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UCLEAR CLONING, ALSO REFERRED TO AS NUCLEAR TRANSFER OR

nuclear transplantation, denotes the introduction of a nucleus from an adult

donor cell into an enucleated oocyte to generate a cloned embryo. When
transferred to the uterus of a female recipient, this embryo has the potential to grow into
an infant thatis a clone of the adult donor cell, a process termed “reproductive cloning.”
However, when explanted in culture, this embryo can give rise to embryonic stem cells
that have the potential to become any or almost any type of cell present in the adult
body. Because embryonic stem cells derived by nuclear transfer are genetically identical
to the donor and thus potentially useful for therapeutic applications, this process is
called “nuclear transplantation therapy” or “therapeutic cloning.” Therapeutic cloning
might substantially improve the treatment of neurodegenerative diseases, blood dis-
orders, or diabetes, since therapy for these diseases is currently limited by the availability
or immunocompatibility of tissue transplants. Indeed, experiments in animals have
shown that nuclear cloning combined with gene and cell therapy represents a valid
strategy for treating genetic disorders.

Reproductive cloning is an inefficient and error-prone process that results in the
failure of most clones during development. For a donor nucleus to support develop-
ment, it must properly activate genes important for early embryonic development and
suppress differentiation-associated genes that were transcribed in the original donor
cell. Inadequate “reprogramming” of the donor nucleus is thought to be the principal
reason for the developmental loss of most clones. In contrast, reprogramming errors
do notappear to interfere with therapeutic cloning, because the process appears to select
for functional cells.

Recent advances in the field of nuclear cloning allow four major conclusions to be
drawn. First, most clones die early in gestation, and only a few survive to birth or beyond.
Second, cloned animals have common abnormalities regardless of the type of donor cell
or the species used, and third, these abnormalities correlate with aberrant gene expres-
sion, which mostlikely results from faulty genomic reprogramming. Fourth, the efficien-
cy of cloning depends on the state of differentiation of the donor cell. In this article, we
will summarize recent results from our laboratory and those of others and review poten-
tial therapeutic applications of the nuclear-cloning technology.

THE STATE OF THE ART OF NUCLEAR CLONING

COMMON ABNORMALITIES IN CLONED ANIMALS
Most cloned embryos die soon after implantation.1-3 Those that live to birth often have
common abnormalities irrespective of the type of donor cell used (Table 1). For instance,
newborn clones are frequently unusually large and have an enlarged placenta (the large-
offspring syndrome).2:7,10,14-17 Moreover, neonate clones often have respiratory dis-
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Table 1. Characteristics of Cloned Mice.*
Phenotype
Type of Donor Cell Developmental Characteristic of Clones References
Zygote Blastocyst Blastocyst into
into into Embryonic
Blastocyst Mouse Stem Cells
percentage of clones
BorT cells 4 07 7 Not analyzed Hochedlinger and Jaenisch® and
unpublished data
Fibroblasts 40-60 1 3-6 Abnormali  Wakayama et al.¢ and Wakayama and
Yanagimachi?
Cumulus cells 40-70 1-3 10-14 Abnormali  Wakayama et al.¢8 and Munsie et al.?
Blastomeres or embryonic ~ 10-15 10-30  Notanalyzed Abnormali  Eggan etal.,’© Rideout et al.,** and
stem cells Cheong et al.12
Zygote pronuclei 90-100  20-40 30-60 Normal McGrath and Solter'2 and unpub-
lished data

* Shown is a comparison of preimplantation (“zygote into blastocyst”) and postimplantation (“blastocyst into mouse”)
development of clones derived from different donor cells. The use of embryonic cells (blastomere cells and embryonic
stem cells) leads to a higher rate of postimplantation development of cloned embryos than does the use of adult donor
cells (fibroblasts and cumulus cells). Therapeutic cloning (“blastocyst into embryonic stem cells”) is more efficient than
reproductive cloning (“blastocyst into mouse”). Regardless of the type of donor cell used, cloned animals have common

abnormalities.

been generated by a modified, two-step cloning procedure.s

and brain.

" No live cloned mice have been derived from lymphocytes by direct embryo transfer.4 However, monoclonal mice have

: Abnormalities include an unusually large fetus and placenta, respiratory distress, and defects of the kidneys, liver, heart,

tress and defects of the kidneys, liver, heart, and
brain.18 Even long-term survivors can have abnor-
malities later in life. Aging cloned mice were re-
cently reported to become obese, 1 die premature-
ly, and have tumors.2°

Some of these phenotypes do, however, appear
to be specific to the type of donor cell used. For ex-
ample, clones derived from cumulus cells (somatic
cells that surround the egg) become obese,’® where-
as clones derived from Sertoli cells (somatic cells
that nourish the egg) die prematurely.2° However,
these abnormalities are not inherited by the oft-
spring of the clones, suggesting that epigenetic
rather than genetic aberrations are the cause; epi-
genetic changes, in contrast to genetic changes, are
reversible modifications of DNA or chromatin that
are usually erased in the germ line. These results in-
dicate that most problems associated with cloning
appear to be due to faulty epigenetic reprogram-
ming of the transplanted nucleus.

FAULTY EPIGENETIC REPROGRAMMING IN CLONES
Faulty epigenetic reprogramming is the failure to
return the gene-expression program of a somatic

N ENGL J MED 349;3 WWwW.

donor nucleus to an embryonic pattern of expres-
sion.2 At the molecular level, epigenetic modifi-
cations that are specific to the differentiated cell,
such as DNA methylation, histone modifications,
and the overall chromatin structure, need to be re-
programmed to a state compatible with embryonic
development. Consistentwith this notion is the find-
ing that embryos cloned from somatic cells fre-
quently fail to reactivate key embryonic genes at the
blastocyst stage.21:22 Moreover, cloned embryos can
have aberrant patterns of DNA methylation23-25 and
precocious expression of genes specific to the do-
nor cell.26 In contrast, embryos cloned from embry-
onic stem cells faithfully express early embryonic
genes, 2! possibly because these genes are already
active in the donor genome. This might explain why
cloning from embryonic stem cells is roughly 10 to
20 times as efficient as cloning from somatic cells
(Table 1).

During normal development, reprogramming
occurs before and after the formation of the zy-
gote2:27 (Table 2). Faithful reprogramming ensures
the proper activation of genes during embryonic de-
velopment. Prezygotic reprogramming includes the
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Table 2. Outcome of Epigenetic Reprogramming in Cloned Animals.*

Timing of
Normal Reprogramming Epigenetic Modification
Modification of non-

imprinted genes
Acquisition of gene
imprinting

Before the zygote is formed
(during gametogenesis)

After the zygote is formed X inactivation

Adjustment of telomere
length

Outcome of

Reprogramming in Clones References

Faulty in 4% of tested genes ~ Humpherys et al.28

Faulty in 20-50% of tested
genes

Humpherys et al.16

Same as in normal embryos
(random in the mouse)

Same as in normal embryos Betts et al.,3° Lanza et al.,3?
(ends are normal or Tian et al.,32 and
longer) Wakayama et al.33

Eggan et al.29

* During normal development, epigenetic reprogramming occurs before and after the formation of the zygote to ensure
activation of the proper genes in the developing embryo. During clonal development, reprogramming is limited to the
short interval between the transfer of the nucleus into the mature oocyte and the activation of embryonic transcription.
Consequently, prezygotic modifications of imprinted and nonimprinted genes are less efficiently reprogrammed in
clones than are postzygotic modifications, such as inactivation of the X chromosome and adjustment of the length of tel-
omeres. Data were adapted from Jaenisch et al.27 with the permission of the publisher; gene expression of imprinted and
nonimprinted genes was analyzed with use of 11K Affymetrix gene chips.

acquisition of genomic imprints — the expression
of genes from either the paternal or maternal set
of chromosomes — as well as the modification of
most somatic genes during gametogenesis. Inac-
tivation of the X chromosome and adjustment of
the length of telomeres are examples of postzy-
gotic reprogramming.

PREZYGOTIC REPROGRAMMING

Because cloning uses an unfertilized, mature oo-
cyte, reprogramming has to occur within the brief
interval between the transfer of the donor nucleus
into the oocyte and the start of zygotic transcrip-
tion. Thus, prezygotic modifications (i.e., any mod-
ifications that have occurred before the mature
oocyte stage) are expected to be less efficiently re-
programmed than postzygotic modifications. Con-
sistent with this hypothesis is the fact that aberrant
imprints in donor nuclei are usually not corrected
in the clones. Genomic imprinting is an epige-
netic modification of DNA resulting in the mono-
allelic and parent-of-origin—specific expression of
certain genes. The dysregulation of imprinted
genes is particularly pronounced in cloned mice
derived from embryonic stem cells, because cultured
embryonic stem cells are epigenetically very unsta-
ble and frequently gain or lose genomic imprints.1¢
Cloned mice derived from uncultured cumulus cells
with normal imprints also have aberrant expres-
sion of imprinted genes,28 suggesting that the dys-
regulation of imprinted genes is influenced by both

the epigenetic state of the donor cell and the nucle-
ar-transfer procedure. Since imprinted genes are
important for fetal growth and placental function,
aberrant expression of these genes might account
for the severely abnormal fetal and placental pheno-
types in many clones.

To assess the degree of dysregulation of nonim-
printed genes, gene-expression analyses have been
performed on newborn clones. These analyses re-
vealed that hundreds of genes are aberrantly ex-
pressed in the placentas and livers of cloned mice
derived from either cumulus or embryonic stem
cells28 (Table 2). Interestingly, a subgroup of these
genes was found to be misexpressed exclusively in
clones derived from cumulus cells, and another
subgroup was aberrantly expressed only in clones
derived from embryonic stem cells — a result con-
sistent with the finding that clones derived from
different types of donor cells can have different
abnormalities.3.19:20 Therefore, prezygotic repro-
gramming, which affects the expression of imprint-
ed and most nonimprinted genes, appears to be
faulty in clones.

POSTZYGOTIC REPROGRAMMING

Telomeres are structures that protect the ends of
chromosomes. Telomeres progressively shorten
with each cell division, and this shortening has been
correlated with cellular and organismal aging. In
most cloned animals, the lengths of telomeres are
normal or even longer than normal,3°-33 suggest-
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ing that cloned embryos faithfully restore telomere
length to that of normal embryos (Table 2).

Inactivation of one X chromosome in female
cells is a mechanism that ensures equal dosage of
X-linked genes in the two sexes. It is accomplished
by the random and stable silencing of one of the
two X chromosomes early in embryogenesis. In em-
bryos cloned from female somatic cells, the inac-
tive X was found to be reactivated properly, resulting
in random X inactivation in the mouse2? (Table 2).
Thus, most postzygotic modifications appear to be
properly reprogrammed in clones and are therefore
not expected to impede the development of clones.

In summary, all available evidence indicates that
reproductive cloning, in contrast to normal devel-
opment or in vitro fertilization, is limited by the
fundamental biologic problem of epigenetic repro-
gramming of the donor nucleus. Specifically, prezy-
gotic modifications that usually occur during ga-
metogenesis are not corrected in the clones. This
incomplete reprogramming may result in abnor-
mal phenotypes, aberrant gene expression, and the
death of most clones. Consequently, even the rare
surviving clones are likely to have at least subtle ab-
normalities.

DIFFERENTIATION AND CLONING EFFICIENCY

The efficiency of obtaining cloned animals from
adult donor cells is low in most species. In general,
1 to 3 percent of cloned blastocysts develop com-
pletely®-2.7:8 (Table 1). This rate is slightly higher in
cows, in which up to 10 percent of cloned embryos
develop to term.34 In contrast to the results of
cloning involving somatic donor cells, the results of
cloning involving embryonic cells such as blas-
tomeres (cells of the cleavage embryo) or embryon-
ic stem cells are more efficient (10 to 30 percent of
cloned blastocysts develop successfully)3:10-12 (Ta-
ble 1), suggesting that the state of differentiation
of the donor cell directly affects the efficiency of
cloning. This observation is consistent with the idea
that embryonic cells require less reprogramming
of their genome, because the genes essential for ear-
ly embryonic development are already active. In fact,
the transfer of the nucleus of an embryonic cell,
such as an embryonic stem cell, might have nearly
the same rate of success in generating live-born
mice as does transfer of the zygotic nucleus (or pro-
nucleus)3 (Table 1). However, mice cloned from
the nuclei of embryonic stem cells, in contrast to
mice derived from zygotic nuclei, are abnormal,1°
indicating that gametogenesis and fertilization en-

dow zygotic nuclei with the ability to direct normal
development. In summary, these data indicate that
cells progressively lose nuclear potency as they de-
velop.

TERMINALLY DIFFERENTIATED CELLS REMAIN
TOTIPOTENT

The loss of nuclear potency in differentiating cells
raised the important question of whether the nu-
clei of terminally differentiated donor cells retain
developmental totipotency — that is, the potential
to give rise to an entire organism. Previous nuclear-
transfer experiments in frogs3> and mammals3°
failed to resolve this question, because of the lack of
appropriate genetic markers that would unambig-
uously identify terminally differentiated cells with-
in a heterogeneous population of donor cells. Itis
possible that the clones were not derived from dif-
ferentiated donor cells but rather from adult stem
cells that were present in the adult donor animal at
low frequencies.3:37-39

To address this question, we created monoclon-
al mice from terminally differentiated lymphocytes.>
The characteristic genetic rearrangements at the im-
mune-receptor loci of mature lymphoid cells served
as genetic markers, which allowed us to draw the
retrospective and unambiguous conclusion that the
clones had been derived from a terminally differ-
entiated donor nucleus. We found that nuclei from
mature B and T cells were able to direct develop-
ment after being transferred into an oocyte, but this
process was much less efficient than cloning involv-
ing other adult donor cells, such as fibroblasts or
cumulus cells®8 (Table 1). Previous attempts to
generate monoclonal mice from lymphoid donor
nuclei by the direct transfer of blastocysts into the
uterus were unsuccessful.# To derive monoclonal
mice from the nuclei of mature B and T cells, we
used a two-step cloning procedure in which the der-
ivation of embryonic stem cells from cloned blasto-
cysts was followed by tetraploid embryo comple-
mentation.10 In this approach, diploid embryonic
stem cells are injected into tetraploid host blasto-
cysts to generate mice. Because tetraploid cells can
form a functional placenta but not an embryo, the
resultant mice had to have been derived entirely
from the injected embryonic stem cells.

Although the generation of monoclonal mice
demonstrated unequivocally that terminally dif-
ferentiated cells can remain genetically totipotent,
these results did not exclude the possibility that
many cloned animals are derived from less well dif-
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ferentiated adult cells, such as adult stem cells. The
genome of adult stem cells might resemble that of
embryonic stem cells, which is more amenable to
or requires less reprogramming than the genome
of a differentiated cell. It will be interesting to test
whether purified adult stem cells can serve as effi-
cient somatic donor cells. This question is also of
importance with respect to the potential therapeu-
tic application of nuclear transfer; because nuclear
transfer is inherently inefficient, it will be essential
to identify the most efficient donor cell in the adult
in order to reduce the number of oocytes that are
needed to establish a line of embryonic stem cells.

THERAPEUTIC POTENTIAL
OF NUCLEAR TRANSPLANTATION

REPRODUCTIVE CLONING VERSUS THERAPEUTIC
CLONING

In addition to its value in the study of nuclear chang-
es during differentiation, nuclear-transfer technol-
ogy has substantial therapeutic potential. For the
following discussion, itis important to distinguish
between reproductive cloning and nuclear-trans-
plantation therapy (also referred to as therapeutic
cloning)#41 (Fig. 1). The purpose of reproductive
cloning is to generate a cloned embryo, which is
then implanted in the uterus of a female to give rise
to a cloned individual. In contrast, the purpose of
nuclear-transplantation therapy is to generate an
autologous embryonic stem-cell line that is derived
from a cloned embryo — referred to as nuclear-
transfer embryonic stem cells — and that can be
used for tissue replacement.

Rejection is a frequent complication of alloge-
neic organ transplantation, owing to immunologic
incompatibility. To prevent this host-versus-graft
disease, immunosuppressive drugs are routinely
given to transplant recipients — a treatment that
has serious side effects. Embryonic stem cells de-
rived from nuclear transplantation are genetically
identical to the patient’s cells, thus eliminating the
risk of immune rejection and the requirement for
immunosuppression. Moreover, embryonic stem
cells provide a renewable source of replacement
tissue, allowing therapy to be repeated whenever
needed.

DIFFERENTIATION INTO FUNCTIONAL CELLS

Therapeutic cloning requires the in vitro differenti-
ation of nuclear-transfer embryonic stem cells into
a homogeneous population of functional cells that

can be used for cell therapy. In some circumstanc-
es, these cells may first need to be manipulated to
correct defects. Recently, protocols have been de-
veloped that allow homologous recombination and
thus genetic manipulation of human embryonic
stem cells.42 Various studies have described the
potential of human embryonic stem cells to differ-
entiate into multiple lineages, 4344 such as neural
progenitors,+5-47 hematopoietic precursors,*® and
insulin-secreting cells.4®

Protocols for the differentiation of murine em-
bryonic stem cells into functional cells of many if
not all organs present in adult mice are well estab-
lished (Table 3). For example, embryonic stem cells
can generate functional motor neurons when they
are exposed to signals that normally induce neuro-
genesis.>® With a different strategy, drug-selection
protocols have been used to cause embryonic stem
cells to differentiate into homogeneous popula-
tions of cardiomyocytes,>* neuroepithelial pre-
cursor cells,55 and insulin-producing cells.52 The
expression of the homeobox protein HoxB4 in em-
bryoid bodies generates hematopoietic stem cells
that avert death in mice that have received lethal
doses of radiation.53 Similarly, the expression of nu-
clear receptor—related factor 1 (Nurrl), an orphan
nuclear receptor that is expressed chiefly in the cen-
tral nervous system, in embryonic stem cells induc-
es the formation of dopaminergic neurons that can
relieve behavioral symptoms in rats with Parkin-
son’s disease.>1

COMBINING NUCLEAR CLONING WITH GENE

AND CELL THERAPY

The ultimate goal of therapeutic cloning is to gen-
erate functional cells from cloned embryonic stem
cells that can be used for cell transplantation in pa-
tients. Several groups, including ours, have shown
that nuclear-transfer embryonic stem cells can be
derived from mouse cumulus or fibroblast cells and
that these cells can be coaxed into becoming somat-
ic cells such as myogenic cells, dopaminergic and
serotonergic neurons, or hematopoietic cells.>:¢:9,56
However, before these principles can be applied
clinically, it is important to demonstrate the feasi-
bility of therapeutic cloning in an animal model of
disease.

In an attempt to establish such a mouse model,
we have combined nuclear cloning with gene and
cell therapy to treata genetic disorder (Fig. 2).5¢ We
chose the well-characterized Rag2 mutant mouse,
which has severe combined immunodeficiency ow-
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Figure 1. Comparison of Normal Development with Development during Reproductive Cloning and Therapeutic Cloning.
During normal development (Panel A), a haploid (1n) sperm cell fertilizes a haploid oocyte to form a diploid (2n) zygote that undergoes cleav-
age to become a blastocyst embryo. Blastocysts are implanted in the uterus and ultimately give rise to an animal. During reproductive cloning
(Panel B), the diploid nucleus of an adult donor cell is introduced into an enucleated oocyte, which after artificial activation divides into a
cloned blastocyst. On transfer into surrogate mothers, a few of the cloned blastocysts will give rise to a clone. In contrast, therapeutic cloning
(Panel C) requires the explantation of cloned blastocysts in culture to yield a line of embryonic stem cells that can potentially differentiate in

vitro into any type of cell for therapeutic purposes.

280

ing to a mutation in the recombination-activating tologous embryonic stem cells. Subsequently, one
of the mutant Rag?2 alleles was targeted by homol-

gene 2 (Rag2), which catalyzes immune-receptor re-
arrangements in lymphocytes. This mouse is devoid ogous recombination in embryonic stem cells in

of mature B and T cells, a condition resembling order to restore normal gene structure. To obtain

Omenn’s syndrome in humans. First, we isolated somatic cells for treatment, these embryonic stem
somatic (fibroblast) cells from the tails of Rag2- cells underwent differentiation into embryoid bod-
deficient mice and injected the nuclei of these cells  ies (embryo-like structures that contain various types
into enucleated eggs. We then cultured the resultant  of somatic cells) and further into hematopoietic pre-

cursors by expressing HoxB4. The resulting hema-

embryos to the blastocyst stage and isolated the au-
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Table 3. Examples of the Differentiation of Murine Embryonic Stem Cells into Functional Somatic Cells.

Result of Differentiation Protocol for Differentiation

Motor neurons Stimulation by retinoic acid
and sonic hedgehog

Midbrain neurons Constitutive expression of
nuclear-receptor—related

factor 1

Selection for insulin-
expressing cells

Pancreatic islet-like cells

Hematopoietic precursors  Transient expression of
homeobox protein HoxB4

Test of Functionality References
Integration into chicken spinal cord; Wichterle
muscle innervation etal.s0
Dopamine production and behavioral Kim et al.51
recovery in rat model of Parkinson’s
disease
Insulin secretion and normalization of Soria et al.52
blood glucose levels in diabetic mice
Myeloid and lymphoid engraftment Kyba et al.53
in irradiated mice; transplantation
into secondary recipients

topoietic precursors were transplanted into irradi-
ated Rag2-deficient animals to treat the disease.

The initial attempts to engraft these cells were
unsuccessful because of an increased level of natu-
ral killer cells in the mutant host. Hematopoietic
cells derived from embryonic stem cells express low
levels of major-histocompatibility-complex class I
molecules and are thus a preferred target of de-
struction by natural killer cells. Elimination of the
natural killer cells by antibody depletion or genetic
ablation allowed the nuclear-transfer embryonic
stem cells to differentiate into the myeloid lineages
efficiently and, to a lesser degree, into the lymphoid
lineages. Functional B and T cells whose immuno-
globulin and T-cell-receptor alleles had been prop-
erly rearranged were detected in the mice, as were
serum immunoglobulins. However, because HoxB4
appears to promote the differentiation of embryon-
ic stem cells into myeloid cells, lymphoid reconsti-
tution might be more successful if transcription
factors specific to the lymphoid lineage were used.

This experiment demonstrated that nuclear
transfer can be combined with gene therapy to treat
a genetic disorder. Consequently, therapeutic clon-
ing should be useful in other diseases in which the
genetic cause is known, such as sickle cell anemia
and B-thalassemia.

LIMITATIONS AND ALTERNATIVES

FAULTY REPROGRAMMING IN CLONES
AS A POTENTIAL IMPEDIMENT

TO THERAPEUTIC APPLICATIONS

An important question is whether the reprogram-
ming errors leading to abnormal phenotypes in
cloned animals would impede the therapeutic use

of nuclear-transfer technology. For the derivation
of embryonic stem cells from fertilized embryos,
blastocysts are explanted in vitro and cultured until
a small colony forms that can be dissociated. Only
one or a few of the dissociated cells have the poten-
tial to grow into an embryonic stem-cell line,57 sug-
gesting that competent cells are selected for in cul-
ture. Similarly, the derivation of embryonic stem
cells from cloned blastocysts may be the result of
selection for a few successfully reprogrammed cells
within a cloned embryo (Fig. 3). In contrast, the de-
velopment of a cloned embryo after implantation
most likely does not allow for the in vivo selection
of a few functional cells, thus causing developmen-
tal failure of the clone or phenotypic abnormalities.
In support of this notion, the derivation of embry-
onic stem cells from somatic donor cells is more
efficient56.9:5¢ than is the generation of cloned
mice47:8 (Table 1).

Abnormal fetal development is the most funda-
mental cause of clone failure. In contrast to the re-
sult of reproductive cloning, no fetus is formed in
therapeutic cloning. Thus, aberrant expression of
genes that are essential for normal fetal develop-
ment, such as imprinted genes, is not expected to
impede the functionality of embryonic stem cells
that undergo differentiation in vitro. The abnormal
expression of some imprinted genes, such as the
gene for insulin-like growth factor 2, however, has
been associated with disease in the adult,58:5% and
it will be important to determine whether dysreg-
ulation of these genes has adverse effects on the
function of somatic cells derived from embryonic
stem cells.

Nuclear-transfer embryonic stem cells have the
same developmental potency as embryonic stem
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Figure 2. Mouse Model of Therapeutic Cloning.

Tail-tip cells were obtained from mice with a deficiency of recombination-activating gene 2 (Rag2) and cultured, and the nuclei were trans-
ferred into enucleated oocytes. The cloned embryos were cultured to the blastocyst stage to derive autologous embryonic stem cells. After
one of the mutant Rag2 alleles was repaired by homologous recombination, embryonic stem cells were induced to differentiate into embryoid
bodies (embryo-like structures that contain various types of somatic cells) and infected with a retrovirus expressing the homeobox protein
HoxB4. The resultant hematopoietic stem cells were clonally expanded and injected intravenously into irradiated Rag2-deficient animals to re-
constitute their immune system. Adapted from Rideout et al.,56 with the permission of the publisher.

cells derived from fertilized eggs. When injected
into blastocysts, nuclear-transfer embryonic stem
cells contributed to tissues of all three germ layers,
including the germ line.® A subgroup of these em-
bryonic stem-cell lines was even able to produce
mice after tetraploid embryo complementation,>:5
a process that allows the generation of mice from
embryonic stem cells alone. It is notable that the ab-

normalities regularly associated with cloned ani-
mals were not observed in these mice.

In any therapeutic setting, cells derived from nu-
clear-transfer embryonic stem cells will be intro-
duced into a patient with a disease, and host cells
will interact with the transplanted cloned cells to
generate a chimeric tissue. Chimeric animals gen-
erated by the injection of normal or nuclear-trans-
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Figure 3. Derivation of Embryonic Stem Cells from a Blastocyst, Resulting in Selection for Functional Cells.

Only a few of the cells of a blastocyst derived from a fertilized zygote have the potential to produce an embryonic stem-cell line, and these cells
seem to be selected for by culture conditions (top panel). Mice derived from fertilized zygotes are normal because the sperm and oocyte ge-
nomes have undergone proper reprogramming during gametogenesis (top panel). However, cloned blastocysts and the resultant mice seem
to maintain a memory of the epigenetic state of the donor nucleus they were derived from (bottom panel). This is probably due to faulty re-

programming of the somatic donor nucleus after nuclear transfer and results in abnormal phenotypes and aberrant patterns of gene expres-
sion. These epigenetic abnormalities are represented by the pink halo surrounding the cloned embryo and mouse. In contrast, the derivation of
embryonic stem cells from cloned blastocysts appears to select for fully reprogrammed, functional cells that have lost this epigenetic memory.

fer embryonic stem cells into normal blastocysts
form normal chimeras.®° This finding suggests
that the presence of host helper cells, which are de-
rived from the fertilized egg, complement the de-
fects that invariably result when a cloned animal is
generated from a somatic or embryonic donor nu-
cleus. In support of this notion, Byrne etal. showed
that embryonic cells derived from nuclear transfer
failed to develop on their own in frogs but integrat-
ed normally when they were combined with wild-

type embryos to form chimeric tadpoles.®© In sum-
mary, these considerations suggest that nuclear-
transfer embryonic stem cells are equivalent to em-
bryonic stem cells derived from a fertilized zygote.

ADULT STEM CELLS AS AN ALTERNATIVE

TO THERAPEUTIC CLONING

Are there alternatives to therapeutic cloning? Adult
stem cells are another potential source of autolo-
gous cells for transplantation therapy. They have
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been isolated from adult tissues such as brain, bone
marrow, skin, and muscle, and they might have a
broader developmental potential than originally an-
ticipated.®® However, it remains unclear whether
the observed plasticity, or “transdifferentiation po-
tential,” of adult stem cells is inherent to the cells
or the consequence of culture conditions, contami-
nation, or cell fusion.61-65 Moreover, recent exper-
iments have failed to reproduce the results of some
earlier reports claiming that transdifferentiation
occurred.66,67

The therapeutic potential of adult stem cells ap-
pears to be much lower than that of embryonic stem
cells. First, adult stem cells are difficult to isolate
and hard to propagate in culture. In contrast, em-
bryonic stem cells are derived rather easily (once an
embryo has been obtained), and they grow indefi-
nitely in culture. Second, embryonic stem cells can
be manipulated genetically by homologous recom-
bination to correct a genetic defect.>¢ In contrast,
currently, adult stem cells can be genetically manip-
ulated only through the introduction of retroviral
transgenes, which overexpress genes atvariable lev-
els and can lead to insertional mutagenesis and can-
cer.®8 Third, embryonic stem cells can be coaxed
into becoming any type of cell through the use of
specific culture conditions or genetic manipulation.
The differentiation potential of adult stem cells,
however, seems to be restricted.

One notable exception in this respect is the recent
isolation of multipotent adult progenitor cells.®®
Multipotentadult progenitor cells were derived from
the bone marrow of adult mice, rats, and humans
after a three-month culture protocol. These cells
have the potential to differentiate into cells of all
three germ layers both in vitro and in vivo after be-
ing injected into blastocysts. However, it has not
been demonstrated in animal models or humans
that multipotent adult progenitor cells can be used
to correct a disease phenotype.

THE REQUIREMENT FOR HUMAN OOCYTES

To overcome the ethical and practical limitations
of therapeutic cloning, it would be useful to repro-
gram somatic cells directly into embryonic stem
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