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in mammals. For a more detailed description, the reader is referred to other
excellent articles and reviews.

WHY DO ABNORMALITIES OCCUR?

The concept of “genomic reprogramming” is understood insotar as the phenomenon
exists, but little is really known about the underlying mechanisms. The reprogram-
ming mechanism in essence exists so that the genome of sperm and oocytes acting
as gametes can return to the status of the genome of the fertilized oocyte. Nuclear
transfer cloning technology attempts to utilize this mechanism. Thus, one would
expect problems to exist in direct reprogramming of the genome of somatic cells,
which of course are not germ cells. These often manifest as demethylation abnor-
malities in reconstructed embryos by nuclear transfer. One would further expect
these abnormalities to have long-term effects on abnormal gene expression and
phenotypes in cloned fetuses and individuals. Evidence is mounting that errors in
genomic reprogramming occur in nuclear transter cloning, but an understanding of
this phenomenon remains a long way off. In pursuing this understanding, research-
ers are not relying on mammalian oocytes, in which protein analysis can be difficult.
Rather, they are using frog oocytes, which have been historically used in nuclear
transter cloning studies, to provide much useful information.

ABNORMALITIES ASSOCIATED WITH SOMATIC
CELL NUCLEAR TRANSFER CLONING

Many reports have described abnormalities in cloned individuals. Although much
remains unknown, organization and classification of these abnormalities is impor-
tant to further our understanding of somatic cell nuclear transfer and to set the
direction for future research.

STAGES WHEN ABNORMALITIES DEVELOP

Stages of development when abnormalities occur can broadly be divided into the
pronuclear, embryonic gene activation (EGA), implantation, placentation, fetal,
perinatal, and postnatal periods. Major abnormalities at these stages generally
manifest as arrested or delayed development. During pronuclear formation, abnor-
malities in DNA demethylation, chromatin structure, and nuclear lamina remodel-
ing have been reported, but rarely do these lead to developmental arrest. In earlier
experiments with somatic cell cloning, many embryos arrested at the EGA stage,
but because of improvements in embryo manipulation technology, this is no
longer a problem. Most clone-specific abnormalities occur during the placenta-
tion, fetal, perinatal, or postnatal periods. For example, abnormal placentation in
mice, cattle, and sheep accounts for many deaths during the placentation—fetal
period (discussed later). However, pigs generally have no placental anomalies.
There are no reports (to the author’s knowledge) about cloned placentas in rats
and rabbits. Postnatal abnormalities are often influenced by genetic factors and

- 159 -



The Present Status of Somatic Cell Cloning 127

in¢lude obesity and immune dysfunction.?# Obesity has been reported only in
mice, whereas immune dysfunction has been found in mice, cattle, pigs, and
goats. This poses an interesting question on whether the immune dysfunction
may be due to some common underlying factor.

CLONE-SPECIFIC ABNORMALITIES

Somatic cell nuclear transfer cloning, like other reproductive engineering tech-
nology (e.g., in vitro fertilization, microinsemination) involves oocyte manipula-
tion and embryo in vitro culture. These procedures themselves have been reported
to cause abnormal expression of genes required for development. For example,
the “large offspring syndrome” seen in cattle and sheep, associated with decreased
expression of the imprinted gene IGF2R, is due to embryo in vitro culture, which
is used in both in vitro fertilization and cloning.” Genomic imprinting memory
in donor cells is basically maintained even after nuclear transfer,’ so if imprinting
memory in the donor cell is already abnormal, this will lead to abnormal gene
expression in the cloned embryo. Therefore, to further our understanding of
nuclear transfer cloning, one must carefully examine whether gene expression
and phenotypic abnormalities are indeed clone-specific.

Heteroplasmy (a mixture of different mitochondrial DNA in cells), although
rarely expressed phenotypically, is a clone-specific abnormality. In normal fertili-
zation, the sperm midpiece mitochondria are degraded in the oocyte by the
ubiquitin system, whereas in cloning, the donor cell mitochondria are transterred
to the embryo. When somatic cell cloning was first performed, donor cell mito-
chondria were not thought to be transmitted to cloned individuals due to the
overwhelming amount of oocyte mitochondria, but with improved DNA detection
methods, it is now clear that some, albeit a small amount, of mitochondria are
transmitted. Our laboratory has confirmed this phenomenon in mice. Of further
interest is what appears to be organ-specific distribution, with significant accumu-
lation of donor mitochondrial DNA in the liver.’

TypricaL OR VARIED ABNORMALITIES

Even though an abnormality is clone-specific, it may also be a “typical” or “varied”
abnormal finding. The most well-known typical abnormalities are those related to
placental morphology. In mice, there is expansion of the spongiotrophoblast layer,
which is derived from diploid trophoblast cells, leading to placentomegaly.® In
cattle, a reduction in size of the allantochorion leads to placental dysfunction.
Obesity is also a typical finding in cloned agouti mice (especially females).* These
placental anomaly and obesity phenotypes are not transmitted to offspring and
thus have been shown to be epigenetic.3 Varied abnormalities are typically associa-
ted with various gene expression levels. These can now be readily identified using
DNA arrays and have been discussed in many other reports. Telomere length
variations have been found among cloned individuals as well as in different organs
within the same individual. Even in cloned embryos, telomere length increases
during transition from a morula to blastocyst.'V Variations may also occur in
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subsequent stages of differentiation and development. Of interest is the normal
telomere length found in germ cells (spermatozoa).!!

What is the significance of these typical and varied abnormalities? Probably,
when the somatic cell genome is reprogrammed in the oocyte, some areas always
remain with errors, whereas other areas, at a certain rate, are accurately repro-
grammed. The combination of both types of abnormalities leads to a decreased
efficiency of somatic cell cloning. Interestingly, when a chimeric embryo is
produced from two cloned embryos, the birth rate improves significantly.!? This
finding suggests that the two embryos may act to compensate for any variations
in gene expression in the chimeric embryo. On the other hand, chimeras with
tetraploid embryos for placental rescue do not improve the production efficiency
of viable clones. Thus, developmental arrest of cloned embryos cannot be
explained by placental insufficiency alone (unpublished data).

Placental abnormalities, particularly in mice, are being investigated in detail
with respect to gene expression, DNA methylation, and histopathological features.
As mentioned previously, these are clone-specific and typical findings. It is hoped
that this will lead to a better understanding of somatic cell cloning. Most research
is currently being conducted on placenta at term, but future research to elucidate
underlying mechanisms is expected using placenta at earlier stages.

EFFECTS OF DONOR CELLS

Investigation of factors causing low birth rates and a high incidence of abnormali-
ties in cloning is not an easy task, but finding conditions leading to an improvement
in these parameters can provide important clues. Using mice with uniform genetic
and biological backgrounds can be effective in reaching these goals. We have
conducted large-scale studies using mouse cloning technology to examine the
effects of donor cell genetic background and cell type on cloning efficiency.
Statistical analysis of the data shows that the combination of genetic background
and cell type has a significant effect on production efficiency of viable clones.'?
With a combination of newborn Sertoli cells and (C57BL/6 « 129/Sv-ter) F1
genetic background, a constant birth rate of about 10% per embryo transfer was
demonstrated. In microinsemination using postmeiotic round spermatids (with the
same genome as spermatozoa), the birth rates are 10 to 25%. This suggests that
the genotype and donor combined genome may be almost normally reprogrammed
by nuclear transfer. Donor cells containing the 129 strain genome usually produce
favorable results, and establishment of embryonic stem (ES) cells from the
129 strain is also good, thus suggesting high genomic plasticity.

How does the degree of cell differentiation affect cloning efficiency? Currently,
the donor cells with the highest cloning efficiency in mice are embryonic stem
cells. The reason is probably that the Oct-3/4 gene, which is involved in main-
taining high pluripotency, is expressed in donor cells before nuclear transfer.'#
Oct-3/4 gene expression begins during the morula stage, and in ES cell clones,
no reprogramming is needed for gene activation. These findings in ES clones
also suggest that adult tissue-specific stem cells with pluripotency might also
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have high cloning efficiency. Therefore, our laboratory conducted a nuclear trans-
fer cloning study using hematopoietic stem cells and terminally differentiated
lymphocytes with the same genotype. Surprisingly, the results showed poor
development of the cloned embryos from hematopoietic stem cells, whereas good
results were obtained with cloned embryos from lymphocytes (unpublished data).
Thus, at least in nuclear transfer cloning, genomic plasticity does not seem to
correlate with the degree of cell differentiation.

FUTURE DIRECTIONS

Eight years have passed since the birth of the first somatic cell cloned sheep from
fetal fibroblasts. However, somatic cell cloning still faces continuing problems
of low efficiency rates and a high incidence of abnormalities. The key to solving
these problems is a better understanding of the mechanisms of germ cell develop-
ment. Of particular interest is why and how the genome of germ cells at fertili-
zation (or before and after) is normally reprogrammed. Future research, including
epigenetic and biochemical studies of germ cells and embryological studies by
nuclear transfer cloning, is expected to answer these questions.

CONCLUSIONS

Almost ten years have passed since the first animal was produced by somatic cell
nuclear transfer cloning. However, there have still been no decisive technological
breakthroughs, as evidenced by continuing low birth rates and a high incidence
of pathological abnormalities. The difficulty, of course, lies in using the genomic
reprogramming mechanism of germ cells in somatic cell genomes. Phenomeno-
logical explanation of the abnormalities observed in cloned animals derived from
somatic cell nuclear transfer is alone insufficient to resolve these problems. For
this technology to find wider application in industry and medicine, it is essential
that these abnormalities be classified and their clinical manifestations and inci-
dence be objectively evaluated. In this regard, careful investigation of clone-
specific and typical abnormalities (occurring with greater than chance probability)
is particularly important. Solutions to these problems require more than simply
improving the peripheral technology. Therefore, researchers in nuclear transfer
cloning must examine these phenomena at the molecular, gene expression, and
clinicopathological levels; select suitable models; and use objective evaluation
and statistical analysis.
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Ubiquitin C-Terminal Hydrolase L-1 Is Essential for the Early Apoptotic Wave
of Germinal Cells and for Sperm Quality Control During Spermatogenesis’
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ABSTRACT

Ubiquitination is required throughout all developmental stag-
es of mammalian spermatogenesis. Ubiquitin C-terminal hydro-
lase (UCH) L1 is thought to associate with monoubiquitin to
control ubiquitin levels. Previously, we found that UCHL1-de-
ficient testes of gad mice have reduced ubiquitin levels and are
resistant to cryptorchid stress-related injury. Here, we analyzed
the function of UCHL1 during the first round of spermatogenesis
and during sperm maturation, both of which are known to re-
quire ubiquitin-mediated proteolysis. Testicular germ cells in the
immature testes of gad mice were resistant to the early apop-
totic wave that occurs during the first round of spermatogenesis.

TUNEL staining and cell quantitation demonstrated decreased

germ cell apoptosis and increased numbers of premeiotic germ
cells in gad mice between Postnatal Days 7 and 14. Expression
of the apoptotic proteins TRP53, Bax, and caspase-3 was also
significantly lower in the immature testes of gad mice. In adult
gad mice, cauda epididymidis weight, sperm number in the ep-
ididymis, and sperm motility were reduced. Moreover, the num-
ber of defective spermatozoa was significantly increased; how-
ever, complete infertility was not detected. These data indicate
that UCHL1 is required for normal spermatogenesis and sperm
quality control and demonstrate the importance of UCHL1-de-
pendent apoptosis in spermatogonial cell and sperm maturation.

apoptosis, early apoptotic wave, epididymis, gad mouse, sperm,
spermatogenesis, sperm quality, testis, UCHL1

INTRODUCTION

Ubiquitin and ubiquitin-dependent proteolysis are in-
volved in a variety of cellular processes, such as cell cycle
progression, degradation of intracellular proteins, pro-
grammed cell death, and membrane receptor endocytosis
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[1-5]. In spermatogenesis, the ubiquitin-proteasome system
15 required for the degradation of numerous proteins
throughout the mitotic, meiotic, and postmeiotic develop-
mental phases [4, 6, 7]. Ubiquitin C-terminal hydrolases
(UCHs) control the cellular ubiquitin balance by releasing
ubiquitin from tandemly conjugated ubiquitin monomers
(Ubb, Ubc) and small adducts or unfolded polypeptides [4,
8-10]. UCHL]1 is expressed at high levels in both testis and
epididymis and may play an important role in the regulation
of spermatogenesis [11-14]. In addition to its hydrolase
activity [15], UCHLI has a variety of functions, including
dimerization-dependent ubiquityl ligase activity, and asso-
ciation with and stabilization of monoubiquitin in neuronal
cells [16-18]. Furthermore, it has been suggested that
UCHL1 also functions as a regulator of apoptosis [19]. The
gracile axonal dystrophy (gad) mouse is an autosomal re-
cessive spontaneous mutant carrying an intragenic deletion
of the gene encoding Uchil [21]. We recently found that
testes of gad mice, which lack UCHL] expression [18, 20,
21], have reduced ubiquitin levels and are resistant to crypt-
orchid injury-mediated germ cell apoptosis {22].

During prepubertal development, an early and massive
wave of germinal cell apoptosis occurs in mouse testis [23,
24]. This early germ cell apoptotic wave affects mainly
spermatogonia and spermatocytes and appears to be essen-
tial for functional spermatogenesis in adulthood. Decreased
apoptosis has been reported in the ecarly phase of sper-
matogenesis in fransgenic mice overexpressing the antia-
poptotic proteins Bcl2 or Bel-xL [23, 25] and in mice de-
ficient in the apoptotic protein Bax [26]. This reduction in
apoptosis is associated with the disruption of normal sper-
matogenesis and infertility. Our previous work demonstrat-
ed that gad mice exhibit pathological changes such as pro-
gressively decreasing spermatogonial stem cell proliferation
[13] and increased expression of the antiapoptotic proteins
Bcl2 and Bel-xL in response to apoptotic stress {19, 22].
Furthermore, we showed that UCHL1 functions during pre-
pubertal development to effect normal spermatogenesis and
to modulates germ cell apoptosis [22]. However, the mech-
anism by which UCHLI1 regulates apoptosis during pre-
pubertal development remains unclear. To further investi-
gate the role of UCHLI1 in immature testes, we evaluated
the function of UCHL1 during early spermatogenesis. Here,
we show that immature testes of gad mice accumulate pre-
meiotic germ cells and are resistant to the massive wave of
germinal cell apoptosis during the first round of spermato-
genesis, eventually leading to alterations in sperm produc-



