Nuclear cloning of embryonal carcinoma cells
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Embryonal carcinoma (EC) cells have served as a model to study the
relationship between cancer and cellular differentiation given their
potential to produce tumots and, to varying degrees, participate in
embryonic development. Here, nuclear transplantation was used
to assess the extent fo which the tumorigenic and developmental
potential of EC cells is governed by epigenetic as opposed to
genetic alterations. Nuclei from three independent mouse EC celt
lines (F8, P19, and METT-1] with differing developmental and
tumorigenic potentials all were able to direct early embryo devel-
opment, producing moerphologically normal biastocysts that gave
rise to nudlear transfer (NT)-derived embryonic stemn (ES) cell lines
at a high efficiency. However, when tested for tumor or thimera
formation, the resulting NT £ cefls displayed an-identical potential
as their respective donor EC cells, in stark contrast to previously
reported NT ES cells derived from transfer of untransformed celis,
Consistent with this finding, comparative genomic hybridization
identified previously undescribed genetic lasions in the EC celt
lines. Tharefore, nonreprogrammable genetic modifications within
EC nuclei define the developmental and tumorigenic potential of
resulting NT ES cells. Our findings support the notion that cancer
results from the deregulation of stem cells and further suggest that
the genetics of ECs will reveal genes involved in stem cetl self-
renewal and pluripotency.

pigenetics plays an important role in development and

disease. During devetopment, cells become increasingly re-
stricted in their developmental potential with most celis becom-
ing locked into a single fate. The locking in of cell fate is
maintained by modifications to DNA that are heritable, but do
not invalve a change in primary DNA sequence. These changes
have, thersfore, been coined epigenetic modifications (1), Well
known examples are the methylation of CpG islands and the
methylation/acetylation of histopes (2). Analogously, disease
can result from errors in epigenetic modifications. Epigenetic
errors have become increasingly appreciated for their role in
cancer (3). For example, it is now known that many tumor
suppressor genes are silenced during tamorigenesis by erroneous
methylation of their promoters (4). However, unlike genetic
mutations, it remains unclear to what extent these and other
cancer-associated epigenetic changes are causally involved in the
tumorigenic. process.

Transfer of a nucieus from a differentiated cell to an enucle-
ated oocyte can reset the developmental state of the differen-
tiated cell nucleus to that of a zygote with the potential 1o
produce. 2 new organism with an identical genetic constitution,
Le,, a clone {3). This remarkable feat requires the reversal of the
epigenetic modifications that were established during cellular
differentiation. Similarly, transfer of a nucleus [rom a cancer cell
may be gble 1o reverse both aberrant and developmentally
associated epigenetic modifications that had accumulated during
tumarigencsis. Provious results in amphibians and mice have
suggested that a cancer cell aucleus can indeed be repro-
grammed by nuclear fransfer (NT} and go on to direct early
development (6-9). However, the exceedingly ow efficiency at
which they produced clones raises questions as to the origin of
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the donor cell used in these experiments (9, 103). Furthermore,
resuiling embryos were abnormal and arrested early in devel-
opment. A two-step approach o cloning can overcome the
difficulty of interpreting data resufting from the inefficient
process of direct cloning (11, 12). Two-step cloning involves the
derivation of embryonic stem (BS) cells from NT-derived blas-
tocysts, followed by tests of ES cell potency including production
of teratomas and chimeric animals. This approach has enabled
the cloning of exceptionally mefficient donor cells such as
lymphocytes and neurons (12, 13).

Teratocarcinomas provide an attractive tumor maodel system
in which 1o test the reversibility of tumorigenic potential by NT
(14). Teratocarcinomas can be induced with a high frequescy
and short latency in mice by fransplanting early embryos under
the testicular capsute of an adult host (15). Bmbryonal cart-
noma (EC) cell lines derived from teratocarcinomas produce
tumors when injected s.c. or L.p. into animals. Surprisingly, they
can slso be induced to differentiate into various celf types in vitro
and can contribute o the somatic lincages of a déveloping
embryo when injected into a blastocyst (16, 17). Therefore, the
tumorigenic potential is not absolute and can be reversed in
certain cellular contexts, The reversibility of the tumorigenic
potential of BC cells suggests thal epigenetic changes may play
an imporiant role in defining the EC phenotype. We sought to
answer twe questions: (i) can tre nucleéus from an EC cell be
reprogrammed to produce a blastocyst that is able fo generate an
ES cell line and {if) do the resulting ES celis manifest an allered
developmental and/or tumorigenic potential relative 1o -ihe
parental EC cell line? The answers to these questions should
functionally define the role of epigenetics in EC.

Materials and Methods

Cell Lines. F9 (passage no. unknown, kindly provided by Franois
Jacob, Institute Pasteur, Paris), P19 {passages 2025, kindly pro-
vided by Michae! McBurney, Ottawz Regional Cancer Center,
Ottawa, Canada), and METT- {passages 10-15) were grown in ES
cell medium (DMEM plus 13% FBS, nongssential amino acids,
2-mercaptoethanol, and 1,000 units/ml lymphocyte inhibitory
factor), All ES cells were grown in ES medium on irradiated mouse
embryonic fibroblagts, GFP-labeled EC cell iines were produced
by targeting the Rosa26 locus with enhanced GEFP. The targeting
construct was produced by subcloning enhanced GFP (Clontech)
into a Rosa2é-purol targeting vector (18).

NT and £S Cell Derivation. NT was performed as described {193,
Oocyies were coliected from superovulated (CS3TBL/6 x
DBA/2 F) females. Enucleation and NT were done with a

Abbreviations: NT, nuciear transfer; £5, embryonic stem; £C, embryonal carcinoma; {GH,
comparative gencmic hybridization; 5KY, spectral katyoryping.
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piezo~driven micromenipulator system {Primetech, Iharaki, Ja-
pan) on a Nikon microscope with inverted optics. One to three
hours after N'T, reconstructed oocytes were activated for 5 hwith
10 mM Sr2* in Ca*free medium in the presence of § pg/mi
cytochalasin B. Resuiting embryos were cultured to the blasto-
cyst stage in KSOM medium (Specialty Media, Lavellette, NI).
Resulting blastocysts were treated with acid Tyrode’s solution to
remove the zona pellucida and then cultured in ES medium
supplemented with 5 % 1075 M PD98059 MEK1 inhibitor (Cell
Signaling Technology, Beverly, MA) on maouse embryonic fi-
broblasts. Inner cell mass oulgrowths were mechanically disso-
ciated in the presence of trypsin and then replated on mouse
embryonic fibroblasts in BS medium.

Pluripetency Assays. Teratomas were produced by injecting 3 X
10° cells s.c. in the flanks and anterior back of severe combined
immunodeficient mice. Tumor tissue samples were fixed in 109
huffered formalin for 24 h and embedded in paraffin. Sections
(5 wir) were stained with hematoxylin and eosin. Al least two
teratomas were analyzed per cell line, Chimeras were produced
by injecting diploid blastocysts isolated from {C57BL/6 %
DBA/Z Fa) crosses. Three to eight cells were injected per
blastocyst before transfer into day-2.5 pseudopregnant Swiss or
(C57BL/6 x DBA/2 Fy) females. Chimeras were isolated by
Caesarean section at days 9.5, 14.5; and 19.5. Day-9.5 and ~14.5
embryos were analyzed under {luorescence microscopy. Repre-
sentative GFP-posifive embryos were fixed, sectioned, and
stained as deseribed above, Immunostaining was performed by
using an avidin-biotin immunoperoxidase techmigue. Primary
antibody (anti-GFP; 1:1,000, Molecular Probies} was incubated
overnight at 4°C. Samples were subseguently incubated with
biotinviated secondary antibodies (Vector Laboratories} for 30
min, and titen with avidin-biotin peroxidase complexes (Vector
Lahoratories) for 30 min. Diaminobenzadine was used as the
chromogen and hematoxylin was used as the counterstain, For
negative controls, primary antibodies were omitted. Til-
appearing day-19.5 pups were killed, and representative tumors
were fixed and analyzed as above. Healthy-appearing day-19.5
pups were fostered with lactating BALB/c females. Cell Hnes
were derived from representative tumors by mechanical disso-
ciation with scaipel and culiure in ES media.

Array-Comparative Genomic Hybridization (CGH) Protiling on Long
Oligomer Bicroarrays and Speciral Karyotyping (SKY). Genomic
DNA was fragmented with Dpnll digest and random-prime-
labeled after purification according to modified protocols (20}
Two micrograms of digested DNA was used per labeling reac-
tion, and each sample was dye-swap-labeled for two hybridiza-
tions against reference. Normal ES, V6.5, genomic DNA was
used as reference. Labeled DNAs were hybridized onto mouse
long oligonucleotide microarrays {Agilent Technologies, Chi-
cago) for 18-20 h at 65°C. For detailed tabefing and hybridiza-
tion protocol, see hitp://genomic.dfciharvard.edu. After hy-
 bridization, arrays were washed and scanned on an Agilent
scanner, and scanned images were analyzed for spot-finding and
{lagging as well as reporting of Cy3 and Cy5 foreground and
background signals for each spot by using standard Agilent
software designed for the scanner, Custom analytical fools were
used to caleulate fluorescence ratio calenfation {in logs) and
oligomer-to-chromosome lecation mapping (40). The resultant
raw array-CCGH profiles were analyzed further by using & seg-
mentation algorithm developed by Qlshen and Venkatraman
(21} that uses permutation to determine the significance of
change points in the raw data Lo identily statistically significant
tramsitions in copy number. [n this study, significant copy number
changes are determined based on segmented profiles only. SKY
was performed as described (22) according o manufacturer’s
recommendations by using mouse chromosome paint probes
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Table 1. Cloning efficiency of EC cell lines

No. of £5 cell

No. of No. of blastocysts  tines (% of
Cell line {ref.) pronuclei (% of PN} biastacysts}
9 143 4 (6.4) 4 144)
Pio 256 27{8.2) 12 (57)
METT-1 38 2(5.3) 1(50)
V6,5 ES* 65 4 (6 2 {50}
Lymphocytes (12) . 758 41 (5.4) 2(4.9)
Neurons (13} 493 84 (13} 5{7.8)
Cumuius cells (27) 120 17 (14)
Tail tip fibrobiasts (27) 344 18 {5.2)

*V6.5 represents a2 WT ES cell fine (33}

(Applied Spectral Imaging, Vista, CA} on a Nikon Eclipse 800
microscope equipped witls an Applied Spectral {maging inter-
ferometer and workstation.

Resufts

Derivation of ES Cells After Transfer of £€ Cefl Nuclei into Oocytes. In
this study, three different BC cell tines (F9, P18, and METT-1})
were chosen based on their varying degrees of tumorigenic and
developmental potential. Whereas F9 and P19 cells arc highly
tumorigenic {23, 24), METT-1 cells rarely produce tumors in
chimeric mice (25}, The tumorigenic potential of these three
lines is inversely related to their developmental potential as F9
cells have no, and P19 cells a limited, developmental putential
(muilipotent and restricted potency, respectively), whereas
METT-1 cells can differentiate into multiple cel! types and
generate viable chimeras (pluripotent EC cells) (23-26). Nuclel
from the three BC cell lines were fransferred mto enucleated
oocytes, and the reconstituted eggs were activated and moni-
tored for their capacity to develop in vitro to the blastocyst stage.
Nuclei from all three BC cell lines were able 1o direct preim-
plantation development, resulting in normal appearing blasto-
cysts {Table 1), Resuiting blastocysts were explanted onto irra-
diated mouse embryonic fibroblasts 1o derive ES cell lines.
Previous work has shown a strong correlation between the
differentiation slate of the donor nucteus and efficiency of
postblastocyst development in vivo (5). Similarly, the efficiency
of ES cell dezivation from blastocysts in vilro is fow after NT of
differentiated cefls (Table 1) (12, 13, 27). Here, we find that EC
and ES cell donors produce ES cell lines from NT-derived
blastocysts at a high efficiency (Table 1). Blastocysts derived
from the three EC donor cell lines generated ES cells at an
efficiency of 44-57% and from the ES donor cell line at 50%,
much higher efficicncies than observed in the cioning of somatic
donor nuciei such as cumulus cells (14%) (27), tail tip fibroblasts
(5.2%) (27}, lymphocytes (5% (12), and neurons (7.8%} (13).
These results indicate that the epigenetic state of the EC cell
genome can be efficiently reprogrammed to support preimplan-
tation development and generate ES celis, Furthermore, the
higlt efficiency of ES ceil derivation appears io reflect a similar
developmental and epigenetic state of BC and ES cells as
compared with differentiated somatic cells.

Developmental and Tumorigenic Potential of EC Cells. We used the
formation of feratomas and chimeric mice as criteria fe compare
the tumorigenic and developmental polentia of the donor EC
cells with that of the respective ES cells derived by NT. Teratoma
formation is a measure of spontaneous differentiation, wheseas
generation of chimeras after injection of the cells into blastocysts
requires organized differentiation under the controlled environ-
ment of mouse development, First, we reassessed the develop-
mental and tumorigenic potential of the donor EC cell lines,
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Tabie 2. Teratomas from EC and NT £5 cell lines

No. of lines Latency, Degree of

Celt type tested* weeks differentiation’ Types of tissues seen

F9 £C 3 1-2 0 Homogeneous undifferentiated

F9 NT ES 4 1-2 ¢ Homaogenous undifferentiaied

P1% EC 3 2-3 + immature neuroepithelium, glandular epithelium, connective, adipose,
and cartilage

F19 NT ES 10 -3 + Immature neuroepithetium, glandular epithelium, connective, adipose,
and cartilage

METT-1 EC 2 3-4 R Mature neurcepithelium and broad range of epithelial and
mesodermal tissues

METT-1 NT ES 1 3-4 ++ Mature neuroepithelium and broad range of epithelial and
mesodermal tissues

V6.5 ES* 1 3-4 Ak Broad range of epitheiial and mesodermal tissues

*EC lines include parental iine as well as GFP-targeted subclones. NT ES lines represent lines resulting from independent NTs.
'Degree of differentiation was determiined by percent area of undifferentiated cells in tumors. 0, 100%; +, ™ 50%; ++, 20--50%; + 4+, < 20%.

W65 represents a W ES cell line (39).

Each EC cell line as well as multipie subclones were injected s.c.
into severe combined immunodeficient mice to produce tamors
(Table 2 and Tig. 1}. The rate of wmor formation differed
between the three lines. F9 and P19 EC cells produced visible
tumors rapidly {1-2 weeks and 2-3 weeks, respectively), whereas
METT-1 EC cells produced them at a rate similar to that of WT
ES cells {3-4 weeks) (Table 2. Histology of resulting tumors
showed patterns of differentiation consistent with the published

Fig.1. Teratoma analysis of ECand corresponding NTES celi lines. Teratomas
from EC (4, C, and E) and NT ES (B, [, and F) cell lines. (A and B} FS EC and NT
£5 teratomas remain completely undifferentiated (+). Host dermal and epi-
dermal tissue is seen in hottom and fower left of A and D, respectively. (Cand
D) P19 EC and NT ES cells differentiate into immature neuroepithelium dis-
tinguished by rosette formation {arrow). (£ and F) METT-1 EC and NT ES cells
differentiate into a variety of tissues, including mature neural and glandular
tissue (asterisk and arrow, respectively).

Bleloch et al.

developmental potentials of these differing lines (23, 28, 29),
Tumors derived from F¢ EC cells showed no evidence of
differentiation {nullipotent teratocarcinomas, Fig. 1.4) whereas
the tumors derived from P19 EC cells exhibited differentiation
into immature neural lissue, cartitage, and unspecified glandular
tissue (characteristic of teratocarcinomas with restricted differ-
entiation, Fig. 1C). METT-1 EC cells produced tumors that
differentiated into a broad range of celi types, including mature
neuronal tissue, cartilage, bone, ciliated glandular tissue, and
melanocytes (Table 2 and Fig. 1E). However, tumors derived
from METT-1 BC cells contaimed a higher fraction of undiffer-
entiated cells than those derived from WT ES cells, showing that
although they have greater developmental potential than the
other BC cell tines, they are not equivalent to ES cell lines
(Tabie 2).

To test the potentiat of the three EC cell lines to produce
chimeric mice, the cells were transfected with a ubiquitously
expressed GEP construct and micromjected into C57BL/6 X
DBA/2 F biastocysts to generate embryonic chimeras, Fig, 2
shows examples from embryonic day 145 chimeric embryos
(summarized in Table 3). FO cells failed to produce chimeric
embryos. Instead, when surrogate mothers were analyzed at
embryonic day 14.5, mostly aboried -fetuses were cbserved,
signifying a failure of the host embryo to atier the developmental
potential of F9 EC cells. P19 EC cells were able to contribute to
midgestation embryos, most clearly documented by the presence
of GFP-positive cells in the skeleton and CNS (Fig. 24).
However, most chimeric midgestation entbryos showed morpho-
logical defects of the head and/or spinal cord, suggesting
defective neural development. similar to previously published
resuits (24) (Table 3 and Fig. 2.4). In contrast, METT-1 EC cells
contributed broadly to all lineages, and the midgestation em-
bryos appeared morphologically normal (Table 3 and Fig. 2B).
Thus, the poteniial to differentiate as measured by teratoma and
chimera formation was consistent with the original descriptions
for cach celi line, confirming that their distinct developmental
and tumorigesic potentiais have been preserved.

Developmental and Tumorigenic Potential of E5 Cells Dervived After NT
of EC Celi Nucei. Next, we evaluated the developmental and
wmorigenic potential of the ES cells devived after NT of the
three BC cell lines. Strikingly, each NT ES cell line generated
phenotypes that were indistinguishable from their corresponding
donor EC cell line. Specifically, F9 NT ES cells showed neither
spontaneous differentiation into teratomas nor contribution o
midgestation embryos (Tables 2 and 3 and Fig. 1B). P19 NT ES
cells exhibited limited spontanecus differentiation mio terato-
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Fig. 2. Chimera analysis of EC and corresponding NT ES celt Enes. (A-D}
Midgestation (embryanic day 14.5) chimeras. {A and () P19 ECand NTES cells
contribute to developing bone (best seen in ribcage) and brain. Head and
spinal morphogenesis is abnormal. (6 and D} METT-1 EC and NT ES cells show
a broad contribution to embryas, induding bone, soft tissue, and skin, as seen
hera. {E~H) P19 EC and NT ES chimeras are born with head and neck embiryo-
.carcinomas. Tumars are obvious on external evaluation of P19EC (£) and #19
NT ES (F) pups (arrows). Hematoxylin/eosin staining (G) and GFP immuno-
staining () of a representative 15 NT ES chimera confirm tumors are ECs of
donor celi origin.

mas and produced predominantly abnormal midgestation chi-
meras with obvions head and spinal cord defects {Tables 2 and
3 and Figs. 1D and 2C). As seen with the 19 EC chimeras, some
P19 NT ES chimeras developed to term, but all were afflicted
with head and neck ECs and were inviabie (Fig. 2 E-I),
METT-1 NT ES ceils showed a broad differentiation poteniial
in teratormas and also a broad contribution to normal-appearing
midgestation embryos (Tables 2 and 3 and Figs. LF and 1D).
Furthermore, normal-appearing chimeric adult mice were de-
rived from blastocysts injected with METT-1 NT ES cells {data
not shown). Thus, whereas reprogramming the EC cell nuclei by

Table 3. Midgestation (embryonic day 14.5) chimeras

B P19

EC

NT E8

Fig.3. CGH analysis of £€ and corresponding NT ES celi lines. CGH profiles of
F9 (A}, P19 (B), and METT-1 {C) EC and NT ES cell lines. The x axis represents
chromosomes 1-19 {sex chromosomes are not included). The yaxis represents
relative copy numbers of genetic materiai along chrormosomes. (B Lower) SKY
image of chromosomes & and 14 in & P19 £C cell, showing two normal

" chromosomes 6, one normal chromosome 14, and a nonreciprocal transloca-

tion of tip of chromosome 6 to chromosome 14, resulting in gain of 8q and loss
of 14g. {Left) SKY images. {Center) Reverse 4',6-diamidino-2-phenylindote
images. {Right} Computer-generated representations of SKY images.

NT did expand early embryenic developmental potential as
evidenced by phenotypicaily normal biastocysts that were able to
praduce NT ES cell fines, the NT ES postimplantation devel-
opment potential was restricted and similar to that of the
respective donor EC cells. These data suggest that the tumori-
genic and restricied developmental potential of BC cells is
determined either by genetic changes or epigenetic modifica-
tions that are not reversed by the reprogramming activity of the
oocyte.

CGH Analysis of EC Cefls. We sought to determine the spectrum of
genetic changes that may influence the developmental and tumor-
igenic potential of the three BC celi lines. To that end, we

No. of No. of GFP*
Cell type blastocysts injected embrycs GFP contribrution Phenotype
Fa-GFpP £C 80 G
FO-GFP NT ES 60 0
P19-GFP £C 80 4 Neural and developing bone Three embryos with abnormat CNS morphogenesis
P19-GFP NT ES 120 6 Newural and developing bone Four embryos with abnormal CNS morphogenesis
METT-1-GFP EC 200 2 Broad contribution Appear normal
METT-1-GFP NT ES 68 2 Broad contribution Appear normal
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performed CGH to generate a genomewide view of deletions and
amplifications in each of the EC cei lines (Fig. 3). FY EC cells
possessed deletions of 4D3-4E1 and 6B3-6C3 and gaims of §,
12A2-12ter, and 15 (Fig. 34). P19 EC cells harbored deletions of
4B1-4E2 and 14D1-14qter as well as gain of 6D2-qgter {Fig, 38), the
larter two represented a nonreciprocal translocation involving
chroinosomes 6 and 14 as docamented by SKY (Fig. 38 Lower).
Finally, a subpoputation of METT-1 BC cells showed a deletion of
14C2-14ter (Fig. 3C). Importantly, the CGH profites of the ES cell
lines derived after NT of the EC lines showed similar CGH patterns,
providing definitive evidence that these ES cells were indeed
derived from the muelei of the transfesred parental EC cells (Fig. 3},
F9 NT ES cells did accumulate an extra copy of chromosome 14
sometime during the cloning and ES derivation process, suggesting
ongoing chromosomal instability in this cell Tine.

Interestingly, these high-resolution CGH profiles on the var-
ious BC cell lines ditfer from previously described karyotypes
that were analyzed by conventional banding cytogenetics' (28—
31). F9 BC cells were deseribed as being aneuploid, with
monosony 14, trisomy 8, and 2 Robertsonian translocation (28},
whereas P19 and METT-1 were described as being euploid. The
apparent discrepancies between the published karyotypes and
the CGH profiles may stem from changes that emerged in the
course of tissue culiure. Because the resolution used for array-
CGH in this study is =S50 kB, it is alse possible that subchro-
mosomal alterations involving small portions of a chramosome
were missed previously by low-resolution banding analysis. That
aside, the documentation of these irreversible chromosomal
aberrations in the EC cells and their NT ES derivatives suggests
that the developmental and tumorigenic potential of EC celis
after NT are restricted by these irreversibie genetic changes.

Discussion

In this stady, cloning by NT was used to address the role of
epigenetic modificaiions in determining the developmental and
tumorigenic potential of BEC cells. We find that, whereas the
transfer of nuclei from EC cells results in morphologically
normal blastocysts from which ES cell lines can be produced, the
resuiting ES cells have the same developmental and fumorigenic
potential as the parental EC cell lines, Strikingly, the nuclei irom
the three EC ceil lines used in this study cenferred their
distinctive developmentat and tumorigenic potentiais 0 the
resulting NT ES cells. The failure to reprogram the BC pheno-
type suggested that genmetic alterations were responsible for
limsiting the developmental potential of the NT ES lines. Con-
sisten{ with this, CGH showed shared and unigue genetic
alterations befween the different EC cell fines. These resulis
show that whereas the genomes of EC celis can redirect normal
preimplantation development, genetic changes transmitted {rom
the EC nuciei determine the developmental and tumorigenic
potentiai of the NT ES cells.

BS cell lines were derived at a high efficiency after NT of the EC
donors, which is in stark contras! to lymphocyte, newron, and
* fibroblast donors. Accumulating data show a strong correlation
between the differentiation state of the donor nucleus and the
efficiency of producing lufl-term pups and ES ceil Hnes after NT
{see Table 1). EC and ES cells express markers of pluripotency,
including Oct4, Nanog, and SSEA (32-34). Therefore, the high
cloning efficiency of these cells may be caused by the expression of
a set of pluripofency genes that are sufficient to direct early
development, On the other hand, nuclei from ditferentiated donor
cells must reaciivate pluripotency genes and, because this process is
often incomplete, the cloning of somatic cell types is less efficient
than from ES and EC cells (35). Consistent with the notion, we have

1. Jaenisch, B. & Bird, A. (2003) Max. Genet. 33, Suppl, 245-254,
2. L3, B {2002) Nat. Rev, Gener. 3, 662-673.
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found that the derivation of ES cells after NT of a differentinted
tumor model occurs at a low efficiency if at all {41).

Altheugh the EC celi lines have multiple genetic changes as
scen by CGH, these changes did not interfere with preimplan-
tation development or ES cell derivation, The abmormal phe-
notype of clones became obvious when the resulting NT ES cells
were tested in developmental and tumorigenic agsays. In these
assays, the phenotypes of the NT ES cell lines appesred identical
to the corresponding donor EC lines and, therefore, very dif-
ferent [rom each other (i.e,, METT-1vs. P19vs. F9). This finding
suggests that each EC celi line harbors its own unique set of
unreprogrammable modifications that function within the epi-
genetic context of a pluripotent siem cell, limiting its develop-
mental potency. Consistent with this finding, CGH showed
unique genetic changes in F9, P19, and METT-1 EC ceils.
Interestingly, there were also overlapping changes among the cell
lines, including the loss of 4E1 in F9 and P19 and loss of
14Dl-gter in P19 and METT-1. it is therefore tempting to
speculate that an accumulation of genetic changes underlies the
increasingly imited differentiation potential and, hence, increas-
ing tumorigenic potential of the BC cell lines. Identifying genes
that cavse EC cells 1o become locked into their fates should
provide insights into the general mechanisms governing tumor-
igenesis and deveiopmental potential. That is, the genetics ol EC
should reveal the genetics of self-renewal and pluripotency.

Interestingly, the 6D2-gter region that is amplified in P19 cells
is syntenic to chromosome 12p in humans, which is the most
common genetic modification seen in human embryonic carci-
nomas (36). In particuiar, two minimal regions of amplification
of $2p have been described in human EC, 12p11.2-12.1 and
12p13. Furthermore, expression profiling has identified an over-
representation of highly expressed genes in the 12pI3 region in
siumerous human ECs (37). The combination of genomic am-
plification and transcriptional overexpression suggests that these
genes are causally involved in the tumorigenic and/or develop-
mental potential of EC cells, Consistent with this notion is the
recent demonstration that the misexpression of nanog, which
maps to the 12p13 region, inhibits IS cell differentiation pro-
ducing an EC-like phenotype {32, 38}

Althonugh EC appeared to be a good candidate for an epige-
netic model of umorigenesis, the failure to alter thetr develop-
mental and tumorigenic phenotype by NT argues that genetic
lesions rather than epigenetic restrictions are responsible. This
does not exclude the potential to reprogram other tumor types.
For example, abnormal E7 mouse embryos were produced afier
transfer of nuclel from a medullobiastoma cefl line, but it was not
possibie to analyze later phenotypes because embryoric devel-
opment arrested and ES cells were not derived (9). We have
found that the genome of a malignant melanoma cell ¢an be
reprogrammed to pluripotency after nuclear transplantalion
although the tumorigenic potential appeared unchanged in
chimeric anirnals derived from the NT BS cells (41).
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