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ABSTRACT  In recent years, the reversion of the cancer phenotype of human melanoma cells in

developing zebrafish and chick embryos has been reported. The aim of this review is to revise

these and other related contributions regarding the regulation of embryonic cancer and to provide

a framework with which to understand results from our laboratory on the interactions of human

melanoma cells with post-implanted mouse embryos cultured in vitro. To this end, we used the

A375 human melanoma cell line transfected with the green fluorescent protein (GFP) gene.

Labeled cells were transplanted onto the surface of the developing visceral endoderm of 7.5 dpc

mouse embryos. Subsequently, we cultured the transplanted embryos for three days and

monitored the movements of GFP labeled human melanoma cells by confocal microscopy. Our

results show that ectopic melanoma cells internalize and migrate inside the embryo body in a way

reminiscent of neural crest cells. The absence of localized tumor growth after 72 hours of in vitro

embryo co-culture suggests that malignant phenotype inhibiting factors are active at the

gastrulating stage and during early organogenesis. These results complement previous reports

of growth regulation of B16 mouse melanoma cells by 10 dpc mouse embryonic skin (Gerschenson

et al., 1986). Further research is required to elucidate the final fate of melanoma cells in mammalian

embryos and the details of the signaling pathways underlying tumor growth regulation. Under-

standing the regulation of melanoma cells by young embryos could represent a starting point for

a developmental theory of the pathogenesis of melanoma, and for future developments of more

physiologically-based anticancer therapies for this and indeed, other types of aggressive tumor.
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In the last decades, our knowledge about tumor pathogenesis has
been growing in a constant manner. Even though many oncogenes
and tumor suppressor genes have been identified, it is broadly
accepted that they are not enough for governing tumor behavior
and that the crosstalk between tumor cells and their microenviron-
ment plays a critical role in cancer progression. Indeed, many
studies have demonstrated that the malignant phenotype can be
reverted by changes in the environmental conditions without
altering the tumor cell genotype (Brinster, 1974; Postovit et al.,
2007). The epigenetic reprogramming of malignant cells by em-
bryonic environments has been suggested to be due to common
regulatory signals shared by embryonic and tumor stem cells
(Abbott et al., 2008). Supporting this proposal, several factors,
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including members of the Wingless (Wnt), Notch and Transform-
ing Growth Factor Beta (TGF-beta) superfamilies, have been
recently identified as common molecular messengers involved in
the interaction of both malignant tumor cells and embryonic stem
cells with their respective microenvironment, suggesting a con-
vergence of embryonic and cancer stem cell signaling pathways
(Topczewska et al., 2006; Balint et al., 2005; Dissanayake et al.,
2007).

The experimental demonstration of cancer stem cell differen-
tiation in some kind of tumors by Barry Pierce and co-workers and
his theory of cancer cells as a “caricature” of the normal process
of tissue renewal was an important advance in the understanding
of cancer biology (Aréchaga, 1993). They also demonstrated the
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observations, Pierce and co-workers (Gerschenson et al., 1986)
specifically showed that the incidence of tumors derived from B16
Murine melanoma cells transplanted under the skin of 10 dpc
mouse embryos (at the time of the arrival of migrating
premelanocytes) was significantly reduced. These in vivo obser-
vations were further confirmed in vitro using embryonic skin
conditioned medium to see its effect on B16 melanoma cell colony
formation efficiency. Moreover, after the exposure to embryonic
skin derived factors, the melanoma B16 cell line reduced consid-
erably its ability to form tumors in vivo.

Human melanoma regulation by the zebrafish embryo

Zebrafish embryo model has been used to study the crosstalk
between tumor cells and the embryonic environment in order to
clarify which signaling pathways involved in embryonic devel-
opment also participates in the maintenance of tumor cell
plasticity. With this aim, Lee et al. (2005) transplanted human
melanocytes and metastatic melanoma cells into zebrafish
blastula-stage embryos and monitored their behavior after
transplantation. Both melanocytes and melanoma cells were
able to survive, divide and migrate into the developing embryo
without forming tumors. The maintenance of the dedifferenti-
ated state of melanoma cells was reflected by the random and
scattered distribution of the tumor cells into the interstitial
spaces of the embryo whereas the melanocytes were prone to
localize in the skin, suggesting that they were responding to
homing signals that direct them to their normal fate in the
embryo. The melanoma cells injected into the blastula-stage
embryos lost their tumorigenic phenotype and could be ob-
served in the adult animals for a period of at least 3 months
without forming tumors. Furthermore, cells from other kind of
tumors, like human colon cancer, have been shown to undergo
proliferation rate reduction and apoptosis when treated with
zebrafish embryo-derived extracts (Cucina et al., 2006). Inter-
estingly enough, it has been communicated that melanoma
cells transplanted into the zebrafish embryo when the organo-

Fig. 1. Initial and final embryonic stage of our observations. (A) Schematic drawing of the initial
position of labeled human melanoma cells (in green) on the surface of the visceral endoderm of a
~7.5 dpc mouse embryo. Reichert’s membrane had to be removed in order to allow the embryo
to grow in culture. (B) Mouse embryo of ~10.5 dpc after 3 days of in vitro culture.

pluripotency of single undifferentiated embryonal carcinoma cells
(EC cells) engrafted in an adult syngenic mouse. Such cells are
able to produce a teratocarcinoma containing different cell-
lineages derived from the three germ layers (Kleinsmith and
Pierce 1964). This was really the first experiment that showed a
similarity between the biological behavior of cancer and embry-
onic stem cells (ES cells). The next step up in establishing the
convergence in signaling pathways regulating tumor and embry-
onic stem cell plasticity was taken by Ralph Brinster when he
demonstrated that murine blastocysts injected with EC cells can
give rise to healthy chimeric mice (Aréchaga, 1998). The absence
of tumors in some of the resulting adult chimeras proved the
ability of the embryonic microenvironment to abrogate the meta-
static phenotype of malignant tumor cells. Brinster evidenced the
presence of EC cell derived tissues in the chimeric mice by using
mouse strains with different skin pigmentation. Mintz and Illmensee
(1975) went further in their observations and demonstrated that
EC cells injected into the blastocyst take part in the development
of tissues derived from the three germ layers and even colonized
the germ line, in agreement with the EC cell plasticity previously
described by Pierce's group (Aréchaga, 1993). A decade after
these great pioneer assays, supplemental experiments added
new evidences supporting the tumor-suppressing ability of the
embryonic microenvironment, not only in the mouse but also in
other animal models, such as the chick embryo. Dolberg and
Bissell (1984), for example, showed that the Rous sarcoma virus
(which rapidly transform chick adult cells in vivo and chick embryo
derived fibroblast in vitro) is non-tumorigenic when 4 days chicken
embryos are infected, even though the virus does replicate in the
embryo cells. Moreover, when infected embryo tissues are dis-
sected and their cells are maintained in vitro, they manifest a
transformed phenotype after just 24 hours of culture. Pierce and
colleagues (1982) threw new light on this issue when observed
that only those carcinomas with a normal embryonic counterpart
are regulated by the blastocyst and that the malignant phenotype
abrogation of carcinoma cells takes place just in their closely
related embryonic fields (Aréchaga 1993). Supporting these

genesis is complete are not
reprogrammable, give rise tumors and
induce angiogenesis (Haldi et al., 2006).
These results show that the ability of the
embryo microenvironment to reprogram-
ming malignant tumor cells is signifi-
cantly reduced after organogenesis.

A different set of experiments with
zebrafish embryos and melanoma cells
demonstrated that the ability of tumor
cells to interact with the developing em-
bryo is linked to their aggressive and
plastic phenotype. Invasive melanoma
cells, but not the poorly aggressive ones,
lead to the formation of an abnormal
anterior appendage when transplanted
into the animal pole and produce a dupli-
cation of the body axis when placed near
the yolk margin. In all these processes,
melanoma cell activity is limited to the
organization of the host zebrafish cells
without directly inducing abnormal out-
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growths of the embryo (Topczewska et al., 2006). Subsequent
experiments demonstrated that the ability of melanoma stem
cells to direct the embryonic development is due to the secre-
tion of Nodal, a potent morphogen of the TGF-beta superfamily
(Schier, 2003). Knowing that Nodal is highly secreted by ag-
gressive melanoma cells but it is not detected in normal skin or
non-invasive melanoma cells, and having seen its effects on
embryonic developments, it seems to be involved in both
embryonic and tumorigenic signaling pathway. Additional ex-
periments have confirmed this observation. The expression of
Goosecoid, a Nodal-responsive gene, was shown to be up-
regulated in zebrafish cells surrounding the implanted mela-
noma cells one hour after transplantation. On the other hand, it
has been proven that the formation of melanoma cells mediated
ectopic outgrowths in the zebrafish embryo is totally disrupted
by the inhibition of Nodal expression with specific morpholinos
or by the abrogation of its activity by inhibiting its downstream
mediator activin-like kinase (Topczewska et al., 2006).

Reprogramming of human melanoma cells by the
chick embryo

Due to the common migratory and invasive properties shared
by neural crest cells and malignant melanoma cells, the chick
embryo model has been especially useful in the study of the
neural crest regions to reprogramming human metastatic mela-
noma phenotype. Melanocytes differentiate from the neural
crest (NC), which is constituted by a multipotent cell population

Fig. 2. A375-GFP-Np human melanoma cells internalized into the central axis of the

caudal region of the mouse embryo. (A) Merge of green fluorescence and transmitted light
channels obtained by confocal microscopy. (B,C) Orthogonal views of a 200 μm Z-stack
showing the internal location of the fluorescent labeled melanoma cells. Bar, 100 μm.

MLANA and the neuronal marker TUJ1, suggesting a transition
from malignant melanoma to benign melanocytic phenotype.

The mammalian embryo approach to study the embry-
onic control of cancer cells

As mentioned before, the pioneer experiments demonstrating
the ability of embryonic microenvironment to revert tumor malig-
nant phenotype were carried out by Brinster and Pierce groups,
using the mouse blastocysts as a model system (Aréchaga 1993,
1998). Pierce and co-workers also explored cancer growth regu-
lation by their related mouse embryonic fields during organogen-
esis after several in vitro approaches (Pierce et al., 1986).
Nevertheless, as we have seen, recent progress in this issue
have substituted the mouse embryos for alternative animal mod-
els whose whole development can be easily followed in vitro,
such as zebrafish or chick embryos. But, even though these
models offer many advantages for longer observations of tumor
cell behavior into the embryo and adult animals, it is advisable to
compare the results obtained in such models with those obtained
in mammalian embryos, which are presumably more closely
related to the environment found in the human embryos. Follow-
ing this approach, Hochedlinger et al. (2004) have been able to
reprogram RAS-inducible melanoma cells by activated mouse
oocytes after nuclear transfer, obtaining normally developed
embryos that reach the blastocyst stage and derived pluripotent
ES cells lines. Later, Astigiano and colleagues (2005) have
recently recovered the use of the mouse model in order to clarify

B

C

A that migrates from the neural tube and in-
vades throughout the embryo body during
vertebrate development. Neural crest cell to
melanoblast transition involves the restriction
of pluripotent cell plasticity in order to deter-
mine the melanogenic lineage and finally the
melanocyte phenotype. Wnt and BMP signal-
ing pathways mainly govern this specification
process. The melanocyte fate determination
is also directed by the transcriptional repres-
sor FoxD3, repressor of melanogenesis in
premigratory NC cells and in other NC lin-
eages (Thomas and Erickson 2009). The fate
of each migratory neural crest cell seems to
be determined by a combination of signals
produced by the neural tube itself and the
microenvironment along the migratory route
(Lumsden et al., 1991; Trainor and Krumlauf
2000).

It has been observed that chick embryo
microenvironment abrogate the malignant
melanoma cell phenotype, since melanoma
cells transplanted to it does not form tumors
and some of them acquires neural crest cell-
like phenotype, migrating into neural crest
normal targets, such as branchial arches, dor-
sal root or sympathetic ganglia (Kulesa et al.,
2006). Some of the transplanted melanoma
cells that invaded the embryonic periphery
responded to developmental signals from the
embryo and expressed the melanocyte marker
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for how long the embryonic environment shows the ability to
abolish the malignant phenotype. With this purpose, several EC
cell lines were injected in intrauterine post-implantation mouse
embryos at different developmental stages, from E8.5 embryos to
newborn and adult mice. The transplanted cell viability, migration
and tumor formation ability were then monitored and it was
observed that the percentage of animals that develop tumors
increases with the age of the embryo at the moment of the
carcinoma cell transplantation. These assays confirm that the
ability to abrogate malignancy by the embryonic environment is
gradually reduced as the development progresses and, eventu-
ally, it is completely lost after the organogenesis stage.

However, the previously mentioned experiments on the rever-
sion of the cancer phenotype by mammalian embryos present
some disadvantages. Thus, observations are not currently pos-
sible beyond the blastocyst stage; however, live chimeras with
derived ES cell lines have been obtained. These lines were
previously cultured for some passages in vitro, and the resulting
animals do develop tumors (Hochedlinger et al., 2004). Other
inconveniences include the difficulty of injecting cells in utero into
specific places (Gerschenson et al., 1986; Astigiano et al., 2005).
Here we present a new approach using post-implanted mouse
embryos cultured in vitro to analyze the ability of the embryonic
microenvironment to regulate melanoma cell malignant behavior
during organogenesis.

Our experiments are based on the culture system developed
by Denis New (Aréchaga, 1997) that allows the culture of post-
implantation mouse embryos for some days. Briefly, A375 human
melanoma cells expressing the fusion protein Green Fluorescent
Protein-Nucleoplasmin (GFP-Np) into their nucleus were attach
to the surface of the visceral endoderm of gastrulating mouse
embryos in order to observe their interactions and to localize their
position after three days of culture (Fig. 1). The observations by
confocal microscopy showed that melanoma cells were located
mainly in the caudal region of the embryo, and in most of the cases
they have been able to migrate and appear internalized in the
embryo tissues. The distribution of the GFP labeled melanoma

cells forming a row along the midline of the embryo body also
suggests that they migrate in an orderly manner in response to
some migratory cues (Figs. 2 and 3). Tumor formation was not
detected in any of the analyzed embryos.

These observations with human melanoma cells support pre-
vious works that suggested the reprogramming of mouse mela-
noma genome by the embryonic microenvironments during early
embryogenesis and organogenesis (Gerschenson et al., 1986;
Hochedlinger et al., 2004). Our results with cultured post-im-
planted mouse embryos confirm also those obtained recently with
zebrafish and chick embryos (Lee et al., 2005; Kulesa et al.,
2006), what points out the universality of the mechanisms in-
volved in cancer cell reprogramming by embryonic microenviron-
ment.

Discussion and perspectives

An increasing number of studies support the idea that some
characteristics shared by embryonic and cancer stem cells, such
as plasticity and undifferentiated phenotype, are regulated, at
least partially, by common mechanisms. Similarities between
both cell types are corroborated by the current cancer stem cell
theory, which postulates that the origin of several types of cancer
lay on tumor stem cell niches (Pierce, 1983). Over the past few
years, several assays have demonstrated the reversion of the
metastatic phenotype of human melanoma cells by the embryonic
microenvironment using zebrafish and chick embryos as models
(Lee et al., 2005; Kulesa et al., 2006) but the use of a post-
implanted mammalian experimental model could provide better
conditions and cues closer to those found in the human microen-
vironments. In our experiments, the absence of localized tumoral
growth after 72 hours of embryo co-culture with metastatic mela-
noma cells confirm that malignant phenotype inhibiting factors are
active at the gastrula stage and early organogenesis. Although
further research is needed to elucidate the specific fate of trans-
planted melanoma cells and the signaling pathways involved in
cancer inhibitory mechanisms of the mammalian embryo, the

Fig. 3. Squash preparation of a mouse post-implanted embryo colonized by A375-GFP-Np

human melanoma cells after 3 days of co-culture. Human melanoma cells seem to migrate
along the body axis. (A) Green fluorescence channel. (B) Merge of green fluorescence and
transmitted light channels. Bar, 50 μm.

present approach confirm the presence of
cancer regulatory mechanisms in the mam-
malian embryos cultured in vitro. A good
starting point to understand the main molecu-
lar changes underlying the pathogenesis of
this aggressive tumor (Palmieri et al., 2009)
from the development point of view and for
future progresses to the development of bio-
logical based anticancer therapies.

Materials and Methods

Mouse embryos
7.5 dpc mouse embryos were obtained from

OF1 random bread albino Swiss strain (Crifa,
France) following the method developed by New
(1978). According to it, the uterine horns contain-
ing embryos were extracted into Petri dishes with
PBS solution and uterine walls were ripped and
discarded to uncover the decidua mass surround-
ing the egg cylinder stage embryos. The decidua
swelling was transfer to a new dish with fresh PBS
solution and then dissected carefully into two halves
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to obtain the embryos. After, the Reichert’s membrane of collected
embryos was tore and they were transferred to 2 ml of pre-equilibrated
culture medium in 30ml tubes (two embryos per tube).

A375 human melanoma cells expressing GFP-Np fusion protein
A375 human melanoma cells were obtained from American Type

Culture Collection (ATCC, Ref. CRL-1619). Cells were cultured in
Dulbecco’s modified Eagle’s Medium (DMEM) supplemented with 10%
fetal calf serum (FCS) and 1% penicillin/streptomycin at 37°C in 5% CO2.
To yield the vector pGFP-Np, we employed a full length nucleoplasmin
cDNA sequence was obtained by PCR from pET-11b using N-term
(CAGTAGATCTATGGCCTCTACCGTCAGCAA) and C-term
(TTAAGAATTCTCACTTCTTAGCAGCCGGCTT) primers. The amplified
fragment was digested with BglII and EcoR1 restriction enzymes, respec-
tively (underlined) and ligated to eGFP-C1 (Clontech). Competent Es-
cherichia coli (JM 109 strain) were transformed and the plasmid was
isolated and verified by sequencing. 1x104 A375 melanoma cells per well
were cultured overnight in 24 well plates. Afterwards, cells were trans-
fected with pGFP-NP using FUGENE 6 (Roche) according to the manu-
facturer instructions. Stable A375 GFP-Np cell lines were generated by
clonal selection. Maintenance of the culture was performed adding the G-
418 antibiotic to the growth medium (Andrade et al., 2009).

Whole-embryo culture conditions
Rats of the Sprague Dawley strain were used to extract blood from the

dorsal artery. The blood was immediately centrifuged at 4°C and the
obtained serum was decomplemented by means of incubation at 56°C
during 30 minutes. The resulting serum was used to prepare the culture
medium (50% rat serum in DMEM). The culture of the embryos was
carried out in tubes of 30ml at 37°C in a rotatory system at 35 rev/min with
a constant flow of gas. Oxygen tension in the gas was gradually in-
creased, being 5% during the first 24 hours, 20% during the next 24 hours
and 40% during the last 24 hours. A375 human melanoma cells express-
ing GFP-Np fusion protein were added to the culture medium at a density
of 500.000 cells per ml.

Confocal microscopic observations
Embryos co-cultured with fluorescent labeled human melanoma cells

were observed by with a Fluoview FV500 Olympus confocal microscope
after 72 hours of culture.
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