53RDL1 (94 and 91%, respectively) and the DD in p53RDL1 (96 and 95%, respectively).  Reverse
transcription-polymerase chain reaction (RT-PCR) revealed that the levels of pNetrin-1 and pp53RDL1 mRNAs were
moderate in granulosa cells compared with their expression in other tissues and that their levels during follicular atresia
were stable.  The Netrin-1 and p53RDL1 system may regulate the induction of apoptosis in porcine granulosa cells.
Key words:  Apoptosis inhibitory ligand (Netrin-1), Granulosa cell, Porcine (Sus scrofa), p53-Regulated receptor for 
death and life (p53RDL1)
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n apoptosis inhibitory ligand, Netrin-1, that is homologous to
Caenorhabditis elegans UNC-6 has been identified as a dif-

fusible laminin-related protein [1].  Netrin-1 plays an important
role in the migration and survival of neurons and in axonal guid-
ance during development of the nervous system by mediating the
chemoattraction and chemorepulsion of axon/neurons [2].  Netrin-1
interacts with transmembrane receptors [UNC5Hs (UNC5H1,
UNC5H2 and UNC5H3) and deleted in colorectal cancer: DCC],
which are known as dependence receptors [3–7].  Dependence
receptors inhibit apoptosis when they bind with their ligands, but
can induce apoptosis when their ligands are absent.  P53RDL1 is a
human homologue of rat UNC5H2, also known as UNC5B, that
contains a death domain (DD), a pro-apoptotic region of the tumor
necrosis factor receptor (TNFR) family, in the cytoplasmic C-ter-
minal region [8].  In the intracellular region, p53RDL1 contains a
caspase cleavage site consisting of the classical caspase-3 cleavage
sequence (aspartic acid-X-X-aspartic acid).  P53RDL1 mediates
p53 (tumor suppressor)-dependent apoptosis [8].  When Netrin-1
binds with p53RDL1, homodimerization of p53RDL1 is induced,
resulting in structural changes in the intracellular region, including
the DD, and inhibition of caspase activity [9].  Downregulated
expression of p53RDL1 in many types of cancers (breast, lung,
stomach, colorectal, kidney, ovary, uterus etc.) indicates that
p53RDL1 acts as a tumor suppressor [10].  Thus, the Netrin-1 and
p53RDL1 system is considered a key factor regulating the induc-

tion of apoptosis.
In mammalian ovaries, more than 99.9% of follicles undergo a

degenerative process known as “atresia”, and only a few follicles
ovulate during ovarian follicular growth and development [11–16].
Our recent studies [17–39] have shown that follicular selection pre-
dominantly depends on granulosa cell apoptosis in porcine ovaries,
but the molecular mechanisms regulating the induction of apoptosis
in granulosa cells during follicular selection are still largely
unknown.  In the present study, to confirm the physiological roles
of Netrin-1 and p53RDL1 in regulation of granulosa cell apoptosis,
we first identified the porcine homologues of Netrin-1 and
p53RDL1 and then determined their changes in expression during
follicular atresia.

Materials and Methods

Granulosa cell preparation
As previously reported [36–39], ovaries were obtained from

mature sows weighing more than 120 kg at a local slaughterhouse
(Kasama, Japan), and individual preovulatory antral follicles 3–5
mm in diameter were dissected from the ovaries under a surgical
dissecting microscope (SZ40; Olympus, Tokyo, Japan).  Each folli-
cle was classified as morphologically healthy or atretic.  The latter
were further subdivided into early and progressed atretic follicles.
Follicular fluid from each follicle was collected using a 1-ml
syringe, separated by centrifugation at 3,000 g for 10 min at 4 C,
frozen and kept at –80 C.  After biochemical analyses were per-
formed, the progesterone (P4) and 17β-estradiol (E2) levels were
retrospectively measured using a [125I]-RIA kit (Bio-Mérieux,
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Marcy-l’Etolle, France) to confirm classification of the follicles.
Follicles with a P4/E2 ratio of less than 15.0 were classified as
healthy according to previous findings [40].  Each follicle was then
opened using fine forceps, and the oocyte-cumulus complex was
removed.  The granulosa layer, which contained only granulosa
cells, was collected, and granulosa cells were isolated by pipetting
with Pasteur’s pipettes and washed 3 times in phosphate-buffered
saline (PBS; pH 7.4) by centrifugation at 600 g for 5 min at room
temperature (22–25 C).

RNA isolation 
As previously reported [31, 36–39], total RNA was extracted

from isolated granulosa cells prepared from healthy follicles and
other tissues [cerebellum, cerebrum, colon, heart, kidney, liver,
lung, pancreas, small intestine (middle part of jejunum), spleen,
stomach, testis and thymus] obtained from mature sows at a local
slaughterhouse using an RNeasy mini kit (Qiagen, Chatsworth,
CA, USA) and then treated with RNase-free DNase (Qiagen) to
remove DNA contamination.  All procedures were performed
according to the manufacturer’s protocols.

Expressed sequence tag (EST)-cloning and RNA ligase-
mediated rapid amplification of cDNA ends (RLM-RACE)

The amino acid sequences for human Netrin-1 (604 amino acids)
and p53RDL1 (945 amino acids) were queried in dbEST (NCBI)
using the TBLASTIN program to search for cDNA fragments for
pNetrin-1 and pp53RDL1.  Based on the EST cloning data, RLM-
RACE was performed using a GeneRacer kit (Invitrogen, Carlsbad,
CA, USA) to obtain the 5’- and 3’- ends of cDNA for pNetrin-1 and
pp53RDL1.  Briefly, total RNA was treated with calf intestinal
phosphatase (CIP) to remove the 5’-phosphates and eliminate trun-
cated mRNA and non-mRNA from subsequent ligation with a
GeneRacer RNA oligo (5’-CGA CUG GAG CAC GAG GAC
ACU GAC AUG GAC UGA AGG AGU AGA AA-3’).  The
dephosphorylated RNA was treated with tobacco acid pyrophos-
phatase (TAP) to remove the 5’-cap structure from the intact full-
length mRNA.  Removal of 5’-phosphate is required for ligation to
the GeneRacer RNA oligo.  The GeneRacer RNA oligo was ligated
to the 5’-end of the mRNA using T4 RNA ligase.  The ligated
mRNA was reverse transcribed by SuperScript III reverse tran-
scriptase and the GeneRacer oligo dT primer [5’-GCT GTC AAC
GAT ACG CTA CGT AAC GGC ATG ACA GTG (T)24-3’] to cre-
ate RACE-ready first-strand cDNA with known priming sites at the
5’- and 3’-ends.  To obtain the 5’-end, we conducted RACE-PCR
using a 3’-gene specific primer (3’-GSP: 5’-CCT TGC CGA AGG
CCG CGT TGA CAA AGT C-3’) and the GeneRacer 5’-primer
(5’-CGA CTG GAG CAC GAG GAC ACT GA-3’).  To obtain the
3’-end, we amplified the first-strand cDNA using a 5’-gene specific
primer (5’-GSP: 5’-TGG AAG TTC ACG GTG AAC ATC ATC
TCC G-3’) and the GeneRacer 3’-primer (5’-GGA CAC TGA CAT
GGA CTA AGG AGT A-3’).  All procedures were performed
according to the manufacturer’s instructions.

Reverse transcription-polymerase chain reaction (RT-PCR) 
analyses for pNetrin-1 and pp53RDL1

Total RNA was reverse-transcribed using a T-primed first-strand

kit (Amersham, Piscataway, NJ, USA) to synthesize cDNA.  To
determine the expression profiles of pNetrin-1 and pp53RDL1
mRNAs in various porcine tissues, PCR amplification was per-
formed as follows.  One μl (100 ng) of each cDNA mixture was
mixed with 45 μl of Platinum PCR SuperMix (Invitrogen) and 2 μl
(0.2 μM) of each primer (the forward and reverse primers for pNe-
trin-1 were 5’-CCG TCC AGA TCC ACA TCC TGA-3’ and 5’-
CAC TTG CAG GCG ATG TCC CG-3’, respectively, with an
expected PCR product size of 151 bp; those for pp53RDL were 5’-
GTC CAT CCG CCA GAA GAT ATG-3’ and 5’-GCC CATC
TCC TCC AAG GCA CT-3’, respectively, with an expected PCR
product size of 214 bp).  Glyceraldehyde dehydrogenase (GAPDH;
used as an intrinsic control) was amplified using the following
primers (forward primer, 5’-GGA CTC ATG ACC ACG GTC
CAT-3’, and reverse primer, 5’-TCA GAT CCA CAA CCG ACA
CGT-3’, with an expected PCR product size of 220 bp).  The mix-
ture was subjected to PCR in a thermal cycler (GeneAmp PCR-
2400; Applied Biosystems, Foster City, CA, USA).  The hot-start
PCR cycle for pp53RDL1, pNetrin-1 and GAPDH was as follows:
5 min at 94 C, followed by 40, 40 and 30 cycles of 30 sec at 94 C,
30 sec at 60 C and 30 sec at 72 C, and then a final extension period
of 5 min at 72 C.  Based on PCR kinetic analyses, each cycle in
each PCR was within the logarithmic amplification phase.  All pro-
cedures were performed according to the manufacturers’ protocols.
PCR products were electrophoresed in 2% agarose gels and stained
with SYBR Green I nucleic acid stain (Molecular Probes, Eugene,
OR, USA).  A ready-load 1-kb DNA ladder (Invitrogen) was used
as a molecular weight marker for electrophoresis.  After electro-
phoresis, the stained gels were recorded with a digital fluorescence-
recorder (LAS-1000; Fuji Film, Tokyo, Japan), and at the mRNA
level, the fluorescence intensity of each band of PCR product was
quantified using ImageGauge (Fuji Film) on a Macintosh com-
puter.  The relative abundance of specific mRNA was normalized
to the relative abundance of GAPDH mRNA and then the rate of
increase against granulosa cells was calculated.

Sequencing analyses for pNetrin-1 and pp53RDL1
RACE and PCR products were cloned into the pCR4-TOPO TA-

cloning vector (Invitrogen) and analyzed with an automatic DNA
sequencer (ABI-Prism 310; Applied Biosystems) according to the
manufacturer’s instructions.  Their sequence data have been depos-
ited in GenBank under the accession numbers DQ368597 and
DQ368598 (pNetrin-1 and pp53RDL1, respectively).  Homology-
based analyses were performed using FASTA.

Statistical analysis
All procedures, including isolation of follicles and preparation

of granulosa cells, were repeated three times with separate groups
(nine sows/group) for independent observation.  Before ANOVA,
homogeneity of variance was assessed using the StatView 4.5 soft-
ware (Abacus Concepts, Berkely, CA, USA) on a Macintosh
computer.  ANOVA was performed with Fisher’s least significant
differences test for biochemical data and the Wilcoxon’s signed-
rank test was performed for histological estimation using the Stat-
View 4.5 software.  Differences with P<0.05 were considered
significant.
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Results and Discussion

Cloning of pNetrin-1 and pp53RDL1 cDNA
We first cloned partial sequences for pNetrin-1 and pp53RDL1

from dbEST (NCBI) based on an alignment analysis of the human
pNetrin-1 and pp53RDL1 amino acid sequences, respectively.  We
found 672- and 772-bp porcine EST clones (GenBank accession
numbers: CF366279 and CN157070) for Netrin-1 and 724- and
830-bp porcine EST clones (GenBank accession numbers:
CN155347 and CK464221) for p53RDL1 in dbEST.  These por-
cine EST clones had 98 and 97% (CF366279 and CN157070) and
90 and 96% (CN155347 and CK464221) homology with the amino
acid sequences common to human Netrin-1 and p53RDL1, respec-
tively, suggesting that they are partial sequences of pNetrin-1 and
pp53RDL1.  The porcine EST clones for pp53RDL1 contained a
start and stop codon.  We then designed 5’- and 3’-gene specific
primers based on the sequences of the porcine EST clones for
Netrin-1 and performed RACE.  We obtained 5’-RACE products
for Netrin-1 (approximately 550 bp) and 3’-RACE product for
pNetrin-1 (approximately 450 bp).  The 550-bp 5’-RACE product
contained a start codon for pNetrin-1.  On the other hand, the 450-
bp 3’-RACE product contained a stop codon for pNetrin-1.  We
confirmed that the open reading frame for pNetrin-1 consisted of
1,803 bp (600 aa) and that the open reading frame for pp53RDL1
consisted of 2,838 bp (945-aa; Fig. 1A and B, respectively).

Comparison of Netrin-1 and p53RDL1 among mammalian 
species

The entire amino acid sequence for pNetrin-1 (Fig. 1A) had 98
and 97% identity with human and murine Netrin-1, respectively
(Table 1).  The entire amino acid sequence for pp53RDL1 (Fig. 1B)
had 94 and 91% identity with human and murine p53RDL1,
respectively.  Porcine p53RDL1 contained one DD (864-943, 80-
aa).  When we focused on the protein sequence for the DD of
pp53RDL1, higher identity was noted.  The entire amino acid
sequence for the DD of p53RDL1 had 96 and 95% identity with the
DDs of human and murine p53RDL1, respectively.  These results
imply that the major function of p53RDL1 protein is conserved
between mammalian homologues; that is, the DD of pp53RDL1
interacts with the DD of pro-apoptotic factors [6] and such DD to
DD interaction may induce apoptosis.  Based on these findings, we
presume that pp53RDL1 has a similar function to human and
murine p53RDL1 and that p53RDL1 can mediate p53-dependent
apoptosis in porcine cells [8].

Tissue distribution of pNetrin-1 and pp53RDL1 mRNAs
We confirmed the expression patterns of pNetrin-1 and

pp53RDL1 mRNAs in various porcine tissues (cerebellum, cere-
brum, colon, heart, kidney, liver, lung, small intestine, spleen,
stomach, testis and thymus) by RT-PCR.  Both pNetrin-1 and
pp53RDL1 mRNAs were detected in all tissues examined (Fig.
2A).  In comparison with the levels of pp53RDL1 mRNA in granu-
sosa cells prepared from healthy follicles, higher levels were
observed in the cerebellum, cerebrum, colon, heart, kidney, lung,
stomach and testis, and lower levels were found in the liver, small
intestine, spleen and thymus (Fig. 2B).  Higher levels of Netrin-1

mRNA were observed in the cerebellum, cerebrum, colon, heart,
kidney, liver, lung and spleen, and lower levels were noted in the
small intestine, stomach, testis and thymus (Fig. 2B).  Interestingly,
the ratio of pNetrin-1 and pp53RDL1 mRNA levels differed among
tissues.  For example, high ratios were noted in the spleen and liver
(4.09 and 2.50, respectively), and low ratios were observed in the
lung, stomach and testis (0.64, 0.59 and 0.37, respectively), sug-
gesting that the physiological functions of pNetrin-1 and
pp53RDL1 may be different in each porcine tissue.

Changes in the expression of pNetrin-1 and pp53RDL1 
mRNAs during follicular atresia

Both pNetrin-1 and pp53RDL1 mRNAs were detected in iso-
lated granulosa cells from healthy, early atretic and progressed
atretic follicles (Fig. 3A).  The expression levels of these mRNAs
were found to be stable during follicular atresia (Fig. 3B).

Our recent studies have suggested that proliferation and apopto-
sis in follicular granulosa cells are regulated by tumor necrosis
factor receptor (TNFR) family members (Fas/Apo-1/CD95, TNFRs
and TNF-related apoptosis-inducing ligand [TRAIL] receptors)
[18, 25–39].  In type I apoptotic cells, the cell death receptor-medi-
ated apoptosis signal directly activates effector caspases (e.g.,
procaspase-3), and consequently apoptosis occurs [15, 16, 41–43].
Type II apoptotic cells have the following intracellular mitochon-
drion-dependent apoptosis-signaling pathway: after auto-
proteolytic cleavage of procaspase-8 (caspase-8 activation), the
activated caspase-8 cleaves Bid.  The truncated Bid induces release
of cytochrome c from mitochondria.  Cytochrome c and ATP-
dependent oligomerization of apoptotic protease-activating factor-
1 (Apaf-1) allow for recruitment of procaspase-9 (apoptosome
complex formation).  Activation of procaspase-9 is mediated by
means of a conformational change.  The activated caspase-9
cleaves the downstream procaspase-3, and apoptosis is induced
[15, 16, 41–43].  We previously showed that the porcine granulosa
cell is a type II apoptotic cell [30].  Apoptosis is inhibited in the
granulosa cells of healthy growing follicles, but occurs in the gran-
ulosa cells of atretic follicles [19, 44].  In the present study, to
examine whether or not Netrin-1 and p53RDL1, which are regu-
lated by activated caspase-3 and act as pro-apoptotic and/or anti-
apoptotic/pro-survival factors, are involved in induction of apopto-
sis in porcine granulosa cells, we performed molecular cloning of
porcine Netrin-1 and p53RDL1.  This is the first report concerning
isolation and sequencing of porcine homologues of Netrin-1 and
p53RDL1.  We also assessed the changes in expression of their
mRNAs in granulosa cells during follicular atresia.  We demon-
strated stable expression of these mRNAs in follicular granulosa
cells.  When Netrin-1 binds to its receptor, p53RDL1, the activated
caspase-3 cannot attach to p53RDL1, and so apoptotic signaling is
interrupted [6, 9].  Thus, Netrin-1 is considered to be an apoptosis
inhibitory ligand [10].  This cell death ligand and its receptor exist
in porcine granulosa cells and likely affect regulation of apoptosis.
We do not have enough information about this ligand-receptor sys-
tem.  Further examination is necessary to reveal precise mechanism
of interaction among the activated caspase-3 and p53RDL1 in por-
cine granulosa cells.
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Fig. 1. Comparison of the porcine (Po-), human (Hu-)
and murine (Mu-) Netrin-1 and p53RDL1 amino
acid (aa) sequences.  (A) Porcine p53RDL1
consists of 945 aa and contains a death domain
(DD).  White letters in black boxes and black
letters in gray boxes indicate conservation
among three and two species, respectively.  (B)
Porcine Netrin-1 consists of 600 aa.  White
letters in black boxes and black letters in gray
boxes indicate conservation among three and
two species, respectively.
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