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Summary

In this investigation, 22 cloned male piglets were obtained by male fetal fibroblast-cell-derived nuclear
transfer. Eighteen of the cloned animals died. The two cell lines did not differ significantly with regard to
efficiency of live piglet production. The gross anatomy of the testes of male piglets that died was normal.
However, one piglet displayed Leydig cell hypoplasia (LCH). No anatomical defects were detected in
the testes of other cloned male piglets. TUNEL analysis of the testis with LCH revealed significant
apoptosis in the Leydig cells, while apoptosis was rarely detected in Sertoli cells and spermatogonia. In
contrast, testes from the remaining 17 piglets that died appeared normal in size, and their Sertoli and
Leydig cell numbers were comparable to those in control piglet testes. Although cloned piglets were
derived from fibroblasts obtained from the same fetus, phenotypic instability between cells used for the
production of somatic cell cloned piglets suggests that abnormalities in male cloned piglets are caused
not by technical problems and/or reprogramming effects, but rather by epigenetically and/or genetically
damaged cell-specific effects.
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Introduction

Somatic cell cloning has been successfully achieved
using both adult and fetal cells (Wilmut et al., 1997;
Wells et al., 1997; Wakayama et al., 1998; Cibelli et al.,
1998; Renard et al., 1999). Cloning is clearly of great
benefit to commerce and conservation, given its pot-
ential applications in agriculture, animal and human
medicine, and the propagation of rare animal species
(Wall et al., 1997; Wilmut et al., 1998; Stice et al., 1998).
Approximately 60–70% of mouse embryos generated
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by somatic cell nuclear transfer (scNT) survive to the
blastocyst stage, in contrast to only 10–20% of embryos
produced by embryonic stem cell NT (Wakayama et al.,
1999). This is possibly mainly due to the fact that
most somatic cells are in the G0 phase of the cell
cycle, whereas most embryonic stem cells are in
the S phase. Interestingly, embryonic stem cell NT
embryos that reach the blastocyst stage have a 10-
to 20-fold higher probability of developing to birth,
compared with those derived from scNT (Renard et al.,
1999, Wakayama et al., 1999; Hochedlinger & Jaenisch,
2002). However, a major limitation in current cloning
procedures is inefficiency, since healthy offspring are
generated at an extremely low frequency (Cibelli et al.,
2002; Wilmut, 2002; Dinnyes et al., 2002).

Cloning creates phenotypic variations that are
independent of genetic background. In other words,
the expression of specific traits in some, but not all
clones is affected (Ogura et al., 2002; Humpherys et al.,
2002; Wilmut et al., 2002; Archer et al., 2003; Shi et al.,
2003; Dean et al., 1998). Moreover, neonatal death
occurs frequently in somatic cell cloning due to
a variety of afflictions, including fetal overgrowth,
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placental malformations and a deficient immune
system (Wakayama et al., 1998; Renard et al., 1999;
McCreath et al., 2000).

Leydig cell hypoplasia (LCH) is a rare form of
male pseudohermaphroditism with an autosomal
recessive pattern of inheritance (Toledo et al., 1985;
Schwartz et al., 1981; Martinez-Mora et al., 1991; Perez-
Palacios et al., 1981; Lee et al., 1982). This gene defect in
LCH was initially identified by Kremer et al. (1995). To
date, a number of different LHR gene mutations have
been highlighted in patients with LCH (Latronico et al.,
1996; Toledo, 1992; Laue et al., 1996; Misrahi et al.,
1997). These include missense and nonsense substi-
tutions, and small and large deletions and insertions,
all leading to a completely or partially inactive re-
ceptor molecule.

Developmental failure of scNT is due to an
inability to reprogramme the epigenetic profile of
the genetic donor nucleus to that of a normal
zygotic nucleus (Dean et al., 2003; Carlson et al., 1992).
Previous studies report that high methylation in
sperm-derived sequences is rapidly demethylated
in zygotes only hours after fertilization, whereas
oocyte-derived maternal alleles are unaffected by
this reprogramming (Dean et al., 2003). These alleles
remain in the methylated status after fertilization,
or become further methylated de novo. Based on
this report, it is hypothesized that male somatic-
cell-derived sequences are exposed to putative active
demethylases in the oocytic cytoplasm, while female
somatic-cell-derived sequences are protected from
this reaction. Although the biological significance of
genome-wide demethylation during preimplantation
embryo development remains unclear, different types
of epigenetic reprogramming may trigger distinct
chemical reactions for embryo growth via subtle
cascades of gene and protein activity that are blunted
during cloning (Dean et al., 2003; Reik & Walter, 2001).
Recently, we reported the successful cloning of female
piglets using scNT (Yin et al., 2003). In the present
study, we examine the developmental abilities of
reconstructed male embryos. We report the generation
of 22 live piglets using NT with two male fibroblast cell
lines. Of the 18 piglets that died, one displayed LCH.

Materials and methods

Isolation and culture of porcine somatic cells

Two male cell lines were obtained from F1 fetuses
derived from two different dams (Yorkshire) that
were inseminated by the same sire (Landrace). Cells
were cultured in Dulbecco’s modified Eagle medium
(DMEM) supplemented with 10% fetal bovine serum
(FBS) under 5% CO2 in air at 37 ◦C. After they had

reached confluence, cells were passaged. Donor cells
were employed for NT between passages 8 and 15
within 3 days after reaching confluence.

In vitro maturation of oocytes

Ovaries were collected from prepubertal gilts at a
local slaughterhouse and transported to the laboratory
at 25–35 ◦C. Antral follicles (2–6 mm in diameter)
were aspirated with an 18-gauge needle. Aspirated
oocytes with an evenly granulated cytoplasm and
surrounded by at least three uniform layers of compact
cumulus cells were selected and washed three times
in TL-Hepes with 0.1% polyvinyl alcohol (PVA).
Oocytes were cultured in four-well plates containing
NCSU-23 medium (500 µl/well) supplemented with
10% porcine follicular fluid, 0.6 mmol/l cysteine,
1 mmol/l dibutyryl cyclic adenosine monophosphate
(dbcAMP, Sigma), and 0.1 IU/ml human menopausal
gonadotropin (hMG, Teikokuzoki, Tokyo, Japan) for
20 h. Oocytes were further cultured without dbcAMP
and hMG for another 18–24 h, as reported previously
(Yin et al., 2003).

Nuclear transfer

NT was performed as reported previously (Yin et al.,
2003). Briefly, matured eggs with a first polar body were
cultured in medium supplemented with 0.05 mol/l
sucrose for 1 h. Sucrose was used to enlarge the
perivitelline space of eggs. Treated eggs were moved to
medium supplemented with 5 mg/ml cytochalasin B,
and metaphase II oocytes were enucleated 40–42 h
after maturation using a bevelled 30 µm diameter
glass pipette. A single donor cell (pFF1 or PFF2) was
injected into the perivitelline space of each enucleated
egg. Groups of oocytes were fused and activated
with two direct current pulses of 150 V/mm for 50 µs
in 0.28 mol/l mannitol supplemented with 0.1 mM
MgSO4, 100 µM CaCl2 and 0.01% PVA (Sigma) using
a BTX Electrocell Manipulator 200 (BTX, San Diego,
CA). Eggs that were simultaneously activated and
fused using pFF1 or pFF2 donor cells were cultured
in medium for 6 days in an atmosphere of 5% CO2
and 95% air at 39 ◦C, or for 2 days followed by transfer
into the oviducts of recipient gilts. In the latter case,
embryos were either harvested 4 days after transfer or
allowed to develop to term.

Chromosome analysis

All chromosome analytic procedures have been
described previously (Clouston et al., 2002). In brief,
somatic-cell-derived NT blastocysts were synchron-
ized by overnight incubation in medium supplemented
with thymidine at a final concentration of 0.5 mg/ml.
Embryos were transferred the following morning to
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fresh medium for 2 h before the addition of colcemid
at a final concentration of 0.1 µg/ml for the last 5–6 h of
culture. Blastocysts were placed in a hypotonic solution
for 10 min at room temperature, and embryos were
gradually fixed by slowly adding an equal volume of
3:1 methanol:acetic acid fixative. After 5 min, embryos
were transferred to a fresh dish of 3:1 fixative for at least
20 min. Next, embryos were individually transferred to
a 3:3:1 methanol:acetic acid:water solution for 1–2 min
before disaggregation of cells in a small volume of 70%
acetic acid on a polylysine-coated microscope slide.
Slides were left on a warm surface, and chromosomes
were examined by microscopy.

Genomic DNA isolation, bisulfite treatment, PCR
amplification and restriction analysis

All procedures, satellite region primer and PRE-1
primer sequences have been described previously
(Dean et al., 2001). In brief, male and female somatic-
cell-derived NT blastocysts were obtained by in vitro
or in vivo culture, and subjected to PCR analysis.
Band intensities were calculated using a Tina 20 image
analyser.

Embryo transfer, pregnancy determination and
microsatellite analysis

Gilts (Duroc × Yorkshire) at least 8 months old were
used as recipients. Estrus synchronization of recipients
was carried out as reported previously (Yin et al.,
2003). Somatic cell NT embryos were surgically
transferred into oviducts of synchronized recipients.
The pregnancy status of recipients was determined by
ultrasound between days 30 and 35. For parentage
analysis, DNA was extracted from ear punches or
tail clippings of both recipients and newborn piglets,
respectively, as well as donor cells. Six porcine DNA
microsatellite markers (SWR1120, SWR308, SW66,
SW1311, SW1327 and SW936) were used to confirm
that the genetic identity of the cloned piglets was that
of the donor cells used for NT.

TUNEL assay

All TUNEL (TdT-mediated dUTP-X Nicked End
Labelling) procedures were performed according to the
instructions of the manufacturer of the in situ Cell Death
Detection Kit (TMR red; Roche, Mannheim, Germany).
Pig testes were fixed in 4% (w/v) paraformaldehyde
in 0.01 M phosphate-buffered saline (PBS; pH 7.4).
Organs were washed in PBS and dehydrated in
ethanol (70 %, 90% and 100 %) before embedding
in paraffin wax. Testicular sections (5 µm) were
rehydrated (xylene 5 min; ethanol 100 %, 95 %, 70%
2 min each) and washed in distilled water, prior to
TUNEL staining. Sections were incubated for 15 min

with 20 µg/ml proteinase K at room temperature.
After washing with PBS (×1), endogenous peroxidase
activity was blocked with 2% H2O2 for 5 min. Sections
were washed three times with PBS (×1) and incubated
for 60 min at 37 ◦C in a moist chamber with the TUNEL
mix (0.3 U/µl calf thymus terminal deoxynucleotidyl
transferase, 0.007 nmol/µl biotin dUTP, 1 mM cobalt
chloride in 1× reaction buffer in distilled water). After
washing (four PBS baths of 5 min each at RT), sections
were saturated for 10 min in 2% bovine serum albumin
(BSA) at RT. This was followed by incubation for
30 min at 37 ◦C in a moist chamber with Extra Avidin
peroxidase antibody (1:20 dilution). After three washes
in PBS, detection was performed with DAB (1.24 mg
DAB, 25 µl of 3% NiCl2, 152 µl of 1 M Tris-HCl (pH 7.5)
in 2 ml distilled water). Slides were mounted in Crystal
Mount (Biomeda, Foster City, CA).

Results

We established two fibroblast cell lines from two
male fetuses derived from different dams of the
same strain but sharing the same sire. The effects of
the donor cells on the ability of scNT embryos to
develop to the blastocyst stage after 6 days of in vitro
culture were evaluated, and results were analysed
statistically. Table 1 shows the numbers of blastocysts
that developed when the two types of fibroblast-
derived cells (pFF1 and pFF2) were used as donors for
NT. Blastocyst formation rates during in vitro culture
were similar to those of the in vivo cultured scNT
group, whereas slightly fewer scNT blastocysts were
recovered after in vivo culture, and had many more cells

Table 1 Development of porcine scNT embryos constructed
using male fetal fibroblasts

No. of No. No. of Cell numbers
Culture oocytes cleaved blastocysts of blastocysts
type fused (r) (%) (%) (range)

In vivo 230∗ – 27 (12)†b 99.2 ± 55.7
(47–160)c

In vitro pFF1 132 (4) 100 (76)a 19 (14)b 33.2 ± 10.21
(19–52)d

pFF2 150 (3) 112 (75)a 18 (16)b 33.8 ± 9.48
(17–54)d

r, replication (p < 0.05)
∗No. of embryos transferred into recipients. For in vivo
experiments, PFF1 were used as donor cells.
†No. of embryos recovered from the uterus of recipients at
4 days after embryo transfer.
a−dRows with different superscripts within a column differ
(p < 0.05).
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Figure 1 Representative scNT blastocysts derived from in vivo cultured (B) and in vitro cultured scNT embryos (A). In vivo
cultured scNT blastocysts (B’) display a higher cell number and more homogeneous cell morphology than in vitro cultured
scNT blastocysts (A’). The arrowheads indicate a heterogeneous cell population in scNT blastocysts.

on average, compared with the in vitro culture regimen
(Table 1). This finding signifies the effectiveness of the
culture system. Representatives of the scNT blastocysts
cultured in vivo and in vitro are shown in Fig. 1. In vivo-
derived scNT blastocysts divided equally well and bore
a slightly larger number of cells, compared to in vitro
cultured scNT blastocysts.

To evaluate the quality of scNT embryos that
developed into blastocysts, we compared the chromo-
some number and methylation patterns of at least
20 NT blastocysts. As shown in Fig. 2, IVF-derived
and in vitro cultured scNT blastocysts displayed
higher methylation patterns (84.5 ± 1.69 vs 66.0 ± 3.11)
compared with in vivo cultured scNT blastocysts
(20.3 ± 12.44) (Fig. 2), implying that epigenetic re-
programming of cloned embryos is very sensitive
to culture conditions. In contrast to the methylation
patterns, chromosome numbers of scNT and IVF
embryos were similar (Table 2).

Next, we compared the efficacy of cloning piglets
by using the two male-derived fibroblasts as donor
cells (Table 3). scNT eggs at the 1- to 4-cell stages
were surgically transferred into oviducts of 25 recipient
gilts. The pregnancies of the recipients were terminated

approximately 118 days later. Using the pFF1 and pFF2
donor cell lines, cloned male piglets were produced
with an average success rate of one clone out of
every 215 and 220 attempts, respectively. The average
birth weight of cloned piglets was 0.84 ± 0.25 kg (0.45–
1.25 kg) for the pFF1 donor cell line, and 0.83 ± 0.35 kg
(0.58–1.08 kg) for the pFF2 donor cell line. Parentage
analysis using five porcine DNA microsatellite (MS)
markers (SWR1120, SWR308, SW66, SW1311 and
SW1327) was performed on DNA obtained from tail
clippings or ear punches of scNT piglets and surrogate
recipients to confirm that the genetic identity of the
piglets was that of the donor cell line used (Fig. 3)

Out of the 22 somatic cloned piglets born, 18 died
within 1 week of birth. One piglet displayed LCH.
A TUNEL assay of this sample revealed increased
apoptosis in Leydig cells, but little apoptosis in Sertoli
cells and spermatogonia (Fig. 4). In contrast, testes
from the remaining 17 dead cloned piglets appeared
normal in terms of size and shape. Moreover, testicular
somatic cell numbers in the 17 piglets were not
significantly affected. While in vitro cultured scNT and
IVF blastocysts displayed slightly variable fluctuating
methylation patterns, those of scNT piglets produced
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Figure 2 Comparison of the methylation status of PRE-1
sequences in scNT and IVF blastocysts. Methylation profiles
of CpG dinucleotides of PRE-SINE sequences in IVF-derived
blastocysts (A), in vitro cultured scNT blastocyst (B) and
in vivo cultured scNT blastocyst (C). Open and filled circles
indicate unmethylated and methylated CpGs, respectively.
Specific CpG sites are absent from the PRE-SINE sequences in
some clones due to mutations in particular copies. Numbers
in parentheses indicate the proportion of methylated CpG
sites relative to all the CpG sites counted. (D) Data from
(A), (B) and (C) are presented as mean ± SEM. a,bRows with
different superscripts within a column differ (p < 0.0033).

Table 2 Chromosomal analysis of porcine embryos
produced by nuclear transfer

No. of No. of embryos (%)
blastocysts

investigated Haploid Diploid Others∗

IVF 17 0 9 (53) 8 (47)
scNT 17 0 11 (65) 6 (35)

∗Others includes embryos with unidentified and mixed
multiple chromosomes.

by two different cells, pFF1 and pFF2, were not
significantly different (Fig. 3).

Discussion

This is the first report to identify LCH in somatic
cell cloned animals. Here we describe the birth of

Table 3 Efficacy of male clone production after transfer of
cloned embryos

No. of No. of
Cell embryos No. of preg- No. of Efficiency
types transferred recipients nancies piglets per embryo

pFF1 4302 23 5 (22) 20∗ 1/215
pFF2 440 2 2 (100) 2† 1/220

∗Seventeen of 20 piglets died either due to one specific factor
(crushing to death (1), meningitis (1) and diarrhoea (1)) or
multiple risk factors (meningitis and congestion (1);
meningitis and leg abnormalities (3); meningitis, congestion
and leg abnormality (1); stillbirth, congestion and leg
abnormality (1); stillbirth, short face and Leydig cell
hypoplasia (1)) and unknown factors (7).
†One of the two piglets died due to meningitis and leg
abnormalities.

22 live piglets cloned by NT using cultured male
fetal fibroblasts. Of these, 18 died within 1 week. The
remaining four cloned piglets, which are currently
8 months old, appear quite healthy. All piglets had low
birth weights. Although the gross anatomy of the testes
of cloned male piglets was normal, one exhibited LCH.
No other anatomical defects were detected in the testes
of the other cloned male piglets.

LCH in humans is induced by a mutation in the
luteinizing hormone (LH) receptor gene that blocks the
ability of fetal Leydig cells to respond to placental hCG
(Latronico et al., 1996). This results in inappropriate
fetal androgen production. Consequently, Leydig cells
do not mature into adult type cells at puberty,
and fail to generate sufficient androgens for normal
secondary sex differentiation. This imbalance in steroid
hormone production affects spermatogenesis and
spermiogenesis, ultimately resulting in male infertility.
To identify LH gene mutations, genomic DNA was
extracted from LCH piglet tissues and exons 1 to 11,
and the adjacent exon–intron boundaries of the LH
receptor gene, were amplified by PCR. A comparison of
the sequence with that of a control pig LH receptor gene
disclosed no point mutations or deletions (data not
shown). This finding suggests that LCH in the cloned
piglet arises from a molecular mechanism distinct from
that inducing LCH in humans.

The differences between relatively high blastocyst
development in vitro or in vivo and the low pregnancy
rate achieved after embryo transfer suggest that some
scNT blastocysts fail to develop further within the
uterus. In this investigation, a success rate of one
male clone out of every 214 attempts was achieved
(Table 3). Inappropriate genome-wide methylation
in early events of preimplantation scNT embryos
may influence embryonic survival during gestation
(Dean et al., 2001, 2003; Carlson et al., 1992; Reik &
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Figure 3 Microsatellite analysis of cloned male piglets. (A) scNT piglets. (B) Methylation patterns were measured by TaqI
digestion of radiolabelled products amplified from bisulfate-treated genomic DNA. Each lane shows either intact (crosses) or
TaqI-digested DNA bands (circles). Although the bands are stronger in pFF1-cell-derived male scNT piglets compared with
pFF2-cell-derived male scNT piglets, no significant differences in the methylation profiles of CpG dinucleotides of PRE-SINE
sequences were detected. (C) Data obtained using the microsatellite marker, SW1120. Microsatellite alleles of NT-derived piglets
(lines 1–12) derived from donor cells (D) were compared with those of recipient sows (R37, R40, R43 and R47). R indicates
recipients.

Walter, 2001). Moreover, this observation may be true
across species. Accordingly, we analysed whether
in vivo cultured scNT embryos experience different
degrees of methylation compared with in vitro cultured
scNT embryos. Interestingly, methylation patterns
of in vivo cultured scNT embryos (n = 27) were
considerably different from those of in vitro cultured
scNT (n = 30) and IVF blastocysts (n = 29) (Fig. 2).
This finding suggests that different culture conditions
lead to incomplete nuclear reprogramming and result
in developmental failure of cloned embryos. The

development of cloned embryos can be improved
due to partial repair of incomplete reprogramming
by treatment with exogenous compounds such
as dimethylsulfoxide (DMSO; Chung et al., 2003).
However, this does not imply that DMSO treatment
increases cell numbers of cloned blastocysts. Our
data are inconsistent with a previous report showing
that pig scNT preimplantation embryos display lower
methylation levels (Kang et al., 2001). This discrepancy
may be due to the individual culture conditions or
activation methods used.
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Figure 4 Hypoplasia of Leydig cells in a male cloned piglet. Haematoxylin and eosin staining disclosed that a cloned male
piglet (B) has few Leydig cells in comparison with other age-matched somatic cell cloned piglets (A). TUNEL assay using the
testis of the male cloned piglet with LCH (B’) revealed intensive apoptosis, especially of Leydig cells, although Sertoli cells
displayed minor apoptosis (insert in B’). However, signals were not detected in the testes of control and other cloned male
piglets (A’). The green and yellow colours signify apoptosis of most somatic cells. S and L indicate Sertoli and Leydig cells,
respectively.

In vivo cultured scNT blastocysts divided equally
well and contained more cells than their in vitro count-
erparts (Fig. 1). Normally, embryo division is activated
by precise changes in calcium levels choreographed
by a chemical, oscillin, brought by the sperm into
the egg (Sasagawa et al., 1997). In vitro, the timings
of these changes may vary. As a result, in vitro
cultured scNT embryos develop into blastocysts with
heterogeneous cell morphology. Next, we examined the
in vivo and in vitro development of in vitro matured
porcine oocytes reconstructed by fusion with somatic
cells. While the cell numbers of in vitro cultured scNT
blastocysts in this study were relatively high, cell
numbers of in vitro cultured scNT blastocysts were
a third of those observed following in vivo transfer
(Table 1). This observation suggests that in vitro and
in vivo culture conditions result in different signals for

embryo growth and division that are blunted during
in vitro culture.

The mechanism by which the culture system induces
reprogramming of early embryos following scNT
remains unclear. Our data show that despite extensive
global methylation levels observed in cloned male
embryos, some develop to term. This finding suggests
that extensive genome-wide methylation in somatic
cell cloned pig embryos does not fully impair pig
embryogenesis, but reprogramming of scNT embryos
may be a critical factor. Therefore, we propose that the
reason for the poor quality of in vitro cultured scNT
porcine embryos lies with the culture system rather
than developmental defects caused by the technique
itself.

A previous study reported that phenotypic
instability in swine results from scNT (Archer et al.,
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2003). However, other groups have observed a few
problems (Bondioli et al., 2001; De Sousa et al., 2002;
Walker et al., 2002; Yin et al., 2002). Additionally, in
cattle, the donor cell type is responsible for some
of the abnormal phenotypes observed, as cells
derived from adults result in more abnormalities
(Heyman et al., 2002). In this study, 9 of the 22
somatic cell cloned male piglets exhibited phenotypic
instability (unpublished data). Our data imply that
male clones have more variation-susceptible traits than
expected for genetically identical animals, and that trait
variability associated with phenotypic abnormality
may be induced by damage to fetal fibroblasts used
as donor cells. However, the issue of whether donor
cell types cause multi-organ failure and sudden early
death in cloned males remains to be investigated.

Cloning creates variations independent of genetic
background. These procedures can affect specific
traits in some, but not all clones (Ogura et al.,
2002; Humpherys et al., 2002; Wilmut et al., 2002;
Archer et al., 2003; Shi et al., 2003; Dean et al., 1998).
The present data reflect sex and cell type differences,
even when donor cells are derived from the same
fetus. Many scientific researchers oppose the cloning
of human beings, primarily due to the high failure rate
and/or because the technology for analysing genetic
abnormalities used in routine prenatal diagnosis
cannot detect problems in epigenetic reprogramming
(Kang et al., 2001). Although various types of somatic
cells have been successfully employed to generate
somatic-cell-derived clones, our results confirm that
the safety and long-term adverse biological effects of
cloning require further investigation.
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