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The biological role of genomic imprinting in adult tissue is
central to the consideration of transplanting uniparental embry-
onic stem (ES) cell-derived tissues. We have recently shown that
both maternal (parthenogenetic/gynogenetic) and paternal (andro-
genetic) uniparental ES cells can differentiate, both in vivo in
chimeras and in vitro, into adult-repopulating hematopoietic stem
and progenitor cells. This suggests that, at least in some tissues,
the presence of two maternal or two paternal genomes does not
interfere with stem cell function and tissue homeostasis in the
adult. Here, we consider implications of the contribution of unipa-
rental cells to hematopoiesis and to development of other organ
systems, notably neural tissue for which consequences of genomic
imprinting are associated with a known bias in development and
behavioral disorders. Our findings so far indicate that there is
little or no limit to the differentiation potential of uniparental ES
cells outside the normal developmental paradigm. As a potentially
donor MHC-matching source of tissue, uniparental transplants
may provide not only a clinical resource but also a unique tool to
investigate aspects of genomic imprinting in adults.

Mammalian Uniparental Embryos: Origin and Development

Parthenogenesis, i.e. complete development of offspring from
an oocyte without male genetic contribution, is obligate in several
vertebrate species of the order squamata (lizards and snakes) and
can occur occasionally and spontaneously in species that normally
reproduce sexually, the exception being mammals. In mammals,
the two parental genomes are rendered functionally non-equivalent
by a process termed genomic imprinting that results in preferen-
tial expression of certain genes (“imprinted genes”) from only one
parental allele.!® As a consequence, completion of mammalian
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development requires contribution from both maternal and paternal
genomes. Mouse embryos with two maternal genomes (diploid
parthenogenetic (PG) embryos, or gynogenetic (GG) embryos with
two maternal genomes from different oocytes; Fig. 1A) fail early post
implantation due to poor development of extraembryonic tissues,
and rarely develop as far as later (20-25) somite stages.!">%1® Murine
androgenetic (AG) embryos with two sperm-derived genomes fail
even earlier, with limited development of the embryo proper but
often well-developed trophoblast, and reach at most early somite
stages.>!112 Parthenogenetic development in other mammalian
species, including sheep,13’14 cattle,!® pig16’17 and rabbit!® can vary
depending on the procedure used for activation of the oocyte, but
does not proceed past early fetal stages, and developmental failure
appears to be consistent with the stage when the conceptus begins
to depend on the placenta. In species with delayed implantation,
for example sheep and pig, PG fetuses can differentiate substantially
and undergo organogenesis.!>1%17 Phenotypic similarities of PG
conceptuses between species include growth retardation of the fetus
(mouse, sheep, pig and rabbit, with the exception of sheep GG
conceptuses'?), suggesting that mechanisms of genomic imprinting
and effects of abnormal levels of imprinted gene products can be
similar between mammalian species.'# Some differences have been
observed in respect to extraembryonic lineage development of
maternally-derived conceptuses, which is severely hypotrophic in
the mouse,! but not in sheep19 or in rabbit.!® AG development has
been investigated in sheep and bovine, indicating similar limited
postimplantation viability.'??® Human uniparental gestations are
frequent and can develop into ovarian teratomas resulting from the
spontaneous parthenogenetic activation of an oocyte, or, when of
AG origin, form complete hydatidiform moles that exhibit abundant
trophoblast (trophoblastic hyperplasia) and very poor development

of embryonic tissues.?!2

Derivation of Embryonic Stem Cells From Uniparental
Embryos
Although unable to develop normally after implantation, diploid

uniparental embryos can form blastocysts; and in species in which
the derivation of embryonic stem (ES) cells has been established,
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uniparental ES cells can be derived, such as in mouse (PG?? and
AG?%), non-human primate  (PG?), and human (PG26-28),
In particular, the derivation of PG ES cells in non-human primates?®
with their differentiation potential generated interest in PG ES cells
as a source of patient derived tissue for transplantation.

The discussion of uniparental ES cells has mostly focused on
potential advantages in respect to ethical issues and in respect to
immune compatibility. Using uniparental embryos to generate ES
cells subjectively side-steps some of the ethical issues associated
with the destruction of potentially viable fertilized and somatic cell
nuclear transfer embryos.?9!  Uniparental ES cells can contain a
full MHC complement of the gamete donor.?®3? More critical to
any therapeutic application, however, is the question of whether
or not uniparental ES cells, derived from embryos that are severely
compromised in their ability to develop due to their abnormal state
of genomic imprinting, can form tissues that are functional and safe
after transplantation. Genomic imprinting appears not be relevant
for the formation of ES cells, but abnormal expression of imprinted
genes influences the differentiation potential of ES cells.?334
While uniparental ES cells have been termed pluripotent due to
their contribution to various tissues upon blastocyst injection, 24336
their contribution in chimeras causes abnormal phenotypes,
particularly for AG ES cells. Attempts at the formation of entirely
PG ES cell-derived fetuses by tetraploid complementation resulted
in developmental failure similar to PG conceptuses.>

Developmental Potential of Uniparental Cells in Chimeras

Uniparental cleavage stage blastomeres, inner cell mass (ICM) and
ES cells can contribute to development, both to fetal and postnatal
stages, when combined at preimplantation stages with normal mouse
embryos to form chimeras.?$37-40 Chimera analyses thus provide
one approach to evaluate the developmental potential of uniparental
cells, but not necessarily address their therapeutic value. In chimeras,
both AG and PG/GG cells have been found to contribute to most
lineages including the germline.*!42 However, AG and PG/GG
cells exhibit bias in their contribution to certain tissues, for example,
PG cells are rarely found in skeletal muscle, whereas AG cells
are frequently found in mesodermal derivatives and less in brain,
indicating differences in the developmental competence of
uniparental maternal and paternal cells.?43%43-4¢ For both types of
uniparental cells, widespread and high percentage contribution to

chimeras is observed in the first half of gestation, followed by an
39

45

overall reduction of contribution in the second half of gestation,
which has been interpreted as a selective elimination process,
however, the precise reasons for this reduction remain unclear.
Consistent with the developmental potential of both types of
uniparental conceptuses on their own, the phenotype of AG chimeras
is more compromised than that of PG chimeras. Unlike partheno-
genetic cells, AG cells cause severe defects and frequent lethality
when combined with normal cells in chimeras (Fig. 1B).24:39:40
Typically, an overall contribution of more than 10% of AG cells
results in embryonic and perinatal lethality.4> The propensity of
AG-derived fibroblasts to undergo transformation in vitro’

reminiscent of the formation of choriacarcinomas from naturally

is

occuring AG conceptuses. In contrast, proliferative defects have
been observed for PG cells. #4747 Although various properties,
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Figure 1. Diploid uniparental embryos and overgrowth phenotype of AG ES
cell chimeras. (A) Activation of an unfertilized oocyte and suppression of sec-
ond polar body extrusion results in a diploid parthenogenetic embryo. GG
and AG embryos with two maternal or paternal genomes from two oocytes
or sperm, respectively, can be produced experimentally by pronuclear
transfer between zygotes.?8 Alternatively, AG embryos can be produced
by in vitro fertilization?® or, presumably, by intracytoplasmic sperm injection
of enucleated donor oocytes, procedures not involving fertilized embryos.
(B) Overgrowth phenotype of an AG ES cell chimera (right) at E 16.5 com-
pared to normal littermate (leff). Contribution of AG cells visualized by EGFP
fluorescence in E 16.5 AG chimera (AG ES cells are EGFP transgenic).

particularly the phenotype of ES cell chimeras generated with
AG ES cells?#3>50 indicate that genomic imprinting is similar in
uniparental ES cells compared to primary embryonic cells such as
those derived from cleavage stage embryos or the ICM of uniparental
blastocysts, some phenotypic differences exist between PG ES cell
chimeras and PG aggregation chimeras.3>%” PG ES cell chimeras do
not exhibit growth deficits observed with PG aggregation chimeras,>
and the exclusion of PG cells to liver or muscle,¥4> has not been
similarly observed with PG ES cells,®® indicating differences in
the developmental potential of these cells that could be associ-
ated with epigenetic changes resulting from ES cell derivation and

culture.>1-53

Potential of Uniparental Cells to Form Adult Tissues

The reasons for the limited contribution of uniparental cells in
chimeras overall and the bias in contribution to some tissue types
are unclear. Exclusion or bias could be explained by selection or
differentiation defects of the uniparental cells during development,
when abnormal levels of imprinted gene products, for instance those
involved in fetal growth regulation®>

tial. Alternatively, uniparental cells could be intrinsically limited in

are particularly consequen-
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their differentiation into particular cell types and would thus also not
function normally in the adult. This question is particularly relevant
to AG cells that cause overgrowth and organomegaly in chimeras
during fetal development resulting in lethality and poor postnatal
survival. Chimeras as a study tool are also limited since contribution
in chimeras is stochastic, and may not reflect the full or/and intrinsic
potential of cells.

One approach to investigate the consequences of uniparental
origin for various tissues of a postnatal animal that also addresses
their therapeutic potential, is the use of transplantation and organ
regeneration paradigms, using fetal tissue or in vitro derivatives of
ES cells. In several adult organs, transplanted primary fetal tissue
can partially or completely replace the adult tissue through
the engraftment and activity of fetal stem and progenitor cells.
In rodents, such transplantation models include hematopoietic
replacement (fetal liver transplant®©), liver,’”>>8 brain3® and
testes.®14 Tissue transplants from midgestation stage uniparental
chimeras, prior to the exclusion of uniparental cells in the second
half of gestation, into adults can thus be used as an approach to
bypass developmental stages during which abnormal development or
exclusion of uniparental cells is frequently observed, and may permit
analysis of uniparental cell functionality in adults. Uniparental
ES cell-derived transplants could also be derived from in vitro
differentiation strategies.

The best-studied fetal transplant paradigm is the hematopoi-
etic reconstitution of lethally irradiated adult recipients using fetal
liver hematopoietic stem cells (HSC) capable of long-term and
multilineage reconstitution.®>® This paradigm has several unique
advantages to test uniparental cell potency, including that entirely
donor-derived hematopoiesis can be achieved (full organ replace-
ment from the transplant) and stringency (recipient survival depends
on functionality, blood homeostasis). We have used this approach to
investigate and compare the potential of murine AG and GG cells
for hematopoietic differentiation in the adult.

Adult Repopulating HSCs Generated From Uniparental
ES Cells

To assess the ability of uniparental ES cell derivatives to generate
functional tissue-specific stem cells, we transplanted chimeric fetal
liver cells from embryonic day (E) 13.5 to 14.5 AG, GG, and as
a control, normal (N, derived from a fertilized embryo) ES cell
chimeras into irradiated adult recipients. We then assayed contribu-
tion of EGFP transgenic AG, GG and N ES cell derivatives to the
peripheral blood of recipients for more than 12 months post trans-
plantation. Uniparental ES cell derivatives, both AG and GG cells,
contributed at high levels to the hematopoietic system of recipients,
comparable to N-derived cells, with no differences between N,
AG or GG cells in the formation of myeloid/erythroid and lymphoid
blood lineages. Repopulated recipients had a normal lifespan and no
pathologies associated with uniparental cell transplants. Successful
hematopoietic reconstitution of secondary recipients demonstrated
the presence of self-renewing HSCs of uniparental origin (Fig. 2A).%
To exclude the possibility that cell fusion between uniparental (AG,
GG) ES cell- and normal blastocyst-derived cells accounted for the
ability of uniparental cells to reconstitute the hematopoietic system of
recipients, we identified the origin of chimeric fetal liver transplants
and adult blood cells of recipients by analysis of migratory isoforms
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of glucose phosphate isomerase 1 (Gpil). ES-, blastocyst- and host-
derived cells express distinct isoforms of Gpil, such that products of
cell fusion either in the fetal liver or in the adult recipient would be
apparent from the presence and distribution of certain Gpil dimers.
Using this approach, we found no evidence for cell fusion (Fig. 2B).
Thus, cells with exclusively maternal or paternal genomes can form
long-term and multilineage repopulating HSCs.

For any therapeutic application, transplantable cells need to be
derived entirely in vitro. We ectopically expressed the homeodo-
main protein HoxB4 in differentiating uniparental ES cell cultures
in order to obtain repopulating HSCs from ES cells. This experi-
mental strategy has been previously successfully used to promote
the in vitro formation of HSCs from ES cell cultures that exhibit

multilineage and longterm engraftment in transplanted recipients.®®

We established that AG and GG/PG ES cells differentiate in
vitro into HSCs that engraft irradiated recipients, indicating that
uniparental ES cells have the intrinsic capacity for hematopoietic
differentiation (Fig. 2A).67

From chimera studies some evidence had evolved on the capacity
of uniparental cells for hematopoiesis. Contribution of uniparental
cells to the peripheral blood of postnatal chimeras, which for a longer
period requires the activity of functional HSCs, has been described
for postnatal AG and PG ES cell chimeras?#3¢ and, more contro-

45 25 well

versially, for PG aggregation chimeras, where contribution
as absence® have been observed. In the only human PG chimera
reported to date, contribution of PG cells to peripheral blood was
observed to an age of more than three years, indicating PG origin
of HSC.®?

In postnatal chimeras produced with the same AG and GG ES
cell lines used for fetal liver transplants,67 AG and GG cells contrib-
uted to the peripheral blood (Fig. 3). Although substantial and
constant (n = 2; 40 and 45% over 10 and 40 weeks postnatal age),
contribution of AG ES cells to the blood of postnatal chimeras was
lower than in recipients of AG ES cell chimeric fetal liver transplants,
whereas the GG cell proportion in blood of postnatal chimeras could
be as high as in recipients of GG chimeric fetal liver transplants.
Our preliminary observations indicate no bias in lineage formation
by GG cells in postnatal chimeras, but variation in postnatal AG
chimeras was observed, with proportionally lower contribution of
AG cells to CD4* lymphocytes and higher contribution to Gr-1*
granulocytes, while a similar lineage bias was not detected when AG
chimeric fetal liver cells were transplanted. If to be substantiated, it
remains to be determined whether this is related to the AG or ES
cell origin of the cells, as bias of hematopoietic differentiation
can occur in ES cell chimeras.”® When bone marrow of AG
chimeric animals was transplanted into lethally irradiated recipients,
AG-derived cells contributed at about the same percentage to the
peripheral blood of these recipients as observed in the AG chimeric
bone marrow donors (5 and 10-20% AG-derived, 80-95% blasto-
cyst component of the chimera; Fig. 3). These results indicate that
AG cells can also form HSC in the bone marrow of postnatal AG
chimeras.

Imprinting in Uniparental Hematopoietic Cells

The equivalence of AG and GG cells in forming repopulating HSC
therefore either indicates that imprinted genes were not expressed
in, or not consequential for HSC formation and differentiation,
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Figure 2. Hematopoietic reconstitution by uniparental cells. (A) Outline and summary of results. (B) Glucosephosphate isomerase 1 (Gpil) isoform analysis
shows that uniparental ES-cell derived cells do not fuse with blastocyst-or host-derived cells. Gpil forms homo- and heterodimers. Cells homozygous for
either a or b alleles contain only the respective homodimer (AA or BB; top panel, lane 1), while cells heterozygous for a and b alleles contain AA, AB and
BB dimers (ES cells = AB control; top panel, lane 8). Top panel: Fetal liver samples from 10 chimeras of AG ES line 3 exhibit both ES (AA) and blastocyst
(BB) components in various ratios (lanes 1-7; 9-11), but not hybrid cells that would be identified by the AB dimer. Lower panel: Peripheral blood samples
of recipients (heterozygous for b and c dlleles, lanes 2 and 3) reconstituted with fetal liver chimeric for AG3 (AA) contain only ES-derived cells (AA; lanes
4 and 8) but not hybrid cells, as AB dimer is not detected. Lanes 1,6,9,10: Blood of recipients of AG1 or GG 1-derived cells (ES cells: AB), with a ratio of
AA, AB and BB isoforms similar to that ES cells (see lane 8 upper panel), indicating entirely ES-derived blood. Lanes 5 and 7 show recipients with both ES
and blastocyst-derived blood, indicated by a stronger BB band compared to AA and AB.

or that imprinting was relaxed. To date there is no evidence of a
null mutation of a known imprinted gene resulting in a strong hema-
topoietic phenotype, however, the products of the imprinted Igf2
and DIk genes have been associated with aspects of the regulation
of HSC proliferation and differentiation,”!”? and D/kI null mutant
mice exhibit a subtle defect in B progenitor cell frequencies.”* To
ascertain how imprinting relates to the hematopoietic engraftment
potential of uniparental ES cell derivatives, we have analyzed the
expression and methylation status of regulatory regions of imprinted
genes in uniparental-derived tissues prior and post engraftment in
adult recipients, using fetal liver HSC transplants as a model. Fetal
AG ES cell chimeras successfully used for hematopoietic transplants,
and postnatal AG ES cell chimeras displayed imprinting-related
phenotypes including overgrowth and skeletal deformities typical for
AG chimeras?* consistent with phenotypic properties of AG cells.
Uniparental cells isolated from chimeric fetal liver (FACS sorted
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for EGFP transgenic uniparental ES cell derivatives, excluding
blastocyst-derived, normal cells) exhibited parent-of-origin specific
expression bias for the imprinted genes Dlk-1, Igf2, Peg3 (all: pref-
erential expression from the paternal allele) in both AG and GG
cells as well as low expression levels of the maternally expressed
Igf2r gene in AG cells. In contrast, no maternal-specific expres-
sion patterns were observed for p57Kip2/Cdknlc and Meg3/Gtl2.57
However, in uniparental fetal liver-derived cells in adult recipients
(uniparental CD3* T cells; FACS sorted for EGFP expression), we
did not observe expression bias, e.g. no difference between AG- and
GG-derived cells, for three maternally (Ube3a, Igf2r, Meg3/Gtl2)
or two paternally expressed genes (impact and U2af1-rs1), but rela-
tive expression levels for all genes except U2afl-rs1 were low.” It is
difficult to define whether these observations reflect normal basal
low-level expression, tissue-specific modulation, or relaxation of the
allele-specificity of expression. Allele-specific expression of imprinted
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Figure 3. Contribution of AG and GG ES cell derivatives to the blood of
postnatal chimeras and recipients of fetal liver transplants. Percent of EGFP+
cells in the peripheral blood of adult AG ES cell chimeras (left, dark blue
bars), recipients of bone marrow transplants from adult AG ES cell chimeras
(left, light blue bars, recipients correspond to the AG chimera to their left),
recipients of AG ES cell chimeric fetal liver transplants (center, bright blue),
compared fo EGFP transgenic animals (center, green bar, error bar indicates
standard deviation (n = 17), adult GG chimeras (right, dark red bars) and
recipients of GG ES cell chimeric fetal liver transplants (right, bright red
bars). The EGFP transgene present in the uniparental ES cells is subject to
downregulation in some blood lineages,'%° such that the percentage of
EGFP positive cells in the peripheral blood of transgenic control animals can
vary between less than 70 and more than 90% (green bar). Therefore, evalu-
ation of EGFP* cells in the peripheral blood is a relative and not absolute
measure for uniparental ES cell contribution.

genes typically does not occur in an all or none pattern, with detect-
able albeit lower expression from the silenced allele.”>”7? We also
analyzed methylation of CpG islands of three imprinting regulatory
regions (the differentially methylated region (DMR) 1 of the Snrpn
gene, the DMR2 of the Igf2r gene and CpG islands located the 5
imprinting control region (ICR) of the H79 gene) in uniparental
ES cells and their derivatives in adult recipients, and found consid-
erable variation in the maintenance of imprinting marks (Fig. 4).
Conservation of gametic methylation marks (H19 ICR for both
AG and GG cells), partial conservation (SzrpnDMRI, conserved
in AG cells and derivatives but not GG cells) and heterogeneity
(Zgf2rDMR2) were detected. The observation that PG and GG ES
cell chimeras do not exhibit some phenotypes of PG/GG aggregation
chimeras, such as growth retardation, indicate that in maternally
derived uniparental ES cells, regulation of imprinted genes may be
less conserved.3¢47:67 Consistent with our own observations, a recent
report shows re-activation of paternally expressed genes in PG ES cell
lines.>® The authors observe that activation of paternally expressed
genes already occurs at the blastocyst stage, indicating that extended
culture may contribute to but not necessarily trigger gene expression
changes. Lack of silencing of imprinted genes in uniparental fetuses
suggests that for some imprinted genes, the presence of both parental
genomes is required for allele-specific control of expression.30-82

Although we have only examined a small proportion of known
imprinted loci, our findings suggest that there is considerable flexi-
bility or tolerance in relation to variations in imprinted gene expres-
sion and methylation in the hematopoietic system of the adult.
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Figure 4. Methylation of regulatory regions of imprinted genes in uniparental
ES cells and their hematopoietic derivatives in recipients. Methylation analy-
sis was performed by bisulfite sequencing.®” Samples were taken from ani-
mals with a > 95% contribution (no detectable host or blastocyst component
as per Gpil analysis) from the ES cell derived component. Circles represent
the percentage of methylation detected in all clones (full: methylated, 4, V2
or %: 25, 50 or 75% methylated, empty: not methylated; approximation
of methylation to nearest %). Rec., recipient; BM, bone marrow (cell type
analyzed for H19); PB, peripheral blood (all other analyses for recipients).
The grey bar indicates methylation patterns expected for each parental allele
based on analysis of methylation in gametes.!0!

Neural Differentiation Capacity of Uniparental ES Cells

Consequences of genomic imprinting appear to be inconsequen-
tial for HSC formation in differentiating ES cell cultures, which
could be a tissue-specific phenomenon. For the neural system, in
contrast, evidence for the requirement for balanced expression of
imprinted genes both during fetal development and, possibly, also in
the adult exists. In chimeras, embryonic PG- and AG-derived cells
exhibited substantial contribution differences to neural structures
at various stages of development, suggesting that the expression of
imprinted genes has consequences on cell proliferation and lineage
allocation during fetal brain development. In chimeras produced
by the injection of AG or GG ICM cells into normal blastocysts,
the overall contribution of AG cells to brain was comparable to
AG cell contribution to other tissues such as mesoderm deriva-
tives at ecarly midgestation stages (E12-14), but proportionally
much lower in later gestation and term chimeras.? In contrast,
PG- and GG-derived cells, both in aggregation and ICM injection
chimeras, appear to be sequentially eliminated from many tissues
throughout gestation but are frequently found at substantial levels
in the brain of later gestation and term animals.3*45:83 In the brains
of E13 and, more predominantly, E17 chimeras, AG cells contrib-
uted substantially to hypothalamus, septum and preoptic area, but
less than PG or control N cells to cortex and striatum, whereas
PG cells accumulated in the latter and were mostly excluded from
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the hypothalamus.®* Contribution of PG
cells furthermore resulted in hypertrophy of
the telencephalon, whereas the brains of AG
chimeras were smaller compared to controls
and in relation to body size.

We have analyzed the contribution and
differentiation of AG ES cell derivatives in
midgestation (E 12.5) ES cell chimeras, and
do not observe a difference in the regional
distribution and neuronal differentiation of
AG compared to N ES-derived cells in the
diencephalon (Fig. 5).8% This result suggests,
similar to observations with PG ES cells®®
that developmental properties of AG ICM
and ES cells can differ. It remains to be evalu-
ated if AG ES cell derivatives exhibit similarly
unrestricted contribution to the brain of
chimeras at later gestational stages.

Several mental disorders including

Angelmann (AS) and Prader-Willi (PWS)-

Syndromes and presumably autism are
associated with disturbances in the allele-
specific expression of imprinted genes (both
maternal and paternal alleles) during brain
development.8¢ Consequentially, foranumber
of imprinted genes, developmental- and cell-
type-specific imprinting has been detected in
neural lineages.®” It appears that, particularly
for Ube3a, an imprinted gene with maternal-
specific expression in some neural lineages,?
differential imprinting is established during
neurogenesis, and may depend on external
cytokines.3? It is unknown whether or not
these imprints would be established during
neural in vitro differentiation of ES, including
AG and PG/GG ES cells, limiting or permit-
ting the formation of certain lineages. While
the in vitro capacity of PG ES cells to
form neural progenitors and neural progeny
(dopaminergic neurons) has been shown,?

the potential of AG ES cells for neuronal
differentiation is unclear. To investigate this,
we cultured AG ES cells according to a
multi-step protocol that facilitates ES cell
differentiation towards neuronal and glial
cell types?®?! and observed that AG ES cells
form adherent pan-neural progenitor cells
with elongated shapes, similarly to PG/GG
and normal ES cells (Fig. 6A). AG pan-neural
progenitors cells can further differentiate into
both neuronal and glial cell types (Fig. 6B), forming 8-III-tubulin
positive neuronal and glial fibrillary acidic protein positive (GFAP")
astroglial cell types, with neuronal and astroglial morphology. Thus,
AG ES cells have the intrinsic capacity to undergo neural commit-
ment in vitro.®> Whether or not this is a property that distinguishes
AG ES cells from AG ICM cells or not should be revealed with
further analyses in respect to the ability of AG ES cells to contribute
to the brains of chimeras at later gestational stages.
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Figure 5. Unrestricted distribution of AG ES cell derivatives in the brain of fetal chimeras. Inmunostaining
of brain cryosections from E 12.5 chimeras generated by blastocyst injection of ES cells. (A) AG ES
cell chimera: (a) DAPI signal in transversal section including part of the diencephalon (ventral thala-
mus) (blue channel). (b) EGFP positive donor cells (green channel). (c) tubulin3-lll positive neurons (red
channel). (d) Overlay showing EGFP positive donor cells (green), tubulin3-ll positive neurons (red) and
nuclei counterstained with DAPI (blue), 100X. Insert shows a tubulin-3-lll and EGFP double positive ES
cell-derived cell (*) and a tubulin3-lll* and EGFP negative blastocyst-derived cell (°) from the mantel
zone (mz), 1000X. (e) Overlay and Insert of the cortex (transversal section), staining and magnification
as in (d). (B) N ES chimera. Panels (a—e) are as described in panel (A).

Utility of Uniparental ES Cells

Therapeutic utility of uniparental ES cell derivatives depends on
whether the function and balanced expression of imprinted genes is
required for formation of the respective tissue or tissue stem cell, as
well as normal function of the graft subsequent to transplantation.
While the necessity of balanced expression of imprinted genes during
development has extensively studied, for example in the regulation
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Figure 6. Neural in vitro differentiation of AG, GG and N ES cells.
(A) Phase contrast images of AG, GG and N ES cells at progressive stages
of in vitro differentiation. (a—c) embryoid bodies derived from AG, GG and
N ES cells (day 4 of differentiation), magnification: 50X. (d-f) pan-neural
progenitor cells (day 12 of differentiation), 100X. (B) Inmunostaining of pan-
neural progenitor cell-derived neuronal and glial cells. Pan-neural progenitor
cells were cultured for 13 days under conditions for neural differentiation.
(a—c) tubulin3-lIl positive neuronal cells (red). (d-f) GFAP* astroglial cells
(green). Nuclei were counterstained with DAPI, magnification: 200X.

of fetal growth and placental development”-9%93 it is much less clear
to what degree genomic imprinting is required in adult tissues.®%4
Unregulated levels of some imprinted gene products are associ-
9597 although probably

in association with dysregulation of non-imprinted genes. Thus,

ated with neoplasia in neonates and adults,

the tolerance for loss of imprinting or loss of heterozygosity for
imprinted loci in adult tissues remains a developmentally intriguing
question that needs to be explored. Investigating the ability of
uniparental ES cells to recapitulate specific developmental pathways
in vitro, combined with transplantation models, provides a unique
tool to determine how imprinting relates to the formation of tissue
specific stem and progenitor cells.
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