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Abstract

Among vertebrates, urodele amphibians are the only tetrapods with the ability to regenerate
complex structures such as limbs, tail, and spinal cord throughout their lives. Furthermore, the
salamander regeneration process has been shown to reverse tumorigenicity. Fibroblasts are es-
sential for salamander regeneration, but the mechanisms underlying their role in the formation of
a regeneration blastema remain unclear. Here, | review the role of fibroblasts in salamander limb
regeneration and how their activity compares with that of human fibroblasts. In addition, the
question of whether salamander blastema tissue could induce regeneration and tumor regression
in animals with a limited regeneration ability is discussed. A deeper understanding of these pro-
cesses may lead to the development of novel regenerative and anticancer therapies.
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Introduction

Fibroblasts are prototypical mesenchymal cells
responsible for synthesizing the extracellular matrix,
thus preserving the structural integrity of connective
tissues [1]. In addition, fibroblasts play a crucial role
in wound healing and tumor development [1]; there-
fore, these cells are of great interest for the study of
these processes. Among vertebrates, urodele am-
phibians are the only tetrapods with the ability to
regenerate complex structures such as limbs, tail, and
spinal cord throughout their lives [2]. However, this
remarkable turnover does not result in a high inci-
dence of tumor formation [3], suggesting that a tight
control system is in place that prevents uncontrolled
cell proliferation and therefore cancer.

A possible hypothesis for the origin of human
cancer is that during the course of evolution, humans
lost an advanced regeneration ability as well as the
associated control system, resulting in a more per-
missive environment for cancer development. Inter-
estingly, humans seem to retain a silent regeneration
potential in the form of quiescent stem cells. For ex-

ample, humans cannot regenerate cardiac tissue after
myocardial infarction, despite the presence of adult
cardiac stem cells [4]. One of the most striking differ-
ences between human and salamander healing is the
nature of fibroblast activity after tissue injury. In con-
trast with human fibroblasts, salamander fibroblasts
initiate a dedifferentiation program following injury.
Fibroblast dedifferentiation is a crucial step for the
formation of a regeneration blastema, a mass of un-
differentiated proliferating cells responsible for the
regeneration of complex structures such as limbs.
Although other cell types contribute to blastema for-
mation, fibroblasts appear to play a central role [5, 6].
Here, I review the role of fibroblasts in salamander
limb regeneration and how their activity compares
with that of human fibroblasts. In addition, the ques-
tion of whether salamander blastema tissue could
induce regeneration and tumor regression in animals
with limited regeneration ability is discussed. A
deeper understanding of these processes may lead to
the development of novel regenerative and anticancer
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therapies.

The Role of Fibroblasts in Salamander
Limb Regeneration

The regeneration of a complex body structure
like a salamander limb can be divided into three dif-
ferent phases [6]. Following limb amputation, in the
first phase epithelial cells migrate to cover the ex-
posed underlying tissue, forming an epithelium that
closes the wound. This wound epithelium then
thickens, forming an apical epidermal cap (AEC). Af-
ter wound closure, the regeneration process proceeds
to the second phase, in which a population of undif-
ferentiated cells migrates under the wound epidermis,
leading to the formation of a structure called a blas-
tema. Finally, in the third phase, the blastema grows
in a proximodistal direction, regenerating the missing
limb. Previous studies suggest that the most abundant
cells in the blastema are connective tissue fibroblasts
that have undergone dedifferentiation [5, 6]. The other
identified cell types seem to act as lineage-restricted
tissue-specific stem cells [5]; however, it was reported
that muscle satellite cells may act as a multipotent cell
population [7]. Interestingly, muscle tissue appears to
originate from both resident muscle satellite cells and
dedifferentiated muscle cells [5]. Thus, along with
dedifferentiation of mature cells, activation of reserve
stem cell populations may also contribute to blastema
formation.

The underlying reason for the significant pres-
ence of fibroblast-derived cells in the blastema re-
mains unclear, however. It was suggested that these
cells act as multipotent stem cells and are therefore
involved in the regeneration of various tissues [6]. In
this regard, fibroblast-derived blastema cells may
play important structural roles. Limb regeneration in
adult salamanders likely involves precise repetition of
specific embryonic developmental steps to perfectly
regenerate a limb. This precise process may be
achieved by creating an embryonic-like environment
at the site of regeneration. Therefore, it is possible that
dedifferentiated fibroblasts in the blastema may also
function to generate embryonic-like scaffolds, thus
providing structural support for embryonic-like limb
development. Interestingly, the information required
to recreate the limb pattern is carried by dermal fi-
broblasts. This was shown by experiments in which
regeneration was induced in irradiated limbs that
received a graft of unirradiated skin [8]. Because irra-
diation inhibits cell proliferation, cellular contribution
from the limb is blocked; thus, the grafted skin pro-
vides the only source of cells for the blastema. Sur-
prisingly, this results in regeneration of a muscleless
but otherwise normally patterned limb [8]. An im-
portant characteristic of blastema cells is positional

identity, which ensures the correct pattern of tissue
growth. A blastema only regenerates structures that
are distal to the amputation level; accordingly, only
the missing structures are regenerated [8]. Retinoic
acid treatment can affect this positional identity by
proximalizing blastema positional values [8]. For
example, retinoic acid treatment of a blastema formed
at the wrist level can result in a whole new limb re-
generating from the wrist (with duplication of struc-
tures that are proximal to the amputation level). HOX
genes seem to be involved in positional identity [8]. In
fact, analysis of HOX expression in human fibroblasts
suggests that these cells play an important role in de-
fining skin positional identity [9]. Therefore, fibro-
blasts may constitute a positional identity map of the
whole organism; accordingly, fibroblast-derived
blastema cells may carry the positional information,
thus directing blastema differentiation into appropri-
ate mature tissues.

Dedifferentiated fibroblasts are the earliest blas-
tema cells [5]; therefore, resident fibroblasts may be
the earliest target of signals that initiate blastema
formation. There are two main sources of signals that
drive the formation of a blastema and then maintain
its growth: the nerves and the AEC. Evidence sug-
gests that fibroblast growth factors such as FGEF-1,
FGF-2, FGF-8, and FGF-10 are mediators of AEC sig-
nals [8], while FGF-2, glial growth factor 2 (GGF-2),
substance P, tranferrin, and newt anterior gradient
protein (nAG) act as mediators of nerve signals [8, 10].
Interactions between the AEC and the severed limb
nerves are essential for blastema formation. However,
once formed and innervated, a blastema can produce
its own neural factors; in fact, a blastema is an au-
tonomous, self-organizing structure [8]. Interestingly,
if a limb is denervated and then amputated, it is pos-
sible to rescue limb regeneration by artificially in-
ducing nAG expression; however, the regenerated
limb is usually atrophic [10]. As previously men-
tioned, regenerated structures are always formed in a
proximodistal direction, and the most distal structure
of a blastema is the AEC. This suggests that beneath
the AEC there is a reservoir of proliferating blastema
cells, which are maintained in an undifferentiated
state by signals from the AEC. It is thought that dur-
ing limb regeneration, these cells give rise to blastema
cells that are at more proximal levels [5]; however, the
blastema cells that grow in these more proximal re-
gions are not under the influence of AEC signals and
therefore differentiate into mature tissues [5]. In fact,
evidence suggests that AEC signaling is spatially re-
stricted [5]. The stem cell-like plasticity of fibroblast
cells seems to be the key to the advanced regeneration
ability of salamanders. In this regard, the limited re-
generation ability of mammals may reflect an evolu-
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tionary loss of this fibroblast characteristic. Although
human fibroblasts do not have the ability to dedif-
ferentiate and initiate blastema formation, they are
essential for promoting and supporting cancer stem-
ness [11]. This shows that human fibroblasts retain the
ability to support cell dedifferentiation processes.

Salamander Regeneration and Cancer

Salamander regeneration involves dedifferentia-
tion of mature tissue into a mass of stem-cell like cells,
which then redifferentiate into appropriate mature
tissues to perfectly repair the damage. This precise
process can be repeated indefinitely without resulting
in abnormal tissue growth, whereas in mammals
constant repair of tissue exposed to chronic damage
has been linked to cancer [3]. Thus, many authors
hypothesized that salamanders are resistant to cancer
formation, leading to the use of salamanders as an in
vivo animal model for cancer studies. These experi-
ments involved transplantation of frog tumor tissue
[12] as well as the use of cancer-inducing agents such
as chemical carcinogens [3]. In one study [12], frog
renal tumor tissue was transplanted subcutaneously
into the salamander forelimb and began to grow and
invade tissues. The limb was then amputated through
the tumor mass, leading to regeneration of a normal
limb and disappearance of the cancer. Histological
studies indicated that frog tumor cells in the regener-
ated limb reverted to a normal phenotype and gener-
ated different tissues, such as muscle and cartilage
[12]. This important result suggested that the sala-
mander regeneration process can reverse tumorigen-
icity. Another study showed that in salamanders,
chemically induced epithelial cancer can spontane-
ously revert to a normal phenotype [13], further sup-
porting the idea that regeneration can reverse tumor-
igenicity. As previously mentioned, salamanders may
be able to create an embryonic-like environment at the
site of regeneration, thus allowing precise repetition
of specific embryonic developmental steps to per-
fectly regenerate complex structures such as limbs.
Considering that embryonic environments can re-
verse tumorigenicity by reprogramming tumor cells
[14], the resistance to cancer of these animals may
simply be a consequence of their regeneration ability
rather than a specialized defense mechanism against
cancer. In fact, administration of chemical carcinogens
has been reported to induce cancer in regenera-
tion-incompetent tissues but not in tissues capable of
regeneration [3]. In particular, because the lens is re-
generated from the dorsal but not the ventral iris, a
few studies investigated tumor formation in these
tissues after lens removal [3]. The results showed that
administration of chemical carcinogens was able to
induce formation of malignant tissue from the ventral

but not the dorsal iris [3].

Human Fibroblasts and Their Role in
Wound Healing and Cancer

Solid tumors have been described as “wounds
that do not heal” [15]. In fact, wound healing and
cancer share a number of common features, such as
cell proliferation, angiogenesis, tissue remodeling,
and a heavy involvement of fibroblasts. The physio-
logical wound healing process can be divided into
four different phases: hemostasis, inflammation, pro-
liferation, and tissue remodeling [16]. The main func-
tion of the hemostasis phase is to stop bleeding, which
is accomplished through the process of coagulation.
Following wounding, the first response of damaged
blood vessels is vasoconstriction, which is induced by
different mediators, such as endothelin (produced by
the vascular endothelium) and noradrenaline (re-
leased by sympathetic nerves) [17]. Next, blood con-
tact with the exposed endothelial collagen triggers the
coagulation process; platelets adhere to the damaged
surface to form a plug that seals the vessel, and a fi-
brin matrix is deposited to further strengthen the
platelet plug [17, 18]. The fibrin clot is not only im-
portant to stop blood loss, but also to provide a pro-
visional matrix for granulation tissue formation and
wound re-epithelization [17, 18]. In addition, activat-
ed platelets release growth factors and cytokines for
the activation and recruitment of leukocytes, endo-
thelial cells, and fibroblasts [18]. The main function of
the inflammation phase is to clean and sterilize the
wound; pathogens, cellular debris, and foreign mate-
rials are removed by phagocytic cells such as neu-
trophils and macrophages [17]. During this phase,
mediators such as kinins, histamine, prostaglandins,
and leukotrienes stimulate vasodilatation to facilitate
the extravasation of circulating cells [17]. Neutrophils
are mainly present during the inflammation phase
and are then removed by apoptosis, while macro-
phages remain until wound healing is complete [17].
Macrophages play an essential role during the suc-
cessive phases of wound healing, especially in sup-
porting fibroblast activity though the release of im-
portant molecules such as transforming growth fac-
tor-beta (TGF-beta) [19]. Once the inflammatory re-
sponse begins to subside, the proliferation phase of
healing begins. Resolution of the inflammatory re-
sponse is essential for successful healing [20]. The
main function of the proliferation phase is to repair
the damaged tissue; this starts with the formation of
granulation tissue, which consists essentially of infil-
trating cells (e.g., fibroblasts and macrophages), pro-
liferating blood vessels, and loose connective tissue
[21]. As previously mentioned the fibrin clot provides
a provisional matrix for granulation tissue formation
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and wound re-epithelization. In particular, the fibrin
clot is rich in fibronectin, which appears to be an im-
portant protein that supports the infiltration of fibro-
blasts and keratinocytes [22, 23]. During the prolifer-
ation phase, fibroblasts infiltrate the wound and re-
lease matrix metalloproteinases (MMPs) to degrade
the fibrin clot, allowing deposition of newly synthe-
sized extracellular matrix [21]; this initial matrix is
weaker than that of later stages, probably to facilitate
angiogenesis and cell invasion. Specifically, the early
matrix is rich in fibronectin and hyaluronic acid, while
the later matrix is rich in collagens and proteoglycans
[21]. Under the influence of factors such as TGF-beta,
a portion of fibroblasts then acquire the myofibroblast
phenotype, which is characterized by the expression
of alpha-smooth muscle actin (alpha-SMA) [24]. My-
ofibroblasts greatly contribute to the synthesis of new
extracellular matrix [25]. In addition, these cells gen-
erate contractile force to narrow the gap between the
wound edges [25]. In vitro studies indicate that in
fibroblasts, alpha-SMA expression enhances the gen-
eration of contractile force [26]. Increased contractile
force appears to be a hallmark of scar formation. In
fact, scarless wound healing in salamanders is char-
acterized by the presence of a very small number of
myofibroblasts in the wound [27], indicating a re-
duced need for wound contraction; by contrast, when
macrophages are artificially depleted after wounding,
which hampers salamander limb regeneration and
leads to scar formation, an increased number of myo-
fibroblasts is observed in the wound [28]. Interest-
ingly, scarless wound healing in mammalian fetuses
is also characterized by an evident lack of myofibro-
blasts [29, 30]. At the end of the proliferation phase,
myofibroblasts undergo apoptosis and are cleared by
macrophages, leading to scar formation [31]. The final
phase of wound healing is tissue remodeling, which
aims to maximize restoring of the pre-existing tissue
[17]. In this phase, fibroblasts continue to remodel the
extracellular matrix, and the duration of this process
depends on the type of wound [18]. The healed tissue
can usually regain approximately 80% of its original
strength [17, 18].

In contrast with physiological wound healing, a
process at the end of which myofibroblasts undergo
apoptosis and are cleared from the healed tissue, in
cancer the myofibroblasts present in the tumor stroma
are maintained in a state of persistent activation by
the tumor [32]. These cells in the tumor stroma are
called cancer-associated fibroblasts (CAFs) [32]. Ac-
tivated CAFs support tumor growth by secreting
important molecules such as growth factors, cyto-
kines, and proteases; the reciprocal interplay between
CAFs and tumor cells forms the basis for tumor pro-
gression and metastasis. Among the tu-

mor-supporting molecules produced by CAFs,
TGF-beta, stromal cell-derived factor-1 (SDEF-1),
hepatocyte growth factor (HGF), vascular endothelial
growth factor (VEGF), fibroblast growth factor (FGF),
and proteases such as MMPs play a crucial role in
tumorigenesis [32]. TGF-beta appears to increase the
levels of CXCR4 expression in tumor cells, thus en-
hancing tumor cell sensitivity to SDF-1, a growth
factor that specifically binds to the CXCR4 receptor
[33]. However, TGF-beta has also been reported to
inhibit tumor growth, while at the same time pro-
moting metastasis [34]. HGF promotes invasion by
binding to c-MET, a tyrosine kinase receptor typically
expressed by epithelial-derived tumors such as
esophageal squamous cell carcinoma [35]. VEGF
promotes angiogenesis, an essential process that pro-
vides oxygen and nutrients to the tumor [36]. FGF has
been shown to be associated with cancer progression
in several experimental models. For example, binding
of FGF-2 to its receptor activates the progesterone
receptor in mouse mammary tumor cells, thus pro-
moting tumor proliferation [37]; in addition, FGF-2
stimulates proliferation of human breast cancer cells
as well [37]. MMPs cause proteolytic degradation of
the extracellular matrix, allowing the tumor to grow
and metastasize [38]. Furthermore, cleavage of the
extracellular matrix by MMPs can cause additional
release of tumor-supporting molecules such as VEGF
[32]. In addition to providing tumor-supporting mol-
ecules, CAFs are thought to actively participate in the
tumor metabolism. Specifically, evidence suggests
that CAFs are induced by the tumor to undergo aero-
bic glycolysis, thus providing energy-rich metabolites
such as lactate and pyruvate, which are then used by
cancer cells in the Krebs cycle [32].

Conclusions and Future Directions

Salamanders are a valuable animal model to
study phenomena such as cancer and regeneration.
The ability of salamanders to regenerate tissue pro-
vides a model for regenerative medicine. The ability
of salamanders to reverse tumorigenicity can help us
understand how to manipulate the biological condi-
tions that cause and maintain cancer. Considering that
signaling pathways involved in regeneration may be
highly conserved among all vertebrates, an interesting
question is whether salamander blastema tissue could
induce regeneration and tumor regression in animals
with limited generation ability. However, considering
mammals as potential hosts, there are a number of
possible limitations. A first issue is that host body
temperature will probably dictate whether salaman-
der blastema cells can successfully grow in the host.
However, it may be possible to engineer blastema
cells to grow at different temperatures, while initial
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studies could be conducted using ectothermic animals
such as frogs as hosts. A second issue is the host im-
mune system reaction against the transplanted tissue.
However, this problem may be addressed by using
immunosuppressive agents. Another vital question is
whether host tissues can support the regeneration
process of a salamander blastema. Interestingly, blas-
tema autografting and homografting experiments
show that, once developed, a blastema can act as an
autonomous, self-organizing structure [8]; thus, a
xenotransplanted blastema may successfully grow,
provided that it can rely on the host tissues for nutri-
ents. Furthermore, addition of the nAG protein may
facilitate the process. However, using an already de-
veloped blastema poses the additional problem of
whether the regenerated limb will be a salamander
limb, a normal limb, or a chimeric limb. This is a cru-
cial aspect because the host immune system may re-
ject the new limb. In this regard, an alternative could
be to induce blastema formation directly in the host.
Considering their essential role in blastema formation,
salamander fibroblasts may be able to initiate blaste-
ma formation at the site of the host tissue wound,
resulting in a blastema composed mainly of undif-
ferentiated host cells. Furthermore, bone mar-
row-derived cells could act as a source of fibroblasts
for wounds and tumors [39]. Therefore, it may also be
worthwhile to investigate xenotransplantation of en-
gineered salamander bone marrow stem cells as a
therapeutic strategy for inducing a salamander-like
regenerative and anticancer response.
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