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Abstract: The tumor microenvironment (TME) has an essential role in tumor initiation and
development. Tumor cells are considered to actively create their microenvironment during
tumorigenesis and tumor development. The TME contains multiple types of stromal cells,
cancer-associated fibroblasts (CAFs), Tumor endothelial cells (TECs), tumor-associated adipocytes
(TAAs), tumor-associated macrophages (TAMs) and others. These cells work together and with
the extracellular matrix (ECM) and many other factors to coordinately contribute to tumor growth
and maintenance. Although the types and functions of TME cells are well understood, the origin
of these cells is still obscure. Many scientists have tried to demonstrate the origin of these cells.
Some researchers postulated that TME cells originated from surrounding normal tissues, and others
demonstrated that the origin is cancer cells. Recent evidence demonstrates that cancer stem cells
(CSCs) have differentiation abilities to generate the original lineage cells for promoting tumor growth
and metastasis. The differentiation of CSCs into tumor stromal cells provides a new dimension that
explains tumor heterogeneity. Using induced pluripotent stem cells (iPSCs), our group postulates that
CSCs could be one of the key sources of CAFs, TECs, TAAs, and TAMs as well as the descendants,
which support the self-renewal potential of the cells and exhibit heterogeneity. In this review, we
summarize TME components, their interactions within the TME and their insight into cancer therapy.
Especially, we focus on the TME cells and their possible origin and also discuss the multi-lineage
differentiation potentials of CSCs exploiting iPSCs to create a society of cells in cancer tissues
including TME.
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1. Introduction
Cancer stem cells (CSCs), identified as cancer-originating cells, are responsible for the maintenance
and development of malignant tumors being defined by the potentials of self-renewal, differentiation,
and tumorigenicity. The development of CSCs is generally considered to be regulated by genetic and
epigenetic changes resulting in tumorigenic abilities, cytoplasmic signal transduction and metastasis [1].
Accumulating evidence has revealed that CSCs have a pluripotent differentiation ability like normal
stem cells [2]. Moreover, CSCs have the potential to transdifferentiate into vascular endothelial cells
and pericytes in vitro and in vivo [3,4]. Furthermore, several differentiated cells have been directly
reprogrammed from one cell type into another with the induction of potent transcription factors [5].
Another study also supports that Osteopontin induces mesenchymal stem cells in the tumor
microenvironment (TME) to differentiate into cancer-associated fibroblasts (CAFs), which promotes
cancer development and can be stimulated to release periostin in the metastatic microenvironment [6,7].
TME has a vital role in cancer initiation and progression. During recent decades, the focus of cancer
research has widened from the malignant tumor cells themselves to the TME and the complicated
interactions between the host stroma and tumor cells [8,9]. The TME displays many similarities with
the normal wound microenvironment, including angiogenesis, infiltration of fibroblasts and immune
cells and widespread remodeling of extracellular matrix (ECM) [10]. Tumor bulk is heterogeneous
in their composition. Recent studies have indicated that TME arises from at least six distinct cellular
origins: fibroblasts [11], endothelial cells, pericytes, bone-marrow-derived mesenchymal stem cells
(MSCs) [12], adipocytes [13], macrophages [14], and other immune cells [15]. Many substantial pieces
of evidence indicate cellular transdifferentiation within the TME, both from tumor cells to stromal cells
and from stromal cells to stromal cells such as fibroblast transdifferentiation into activated myofibroblast
during the formation of tumor stroma [16]. Evidence has been suggested that this phenomenon may
be the transdifferentiation [17] or differentiation events, according to the microenvironments. In
certain conditions, pericyte can be transdifferentiated into tumor-associated stromal cells [18]. Another
example, evidence indicates that cancer cells can be transdifferentiated into stromal cells to promote
tumor growth [19].
Chronic inflammation has been hypothesized to stimulate the generation of CSCs.
The cancer-inducing niche should, therefore, be developed from chronic conditions stimulating
normal stem cells or progenitor cells to convert into CSCs, which are potent to differentiate into the
phenotype of cancer cells. Once CSCs develop, the CSC niche with/without the cancer-inducing
niche will provide a suitable microenvironment for sustaining CSCs, which in turn develop malignant
tumors. The phenotype of the malignant tumor seems to depend not only on the tissue-specific
microenvironment but on the niche of the CSCs, as previously reported [20]. We have originally
demonstrated that iPSCs can acquire CSC characters when exposed to the conditioned medium derived
from different cancer cell lines expressing various growth factors, cytokines, chemokines and so on [21].
CSCs will then establish their niche by themselves together with their progenies [22]. The cells in the
CSC niche not only maintain CSCs and tumor-associated cells but also produce factors promoting
invasion, metastasis, and angiogenesis. The components of CSC niche are typically considered as CAFs,
tumor-associated macrophages (TAMs), tumor-associated neutrophils, MSCs as well as CSCs [23].
Among these cells, cell-to–cell communications should be made via cell-mediated adhesion, soluble
factors and exosomes with their critical roles.
Our group succeeded in designing a model of CSCs derived from induced pluripotent stem cells
(iPSCs), which were reprogrammed from normal cells, in the conditioned medium from a variety
of mouse and human cancer cell lines. These obtained CSCs exhibited a capacity of self-renewal,
differentiation, and malignancy in vivo. Simultaneously, we demonstrated that CSCs are one of the
key sources of CAFs, tumor endothelial cells (TECs), tumor-associated adipocytes (TAAs), and TAMs
(Figure 1).
In this review, we summarize TME components discussing the origin of TME cells and the ability
of CSCs to differentiate into tumor stromal cells, CAFs, TECs, TAAs, and TAMs providing the progenies,
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which establish a society in tumor tissue. We also discuss the potential contributions of CSCs in tumor
progenies, which establish a society in tumor tissue. We also discuss the potential contributions of
progression, as well as an insight into cancer therapy.
CSCs in tumor progression, as well as an insight into cancer therapy.
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3. Differentiation of CSC Population in the TME
CSCs were first detected in acute myeloid lymphoma [38] and were then isolated in a variety
of solid tumors including breast [39], colon [40], liver cancers [41], melanoma [42] and some other
tumors. CSCs reveal several characteristics of embryonic stem cells and typically determine persistent
activation of the Notch, Hedgehog, and Wnt pathways that are conserved in tissue development
and homeostasis. CSCs maintain their self-renewal ability by activating several stem cell signaling
pathways during cancer initiation and development while normal stem cells are involved in different
developmental processes and tissue homeostasis. CSCs are considered to have decelerated growth
rates and to be resistant to chemotherapy and radiotherapy [43].
In lung cancer, there is a rare population of undifferentiated tumorigenic cells expressing CD133,
which is recognized as an antigen present in the cell membrane of normal and cancer-primitive cells
of the hematopoietic, endothelial, neural and epithelial lineages [44]. Lung cancer CD133+ cells
grew indefinitely as tumor-spheres in serum-free medium supplemented with epidermal growth
factor and basic fibroblast growth factor (FGF-2). Once differentiated, these cells acquired the specific
lineage markers while losing the tumorigenic potential as well as CD133 expression [45]. iPSCs have
successfully been converted into CSCs with a conditioned medium of Lewis lung carcinoma cells [21],
as well as those of other cancer cell lines [20,46]. Very recently, not only iPSCs but also embryonic stem
cells have been converted to CSCs in the same manner [47]. The converted CSCs exhibited the potential
of self-renewal, differentiation and malignant tumorigenicity with metastasis [48]. According to the
CSC model, only certain subpopulations of cancer cells can drive the progression of cancer. They are
more specific and aggressive subtypes of cells which could be responsible for tumor progression and
recurrence [49].
The multidrug resistance (MDR) phenomenon means that resistance to therapy is not usually
limited to one drug [50]. The MDR of CSCs is induced by the endogenous expression of detoxifying
enzymes, increased DNA repair activity, increased pump levels of drug efflux, decreased drug response
and activated survival pathways [51]. Various therapeutic strategies have been considered to target
CSCs such as methods to target their cell-surface molecular markers, inhibit their self-renewal or
therapeutic resistance-related differentiation pathways, modify their metabolism through glycolysis
inhibition and mitochondrial regulation, as well as miRNA-based approaches to block CSCs [52]. New
therapeutic methods have been developed using immunotherapy, anti-angiogenic compounds, and
epigenetic trials to resolve CSC sensitivity to treatments [53].
CSCs can differentiate into various types of cells, including tumor cells and non-tumorigenicdifferentiated cells in response to the specific stimulation of differentiation [54]. All-trans retinoic
acid (ATRA), a carboxylic acid form of vitamin A, induced the differentiation of CSCs, increased
sensitivity to therapies and reduced their motility and tumorigenicity by blocking angiogenesis in
glioblastomas [55]. Treatment of breast CSCs with ATRA led to cell differentiation, diminished
penetration and migration, and enhanced sensitivity to anticancer treatment [56]. Glioblastoma CSCs
were capable of differentiation into mural-like endothelial cells [57]. As a result of CSCs’ differentiation,
the cellular heterogeneity in tumors, as well as inherent drug resistance and invasive potential
enhancement, plays a crucial role in tumor growth and metastatic progression [58]. Collectively, CSCs
could be considered as a dynamic subpopulation of cancer cells with plasticity.
4. Cancer-Associated Fibroblasts (CAFs)
CAFs are considered to play a critical role in tumorigenesis by mediating tumor growth,
inflammation, angiogenesis, stromal remodeling, metastasis and resistance to drug therapy (Figure 3).
CAFs are the major TME component in many tumors [59], so they become the main target for
suppressing tumor growth. The markers usually used to identify CAFs are α-smooth muscle actin
(α-SMA) [60], platelet-derived growth factor receptor-β (PDGFR-β) [61], fibroblast-specific protein-1
(FSP-1) [62], and fibroblast activation protein-α (FAP-α) [63]. The phenotypic characteristics of CAFs
are preserved even when cultured in the absence of interaction with cancer cells [64].
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CAFs secrete growth factors, such as fibroblast growth factor (FGFs), insulin-like growth factor 1
(IGF1), hepatocyte growth factor (HGF) and members of the epidermal growth factor (EGF) family,
which stimulate the growth of malignant cells [12,65] (Figure 3). CAFs also secrete transforming
growth factor βs (TGFβs), which are considered to induce EMT in malignant cells and promote the
immune-suppressive
microenvironment [66]. Stromal cell-derived factor-1 (SDF-1)/CXC12 chemokine
Cancers 2020, 12, x
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TEXs plays a crucial role in converting normal stromal cells to CAFs by TGF-β. CAFs are different
from normal fibroblasts in many ways, such as their increased collagen and ECM protein construction
and up-regulated secretion of pro-tumor factors [80]. The tumor stroma’s rigidity is affected by the
interactions between CAFs and the ECM [81].
Many potential novel strategies for cancer therapy are considered to target tumor cells with
genetic mutations rather than CAFs because of their genetic instability making them susceptible to
therapeutic approaches [82]. On the other hand, retinoic acid receptor β expressed in CAFs makes strong
chemoresistance, resulting in even complicated therapeutic responses of the cells [83]. CAFs also express
cell-surface molecules CD10 and GPR77 that contribute to the chemoresistance supporting CSCs [84].
In addition, CAFs are activated by exposure to radiation, which induces the secretion of insulin-like
growth factor-1 (IGF-1) from CAFs, resulting in making cancer cells resistant to such therapy. As a
promising approach to restore the chemosensitivity in tumors, re-education of CAFs toward the normal
fibroblasts by the epigenetic regulation of the dominant drivers responsible for CAF polarity is proposed
with their inhibitors targeting the surface molecules on CAFs to suppress the secretomes [85,86].
CAFs may originate from populations other than resident fibroblasts depending on different
mechanisms specific to tissues [87]. In breast, kidney, lung and liver carcinomas, a portion of CAFs has
been displayed to potentially differentiate from epithelial cells via an EMT. The EMT was described
to be engaged in the trans-differentiation of endothelial cells to a cell population with a phenotype
like CAF’s [88]. The blood vessel-linked cells, termed pericytes, can trans-differentiate into CAFs in a
platelet-derived growth factor (PDGF)-dependent manner [89].
Adipocytes were shown to differentiate into CAFs in breast cancer [90]. In liver and pancreatic
tumors, stellate cells, while they are normally involved in organ regeneration, are a possible source of
CAFs being involved in fibrosis preceding the occurrence of tumors [91,92]. Further than these local
sources, distant cells can be implicated in the differentiation of CAFs in the TME. An important source
of CAFs is mesenchymal stem cells that are normally found in the bone marrow but can be attracted to
the TME [93]. Correspondingly, fibrocytes can differentiate into CAFs after their enrollment into the
TME. They considered as a circulating inactive mesenchymal cell population arising from monocyte
precursors which are recruited to the sites of chronic inflammation [94,95].
Furthermore, our group proved that CSCs converted from iPSCs could be the source of the CAFs
which provide for tumor maintenance and persistence. We produced CSC-like cells by treating mouse
iPSCs with conditioned medium from breast cancer cell lines [96]. CSC and pluripotency markers
were expressed on the resulting cell population forming malignant tumors in vivo. The CSC-like cells
isolated from the tumor have always developed heterogeneous population surrounded by cells like
myofibroblasts. The cells displayed a CAF-like phenotype, suggesting that they had the potential to
differentiate into another subpopulation of cells sustaining CSC self-renewal.
5. Tumor Endothelial Cells (TECs)
New vessel development is a sign of tumor growth and progression (1–3). When a basic
tumor mass (nearly 1–2 mm3 ) is formed, cancer cells require the promotion of angiogenesis with a
tumor-associated neovasculature to efficiently supply nutrients and oxygen to themselves [97,98].
Tumor growth depends on angiogenesis. As all cells need to be close to the blood vessels that provide
oxygen and nutrients, solid tumors cannot grow by more than a few millimeters in diameter without
recruiting their own blood supply [99]. Tumor cells and various other cell types or the extracellular
matrix in the tumor microenvironment release the endogenous molecules that affect the angiogenic
balance. Angiogenesis stimulators include hypoxic conditions that activate the hypoxia-inducible
factor alpha (HIF-1 alpha), which can upregulate angiogenic proteins, various growth factors such
as vascular endothelial growth factor (VEGF), FGF and PDGF, as well as angiogenic oncogenes such
as Ras. The effect of hypoxia on CSCs and their secretion of angiogenic factors resulting in tumor
vascularization remains doubtful [100]. Tumor angiogenesis is considered to initiate from the growth
of TECs stimulated by angiogenic factors, such as FGF, VEGF, and PDGF, including inflammatory
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cytokines secreted from tumor cells. As a result, MMPs and plasminogen activators are induced to
cause the degradation of the vessel basement membrane allowing TECs to invade the surrounding
Cancers
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from mouse iPSCs were demonstrated to differentiate into TECs [22]. The features of vasculature
were evaluated in vivo showing neovascularization and vasculogenic mimicry formation [123]. CSCs’
subpopulation derived from mouse iPSCs was found to dominantly express angiogenic factors such
as VEGF-A and FGF2. These results suggest that these CSCs have an important role in not only the
enrollment of host endothelial vessels into tumor, but also in the development of endothelial linages
with their progenies [124].
Pericytes are normally located on microvessel walls within a basement membrane opposed to the
side of endothelium and typically recognized as extremely slender, elongated, and branched shape [125].
Pericytes were illustrated by the expression of α-SMA, platelet-derived growth factor receptor beta
(PDGFRβ), desmin, CD146, and nerve/glial antigen-2 (NG2) proteoglycan [102]. The expression of
α-SMA, CD146, PDGFRβ, and NG2 is not only limited to pericytes but varies depending on the type
of tissue and the stage of maturation as well as the pathological conditions [126]. During the tumor
progression, pericytes are considered to contribute to tumor angiogenesis, allowing endothelial cells
to form vascular branches, surviving and circulating throughout the body [127]. However, little is
known about the biology of these subpopulations of cells, nor about the exact origin of these cells
or the development process. The basic functional roles of pericytes have long been recognized as
maintenance and improvement of vasculature regulation of blood flow and vessel permeability [128].
Pericytes also essentially support ECs in a mechanical and physiological manner, which is critical for
the vessel to remodel and mature [129]. Although, until now, the relationship between pericytes, stem
cells, and CSCs has been obscure, pericytes are supposed to be comprised of stem cells of various cell
types. Pericytes could be differentiated into chondrocytes and adipocytes [130]. Pericytes could also
be a source of osteogenic cells [131,132].
6. Tumor-Associated Adipocytes (TAAs)
Adipocytes are the least studied stromal cells in all types of cancers, despite the fact that in some
types, cancer cells are in direct connection with the adipocytes [133,134]. Adipose tissue is constituted
of lipid-filled adipocytes and the stromal vascular fraction [135]. Monocytes/macrophages represent a
large part of the stromal vascular fraction. Macrophages are remarkably plastic and can be assumed as
multiple phenotypes [136]. Extra adiposity, namely obesity, is related to cancer risks, which is attributed
to higher levels of pro-inflammatory factors secreted from the adipocytes chronically triggering wound
healing. For instance, adipocyte-derived trophic factors (adipokines) could also promote the growth of
tumors [137]. While adipose tissue-associated macrophages have been well described leaning against
obese adipose depots [138], TAAs have not been studied in this regard. TAAs are supposed to serve as
a depot of tumor-infiltrating activated macrophages, which might support tumor growth potentially
activating neovascularization and exacerbating inflammation. Tumor cells modify adjacent TAAs
by inducing inflammation, angiogenesis, and fibrosis [139,140]. TAAs in highly vascularized and
angiogenic tumor tissues may support the expansion and progression of the tumors. These insights
make tumors such as breast tumors, which are typically initiated by adipocytes within adipose tissues,
feasible to grow directly or metastasize to lymph nodes [141,142].
In the case of caloric excess over a long time, adipocytes become hypertrophic and lose both
metabolic activity and the control of pro-inflammatory cytokines, free fatty acids, and hormone
liberation [143]. Dysfunctional adipose tissue is considered a hallmark for a chronic state of
inflammation. The enhanced secretion of pro-inflammatory cytokines together with raised lipid
metabolites promotes tumor progression [144]. Prominently, recent studies demonstrated that cancer
cells and neighboring adipocytes in the tumoral stroma directly interact with each other [145].
This interaction will lead to activated adipocytes with tumor supportive phenotype, which is
usually recognized by lipolysis, loss in adipocyte markers and overexpression of pro-inflammatory
cytokines [146]. Adipocytes in breast TME also enhance tumor cell survival, increasing resistance to
chemotherapy. The proliferation and invasion of tumor cells into adjacent tissues could be attributed
to the roles of TAAs within the tumor tissue, while the origin of TAAs remains unclear [147].
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Our group previously reported that CSCs converted from iPSCs could arise from normal stem cells
when treated in the cancer microenvironment [21], including tumor-derived extracellular vesicles, which
were secreted from lung cancer-derived cells. Interestingly, the CSCs generated by the treatment with
the vesicles from mouse iPSCs exhibited malignant liposarcomas with aggressive dissemination into
the abdominal cavity in vivo. The CSCs established from primary tumors showed the differentiation
potential to adipocytes as well as the capacity of self-renewal. These results suggest that CSCs could
be the origin of TAAs in some cases [148,149].
7. Tumor-Associated Macrophages (TAMs)
Macrophages are the most abundant immune cells in the TME. Macrophages are considered
to have immunologic tumoricidal activity [150] while they adopt a pro-tumoral phenotype both in
primary and metastatic sites [151].
As one of the types of immune cells in the TME, macrophages have been considered to play an
important role in tumor progression depending on the stage of tumor growth and the type of tumor [152].
TAMs are tolerated through various mechanisms to enhance tumor progression. Conventionally,
macrophages are classified into two subgroups of M1 and M2. M1-type macrophages are classically
defined as ones activated by pathogens and innately fighting against invading pathogens [153].
Alternatively, M2-type macrophages are active macrophages that play important roles in tissue repair
or tumor progression. Many studies have shown that Notch signaling plays a crucial role in the
polarization of M2 macrophages [154]. A previous study showed that the transcription factor Gata-6,
which plays a key role in fixing the phenotype of macrophages by altering their transcriptome,
can be expressed specifically by mouse peritoneal macrophages and renewing macrophages in
the inflammatory response [155]. Several cytokines, such as IL-6 have found to be involved in the
development and preservation of the macrophage subsets and their functions in inflammation and tissue
homeostasis [156]. Many soluble factors responsible for the polarization of macrophage-supporting
tumor progression have been identified. Monocytes enroll in the tumor tissue as a result of chemokine
CCL2 and macrophage colony-stimulating factor [157]. Interleukins such as IL-4, -10 and -13, as well
as other cytokines in the TME, stimulate the differentiation of monocytes into TAMs [158]. Although
the ability to present antigens is very weak, TAM is considered to have the potential to promote
tumor progression through a variety of mechanisms, which are not known in detail. In lung cancer,
macrophages are found polarized to a pro-tumoral phenotype at the time of tumor initiation [159].
These activities include the suppression of T cell responses [160]. Also, macrophages facilitate many
essential tumor progression features including angiogenesis, invasion of tumor cells, motility, tumor
cell extravasation enhancement and persistent growth [161]. Each of these behaviors is provided by an
identifiable subpopulation of macrophages. Immune cell commitment by tumors is necessary for their
acquisition of a malignant phenotype. This argument came from data mentioned above together with
previous studies showing that the ablation of macrophages inhibits tumor progression and metastasis.
TAMs, therefore, could be an important therapeutic target for cancer treatment [162,163].
TAMs secrete a huge number of angiogenic factors, such as VEGF and PDGF (Figure 5), which
can stimulate tumor angiogenesis [164]. TAMs also secrete various growth factors, MMPs, which
promote tumor cell proliferation, invasion and metastasis. Furthermore, TAM has recently been found
to express PD-L1 directly inducing T cell apoptosis [165]. TAMs are also considered to inhibit T cell
growth by diminishing the local concentration of arginine, which is an essential amino acid for T cell
metabolism to survive [166]. Being adopted by tumors, macrophages with an M2-like phenotype
decrease their MHC class II molecules and become ineffective antigen-presenting cells [167].
The high density of TAM correlates with therapeutic resistance and poor prognosis of cancer
patients. Hence, limiting tumor growth and metastasis as well as restoring chemotherapeutic
responsiveness have been successful after macrophage depletion [168]. For example, Trabectedin, which
is a DNA-binding agent, applies selective cytotoxicity to circulating monocytes and TAM populations
by stimulating the extrinsic apoptotic pathway depending on the tumor necrosis factor [TNF]-related
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apoptosis-inducing ligand (TRAIL). In particular, monocytes are sensitive to TRAIL because they express
very minimal levels of TRAIL decoy receptors [169]. The production of cytokines, including CCL2 and
IL-6, which are important in promoting tumor growth, is significantly inhibited by trabectedin in four
different mouse tumor models. TAMs produce CCL18 and stimulate the invasiveness of breast cancer
cells via
phosphatidylinositol
transfer protein membrane-associated 3 [170,171].
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2020, 12, x
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ability. The definition of CSCs suggests that these cells have also differentiation ability as well as
normal stem cells. This raises a question— “What are the boundaries of this ability?”.
Major obstacles must be overcome to comprehend resultant cell phenotypes and mechanisms
of differentiation. Identification and isolation of CSCs are two of these obstacles. To isolate CSCs,
antibodies against specific surface markers or specific culture conditions should be used that why
until now obtaining CSCs is still considered a challenging and demanding procedure. At the same
time, genetic manipulation or reprogramming cells into CSCs is ignoring the epigenetic effects on
inducing CSCs. To get through this issue, our lab developed a novel method for converting iPSCs
into CSCs. The conversion was accompanied by tumorigenicity acquiring, elevating CSC markers
and maintaining stemness markers. Interestingly, the number of hypomethylation of CpG islands in
the converted CSCs was found more than that in iPSCs [179]. This observation suggested CSCs were
highly plastic having potentially active genes more than iPSCs did. As mentioned above, using these
models, we have proved that multiple phenotypes could be differentiated from CSCs converting from
iPSCs. These differentiated cells have also shown supportive roles in maintaining CSCs.
Studying CSCs converted from iPSCs to identify different subtypes of CSCs and their heterogeneous
plasticity could be helpful to establish new methods for isolation and expansion of patient-derived
CSCs. Still needed to explore is their relevance to patient-derived CSCs although the importance of
CSCs converted from iPSCs in the cancer research field has been conveyed.
In the meantime, the fundamental question remains if patient-derived CSCs or cancer cells are
exhibiting the same plasticity as CSCs converted from iPSCs and what is the difference between their
plasticity. A part of this question has come to light since several studies from different groups have
proved the ability of bulk cancer cells or cancer cells with stemness characteristics for differentiation
into other cell phenotypes. Xenografts of glioma stem cells have shown to contain vessels of human
origin. Glioma and colorectal cancer stem cells had displayed the ability to differentiate into endothelial
and smooth muscle-like cells [122,180–184]. These results coincide with our results which showed the
ability of CSCs converted from iPSCs to differentiate into endothelial cells with the ability of tube
formation [123]. Regarding blood and immune cells, many studies have shown that polyploidy giant
cancer cells with the expression of stemness markers can differentiate into myoepithelial, endothelial
and erythroid cells with a marker of hemoglobin [185–189]. This is in particular interesting because the
well-believed concept of the bone marrow origin of TAMs have considerably changed recently. TAMs
are now considered to have embryonic origin rather than bone marrow origin [190,191]. This fact
is raising a question on the possibility of TAMs having CSC origin. Finally, breast cancer cells have
differentiated into functional adipocytes which also prove the transdifferentiation ability of cancer
cells [192–194].
In the summary, the CSCs converting from iPSCs have proposed some differentiation patterns of
CSCs, which were further confirmed using other types of cancer cells and CSCs. Thus, exploring the
roles of different cell phenotypes arising from CSCs in the TME could provide more efficient treatment
strategies and drug combinations for cancer in the future.
Although there are increasing studies that examine the plasticity of CSCs, there is still a lot of
information missing regarding mechanisms, factors, and conditions that drive CSCs to give other
types of cells in the TME. Thus, further studies are needed to evaluate the plasticity of CSCs converted
from iPSCs, CSCs derived from cell lines and patient-derived CSCs. Correspondingly, it appears
very important to identify different stages of plasticity in CSCs and ones to be targeted so that the
differentiation cascade could be stopped to provide progenies.
9. Conclusions
Here, we described our hypothetical view of the differentiation ability of CSCs into some types of
cells in the TME which may support CSCs and tumor growth based on our results obtained by the
CSCs converted from iPSCs. At the same time, we discussed some recent studies that proved the same
idea using CSCs from cancer cell lines. While many cell phenotypes are still not explored yet, we
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believe that this review could prompt more discussion in the community of cancer science about the
potential of CSCs to construct their own niche by differentiating into other cell phenotypes.
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Abbreviations
ATRA
BM
CAFs
CSCs
ECM
EMT
FAP-α
FGF-2
FGFs
FSP-1
HGF
HIF
IGF1
LOX
MDR
MMPs
MSCs
MT1-MMP
NF-κB
NG2
PD-L1
PDGF
PDGFR-β
SDF-1
TAAs
TAMs
TECs
TEX
TGFβs
TME
TNF
TRAIL
VEGF
VEGFR-2
iPSCs
α-SMA

Full Names
all-trans retinoic acid
bone marrow
cancer-associated fibroblasts
cancer stem cells
extracellular matrix; ECs: endothelial cells
epithelial mesenchymal transition
fibroblast activation protein-α
fibroblast growth factor
fibroblast growth factor
fibroblast-specific protein-1
hepatocyte growth factor
hypoxia-inducible factor
insulin-like growth factor 1
lysyl oxidase
multidrug resistance
matrix metalloproteases
mesenchymal stem cells
membrane type 1-MMP
nuclear factor kappa B
nerve/glial antigen-2
programmed death-ligand 1
platelet-derived growth factor
platelet-derived growth factor receptor-β
Stromal cell-derived factor-1
tumor-associated adipocytes
tumor-associated macrophages
tumor endothelial cells
tumor-derived exosomes
transforming growth factor βs
tumor microenvironment
tumor necrosis factor
TNF-related apoptosis-inducing ligand
vascular endothelial growth factor
VEGF receptor 2
induced pluripotent stem cells
alpha-smooth muscle actin.

References
1.

Afify, S.; Seno, M. Conversion of Stem Cells to Cancer Stem Cells: Undercurrent of Cancer Initiation. Cancers
2019, 11, 345. [CrossRef] [PubMed]

Cancers 2020, 12, 879

2.
3.

4.

5.
6.
7.
8.

9.

10.
11.

12.

13.

14.
15.
16.

17.

18.

19.
20.

14 of 22

Prager, B.C.; Xie, Q.; Bao, S.; Rich, J.N. Cell Stem Cell Perspective Cancer Stem Cells: The Architects of the
Tumor Ecosystem. Cell Stem 2019, 24, 41–53.
Ricci-Vitiani, L.; Pallini, R.; Biffoni, M.; Todaro, M.; Invernici, G.; Cenci, T.; Maira, G.; Parati, E.A.; Stassi, G.;
Larocca, L.M.; et al. Tumour vascularization via endothelial differentiation of glioblastoma stem-like cells.
Nature 2010, 468, 824–830. [CrossRef]
Wang, R.; Chadalavada, K.; Wilshire, J.; Kowalik, U.; Hovinga, K.E.; Geber, A.; Fligelman, B.; Leversha, M.;
Brennan, C.; Tabar, V. Glioblastoma stem-like cells give rise to tumour endothelium. Nature 2010, 468,
829–835. [CrossRef]
Amamoto, R.; Arlotta, P. Development-inspired reprogramming of the mammalian central nervous system.
Science 2014, 343, 1239882. [CrossRef]
Kuo, M.C.; Kothari, A.N.; Kuo, P.C.; Mi, Z. Cancer stemness in bone marrow micrometastases of human
breast cancer. Surgery 2018, 163, 330–335. [CrossRef]
Cui, D.; Huang, Z.; Liu, Y.; Ouyang, G. The multifaceted role of periostin in priming the tumor
microenvironments for tumor progression. Cell. Mol. Life Sci. 2017, 74, 4287–4291. [CrossRef]
Bremnes, R.M.; Dønnem, T.; Al-Saad, S.; Al-Shibli, K.; Andersen, S.; Sirera, R.; Camps, C.; Marinez, I.;
Busund, L.T. The role of tumor stroma in cancer progression and prognosis: Emphasis on carcinoma-associated
fibroblasts and non-small cell lung cancer. J. Thorac. Oncol. 2011, 6, 209–217. [CrossRef]
Binnewies, M.; Roberts, E.W.; Kersten, K.; Chan, V.; Fearon, D.F.; Merad, M.; Coussens, L.M.; Gabrilovich, D.I.;
Ostrand-Rosenberg, S.; Hedrick, C.C.; et al. Understanding the tumor immune microenvironment (TIME)
for effective therapy HHS Public Access Author manuscript. Nat. Med. 2018, 24, 541–550. [CrossRef]
Flier, J.S.; Underhill, L.H.; Dvorak, H.F. Tumors: Wounds That Do Not Heal. N. Engl. J. Med. 1986, 315,
1650–1659. [CrossRef]
Kojima, Y.; Acar, A.; Eaton, E.N.; Mellody, K.T.; Scheel, C.; Ben-Porath, I.; Onder, T.T.; Wang, Z.C.;
Richardson, A.L.; Weinberg, R.A.; et al. Autocrine TGF-beta and stromal cell-derived factor-1 (SDF-1)
signaling drives the evolution of tumor-promoting mammary stromal myofibroblasts. Proc. Natl. Acad.
Sci. USA 2010, 107, 20009–20014. [CrossRef] [PubMed]
Spaeth, E.L.; Dembinski, J.L.; Sasser, A.K.; Watson, K.; Klopp, A.; Hall, B.; Andreeff, M.; Marini, F.
Mesenchymal Stem Cell Transition to Tumor-Associated Fibroblasts Contributes to Fibrovascular Network
Expansion and Tumor Progression. PLoS ONE 2009, 4, e4992. [CrossRef] [PubMed]
Xiong, Y.; McDonald, L.T.; Russell, D.L.; Kelly, R.R.; Wilson, K.R.; Mehrotra, M.; Soloff, A.C.; LaRue, A.C.
Hematopoietic stem cell-derived adipocytes and fibroblasts in the tumor microenvironment. World J.
Stem Cells 2015, 7, 253. [CrossRef] [PubMed]
Medrek, C.; Pontén, F.; Jirström, K.; Leandersson, K. The presence of tumor associated macrophages in tumor
stroma as a prognostic marker for breast cancer patients. BMC Cancer 2012, 12, 306. [CrossRef] [PubMed]
Smith, H.A.; Kang, Y. The metastasis-promoting roles of tumor-associated immune cells. J. Mol. Med. 2013,
91, 411–429. [CrossRef] [PubMed]
Midgley, A.C.; Rogers, M.; Hallett, M.B.; Clayton, A.; Bowen, T.; Phillips, A.O.; Steadman, R. Transforming
Growth Factor-β1 (TGF-β1)-stimulated Fibroblast to Myofibroblast Differentiation Is Mediated by Hyaluronan
(HA)-facilitated Epidermal Growth Factor Receptor (EGFR) and CD44 Co-localization in Lipid Rafts.
J. Biol. Chem. 2013, 288, 14824–14838. [CrossRef]
Untergasser, G.; Gander, R.; Lilg, C.; Lepperdinger, G.; Plas, E.; Berger, P. Profiling molecular targets of
TGF-β1 in prostate fibroblast-to-myofibroblast transdifferentiation. Mech. Ageing Dev. 2005, 126, 59–69.
[CrossRef]
DeRuiter, M.C.; Poelmann, R.E.; VanMunsteren, J.C.; Mironov, V.; Markwald, R.R.; Gittenberger-de Groot, A.C.
Embryonic endothelial cells transdifferentiate into mesenchymal cells expressing smooth muscle actins
in vivo and in vitro. Circ. Res. 1997, 80, 444–451. [CrossRef]
Bussard, K.M.; Mutkus, L.; Stumpf, K.; Gomez-Manzano, C.; Marini, F.C. Tumor-associated stromal cells as
key contributors to the tumor microenvironment. Breast Cancer Res. 2016, 18, 84. [CrossRef]
Calle, A.S.; Nair, N.; Oo, A.K.K.; Prieto-Vila, M.; Koga, M.; Khayrani, A.C.; Hussein, M.; Hurley, L.;
Vaidyanath, A.; Seno, A.; et al. A new PDAC mouse model originated from iPSCs-converted pancreatic
cancer stem cells (CSCcm). Am. J. Cancer Res. 2016, 6, 2799–2815.

Cancers 2020, 12, 879

21.

22.

23.
24.
25.
26.
27.
28.
29.
30.
31.

32.

33.

34.
35.

36.
37.
38.

39.
40.

41.
42.

15 of 22

Chen, L.; Kasai, T.; Li, Y.; Sugii, Y.; Jin, G.; Okada, M.; Vaidyanath, A.; Mizutani, A.; Satoh, A.; Kudoh, T.; et al.
A model of cancer stem cells derived from mouse induced pluripotent stem cells. PLoS ONE 2012, 7, e33544.
[CrossRef] [PubMed]
Matsuda, S.; Yan, T.; Mizutani, A.; Sota, T.; Hiramoto, Y.; Prieto-Vila, M.; Chen, L.; Satoh, A.; Kudoh, T.;
Kasai, T.; et al. Cancer stem cells maintain a hierarchy of differentiation by creating their niche. Int. J. Cancer
2014, 135, 27–36. [CrossRef] [PubMed]
Cabarcas, S.M.; Mathews, L.A.; Farrar, W.L. The cancer stem cell niche-there goes the neighborhood?
Int. J. Cancer 2011, 129, 2315–2327. [CrossRef]
Guo, S.; Deng, C.-X. Effect of Stromal Cells in Tumor Microenvironment on Metastasis Initiation. Int. J.
Biol. Sci. 2018, 14, 2083–2093. [CrossRef] [PubMed]
Gascard, P.; Tlsty, T.D. Carcinoma-associated fibroblasts: Orchestrating the composition of malignancy.
Genes Dev. 2016, 30, 1002–1019. [CrossRef] [PubMed]
Yuan, Y.; Jiang, Y.-C.; Sun, C.-K.; Chen, Q.-M. Role of the tumor microenvironment in tumor progression and
the clinical applications (Review). Oncol. Rep. 2016, 35, 2499–2515. [CrossRef] [PubMed]
Lu, P.; Takai, K.; Weaver, V.M.; Werb, Z. Extracellular Matrix degradation and remodeling in development
and disease. Cold Spring Harb. Perspect. Biol. 2011, 3, a005058. [CrossRef]
Kumar, S.; Weaver, V.M. Mechanics, malignancy, and metastasis: The force journey of a tumor cell.
Cancer Metastasis Rev. 2009, 28, 113–127. [CrossRef]
Malik, R.; Lelkes, P.I.; Cukierman, E. Biomechanical and biochemical remodeling of stromal extracellular
matrix in cancer. Trends Biotechnol. 2015, 33, 230–236. [CrossRef]
Weigelt, B.; Bissell, M.J. Unraveling the microenvironmental influences on the normal mammary gland and
breast cancer. Semin. Cancer Biol. 2008, 18, 311–321. [CrossRef]
Levental, K.R.; Yu, H.; Kass, L.; Lakins, J.N.; Egeblad, M.; Erler, J.T.; Fong, S.F.T.; Csiszar, K.; Giaccia, A.;
Weninger, W.; et al. Matrix Crosslinking Forces Tumor Progression by Enhancing Integrin signaling. Cell 2009,
139, 891. [CrossRef] [PubMed]
Lerner, I.; Hermano, E.; Zcharia, E.; Rodkin, D.; Bulvik, R.; Doviner, V.; Rubinstein, A.M.; Ishai-Michaeli, R.;
Atzmon, R.; Sherman, Y.; et al. Heparanase powers a chronic inflammatory circuit that promotes
colitis-associated tumorigenesis in mice. J. Clin. Investig. 2011, 121, 1709–1721. [CrossRef] [PubMed]
Gurunathan, S.; Kang, M.-H.; Jeyaraj, M.; Qasim, M.; Kim, J.-H. Review of the Isolation, Characterization,
Biological Function, and Multifarious Therapeutic Approaches of Exosomes. Cells 2019, 8, 307. [CrossRef]
[PubMed]
Tung, K.H.; Ernstoff, M.S.; Allen, C.; Shu, S. La A Review of Exosomes and their Role in The Tumor
Microenvironment and Host-Tumor “Macroenvironment”. J. Immunol. Sci. 2019, 3, 4. [CrossRef]
Alzahrani, F.A.; El-Magd, M.A.; Abdelfattah-Hassan, A.; Saleh, A.A.; Saadeldin, I.M.; El-Shetry, E.S.;
Badawy, A.A.; Alkarim, S. Potential Effect of Exosomes Derived from Cancer Stem Cells and MSCs on
Progression of DEN-Induced HCC in Rats. Stem Cells Int. 2018, 2018, 8058979. [CrossRef]
Conigliaro, A.; Cicchini, C. Exosome-Mediated Signaling in Epithelial to Mesenchymal Transition and Tumor
Progression. J. Clin. Med. 2018, 8, 26. [CrossRef]
Xu, J.; Liao, K.; Zhou, W. Exosomes Regulate the Transformation of Cancer Cells in Cancer Stem Cell
Homeostasis. Stem Cells Int. 2018, 2018, 4837370. [CrossRef]
Lapidot, T.; Sirard, C.; Vormoor, J.; Murdoch, B.; Hoang, T.; Caceres-Cortes, J.; Minden, M.; Paterson, B.;
Caligiuri, M.A.; Dick, J.E. A cell initiating human acute myeloid leukaemia after transplantation into SCID
mice. Nature 1994, 367, 645–648. [CrossRef]
Al-Hajj, M.; Wicha, M.S.; Benito-Hernandez, A.; Morrison, S.J.; Clarke, M.F. Prospective identification of
tumorigenic breast cancer cells. Proc. Natl. Acad. Sci. USA 2003, 100, 3983–3988. [CrossRef]
Dalerba, P.; Dylla, S.J.; Park, I.-K.; Liu, R.; Wang, X.; Cho, R.W.; Hoey, T.; Gurney, A.; Huang, E.H.;
Simeone, D.M.; et al. Phenotypic characterization of human colorectal cancer stem cells. Proc. Natl. Acad.
Sci. USA 2007, 104, 10158–10163. [CrossRef]
Ma, S.; Chan, K.; Hu, L.; Lee, T.K.; Wo, J.Y.; Ng, I.O.; Zheng, B.; Guan, X. Identification and Characterization of
Tumorigenic Liver Cancer Stem/Progenitor Cells. Gastroenterology 2007, 132, 2542–2556. [CrossRef] [PubMed]
Schatton, T.; Murphy, G.F.; Frank, N.Y.; Yamaura, K.; Waaga-Gasser, A.M.; Gasser, M.; Zhan, Q.; Jordan, S.;
Duncan, L.M.; Weishaupt, C.; et al. Identification of cells initiating human melanomas. Nature 2008, 451,
345–349. [CrossRef] [PubMed]

Cancers 2020, 12, 879

43.

44.

45.
46.

47.
48.
49.
50.

51.
52.
53.
54.
55.

56.

57.

58.
59.
60.
61.
62.
63.

64.

16 of 22

Takebe, N.; Miele, L.; Harris, P.J.; Jeong, W.; Bando, H.; Kahn, M.; Yang, S.X.; Ivy, S.P. Targeting Notch,
Hedgehog, and Wnt pathways in cancer stem cells: Clinical update. Nat. Rev. Clin. Oncol. 2015, 12, 445–464.
[CrossRef] [PubMed]
Eramo, A.; Lotti, F.; Sette, G.; Pilozzi, E.; Biffoni, M.; Di Virgilio, A.; Conticello, C.; Ruco, L.; Peschle, C.; De
Maria, R. Identification and expansion of the tumorigenic lung cancer stem cell population. Cell Death Differ.
2008, 15, 504–514. [CrossRef]
Hamilton, G.; Olszewski, U. Chemotherapy-induced Enrichment of Cancer Stem Cells in Lung Cancer.
J. Bioanal. Biomed. 2013, 9, 003.
Seno, A.; Kasai, T.; Ikeda, M.; Vaidyanath, A.; Masuda, J.; Mizutani, A.; Murakami, H.; Ishikawa, T.; Seno, M.
Characterization of Gene Expression Patterns among Artificially Developed Cancer Stem Cells Using
Spherical Self-Organizing Map. Cancer Inform. 2016, 15, 163–178. [CrossRef]
Seno, A.; Murakami, C.; El-Aarag, B.; Iwasaki, Y.; Ohara, T.; Seno, M. Cancer stem cell induction from mouse
embryonic stem cells. Oncol. Lett. 2019, 18, 2756–2762. [CrossRef]
Afify, S.M.; Chen, L.; Yan, T.; Sanchez Calle, A.; Nair, N.; Murakami, C.; Seno, M. Method to Convert Stem
Cells into Cancer Stem Cells. Methods Protoc. 2019, 2, 71. [CrossRef]
Kreso, A.; Dick, J.E. Evolution of the Cancer Stem Cell Model. Cell Stem Cell 2014, 14, 275–291. [CrossRef]
Efferth, T.; Konkimalla, V.B.; Wang, Y.-F.; Sauerbrey, A.; Meinhardt, S.; Zintl, F.; Mattern, J.; Volm, M.
Prediction of Broad Spectrum Resistance of Tumors towards Anticancer Drugs. Clin. Cancer Res. 2008, 14,
2405–2412. [CrossRef]
Singh, A.; Settleman, J. EMT, cancer stem cells and drug resistance: An emerging axis of evil in the war on
cancer. Oncogene 2010, 29, 4741–4751. [CrossRef] [PubMed]
Crupi, M.J.F.; Bell, J.C.; Singaravelu, R. Concise Review: Targeting Cancer Stem Cells and Their Supporting
Niche Using Oncolytic Viruses. Stem Cells 2019, 37, 716–723. [CrossRef] [PubMed]
Turdo, A.; Veschi, V.; Gaggianesi, M.; Chinnici, A.; Bianca, P.; Todaro, M.; Stassi, G. Meeting the Challenge of
Targeting Cancer Stem Cells. Front. Cell Dev. Biol. 2019, 7, 16. [CrossRef] [PubMed]
Huang, Z.; Wu, T.; Liu, A.Y.; Ouyang, G. Differentiation and transdifferentiation potentials of cancer stem
cells. Oncotarget 2015, 6, 39550–39563. [CrossRef]
Campos, B.; Wan, F.; Farhadi, M.; Ernst, A.; Zeppernick, F.; Tagscherer, K.E.; Ahmadi, R.; Lohr, J.; Dictus, C.;
Gdynia, G.; et al. Differentiation Therapy Exerts Antitumor Effects on Stem-like Glioma Cells. Clin. Cancer Res.
2010, 16, 2715–2728. [CrossRef]
Yan, Y.; Li, Z.; Xu, X.; Chen, C.; Wei, W.; Fan, M.; Chen, X.; Li, J.J.; Wang, Y.; Huang, J. All-trans retinoic acids
induce differentiation and sensitize a radioresistant breast cancer cells to chemotherapy. BMC Complement.
Altern. Med. 2016, 16, 113. [CrossRef]
Scully, S.; Francescone, R.; Faibish, M.; Bentley, B.; Taylor, S.L.; Oh, D.; Schapiro, R.; Moral, L.; Yan, W.;
Shao, R. Transdifferentiation of glioblastoma stem-like cells into mural cells drives vasculogenic mimicry in
glioblastomas. J. Neurosci. 2012, 32, 12950–12960. [CrossRef]
Gupta, P.B.; Chaffer, C.L.; Weinberg, R.A. Cancer stem cells: Mirage or reality? Nat. Med. 2009, 15, 1010–1012.
[CrossRef]
LeBleu, V.S.; Kalluri, R. A peek into cancer-associated fibroblasts: Origins, functions and translational impact.
Dis. Models Mech. 2018, 11, dmm029447. [CrossRef]
Desmouliere, A.; Guyot, C.; Gabbiani, G. The stroma reaction myofibroblast: A key player in the control of
tumor cell behavior. Int. J. Dev. Biol. 2004, 48, 509–517. [CrossRef]
Pietras, K.; Sjöblom, T.; Rubin, K.; Heldin, C.-H.; Ostman, A. PDGF receptors as cancer drug targets.
Cancer Cell 2003, 3, 439–443. [CrossRef]
Sugimoto, H.; Mundel, T.M.; Kieran, M.W.; Kalluri, R. Identification of fibroblast heterogeneity in the tumor
microenvironment. Cancer Biol. Ther. 2006, 5, 1640–1646. [CrossRef]
Kraman, M.; Bambrough, P.J.; Arnold, J.N.; Roberts, E.W.; Magiera, L.; Jones, J.O.; Gopinathan, A.;
Tuveson, D.A.; Fearon, D.T. Suppression of Antitumor Immunity by Stromal Cells Expressing Fibroblast
Activation Protein-. Science 2010, 330, 827–830. [CrossRef] [PubMed]
Herrera, M.; Islam, A.B.M.M.K.; Herrera, A.; Martin, P.; Garcia, V.; Silva, J.; Garcia, J.M.; Salas, C.; Casal, I.;
de Herreros, A.G.; et al. Functional Heterogeneity of Cancer-Associated Fibroblasts from Human Colon
Tumors Shows Specific Prognostic Gene Expression Signature. Clin. Cancer Res. 2013, 19, 5914–5926.
[CrossRef] [PubMed]

Cancers 2020, 12, 879

65.

66.

67.
68.

69.

70.
71.

72.

73.
74.
75.

76.
77.
78.

79.
80.

81.
82.

83.

17 of 22

Erez, N.; Truitt, M.; Olson, P.; Hanahan, D.; Hanahan, D. Cancer-Associated Fibroblasts Are Activated
in Incipient Neoplasia to Orchestrate Tumor-Promoting Inflammation in an NF-κB-Dependent Manner.
Cancer Cell 2010, 17, 135–147. [CrossRef]
Orimo, A.; Gupta, P.B.; Sgroi, D.C.; Arenzana-Seisdedos, F.; Delaunay, T.; Naeem, R.; Carey, V.J.;
Richardson, A.L.; Weinberg, R.A. Stromal Fibroblasts Present in Invasive Human Breast Carcinomas
Promote Tumor Growth and Angiogenesis through Elevated SDF-1/CXCL12 Secretion. Cell 2005, 121,
335–348. [CrossRef]
Li, J.; Guan, J.; Long, X.; Wang, Y.; Xiang, X. mir-1-mediated paracrine effect of cancer-associated fibroblasts
on lung cancer cell proliferation and chemoresistance. Oncol. Rep. 2016, 35, 3523–3531. [CrossRef]
Taguchi, A.; Kawana, K.; Tomio, K.; Yamashita, A.; Isobe, Y.; Nagasaka, K.; Koga, K.; Inoue, T.; Nishida, H.;
Kojima, S.; et al. Matrix metalloproteinase (MMP)-9 in cancer-associated fibroblasts (CAFs) is suppressed by
omega-3 polyunsaturated fatty acids in vitro and in vivo. PLoS ONE 2014, 9, e89605. [CrossRef]
De Veirman, K.; Rao, L.; De Bruyne, E.; Menu, E.; Van Valckenborgh, E.; Van Riet, I.; Frassanito, M.A.;
Di Marzo, L.; Vacca, A.; Vanderkerken, K. Cancer associated fibroblasts and tumor growth: Focus on multiple
myeloma. Cancers 2014, 6, 1363–1381. [CrossRef]
Terada, H.; Urano, T.; Konno, H. Association of Interleukin-8 and Plasminogen Activator System in the
Progression of Colorectal Cancer. Eur. Surg. Res. 2005, 37, 166–172. [CrossRef]
Itoh, Y.; Joh, T.; Tanida, S.; Sasaki, M.; Kataoka, H.; Itoh, K.; Oshima, T.; Ogasawara, N.; Togawa, S.;
Wada, T.; et al. IL-8 promotes cell proliferation and migration through metalloproteinase-cleavage proHB-EGF
in human colon carcinoma cells. Cytokine 2005, 29, 275–282. [CrossRef]
Mueller, L.; Goumas, F.A.; Affeldt, M.; Sandtner, S.; Gehling, U.M.; Brilloff, S.; Walter, J.; Karnatz, N.;
Lamszus, K.; Rogiers, X.; et al. Stromal fibroblasts in colorectal liver metastases originate from resident
fibroblasts and generate an inflammatory microenvironment. Am. J. Pathol. 2007, 171, 1608–1618. [CrossRef]
Poltavets, V.; Kochetkova, M.; Pitson, S.M.; Samuel, M.S. The Role of the Extracellular Matrix and Its
Molecular and Cellular Regulators in Cancer Cell Plasticity. Front. Oncol. 2018, 8, 431. [CrossRef] [PubMed]
Walker, C.; Mojares, E.; del Río Hernández, A. Role of Extracellular Matrix in Development and Cancer
Progression. Int. J. Mol. Sci. 2018, 19, 3028. [CrossRef] [PubMed]
Mierke, C.T.; Mierke, C.T. The impact of cells and substances within the extracellular matrix tissue on
mechanical properties and cell invasion. In Physics of Cancer, Volume 2: Cellular and Microenvironmental Effects;
IOP Publishing: Bristol, UK, 2018.
Liu, T.; Zhou, L.; Li, D.; Andl, T.; Zhang, Y. Cancer-Associated Fibroblasts Build and Secure the Tumor
Microenvironment. Front. Cell Dev. Biol. 2019, 7, 60. [CrossRef] [PubMed]
Izumi, D.; Ishimoto, T.; Sakamoto, Y.; Miyamoto, Y.; Baba, H. Molecular insights into colorectal cancer stem
cell regulation by environmental factors. J. Cancer Metastasis Treat. 2015, 1, 156.
Álvarez-Teijeiro, S.; García-Inclán, C.; Ángeles Villaronga, M.; Casado, P.; Hermida-Prado, F.; Granda-Díaz, R.;
Rodrigo, J.P.; Calvo, F.; Del-Río-Ibisate, N.; Gandarillas, A.; et al. Factors Secreted by Cancer-Associated
Fibroblasts that Sustain Cancer Stem Properties in Head and Neck Squamous Carcinoma Cells as Potential
Therapeutic Targets. Cancers 2018, 10, 334. [CrossRef]
Radisky, D.C.; Kenny, P.A.; Bissell, M.J. Fibrosis and cancer: Do myofibroblasts come also from epithelial
cells via EMT? J. Cell. Biochem. 2007, 101, 830–839. [CrossRef]
Pidsley, R.; Lawrence, M.G.; Zotenko, E.; Niranjan, B.; Statham, A.; Song, J.; Chabanon, R.M.; Qu, W.; Wang, H.;
Richards, M.; et al. Enduring epigenetic landmarks define the cancer microenvironment. Genome Res. 2018,
28, 625–638. [CrossRef]
Van Helvert, S.; Storm, C.; Friedl, P. Mechanoreciprocity in cell migration. Nat. Cell Biol. 2018, 20, 8–20.
[CrossRef]
Fiori, M.E.; Di Franco, S.; Villanova, L.; Bianca, P.; Stassi, G.; De Maria, R. Cancer-associated fibroblasts as
abettors of tumor progression at the crossroads of EMT and therapy resistance. Mol. Cancer 2019, 18, 70.
[CrossRef]
Chan, J.S.K.; Sng, M.K.; Teo, Z.Q.; Chong, H.C.; Twang, J.S.; Tan, N.S. Targeting nuclear receptors in
cancer-associated fibroblasts as concurrent therapy to inhibit development of chemoresistant tumors.
Oncogene 2018, 37, 160–173. [CrossRef] [PubMed]

Cancers 2020, 12, 879

84.

85.

86.
87.

88.
89.

90.

91.

92.

93.

94.
95.
96.

97.
98.
99.
100.
101.
102.
103.
104.
105.

18 of 22

Su, S.; Chen, J.; Yao, H.; Liu, J.; Yu, S.; Lao, L.; Wang, M.; Luo, M.; Xing, Y.; Chen, F.; et al. CD10+GPR77+
Cancer-Associated Fibroblasts Promote Cancer Formation and Chemoresistance by Sustaining Cancer
Stemness. Cell 2018, 172, 841–856. [CrossRef] [PubMed]
Tommelein, J.; De Vlieghere, E.; Verset, L.; Melsens, E.; Leenders, J.; Descamps, B.; Debucquoy, A.; Vanhove, C.;
Pauwels, P.; Gespach, C.P.; et al. Tumor Biology and Immunology Radiotherapy-Activated Cancer-Associated
Fibroblasts Promote Tumor Progression through Paracrine IGF1R Activation. Cancer Res. 2018, 78, 659–670.
[CrossRef]
Luo, H.; Tu, G.; Liu, Z.; Liu, M. Cancer-associated fibroblasts: A multifaceted driver of breast cancer
progression. Cancer Lett. 2015, 361, 155–163. [CrossRef]
Fukino, K.; Shen, L.; Matsumoto, S.; Morrison, C.D.; Mutter, G.L.; Eng, C. Combined Total Genome Loss
of Heterozygosity Scan of Breast Cancer Stroma and Epithelium Reveals Multiplicity of Stromal Targets.
Cancer Res. 2004, 64, 7231–7236. [CrossRef]
Zeisberg, E.M.; Potenta, S.; Xie, L.; Zeisberg, M.; Kalluri, R. Discovery of Endothelial to Mesenchymal
Transition as a Source for Carcinoma-Associated Fibroblasts. Cancer Res. 2007, 67, 10123–10128. [CrossRef]
Hosaka, K.; Yang, Y.; Seki, T.; Fischer, C.; Dubey, O.; Fredlund, E.; Hartman, J.; Religa, P.; Morikawa, H.;
Ishii, Y.; et al. Pericyte-fibroblast transition promotes tumor growth and metastasis. Proc. Natl. Acad. Sci. USA
2016, 113, E5618–E5627. [CrossRef]
Kidd, S.; Spaeth, E.; Watson, K.; Burks, J.; Lu, H.; Klopp, A.; Andreeff, M.; Marini, F.C. Origins of the
tumor microenvironment: Quantitative assessment of adipose-derived and bone marrow-derived stroma.
PLoS ONE 2012, 7, e30563. [CrossRef]
Okabe, H.; Hayashi, H.; Nakagawa, S.; Imai, K.; Nitta, H.; Arima, K.; Hashimoto, D.; Chikamoto, A.; Ishiko, T.;
Beppu, T.; et al. Inducible factors for cancer-associated fibroblasts in liver cancer versus myofibroblasts in
inflammatory liver disease. Histol. Histopathol. 2016, 31, 141–148.
Öhlund, D.; Handly-Santana, A.; Biffi, G.; Elyada, E.; Almeida, A.S.; Ponz-Sarvise, M.; Corbo, V.; Oni, T.E.;
Hearn, S.A.; Lee, E.J.; et al. Distinct populations of inflammatory fibroblasts and myofibroblasts in pancreatic
cancer. J. Exp. Med. 2017, 214, 579–596. [CrossRef] [PubMed]
Mishra, P.J.; Mishra, P.J.; Humeniuk, R.; Medina, D.J.; Alexe, G.; Mesirov, J.P.; Ganesan, S.; Glod, J.W.;
Banerjee, D. Carcinoma-associated fibroblast-like differentiation of human mesenchymal stem cells. Cancer Res.
2008, 68, 4331–4339. [CrossRef] [PubMed]
Koliaraki, V.; Pallangyo, C.K.; Greten, F.R.; Kollias, G. Mesenchymal Cells in Colon Cancer. Gastroenterology
2017, 152, 964–979. [CrossRef] [PubMed]
Awaji, M.; Singh, R.K. Cancer-associated fibroblasts’ functional heterogeneity in pancreatic ductal
adenocarcinoma. Cancers 2019, 11, 290. [CrossRef]
Nair, N.; Calle, A.S.; Zahra, M.H.; Prieto-Vila, M.; Oo, A.K.K.; Hurley, L.; Vaidyanath, A.; Seno, A.; Masuda, J.;
Iwasaki, Y.; et al. A cancer stem cell model as the point of origin of cancer-associated fibroblasts in tumor
microenvironment. Sci. Rep. 2017, 7, 1–13. [CrossRef]
Hillen, F.; Griffioen, A.W. Tumour vascularization: Sprouting angiogenesis and beyond. Cancer Metastasis
Rev. 2007, 26, 489–502. [CrossRef]
Klein, D. The Tumor Vascular Endothelium as Decision Maker in Cancer Therapy. Front. Oncol. 2018, 8, 367.
[CrossRef]
Nishida, N.; Yano, H.; Nishida, T.; Kamura, T.; Kojiro, M. Angiogenesis in cancer. Vasc. Health Risk Manag.
2006, 2, 213–219. [CrossRef]
Krock, B.L.; Skuli, N.; Simon, M.C. Hypoxia-Induced Angiogenesis: Good and Evil. Genes Cancer 2011, 2,
1117–1133. [CrossRef]
Wang, F.; Sun, W.; Zhang, J.; Fan, Y. Cancer-associated fibroblast regulation of tumor neo-angiogenesis as a
therapeutic target in cancer (Review). Oncol. Lett. 2019, 17, 3055–3065. [CrossRef]
Ribeiro, A.L.; Okamoto, O.K. Combined Effects of Pericytes in the Tumor Microenvironment. Stem Cells Int.
2015, 2015. [CrossRef] [PubMed]
Hida, K.; Maishi, N.; Annan, D.A.; Hida, Y. Contribution of Tumor Endothelial Cells in Cancer Progression.
Int. J. Mol. Sci. 2018, 19, 1272. [CrossRef] [PubMed]
Krishna Priya, S.; Nagare, R.P.; Sneha, V.S.; Sidhanth, C.; Bindhya, S.; Manasa, P.; Ganesan, T.S. Tumour
angiogenesis—Origin of blood vessels. Int. J. Cancer 2016, 139, 729–735. [CrossRef] [PubMed]
Dudley, A.C. Tumor endothelial cells. Cold Spring Harb Perspect Med 2012, 2, a006536. [CrossRef]

Cancers 2020, 12, 879

19 of 22

106. Di Tomaso, E.; Capen, D.; Haskell, A.; Hart, J.; Logie, J.J.; Jain, R.K.; McDonald, D.M.; Jones, R.; Munn, L.L.
Mosaic Tumor Vessels: Cellular Basis and Ultrastructure of Focal Regions Lacking Endothelial Cell Markers.
Cancer Res. 2005, 65, 5740–5749. [CrossRef]
107. Hobson, B.; Denekamp, J. Endothelial proliferation in tumours and normal tissues: Continuous labelling
studies. Br. J. Cancer 1984, 49, 405–413. [CrossRef]
108. Gallaher, J.A.; Brown, J.S.; Anderson, A.R.A. The impact of proliferation-migration tradeoffs on phenotypic
evolution in cancer. Sci. Rep. 2019, 9, 1–10. [CrossRef]
109. Asahara, T.; Murohara, T.; Sullivan, A.; Silver, M.; van der Zee, R.; Li, T.; Witzenbichler, B.; Schatteman, G.;
Isner, J.M. Isolation of Putative Progenitor Endothelial Cells for Angiogenesis. Science 1997, 275, 964–966.
[CrossRef]
110. Marçola, M.; Rodrigues, C.E. Endothelial progenitor cells in tumor angiogenesis: Another brick in the wall.
Stem Cells Int. 2015, 2015. [CrossRef]
111. Lyden, D.; Hattori, K.; Dias, S.; Costa, C.; Blaikie, P.; Butros, L.; Chadburn, A.; Heissig, B.; Marks, W.;
Witte, L.; et al. Impaired recruitment of bone-marrow–derived endothelial and hematopoietic precursor cells
blocks tumor angiogenesis and growth. Nat. Med. 2001, 7, 1194–1201. [CrossRef]
112. Khan, Z.A.; Boscolo, E.; Picard, A.; Psutka, S.; Melero-Martin, J.M.; Bartch, T.C.; Mulliken, J.B.; Bischoff, J.
Multipotential stem cells recapitulate human infantile hemangioma in immunodeficient mice. J. Clin. Investig.
2008, 118, 2592–2599. [CrossRef] [PubMed]
113. Hendrix, M.J.C.; Seftor, E.A.; Hess, A.R.; Seftor, R.E.B. Vasculogenic mimicry and tumour-cell plasticity:
Lessons from melanoma. Nat. Rev. Cancer 2003, 3, 411–421. [CrossRef] [PubMed]
114. Karnoub, A.E.; Dash, A.B.; Vo, A.P.; Sullivan, A.; Brooks, M.W.; Bell, G.W.; Richardson, A.L.; Polyak, K.;
Tubo, R.; Weinberg, R.A. Mesenchymal stem cells within tumour stroma promote breast cancer metastasis.
Nature 2007, 449, 557–563. [CrossRef] [PubMed]
115. Medici, D.; Shore, E.M.; Lounev, V.Y.; Kaplan, F.S.; Kalluri, R.; Olsen, B.R. Conversion of vascular endothelial
cells into multipotent stem-like cells. Nat. Med. 2010, 16, 1400–1406. [CrossRef] [PubMed]
116. Roobrouck, V.D.; Clavel, C.; Jacobs, S.A.; Ulloa-Montoya, F.; Crippa, S.; Sohni, A.; Roberts, S.J.; Luyten, F.P.;
Van Gool, S.W.; Sampaolesi, M.; et al. Differentiation Potential of Human Postnatal Mesenchymal Stem Cells,
Mesoangioblasts, and Multipotent Adult Progenitor Cells Reflected in Their Transcriptome and Partially
Influenced by the Culture Conditions. Stem Cells 2011, 29, 871–882. [CrossRef]
117. Platel, V.; Faure, S.; Corre, I.; Clere, N. Endothelial-to-Mesenchymal Transition (EndoMT): Roles in
Tumorigenesis, Metastatic Extravasation and Therapy Resistance. J. Oncol. 2019, 2019. [CrossRef]
118. Yao, X.; Ping, Y.; Bian, X. Contribution of cancer stem cells to tumor vasculogenic mimicry. Protein Cell 2011,
2, 266–272. [CrossRef]
119. Li, S.; Li, Q. Cancer stem cells and tumor metastasis. Int. J. Oncol. 2014, 44, 1806–1812. [CrossRef]
120. Shen, R.; Ye, Y.; Chen, L.; Yan, Q.; Barsky, S.H.; Gao, J.-X. Precancerous Stem Cells Can Serve As Tumor
Vasculogenic Progenitors. PLoS ONE 2008, 3, e1652. [CrossRef]
121. Ria, R.; Piccoli, C.; Cirulli, T.; Falzetti, F.; Mangialardi, G.; Guidolin, D.; Tabilio, A.; Di Renzo, N.; Guarini, A.;
Ribatti, D.; et al. Endothelial differentiation of hematopoietic stem and progenitor cells from patients with
multiple myeloma. Clin. Cancer Res. 2008, 14, 1678–1685. [CrossRef]
122. Bussolati, B.; Grange, C.; Sapino, A.; Camussi, G. Endothelial cell differentiation of human breast tumour
stem/progenitor cells. J. Cell. Mol. Med. 2009, 13, 309–319. [CrossRef] [PubMed]
123. Prieto-Vila, M.; Yan, T.; Calle, A.S.; Nair, N.; Hurley, L.; Kasai, T.; Kakuta, H.; Masuda, J.; Murakami, H.;
Mizutani, A.; et al. iPSC-derived cancer stem cells provide a model of tumor vasculature. Am. J. Cancer Res.
2016, 6, 1906–1921. [PubMed]
124. Fujita, K.; Akita, M. Tumor Angiogenesis: A Focus on the Role of Cancer Stem Cells. In Physiologic and
Pathologic Angiogenesis—Signaling Mechanisms and Targeted Therapy; InTech: London, UK, 2017.
125. Geevarghese, A.; Herman, I.M. Pericyte-endothelial crosstalk: Implications and opportunities for advanced
cellular therapies. Transl. Res. 2014, 163, 296–306. [CrossRef] [PubMed]
126. Harrell, C.R.; Simovic Markovic, B.; Fellabaum, C.; Arsenijevic, A.; Djonov, V.; Volarevic, V. Molecular
mechanisms underlying therapeutic potential of pericytes. J. Biomed. Sci. 2018, 25, 21. [CrossRef]
127. Zuazo-Gaztelu, I.; Casanovas, O. Unraveling the role of angiogenesis in cancer ecosystems. Front. Oncol.
2018, 8, 248. [CrossRef]

Cancers 2020, 12, 879

20 of 22

128. Bergers, G.; Song, S. The role of pericytes in blood-vessel formation and maintenance. Neuro-Oncology 2005,
7, 452–464. [CrossRef]
129. Ribatti, D.; Nico, B.; Crivellato, E. The role of pericytes in angiogenesis. Int. J. Dev. Biol. 2011, 55, 261–268.
[CrossRef]
130. Farrington-Rock, C.; Crofts, N.J.; Doherty, M.J.; Ashton, B.A.; Griffin-Jones, C.; Canfield, A.E. Chondrogenic
and adipogenic potential of microvascular pericytes. Circulation 2004, 110, 2226–2232. [CrossRef]
131. Crisan, M.; Yap, S.; Casteilla, L.; Chen, C.-W.; Corselli, M.; Park, T.S.; Andriolo, G.; Sun, B.; Zheng, B.;
Zhang, L.; et al. A perivascular origin for mesenchymal stem cells in multiple human organs. Cell Stem Cell
2008, 3, 301–313. [CrossRef]
132. Cathery, W.; Faulkner, A.; Maselli, D.; Madeddu, P. Concise Review: The Regenerative Journey of Pericytes
Toward Clinical Translation. Stem Cells 2018, 36, 1295–1310. [CrossRef]
133. Nickel, A.; Blücher, C.; Al Kadri, O.; Schwagarus, N.; Müller, S.; Schaab, M.; Thiery, J.; Burkhardt, R.;
Stadler, S.C. Adipocytes induce distinct gene expression profiles in mammary tumor cells and enhance
inflammatory signaling in invasive breast cancer cells. Sci. Rep. 2018, 8, 9482. [CrossRef] [PubMed]
134. Walter, M.; Liang, S.; Ghosh, S.; Hornsby, P.J.; Li, R. Interleukin 6 secreted from adipose stromal cells promotes
migration and invasion of breast cancer cells. Oncogene 2009, 28, 2745–2755. [CrossRef] [PubMed]
135. Hausman, G.J.; Dodson, M. V Stromal Vascular Cells and Adipogenesis: Cells within Adipose Depots
Regulate Adipogenesis. J. Genom. 2013, 1, 56–66. [CrossRef] [PubMed]
136. Thomas, D.; Apovian, C. Macrophage functions in lean and obese adipose tissue. Metab. Clin. Exp. 2017, 72,
120–143. [CrossRef]
137. Lengyel, E.; Makowski, L.; DiGiovanni, J.; Kolonin, M.G. Cancer as a Matter of Fat: The Crosstalk between
Adipose Tissue and Tumors. Trends Cancer 2018, 4, 374–384. [CrossRef]
138. Boutens, L.; Stienstra, R. Adipose tissue macrophages: Going off track during obesity. Diabetologia 2016, 59,
879–894. [CrossRef]
139. Arendt, L.M.; McCready, J.; Keller, P.J.; Baker, D.D.; Naber, S.P.; Seewaldt, V.; Kuperwasser, C. Obesity
Promotes Breast Cancer by CCL2-Mediated Macrophage Recruitment and Angiogenesis. Cancer Res. 2013,
73, 6080–6093. [CrossRef]
140. Corrêa, L.H.; Corrêa, R.; Farinasso, C.M.; de Sant’Ana Dourado, L.P.; Magalhães, K.G. Adipocytes and
Macrophages Interplay in the Orchestration of Tumor Microenvironment: New Implications in Cancer
Progression. Front. Immunol. 2017, 8, 1129. [CrossRef]
141. Bousquenaud, M.; Fico, F.; Solinas, G.; Rüegg, C.; Santamaria-Martínez, A. Obesity promotes the expansion
of metastasis-initiating cells in breast cancer. Breast Cancer Res. BCR 2018, 20, 104. [CrossRef]
142. Wu, Q.; Li, B.; Li, Z.; Li, J.; Sun, S.; Sun, S. Cancer-associated adipocytes: Key players in breast cancer
progression. J. Hematol. Oncol. 2019, 12, 95. [CrossRef]
143. Korybalska, K. Angiogenesis in Adipose Tissue: How can Moderate Caloric Restriction Affects
Obesity-Related Endothelial Dysfunction. In Endothelial Dysfunction—Old Concepts and New Challenges;
InTech: London, UK, 2018.
144. Trim, W.; Turner, J.E.; Thompson, D. Parallels in Immunometabolic Adipose Tissue Dysfunction with Ageing
and Obesity. Front. Immunol. 2018, 9, 169. [CrossRef] [PubMed]
145. Duong, M.N.; Geneste, A.; Fallone, F.; Li, X.; Dumontet, C.; Muller, C. The fat and the bad: Mature adipocytes,
key actors in tumor progression and resistance. Oncotarget 2017, 8, 57622–57641. [CrossRef] [PubMed]
146. Nieman, K.M.; Romero, I.L.; Van Houten, B.; Lengyel, E. Adipose tissue and adipocytes support tumorigenesis
and metastasis. Biochim. Et Biophys. Acta 2013, 1831, 1533–1541. [CrossRef] [PubMed]
147. Cozzo, A.J.; Fuller, A.M.; Makowski, L. Contribution of Adipose Tissue to Development of Cancer.
Compr. Physiol. 2017, 8, 237–282. [PubMed]
148. Yan, T.; Mizutani, A.; Chen, L.; Takaki, M.; Hiramoto, Y.; Matsuda, S.; Shigehiro, T.; Kasai, T.; Kudoh, T.;
Murakami, H.; et al. Characterization of cancer stem-like cells derived from mouse induced pluripotent stem
cells transformed by tumor-derived extracellular vesicles. J. Cancer 2014, 5, 572–584. [CrossRef] [PubMed]
149. Wei, H.J.; Zeng, R.; Lu, J.H.; Lai, W.F.T.; Chen, W.H.; Liu, H.Y.; Chang, Y.T.; Deng, W.P. Adipose-derived stem
cells promote tumor initiation and accelerate tumor growth by interleukin-6 production. Oncotarget 2015, 6,
7713–7726. [CrossRef]
150. Gautam, P.K.; Deepak, P.; Kumar, S.; Acharya, A. Role of Macrophage in Tumor Microenvironment: Prospect
in Cancer Immunotherapy. Eur. J. Inflamm. 2013, 11, 1–14. [CrossRef]

Cancers 2020, 12, 879

21 of 22

151. Noy, R.; Pollard, J.W. Tumor-associated macrophages: From mechanisms to therapy. Immunity 2014, 41,
49–61. [CrossRef]
152. Liu, Y.; Cao, X. The origin and function of tumor-associated macrophages. Cell. Mol. Immunol. 2015, 12, 1.
[CrossRef]
153. Atri, C.; Guerfali, F.Z.; Laouini, D. Role of human macrophage polarization in inflammation during infectious
diseases. Int. J. Mol. Sci. 2018, 19, 1801. [CrossRef]
154. Wang, J.; Li, D.; Cang, H.; Guo, B. Crosstalk between cancer and immune cells: Role of tumor-associated
macrophages in the tumor microenvironment. Cancer Med. 2019, 8, 4709–4721. [CrossRef] [PubMed]
155. Irvine, K.M.; Banh, X.; Gadd, V.L.; Wojcik, K.K.; Ariffin, J.K.; Jose, S.; Lukowski, S.; Baillie, G.J.; Sweet, M.J.;
Powell, E.E. CRIg-expressing peritoneal macrophages are associated with disease severity in patients with
cirrhosis and ascites. JCI Insight 2016, 1, e86914. [CrossRef] [PubMed]
156. Arango Duque, G.; Descoteaux, A. Macrophage cytokines: Involvement in immunity and infectious diseases.
Front. Immunol. 2014, 5, 491. [CrossRef] [PubMed]
157. Poh, A.R.; Ernst, M. Targeting Macrophages in Cancer: From Bench to Bedside. Front. Oncol. 2018, 8, 49.
[CrossRef]
158. Kimura, T.; Nada, S.; Takegahara, N.; Okuno, T.; Nojima, S.; Kang, S.; Ito, D.; Morimoto, K.; Hosokawa, T.;
Hayama, Y.; et al. Polarization of M2 macrophages requires Lamtor1 that integrates cytokine and amino-acid
signals. Nat. Commun. 2016, 7, 13130. [CrossRef]
159. Jeong, J.; Suh, Y.; Jung, K. Context Drives Diversification of Monocytes and Neutrophils in Orchestrating the
Tumor Microenvironment. Front. Immunol. 2019, 10, 1817. [CrossRef]
160. Coussens, L.M.; Zitvogel, L.; Palucka, A.K. Neutralizing tumor-promoting chronic inflammation: A magic
bullet? Science 2013, 339, 286–291. [CrossRef]
161. Qian, B.-Z.; Pollard, J.W. Macrophage diversity enhances tumor progression and metastasis. Cell 2010, 141,
39–51. [CrossRef]
162. Wu, S.Y.; Watabe, K. The roles of microglia/macrophages in tumor progression of brain cancer and metastatic
disease. Front. Biosci. Landmark 2017, 22, 1805–1829. [CrossRef]
163. Lin, Y.; Xu, J.; Lan, H. Tumor-associated macrophages in tumor metastasis: Biological roles and clinical
therapeutic applications. J. Hematol. Oncol. 2019, 12, 76. [CrossRef]
164. Shao, R. YKL-40 acts as an angiogenic factor to promote tumor angiogenesis. Front. Physiol. 2013, 4, 122.
[CrossRef] [PubMed]
165. Riabov, V.; Gudima, A.; Wang, N.; Mickley, A.; Orekhov, A.; Kzhyshkowska, J. Role of tumor associated
macrophages in tumor angiogenesis and lymphangiogenesis. Front. Physiol. 2014, 5, 75. [CrossRef] [PubMed]
166. DeNardo, D.G.; Ruffell, B. Macrophages as regulators of tumour immunity and immunotherapy. Nat. Rev.
Immunol. 2019, 19, 369–382. [CrossRef] [PubMed]
167. Gun, S.Y.; Lee, S.W.L.; Sieow, J.L.; Wong, S.C. Targeting immune cells for cancer therapy. Redox Biol. 2019,
101174. [CrossRef]
168. Nielsen, S.R.; Schmid, M.C. Macrophages as Key Drivers of Cancer Progression and Metastasis.
Mediat. Inflamm. 2017, 2017. [CrossRef]
169. Germano, G.; Frapolli, R.; Belgiovine, C.; Anselmo, A.; Pesce, S.; Liguori, M.; Erba, E.; Uboldi, S.; Zucchetti, M.;
Pasqualini, F.; et al. Role of Macrophage Targeting in the Antitumor Activity of Trabectedin. Cancer Cell 2013,
23, 249–262. [CrossRef]
170. Germano, G.; Frapolli, R.; Simone, M.; Tavecchio, M.; Erba, E.; Pesce, S.; Pasqualini, F.; Grosso, F.; Sanfilippo, R.;
Casali, P.G.; et al. Antitumor and anti-inflammatory effects of trabectedin on human myxoid liposarcoma
cells. Cancer Res. 2010, 70, 2235–2244. [CrossRef]
171. Chen, J.; Yao, Y.; Gong, C.; Yu, F.; Su, S.; Chen, J.; Liu, B.; Deng, H.; Wang, F.; Lin, L.; et al. CCL18 from
Tumor-Associated Macrophages Promotes Breast Cancer Metastasis via PITPNM3. Cancer Cell 2011, 19,
541–555. [CrossRef]
172. Heppner, G.; Fulton, A. Macrophages & Cancer; CRC Press: Boca Raton, FL, USA, 1988. [CrossRef]
173. Franklin, R.A.; Liao, W.; Sarkar, A.; Kim, M.V.; Bivona, M.R.; Liu, K.; Pamer, E.G.; Li, M.O. The cellular and
molecular origin of tumor-associated macrophages. Science 2014, 344, 921–925. [CrossRef]
174. Chen, Z.; Feng, X.; Herting, C.J.; Garcia, V.A.; Nie, K.; Pong, W.W.; Rasmussen, R.; Dwivedi, B.; Seby, S.;
Wolf, S.A.; et al. Cellular and molecular identity of tumor-associated macrophages in glioblastoma. Cancer Res.
2017, 77, 2266–2278. [CrossRef]

Cancers 2020, 12, 879

22 of 22

175. Wynn, T.A.; Chawla, A.; Pollard, J.W. Macrophage biology in development, homeostasis and disease. Nature
2013, 496, 445–455. [CrossRef] [PubMed]
176. Hoeffel, G.; Ginhoux, F. Ontogeny of tissue-resident macrophages. Front. Immunol. 2015, 6, 486. [CrossRef]
[PubMed]
177. Guerriero, J.L. Macrophages: The Road Less Traveled, Changing Anticancer Therapy. Trends Mol. Med. 2018,
24, 472–489. [CrossRef] [PubMed]
178. Brown, J.M.; Recht, L.; Strober, S. The Promise of Targeting Macrophages in Cancer Therapy. Clin. Cancer
Res. 2017, 23, 3241–3250. [CrossRef]
179. Oo, A.K.K.; Calle, A.S.; Nair, N.; Mahmud, H.; Vaidyanath, A.; Yamauchi, J.; Khayrani, A.C.; Du, J.; Alam, M.J.;
Seno, A.; et al. Up-Regulation of PI 3-Kinases and the Activation of PI3K-Akt Signaling Pathway in Cancer
Stem-Like Cells Through DNA Hypomethylation Mediated by the Cancer Microenvironment. Transl. Oncol.
2018, 11, 653–663. [CrossRef] [PubMed]
180. Chen, H.-F.; Wu, K.-J. Endothelial Transdifferentiation of Tumor Cells Triggered by the Twist1-Jagged1-KLF4
Axis: Relationship between Cancer Stemness and Angiogenesis. Stem Cells Int. 2016, 2016. [CrossRef]
181. Mei, X.; Chen, Y.-S.; Chen, F.-R.; Xi, S.-Y.; Chen, Z.-P. Glioblastoma stem cell differentiation into endothelial
cells evidenced through live-cell imaging. Neuro-oncology 2017, 19, 1109–1118. [CrossRef]
182. Balkwill, F.R.; Capasso, M.; Hagemann, T. The tumor microenvironment at a glance. J. Cell Sci. 2012, 125,
5591–5596. [CrossRef]
183. Ping, Y.-F.; Bian, X.-W. Concise Review: Contribution of Cancer Stem Cells to Neovascularization. Stem Cells
2011, 29, 888–894. [CrossRef]
184. Shangguan, W.; Fan, C.; Chen, X.; Lu, R.; Liu, Y.; Li, Y.; Shang, Y.; Yin, D.; Zhang, S.; Huang, Q.; et al.
Endothelium originated from colorectal cancer stem cells constitute cancer blood vessels. Cancer Sci. 2017,
108, 1357–1367. [CrossRef]
185. Hassan, G.; Afify, S.M.; Nair, N.; Kumon, K.; Osman, A.; Du, J.; Mansour, H.; Abu Quora, H.A.; Nawara, H.M.;
Satoh, A.; et al. Hematopoietic Cells Derived from Cancer Stem Cells Generated from Mouse Induced
Pluripotent Stem Cells. Cancers 2019, 12, 82. [CrossRef] [PubMed]
186. Sengodan, S.K.; Rajan, A.; Hemalatha, S.K.; Nadhan, R.; Jaleel, A.; Srinivas, P. Proteomic Profiling of
β-hCG-Induced Spheres in BRCA1 Defective Triple Negative Breast Cancer Cells. J. Proteome Res. 2018, 17,
276–289. [CrossRef] [PubMed]
187. Wolk, M.; Martin, J.E. Fetal haemopoiesis marking low-grade urinary bladder cancer. Br. J. Cancer 2012, 107,
477–481. [CrossRef] [PubMed]
188. Wolk, M.; Martin, J.E.; Nowicki, M. Foetal haemoglobin-blood cells (F-cells) as a feature of embryonic
tumours (blastomas). Br. J. Cancer 2007, 97, 412–419. [CrossRef] [PubMed]
189. Wolk, M.; Martin, J.E.; Reinus, C. Development of fetal haemoglobin-blood cells (F cells) within colorectal
tumour tissues. J. Clin. Pathol. 2006, 59, 598–602. [CrossRef] [PubMed]
190. Laviron, M.; Boissonnas, A. Ontogeny of Tumor-Associated Macrophages. Front. Immunol. 2019, 10, 1799.
[CrossRef]
191. Medvinsky, A.; Rybtsov, S.; Taoudi, S. Embryonic origin of the adult hematopoietic system: Advances and
questions. Development 2011, 138, 1017–1031. [CrossRef]
192. Ishay-Ronen, D.; Christofori, G. Targeting cancer cell metastasis by converting cancer cells into fat. Cancer Res.
2019, 79, 5471–5475. [CrossRef]
193. Ishay-Ronen, D.; Diepenbruck, M.; Kalathur, R.K.R.; Sugiyama, N.; Tiede, S.; Ivanek, R.; Bantug, G.;
Morini, M.F.; Wang, J.; Hess, C.; et al. Gain Fat—Lose Metastasis: Converting Invasive Breast Cancer Cells
into Adipocytes Inhibits Cancer Metastasis. Cancer Cell 2019, 35, 17–32. [CrossRef]
194. Kim, H.I.; Moon, S.H.; Lee, W.C.; Lee, H.J.; Shivakumar, S.B.; Lee, S.H.; Park, B.W.; Rho, G.J.; Jeon, B.G.
Inhibition of cell growth by cellular differentiation into adipocyte-like cells in dexamethasone sensitive
cancer cell lines. Anim. Cells Syst. 2018, 22, 178–188. [CrossRef]
© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

