
Hindawi Publishing Corporation
Journal of Oncology
Volume 2012, Article ID 521284, 20 pages
doi:10.1155/2012/521284

Review Article

The Amazing Power of Cancer Cells to Recapitulate
Extraembryonic Functions: The Cuckoo’s Tricks

Jose-Ignacio Arias,1 Maria-Angeles Aller,2 Isabel Prieto,3 Ana Arias,4 Zoe de Julian,5

Heping Yang,6 and Jaime Arias2

1 General Surgery Unit, Monte Naranco Hospital, 33012 Oviedo, Asturias, Spain
2 Surgery I Department, School of Medicine, Complutense University of Madrid, 28040 Madrid, Spain
3 Surgery Department, La Paz Hospital, Autonomous University of Madrid, 28046 Madrid, Spain
4 Internal Medicine Department, Puerta de Hierro Hospital, Autonoma University of Madrid, Majadahonda, 28013 Madrid, Spain
5 General Surgery Unit, Virgen de la Salud Hospital, 45004 Toledo, Spain
6 Division of Gastroenterology and Liver Diseases, USC Research Center for Liver Diseases, Keck School of Medicine USC, Los Angeles,
CA 90033, USA

Correspondence should be addressed to Jaime Arias, jariasp@med.ucm.es

Received 14 April 2011; Revised 6 July 2011; Accepted 7 July 2011

Academic Editor: Debabrata Mukhopadhyay

Copyright © 2012 Jose-Ignacio Arias et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.

Inflammation is implicated in tumor development, invasion, and metastasis. Hence, it has been suggested that common cellular
and molecular mechanisms are activated in wound repair and in cancer development. In addition, it has been previously proposed
that the inflammatory response, which is associated with the wound healing process, could recapitulate ontogeny through the
reexpression of the extraembryonic, that is, amniotic and vitelline, functions in the interstitial space of the injured tissue. If so, the
use of inflammation by the cancer-initiating cell can also be supported in the ability to reacquire extraembryonic functional axes
for tumor development, invasion, and metastasis. Thus, the diverse components of the tumor microenvironment could represent
the overlapping reexpression of amniotic and vitelline functions. These functions would favor a gastrulation-like process, that is,
the creation of a reactive stroma in which fibrogenesis and angiogenesis stand out.

1. Introduction

In the nineteenth century, Rudolf Virchow postulated a link
between cancer and inflammation on the basis of observa-
tions that tumors often arose at sites of chronic inflamma-
tion, and the inflammatory cells were present in biopsied
samples from tumors [1]. Twenty-five years ago, Dvorak
recognized that the composition of tumor stroma is very
similar to that of granulation tissue of healing skin wounds.
He therefore suggested that “tumors are wounds that do not
heal” [2]. Since that time, inflammation has been implicated
in tumor development, invasion, and metastasis and in the
development of clinical features as fever and cachexia [3].
These observations suggested that common cellular and mo-
lecular mechanisms are active in wounds and in cancer tissue
[4].

2. Wound Repair Phenotypes:
Gastrulation Revisited

The inflammatory response that is induced in the injured
skin could be described as a succession of three overlapping
phases during which the phenotypes of metabolic progres-
sive complexity in using oxygen are expressed. Each one of
these phases emphasizes the trophic role of the mechanisms
developed in the damaged tissue. Hence, nutrition by diffu-
sion predominates in the first phase; trophism is mediated
by inflammatory cells in the second phase and finally blood
circulation and oxidative metabolism play the most signifi-
cant nutritive role in the third phase [5].

In the first or immediate phase of the inflamma-
tory response, interstitial hydroelectrolytic alterations stand
out. The vasomotor response, with vasoconstriction and
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Table 1: Phenotypes expressed in the acute inflammatory wound
healing response.

(i) Ischemia-reperfusion phenotype

(a) Oxidative and nitrosative stress

(b) Interstitial hydroelectrolytic alterations

(c) Increased lymphatic circulation (circulatory switch)

(ii) Leukocytic phenotype

(a) Infiltration by granulocytes and agranulocytes

(macrophages-lymphocytes)

(b) Lymphangiogenesis

(c) Lymph node reaction

(d) Wound immunotolerance

(e) Resolution

(iii) Angiogenic phenotype

(a) Endothelial cell proliferation

(b) Fibrogenesis

(c) New vascular network

(d) Epithelial regeneration

vasodilation, is responsible for the ischemia-reperfusion phe-
nomenon, which in turn causes oxidative and nitrosative
stress in the injured tissue. In this phase, during the pro-
gression of the interstitial edema, the lymphatic circulation
is simultaneously activated. In the following intermediate
phase of the inflammatory response, the tissues are infiltrated
by inflammatory blood-born cells, particularly leukocytes.
Symbiosis of the leukocytes and bacteria for extracellular
digestion by enzyme release, that is, phagocytosis, produces
enzymatic stress. Furthermore, macrophages and dendritic
cells take advantage of the lymphatic circulation activation
and migrate through it until reaching the lymph nodes,
where they activate lymphocytes [5, 6].

During the third phase of the inflammatory response,
angiogenesis permits numerous substances, including hor-
mones, to be transported by the blood circulation. Although
the final objective of angiogenesis is to form new mature
vessels for oxygen, substrates, and blood cell transport, other
functions could be carried out before the new mature vessels
are formed. Thus, angiogenesis could have antioxidant and
antienzymatic properties, favoring therefore the resolution
of the inflammation, as well as wound repair by epithelial
regeneration and scarring. Consequently, in this phase the
new formed tissue is structured, specialized, and matured by
remodeling [5–7] (Table 1).

It has been previously proposed that the inflammatory
response associated with the wound healing process in the
skin could recapitulate ontogeny through the reexpression of
two hypothetical embryonic trophic axes, that is, amniotic
and yolk sac or vitelline, in the interstitial space of the injured
tissue. If so, inflammation could represent the debut during
postnatal life of ancestral biochemical mechanisms that were
used for normal embryonic development. The re-expression
of these ancient mechanisms, with a prenatal solvent path,
is perhaps inappropriate and hard to recognize since they

are anachronistic during postnatal life and because they are
established in a different environmental medium [8].

The molecular and cellular contribution made by the two
extraembryonic tissues that surround the fetus, the amnion
and yolk sac, to the interstitial space located between them,
namely, the mesoderm, are essential for organogenesis [9].
It could be assumed that both cavities are controlled by an
array of inductive and inhibitory signals originating from the
adjacent extraembryonic mesenchyma [8] (Figure 1).

The amniotic axis could play a leading role in primitive
interstitial hydroelectrolytic changes. The early mammalian
embryo already has the ability to manage fluids in the in-
terstitial space. Body fluid is distributed among three major
fluid spaces, that is, intracellular fluid, interstitial fluid, and
plasma. Nevertheless, the fluid distribution in each of these
compartments is dramatically different in the fetus compared
to the adult. Particularly, the amniotic fluid that surrounds
the fetus may be considered an extension of the extracellular
space of the fetus. Thus, the lymphatic system plays an es-
sential role in the regulation of fluid distribution between
the plasma and the interstitial fluid and, probably, with
the amniotic fluid [10]. In addition to the rich amino acid
content, amniotic fluid contains abundant peptides, car-
bohydrates, lipids, hormones, and electrolytes with water
[11]. The amniotic fluid has antimicrobial properties, and
this may be part of the innate immune system. A reduced
volume of amniotic fluid may decrease the natural host de-
fense conferred by this fluid and predispose it toward in-
trauterine infections [12]. Finally, it has been shown that
amniotic-fluid-derived stem cells are able to differentiate into
neurogenic, mesodermal, and endodermal lineages [13].

The vitelline axis, represented by the yolk sac, is the final
destination of migrating visceral endoderm cells. The visceral
yolk sac expands, and blood islands, structures consisting
of hematopoietic progenitors surrounded by a loose network
of endothelial cells, appear [14]. Endothelial cell precursors
associated with blood islands differentiate and coalesce to
form a primitive circulatory bed, which later connects to
the embryo via the vitelline vessels [15]. Also, a major func-
tion of the yolk sac is the accumulation of carbohydrates,
proteins, and lipids (vitellum) for embryo nutrition [16, 17].
Particularly, the yolk sac plays a vital role in providing lipids
and lipid-soluble nutrients to embryos during the early
phases of development [16, 18]. The yolk sac uses high-
density lipoproteins (HDLs) and very-low-density lipopro-
teins (VLDL) as carriers to incorporate cholesterol from the
maternal circulation and to transfer it to the embryonic side
[16]. In turn, the interstitial lipid accumulation of choles-
terol, a precursor molecule of many hormones like aldos-
terone, corticoids, androgens, strogens, and progesterone,
may favor fluid infiltration and cell migration, proliferation,
and differentiation during embryo development [19]. The
ability to transport fat in the form of lipoprotein through the
circulatory system by eukaryotes is one of their most signifi-
cant functions right from the beginning of existence [20].

It could be accepted that these primitive functions are
internalized during gastrulation to create the intraembry-
onic mesoderm. Thus, this germ layer would integrate the
amnion- and yolk-sac-related functions [8]. Fibroblasts are
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Figure 1: Representative drawing of the early mammalian embryo during gastrulation. The internalization of the extraembryonic mesoderm
(EM) during gastrulation allows for the creation of the intraembryonic mesoderm (IM) that could thus join functional amniotic and vitelline
properties from the amnion (A) and yolk sac (YS), respectively. BI: blood islands; C: chorionic vellosities.

mesodermal derived cells, and perhaps this embryonic origin
could justify their great postnatal plasticity. The mesodermal
cells of the embryo participate in the extraembryonic struc-
tures, including the chorion, the amnion, and the yolk sac
[9]. In the human body, the fibroblasts form a heterogeneous
collection of mesenchymal cells and they are the principal
cellular constituents of connective tissues [21]. The major
role of the mesodermal cells and their ability to differentiate
from the first stages of embryonic development allow for
considering them as the cell prototype that should be re-
sorted to when the repair of any tissue in the body is needed
[9]. And for this reason, perhaps the posttraumatic inflam-
matory response after a skin wound has the same intention,
namely, to use the embryonic mesodermal phenotype with a
therapeutic objective [8].

Local fibroblasts residing in the skin are considered the
most prominent source of myofibroblasts. However, a variety
of other precursor cells contribute to the myofibroblast pop-
ulation, depending on the nature of the injured tissue and the
particular microenvironment [22]. Activated myofibroblasts
are generated from a variety of sources, including resident
mesenchymal cells, epithelial and endothelial cells, via the
epithelial/endothelial mesenchymal transition as well as from
circulating fibroblast-like cells called fibrocytes, derived from
bone marrow stem cells [21, 23]. In addition, circulating
monocytes have the capacity to differentiate into nonphago-
cytes, that is, mesenchymal cells and endothelial cells [24].

The reason why the myofibroblasts are attractive to a
broad scientific and clinical audience is due to the large panel
of cells that can develop this phenotype upon activation.
It appears that myofibroblasts can be recruited from any
local cell type and they are suitable for rapidly repairing
injured tissue [22]. Fibroblasts can be induced to acquire the
myofibroblast phenotype during wound repair. Several days
after injury, a subset of wound fibroblasts can differentiate
into myofibroblasts, which are responsible for repopulating
the wounded area in parallel to angiogenesis, thus forming
the granulation tissue [6, 7]. Granulation tissue is then
repopulated with fibroblasts to produce a more densely

collagenous extracellular matrix which is more akin to the
matrix found in interstitial stroma [25].

Tissue remodeling requires the removal of granulation
tissue, and maturation of collagen is oxygen dependent [6].
Indeed increasing wound oxygenation results in increased
collagen deposition and tensile strength [26]. However, hyp-
oxia benefits the expansion, differentiation, adhesion, growth
factor secretion, and regenerative potential of mesenchymal
stem cells derived from subcutaneous adipose tissue [27].
Finally, the phenotypic changes suffered by the keratinocytes
during reepithelization suggest a partial epithelial-mesen-
chymal transition. Following the completion of wound re-
pair, keratinocytes revert from their mesenchymal-like phe-
notype to an epithelial phenotype [28, 29].

In the adult organism, many pathways that play an essen-
tial role during embryo development are inactivated later
in life although some of them may be transiently expressed
during adult repair [30]. That is why we have considered that
wound repair would require the upregulation of signaling
pathways characteristic of the extraembryonic functions, that
is, amniotic and vitelline, during the embryo development. If
so, emulation by the wound tissue of these extraembryonic
functions perhaps requires retracing the mechanisms that
produce and distribute the extracellular fluid and substrates;
activate the migration and invasion of stem or progenitor
cells and hematopoietic-derived cells, and induce the estab-
lishment of a complex vascular network by lymphangio-
genesis and angiogenesis; finally all of them are required to
mediate normal new tissue growth and development [8].
The above-mentioned extraembryonic mechanisms seem to
be aimed at favoring the grafting of new repaired tissue.
Thus, through the successive expression of functions related
to natural immunity and later with the acquired immunity,
the neoformed tissue is accepted by the host.

This transient recapitulation of embryonic mechanisms
through the hypothetical succession of overlapped amniotic-
like and vitelline-like functions would achieve the cellular
and metabolic diversity necessary for repairing the injured
adult tissue with a graft (Table 1).
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3. The Inflammatory Cancer Cell

Nowadays, the causal relationship between inflammation
and cancer is widely accepted [1, 3, 4, 31–37]. Inflammation
has long been thought to have contributed to the develop-
ment of cancer [1, 35, 37]. And consequently, chronic in-
flammation is a major cause of cancer [32, 34, 36].

The understanding of the pathogenesis and progres-
sion of cancer requires the establishment of the altered ge-
netic/metabolic factors that are essential to the development,
growth, and proliferation of malignant cells [38]. This new
frontier of cancer research requires the appropriate marriage
of genetic/proteomic studies or the geneticist approach to the
biochemical/metabolic cellular studies or the biochemical
approach [38].

With regards to the geneticist approach, in many cancers
a stem cell tumor model probably takes place [39]. Although
a stem cell may sustain the first oncogenic hit, subsequent
alterations required for the genesis of a cancer stem cell can
occur in descendent cells [40]. This mechanism could explain
the marked tumoral heterogeneity, either interturmoral, that
is, variability between tumors arising in the same organ, or
intratumoral, that is, variability within individual tumors
[40].

With regards to the biochemist approach, metabolic
transformation of malignant cells is essential to the develop-
ment and progression of all cancers [38, 41–43]. Cancer cells,
similar to normal cells, live in niches and microenvironments
that are heterogeneous. Specifically, intratumoral gradients
of nutrients and oxygen could play a profound role in mod-
ulating tumor cell metabolism [42].

The comparison of tumors with wounds that do not heal
[2] suggests that during the host invasion, the malignant
tumor cells could express the previously proposed inflam-
matory phenotypes during wound repair [44]. Due to the
plasticity of cancer stem cells, it should be kept in mind that
while a malignant tumor develops, it can express phenotypes
that also share the inflammatory response such as an
ischemic phenotype (hypoxic) with edema and lymphan-
giogenesis (circulatory switch) a leukocytic phenotype being
adapted, with migration to the regional lymph nodes and
development of cachexia, and an angiogenic phenotype with
the supply of nutrients and oxygen and tumoral mass growth
[44–46] (Figure 2).

It has already been proposed that these phenotypes
represent the expression of trophic functional systems of
increasing metabolic complexity in the wound inflammatory
response [5, 6]. Their expression by cancer cells could have a
similar significance [46]. In this hypothetical circumstance,
malignant tumor cells could adopt an inflammatory-like
phenotype that evolves in three hypothetical functional phas-
es of increasing metabolic complexity and which would also
have a trophic significance [44–46].

Moreover, acute wounds are initially hypoxic, and chron-
ic ischemic wounds are essentially hypoxic [47, 48]. However,
in the wounded tissue molecular and functional heteroge-
neity could be related to the heterogeneous distribution of
oxygen with hypothetical pockets of graded levels of hypoxia
[48].
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Figure 2: Evolutive phases of the inflammatory cancer cell. Cancer
cells can adopt an inflammatory phenotype to invade neighboring
tissues and survive in these ectopic sites. In the successive phases
of tumorigenesis, the cancer cells invade the host by expressing
natural and adaptive immune-related mechanisms. sc: stem cell;
scc: stem cancer cell; shc: stem hematopoietic cell; f: fibroblast; mn:
monocyte; mf: myofibroblast; g: granulocyte; mØ: macrophage; lc:
lymphatic capillary; cc: cancer cell; lnm: lymph node metastasis;
hev: high endothelial venule; l: lymphocytes; pcv: postcapillary
venule; bc: blood capillary; p: pericyte; ∗tumoral antigen.

The hypothesized similarity of the inflammatory re-
sponse in wounds and tumors, based on the molecular-relat-
ed, that is, genetic and metabolic, pathways is an interesting
proposal because it could allow for translational inflamma-
tory research between tissue repair and cancer. Moreover, the
cancer cell also successively uses the natural and acquired
immunity to be grafted into the host. The need to be recog-
nized by the host, by both the cells that make the wound
repair and by the cells that cause tumorigenesis to develop,
would indicate that in the adult organism the creation of
a new tissue without a previous immunologic acceptation
could not be possible. Regardless of whether the neoformed
tissue is normal, like during embrionary development and
wound repair, or pathological, like in cancer, the expression
of extraembryonic functions would be essential for homing
in the host. Therefore, maybe the different inflammatory-
related extraembryonic ways that converge in the embryo, in
the wound repair process and in tumor growth, have the final
aim of getting their immunological acceptation.

4. The Evolutive Phases of the Inflammatory
Cancer Cell

It has been proposed that the relation between inflammation
and tumor development depends on whether the tumor is
benign or malignant [44]. The benign tumor cells seem to
be able to induce the inflammatory response in the host.
Therefore, it is possible that the host participates in estab-
lishing the tumor through a process called desmoplasia,
which consists of fibroblastic cells and the extracellular ma-
trix, a leukocytic response represented by lymphocytes, ma-
crophages, and dendritic cells, and lymphangiogenesis and
angiogenesis [49]. Essentially, all the elements that constitute
the inflammatory response participate in the “host reaction,”



Journal of Oncology 5

which could, therefore, have a trophic purpose for the tumor
cells [44, 46]. Consequently, this inflammatory response of
the host would develop in the interstitial space of the tumor,
which invades in order to be more efficient, trophically [46].

However, when tumor cells reach higher grades of malig-
nancy, their invasive capacity reflected in the classic metastat-
ic cascade, that is, primary tumor (T), lymph node invasion
(N), and distant metastases (M), seems to reflect a new ca-
pacity to express the inflammatory response more than to
induce it in the host [45]. In this hypothetical circumstance
the inflammatory phenotypes would be expressed by tumor
cells to invade the host.

Therefore, it should be kept in mind that while a ma-
lignant tumor develops it can express phenotypes that are
common to the inflammatory response, including a hypoxic
phenotype with edema and lymphangiogenesis, a leukocytic
phenotype with migration to the regional lymph nodes and
distant metastasis, and an angiogenic phenotype with granu-
lation tissue development and tumor and metastasis growth.

4.1. The Hypoxic Phenotype and the Interstitial-Lymphatic
Tumoral Axis. Hypoxia and inflammation meet at several
points in the setting of cancer [50]. During the initial avas-
cular stages of tumor growth, which is when the tumor mass
measures less than 0.5 cm [51], the cells seem to adopt an
anoxic-hypoxic phenotype [52]. When tumor cells come into
contact with oxygen, they could undergo a process of reox-
ygenation, with oxidative stress and edema [44].

The experimental evidence indicates that the cell mech-
anism for adapting to hypoxia is the prolyl-hydroxylase-
(PHD)-hypoxia-inducible transcription factor (HIF) system
[50]. The distribution of PHD-HIF system within the
inflamed tumor is involved in both its growth and vascular-
ization [50]. In this way, cancer cells could adopt a hypoxic
metabolism to survive. Most cancer cells rely on aerobic
glycolysis, a phenomenon termed “the Warburg effect.” Thus,
cancer cells can convert glucose and glutamine into biomass
most efficiently and will proliferate faster [53]. In addi-
tion, glutamine metabolism has important “nonanabolic”
functions, including the regulation of oxidative stress, signal
transduction, and autophagy [43].

Cancer cells at this stage can overexpress matrix met-
alloproteinases (MMPs). In many instances, therefore, the
extensive alterations produced by MMPs in the stromal mi-
croenvironment could promote tumor progression [54, 55].
Thus, during the earlier phase of tumor progression, the
metabolic autonomy and invasive capacity of the tumor cells
would induce their premature migration to the peripheral
tissue [56].

Metabolically active cancer cells could induce interstitial
edema [57]. There is increasing evidence that conditions
characterized by an intense inflammatory response are asso-
ciated with alterations in cellular membrane potential, with
subsequent depolarization and abnormal ion transport.
Moreover, disturbances in ion transport are associated with
intracellular as well as interstitial edema [58]. Interstitial
fluid flow is elevated in tumors, thus favoring the diffusion of
solutes and proteins and inducing a substantial influence on

cancer cells [59, 60]. The tumor interstitial fluid is absorbed
by lymphatic capillaries and drains through lymph nodes in
the thoracic duct, where it reaches the blood via the great
veins of the neck [60]. Tumor interstitial fluid is suggested to
be a rich sample for discovering biomarkers [61].

Compared with nonneoplastic tissue, the tumor stroma
contains increased amounts of collagens, proteoglycans, and
glycosaminoglycans [61, 62]. The accumulation of glycos-
aminoglycan fragments especially has been proposed as an
important mechanism for edema formation because of its
hydrophilic properties [63]. Glycosaminoglycans, that is, hy-
aluronan, are long unbranched polysaccharide chains which
tend to adopt highly extended random-coil conformations
and occupy a huge volume for their mass [63]. They attract
and entrap water and ions, thereby forming hydrated gels,
while permitting the flow of cellular nutrients [63]. Thus,
interstitial edema could favor nutrition by diffusion through
the malignant tumor. Under inflammatory conditions, hya-
luronan is more polydisperse with a preponderance of lower-
molecular forms and favors edematous infiltration of the
tissues as well as the interstitial fluid flow and the tissue
lymph pressure gradient [54, 63, 64].

Tumor interstitial fluid represents the early microenvi-
ronment of the tumor cells [57, 59]. One may therefore
envisage that access to tumor interstitial fluid bathing the
cancer cells is considerably important in order to understand
how tumors develop and progress [57, 59]. It could be sus-
pected that during this early phase of the inflammatory
cancer cell response, while edema progresses, the lymphatic
circulation is simultaneously activated and this circulatory
switch establishes an interstitial-lymphatic tumoral axis by
which lymph can reach the systemic blood circulation [60].
In this way, lymphatic tumoral vessels are transformed in
routes for trafficking through the body, exploited not only
by immune cells but also by cancer cells [65]. Nevertheless,
the interstitial tumoral fluid flow associated with edema
can have important effects on tumoral tissue morphogenesis
and function, cancer cell migration, and differentiation, and
matrix remodeling, among other processes [66] (Figure 3).

A number of studies in animal tumor models have estab-
lished the concept that tumors, rather than just accidentally
invading preexisting lymphatic vessels in their vicinity,
can actively induce tumor-associated lymphangiogenesis by
secreting appropriate growth factors, such as vascular endo-
thelial growth factor (VEGF)-C, VEGF-D, or VEGF-A [65].
The formation of new lymphatic vessels, termed lymphan-
giogenesis, is often observed around or within the tumors
[67]. With tumor progression, cancer cells secrete lymphan-
giogenic cytokines and growth factors which result in the
formation of lymphatic vessels [68]. Tumor-associated lym-
phangiogenesis leads to a more extensive drainage network
to capture the increased interstitial fluid flowing from the
tumor cells and through the microenvironment [60]. Lym-
phatic vessels are also active modulators of immunity. The
tumor associated with the lymphatic system may affect not
only the local microenvironment, but also the host immune
response against the tumor [69]. Recent findings raise the
possibility that the tumor-associated lymphatic vessel and
draining lymph nodes may be important in tumor immunity,
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which in turn govern metastasis. Peritumoral lymphangio-
genesis associated with increased drainage to the lymph
nodes could activate and maintain tumor tolerance by the
host [69]. Hence, targeting lymphangiogenesis by developing
antilymphangiogenesis agents might constitute a novel way
to prevent lymphatic progression in some tumors [70].

It has been shown that tumoral lymphatic vessels could
display a retrograde draining pattern. Today, the mechanisms
of tumoral lymphatic dysfunction are not entirely known
[68]. It is hypothesized that the rapid growth of tumor results
in tissue edema, which generates mechanical forces to com-
press the lymphatics, or tumor cells can destroy the intra-
tumoral lymphatic structure [68]. However, the high colloid
osmotic pressure and protein concentration of the tumoral
interstitial fluid [59] associated with the tumoral lymphatic
dysfunction could favor cancer cell trophism by diffusion,
modulate their metabolic microenvironment, and, therefore,
play a key role in tumor growth and metastasis.

4.2. The Adoption of a Leukocytic Phenotype by Cancer Cells.
The cancer cell could express a leukocytic phenotype with
anaerobic glycolysis as the main source of energy, which
permits lymphatic migration and invasion of the host [44–
46].

Hypoxic tumor cells may suffer oxidative and nitrosative
stress, like what occurs to leukocytes in the chronic inflam-
matory response by the generation of reactive oxygen and
nitrogen species. Increased oxidative damage levels in malig-
nant cells could result from more reactive species forma-
tion with unaltered antioxidant defenses, unaltered reactive
species formation with decreases in antioxidant defenses,
failure to repair oxidative damage, so that levels rise, or any
combination of the above [71]. Overall, evidence supports

the view that at least some malignant cells produce more
reactive species for its own benefit, and the antioxidant
defense and repair activities may sometimes rise, but not
enough to cope with the extrareactive species [71].

In most inflammatory responses, the actions of reactive
species are mediated by the IκB kinase/nuclear factor (NF)-
κB (IKK/NF-κB) system, and in turn, this system can be
regulated by hypoxia and/or reoxygenation [52, 72]. More
specifically, the expression of inducible genes leading to the
synthesis of cytokines, chemokines, chemokine receptors,
adhesion molecules, and autacoids relies on transcription
factors, and among the primary transcription factors, NF-κB
plays a main role in the regulation of inflammatory media-
tors [73]. In addition, reactive oxygen and nitrogen species
generated by both oncogene-expressing cells and inflamma-
tory cells could cause oxidative damage to host DNA result-
ing in activation of oncogenes and/or inactivation of tumor
suppressor genes and various epigenetic changes that favor
tumor progression [72].

The activated IKK/NF-κB pathway may play a tumor-
promoting role by protecting tumor cells from death, that
is, antiapoptotic, or enhancing their proliferation [72]. How-
ever, although much attention regarding NF-κB has focused
on inflammatory responses and tumor development, the
current upsurge of interest in stem cell biology has led to
studies of the function of NF-κB in stem cells of the bone
marrow. NF-κB has been suggested to regulate secretion of
growth factors and cytokines in adult and neonatal stem cells
from the bone marrow environment [74].

Tumors in their development share an array of inflam-
matory activation mechanisms with leukocytes, including
toll-like receptors (TLRs) [32, 75], prostaglandin and leuko-
trienes’ metabolism [76], mitogen-activated protein kinases
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(MAPKs), that is, extracellular signal-regulated kinases
(ERKs), c-Jun NH2-terminal kinases (JNKs) and p38 iso-
forms (p38s) [77], deregulation of phosphoinositide 3-
kinase (PCI3K)/phosphatase and tensin homolog (PTEN)/
Akt pathway [78], infiltrating tumor-associated macrophages
(TAMs) [31] and lymphocytes T and B [34] and microRNA
expression [36].

The activation of a leukocytic phenotype by the tumor
cells could imply their transition to a more elaborated in-
flammatory response. Hence, tumor cells may usurp key
mechanisms by which inflammation interfaces with cancer
to further their colonization of the host [46].

The association between inflammation and cancer can be
established by studying the influence of inflammatory cells in
tumor progression, including neutrophils, eosinophils, ma-
crophages, myeloid-derived suppressor cells, mast cells, and
lymphocytes [1, 31, 35]. However, opposing effects of in-
flammation on cancer have been described, and, at the risk
of oversimplifying for the sake of clarity, it can be said that
acute inflammation counteracts while chronic inflammation
promotes cancer development [79, 80]. Nevertheless, such
a link may not be as simple as the one currently portrayed
because certain types of inflammatory processes in skin, such
as psoriasis or atopic dermatitis, and possibly other tissues as
well, may also serve as a tumor suppressor function [81].

Chronic inflammation is involved in shaping the tumor
microenvironment and has been referred to as “host reac-
tion,” although it might be more appropriate to think of it
as “tumor promoting” reaction [31]. In this way, cancer cells
could reconvert the inflammatory host response to obtain an
immunosuppressive inflammatory microenvironment and
thus may escape from the host aggression [1, 31, 82]. An
upregulation of immune tolerance by cancer cell could be
induced using adaptive immunity [31, 34, 82, 83]. On the
contrary, an inflammatory host response that switches the
nature of the tumor promoting an immunosuppressive mi-
croenvironment could kill tumor cells and produce cancer
regression [31, 82, 84].

Independently of the action of host leukocytes, and
owing to the great plasticity of malignant cells, we could sus-
pect that among the wide variety of phenotypes that they
could express, it has been shown that tumor cells co-opt
some of the signaling molecules of the host innate immune
system, like chemokines, selectins, and their receptors, for
invasion, migration, and metastasis [84]. Inflammation-
associated products can also be secreted by the tumor cells
themselves, giving rise to tumor microenvironment, which
is overloaded and enriched with inflammatory factors with
marked immunosuppressive abilities [80, 85]. In addition,
immune cells in the tumor microenvironment not only fail to
exercise antitumor effector functions, but also are co-opted
to promote tumor growth and metastasis [31, 86] (Figure 3).

The hypothetical activation by chemokines of the leuko-
cytic phenotype in the tumor cells could permit these cells
to fulfill functions characteristic of activated inflammatory
cells. For example, functions associated with neutrophils,
such as the hyperproduction of extracellular proteases, in-
cluding MMPs and other protease enzymes that carry out a
true extracellular digestion of the basement membrane and

the extracellular matrix, also aid invasiveness in the early
stages of the disease [55, 87]. The extracellular matrix is a
reservoir for many molecules, including growth factors, and
cytokines, which are only released upon their dissolution
[88]. Also, cancer cells can present pseudopodia formation
and directional migration [89]. Other functions seem to cor-
respond to a monocyte-macrophage phenotype in the sense
that tumor cells migrate to the regional lymph nodes through
the lymphatic capillaries [69, 90]. Moreover, the so-called
fusion theory explains that the acquisition of the metastatic
phenotype occurs when a healthy migratory leukocyte fuses
with a primary tumor cell. And interestingly enough, the
fusion of genetic and cytoplasmic material between cells of
different origins is an important physiological process during
development [91].

Cancer cells dissociated from the primary tumor could
change their phenotype to become more autonomous, ex-
press specific adhesion molecules, produce lymphangiogenic
factors and eventually evade the host defense [68]. The hy-
pothetical adoption of a leukocytic phenotype by most
tumor cells would also imply the acquisition of a similar me-
tabolism. In this situation, like the activated leukocytes,
cancer cells function would require glycolysis as the main
source to obtain substrates and energy [92]. In this sense, the
metabolic regulation of cancer metastatic cells could be
closely related to a specific mutational activation of onco-
genes and inactivation of tumor suppressor genes [93]. In
contrast to normal cells, cancer cells tend to convert glucose
into lactate even in the presence of sufficient oxygen, a
term called “the Warburg effect” or aerobic glycolysis [94].
Glutamine is also a major cancer cell energy and anabolic
substrate [93]. The oncogenes, Akt, Myc, and Ras, MAP-
kinase, PI3K, and mammalian target of rapamycin (mTOR)
pathways, and HIF can stimulate the transcription of a
number of genes that encode the proteins that mediate the
glycolysis and glutaminolysis pathways [93, 94]. This
metabolic characteristic of the tumor cell in this stage would
explain why tumors grow in the lymph node, regardless of
their angiogenic ability [95]. In turn, nutrition of cancer
cells during the expression of a leukocytic phenotype could
also be based on extracellular, that is, proteolytic enzymes,
and intracellular, that is, phagocytic, functions including
autophagy and digestion [44, 45].

During the adoption of a leukocytic phenotype, soluble
factors could push tumor cells towards premature migration
to peripheral tissue [45]. Considerable progress has been
made in recent years regarding how tumor cells circulating in
the blood and lymphatic system interact with and extravasate
into secondary sites and what determines whether these dis-
seminated tumor cells survive, remain dormant, or go on
to form macrometastases [96]. Hence, the leukocytic phe-
notype would favor the homing of metastatic tumor cells to
specific organs, especially those where populations of res-
ident macrophages are abundant, that is, lung (alveolar
macrophages), liver (Kupffer cells), brain (glia), and bone
(osteoclasts) [44]. Particularly, specific chemokines in distant
organs and chemokine receptors on the tumor cells dictate a
metastasis pattern according to the cancer cells [97].
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Tumor-cell-derived factors, which could also be partially
contributed by tumor-infiltrating macrophages [31], have
been found to induce the expansion of the lymphatic net-
work in the lymph nodes, even before the arrival of the
metastatic cancer cells, as if to create a favorable environment
for the future metastasis [98, 99]. Also, disseminated tumor
cells in bone marrow can be detected in 20–40% of cancer
patients without any clinical or histopathological signs of
metastasis [100]. The particular bone marrow environment
may induce these cells to survive and disseminate later into
other distant organs. This “dormant stage” of disseminated
tumor cells may explain why these cells are relatively resistant
to chemotherapy [101].

The adoption of a leukocytic phenotype by cancerous
cells could be associated with an increased degree of lym-
phangiogenesis. In animal models, a strong relationship be-
tween lymphangiogenesis and survival has been shown [67].
Lymphangiogenesis at the site of the primary tumor as well
as in the draining lymph node actively contributes to meta-
static cancer spread, and its inhibition might be of interest
for preventing tumor metastasis [67, 98, 102]. Lymphangio-
genesis not only is crucial for cancer cells to metastasize, but
also offers the tumor the possibility to disseminate inflam-
matory mediators in the host, which would produce a sys-
temic inflammatory response syndrome (SIRS) [45, 103].
The SIRS, mediated in part by proinflammatory mediators
including cytokines, plays a role in the genesis of cachexia
associated with both critical illness and chronic inflamma-
tory diseases [104]. The systemic inflammatory and immune
response to the presence of a tumor is manifested in different
ways, according to the type and extent of the tumor. Fever,
night sweats, weight loss, fatigue and malnutrition may all
be attributable to tumor-induced inflammation [3]. Cancer
cachexia is a continuum with three stages of clinical rel-
evance: precachexia, cachexia, and refractory cachexia, but
not all patients traverse the entire spectrum [105]. Addi-
tionally, although an acute phase protein response is usually
produced, the C-reactive protein in serum is the most widely
accepted index of systemic inflammation, and cachexia can
be present in the absence of overt systemic inflammation
[105]. Thus, the host, as a yolk-sac-like structure, becomes
a vitellum supplier for the tumor growth.

The tumor cell, through the lymphatic system, can also
modulate the host immunity, using its own antigen produc-
tion. Tumoral antigens in the interstitial fluid are collected
into open-ended lymphatic capillaries, which can form a
mesh-like network by lymphangiogenesis, which could then
be transported to the lymph nodes [106]. However, tumoral
antigens in prenodal lymph, before entering the node and
once inside, could be filtered by dendritic cells and nodal
antigen-presenting cells, respectively [106]. Thus, lymph-
carried tumoral antigens might have particular relevance for
the induction and maintenance of peripheral tolerance to
cancer cells.

The functional plasticity of dendritic cells allows for
adapting the immune system to mount functionally distinct
types of responses, including the immunologic tolerance that
could contribute to tumor development [82]. In this way, it is
accepted that dendritic cell vaccines will be offered to patients

either with early- or late-stage disease to elicit a strong and
long-lived antigen-specific T-cell immunity [82].

Additionally, lymphatic vessel density can increase in the
chronic inflamed tumor tissue, although without reestab-
lishing an efficient lymphatic connection with the draining
lymph nodes [107]. This defective lymphatic drainage, asso-
ciated with the enduring local tumoral antigen stimulation,
could be a crucial trigger of the cascade of events leading to
lymphoid neogenesis [108]. De novo lymphoid tissue for-
mation or tertiary lymphoid organs occur during states of
chronic inflammation [69]. Tertiary lymphoid organs may
accumulate tumor antigens and tumor antigen-presenting
cells, bypassing the lymph node function and therefore cir-
cumventing their tolerance-maintaining function [69, 108].
In addition, myeloid-derived suppressor cells, a heterogenic
population of immature myeloid cells that consists of my-
eloid progenitors and precursors of macrophages, granu-
locytes, and dendritic cells, use a number of mechanisms
to suppress various T-cell functions as well as to induct
regulatory T-cells [109].

4.3. Granulation-Tissue-Related Cancer Cells. Cancer cells, to
grow inside the host, need to induce the formation of a
stroma to change in an organ. Therefore, the comparison of
tumors with wounds that do not heal includes, among other
characteristics, the development of a stroma in which the for-
mation of fibroblasts, through a process named fibroplasia,
mainly takes place [6]. This phase of skin wound healing, also
called granulation phase, is basically characterized by active
fibroplasia and angiogenesis [110] (Figure 3).

The role of fibroblasts in wound healing has been exten-
sively studied over the past years. Fibroblasts and myofibrob-
lasts mainly produce the new extracellular matrix necessary
for supporting cells and blood vessels, which provides nutri-
ents and oxygen needed for cell growth and proliferation
[110]. This new matrix consists of collagen, proteogly-
cans, and fibronectins produced by the fibroblasts. Fibrob-
last activity is predominantly regulated by platelet-derived
growth factor (PDGF) and transforming growth factor β
(TGFβ) [111]. Growth factors involved in fibrogenesis also
include fibroblast growth factor-2 (FGF-2) and hepatocyte
growth factor (HGF), which are also chemotactic factors for
mesenchymal stem cells. Complementary to this, it has been
demonstrated that keloid-derived fibroblasts induce higher
mesenchymal stem cell migration toward themselves than
normal fibroblasts [112]. Also, it must be noted that keloids
are locally aggressive scars that typically invade healthy
surrounding tissues [112]. Recent studies indicate that mes-
enchymal stem cells from the bone marrow provide “fibrob-
lasts” to the skin in adults and are thought to enhance skin
repair/regeneration [33, 113].

In recent years, the tumor stroma has become the focus
of intense research. In particular, fibroblasts, a heterogeneous
collection of mesenchymal cells, are among the most abun-
dant cell types in the microenvironment of solid tumors
[37]. Cancer-associated fibroblasts, through the release of
cytokines and growth factors, could modulate the cancer
stem cell phenotype and could also lead to enhanced
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angiogenesis [33, 37]. It has been suggested that cancer-
associated fibroblasts may be derived from tumor cells
that undergo epithelial-mesenchymal transition [114]. One
characteristic of the cancer-associated fibroblasts is their
heterogeneity, which is also expressed through the formation
in solid tumors of a very different profile of extracellular
matrix proteins [37]. Mesenchymal stromal cells also can
suppress immune responses, favoring tumor cells’ escape
from the host immune response [115].

Angiogenesis characterizes a phase of cancer evolution
that permits numerous substances, including hormones, to
be transported by the blood. Angiogenesis requires migra-
tion of endothelial cells into the interstitial space with the
subsequent proliferation and differentiation into capillaries
[44]. Tumors induce angiogenesis by activating tumor stro-
mal cells. The release of angiogenic factors from the extracel-
lular matrix through new formed epitopes promotes angio-
genesis. Thus, the neoplastic cells switch to an angiogenic
phenotype [116]. However, tumor angiogenesis produces a
tumor-associated vasculature that is chaotic, both in struc-
ture and function. Although angiogenesis supplies a growing
tumor with nutrients and oxygen, the neo-vasculature is
poorly formed often with leaky blood vessels that do not link
the arterial to the venous circulation but is rather dead-end
[42, 117]. This characteristic impairs tumor blood flow and
the delivering of oxygen [118], but they favor its growth since
without angiogenesis tumors rarely grow to larger than 2 to
3 mm [119]. However, the tumor during its growth seems
to prioritize the venous-lymphatic circulation in detriment
of the arteriovenous circulation, which is characteristic of
the specialized tissues. This circulatory switch perhaps could
offer some metabolic advantages to the tumor biology; for
instance, it would favor an environment poor in oxygen,
strengthening therefore an efficient anaerobic metabolism
that forms biomass, and to the blood endothelium with an
inflammatory phenotype; it would give more permeability to
molecules and cells and it would also enrich the composition
of the interstitial space. In essence, a “reactive stroma” would
be created [59, 120]. The normal stroma in most organs
contains a minimal number of fibroblasts, whereas a reactive
tumor stroma could be associated with an increased number
of cells, including fibroblasts, enhanced vessel density, and
protein deposition [59].

Cancer cells are also associated with high endothelial
venule development. Lymphocytes get into lymph nodes
from the blood through high endothelial venules. T and
B cells subsequently move into the T zone and B-cell follicles,
respectively, and then migrate in a stromal-guided random
walk [121]. In contrast to the flat endothelial cells that
line other types of blood vessels, high endothelial venule
endothelial cells are almost cuboidal, and they selectively
express certain tissue-specific adhesion molecules and che-
mokines [122]. High endothelial venules are mainly found
in the paracortical and interfollicular areas of the lymph
node and are surrounded by an intricate stromal network
consisting of fibroblastic reticular cells. However, high-
endothelial venule-like structures are also associated with
tertiary lymphoid organs, which represent highly orga-
nized lymphoid tissues induced by inflammation [122]. In

addition, recruitment of lymphocytes and dendritic cells to
inflamed lymph nodes by trans-high-endothelial venule mi-
gration involves the mediation of heparan sulfate [123].

Tumors build their blood vessels by mechanisms that
involve endothelial cell response, including circulating endo-
thelial precursors and circulating endothelial cells, to tumor
signaling [97]. Recent works provide evidence indicating that
the state of endothelial cell activation in the tumoral niche,
rather than angiogenesis itself, may dictate tumor dormancy
or escape. In essence, the crosstalk between tumor cells and
stromal cells, including endothelial cells within the tumor
microenvironment, mediates tumor evolution [97, 124].

Within the factors that play a role in initiating tumoral
neovascularization, the “classical,” that is, VEGF, fibroblast
growth factor-2 (FGF-2), also termed basic fibroblast growth
factor (bFGF), platelet-derived growth factor (PDGF), trans-
forming growth factors (TGFs), and angiopoietins (Angs),
and the “nonclassical” mediators of angiogenesis, that is,
erythropoietin, angiotensin II, endothelins, and thyroid
hormones, stand out [125].

However, as it has been previously explained, tumor vas-
culature is typically aberrant [117] with a reduced pericyte
coverage, which in turn destabilizes vascular integrity and
function [126]. Additionally, vascular heterogeneity could
be associated with subpopulations of cancer cells that dif-
fer in their energy-generating pathways, macromolecular
biosynthesis, and redox control [42, 43, 126, 127]. These
populations may function symbiotically since the cells proxi-
mal to a better-oxygenated tumoral tissue consume oxygen
with glucose and glutamine, serving as substrates and se-
creting lactate that can be used by another subpopulation of
hypoxic cancer cells as their main energy source [42, 126].
In a similar compensatory way, the activation of HIF in the
hypoxic cancer cell subpopulation or in stromal cells within
the tumor could augment their vascularization and oxy-
genation. This change could be associated in turn with
tumoral blood flow redistribution, rendering other areas of
the tumor ischemic, and consequently with a hypoxic me-
tabolism that induces an increase in tumor invasiveness
and risk of metastasis [50]. Thus, it can be suspected that
the metabolic and functional heterogeneity of the tumors,
which is imposed by their stroma, that is, granulation tissue-
like, is dynamic. This tumoral dynamic heterogeneity could
constitute a favoring factor of chronicity.

5. Inflammatory Cancer Phenotypes and
Related Metabolisms: Regarding the Need
for a Metabolic Staging of Cancer

Given the hypothetical plasticity of malignant tumor cells,
the above-mentioned inflammatory phenotypes would need
the corresponding metabolic plasticity. Hence, the mecha-
nisms that govern tumoral evolution could be based on the
increasing metabolic capacity of the tumor cell to use oxygen
over the inflammatory phenotypes that supposedly drive
the successive phases of release, migration, and proliferation
[44–46]. Since it has been proposed that these phases of
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tumoral evolution go from hypoxia to the progressive devel-
opment of an oxidative metabolism, it has been speculated
on whether the tumor cell reproduces most of the successive
stages by which life passes [44] from its origin without
oxygen until it develops an effective, although costly, system
for the use of oxygen [128]. If so, in the successive metabolic
switches that cancer undergoes, it acquires an increasing
ability to both invade the host and use its sources of
substrates until its metabolic reserves are all used up [44, 45].

The ability of cancer cells to change their metabolism
and, therefore, their inflammatory phenotypes is one of the
fundamental reasons why metabonomics offers a platform
for biomarker development in the field of oncology [129].
Yet cancer metabolism represents an ideal field for metabolic
profiling because of the way its metabolism differs metab-
olism from normal cells, especially that of the glucose and
phospholipid [130]. Tumoral metabolic profiling, not only
could allow us to study each tumoral inflammatory phe-
notype but would also offer the chance of correlating tumoral
metabolism with its invasiveness to the host.

The hypoxic phenotype would characterize the initial
step of tumoral evolution. In this early phase of the cancer
cell response, it could be considered that hypometabolism,
anaerobic glycolysis with lactate production, and a low ener-
gy expenditure [131] could be related to a primitive cellular
trophic mechanism, like diffusion. [44, 45]. In this supposed
state of cancer cell stunning, complex or specialized func-
tions could not be expressed. It is conceivable that near-
anoxic cancer cells initiate a transcriptional response that
compensates the low metabolic demand with reduced oxygen
availability. The key player of this adaptive response is HIF
[132–134]. However, the HIF complex modulates signaling
by Notch, a critical regulator of undifferentiated stem and
progenitor cells [134].

The Notch signal pathway is involved in cell fate decisions
during normal development but also in the genesis of several
cancers [135, 136]. Activation of Notch leads to prote-
olytic cleavage of the intracellular domain of Notch. Thus,
translocation of Notch intracellular domain into the nucleus
induces the transcriptional activation of Notch target genes
[135, 137]. Notch target genes include proteins and factors
involved in the control of the cell cycle and survival processes
[137, 138]. In human cancers, activation of Notch signaling
also can establish crosstalks with many oncogenic signaling
pathways, such as developmental signals, for example, Wnt
and Hedgehog signaling [138]. In particular Hedgehog plays
a key role in a variety of processes such as inflammation,
carcinogenesis, and embryogenesis [137, 138].The signaling
pathways that control self-renewal of stem cells are an es-
sential element for tumor survival. That is why cancer stem
cells use many of the above-mentioned signaling pathways
that are found in normal stem cells, such as Wnt, Notch, and
Hedgehog [137, 139].

Tumor metabolism related to the leukocytic phenotype
could be able to manage the increased oxidative and nitrosa-
tive stress and hypermetabolism imposed by reoxygenation.
Recently, the presence and generation of reactive oxygen
species attracted increased interest as a microenvironmental
factor as part of reoxygenation affecting the survival of tumor

cells [140]. In particular, upon reoxygenation, hypoxic cells
could experience apoptosis, but there is also evidence that
malignant cells can increase their tolerance in response to
adverse metabolic conditions [127, 140]. In turn, metabolic
stress situations, such as oxidative stress, low pH, or low
glucose, are likely to be major determinants of the metabolic
phenotype. The regulation of this “metabolic flexibility” is
poorly understood and will require a much greater degree
of understanding if effective therapeutic strategies targeting
metabolism are to be developed and effectively deployed
[127].

The pentose phosphate cycle is composed of two branch-
es: the irreversible oxidative pentose pathway that converts
glucose-6-phosphate to ribose phosphates thereby yielding
two moles, NADPH H+, per mole glucose, and the nonox-
idative pentose phosphate pathway that reversibly converts
three pentose phosphates into two hexose phosphates, for
example, fructose-6-phosphate, and one triosephosphate
[131, 141]. The normal cells produce most of the ribose-
5-phosphate for nucleotide synthesis through the oxidative
pentose pathway; however, in tumor cells, the nonoxidative
pentose phosphate pathway is the main source for ribose-
5-phosphate synthesis. In turn, it is accepted that there are
major differences in the relative share of these two pathways
in the delivery of pentose phosphates when comparing slow
and fast-growing carcinoma [131].

In particular, in response to oxidative-stress, central car-
bohydrate metabolism could be reconfigured, so that the
metabolic flux reroutes from glycolysis into the pentose
phosphate pathway, which allows cells to mount an effective
response to this cellular stress [142, 143]. Activation of the
pentose pathway also could contribute to many of the unique
metabolic requirements of tumor cells. Through its gener-
ation of NADPH, the oxidative arm of the pentose phos-
phate pathway provides reducing power to drive anabolic
metabolism [143]. If so, deficiency of the pentose phosphate
pathway could influence the development of a diverse variety
of oxidative stress-associated human diseases, ranging from
autoimmune diseases to carcinogenesis [144].

The mammalian target of rapamycin (mTOR) is an ev-
olutionary conserved Ser/Thr kinase, which could play a
major role in the metabolic reprogramming of tumor cells
[143, 145]. In addition to its well-known roles in promoting
protein synthesis and inhibiting autophagy [43], mTORC1
has been found to stimulate glucose uptake, its conversion
to glucose 6-phosphate, and metabolic flux through both
glycolysis and the oxidative arm of the pentose phosphate
pathway [143]. As mTORC1 signaling is aberrantly elevated
in the majority of genetic tumor syndromes and sporadic
cancers, this pathway is poised to be a major driver of this
metabolic conversion of tumor cells [146].

Notch-mediated signals can upregulate several factors
that in turn transmit bidirectional signals among cancer cells
expressing both ligands and receptors. Therefore, it is not
surprising that Notch signal crosstalks with many oncogenic
signaling pathways, such as developmental signals including
Wnt and Hegdehog, as well as transcriptional factors, for
example, NF-κB [138]. In particular, IL-1 activates Notch
signaling pathways probably through NF-κB pathway. Notch
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pathway is also a critical downstream target of IL-6 [138].
It has been accepted that the family of NF-κB transcription
factors is involved in the expression of genes related to innate
and adaptive immunity, which suggests that this signaling
pathway could also favor the expression of the leukocytic
phenotype in cancer cells. Therefore, Notch signaling could
also be required to convert the hypoxic stimulus into epithe-
lial-mesenchymal transition favoring the motility and inva-
siveness of cancer cells [140, 147].

Finally, sonic hedgehog (Shh), a member of the Hedge-
hog family, is involved in numerous aspects of embryonic
development including angiogenesis and lymphangiogenesis
[148]. Shh is an established morphogen critical to the de-
velopment of the vascular system, but in adult ischemic
pathologies, it stimulates the production of angiogenic fac-
tors, including VEGF-A and angiopoietin-1. It also promotes
endothelial cell chemotaxis [148, 149]. In the ischemic cancer
cell, Shh acting concomitantly with the Notch signaling path-
way could also stimulate the production of angiogenic factors
[135, 137, 149]. These newly characterized pathways have
been functionally implicated in the development and tumor-
associated angiogenesis. They also illustrate the complex
regulation of endothelial cell phenotypes [126]. As a result, a
broader concept of the tumoral angiogenic process is needed
for its better study and for a better comprehension of the
involved mechanisms since both blood and lymphatic vessels
are major vascular components of the tumor. This is the
reason why the tumor-associated blood/lymph angiogenesis
is accepted as a process induced by complicated cytokine net-
works, mediated by the paracrine and autocrine interactions
between tumor cells and stromal cells [150].

Thus, tumor nutrition mediated by blood and lymphatic
capillaries could be established thanks to angiogenesis. The
new functional properties of tumor microcirculation could
include the exchange of oxygen, nutrients, and waste pro-
ducts [44, 45] and favor tumor growth, invasion, and me-
tastasis [151, 152]. Recent information on mitochondrial
metabolism in malignant neoplasia emphasizes that, al-
though tumor cells maintain a high glycolytic rate, the prin-
cipal ATP production may be derived from active oxidative
phosphorylation [153]. The result of these metabolic charac-
teristics is that tumors burn glucose while consuming muscle
protein and lipid stores of the organism. As a result, tumor
metabolism gives them a selective advantage over normal
cells [154].

6. Cancer Cell Meets Amniotic and Vitelline
Functional Axes

The concept that cancer and embryonic cells have much
in common is an old idea. The morphological resemblance
between cancer cells and the cells of fetal tissues has been
repeatedly discussed in current biomedical literature [155]
(Table 3). In the mid-19th century, upon observing cancer
tissue under the microscope, the forefathers in pathology
noticed the similarities between embryonic tissue and cancer
and suggested that tumors arise from embryo-like cells [156].
More recently, it became clear that neoplastic cells possess a
more embryonic phenotype than their tissue of origin and

that this involves the expression (or reexpression) of embry-
onic genes [157]. Both embryos and tumors display similar
antigens, elaborate angiogenic growth factors, and sub-
vert apoptotic cell death. Furthermore, they may both escape
immune destruction by similar mechanisms [157].

Recent studies have shown that it is possible to reprogram
the melanoma tumorigenic phenotype by exposing mela-
noma cells to factors present in the embryonic microen-
vironment [158]. This suggests that melanoma cells may
share some characteristics with stem cells that allow them to
respond to the ones from the embryonic microenvironment
[159]. It became clear that neoplastic cells posses a more
embryonic phenotype than their tissue of origin and that this
involves the re-expression of embryonic genes [157, 159].
The convergence of embryonic and tumorigenic mechanisms
has indeed allowed suggesting the use of embryonic vaccines
against cancer in the past [157].

Tissue interstitium under conditions of long-lasting
inflammation is associated with oxidative stress, edema,
enzymatic stress, persistent leukocyte stimulation, lymphan-
giogenesis, angiogenesis, and fibrosis [160, 161]. It has been
proposed that if the insult is sustained, for example, chronic
inflammatory response, additional proinflammatory media-
tors can activate a wide variety of leukocytes including ma-
crophages and lymphocytes, which can contributes to further
tissue destruction and inflammation [162]. However, pro-
longed inflammation in wounds contribute to the develop-
ment of fibroproliferatiove scarring, in other words, keloids
and hypertrophic scars [163]. Moreover, in autoimmune
diseases, persistent antigenic stimulation recruits endoge-
nous mesenchymal stem cells to the site of the lesion that
contributes to the fibrotic evolution [164].

Transforming growth factor (TGF)-β signaling in stro-
mal cells, for example, fibroblasts, also exerts significant
effects on tumor development and growth. It has been shown
that TGF-β, an important tumor suppressor, also regulates
infiltration of immune cells as well as fibroblasts in the
tumor microenvironment and promotes tumor progression
[165]. Fibroblasts could also produce c-Kit ligand, the most
important mast cell growth factor, while mast cells’ pro-
teases released from activated mast cells have an important
effect on fibroblasts [166]. There is evidence that cancer-
associated fibroblasts have a cancer-promoting phenotype
[167]. Consequently, cancer-associated fibroblasts could
produce significant extracellular matrix remodeling during
tumor progression mediated by tumor-specific extracellular
matrix proteins and matrix metalloproteinases isoforms
[37].

Adult mesenchymal stem cells can be defined as multi-
potent cells able to differentiate into various types including
specialized mesenchymal cells. The behavior of mesenchymal
stem cells towards the immune system is context sensitive.
Although the antifibrotic effects of mesenchymal stem cells
have been demonstrated, the molecular mechanisms behind
this effect are not yet fully understood. However, the angi-
ogenic support provided by mesenchymal stem cells is con-
sidered the more supportive effect, because reestablishment
of blood supply is fundamental for the recovery of damaged
patients [168].
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In contrast to adult wound healing, the early gestation
fetus has the remarkable ability to heal skin wounds without
scarring [169, 170]. There are numerous intrinsic and out-
rinsic differences between the fetus and adult that may influ-
ence wound healing. The fetal wound is continuously bathed
in amniotic fluid rich in growth factors and extracellular
matrix components such as hyaluronic acid, type III collagen,
and matrix metalloproteinases. In addition, fetal wound
healing is characterized by a rapid upregulation in progenitor
cells of genes involved in cell growth and proliferation, with
decreased platelet aggregation and degranulation, compared
to adult wound healing [170].

One intrinsic difference also includes fetal tissue oxy-
genation. The fetus has a very low pO2 since there is a large
transplacental oxygen gradient between maternal arterial and
umbilical venous blood. Consequently, the fetus can heal in
a relatively hypoxemic environment [169].

Epithelial to mesenchymal transitions (EMTs) are transd-
ifferentiation programs that are also required for tissue mor-
phogenesis both during embryonic and cancer development
[171, 172]. The conversion of epithelial cells to mesenchymal
cells is fundamental for embryonic development and involves
profound phenotypic changes, including the loss of cell-cell
adhesion and the acquisition of migratory and invasive prop-
erties [114, 171]. Recent evidence suggests that normal stem
cells and cancer stem cells share a mesenchymal phenotype
that enhances their ability to preserve stemness, to retain
migratory properties, and to respond to different stimuli
during expansion and differentiation [171]. Thus, EMT in-
duction in cancer cells results in the acquisition of invasive
and metastatic properties [171, 172]. Interestingly enough,
these invasive cells, with both a stem-cell-like and mesenchy-
mal phenotype, can generate an epithelial-like structure by
mesenchymal to epithelial transition (MET) and, therefore,
could be involved in the formation of macrometastasis [171].
Furthermore, it is accepted today that metastasis progression
should be considered an independent and parallel process
in tumorigenesis governed by the EMT that occurs among
tumor cells [91, 114, 172]. In addition, although the majority
of tumors are epithelial, they also exert mesenchymal
characteristics [91, 171, 172].

An EMT process also occurs in mammalian embryos
during gastrulation [114]. Gastrulation is a developmental
phase that delineates the three embryogenic germ layers,
named ectoderm, endoderm, and mesoderm. Haeckel coined
the term gastrulation derived from the Greek word “gaste,”
meaning stomach or gut, that transforms the rather unstruc-
tured early embryo into a gastrula with several specific char-
acteristics: the three primary germ layers are formed; the
basic body plan is established, including the construction of
the rudimentary body axes; the cells assume new positions,
allowing them to interact with cells that were initially not
close to them [173]. The nascent mesoderm generated during
gastrulation could involve an internalization process of ex-
traembryonic phenotypes [114]. In essence, gastrulation
could be represented as the creation of an interstitial space
in which extraembryonic, that is, amniotic and vitelline,
functions are expressed using mesenchymal cells. If so, the
mesoderm would represent the vehicle or the mediator for

the internalization of the extraembryonic functions into the
embryos [8] (Figure 1).

The mesenchymal state is associated with the capacity
of cells to migrate to distant organs and maintain stemness
allowing their subsequent differentiation into multiple cell
types during development and the initiation of metastasis
[114, 171]. In amniotes, members of the TGF-β superfamily
induce gastrulation and Nodal signaling together with
fibroblast growth factor (FGF) and control the specification
of the mesendoderm in all vertebrates [171]. Mesenchymal
stem cells are a heterogeneous population with several sub-
groups of cells with different proliferative and differentiation
potentials [9]. Mesenchymal stem cells support hematopoie-
sis and are able to differentiate towards the mesodermal lin-
eage to generate smooth muscle cells, fibroblasts, pericytes,
myofibroblasts, osteoblasts, chondrocytes, and adipocytes
[9].

Hypoxia is commonly associated with conditions such as
tissue ischemia, inflammation, and solid tumors. However,
hypoxic niches in the developing embryo are associated with
regulation of cellular differentiation [174]. In this sense,
mammalian development occurs in a relatively oxygen-poor
environment and before the circulatory system is established.
Therefore, it would seem logical that blood vessel patterning
could be fine-tuned by local hypoxic microenvironments
that are encountered during embryogenesis, organogenesis,
and tumorigenesis [174]. This is why it could be considered
that hypoxia could influence the behavior of cancer stem cells
and their progeny promoting a defective tumor angiogenesis
with vascular-like networks [159].

Fibroblasts are among the most abundant cell types in the
microenvironment of solid tumors. Carcinoma-associated
fibroblasts promote tumor growth and invasion and stim-
ulate angiogenesis [37]. However, the altered phenotype of
carcinoma-associated fibroblasts with the production of an
impaired extracellular matrix and favoring the interstitial
infiltration by inflammatory cells [37] could be key factors
for inhibiting the differentiation of the tumoral microcir-
culation. In turn, this immature microcirculation would be
responsible for the tumor-uncoupled metabolic functions
regarding the normal microcirculation, as well as its prolif-
erative ability and invasiveness of the host.

The vast arrangement of the mesenchyma around and
between the developing amniotic and yolk sac cavities sug-
gests an important role of the mesenchyma in orchestrating
embryo development. Mesenchyma isolated specifically from
the amniotic membrane could differentiate into neuronal-
like cells which are identified to secrete dopamine [175].
Cells derived from amniotic fluid also have a neuronal, do-
paminergic phenotype [176]. These results allow for con-
sidering the amnion as an embryonic functional axis with
strong neural potential [175, 176]. In addition, experimen-
tal and clinical studies have demonstrated that amniotic
membrane transplantation has important biological proper-
ties, including anti-inflammatory, antimicrobial, antifibrosis,
and antiscarring, as well as low immunogenicity [177,
178]. Amnion-derived multipotent progenitor cells secrete
a unique combination of cytokines and growth factors,
known as “amnion-derived cellular cytokine solution,” which
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establish a communication network between mesenchymal
and epithelial cells during embryo development. That is why
using the amnion to accelerate wound healing through its
functions has been proposed, which regulates migration,
proliferation, and differentiation of fibroblasts as well as of
keratinocytes [179].

In turn, the extraembryonic visceral yolk sac in mammals
is composed of two layers, that is, the visceral endoderm,
which is active in endocytosis/digestion and has large ly-
sosomes, and the underlying mesoderm layer [180]. In the
embryonic mesoderm layer, “blood islands” develop sup-
porting hematopoiesis and angiogenesis [181]. While for-
mation of the various primitive hematopoietic populations
is restricted to the yolk sac, progenitors of definitive hem-
atopoietic cells that arise in the yolk sac may contribute to
hematopoiesis in the embryo proper [181]. Also, a major
function of the yolk sac is associated with the accumulation
of carbohydrates, proteins, and lipids for embryo nutrition
(vitellum) [16]. Particularly, the yolk sac plays a vital role
in providing lipids and lipid-soluble nutrients to embryos
during the early phases of development [16]. Interstitial lipid
accumulation of cholesterol, a precursor molecule of many
hormones, like aldosterone, corticoids, androgens, strogens,
and progesterone, may favor fluid infiltration and cell mi-
gration, proliferation, and differentiation during embryo de-
velopment [19].

Dissecting out the possible contribution of extraembry-
onic lineages to the embryo proper has been difficult, in large
part because of the inaccessibility of the mammalian embryo
within the uterus [181]. In addition, the term “extraem-
bryonic” is somewhat a misnomer, as there is no clear ana-
tomical or molecular demarcation to separate the embryonic
from the extraembryonic tissues during the early steps of
the development. Also, at later stages both are integral com-
ponents of the developing embryo [182]. However, recent
studies suggest that extraembryonically derived functions
and cells make an increasingly significant and possibly exclu-
sive contribution to the embryonic development [44, 181].
Thus, the molecular and cellular contribution made by both
extraembryonic structures, that is, the amnion and the yolk
sac, to the interstitial space located between them, namely,
the mesoderm, are essential for organogenesis. Particularly,
both in the amnion axis and in the yolk sac axis, the ex-
traembryonic mesenchyma plays an important role [9].

The internalization of extraembryonic functions, that is,
amniotic-like and vitelline-like, by mesenchymal cells not
only could be a key process of the embryonic development,
but also could be used by the postnatal organism when it
suffers an injury and, therefore, needs to be repaired. Thus,
an acute or chronic injury could induce a dedifferentiation
process with the expression of different and overlapping in-
flammatory phenotypes that resemble similar phenotypes
expressed during embryo development. Particularly, molec-
ular and cellular amniotic and vitelline mechanisms involved
in gastrulation would return [8].

Moreover, the relationship between inflammation and
cancer also could be based on the orchestration of extraem-
bryonic functions. If so, tumorigenic cancer cells could suc-
cessively induce the expression of overlapping amniotic and

Table 2: Hypothesized cancer cell extraembryonic (amniotic and
vitelline) and embryonic (gastrulation) phenotypes.

(i) Amniotic-like phenotype

(a) Abnormal ion transport

(b) Extracellular matrix permeability

(c) Diffusion

(d) Increased interstitial fluid (cytokines-substrates)

(e) Interstitial-lymphatic axis

(f) Circulatory switch

(g) Stem cancer cell

(ii) Vitelline-like phenotype

(a) Fat transport

(1) Lipoproteins

(2) Cholesterol

(b) Hematopoiesis

(1) Bone marrow control

(2) Platelets

(3) Neutrophils

(4) Mast cells

(5) Tumor-associated macrophages

(6) Lymphocytes

(7) Dendritic cells

(c) Lymphatic metastasis

(d) Immunotolerance

(e) Angiogenic switch

(f) Cachexia

(1) Using the host as vitellum

(iii) Gastrulation–like phenotype

(a) Tumoral stroma

(1) Epithelial-mesenchymal transition

(2) Granulation tissue

(b) Tumoral parenchyma

(1) Mesenchymal epithelial transition

(2) Tumor growth

(c) Tumoral organ

(1) Tumoral tissue heterogeneity

vitelline-like phenotypes that promote the invasion, con-
trol, and remodeling of the interstitium. The amniotic-like
phenotype could offer the cancer cells an interstitial-lym-
phatic axis [59], favoring transport, nutrition by diffusion,
excretion, and bacteriostatic and anti-inflammatory protec-
tion [179]. In turn, the vitelline phenotype could favor the
regulation of lipid metabolism genes, including cholesterol
and eicosanoid homeostasis [76], hematopoietic/bone mar-
row control [113], and the induction of an “angiogenic
switch” [117, 126] to permit tumor and metastatic growth.
The integration of both extraembryonic phenotypes by the
cancer cell would support the functional and metabolic het-
erogeneity needed to successively modulate their microenvi-
ronment during their development in the host (Table 2).
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Table 3: Common metabolic and functional characteristics of the
embryonic and the cancerous axis under hypoxia.

(i) Avascular stage of development

(ii) Notch-signaling pathway

(iii) Hedgehog-signaling pathway

(iv) Mammalian target of rapamycin (mTOR)

(v) Prolyl hydroxylase (PHD)-hypoxia-inducible transcription

factor (HIF) system

(vi) Aerobic glycolysis (“Warburg effect”)

(vii) Oxidative and nitrosative stress

(viii) Antioxidant defenses: glutamine metabolism, oxidative and

nonoxidative pentose phosphate pathways

(ix) Matrix metalloproteinases

(x) IκB kinase/nuclear factor (NF)-κB (IKK/NF-κB) system

(xi) Chemokines and adhesion molecules

(xii) Toll-like receptors

(xiii) Lymphangiogenesis

(xiv) Prostaglandins and leukotrienes active metabolism

(xv) Mitogen-activated protein kinases (MAPKs)

(xvi) Tumoral/embryonic antigens

(xvii) Lymphoid neogenesis

(xviii) Epithelial mesenchymal transition

(xix) Mesenchymal stem cells/fibroblasts

(xx) Growth factors and chemotactic factors for mesenchymal

stem cells

(a) Platelet-derived growth factor (PDGF)

(b) Transforming growth factor β (TGF-β)

(c) Fibroblast growth factor-2 (FGF-2)

(d) Hepatocyte growth factor (HGF)

(xxi) Angiogenesis (“angiogenic switch”)

(a) Vascular endothelial growth factor A (VEGF-A)

(b) Angiopoietin-1

(c) Endothelial cell chemotaxis

(xxii) Selective metabolic advantage

The new point of view proposed in the current review
would be based on considering the extraembryonic mecha-
nisms as the expression of an ancient type of inflammatory
response. Ancestral mechanisms of natural and acquired
immunity immersed into the amniotic and vitelline axes
would allow the acceptation of new and foreign tissues by the
host. Therefore, the neoformed tissues, either physiological,
that is, embryo and repair tissue, or pathological, that is,
cancer, both of them being alien to the host organism, would
need to use similar extraembryonic mechanisms to be grafted
successfully.

The involvement of these extraembryonic mechanisms,
which are individualized in each patient in tumorigenesis,
would be a key inducing factor of the vast heterogeneity of
cancer [183, 184]. Moreover, cancer cells could be modified
through epigenetic modifications that alter gene-expression
patterns. Like all the cells that constitute the human body,

a cancer cell is a direct descendent of the fertilized egg from
which the cancer patient developed. Compared with the fer-
tilized egg, the cancer genome will also have acquired epige-
netic changes with an altered chromatin structure and gene
expression [185].

7. Conclusion

It could be concluded that cancer cells acquire the ability
to invade the host organism through the recapitulation of
extraembryonic, amniotic, and vitelline functions. In this
way, through the hypothesized overlapping expression of
these two extraembryonic functional axes, cancer cells would
adopt the different phenotypes that they need to develop.
Maybe this is the reason why pluripotent cancer-initiating
cells would acquire the nature of embryonic cells. Thus,
the cancer-initiating cells would have the amazing ability of
inducing, for their own benefit, the expression in the host of
functional extraembryonic mechanisms.

The immunological properties of the extraembryonic
functions would have the aim of inducing the acceptance of
the embryo by the maternal immune system. In addition, the
adoption during the postnatal life of the above-mentioned
extraembryonic functions for developing new tissues during
wound repair and tumorigenesis could have the same objec-
tive. Therefore, an appropriate immunological and trophic
microenvironment would be created for coexisting with the
host.

Since the tumor tissue is what induces the expression of
extraembryonic functions in the host that favor its devel-
opment, it would become an autonomous organism that
progressively takes over its nutritional stores. This behavior
could be compared with how the cuckoo adapts for repro-
duction. This bird uses foreign nests to lay its eggs, which
will be incubated by other birds. After hitching, the newborn
cuckoos throw out all potential competitors from the nest
and thus monopolize the nutritional support of the deceived
parents. In the same way, tumor cells act selfishly, com-
pared to the altruistic behavior characteristic of the normal
cells of the host. Hence, in cancer, new immunotolerant
tissues monopolize the nutritional resources of the host. This
behavior could represent a last attempt to survive this
indomitable eukaryotic cell even at the expense of “murder-
ing” its supporter.
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