Reprogramming of a melanoma genome
by nuclear transplantation
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We have used nuclear transplantation to test whether the reprogramming activity of oocytes can reestablish
developmental pluripotency of malignant cancer cells. We show here that the nuclei of leukemia, lymphoma,
and breast cancer cells could support normal preimplantation development to the blastocyst stage but failed to
produce embryonic stem (ES) cells. However, a blastocyst cloned from a RAS-inducible melanoma nucleus
gave rise to ES cells with the potential to differentiate into multiple cell types in vivo including melanocytes,
lymphocytes, and fibroblasts. Chimeras produced from these ES cells developed cancer with higher
penetrance, shorter latency, and an expanded tumor spectrum when compared with the donor mouse model.
These results demonstrate that the secondary changes of a melanoma nucleus are compatible with a broad
developmental potential but predispose mice to melanomas and other malignant tumors on reactivation of
RAS. Our findings serve as a paradigm for studying the tumorigenic effect of a given cancer genome in the

context of a whole animal.

[Keywords: Cancer; epigenetics; nuclear transfer; reprogramming; pluripotency; embryonic stem cells]

Received April 21, 2004; revised version accepted June 2, 2004.

Accumulating evidence shows that tumor formation is
accompanied by both epigenetic and genetic alterations
of the genome (Hahn and Weinberg 2002; Jones and Bay-
lin 2002; Felsher 2003; Egger et al. 2004). Unlike genetic
changes, epigenetic changes do not alter the primary
DNA sequence and are therefore reversible. Examples of
epigenetic modifications are the methylation of DNA
and histones, the acetylation/deacetylation of histones,
and the packing of chromatin into euchromatic and het-
erochromatic regions (Li 2002). Epigenetic modifications
play an important role during normal development by
regulating gene expression through stable activation or
silencing of differentiation-associated genes. Similarly,
epigenetic changes can promote cell proliferation, in-
hibit apoptosis, and induce angiogenesis during tumori-
genesis by activating oncogenes and silencing tumor
suppressor genes (Felsher 2003). For example, the p16
and VHL tumor suppressor genes are frequently silenced
in human cancer by methylation of their promoter re-
gions (Jones and Baylin 2002). Moreover, the treatment
of tumor cells with methylation- and histone-modifying
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drugs can inhibit malignancy and this inhibition corre-
lates with the reactivation of important tumor suppres-
sor loci (Jones and Baylin 2002; Egger et al. 2004).

Epigenetic and genetic changes often act in concert
during neoplasia. For example, potent oncogenes such as
MYC, FOS, and PML-RAR can directly or indirectly in-
teract with proteins that regulate epigenetic modifica-
tions such as DNA methyltransferases, histone methyl-
transferases, and histone acetylases/deacetylases to
modulate gene expression (Bakin and Curran 1999; Di
Croce et al. 2002; Jones and Baylin 2002; Ogawa et al.
2002; Felsher 2003; Frank et al. 2003). In agreement, ani-
mal models deficient for individual components of the
epigenetic machinery are more prone to genome insta-
bility and cancer. For instance, mice that harbor a hypo-
morphic allele of the Dnmtl methyltransferase gene
consistently succumb to thymomas, possibly through
the induction of chromosomal abnormalities (Gaudet et
al. 2003). Likewise, the lack of the histone methyltrans-
ferase Suv39h has been associated with an increased tu-
mor risk and genomic instability (Peters et al. 2001).
These observations strongly suggest that epigenetic and
genetic alterations together contribute to the neoplastic
state.

Tumors develop in the context of a particular devel-
opmental state, and thus, epigenetics may also influence
tumorigenesis through its effects on differentiation.
Consistent with this notion, differentiation-inducing
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drugs can cause regression of some tumors such as all-
trans retinoic acid in acute promyelocytic leukemia
(Sanz et al. 1998). Moreover, many bona fide oncogenes
are tumorigenic only in specific cell lineages, suggesting
the requirement for a tissue-specific epigenetic environ-
ment that is permissive for an oncogene’s tumorigenic
potential (Felsher 2003). For example, in a MYC-induc-
ible osteosarcoma mouse model, it has been demon-
strated that expression of the MYC oncogene causes tu-
mors in immature osteoblasts, but induces apoptosis in
differentiated osteocytes (Jain et al. 2002), an observation
that further supports the idea that the differentiation
state and thus epigenetic conformation of a tumor cell
may determine whether a cell manifests a malignant
phenotype or not.

Nuclear transplantation (NT) can reprogram a termi-
nally differentiated cell into a pluripotent embryonic cell
that can direct development of an organism (Wilmut et
al. 1997; Wakayama et al. 1998). This is accomplished by
resetting the epigenetic modifications associated with
differentiation to a state equivalent to that of a zygote
(Hochedlinger and Jaenisch 2002b), while genetic
changes remain unaltered (Hochedlinger and Jaenisch
2002a). Thus, NT provides a tool to selectively repro-
gram the epigenetic state of a cellular genome without
altering its genetic constitution in order to globally ana-
lyze the impact of epigenetics on tumorigenesis. Historic
experiments in frogs have demonstrated that kidney car-
cinoma nuclei can be reprogrammed to support early de-
velopment to the tadpole stage (McKinnell et al. 1969). A
similar result was recently obtained in mice where nu-
clei from a medulloblastoma cell line were able to direct
early development, albeit with low efficiency, resulting
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Figure 1. Two-step cloning procedure to produce mice from
cancer cells. Different tumor cells were used as donors for
nuclear transfer into enucleated oocytes. Resultant blastocysts
were explanted in culture to produce ES cell lines. The tumori-
genic and differentiation potential of these ES cells was assayed
in vitro by inducing teratomas in SCID mice (1), and in vivo by
injecting cells into diploid (2) or tetraploid (3) blastocysts to

generate chimeras and entirely ES-cell-derived mice, respec-
tively.

1876 GENES & DEVELOPMENT

in arrested embryos (Li et al. 2003). However, these ex-
periments did not unequivocally demonstrate that the
clones were derived from cancer cells as opposed to con-
taminating nontransformed cells (Carlson et al. 1994).
Moreover, the experimental setup did not allow the dis-
tinction between abnormalities caused by the nuclear
transfer procedure versus abnormalities caused by the
donor nucleus.

Here, we have taken an alternate approach to investi-
gate whether the reprogramming activity of the oocyte
can reverse the cancer phenotype of a tumor genome and
establish developmental pluripotency (Fig. 1). Following
nuclear transfer of different tumor cells, clones were al-
lowed to develop to blastocysts and then explanted in
tissue culture to derive embryonic stem (ES) cells. The
resulting ES cells (hereafter denoted as NT ES cells) were
then analyzed to confirm the tumor cell origin and tested
in multiple assays for their developmental and tumori-
genic potential. This modified cloning procedure (1) cir-
cumvents abnormalities associated with nuclear transfer
(Hochedlinger and Jaenisch 2003) and (2) permits a de-
tailed analysis of the developmental (Hochedlinger and
Jaenisch 2002a; Rideout et al. 2002; Eggan et al. 2004)
and tumorigenic potential of the reprogrammed nucleus.

Results

Cancer nuclei can support
preimplantation development

We first examined whether cancer nuclei could direct
preimplantation development to the blastocyst stage.
Nuclei from different murine cancer cells were intro-
duced into enucleated oocytes and subsequently acti-
vated to induce cleavage of the embryo. We were unable
to generate cloned blastocysts from 63 eggs transplanted
with the nuclei from a p53~/~ lymphoma (Donehower et
al. 1992) and have succeeded in establishing only one
cloned blastocyst from ~500 eggs transplanted with the
nuclei from a Moloney murine leukemia virus
(MoMLVJ-induced leukemia (Table 1; Jaenisch et al.
1981; Stewart et al. 1983). On the other hand, we were
able to generate cloned blastocysts at a rate of 1%-12%
from a PML-RAR transgene-induced leukemia (Zimonjic
et al. 2000), a hypomethylated Chip/c lymphoma (Gau-
det et al. 2003), a p53~/~ breast cancer cell line (Kuper-
wasser et al. 2000), and a RAS-inducible melanoma cell
line (Table 1; Chin et al. 1999). These results indicate
that many cancer cell nuclei can respond to developmen-
tal cues in the oocyte environment and support orga-
nized cleavage divisions, compaction, and cavitation to
form blastocysts (Fig. 2a). From a total of 57 explanted
blastocysts, we were able to derive two ES cell lines that
were cloned from RAS-inducible melanoma nuclei
(Table 1). These NT ES cell lines, R545-1 and R545-2,
were then used to address more rigorously the impact of
epigenetic reprogramming on developmental and tu-
morigenic potency.

In the RAS-inducible melanoma model, the activated
RAS transgene is expressed specifically in melanocytes
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Table 1. Efficiencies of deriving cloned blastocysts and ES cell lines from various cancer nuclei

Type of cancer cell

# Surviving eggs

# Blastocysts (% eggs) # ES Cell lines (% blastocysts)

MoMLV-1 leukemia (cell line) 159
MoMLV-14 leukemia (primary tumor) 338
PML-RARa leukemia (transplanted tumor) 337
Chip/c lymphoma (cell lines) 535
p537~ lymphoma (primary tumor) 63
p53~~ breast cancer (cell line) 189
RAS*/ink4a/Arf~ melanoma (cell lines, p10-15) 583
RAS"/ink4a/Arf '~ fibroblasts (cell line, p5) 71

1(0.6%) 0

0 0

4(1.2%) 0

21 (3.9%) 0

0 0

23 (12.2%) 0
8 (1.4%) 2 (25%)
10 (14.1%) 2 (20%)

after administration of doxycycline to animals that also
carry a null mutation of the ink4a/Arf tumor suppressor
locus (genotype: Tyr-rtTA*, Tet-RAS*, ink4a/Arf”’;
Chin et al. 1999). RAS activation results in the formation
of melanomas in 25% of doxycycline-treated animals af-
ter a latency period of 8-12 wk. Down-regulation of RAS
activity following withdrawal of doxycycline causes tu-
mor regression within 2 wk, whereas readministration
leads to recurrence of tumors with a shortened latency
(Fig. 3a). Because doxycycline-regulated RAS expression
is restricted to the melanocytic lineage (Chin et al. 1999),
it is reasonable to assume that activated RAS expression
is silenced in oocytes and embryos; thus, the status of
doxycycline induction prior to nuclear transfer is not
expected to influence the outcome of cloning of R545
nuclei. Therefore, R545 donor melanoma cells, resultant
NT blastocysts, and NT ES cell lines R545-1 and R545-2,
were cultured in the absence of doxycycline. Although
both of these NT ES cell lines were derived from the
same donor melanoma cell line (Chin et al. 1999),
R545-2 was derived from a nontumorigenic subclone of
R545.

Teratomas and chimeras generated
from melanoma-derived NT ES cells

We first assessed the tumorigenic and differentiation po-
tential of the two NT ES cell lines by their ability to
induce tumors in SCID mice. We found that R545-1 but
not R545-2 NT ES cells formed typical teratomas with
cartilage, adipose, glandular, neuronal, and skin tissue,
reflecting a broad developmental potential that was com-
parable to that of wild-type ES cells (Fig. 2b,c; data not
shown). To investigate the developmental potential of
R545-1 and R545-2 ES cells in vivo, we produced chi-
meric embryos by injecting NT ES cells tagged with a
constitutively active GFP transgene into blastocysts.
Similar to chimeras produced from wild-type ES cells,
those derived from the R545-1 NT ES cells showed donor
cell contribution to multiple organs including skin, in-
testine, heart, kidney, lungs, thymus, and liver (Fig. 2d-
f). These results demonstrate that in the absence of RAS
expression, the R545-1 NT ES cells have the potential to
incorporate into most if not all tissues of newborn mice.
In contrast, R545-2 ES cells did not generate any chime-
ras (data not shown). We performed SKY analysis of
R545-1 and R545-2 cells to detect potential chromo-

somal aberrations that might explain the different phe-
notypes. To our surprise, R545-2 ES cells had a near-
tetraploid genotype (data not shown), which is likely the
reason for the observed failure to produce teratomas and
chimeras. We therefore focused on the R545-1 NT ES
cells for the remainder of this study.

To demonstrate functional contribution of R545-1 NT
ES cells to adult lineages, we first analyzed the lymphoid
compartment in chimeras derived from the injection of
R545-1 cells into Rag2-deficient blastocysts. Because
Rag2 mutant mice completely lack mature lympho-
cytes, any B and T cells detected in chimeric animals are
derived from the injected ES cells (Chen et al. 1993).
Rag2-deficient chimeras derived from the R545-1 NT ES
cells had a normal lymphoid compartment as assessed by
FACS analysis of peripheral blood using B- and T-cell-
specific surface markers such as B220/IgM and CD4/
CDS8, respectively (Fig. 2g). Similarly, when injected into
BALB/C host blastocysts, R545-1 NT ES cells generated
chimeras with a 5%-50% coat color chimerism, demon-
strating contribution of NT ES cells to the melanocyte
lineage (Fig. 2h). Finally, donor-derived fibroblasts iso-
lated from the chimeras showed normal growth charac-
teristics and were propagated in vitro for several passages
(data not shown). We were unable to produce germ-line
offspring from these chimeras, suggesting that the ge-
netic restrictions of the melanoma donor nucleus inter-
fered with fertility. Moreover, R545-1 NT ES cells were
X0 female, whereas the R545 donor mouse was male,
indicating loss of the Y chromosome, which has been
observed in different normal and NT ES cell lines (Eggan
et al. 2002; data not shown). These results show that the
oocyte cytoplasm is able to reprogram the epigenetic
state of the donor cell nucleus into a pluripotent embry-
onic state that supports differentiation into multiple so-
matic cell types including fibroblasts, lymphocytes, and
melanocytes.

Autonomous developmental potential
of melanoma clones

In a chimera, host cells interact with the transplanted
donor ES cells and can potentially complement for non-
cell-autonomous defects of the transplanted cells. To de-
termine their autonomous developmental potential, we
injected R545-1 NT ES cells into tetraploid blastocysts.
In this approach, ES cells exclusively give rise to the
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Figure 2. Analysis of the developmental potential of R545-1 ES
cells. (a) A hatching blastocyst derived from a breast cancer cell
by nuclear transfer shows a blastocoel cavity, trophectoderm
layer, and an inner cell mass. (b,c) H&E staining of teratoma
sections produced from R545-1 ES cells shows differentiation
into mature neurons, mesenchymal cells, and squamous epithe-
lium (b), and columnar epithelium, chondrocytes, and adipo-
cytes (c). (d-f) Contribution of GFP-labeled R545-1 ES cells to
newborn chimeras. Shown on top are the GFP images of the
head (d), heart (e), and intestine (f) of one chimera. Below are the
same images under phase contrast. (g) FACS analysis of periph-
eral blood of a Rag2/R545-1 ES cell chimera shows the presence
of B cells using antibodies FITC-IgM/PE-B220 and T cells using
antibodies FITC-CD4/PE-CDS8. (h) Contribution of R545-1 cells
to the skin indicates differentiation into melanocytes. Arrows
depict spontaneous development of tumors on the eye and neck
of chimera #1 (see Table 2). (i) Embryos produced entirely from
ES cells by tetraploid complementation develop to E9.5 with
obvious tail and limb buds, a closed neural tube, and a beating
heart.

embryo, whereas tetraploid host cells contribute to the
placenta (Wang et al. 1997; Eggan et al. 2001). We de-
tected R545-1 ES cell-derived embryos up to E 9.5 with a
beating heart, closed neural tube, and developing limb
and tail buds (Fig. 2i). However, embryos at later stages
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were not recovered. This shows that the secondary
changes of the melanoma donor nucleus can support cru-
cial events of early organogenesis but fail to direct full
development of a clone, presumably because of irrevers-
ible genetic alterations in the melanoma donor genome.

Melanoma formation in chimeras

A total of 12 adult chimeras were generated and observed
for tumor development. One animal spontaneously
(without doxycycline induction) developed an eye and
neck tumor at 3 wk of age that were identified by histo-
logical analysis as a melanoma and a rhabdomyosar-
coma, respectively (Fig. 2h; Table 2). Cell lines estab-
lished from the eye and neck tumors produced tumors in
the absence of doxycycline when transplanted into SCID
mice. RT-PCR analysis on tumor samples using trans-
gene-specific primers confirmed that both tumors con-

donor mice (n=10)

60d 14d 20d

NT chimeras (n=12)

19d 14d 19d
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Figure 3. Cancer phenotype in chimeric mice. (a) Comparison
of the average latency period of tumor development in the mela-
noma donor mice (top) with that in nuclear transfer (NT) chi-
meras (bottom). Note the similar latency of tumor development
in NT chimeras with that in donor mice after readministration
of doxycycline (recurrent tumors). (b-d) Representative pictures
and immunohistochemistry of tumors that formed in R545-1
NT chimeras. Arrows indicate sites of tumor growth. Melano-
mas (b), a rhabdomyosarcoma (c), and a malignant peripheral
nerve sheath tumor (MPNST; d) were identified by H&E stain-
ing and immunohistochemistry with melanocyte-specific
TRP-1 or muscle-specific desmin or MPNST-detecting GFAP
and S-100 antibodies, respectively.




Table 2. Tumor developement in chimeric animals

Reprogramming of cancer nuclei

Age when put Tumor latency Dox

Chimera on dox (days) (days) Tumors (sites) responsiveness Additional remarks

#1 28 0? Melanoma (eye) No Constitutive expression of RAS
transgene

Rhabdomyosarcoma (neck) No Constitutive expression of RAS
transgene

#2 22 7 Melanoma (tail, leg) Yes

#3 22 9 Melanoma (anus, tail) Yes

#4 22 16 Melanoma (ear, anus) Yes

#5 22 48 Melanoma (legs) Yes

#6 54 12 Melanoma (skin) N/A

Rhabdomyosarcoma (abdominal wall) No Constitutive expression of RAS
transgene

#7 46 20 Melanoma (leg, peritoneum) Yes IP tumor compatible with
metastatic melanoma,
developed during regression
period

Rhabdomyosarcoma (leg muscle) No Developed during regression
period

#8 22 44 Melanoma (tail, back, anus) Yes

Rhabdomyosarcoma (neck) No Developed during regression
period, constitutive
expression of RAS transgene

#9 54 12 Melanoma (head, back) Yes

#10 30 15 Melanoma (tail, anus) Yes

MPNST (abdominal wall) No Tumor developed 3 mo after
regression of primary
melanoma

#11 30 10 Melanoma (anus) N/A

#12 30 10 Melanoma (leg, thymus) N/A Thymic tumor compatible with
metastatic melanoma

#2#12 18.5 (average)

Control #1 21 98 Melanoma (anus) Yes Re-induction of RAS results in
formation of dox-responsive
melanoma after 4 wk

Control #2 21 126+ No tumors N/A

Control #3 21 126+ No tumors N/A

2Tumors developed before exposure to doxycycline.

Tumors were classified by H&E staining of histological sections and immunohistochemical analysis for melanoma specific markers
S-100 and TRP-1, the rhabdomyosarcoma-specific marker desmin, or MPNST markers GFAP and S-100. Responsiveness of tumors to
doxycyline was assessed either by regression of primary tumors upon doxycycline withdrawal or by doxycycline dependent growth of
established tumor cell lines after transplantation into SCID mice. Expression of the RAS transgene was determined by RT-PCR that
specifically detects the transgene but not the endogeneous RAS locus (data not shown). Boxes shaded in dark gray mark tumors of
nonmelanocyte origin. (N/A) Not analyzed; (MPNST) Malignant peripheral nerve sheath tumor.

stitutively expressed the RAS transgene (data not
shown). In contrast, RAS expression was undetectable in
fibroblasts isolated from the same animal, demonstrat-
ing that the transgene was specifically activated in the
tumors.

The 11 remaining chimeras were fed doxycycline in
the drinking water to induce RAS expression in melano-
cytes and all succumbed to melanomas with an average
latency of 19 d after induction (Fig. 3a; Table 2). This
19-d latency is significantly shorter than that observed
for de novo melanoma development in the donor mouse
model, which is 60 d. However, in the donor animals,
melanomas have been shown to recur from minimal re-
sidual disease with a similar short latency after doxycy-
cline withdrawal and subsequent readministration, as

well as in SCID mice that have been transplanted with
established melanoma cell lines (Fig. 3a; Chin et al.
1999). Also, unlike the original donor model, all chime-
ras developed multiple primary melanoma lesions (Table
2; Fig. 3b). Similar to the donor model, tumors were
found on the tail, ear, leg, anus, back, and neck and were
identified as melanomas by immunohistochemistry us-
ing antibodies against the melanocyte markers S-100
(data not shown) and TRP-1 (Fig. 3b). To assess whether
these melanomas were dependent on continuous RAS
activity for maintenance as described in the original
model, we took four of the mice off doxycycline. In each
of the cases, tumors regressed after ~1-2 wk. Readmin-
istration of doxycycline resulted in the rapid reappear-
ance of melanomas within 2-3 wk (Fig. 3a).
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High incidence of nonmelanoma
tumors in chimeric mice

Surprisingly, we found that 33% of the chimeras devel-
oped rhabdomyosarcomas in addition to melanomas,
identified by positive immunoreactivity against desmin
(Fig. 3c; Table 2). These thabdomyosarcomas did not re-
gress on doxycycline withdrawal and, similar to the
doxycycline-independent melanoma, showed a constitu-
tively expressed RAS transgene in all cases examined
(n = 3; data not shown). Furthermore, one chimera that
remained tumor-free for 3 mo after regression of the pri-
mary melanomas succumbed to a malignant peripheral
nerve sheath tumor (MPNST) at the age of 4 mo, as de-
termined by GFAP and S-100-positive staining of sec-
tions (Fig. 3d; Table 2). Therefore, the secondary changes
of the melanoma nucleus in combination with doxycy-
cline-independent RAS expression can promote tumori-
genesis in cellular contexts other than melanocytes, re-
sulting in an expanded tumor spectrum in the chimeric
mice.

These biological data show that R545-1 NT ES cell
chimeras, derived from a reprogrammed melanoma
nucleus, develop cancer with a higher penetrance, re-
duced latency, and expanded tumor spectrum as com-
pared with the donor mouse model (Fig. 3a; Table 2).
This is consistent with the notion that the tumorigenic
phenotype of the donor melanoma cells is determined in
part by irreversible genetic changes that were unaltered
by NT and transferred into NT ES cells and their chime-
ras.

Chromosomal analysis

To unequivocally determine that R545-1 NT ES cells
were derived from a melanoma donor cell rather than a
nontransformed cell, we performed two control experi-
ments: (1) High-resolution array-comparative genome
hybridization (CGH) to detect genetic changes shared be-
tween the melanoma donor cells and the derivative NT
ES cell line, and (2) nuclear transfer of tail fibroblasts
from a mouse with identical genotype as the donor
mouse in order to generate control NT ES cells and chi-
meras.

Although the CGH profile of the parental R545 mela-
noma donor cell line was highly heterogeneous (Fig. 4a),
the profiles of tumors derived from the injection of R545
cells into SCID mice showed a consistent pattern (Fig.
4a). For example, trisomy 8 with a characteristic 8qter
deletion was consistently observed in array-CGH pro-
files of all SCID tumors derived from R545 donor cells
(n = 4; e.g., see Fig. 4a), suggesting that this cytogenetic
feature is selected for in the tumorigenic subpopulation
of R545 donor cells. This is consistent with previously
published results showing that tumor cell lines in cul-
ture typically exhibit a highly heterogenous profile of
genomic alterations, in contrast to their derivative tu-
mors in explant models (Chang et al. 2003). This likely
reflects the increased selective forces in vivo that drive
the clonal expansion of specific chromosomal aberra-
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tions advantageous for tumor development. We have
mapped the 8qter deletion to a 113.36-megabase (MB)
and 113.7-MB physical location on chromosome 8 (NCBI
Mouse Genome Build 30; Fig. 4c). Deletion in this spe-
cific region has not been observed in any other profile of
many mouse tumors or cell lines, including over 20 Tyr-
rtTA*, Tet-RAS*, ink4a/Arf/~melanomas (data not
shown), arguing against it being a random artifact ac-
quired in vitro.

Importantly, the profile of the R545-1 NT ES cells
shows an identical pattern as the tumors derived from
the donor tumor cell line including the characteristic
trisomy 8 with the 8qter deletion and trisomy 11 (Fig.
4a,c), providing unequivocal genomic evidence that the
R545-1 NT ES cell was cloned from a tumorigenic
nucleus of the R545 tumor cell line. Furthermore, these
characteristic genomic alterations were present in all
R545-1 NT ES cell derivatives, including melanomas,
rhabdomyosarcomas, an MPNST, and nontransformed
tail-tip fibroblasts derived from chimeras (Fig. 4a). This
conserved chromosomal pattern in donor tumor cells
and all derivative tumors of NT chimeras suggests that
little, if any, additional mutations have occurred in
doxycycline-dependent melanomas following reactiva-
tion of the RAS oncogene. However, the finding that
doxycycline-independent melanomas and all rhabdo-
myosarcomas showed constitutive expression of the
RAS transgene demonstrates that additional genetic
changes clearly can occur. Mutations resulting in con-
stitutive RAS expression most likely occurred late in the
development of chimeras rather than during nuclear
transfer or ES cell derivation because (1) constitutive ac-
tivation of RAS has been shown to be incompatible with
prenatal development (Katsuki et al. 1989) and (2) nor-
mal tissue from adult chimeras did not express RAS.

To exclude the possibility that the cancer phenotype
was influenced by the NT procedure, we generated two
ES cell lines by nuclear transfer from nontransformed
tail fibroblasts of mice with an identical genotype (Tyr-
rtTA*, Tet-RAS*, ink4a/Arf-) as the mouse that gave
rise to the R545 tumor (Table 1). Notably, the efficiency
of blastocyst formation from fibroblast donors was 10
times higher than that from melanoma donors (Table 1),
possibly due to differences in the cell type, the cell cycle
status, or the genetic constitution of the respective do-
nor cells. However, the frequency of ES cell derivation
from cloned blastocysts was comparable (25% vs. 20%;
Table 1). Importantly, no chromosomal abnormalities
were found by CGH analysis in either the donor fibro-
blasts or the derivative NT ES cells (Fig. 4b). As expected,
these control NT ES cells when injected into diploid
blastocysts were competent to produce coat color chime-
ras (n = 3), one of which developed a doxycycline-depen-
dent melanoma after a 12-wk latency period (Table 2).
This low penetrance (33%) and long latency (12 wk) is
similar to that observed in the donor mouse model and
contrasts with the high penetrance and short latency of
tumor development in the R545-1 NT ES cell-derived
chimeras (see earlier). Together, these genetic and bio-
logical data confirm that R545-1 NT ES cells are derived
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Figure 4. (a) Whole-genome array-CGH profiles of R545 donor melanoma cells (R545 parental, top profile), a SCID tumor derived from
R545 melanoma cells (profile #2), R545-1 NT ES cells derived by nuclear transfer from an R545 cell (profile #3), and its chimera
derivatives (in order, profiles #4—#7 represent R545-1 melanoma, R545-1 thabdomyosarcoma, R545-1 MPNST, and R545-1 tail tip
fibroblasts, respectively). Dashed box outlines characteristic 8qter deletion. (b) Profiles of nontransformed fibroblasts with an identical
genotype to R545 (Tyr-rtTA*, Tet-RAS*, Inkda/Arf~~; top profile) and its ES cells derived by nuclear transfer (bottom profile). Gray
spots represent median-filtered data (width of three probes); dark lines mark blocks of uniform log2 ratio (and copy number) determined
by a segmentation algorithm (see Materials and Methods). (c) Zoom-in view of chromosome 8 profiles for R545-1 parental melanoma
(Ieft profile) and R545-1 NT ES cells (right profile). Black points label raw log2 ratios.

from nuclear transfer of a melanoma nucleus and that
the secondary changes accrued during melanoma tu-
morigenesis resulted in the expanded tumor phenotype
of NT chimeras.

Discussion

We have used nuclear transfer as a functional assay to
determine whether the genome of different cancer cells
can be reprogrammed by the oocyte environment into a
pluripotent embryonic state. We have shown here that
the nuclei of many cancer cells were able to support
preimplantation development into normal-appearing
blastocysts (Fig. 1a; Table 1) and hence differentiation
into the first two cell lineages of the embryo, the epiblast
and trophectoderm, without signs of abnormal prolifera-
tion. Therefore, the malignant phenotype of these tumor

types can be suppressed by the oocyte environment and
permit apparently normal early development. Further-
more, ES cells derived from one of the cloned melanoma
cells were able to differentiate into most if not all so-
matic cell lineages in teratomas and chimeras including
fibroblasts, lymphocytes, and melanocytes. This oc-
curred despite severe chromosomal changes documented
by CGH. Thus, our data suggest that the secondary chro-
mosomal changes associated with malignancy do not
necessarily interfere with preimplantation development,
ES cell derivation, and a broad nuclear differentiation
potential. However, a second NT ES cell line derived
from a nontumorigenic subclone of the melanoma cell
line was unable to differentiate in the context of terato-
mas or chimeras, and we correlated this failure to differ-
entiate with the near-tetraploid genotype of the ES cells.
This raises the interesting possibility that R545-1 was
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derived from a rare “cancer stem cell” (Reya et al. 2001;
Pardal et al. 2003; Al-Hajj et al. 2004) that carried all of
the tumorigenic features of the donor melanoma,
whereas R545-2 was derived from a derivative of this
cancer stem cell that had undergone additional chromo-
somal changes that prevented autonomous tumor forma-
tion and interfered with differentiation. Alternatively,
the subcloning process of the melanoma cell line might
have induced these changes and caused the observed
phenotype. It remains unclear, however, why melanoma
nuclei supported the establishment of ES cells, whereas
other cancer nuclei did not. It is possible that different
genetic changes present in the other tumor genomes in-
terfered with the reestablishment of pluripotency by
nuclear transfer and/or that cell cycle- or cell type-spe-
cific differences might have influenced the efficiency of
cloning and ES cell derivation, consistent with previous
observations (Rideout et al. 2001; Wakayama and
Yanagimachi 2001; Hochedlinger and Jaenisch 2002a).
Moreover, the use of a doxycycline-inducible system in
which the RAS oncogene was regulated temporally in a
tissue-specific manner, coupled with the Ink4a/Arf defi-
ciency, which has been shown to facilitate cellular de-
differentiation (Bachoo et al. 2002), may provide a more
permissive context for the derivation of pluripotent ES
cells from melanoma nuclei compared with the other
donor nuclei.

Array-CGH analysis of the donor melanoma cells re-
vealed a heterogeneous population of tumor cells carry-
ing multiple genetic alterations, including trisomy 8
with 8qter deletion and trisomy 11, which were also de-
tected in the NT ES cells as well as in melanomas, rhab-
domyosarcomas, an MPNST, and fibroblasts recovered
from the chimeras. Although trisomy 8 has been previ-
ously observed to arise independently in some ES cells
after prolonged in vitro propagation (Liu et al. 1997), tri-
somy 8 with the characteristic 8qter deletion is a com-
mon cytogenetic feature observed in the parental R545
melanoma cell line and all SCID tumors derived from
the R545 cell line, suggesting that this chromosomal
change was preexisting in the melanoma cells and essen-
tial for their tumorigenic phenotype. Consistent with
the conclusion that the genetic changes are tumor de-
rived is our observation that neither trisomy 8, the 8qter
deletion, nor trisomy 11 were seen in the ES cells derived
by nuclear transfer of fibroblast cells from the transgenic
donor animals.

The chimeras generated in this study developed mela-
nomas with higher penetrance and shortened latency as
compared with the donor model, suggesting that the ir-
reversible chromosomal alterations inherited by the NT
ES cells from the donor nucleus contributed to the ulti-
mate tumorigenic potential of the melanocytes. In other
words, reacquisition of the epigenetic state of the donor
melanoma cell in melanocytes of the chimeras in com-
bination with RAS expression was sufficient to initiate
tumor growth against the backdrop of the inherited ge-
netic changes. This notion was supported by the obser-
vation that multiple melanomas formed simultaneously
at distinct sites in R545-1 NT chimeras with a latency
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comparable to that required for the development of re-
current tumors or the emergence of explant tumors de-
rived from established melanoma cells (Fig. 3a). To-
gether, these data argue against, although they do not
formally exclude, the possibility that doxycycline-de-
pendent melanoma formation in the NT chimeras re-
quired the acquisition of additional genetic changes dur-
ing development of the chimeric animals. In contrast,
dox-independent melanomas and rhabdomyosarcomas
showed constitutive activation of the RAS transgene,
which is likely the result of mutations within the RAS
transgene or the rtTA transactivator, consistent with ob-
servations in the donor mouse model (Chin et al. 1999).
The finding that the dox-independent tumors had an
identical CGH pattern to the dox-dependent melanomas
and normal tissue from chimeras suggests that the acti-
vation of RAS, either by doxycycline induction or muta-
tions targeting the tet-regulatory module, in combina-
tion with the melanoma-specific alterations, were suffi-
cient to drive tumor growth in melanocytes and
nonmelanocytic tissues.

Our results serve as a paradigm for studying in vivo the
consequences of tumor-specific genetic alterations in
different tissues. For example, the occurrence of rhabdo-
myosarcomas in a third of the chimeras suggests that
overlapping pathways operate during melanoma and
rhabdomyosarcoma evolution, consistent with previous
observations (Sharp et al. 2002). Interestingly, rhabdo-
myosarcoma incidence in humans was found to fre-
quently correlate with a loss of chromosome 16q (Visser
et al. 1997; Bridge et al. 2002), the syntenic region of 8q
(Fig. 4b,c) in mouse. This genomic region has also been
described as a common fragile site, and breakage at this
point has been postulated to contribute to tumorigenesis
through the loss of a potential tumor suppressor gene
(Ludes-Meyers et al. 2003). Similar to rhabdomyosar-
coma formation, the development of an MPNST in one
chimera suggests that the secondary changes of the
melanoma nucleus may be important in the genesis of
this type of tumor. Together, these findings demonstrate
the general use of NT as a functional assay for charac-
terizing commonalities among different types of cancer.
In addition to studying cancer genetics and epigenetics,
the nuclear transfer approach should be useful for the
analysis of complex genetic disorders such as diabetes in
order to characterize and manipulate the multiple alleles
affected in these diseases. At present, no other method
has the power of amplifying the genome of a single cell
with complex genetic alterations into a population of
pluripotent ES cells.

This work focused on a subset of murine tumor mod-
els with specific genetic alterations and might therefore
not be representative of other tumor systems. For ex-
ample, Ink4a/Arf mutations account for only a propor-
tion of familial and sporadic melanomas (Chin 2003),
and other pathways such as the HGF/SF and the PTEN
signaling cascades have also been shown to be involved
in melanoma formation in mouse and humans. More-
over, because human tumor formation is believed to re-
quire more changes, genetic and epigenetic, than in



mouse (Hahn and Weinberg 2002), it is possible that the
reprogramming of human cancer nuclei by nuclear trans-
fer will give different results from mouse. Barring ethical
and legal limitations, the cloning of human cancer nu-
clei should now be technically feasible (Hwang et al.
2004).

Previous results have demonstrated that the genome
of terminally differentiated cells such as B and T cells or
mature postmitotic neurons can be reprogrammed to to-
tipotency following NT (Hochedlinger and Jaenisch
2002a; Eggan et al. 2004). The data described in this work
argue that the malignant phenotype of at least some can-
cer cells can be reversed to a pluripotent state despite the
presence of irreversible genetic alterations and allow ap-
parently normal differentiation. It is now important to
define the epigenetic factors that influence the malig-
nant phenotype to help establish therapeutic strategies
for cancer patients.

Materials and methods

Nuclear transfer and ES cell derivation

Nuclear transfer was performed as described previously
(Wakayama et al. 1998; Hochedlinger and Jaenisch 2002a; Ride-
out et al. 2002). Briefly, oocytes were collected from the ovi-
ducts of superovulated B6D2F1 female mice (Taconic) and
stored in KSOM embryo culture media (Specialty media).
Enucleation and nuclear transfer were performed using a piezo-
driven micromanipulator (Primetech) on a Nikon microscope
with inverted optics. Reconstructed embryos were activated for
6 h in calcium-free MCZB medium in the presence of 10 mM
Sr2* and 5 pg/mL of cytochalasin B before replacement by
KSOM. Developing blastocysts were treated with Acid Tyrode’s
(Sigma) to remove the zona pellucida and placed on irradiated
murine embryonic fibroblasts in ES cell media supplemented
with 1000 U/mL LIF and 50 pM PD98059 MEK1 inhibitor (Cell
Signaling). Proliferating outgrowths were dissociated in trypsin
and replated on fibroblasts until stable cell lines grew out. Ho-
mologous recombination in ES cells was performed as described
(Rideout et al. 2002) using a ROSA26-EGFP construct to obtain
constitutive transgene expression.

Cell culture and tumor induction

R545 melanoma cells were cultured in RPMI media in the ab-
sence of doxycycline. When transplanted into SCID mice, R545
cells formed tumors in a doxycycline-dependent manner within
2-3 wk. Tumor cell lines from NT chimeras were established
from small pieces of primary tissue in RPMI media in the ab-
sence of doxycycline. R545-1 NT ES cell-derived fibroblasts
were produced from either embryonic day 14.5 (E14.5) embryos
or from tail biopsies of adult chimeras and selected by the ad-
dition of neomycin (Gibco) to the media. For teratoma induc-
tion, 5 x 10° ES cells grown in ES cell medium (see earlier) on
irradiated murine embryonic fibroblasts were trypsinized into a
single cell suspension and preplated for 30 min on a nongelati-
nized dish to remove fibroblasts. Cells were injected subcuta-
neously into the flanks of SCID mice. Three weeks later, tera-
tomas were isolated and fixed in formalin for histological analy-
sis. For tumor formation from somatic cells lines, 5 x 10° cells
were transplanted subcutaneously into SCID mice that were fed
doxycycline (Sigma) in the drinking water at a concentration of
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2 mg/mL supplemented with 10 mg/mL of sucrose. Visible tu-
mors were isolated and fixed in formalin.

Chimera production

For diploid blastocyst injections, blastocysts were either flushed
from the uteri of day 3.5 pregnant Balb/c mice, or fertilized
zygotes were isolated from the oviducts of day 0.5 pregnant
B6D2FI1 or 129B6F1 Rag2 ™/~ females and allowed to develop to
the blastocyst stage in culture. For tetraploid blastocyst injec-
tions, two-cell embryos derived from B6D2F1 females were first
electro-fused in 0.3 M mannitol/0.3% BSA using the LF-101 cell
fusion instrument (Protech International). Between five and 15
ES cells were injected per blastocyst. These were transferred
into day 2.5 pseudo-pregnant B6D2F1 recipient females. C-sec-
tions were performed 19 d later and pups were fostered with
lactating Swiss mice.

FACS analysis

Peripheral blood cells were treated with ACK lysing buffer (0.15
mM NH4CI, 10 mM KHCO;, and 0.1 mM sodium EDTA at pH
7.2) before FACS analysis to remove red blood cells. We stained
1 x 10° cells with PE-B220 and FITC-IgM antibodies to detect B
cells and FITC-CD4 and PE-CD8 antibodies to detect T cells.
All antibodies were purchased from Pharmingen. FACS analy-
ses were performed on a Becton Dickinson cell sorter.

Histology

Normal and tumor tissue samples were fixed in 10% buffered
formalin for 24 h and embedded in paraffin. Sections (5 um)
were stained with hematoxylin and eosin and serial sections
were used for immunohistochemical analysis. Immunostaining
was performed using an avidin-biotin immunoperoxidase assay.
Primary antibodies were anti-TRP-1 (1:1000 dilution; Santa-
Cruz), anti-protein S-100 (1:1500 dilution; Dako), anti-desmin
(1:1000; Dako), and anti-GFAP (1:500; Dako). Sections were in-
cubated with primary antibodies for 24 h and subsequently with
biotinylated secondary antibodies (Vector Laboratories) for 30
min, followed by incubation with avidin-coupled peroxidase
(Vector Laboratories) for 30 min. Diaminobenzidine was used as
a chromogen and hematoxylin as the counterstain. For negative
controls, primary antibodies were omitted.

Array-CGH profiling on long-oligomer microarrays

Array-CGH profiles were generated and analyzed as described
(Brennan et al. 2004). Briefly, genomic DNA was fragmented
with Dpnll digest and random-prime labeled after purification
according to modified protocols (Pollack et al. 1999). Two mi-
crograms of digested DNA was used per labeling reaction, and
each sample was dye-swap labeled for two hybridizations
against reference. Normal genomic DNA from nonlittermate
animals with identical genotype (Tyr-rtTA*, Tet-RAS*, Ink4a/
Arf/") was used as reference. Labeled DNAs were hybridized
onto mouse long-oligonucleotide microarrays (Agilent Tech-
nologies) for 18-20 h at 65°C. For detailed labeling and hybrid-
ization protocol, see http://genomic.dfci.harvard.edu.
Following hybridization, arrays were washed and scanned on
an Agilent scanner and scanned images were analyzed for spot-
finding and flagging as well as reporting of Cy3 and Cy5 fore-
ground and background signals for each spot using standard Ag-
ilent software designed for the scanner. Custom analytical tools
were used to calculate fluorescence ratio calculation (in log,)
and oligomer-to-chromosome location mapping (Brennan et al.
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2004). The resultant raw array-CGH profiles were analyzed fur-
ther using a published segmentation algorithm developed by
Olshen and Venkatraman (2004) that uses permutation to de-
termine the significance of change points in the raw data in
order to identify statistically significant transitions in copy
number (Lucito et al. 2003). In this study, significant copy num-
ber changes are determined on the basis of segmented profiles
only.
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