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Tumors are now recognized as structures of multiple cell
types. It is increasingly appreciated that as the cancer
progresses, the surrounding microenvironment is activated
in support, coevolving through continuous paracrine com-
munication and supporting carcinogenesis. Therefore, the
characterization of these interactions, and the molecular
identification of key mediators, will provide insights into
tumor biology and suggest further novel therapeutic options.

In this special issue, C. Roma-Rodrigues et al. reviewed
the role of exosome in tumor microenvironment, espe-
cially the cancer derived exosomes in the development and
progression of cancer through modulation of intercellular
communication within the tumor microenvironment by the
transfer of protein, lipid, and RNA cargo. S. L. Schlereth
et al. reviewed the crosstalk between cancer cells and
tumor microenvironment that involved in the process of
lymphangiogenesis. They showed that lymphangiogenesis is
regulated by cells of the tumor microenvironment, includ-
ing cancer-associated fibroblasts, mesenchymal stem cells,
dendritic cells, or macrophages. Therefore, targeting pro-
lymphangiogenic tumor microenvironment may represent a
promising therapeutic option for cancer metastasis. J. Zhou
et al. reviewed that chemoattractant receptors, a family of
seven transmembrane G protein coupled receptors (GPCRs)
combined with their ligands, are involved in almost every
step of tumor development and progression such as increas-
ing tumor cell migration, invasion, and metastasis. Bone
metastases remain as the major problem for cancer patients.
Bone metastases account for decreased quality of life and
ultimately death of prostate, breast, and lung cancer patients.

In this issue, D. Buenrostro et al. reviewed that the bone
microenvironment cells including the fibroblasts, osteoblasts,
osteoclasts, immune cells, and others may interact with the
tumor cells and promote tumor cells to metastasize to the
bone and other sites. While A. Romano et al.’s review focused
on the role of immunological dysregulation in multiple
myeloma progression and their potential clinical implications
as novel therapeutic target.

We hope that this issue will help researchers understand
the interactions between tumor cells and tumor microenvi-
ronment that mediate tumor progression and metastasis. We
also hope that this special issue will initiate new discussions
relating to the development of novel anticancer therapies
or preventive strategies based on an understanding of the
communication within the tumor microenvironment.
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Lymphangiogenesis is a very early step in lymphatic metastasis. It is regulated and promoted not only by the tumor cells themselves,
but also by cells of the tumormicroenvironment, including cancer associated fibroblasts, mesenchymal stem cells, dendritic cells, or
macrophages. Even the extracellularmatrix as well as cytokines and growth factors are involved in the process of lymphangiogenesis
and metastasis. The cellular and noncellular components influence each other and can be influenced by the tumor cells. The
knowledge aboutmechanisms behind lymphangiogenesis in the tumormicroenvironmental crosstalk is growing and offers starting
points for new therapeutic approaches.

1. Introduction

The spread of tumor cells via the lymphogen route into the
draining lymphnodes is common inmanymalignant tumors,
including malignant melanoma of the skin [1], head and
neck squamous cell carcinoma [2], squamous cell carcinoma
of the uterine cervix [3], colorectal carcinoma [4], breast
cancer [5], and malignant melanoma of the conjunctiva
[6–13]. Sentinel lymph node biopsy allows early detec-
tion of micrometastasis resulting in staging and treatment
changes.

The outgrowth of new lymphatic vessels from preexisting
lymphatic vessels (lymphangiogenesis) has recently gained
much interest in tumor research since it is the initial step
in lymphogenic metastasis [14]. Although the role of intratu-
moral versus peritumoral lymphangiogenesis is still debated,
its role as a decisive risk factor for tumor metastasis is now
established.

Lymphangiogenesis is mediated by binding of the lym-
phangiogenic growth factors vascular endothelial growth
factor- (VEGF-) C and VEGF-D to their specific lymphatic
receptor, VEGF receptor 3 [15]. VEGF-C and VEGF-D can
be released by a variety of tumor cells or by peritumoral
nonmalignant cells of the tumor microenvironment [16–
19], thus explaining the occurrence of tumor-associated
lymphangiogenesis.

The cellular crosstalk in the tumor microenvironment is
likely to play a role in promoting lymphangiogenesis and
thus lymphatic metastasis. A variety of factors in the tumor
microenvironment, including extracellular matrix (ECM)
with cancer-associated fibroblasts (CAFs) and mesenchymal
stem cells (MSCs), cells of the innate and adaptive immune
system (dendritic cells, macrophages, and T- and B-cells) as
well as cytokines and growth factors produced by the tumor
and stromal cells [20, 21], has been considered to contribute
to this process.
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This review focuses on the role of tumor microenviron-
mental components in tumor-associated lymphangiogenesis
and therefore the lymphaticmetastasis cascade. Better under-
standing of these mechanisms is required to improve future
therapeutic strategies aiming at minimizing the lymphatic
spread of the tumor to the regional lymph nodes in order to
the prolong survival of cancer patients.

2. Cytokines and Growth Factors
Control Lymphangiogenesis

Growth factors of the vascular endothelial growth factor
(VEGF) family are well understood in lymphangiogenesis.
VEGF is the target of one of the first therapeutics: VEGF
blocking antibody bevacizumab is used in colon cancer [22].

VEGF-D has been shown to induce the formation of
blood and lymphatic vessels in tumors and VEGF-D expres-
sion on tumor cells led to increased lymphatic metastasis
[23]. However, other authors emphasize the tissue specific
effects on blood or lymph endothelial growth of VEGF-D
[24]. In many forms of human cancer, a correlation of VEGF-
C expression within the primary tumor and lymph node
metastasis has been observed [25–30]. VEGF-C overexpres-
sion in breast cancer increased intratumoral lymphangio-
genesis and was associated with enhanced metastasis into
draining lymph nodes and lungs [31]. This might be caused
by a tumor secreted VEGF-C dependent increase of matrix
metalloproteinase- (MMP-) 9 production, followed by an
increased matrix degradation and migration [32]. Other
studies conclude that tumor derived VEGF-C draining to the
regional lymph nodes may promote the outgrowth of lymph
node metastasis [33].

Controversy exists whether VEGF-A is able to induce
lymphangiogenesis. Recent studies indicate that the VEGF-
A/VEGF-R2 signaling pathway is involved in lymphangio-
genesis [14, 34]. Hirakawa et al. detected that VEGF-A
overexpressing primary tumors can induce lymph node lym-
phangiogenesis and were associated with increased lymph
node metastasis [35]. Lymph node lymphangiogenesis per se
is thought to actively promotemetastasis [36] and can also be
induced by tumor cells [37].

Beside the VEGF family, the angiopoietins- (Ang-) 1
and Ang-2 are important in tumor angiogenesis. They bind
to their receptors Tie 1 and Tie 2 on vascular endothelial
cells and are involved in lymphangiogenesis and metastasis
[38–42]. Ang-2 is upregulated by different factors including
VEGF-A or insulin like growth factor 1 and induces angio-
genesis in the presence of VEGF-A [39]. A reduced prognosis
has been shown for different tumors overexpressing Ang-
2 [39]. Ang-2 seems to have a destabilizing effect on blood
vessels, an early step in neovascularization [43], whereasAng-
1 expressed by pericytes and others promotes stability of
vessels [38]. In pancreatic cancer, elevated circulating Ang-
2 was correlated with the extent of lymphatic metastasis and
therefore seems to participate in the control of lymphatic
metastasis [44].

Other factors that are involved in lymphangiogenesis are
platelet derived growth factor- (PDGF-) BB [45], fibroblast

growth factor- (FGF-) 2 [46], sphingosine 1 phosphate (S1P)
[47], and hepatocyte growth factor (HGF) [48].

Lymphatic endothelium cells express different markers,
including lymphatic vessel endothelial hyaluronan receptor-
1 (LYVE-1), podoplanin D2-40, prospero homeobox tran-
scription factor 1 (prox1), and VEGF-R3 [49]. Lately, besides
the significant correlation of lymphatic markers LYVE-1 and
podoplanin D2-40 [50] in many forms of cancer and their
negative correlation to prognosis mentioned above, prox1
and forkhead box (FOX) C2, regulators of angiogenesis
and lymphangiogenesis, came into focus of cancer research.
Sasahira et al. report that prox1 expression correlated with
progression, lymphatic vessel density, metastasis, and worse
prognosis [51]. Prox1 activated VEGF-C expression in vitro,
whereas FOXC2 enhances prox1 andVEGF-A expression [51].

Chemokines are important signal proteins, involved in
cell migration and chemotaxis. Chemokine ligands bind to
their specific receptors. Metastatic cells seem to adopt this
mechanism and express analogue receptors to improve their
migration to distinct tissues [52]. Many different chemokine
pathways are known and their role in cancer has been
completely and well reviewed by others [53]; therefore, in this
review we focus on chemokine axes involved in lymphatic
metastasis: the chemokine receptor 7 (CCR7) with its ligands
CCL19 and 21 and the CXCR4/CXCR12 axis.TheCCR7 axis is
a very important physiological axis for migration of immune
cells and CCL21 regulates the homing to the lymphoid tissues
[54].

Chemokines have been shown to be involved in tumor
lymphangiogenesis and metastasis; for example, VEGF-C
upregulated chemokine ligand 21 (CCL21) on lymphatic
endothelium, whereby CCR7 expressing tumor cells were
attracted towards the lymphatic vessels [32].

Many studies show that primary tumor cells and
metastatic cells express CCR7 in the draining lymph node
and that there is a significant correlation between lymph node
metastasis and CCR7 expression in many tumor entities [55–
58]. In one study the authors suggest that CCR7 enhances
metastasis by upregulating MMP-9 expression [59]. Li et al.
showed that hypoxia may induce CCR7 expression on tumor
cells to stimulate migration and invasion of lung cancer cells,
using the HIF1𝛼 and HIF2𝛼 pathway [60].

Other chemokines such as CXC chemokine type 2
(CXCR2) seem to be involved in lymphangiogenesis, as
a high expression of CXCR2 is associated with increased
lymph node metastases and a reduced prognosis in resected
esophageal carcinoma [61].

Chemokine receptor CXCR4 is involved in metastasis
of multiple cancer entities, including breast cancer [62],
gastric cancer [63], prostate cancer [64], melanoma [65],
uvealmelanoma [66], or glioblastoma [67], to name just a few.

CXCR4 is upregulated in metastatic breast cancer cell
lines and lymph node metastasis [62], and cells expressing
CXCR4 predominantly migrate to tissues that express the
ligand CXCL12 [62]. These tissues include the common
sides of breast cancer metastasis, including lung, lymph
node, brain, and bone marrow [5, 62]. Interestingly, in vivo
inhibition of the CXCR4/CXCL12 axis reduced lymph node
and lung metastasis [62]. Others showed that the de novo
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Figure 1: The prolymphangiogenic crosstalk of the tumor microenvironment: tumor cells as well as macrophages, dendritic cells, the
extracellular matrix, cancer-associated fibroblasts, and mesenchymal stem cells can promote lymphangiogenesis by secretion or expression
of different factors.

expression of CXCR4 is sufficient for metastasis to occur,
shown by the B16melanoma cell line transfectedwithCXCR4
[68]. In gastric cancer, CXCR4 expression is involved in
lymph node metastasis [63, 69].

In prostate cancer, CXCR4 expression has been shown to
increase tumor invasion andmetastasis [64]. It may therefore
serve as a prognostic marker in prostate cancer [70].

One last example is the CXCR3-CXCL9 axis: CXCR3
expression has been detected in several human melanoma
cell lines and the mouse melanoma cell line B16F10. The loss
of CXCR3 expression reduces lymph node metastasis in a
murine melanoma model [71].

To summarize, the best-studied group of growth factors is
the VEGF family, whereby inmany forms of cancer an associ-
ation between VEGF-C and metastasis has been recognized.
Within the chemokines in cancer, the CXCR4/CXCL12 axis
is currently best characterized and CXCR4 is a ubiquitously
expressed receptor on tumor cells. Chemokine expression is
often associated with elevated lymphatic metastasis. Tumor
cells seem to have adopted these migration paths for facili-
tated access into lymphatic vessels and towards the draining
lymph nodes. Cytokines and growth factors involved in

lymphangiogenesis are summarized in Figure 1 and explained
in detail in the following sections.

3. Senescence and Senescence-Associated
Secretory Phenotype: Cell Autonomous
and Nonautonomous Roles

Most mammalian cells have a limited proliferative capacity,
and after various rounds of proliferation accompanied by
telomere shortening, cells undergo permanent cell cycle
arrest and enter a state called cellular senescence. Senes-
cent cells remain viable and metabolic active and thereby
further contribute to tissue homeostasis. Senescence can be
prematurely induced by stress factors and DNA damage, for
example, upon oncogene expression or UV irradiation, and
is mediated by activation of the Arf/p53/p21 and/or p16/pRb
pathways [72]. Senescence has been observed in various cell
types of the tumor microenvironment including fibroblasts
and immune cells and is considered a physiological tumor-
suppressive mechanism in human cancers as it counteracts
proliferation of premalignant cells [73, 74]. Human nevi, for
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instance, are frequently positive for activating BRafV600E
mutations; however, these cells bear a senescent phenotype
[75]. Abrogation of such oncogene-induced senescence by
PI3K activation allows for melanoma formation [76]. Induc-
tion of cellular senescence therefore has been recognized as
promising therapeutic approach to prevent the proliferation
of cancer cells. Recently, however, it became apparent that
senescence in surrounding tissue cells might have both
tumor-suppressive as well as promoting consequences [77].
Senescent cells secrete a variety of growth and regeneration
promoting cytokines, chemokines, growth factors, and pro-
teases, a phenomenon called senescence-associated secretory
phenotype (SASP). SASP has recently been described for a
variety of cancers and is considered to significantly modulate
the properties of the specific tumormicroenvironment. SASP
factors can induce recruitment of immune cells like NK-
cells and T-cells that help eliminate premalignant cells,
and such NK-cell recruitment appears to be critical for
tumor regression in vivo [78]. On the contrary, senescent
tissue cells via SASP factors can directly promote tumor
cell proliferation, invasion, and immune-editing to escape
elimination by the immune system, thus overall providing
a tumor-permissive micromilieu. Importantly, induction of
senescence in NK cells has recently been reported to promote
vascular remodeling and angiogenesis [79], opening the
possibility that senescence and SASP may also contribute to
tumor-associated lymphangiogenesis, although this remains
to be demonstrated experimentally.

In the case of SASP of senescent fibroblasts in the tumor
microenvironment, a significant overlap of its expression
profile with that of cancer-associated fibroblasts (CAFs, see
below) has been reported. For instance, upregulation of IL-
6, IL-8, various CXCLs, and MMP-3 constitutes a common
signature of CAFs and SASP [80]. Together, though induction
of permanent cell cycle arrest within tumor cells is a desirable
feature to suppress tumorigenesis, senescence of immune
and surrounding tissue cells may have opposing outcome
on tumor progression and angiogenesis, underscoring the
importance of a better understanding of the cross-talk
between tumor cells and their particular microenvironment.

4. Extracellular Matrix (ECM)
with Cancer-Associated Fibroblasts (CAFs)
and Mesenchymal Stem Cells (MSCs)
Promote Lymphangiogenesis

Tumor-associated lymphangiogenesis may arise in the tumor
microenvironment. The tumor microenvironment is mainly
composed of the extracellular matrix (ECM) enriched with
nonmalignant stroma cells, such as cancer-associated fibrob-
lasts (CAFs) and mesenchymal stem cells (MSCs).

4.1. Extracellular Matrix (ECM). The ECM is a com-
plex three-dimensional network made of fibrous proteins,
such as collagen and fibronectin, and nonfibrous proteins,
namely, glycosaminoglycans, proteoglycans, and glycopro-
teins. Located between cell clusters in all tissues, it strength-
ens the tissues, provides a channel for communication and

migrationwithin the tissue andunder physiologic conditions,
and acts as scaffold to keep growth factors insoluble [81–
83]. Cancer cells may stimulate the tumormicroenvironment
by producing growth factors, including PDGF, transforming
growth factor- (TGF-)𝛽, VEGF, basic fibroblast growth factor
(bFGF), and interleukins [83]. The altered expression of such
mediators by tumor cells, which also have autocrine effects,
often leads to production of proteolytic enzymes by the
tumor cells [84, 85]. They may also stimulate stromal cells,
for example, fibroblasts, to secrete molecules with a similar
proteolytic effect on the ECM [86].

Therefore, not only tumor cells, but also stroma cell
activation may modify the ECM towards an environment
that promotes microinvasion of tumor cells [87]. Major
components digesting ECM and cell surface proteins include
MMPs, bone morphogenic protein 1 (BMP1), tissue serine
proteinases, and adamalysin-related membrane proteinases
[88]. Remodeling the ECMcan significantlymodulatemigra-
tory and angiogenic properties, for instance by release of
cryptic protein sites and specific new molecule fragments
[81]. Cryptic protein domains in ECM components such as
fibronectin are typically masked in a folded structure and
are thereby not accessible. Proteolytic enzymes can release
these domains and open new integrin binding sites and
antiangiogenic sequences [81] or activate latent TGF-𝛽 by
proteolytic cleavage [89].

Hyaluronan, an important mucopolysaccharide of the
ECM, provides an environment of proliferation and migra-
tion [90]. Interestingly, lymphatic endothelial cells exclusively
express a hyaluronan receptor, known as LYVE-1 [91]. The
functional impact of LYVE-1 receptors on tumor-associated
lymphangiogenesis is not fully understood. However, it was
demonstrated recently that lowmolecular weight hyaluronan
promoted lymphatic endothelial cell (LEC) proliferation,
migration, and tube formation, mediated via binding to
LYVE-1 [92]. Therefore, in the tumor context hyaluronan
seems to promote hem- and lymphangiogenesis.

In summary, dynamic remodeling of the ECM and
cell-substrate interactions display one important feature in
tumor-mediated lymphangiogenesis.

4.2. Cancer-Associated Fibroblasts (CAFs). Recently, there is
increasing evidence that fibroblasts are a prominent modifier
of cancer progression [93, 94]. CAFs are tall spindle shaped
mesenchymal cells that share characteristics with smooth
muscle cells and fibroblasts [83]. They can immunohisto-
chemically be identified with a combination of different
markers, since they show an elevated expression of 𝛼-smooth
muscle actin, vimentin, desmin, and fibroblast-activating
protein (FAP) compared to normal stromal fibroblasts [95,
96]. CAFs can promote tumor growth and progression but
also influence the stromal microenvironment by producing
large amounts of growth factors, cytokines and extracellular
matrix proteins (e.g., collagen and fibronectin), and MMPs
[21, 97, 98]. Bauer et al. showed an increased expression
of TGF-𝛽2, insulin-like growth factor-binding protein 2,
tumor necrosis factor (ligand) superfamily member 4, and
heparin-binding EGF-like growth factor in CAFs compared
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to regular fibroblasts [99]. Moreover, CAFs secrete growth
factors such as HGF or TGF-𝛽 but also ECM glycopro-
teins such as Tenascin-C (TNC) [100]. Tumor cells on
the other hand secrete TGF-𝛽 or platelet-derived growth
factor (PDGF), which are important factors for interac-
tions between tumor cells and fibroblasts. TGF-𝛽 modulates
fibroblasts andmyofibroblasts towards CAFs [101, 102].CAFs
support tumor growth and metastasis indirectly through
recruitment of immune cells such as tumor-associated
macrophages (TAMs), myeloid suppressor cells (MDSCs), or
regulatory T-cells (Tregs). All these cells are influencing the
tumor microenvironment towards an immune suppressive
environment and are thereby protecting the tumor. In vivo
experiments showed that elimination of CAFs favors a Th1
over a Th2 polarization in the tumor microenvironment of a
murine breast cancer model [103].

Themodulation of the tumor microenvironment induces
angiogenesis and lymphangiogenesis. CAFs secrete the
stromal cell-derived factor 1 (SDF1), also known as CX
chemokine ligand 12 (CXCL12), which is important in
recruitment of endothelial progenitor cells (EPCs) in tumors.
CXCL12 itself stimulates the tumor growth directly, via
the CXC-chemokine receptor 4 (CXCR4), expressed among
others on human breast carcinoma cells [104]. An elevated
amount of CAFs significantly correlated with an increased
lymphatic vessel density in ovarian cancer [105]. Another
study showed that CAFs express podoplanin in the context
of different tumors. The podoplanin expression of CAFs
positively correlated with the VEGF-C expression of the
tumor cell and the intratumoral amount of CD31+ blood
vessels. In contrast, the increased expression of podoplanin
in CAFs negatively correlated with peritumoral microvessels
and LYVE-1 positive lymphatic vessels. The expression of
podoplanin in CAFs did not correlate with the VEGF-A or
VEGF-D expression in tumor cells [106].

Summarizing, CAFs seem to be important in the tumor
microenvironment, where they indirectly contribute to lym-
phangiogenesis and metastasis by the induction of Th2 T-
cells, recruitment of suppressive immune cells, and secretion
of growth factors. However, the exact mechanisms are not
fully understood.

4.3. Mesenchymal Stem Cells (MSCs). MSCs are non-
hematopoietic multipotent cells that are able to differentiate
into bone, fat, or cartilage tissue. They are involved in tissue
repair and maintenance and have a tropism to wounded
tissue [107]. In the context of trauma or tumor, they are
capable of migrating towards these tissue sides, induced by
chemokines or inflammatory factors [108]. MSCs show a
specific migration to growth factors such as PDGF, EGF, and
VEGF and a reduced migration in the presence of specific
inhibitors, such as Glivec, Erbitux, and Avastin [109]. (More
to therapeutic approaches is listed below; see point 5.) MSC
themselves produce an amount of tumor promoting factors,
including IL-6 [86], TGF-𝛽, VEGF, and HGF [107, 110].

Using these factors, MSCs are capable of enhancing
lymphangiogenesis and lymphatic metastasis. LECs express
an HGF receptor (also known as c-Met or MET) and HGF

promotes lymphatic vessel function and formation [111]. In
vitro cocultures of MSCs and endothelial progenitor cells
(EPCs) revealed that MSCs secreted VEGF-A in bioavail-
able amounts (350 pg/mL), despite the secretion of VEGF
inhibitors (sVEGF-R1/sVEGF-R2) by EPCs [110]. Moreover,
in a syngeneic mouse model, subcutaneous coinjection of
MSCs and EPCs in Matrigel induced both blood- and lym-
phangiogenesis [110], highlighting the proangiogenic effect of
MSCs in vivo.

VEGF-A can induce proliferation and migration of
lymphatic endothelial cells (LECs). Dellinger and Brekken
showed that VEGF-R2 acts as the primary receptor control-
ling VEGF-A induced lymphangiogenesis in an ERK1/2 and
Akt-dependent manner [112]. In inflammatory neovascular-
ization, VEGF-A stimulates LECs and lymphangiogenesis
indirectly via macrophage recruitment [18].

As mentioned above, MSCs are capable of secreting IL-
6. IL-6 and a proinflammatory cytokine is upregulated in
different cancer entities. For example, a significant correlation
between IL-6 protein and VEGF-C mRNA with lymph node
metastasis in human oral squamous cell carcinoma has
been demonstrated [113]. Moreover, in vitro experiments
revealed that IL-6 induces VEGF-C expression in human
oral squamous cell carcinoma cell line [113] and VEGF-C
expression in IL-6 treated murine LECs [114].

MSCs are able to express a lymphatic phenotype, when
cultured in lymphatic induced medium and VEGF-C [115].
Vice versa, tumor cells secrete growth factors, cytokines, and
chemokines to promote the migration and survival of MSCs
[108]. Karnoub et al. reported that MSC infiltration into
tumor stroma promotes metastasis in breast cancer [116].

In conclusion, MSCs seem to have direct and indi-
rect effect on lymphangiogenesis and lymphatic metastasis,
mainly via VEGF-A, VEGF-C, HGF, and IL-6.

5. Immune Cells (Dendritic Cells,
Macrophages) Control Lymphangiogenesis

Tumor-associated lymphangiogenesis is under the influence
of innate immune cells of the tumor microenvironment,
especially dendritic cells and macrophages.

5.1. Dendritic Cells (DCs). DCs are the most potent antigen
presenting cells of the human body. They can be subdivided
into different subsets and to fully understand their functions
in the tumormicroenvironment, DC subsets should be exam-
ined individually with regard to influences on their behavior,
dependent on different local factors. DCs are involved in
tumor immunology and angiogenesis by stimulating inflam-
mation or inducting tolerance. They can internalize tumor
antigen and cross-present it to T-cells within the draining
lymphnode.This is an important step towards an antitumoral
immune reaction [117]. However, controversial data exists on
their role in the tumor microenvironment, DC activation, or
tolerance induction. On the one hand, DNA derived from
necrotized tumor cells may be involved in the DC activation
[118]. On the other hand, tumor cells have been shown to
inhibit DC maturation through the secretion of IL-10 [119].
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Within DCs, two major subsets can be differentiated: the
myeloid DCs (mDCs, also known as conventional DCs) and
the plasmacytoid DCs (pDCs) [120]. Both can be induced
towards a tumor promoting state in the tumormicroenviron-
ment: mDCs contribute to the survival of multiplemelanoma
cells [121]. pDCs seem to have immunoregulatory properties
in the tumor microenvironment and induce Tregs in the
human ovarian carcinoma [122]. pDCs also contribute to
angiogenesis by producing proangiogenic cytokines, such as
IL-8 and tumor necrosis factor alpha (TNF𝛼) in the ovarian
carcinoma [123]. pDCs were detected in solid tumor tissue
and metastatic cervical lymph nodes in head and neck squa-
mous cell carcinoma [124]. In breast cancer, pDCs infiltration
into the primary tumor was associated with shorter overall
survival [125].

In general, tumor-associated DCs (TADCs) can secrete
different proangiogenic factors, such as TGF-𝛽, granu-
locyte macrophage colony-stimulating factor (GM-CSF),
CXCL12, or TNF𝛼 [126, 127]. TADCs are able to differen-
tiate into endothelial-like cells under tumor specific cul-
ture conditions [128] and CD34− CD11c+ immature DCs
cocultured with tumor-cell conditioned media showed an
endothelial-like differentiation [129]. Whether or not DCs
participate in lymphangiogenesis is still a topic of ongoing
research.

DCs can be influenced by VEGFs. VEGF has been shown
to inhibit DC maturation by blocking NF-𝜅B transcription
[130]. In the cornea, VEGF-R3 blocking antibody reduced the
DC migration towards the draining lymph nodes [131].

DCs as antigen presenting cells are able to take up antigen
and migrate to the draining lymph node, guided through
a CCL21 gradient. Interestingly, some tumor cells express
the CCL21 receptor CCR7, thereby enabling them to access
lymphatic vessels [62, 64, 132].

Regarding surface receptors of dendritic cells, pro-
grammed cell death ligand 1, PD-L1, came into focus of
interest (see therapeutic approaches below). Also known as
B7 homolog 1, this transmembrane protein seems to play a
major role in suppressing the immune system. PD-1 and its
ligand function as a complex transmit an inhibitory signal
which downregulates T-cell activation and proliferation.
The ligand PD-L1 is expressed on antigen presenting cells,
whereas the receptor PD-1 has been found on activated T-
or B-cells, macrophages, and myeloid cells as well as multiple
tumor cells [133–136] and in vitro cell lines of uvealmelanoma
and cutaneous melanoma [137].

In breast cancer, sentinel lymph nodes with metastasis
were associated with fewer mature dendritic cells within
the lymph node [138]. Similarly, immature DCs have been
detected in melanoma metastasis [139], but also the presence
of mature DCs within the tumor tissue correlated with lymph
node metastasis [125]. High mobility group box 1 (HMGB1)
secreted by tumor cells induced the suppression of DCs and
is associated with lymph node metastasis in human colon
cancer [140]. Similarly, lymph node metastasis significantly
correlated with number of DC expression in gastric cancer
[141].

Recently a distinct population of DCs, namely the 6-sulfo
LacNAc(+)DCs (slanDCs)were detected inmetastatic tumor

draining lymph nodes. Here, slanDCs surrounded the cancer
cells, while being absent at the primary tumor side [142].

Taken together, DCs are able to secrete proangiogenic
factors and induce an immune tolerant milieu in the tumor
microenvironment. VEGF secreted by tumor cells or tumor-
associated macrophages inhibits DC maturation, and a
reduced number of mature dendritic cells can be associated
with elevated lymph node metastasis in breast cancer [138].
However, due to their various subgroups, further studies are
needed to fully understand their impact on lymphangiogen-
esis and metastasis.

5.2. Macrophages. Macrophages play an essential role in
driving tumor hem- and lymphangiogenesis [143]. Known
as tumor-associated macrophages (TAMs), they may sense
hypoxia in tumor tissue and secrete VEGFs, basic fibroblast
growth factor (bFGF), thymidine phosphorylase (TP),MMP-
2, MPP-7, MPP-9 andMPP-12 [144], and urokinase type plas-
minogen activator (uPA) [145] to induce both hem- and lym-
phangiogenesis. TAMs do not only express prolymphangio-
genic factors VEGF-C, VEGF-D, and VEGF-R3 [17], but they
can also transdifferentiate into lymphatic endothelium [146].
TAMs have also been shown to express LYVE-1 [147, 148] and
F4/80+ LYVE-1 + macrophages integrated into peritumoral
lymphatic vessels [148]. TAMs are often regulated towards an
M2 phenotype. In uveal melanoma, these M2 macrophages
were found to be mainly CD68+ CD163+ and high amounts
of these cells were associated with a poorer prognosis [149].
This observation has also been made in a variety of other
tumor entities, for example, breast cancer [150], glioma [151],
or melanoma [152]. In cutaneous squamous cell carcinoma,
elevated VEGF-C levels derived from TAMs were associated
with increased peritumoral lymphatic vessel density [153]
and may thereby coordinate metastasis [154]. Depleting
macrophages during tumor induction reduced incidence of
ocular tumors and improved survival in mice [149, 155, 156].
VEGF-A and VEGF-C as well as MMP-9, secreted by TAMs
and tumor cells, have been shown to induce peritumoral
lymphangiogenesis [17, 157]. VEGF-A hereby may stimulate
the upregulation of VEGF-C expression or through binding
on VEGF-R2 expressed on lymphatic endothelium [42].

Other proangiogenic effects of TAMs can also be achieved
indirectly, for example, via inhibition of DC maturation, and
thereby contributing to an immune tolerant status [158]. An
increased amount of immature DCs within tumor tissue was
associated with elevated tumor vascularization [158]. This
inhibitory and immune-suppressive effect is mainly achieved
by interleukin 10, prostaglandin E2 (PGE2), and TGF-𝛽
secretion of TAMs [144].

To summarize, macrophages in the tumor microenviron-
ment are amajor source of proangiogenic growth factors. Not
only do they stimulate lymphangiogenesis through activation
of endothelial cells, but they can also participate in this pro-
cess by expressing LYVE-1 or becoming integral components
of lymphatic vessels [146].

5.3. T-Cells. Recent research has led to a better under-
standing of the role of adaptive immune cells in the tumor
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microenvironment and first therapeutic options interfering
with T-cell functions have successfully been US Food and
Drug Administration (FDA) approved for antibody-based
treatments in patients with advancedmelanoma, for example,
ipilimumab (see therapeutic approaches below).

A major attempt in development of immunological treat-
ment strategies focuses on the identification of tumor-cell
specific markers that may serve as therapy targets. Antigen
recognition involves CD8+T-cells recognizing tumor antigen
[118]. Within the tumor microenvironment, two categories of
CD8+ T-cells have been described. Some tumor tissues con-
tain tumor-infiltrating T-cells, which secrete IFN-𝛾, whereas
others lack T-cell infiltration and signs of inflammation.
Whereas in the first group the tumor most likely inhibits
the immune response, in the second group the immune
system seems to ignore the ongoing tumor process (immune
ignorance).The T-cell infiltrating phenotype has been shown
for different types of cancer, including colorectal cancer [159,
160], renal cell carcinoma, melanoma, and ovarian cancer
[161–164], and may have a positive prognostic value. A very
good clinical outcome could be demonstrated for a high
CD8+ T-cell to Fop3+ Tregs ratio in the ovarian cancer tumor
microenvironment [165]. However, some melanomas still
progress despite a T-cell infiltration, possibly related to a
regress of the effectiveness of T-cells against tumor cells. This
reduced effectiveness might be induced by the immunosup-
pressive tumor microenvironment [166]. The second group
lacking tumor-infiltrating CD8+ T-cells was associated with
an increased risk for metastasis into draining lymph nodes
and decreased survival in dermal melanoma [161, 167].

Currently, the impact of T-cells on lymphangiogenesis
and whether VEGF is involved in this context are mainly
unknown. One study revealed that T-cells migrate respond-
ing to VEGF and that activated T-cells can express VEGF-R1
on their surface. Moreover, VEGF increased IL-10 secretion
of these cells and might therefore direct chemotaxis and
immune modulation of T-cells in tumor tissues [168].

5.4. B-Cells. Similar to T-cells, our knowledge on a potential
role of B-cells in lymphangiogenesis is limited. Ruddell et
al. reported B-cell accumulation in tumor draining lymph
nodes, which induced lymphangiogenesis and increased
lymphatic flow inE𝜇-c-Myc transgenicmice [169].Thesemice
exhibited increased lymphatic metastasis of lymphoma and
melanoma [170]. Harrell et al. made similar observations.
In a melanoma mouse model, B-cells were important for
lymphangiogenesis and increased lymphatic flow through
tumor draining lymph nodes [171]. However, the underlying
mechanisms still need to be investigated.

6. Future Immunotherapeutic
Strategies to Block Lymphangiogenesis and
Prevent Lymphatic Metastasis

New therapeutic approaches have made it into clinical
treatment to some extent. Although many of them are
interfering with immune cell function, a secondary effect
on lymphangiogenesis is expected, as immune activation

induces lymphangiogenesis by different factors mentioned
above. Below the latest therapeutic approaches or ideas are
listed which may be used on a regular basis in the future to
improve cancer treatment.

VEGF Inhibiting Antibodies. One of the first antibodies
interfering with VEGF function was bevacizumab (Avastin),
whichwas FDA approved for treatment ofmetastatic colorec-
tal carcinoma [22]. Only a few studies have been performed
with explicit focus on lymphangiogenesis. Sunitinib, a small
molecule interfering with VEGF-R1 and VEGF-R2, PDGF 𝛼
and PDGF 𝛽, KIT receptor, and Flt3 receptor [172], was FDA
approved in 2006 and is currently used for the treatment of
metastatic renal cell carcinoma and gastrointestinal stromal
tumors [173]. A similar molecule is sorafenib, interfering
with VEGF-R2 and VEGF-R3, PDGF receptor 𝛽, and c-KIT
receptor [174], and is FDA approved for advanced renal cell
carcinoma [175]. Studies in mice revealed that, by using RNA
interference to inhibit VEGF-C expression, the lymphan-
giogenesis, the number of lymph node metastasis has been
reduced and the survival prolonged [176]. Interfering with
VEGF-R3 resulted in similar observations [177]. A VEGF-D
blocking antibody reduced lymphaticmetastasis inmice [23].

In human colorectal cancer, it has been shown that
cyclooxygenase 2 (COX2) (involved in production of pros-
taglandins [178]) and VEGF-C are coexpressed [179]. In a
mice lung cancer model celecoxib, a selective COX2 inhibitor
reduced lymphangiogenesis and lymph nodemetastasis [180]
indicating that VEGF expression and thereby lymphangio-
genesis might be associated with prostaglandins.

Due to the increasing number of new therapeutics inter-
fering with VEGF function, we refer to excellent reviews
which address VEGF inhibitors in depth, for example, that
by Takahashi [181].

Programmed Death Ligand 1. PDL1 is an immune regulator,
expressed on APCs and in 20–50% on human cancer cells
[133, 137]. Tumor-induced PDL1 inhibits T-cell function
and induces immune tolerance but also apoptosis of T-cells
[182]. In contrast, it induces the expansion of Tregs [183].
Therefore, blocking this ligand on the tumor cells and on
antigen presenting cells improves tumor defense and T-cells
with anticancer properties restore their effector function
[184]. However, severe side effects have been reported when
interfering with the immune system [185].

Cancer Immunotherapy Using Dendritic Cells. Targeting DCs
and performance of an adoptive transfer, for example, with
antigen loaded DCs, may improve immunotherapy in the
future. There are different ways to vaccine DCs by using
tumor lysate, viral vectors, DNA plasmids, or antigen pep-
tides [186]. The optimized vaccination and administration
approaches (intralymphatic, intravenous, or intradermal,
etc.) are subject of ongoing research to improve clinical
outcomes [186]. Furthermore, the procedure is restricted
by the DC maturation state and dose finding [186]. It is
possible that DCs in vivo might become suppressive DCs,
thus counteracting antitumor immune responses. Despite its
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pros and cons, DC vaccination is a promising field for future
improvements in cancer therapy.

Genetically Modified Autologous T-Cells. Lately, there were
first reports of patients who have been treated with an
adoptive transfer of genetically modified autologous T-cells,
which could improve certain B-cell malignancies [187, 188] or
chronic lymphoid leukemia [189]. Thereby the T-cell antigen
receptor was modified to target CD19 (expressed on B-
cells) and a T-cell signaling molecule. First cases treated
with these T-cells revealed a complete remission, although
accompanied by adverse events during treatment [187–189].
Taken together, these first studies are showing promising
results from autologous T-cell transfers and might improve
cancer treatment in the future.

Anti-CTLA4 Antibodies. In physiological conditions, T-cells
are stimulated via CD28, which interacts with B7.1 and B7.2 on
dendritic cells. Besides the “on button” CD28, T-cells express
CTLA4, which can be regarded as “off button.” CTLA4 serves
as a coinhibitor on activated T-cells to regulate their immune
response [183]. Anti-CTLA4 antibodies such as ipilimumab
are immune modulatory biologics and are regarded as a
milestone in the treatment of metastatic melanoma [183].
Ipilimumab was FDA approved in 2011. It is able to block the
major inhibitor of activated T-cells CTLA4 and blocks the
interaction to its ligand B7.1 and B7.2 expressed on antigen
presenting cells [190]. T-cells are thereby effectively and
long-term activated to fight against tumor cells. However,
immune modulatory biologics may have severe side effects,
due to excessive and autoaggressive effects of the immune
system [191]. CTLA4 deficient mice die early as a result
of an uncontrolled lymphocyte proliferation that leads to
multiorgan destruction [192].

Interfering with CTLA4 can also induce immune sup-
pressive and immune tolerance: the antibody CTLA4-Ig-RFP
occupies the B7.1 andB7.2 receptor onDCs and thereby blocks
its interaction with CD28 [193].

CCR7-CCL19/21. Interfering with the CCL21-CCR7 axis to
reduce immune cell or tumor cell migration has been tried in
different approaches. Antagonists of CCL21 seem to prevent
the development of chronic graft versus host disease [194]
or reduced allergic conjunctivitis by blocking CCR7 in mice
[195]. Obstructing CCR7 expression at mRNA level in a
murine tumor model inhibited lymph node metastasis and
lymphangiogenesis [196]. Pretreatment with an allogenic
melanoma-derived cell lysate was capable of upregulating
CCR7 expression on therapeutic human tumor presenting
DCs and inducing migration to the lymph node [197].
This knowledge might be used for future improvement of
immunotherapy. However, all studies interfering with the
CCR7 axis in humans to treat cancer and metastasis are still
in very early stages.

7. Conclusions

Lymphangiogenesis is a very early step in lymphatic metasta-
sis. It is regulated and promoted not only by the tumor cells

themselves, but also by cells of the tumor microenvironment,
including cancer-associated fibroblasts, mesenchymal stem
cells, dendritic cells, or macrophages. Even the extracel-
lular matrix as well as cytokines and growth factors are
involved in the process of lymphangiogenesis and metastasis.
Many mechanisms behind lymphangiogenesis in the tumor
microenvironmental crosstalk are still incompletely under-
stood. A better insight of the underlying mechanisms might
improve future therapeutics to reduce lymphatic spread of
cancer cells to the draining lymph nodes in order to increase
the survival of cancer patients. A personalized and thereby
optimized therapy interfering with the affected parts of the
tumor microenvironment is a promising approach for future
treatment of lymphatic metastasis and thus tumor related
death.
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In traditional Chinese medicine (TCM), diagnosis and prescriptions are based on the signs and symptoms which are recognized
as ZHENG. The cornerstone of TCM is to differentially treat one ZHENG from others, which is also known as syndrome
differentiation, and this relies on the gathering of clinical information through inspection, auscultation and olfaction, inquiry,
and palpation. However, the biomolecular basis of the ZHENG remains unclear. In this study, the expressions of 384 cancer-related
miRNAs in salivary supernatant of patients with pancreatic cancer were assessed bymiRNApolymerase chain reaction (PCR) array,
and the different expression patterns of miRNA in three different groups of ZHENGwere studied with use of real-time quantitative
PCR (qRT-PCR). Some miRNAs were found to be specifically expressed in some ZHENGs, for instance, miR-17, miR-21, and miR-
181b in Shi-Re ZHENG and miR-196a in Pi-Xu ZHENG. This indicates that these miRNAs may play important roles in different
ZHENG condition. Therefore, this study to some extent revealed the molecular basis of TCM ZHENG in pancreatic cancer.

1. Introduction

Traditional Chinese medicine (TCM), with a history of more
than 3,000 years, emphasizes the comprehensive analysis
of clinical information collected through four combined
diagnostic methods: observation, auscultation and olfaction,
inquiry, and palpation. The patients’ disease condition will
be classified into a specific ZHENG, which is the basis of
prescription of Chinese herbs. ZHENG is the cornerstone
in traditional Chinese medicine (TCM) theories. In cancer
occurrence and its progression, a series of ZHENGs are
involved. In recent years, many studies showed that TCM
has certain advantages in the treatment of pancreatic cancer,
while inmost such studies it is difficult to interpret the advan-
tages due to the lack of evidence-based medicine design.
In TCM theory, the pathogenesis of pancreatic carcinoma
may be the accumulation of dampness and heat, or the
accumulation of dampness, heat, and toxicity. The related
literature review indicated that Shi-Re, Pi-Xu, and Xue-Yu
(dampness-heat, spleen-deficiency, and blood-stasis, resp.)
are the top three types of TCM ZHENG in pancreatic
cancer [1]. Accordingly, in this work, the expressions of some

miRNAs related to pancreatic cancer (PC) under different
ZHENGconditionswere studied, and this work is expected to
partially explore the molecular mechanism of TCM ZHENG
in pancreatic cancer.

MicroRNA (miRNA), which is closely associated with
the development of cancer, autoimmune disease, and other
diseases, is single-stranded noncoding RNA in a variety of
body fluids. During tumor development, aberrant expression
of miRNAs can either inactivate tumor suppressor genes or
activate oncogenes and thus promote tumor formation [2–
8]. The expression of miRNAs is tissue-specific, detectable in
blood [9], and correlated with clinical cancer development
[10]. MicroRNA is highly stable in body fluids and can be
easily detected. More and more scholars pay their attention
to its expression in body fluids. Body fluids collection is
convenient and trauma-free and thus can be easily accepted
by patients, and there is no risk of hematogenous spread of
diseases in sampling. Because detection of the expression
levels of salivary miRNAs is convenient and noninvasive, it
may be an option for early screening of pancreatic cancer. In
conclusion, the role of salivary miRNAs is worthy of further
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study.This study focused on the specific expression ofmiRNA
in the salivary supernatant in patients with pancreatic cancer,
and the correlation between ZHENG andmicroRNA expres-
sion in pancreatic cancer was also investigated. Based on our
results, the molecular basis of TCM ZHENG in pancreatic
cancer is partially revealed, which may help making clinical
syndrome differentiation and curative effect assessment for
the pancreatic cancer more objective and standardized.

2. Materials and Methods

2.1. Patients. Thirty patientswith newly diagnosed pancreatic
cancer in Shanghai Cancer Center were enrolled in this study.
Of all the patients (patient group), 17 were males and 13
were females, with age ranged from 33 to 78 years, and
all were not treated before this study, that is, not receiving
surgery, radiological, and interventional treatments. The
diagnosis of pancreatic ductal carcinoma was confirmed by
pathological results after surgery. Saliva from 32 healthy
volunteers was collected as control (control group), and
all volunteers had no history of cancer and family history
of cancer. The two groups were comparable regarding sex
and age (𝑃 > 0.05). The including criteria for patients
were as follows. (1) The diagnosis was confirmed by tissue
pathology. (2) All cases were newly diagnosed pancreatic
cancer. The excluding criteria for patients were as follows. (1)
Patients received surgery, radiological, and chemotherapeutic
treatments before the study. (2) Patients were complicated
with organic or functional heart, liver, kidney, and brain
diseases.

2.2. Saliva Supernatant Collection. Salivawas centrifugated at
2500 g for 10min at 4∘C, and the supernatant was collected
and centrifuged at 10,000 g for 1min to remove remaining
cells. The resultant supernatant was transferred into a new
tube and stored at −80∘C within 30min of collection prior
to RNA extraction (Figure 1).

2.3. RNA Isolation and Processing. The samples were cen-
trifuged at 2500 g for 10min, and only the supernatant was
used for RNA extraction. Soluble miRNAs in supernatant
were isolated with use of the miRNeasy Serum/Plasma Kit
(Qiagen) according to the manufacturer’s protocol. RNA was
eluted in 14 uL of RNase-free water. cDNA was generated by
miScript RTII kit (Qiagen) according to the manufacturer’s
recommendations. The prepared cDNA was diluted 1 : 4 in
RNase-free water, 5 uL of the diluted cDNAwas preamplified
with the Qiagen miScript preAMP PCR kit, and then the
preamplified cDNA was diluted 5-fold before qPCR detec-
tion.

2.4. Measurement of miRNAs. miRNA profiling was per-
formed with use of miScript miRNA PCR array human
miRNome (384-well plate) from Qiagen. For subsequent
evaluations of candidate miRNAs, custom Qiagen 384-well
plates with specific primer probes were used. A SYBR Green-
based qPCR was performed with 2 uL cDNA in a 10 uL reac-
tion volume in the Applied Biosystems 7900HT Fast Real-
Time PCR System instrument, and the reaction conditions

Salivary 
supernatant

Salivary
supernatant

RNA isolation 

Reverse transcription

Preamplification

miRNA profiling (384 miRNAs)

Real-time quantitative-PCR 

Healthy Patients with PC

Analyse the specific differentially 
expression of miRNAs in 3 groups of ZHENG 

of pancreatic cancer

Figure 1: Work flow for processing salivary supernatant from 32
healthy volunteers and 30 PC patients and then screening 384
cancer-related miRNAs.

were as follows: 15min at 95∘C and 40 cycles of 15 s at 94∘C,
30 s at 60∘C, and 30 s at 72∘C. All qPCR experiments were
performed in 384-well plates, with a set of technical controls
included on each plate (Caenorhabditis elegansmiR-39 (C.el-
miR-39), which was used as the spike-in control, andmiRTC,
which is a Qiagen proprietary synthetic oligonucleotide). To
assess recoveries after RNA isolation, C.el-miR-39 was spiked
into the sample before the extraction process. The efficiency
of reverse transcription with miRTC was assessed, which
was present in the nucleic acid mixture that was reverse-
transcribed, preamplified, and detected by real-time qPCR.

2.5. miRNA Expression by Real-Time Quantitative Polymerase
Chain Reaction. Selected microRNAs were measured using
individual Qiagen microRNA arrays, with TaqMan reagents
(RT mix and Universal Master Mix II). For saliva sam-
ples, Megaplex RT and preamplification were conducted to
increase the limit of miRNA detection. RQ Manager 1.2
Software (ABI) was applied to generate Ct values. Relative
miRNA levels were determined by ΔΔCt using endogenous
controls (miR-16). Ct values ≥ 35 were considered as negative
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Table 1: RT primers for amplification of the human mature miRNAs used in validation of microRNA microarray results.

Name RT primer Product length (bp)

miR-16
F primer 5-CGCGCTAGCAGCACGTAAATA-3

71R primer 5-GTGCAGGGTCCGAGGT-3

Probe 5-TTCGCACTGGATACGACCGCCAA-3

miR-17
F primer 5-CGGCGGCAAAGTGCTTACAG-3

73R primer 5-GTGCAGGGTCCGAGGT-3

Probe 5-TTCGCACTGGATACGACCTACCTGCA-3

miR-21
F primer 5-GCGGCGGCTAGCTTATCAGAC-3

74R primer 5-GTGCAGGGTCCGAGGT-3

Probe 5-TTCGCACTGGATACGACTCAACATCAG-3

miR-181a
F primer 5-GCCCGAACATTCAACGCTGT-3

72R primer 5-GTGCAGGGTCCGAGGT-3

Probe 5-TTCGCACTGGATACGACACTCACCG-3

miR-181b
F primer 5-CGCGCAACATTCATTGCTGT-3

66R primer 5-GTGCAGGGTCCGAGGT-3

Probe 5-TTCGCACTGGATACGACACCCAC-3

miR-196a
F primer 5-CGGCTTTGGCACTAGCACATT-3

71R primer 5-GTGCAGGGTCCGAGGT-3

Probe 5-TTTGCGCACTGGATACGACAGCAA-3

amplification. Real-time PCR was performed using the miS-
cript SYBR green PCR kit (Qiagen) according to the man-
ufacturer’s instructions. Five selective miRNA-specific RT
primers were designed by primer premier 5.0 (Table 1). miR-
16 were used as the endogenous normalizer to calculate the
respective relative concentrations for the candidate miRNAs
(Qiagen). Relative levels of miRNAs were assessed using the
ΔΔCt method.

2.6. Analysis ofmiRNAs in Salivary Supernatant and Statistical
Analysis. The results from the qPCR reaction with SDS 2.4
software (Applied Biosystems) were obtained as threshold
cycle values with automatic threshold and baseline values.
All data were presented as mean ± standard deviation (SD).
All statistics were performed with use of SPSS version 16.0.
The results were then comparedwith use of one-way ANOVA
with LSD among multiple groups or student 𝑡-test between
two groups. Values of 𝑃 < 0.05 were considered statistically
significant in all tests.

3. Results

3.1. Candidate miRNAs Differentially Expressed in Patients
with Pancreatic Cancer and in Healthy Controls. An miRNA
PCR array (miRBase version 18, containing 384 miRNAs;
Qiagen) was used to detect the miRNAs fraction in salivary
supernatant of 30 patients with pancreatic cancer and 32
healthy controls (Figure 1). Nineteen miRNAs were screened
for the next phase of our study (Table 2). Custom qRT-PCR
was performed to analyze the relative concentrations of the
19 candidate miRNAs in the saliva supernatant of the 30
patients and the 32 healthy volunteers (Figure 1). Of the
384 miRNAs investigated, 130 were upregulated more than

5-fold in patients with PC, among which 111 miRNAs were
excluded since the difference was not significant (𝑃 > 0.01).
Among the 19 eligible miRNAs (Figure 2), the top 5 miRNA
candidates (miR-17, miR-21, miR-181a, miR-181b, and miR-
196a) differentially expressed in the saliva samples of PC
patients and healthy volunteers were chosen to be further
confirmed in a larger cohort (based on miRWalk database
https://www.ebi.ac.uk/arrayexpress/experiments/E-GEOD-
53325/?query=saliva).

3.2. Relative Expression Levels of miR-17, miR-21, miR-181b,
and miR-196a Were Different in Three ZHENGs of Pancre-
atic Cancer. The relative expression levels of miRNAs in
3 ZHENGs were studied, including Shi-Re ZHENG (𝑛 =
58), Pi-Xu ZHENG (𝑛 = 50), and Xue-Yu ZHENG
(𝑛 = 45). Demographic data and clinical information of
the participants were summarized in Table 3. The mean
relative expression levels of miR-17, miR-21, and miR-181b
in the saliva were significantly higher in patients with Shi-
Re ZHENG than in patients with the other two ZHENGs
(𝑃 < 0.05), whereas expression level of miR-196a was
significantly higher in the Pi-Xu ZHENG group than in other
two groups (𝑃 < 0.05) (Figure 3). The degree of upreg-
ulation of miR-196a was approximately 10-fold (𝑃 < 0.05)
(Figure 3). The specific expressions of miR-17, miR-21, and
miR-181b were able to distinguish Shi-Re ZHENG from the
other two ZHENGs (𝑃 < 0.05), while Pi-Xu ZHENG was
related to the higher expression of miR-196a. This may indi-
cate the different molecular mechanisms of the syndromes in
traditional Chinese medicine (ZHENG).ThemiRNA expres-
sion difference in the three different ZHENGs highlights the
fact that these miRNAs play an important role, not only in
the diseased human physiology but also in different ZHENG
condition.
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Table 2: The expression level of pancreatic cancer related miRNAs in salivary supernatant.

miRNA Function The relative quantitative expression Fold change Reference
let-7i-3p Antioncogene Down 67.96 [11]
miR-15b Antioncogene Down 77.73 [12]
miR-17 Oncogene Up 425.26 [13]
miR-20a Oncogene Up 5.19 [13]
miR-21 Oncogene Up 388.16 [14]
miR-27a Oncogene Up 5.65 [15]
miR-181a Oncogene Up 156.43 [16]
miR-181b Oncogene Up 362.49 [16]
miR-132 Oncogene Up 9.415 [17]
miR-155 Oncogene Up 9.56 [18]
miR-212 Oncogene Up 11.87 [17]
miR-222 Oncogene Up 6.38 [16]
miR-200a Oncogene Up 10.7 [19]
miR-200b Oncogene Up 5.39 [12]
miR-10a Oncogene Up 32.82 [20]
miR-190 Oncogene Up 6.63 [12]
miR-192 Oncogene Up 6.22 [21]
miR-194 Oncogene Up 18.2 [22]
miR-196a Oncogene Up 6.14 [16]
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Figure 2: Heatmap showing the fold changes in values of the 384miRNAs in 32 healthy volunteers and 30 PC patients individually, compared
with the mean of the healthy volunteers, a panel of the 19 selected miRNAs with proper melting curves, with miRNA values > 5-fold higher
(𝑃 < 0.05) in PC patients than in healthy individuals.
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Table 3: Baseline patient characteristics in the 3 groups of ZHENG
associated with pancreatic cancer.

Clinical features 153 patients
Sex

Male 76 (49.7%)
Female 77 (50.3%)

Median age (years) 58.8
Three TCM ZHENGs

Shi-Re (dampness-heat) 58 (37.9%)
Pi-Xu (spleen-deficiency) 50 (32.7%)
Xue-Yu (blood-stasis) 45 (29.4%)

Treatment
Cycle of TCM-based therapy ≥2
Median duration (day) 62 (54.1–69.9)

Response
Disease progression 74 (49.7%)
Grade 3-4 toxicity 36 (24.6%)
Alternative treatment 43 (25.6%)
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Figure 3: Comparison of differentially expression of 19 miRNAs
among 3 ZHENGs of PC (Shi-Re ZHENG, Pi-Xu ZHENG, and Xue-
Yu ZHENG) using the qRT-PCR; the bars indicate the fold change
which was determined for the ratio of the expression of the PC
salivary to the expression of the controls ∗𝑃 < 0.05.

3.3. Inter- and Intra-Assay Imprecision. The entire experi-
ment was performed with use of 384-well custom plates,
each of which contained probes for the snoRNA/snRNAPCR
Controls, C.el-miR-39 Primer, the miRTC oligonucleotide,
and Positive PCR Control. All samples demonstrated good
RNA recoveries (as measured by C.el-miR-39), with a mean
intra-assay coefficient of variation (CV) of 7.2% and a
mean interassay CV of 8.4% across all 153 samples and 2
plates. miRTC was used to measure the efficiency of reverse
transcription. The mean intraplate CV (2.7%) and interplate
CV (4.7%) indicated that the reverse-transcription reactions
occurred at equivalent efficiencies across all samples. No
template-control reactions and reactions without the reverse

transcriptase were performed to determine whether the
reverse transcription and PCR reactions worked properly.
The melting temperatures of each miRNA were checked for
all 153 samples to ensure the specificity of the probe and the
mean (SD) melting temperature across all samples.

4. Discussion

In the clinical practice of traditional Chinese medicine
(TCM), remedy prescription is made for different ZHENG
(also known as syndrome), which is the objective classifi-
cation of the patients’ disease condition. ZHENG is kind of
classification based on experience according to the patients
conditions, and the prescription of herbs is made for different
syndromes of TCM. ZHENG is also a kind of pathology
of the disease development of a body in a certain stage. It
reflects the nature of pathological change at a certain stage
and reveals the intrinsic quality of disease more completely,
profoundly, and accurately than symptoms [23]. However,
the biomolecular basis of the ZHENG remains unclear. In
recent years, TCM has shown certain advantages in treating
pancreatic cancer, while the results from most of these
studies are difficult to be widely applied due to the lack of
enough evidence-based medicine arguments as well as few
studies on TCM ZHENG of pancreatic cancer. Compared
with biomolecular science and Western medicine, ZHENG
in TCM is short of objectivity, accuracy, and reproducibility.
Since their discovery in human plasma, extracellularmiRNAs
have been explored as biomarkers of cancer. Method for
miRNA detection in peripheral blood has been well devel-
oped, and it is accurate and stable. The value of miRNA as a
diagnostic marker has been confirmed due to its highly stable
expression in peripheral blood and close association with
tumor pathological process, tumor source, and particular
functions [10–12, 14].

Several studies have found stable miRNA profiles in
bodily fluids, such as saliva, which is a complex liquid that
comprises secretions from the major and minor salivary
glands. There is also an extensive blood supply to these
glands. Molecules present in plasma are also present in
saliva, such as DNA, RNA, and proteins [24]. Therefore,
tumor-related miRNAs may similarly exist in saliva. There
are emerging studies which have demonstrated that cancer-
derived exosome-like microvesicles are capable of activat-
ing transcription in salivary gland cells and altering the
salivary gland cell-derived exosome-like microvesicles [25].
The finding indicated that tumor-derived exosomes could
function as the shuttle between the distal tumor and the oral
cavity leading to the development of discriminatory salivary
biomarkers. In general, the salivary tumor-related miRNAs
may come from the blood supplying to salivary glands or
the cancer-derived exosome-like microvesicles, which need
further studies to be confirmed.

Saliva is a mixture of proteins, DNA, RNA, fatty acids,
and a variety of microbes, and it can be the feasible sample
for the diagnosis of a variety of diseases. Researchers from
Scripps Research Institute of University of Rochester, UCLA,
and UCSF analyzed the protein components from parotid
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gland, submaxillary gland, and sublingual gland secretions
and finally identified a total of 1116 different proteins [26].
They compared these proteins with proteins in blood and
tears and finally found some proteins in saliva, matched with
proteins in blood, which play a role in Alzheimer’s disease,
breast cancer, and diabetes. The proteins studied in this work
can be used to construct a proteomic map of saliva and also
can be used as the biomarkers for PC diagnosis.

In recent years, there are tremendous works of body
fluids for the diagnosis of disease. MicroRNA in saliva, as
a new diagnostic marker, is also a hot topic. Park et al.
[27] reported 50 kinds of miRNAs in the supernatants of
saliva from patients with oral squamous cell carcinoma.
Further study showed that levels of miR-125a and miR-200a
were significantly lower in saliva of patients than in that
of healthy subjects. Liu et al. [28] found that expression of
miR-31 in supernatant of body fluids from OSCC patients
was significantly higher than in that of healthy subjects,
and the expression level decreased after tumor resection,
which indicates that miRNAs could be used in the diagnosis
and prognosis of OSCC. At the same time, researchers have
isolated miRNAs from saliva of healthy people and patients
with Sjogren’s syndrome [29]. Similarly, there could be some
miRNAs in saliva, which can reflect the tumorigenesis, devel-
opment, and metastasis, as well as prognosis of pancreatic
cancer. Our study aims to find the new pancreatic cancer
biomarkers in saliva by screening differentially expressed
miRNAs in pancreatic cancer patients and healthy population
and further to identify the specific miRNAs particularly
expressed in different ZHENGs of pancreatic cancer. To our
knowledge, there were no such studies described the salivary
miRNome in the clinical setting of ZHENG before this study.

In this work, we isolated and analyzed 384 miRNAs in
the salivary supernatant from patients with PC and healthy
controls; 19 miRNAs were identified to be differentially
expressed between patients with PC (𝑛 = 30) and healthy
controls (𝑛 = 32). This is in agreement with previously
published microRNA profiling studies, most of which have
shown thatmicroRNA expression in serum or tumor samples
seems globally higher than in normal samples [11–13, 15–22].
Interestingly, the differentially expressed miRNAs described
here (including let-7, miR-21, and miR-181a) are similar
to those previously published microRNA profiling studies.
However, some of the differentially expressed microRNAs
described in this study are not consistent with the reported
study [30]. This discrepancy could be due to the patient indi-
vidual differences, RNA degradation due to salivary amylase,
and the influence of salivary collection method. Our results
indicate that differentially expressed miRNAs may play an
important role in development and progression of PC by
deregulating specific target oncogenes or tumor suppressors.
Furthermore, the same miRNA may play opposite roles in
tumor pathogenesis, that is, as an oncogene in certain cancers
and as a tumor suppressor in others [31].Therefore, targets of
most of the miRNAs including their pathways and functions
still remain to be studied urgently. The sample size for our
microarray analysis is relatively small. However, this is not
like those studies of mRNA gene marker screening, which

may need large sample size to obtain reliable profile. In this
work, a limited number of microRNAs were studied.

Nineteen miRNAs were chosen for the further analysis
in another 153 patients. There were significant differences
in the expression of 4 microRNAs (miR-17, miR-21, miR-
181b, and miR-196a) in three patient groups with different
ZHENG. These results suggest that microRNAs may play an
important role in themolecular pathogenesis of PC and could
be included as one of the indicators for distinguishing the
syndromes of traditional Chinese medicine (ZHENG). No
such data was reported concerning the miR-17 miR-21, miR-
181b, and miR-196a and their relevance to clinicopathologic
behavior and syndromes of traditional Chinese medicine in
patients with PC previously.

However, some studies have demonstrated a link between
these 4miRNAs and the prognosis in pancreatic cancer.MiR-
17-5p is reported to be overexpressed in pancreatic cancer,
and it plays an important role in carcinogenesis and cancer
progression [32]. Serum exosomal miR-17 was higher in PC
patients than in non-PC patients and healthy participants.
High levels of miR-17 were significantly correlated with
metastasis and advanced stage of PC [33].The former studies
have identified miR-21 as overexpressed in early pancreatic
cancer lesions, pancreatic tumors, and pancreatic cancer-
derived cell lines [34]. miR-21 is one of the most cited
miRNAs and has emerged as the miRNA most frequently
associated with poor outcome in cancer [35]. MiR-21 and
miR-196a were overexpressed in pancreatic carcinomas com-
pared to benign aspirates [36]. Some study suggested that the
expression of miR-181b was higher in cell lines of pancreatic
cancer, such as BxPC3, Panc1, and PSN1 cells [37]. In brief,
these 4 miRNAs may play a role of oncogene in pancreatic
cancer and it may become a new early diagnosis mark and
therapy target of pancreatic cancer. Unlike miR-17 and miR-
21, which are all deregulated in the same direction in a
variety of cancers [13, 14], members of the miR-181 family
are upregulated in some cancers and downregulated in others
[38–41]. It has been reported that miR-181 downregulates the
homeobox protein Hox-A11, which acts as a suppressor in
differentiation process, and thus a functional link between
miR-181 family and the complicated process of differentiation
was established. Based on this, the discrepancies could also
be due to microRNA target differences in different tumor
differentiation stage and microenvironment. However, the
precise targets of miRNA in patients with various ZHENGs
remain unclear at present, and how miRNA is involved
in tumor formation and affects the prognosis also remains
unclear.

This study mainly focuses on the investigation of search-
ing for the correlation between the expression of miRNAs
in saliva and the syndromes. At the same time, we hoped to
find the discriminatory salivary biomarkers, which could be
readily detected upon the development of pancreatic cancer.
The main purpose of this paper is exploring the relationship
betweenmiRNAs in salivary supernatant and the syndromes,
making clinical syndrome differentiation and curative effect
assessment for the pancreatic cancer more objective and
standardized.
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5. Conclusions

In summary, miRNAs in salivary supernatant of PC patients
were studied and 4 miRNAs were identified, that is, miR-
17, miR-21, miR-181b, and miR-196a, as sensitive indicators
for treatment based on syndrome differentiation. However,
there are some limitations in this work. Firstly, the sample
size of this study is relatively small, and therefore, to confirm
the results, further study with larger sample size is required.
Secondly, although salivary supernatant from healthy people
is used as control in gene profiling analysis, oral foreign body,
such as food debris, may contaminate the results by changing
the ingredient andpercentage ofmiRNA.Thismay contribute
to controversial reports on miRNA expression in cancer.
Thirdly, the precise roles of these 4 miRNAs (miR-17, miR-21,
miR-181b, and miR-196a) and their target mRNAs regulation
in PC progression remain unclear. Further in vitro and in
vivo studies should be performed to enrich the knowledge
of this nascent field. Nevertheless, our results indicate that
these 4 miRNAs may be good candidate molecular markers
in ZHENG differentiation.
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Chemoattractant receptors are a family of seven transmembrane G protein coupled receptors (GPCRs) initially found to mediate
the chemotaxis and activation of immune cells. During the past decades, the functions of these GPCRs have been discovered to
not only regulate leukocyte trafficking and promote immune responses, but also play important roles in homeostasis, development,
angiogenesis, and tumor progression. Accumulating evidence indicates that chemoattractant GPCRs and their ligands promote the
progression of malignant tumors based on their capacity to orchestrate the infiltration of the tumor microenvironment by immune
cells, endothelial cells, fibroblasts, and mesenchymal cells. This facilitates the interaction of tumor cells with host cells, tumor cells
with tumor cells, and host cells with host cells to provide a basis for the expansion of established tumors and development of distant
metastasis. In addition, many malignant tumors of the nonhematopoietic origin express multiple chemoattractant GPCRs that
increase the invasiveness and metastasis of tumor cells. Therefore, GPCRs and their ligands constitute targets for the development
of novel antitumor therapeutics.

1. Introduction

Chemoattractant receptors are a family of G protein cou-
pled seven transmembrane cell surface receptors (GPCRs).
According to their source of ligands and expression patterns,
the family members are categorized into classical GPCRs
and chemokine GPCRs. The former include formyl peptide
receptor and its variants (FPR1, FPR2, and FPR3), platelet
activating factor receptor (PAFR), activated complement
component 5a receptor (C5aR), and leukotriene B4 receptor
and its variants (BLT1 and BLT2). Chemokine GPCRs are
composed of four subfamilies based on the conserved N-
terminal cysteine residues in the mature proteins of the lig-
ands, CC-, CXC-, CX3C-, and C-, and thus are termed CCR,
CXCR, CX3CR, and XCR, respectively. So far, approximately
50 chemokines and at least 18 chemokine GPCRs have been

identified [1] (Table 1). Promiscuity is a characteristic of
GPCRs and their ligands. Some chemoattractants bind to
more than one GPCR. Conversely, some GPCRs display
overlapping ligand specificities with variable affinity and
functions [2]. Although chemoattractant GPCRs are mainly
expressed by leukocytes and their major function has been
considered as mediators of leukocyte trafficking and homing,
over the past two decades, the role of GPCRs and their ligands
in tumor progression began to be increasingly recognized.
The expression of some GPCRs or ligands in tumor tissues
has been shown to be correlatedwith the therapeutic outcome
of tumor patients [3–10]. It is undeniable that tumor cells are
one of themajor sources of chemoattractants in tumor tissues
and many tumor cells express one or more chemoattractant
GPCRs to their advantage [11]. In addition, tumor-derived

Hindawi Publishing Corporation
BioMed Research International
Volume 2014, Article ID 751392, 33 pages
http://dx.doi.org/10.1155/2014/751392

http://dx.doi.org/10.1155/2014/751392


2 BioMed Research International

Table 1: Chemoattractant GPCRs and ligands.

Expression Ligands Functions References
“Classical”
FPR

FPR1 Myeloid cells, lymphocytes
Tumor cells

Bacteria and host derived
peptides

Chemotaxis and activation
Tumor growth, invasion, angiogenesis [12, 13]

FPR2 Myeloid cells
Tumor cells

Bacteria and host derived
peptides

Chemotaxis and activation
Antitumor defense, tumor invasion [13]

FPR3 Monocytes, dendritic cells
Tumor cells

Synthetic and host derived
peptides

Chemotaxis and activation
Tumor invasion [13]

PAFR
Macrophages, polymorphonuclear
leucocytes, and various tissue cells
Tumor cells

PAF
Chemotaxis and activation
Tumor growth and metastasis;
inhibiting tumor angiogenesis

[14, 15]

C5aR
Neutrophils, monocytes, eosinophils,
basophils, dendritic cells, mast cells,
and various nonimmune cells
Tumor cells

C5a
Chemotaxis and activation
Tumor metastasis; opposite function
in angiogenesis

[16–18]

LTB4R

BLT1
Neutrophils, macrophages, T
lymphocytes
Tumor cells

LTB4 Chemotaxis and activation
Tumor growth [19]

BLT2
Most human tissues cells and
leukocytes
Tumor cells

LTB4 Chemotaxis and activation
Tumor growth, metastasis [19]

“Chemokine”
CCR

CCR1
Monocytes, neutrophils, T
lymphocytes, dendritic cells
Tumor cells

CCL3/4/6/7/8/9/10/14/15/16/23
Chemotaxis and activation
Tumor growth, metastasis,
angiogenesis

[20]

CCR2
Monocytes, basophils, T lymphocytes,
dendritic cells, NK cells, endothelial
cells
Tumor cells

CCL2/7/8/11/13/16
Chemotaxis and activation
Tumor growth, metastasis,
angiogenesis

[21, 22]

CCR3
Eosinophils, basophils, Th2
lymphocytes, mast cells
Tumor cells

CCL7/11/13/15/24/26/28 Chemotaxis and activation
Tumor growth, metastasis [23]

CCR4
Macrophages, monocytes, basophils, T
and B lymphocytes, dendritic cells, NK
cells, mast cells, platelets
Tumor cells

CCL2/4/5/17/22
Chemotaxis and activation
Tumor growth, metastasis,
angiogenesis

[24]

CCR5
Macrophages, T lymphocytes,
dendritic cells, NK cells
Tumor cells

CCL3/4/5/7/11/13/16
Chemotaxis and activation
Tumor growth, metastasis,
angiogenesis

[25, 26]

CCR6
Neutrophils, T and B lymphocytes,
dendritic cells, epithelial cells of some
tissues
Tumor cells

CCL20 Chemotaxis and activation
Tumor growth, metastasis [27, 28]

CCR7 T and B lymphocytes, dendritic cells
Tumor cells CCL19/21

Lymphoid tissue chemotaxis and
activation
Tumor growth, metastasis

[29, 30]

CCR8
Macrophages, Th2 lymphocytes,
endothelial cells
Tumor cells

CCL1/16 Chemotaxis and activation
Tumor metastasis [31, 32]

CCR9 T lymphocytes
Tumor cells CCL25

Small intestinal specific chemotaxis
and activation
Tumor growth, metastasis; inhibiting
tumor metastasis in some tumors

[33, 34]
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Table 1: Continued.

Expression Ligands Functions References

CCR10 T lymphocytes
Tumor cells CCL27/28

Skin-specific chemotaxis and
activation
Tumor growth, metastasis,
angiogenesis

[35, 36]

CXCR

CXCR1
Neutrophils, polymorphonuclear
leukocytes, endothelial cells
Tumor cells

CXCL6/8
Chemotaxis and activation
Tumor growth, metastasis,
angiogenesis

[37–39]

CXCR2
Neutrophils, basophils, T lymphocytes,
oligodendrocytes, endothelial cells
Tumor cells

CXCL1/2/3/5/6/8
Chemotaxis and activation
Tumor growth, metastasis,
angiogenesis

[40, 41]

CXCR3
Macrophages, T lymphocytes, NK
cells, NKT cells, endothelial cells
Tumor cells

CXCL4/9/10/11

Chemotaxis and activation
Two variants CXCR3-A and CXCR3-B
have opposite function in tumor
progression

[42, 43]

CXCR4
Numerous cell types: hematopoietic
cells and stem cells
Tumor cells

CXCL12

Chemotaxis and activation
Maintenance of stem phenotype
Tumor growth, metastasis,
angiogenesis

[1, 44]

CXCR5 T and B lymphocytes
Tumor cells CXCL13

Chemotaxis and activation
Tumor growth, metastasis; inhibiting
tumor metastasis in some tumors

[45, 46]

CXCR6
T and B lymphocytes, NK cells, NKT
cells, plasma cells
Tumor cells

CXCL16

Chemotaxis and activation
Tumor growth, metastasis,
angiogenesis; inhibiting tumor
migration in some tumors

[47]

CXCR7
T and B lymphocytes, dendritic cells,
endothelial cells, fetal hepatocytes
Tumor cells

CXCL11/12

Chemotaxis and activation
Tumor growth, metastasis,
angiogenesis; assisting with CXCR4 to
regulate tumor progression

[48–50]

CX3CR

CX3CR1
Monocytes, T and B lymphocytes,
mast cells, dendritic cells, NK cells
Tumor cells

CX3CL1
Chemotaxis and activation
Tumor growth, metastasis; inhibiting
tumor invasion in some tumors

[51, 52]

XCR

XCR1
Neutrophils, T lymphocytes, dendritic
cells
Tumor cells

XCL1/2 Chemotaxis and activation
Tumor cell growth, metastasis [53]

chemoattractants are mediators of leukocyte, in particular
macrophage (tumor-associated macrophages, TAMs), infil-
tration that may result in the persistence of chronic inflam-
mation in the tumor microenvironment together with a
vigorous angiogenesis. Therefore, chemoattractant GPCRs
are believed to play a crucial role in tumor progression via
signaling based on dissociation of trimeric G proteins in
response to ligands binding culminating in cell chemotaxis,
invasion, production of mediators promoting angiogenesis,
transactivation of growth factor receptors, such as epidermal
growth factor receptor (EGFR), and tumor cell metastasis.
(Figure 1 shows the signaling.)

A tumor has been recognized as a complicated “organ,”
other than a simple collection of relatively homogeneous
cancer cells, whose entire biology could be understood by
elucidating the autonomous properties of these cells. In
contrast, various types of host cells are known to contribute

in important ways to the biology of tumors, including
endothelial cells (ECs), pericytes, immune cells, cancer-
associated fibroblasts (CAFs), and stem and progenitor cells
of the tumor stroma [54]. The interaction between these
cells and their secreting factors results in an environment
which markedly affects tumor progression. (Figure 2 shows
the tumor.) Therefore, understanding the contribution of
GPCRs and their ligands to the complexity of the tumor
microenvironment is critical for the identification of novel
therapeutic targets.

2. GPCRs in Recruiting Tumor-Associated
Immune Cells

The infiltration of immune cells is a characteristic of the
tumor microenvironment, which is the basis for the presence
of chronic inflammation. Chemoattractants are characterized
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Figure 1: The signaling pathway of chemoattractant GPCRs. Chemoattractant GPCRs activated by ligands elicit a cascade of signal
transduction pathways involving G proteins, phospholipase C (PLC), phosphoinositide (PI) 3 kinases, protein kinase C (PKC), Ca2+, RAS,
and MAPKs to mediate leukocyte migration and activation. Chemoattractant GPCRs also play a crucial role in tumor progression upon
activation by their ligands culminating in cell chemotaxis, invasion, production of mediators promoting angiogenesis, and transactivation of
EGFR.
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Figure 2: Chemoattractant GPCRs in tumor microenvironment. A tumor has been recognized as a complicated “organ.” Various types of
tumor and host cells, including immune cells, fibroblasts, endothelial cells, and progenitor cells of the tumor stroma, contribute to the tumor
development, growth, metastasis, immune escape, and neovascularization.

by their ability to induce directional migration and activation
of leukocytes by stimulating specific GPCRs [2]. (Figure 1
shows the signaling.) The infiltrating immune cells play an
important role in shaping a tumor-promoting or tumor-
suppressive microenvironment [55, 56].

2.1. Tumor Infiltrating Tumor Suppressive Immune Cells. In
general, infiltration of antigen presenting dendritic cells
(DCs) into the tumor represents an early tumor-triggered
host immune response. In hepatocellular carcinoma (HCC),
tumor infiltrating DCs express the chemokine GPCRs, CCR1



BioMed Research International 5

and CCR5. Tumor cell apoptosis induced by suicide genes
increases the number of DCs migrating into the draining
lymph nodes to generate a specific cytotoxic cell population
against HCC cells [57], although apoptotic tumor cells are
also believed to generate tolerogenic DCs. In addition to
CCR1 and CCR5, CCR6 is also commonly expressed by
circulating immature DCs (iDCs). In melanoma, the pro-
filing of GPCRs expressed by plasmacytoid DCs (pDCs)
showed that the only significantly elevated GPCR is CCR6,
which mediates the recruitment of pDCs from blood by the
chemokine ligand CCL20 produced by melanoma cells [58].
Other immune cells in tumor microenvironment may also
promote DC recruitment, such as Th9 cells, which increase
DC infiltration of the tumor mediated by CCR6/CCL20
interaction that generates CD8(+) cytotoxic T lymphocyte
(CTLs) responses and inhibit tumor growth [59]. After
capturing antigens, DCs undergo maturation and express
high levels of the chemokine GPCR CCR7 that enables DCs
to migrate to T cell zones in the draining lymph nodes that
produce the CCR7 ligands, CCL19 and CCL21. However, the
results of interaction between DCs and tumor cells could be
multifaceted based onCCR7/CCL19 orCCR7/CCL21 interac-
tion [60, 61]. These chemokines may decide the distribution
of immature or mature DCs within tumor tissues and gen-
erate opposing immunological consequences. For example,
in renal cell carcinoma, tumor cells secrete CCL20 to recruit
CCR6(+) immature DCs that mostly elicit tolerance, while,
in the tumor invasion margin, only CCL19 and CCL21 are
detected and they recruit CCR7(+) mature DCs as well as
CCR7(+) T cells to form clusters that provide local foci of
antitumor immune responses [62].

In addition to T cells, DCs may also cooperate with other
immune competent cells, such as nature killer (NK) cells, to
enhance antitumor effect. TLR9-activated pDCs could induce
CTLs cross primed against multiple B16 tumor antigens,
which is completely dependent on early recruitment and
activation ofNKcells. CCR5 expressingNKcells are recruited
by CCL3, CCL4, and CCL5 secreted by pDCs, while IFN-𝛾
was produced by NK cells stimulated by OX40L expressed on
pDCs [63]. Conversely, IL-18-primed NK cells produce high
levels of the iDC-attracting chemokines CCL3 and CCL4 to
recruit iDCs in a CCR5-dependent manner and induce the
production of CXCR3 and CCR5 ligands, CXCL9, CXCL10,
andCCL5, by iDCs to facilitate the subsequent recruitment of
CD8(+) T cells [64]. In breast cancer, NK cells take advantage
of their own production of IFN-𝛾 to enhance the secretion
of chemokines CXCL9, CXCL10, and CXCL11 by tumor cells,
which in turn accelerate the infiltration of CXCR3 expressing
NKcells into the tumor site [65].Hence, a positive feedback of
DCs,NK cells, and tumor cellsmay result in the enhancement
of antitumor immune responses. In addition, CCR5 and
CXCR3 expressing CD8(+) T cells recruited by DCs are
predominantly of the Th1 type that executes antitumor effect
and colocalizes withmacrophages and neutrophils to amplify
the cell-mediated immune responses [56].

2.2. Tumor Infiltrating Immune Suppressive Cells. Immune
suppressive cells recruited into tumor microenvironment
subvert the host defense and create a microenvironment

favoring tumor escape. These cells include myeloid-derived
suppressor cells (MDSCs), TAMs, and regulatory CD4(+) T
cells (Tregs). For example, in a melanomamodel, when CTLs
are injected intravenously into tumor-bearing mice, the cells
are detected in the tumor as early as on day 1, peaking on day
3, and inhibit tumor growth. However, the antitumor effect is
soon diminished with accumulation of MDSCs in the tumor,
which outnumber CTLs by day 5. MDSCs produce nitric
oxide, arginase I, and reactive oxygen species that inhibit the
proliferation of antigen-specific CD8(+) T cells and reduce
tumor cell killing. In CCR2−/− mice, the accumulation
of MDSCs is significantly reduced, indicating that MDSC
infiltration in the tumor is dependent on the chemokine
GPCR CCR2 and its ligands, mainly CCL2 produced in the
tumor [66].

Different T cell types appear in tumors at different
stages of progression. In human ovarian cancer, recruitment
of high numbers of Th1 cells was observed in stage II
tumors, whereas activated Tregs along with high numbers
of monocytes/macrophages and myeloid DCs (mDCs) were
observed in disseminated tumors (stages III-IV). All tumor
cells,monocytes/macrophages, andmDCs produceCCL22 to
recruit Tregs via theGPCRCCR4.The specific recruitment of
Tregs results in immune suppression in the advanced stages
of ovarian cancer [67]. The paradox that early stage tumors
are inhibited by infiltrating antitumor immune cells which is
reversed by suppressive Tregs through CCR4/CCL22 interac-
tion is also observed in myeloma [68].Thus, chemokines and
GPCRs play a crucial role in regulating pro- and antitumor
responses by recruiting different types of immune cells
(Table 2).

2.2.1. Tregs. Treg is a CD4(+)CD25(+)FoxP3(+) T cell sub-
type. Treg expresses chemokine GPCR CCR4 and responds
to the ligands CCL1 and CCL22 to accumulate in tumors.
The degree of Treg infiltration is correlated with the prog-
nosis of tumor patients [108, 110, 135]. A similar prog-
nostic value was also obtained by the ratio of CD8(+)
T cell/CCR4(+) Treg [136]. In melanoma, deletion of
CD45RA(−)FoxP3(hi)CD4(+) Tregs (effector Tregs) using
anti-CCR4 antibody significantly augmented CD8(+) T cell
infiltration in the tumor and unmasked a nascent antitumor
host response [137]. The recruitment of Tregs into the tumor
microenvironment depended on the presence of CD8(+) T
cells that produce ligands for CCR4 [138]. Therefore, the
balance of infiltrating CCR4(+) Tregs and CD8(+) T cells
in tumor tends to be a seesaw. Tregs can also interact with
other cells in the tumor microenvironment. For instance, in
a highly metastatic breast cancer model, only a proportion
of CCR4(+) tumor cells in the primary tumor establish lung
metastasis. Implanted orthotopic primary tumors “remotely”
stimulate the expression of CCL17 and CCL22 in the lungs,
which attract both CCR4(+) Tregs and tumor cells. CCR4(+)
Tregs protect CCR4(+) tumor cells from being attacked by
antitumor host immune cells. In fact, in the absence of
CCR4(+) Tregs, CCR4(+) tumor cells disseminated into the
lung are efficiently eliminated by NK cells, because CCR4(+)
Tregs directly kill NK cells using beta-galactoside-binding
protein [139]. Interestingly, in return, NK cells themselves
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Table 2: Chemoattractant GPCRs associated with stromal cell infiltration.

GPCRs Tumor types
Immune cells

Dendritic cells

CCR1 Hepatocellular carcinoma [57]
CCR5 Hepatocellular carcinoma [57], ovarian cancer [69]

CCR6
Breast cancer [70, 71], colorectal cancer and lung cancer [72], lymphoma [73], melanoma
[58, 72], lymphocyte-rich gastric cancer [74], renal cell carcinoma [62], thyroid cancer
[75]

CCR7 Breast cancer [76], renal cell carcinoma [62]

CXCR1/2 Colorectal cancer [77–79], gastric cancer [79], hepatocellular carcinoma [78], pancreatic
cancer [78]

Myeloid-derived suppressor cells
CCR2 Basal cell carcinomas [80], melanoma [66]
CXCR2 Colitis-associated cancer [81]
CXCR4 Gastric cancer [82], ovarian cancer [83]

Tumor-associated macrophages

PAFR Melanoma [84]

CCR2
Breast cancer [85], cervical cancer [86], colitis-associated cancer [87], lymphoma [88],
nasopharyngeal carcinoma [89], oral cancer [90], prostate cancer [91], pancreatic cancer
[92], thyroid cancer [93]

CCR4 Lung cancer [94]
CCR5 Hepatocellular carcinoma [95], nasopharyngeal carcinoma [89]
CXCR3 Breast cancer [42]
CX3CR1 Breast cancer [96], glioma [97]

Regulatory T cells

CCR4 Breast cancer [98], cervical cancer [99], Hodgkin lymphoma [100], gastric cancer [101],
glioma [102], melanoma [103]

CCR5 Colorectal cancer [104], lymphoma [105], pancreatic cancer [106], renal cell carcinoma
[107]

CCR6 Breast cancer [108], colorectal cancer [109], hepatocellular carcinoma [110], Hodgkin
lymphoma [111], renal cell carcinoma [107]

CCR7 Melanoma [112], ovarian cancer [113]
CCR10 Ovarian cancer [35]
CXCR1 Lung cancer, mesothelioma, melanoma [114]
CXCR3 Renal cell carcinoma [107]

CXCR4 Breast cancer [115], B cell lymphoma [116], hepatocellular carcinoma [117], lung cancer
[118], glioma [119], ovarian cancer [120, 121]

CXCR6 Nasopharyngeal carcinoma [122], renal cell carcinoma [107]
Stromal cells

Mesenchymal stem cells

FPR2 Ovarian tumor [123]
CCR2 Breast cancer [124], glioma [125], lymphoma [88]
CXCR1 Glioma [126, 127]
CXCR2 Kidney cancer [128], glioma [127]
CXCR4 Breast cancer [129], gastric cancer [130], glioma [125, 131, 132]
CXCR6 Glioma [132], prostate cancer [133]
CX3CR1 Colorectal cancer [134]

also may attract Tregs through the CCR4/CCL22 interaction.
In a Lewis lung cancer (LLC) implantation model, mouse
lungs bearing LLC secrete CCL22 to recruit Tregs to suppress
the proliferation of endogenous CD4(+)CD25(−) cells and
the only cell type in the lung to produce CCL22 is NK
cells [140]. CCR4/CCL22 even induces Tregs to selectively
infiltrate into a particular site in the tumor, such as the area of
lymphoid aggregateswhere Tregs are activated and proliferate
in response to tumor-associated antigens presented by DCs.

However, this process does not occur in the tumor bed
[98, 141]. In addition, there are other GPCRs and ligands
that may recruit Tregs, such as CCR5/CCL5 in colorectal
cancer (CRC) and pancreatic cancer [104, 106], CCR6/CCL20
in HCC and breast cancer [108, 110], and CCR10/CCL28 in
ovarian cancer [35], while CXCR3 and CXCR6 are expressed
by Tregs infiltrating renal cell carcinoma [107]. Since Tregs
are believed to be one of the major suppressive host cells
that interfere with antitumor immune response, targeting
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GPCRs should be one of the effective measures to diminish
Treg infiltration of the tumor environment thereby restoring
tumor immunity.

2.2.2. TAMs. In addition to the complicated interaction
between Tregs and other tumor suppressing immune cells in
themicroenvironment, there are also other tumor supporting
immune cells as important constituents. In a mouse CRC
model, CCR6(+) Tregs are recruited into the tumor by
responding to CCL20 secreted not only by tumor cells
but also by TAMs. After targeted deletion of TAMs, Treg
recruitment was abrogated with reduced tumor growth [109].

Macrophages are a major tumor infiltrating immune
cell type that may affect tumor growth by either anti- or
protumor effects [142]. Blood-derived monocytes infiltrate
tumor tissues and differentiate into macrophages followed by
further polarization into M1 or M2 phenotype, which differs
in their patterns of cytokine secretion and biological function
[143]. M1 macrophages mediate tumor suppression through
type I cytokine production and tumor antigen acquisition and
presentation [142, 144], whereas M2 macrophages promote
tumor progression by producing type II cytokines [145].
Unfortunately, TAMs largely are of the M2 phenotype and
promote the progression of almost all known solid tumors.
Tumors produce many cytokines and other mediators that
propel TAMs into the M2 phenotype [146]. Chemoattractant
GPCRs are critical for TAM infiltration in the tumor, includ-
ing chemokine GPCRs and the classical GPCR PAFR [84].
In certain tumor models, phagocytosis of apoptotic tumor
cells by macrophages may induce M2 polarization, with the
production of anti-inflammatory mediators [84, 147]. The
main GPCR and ligand favoring TAM accumulation are
CCR2/CCL2,which occurs in numerous tumors, such as pan-
creatic cancer, cervical cancer, papillary thyroid cancer, and
prostate cancer [86, 91–93]. Some tumors also secrete other
CCR2 ligands to recruit TAMs, such as HBD-3 in oral can-
cer [90]. In breast cancer, CCR2/CCL2 interaction recruits
macrophages into the lung, where the cells “create” an appro-
priate microenvironment to facilitate tumor cell lodging and
the development ofmetastatic foci [148]. FPR2 is also aGPCR
expressed mainly on macrophages and neutrophils with the
capacity to respond to bacterial chemotactic peptides [12].
In the mouse LLC model, tumors implanted subcutaneously
growmore rapidly inmice deficient in Fpr2, the orthologue of
human FPR2, and show significantly increased infiltration of
TAMswithM2 polarization.Macrophages derived from Fpr2
deficient mice express higher levels of the chemokine GPCR,
CCR4, which in cooperation with CCR2 mediate a marked
increase in macrophage chemotaxis in response to CCL2. In
addition, macrophages from Fpr2 deficient mice are more
prone to M2 polarization after stimulation with LLC-derived
supernatant. In contrast, in the presence of Fpr2, some
macrophages develop an M1 phenotype after conditioning
with LLC supernatant. Therefore, Fpr2 appears to sustain
M1 differentiation of macrophages which participate in anti-
LLC host responses [94]. Similarly, mice deficient in the
chemokine GPCR CXCR3 exhibit polarization of TAMs into
M2 phenotype in breast cancer [42]. Another chemokine
GPCR, CX3CR1, and its ligand, CX3CL1, recruit TAMs and

sustain the survival of TAMs to promote tumor metastasis
[96, 149]. Therefore, chemoattractant GPCRs, in addition to
mediating TAM recruitment, also favor TAM polarization to
theM2 phenotype in response to tumormicroenvironmental
factors that promote tumor growth.

2.2.3.MDSCs. Another type of immunosuppressive cells that
shape the protumor microenvironment is MDSCs, which
consist of subsets of immature myeloid cells with either
monocytic or granulocytic morphology [150]. MDSCs are
recruited into tumors via the chemokine GPCRs CCR2,
CXCR2, or CXCR4 and are believed to promote tumor
progression, such as facilitating metastasis in CRC [151,
152]. MDSCs exert their protumor activity by suppressing
antitumor effectors, as by inhibiting T cell function via iNOS
and arginase [80, 153, 154]. Deletion of CCR2(+) MDSCs
using a toxin-mediated ablation strategy increased recruit-
ment of activated CD8(+) T cells into the tumor and thus
restored antitumor defense [150]. MDSCs are also capable
of sustaining a protumor microenvironment by recruiting
Tregs via chemoattractant GPCRs and ligands. For instance,
MDSCs release CCL3, CCL4, and CCL5, which activate
CCR5 expressed by Tregs and result in their recruitment
in both in vitro and in vivo experimental models [105]. In
addition to recruiting Tregs, a group of CD11b(+)CCR8(+)
myeloid cells similar to MDSCs recruited by CCR8/CCL1
interaction in urothelial and renal carcinomas also “educate”
tumor infiltrating T cells to express FoxP3, a marker for Tregs
[31]. Thus, MDSCs have been recognized as an important
component in the tumor microenvironment that are regu-
lated by chemoattractant GPCRs and ligands. MDSCs also
utilize the GPCR/ligand interactions to amplify protumor
host response.

2.2.4. Other Tumor Infiltrating Cells. In addition to immune
cells, stromal cells in the tumor microenvironment also
take part in the regulation of tumor growth. Mesenchymal
stem cells (MSCs) are one of the major components in
the tumor stroma and are believed to be the precursors of
CAFs [155, 156]. MSCs may be recruited into the tumor
through FPR2, CCR2, CXCR1, CXCR2, CXCR4, CXCR6,
and CX3CR1 depending on the types and locations [125,
126, 128, 133]. Tumor-resident MSCs are often constantly
exposed to immune cells and inflammatory cytokines in
the microenvironment. They may have acquired functions
distinct from normal tissue MSCs that alter the balance
of host tumor interaction [88]. For example, compared
with bone marrow MSCs, MSCs isolated from spontaneous
mouse lymphomas (L-MSCs) promote tumor growth in
association with recruitment of large numbers of CD11b(+)
Ly6C(+) monocytes, F4/80(+) macrophages, and CD11b(+)
Ly6G(+) neutrophils into the tumor. Depletion of mono-
cytes/macrophages, but not neutrophils, completely abol-
ishes the tumor promoting activity of L-MSCs. Such tumor
infiltrating monocytes/macrophages are recruited by CCL2
produced by L-MSCs and CCR2 expressed on TAMs [88].
Similarly, CAFs are associated with immune suppressive
microenvironment. In Hodgkin lymphoma and cutaneous
T cell lymphoma, CAFs secrete the chemokines CCL11 and
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CCL26 that recruit CCR3(+) T lymphocytes into the tumor
and produce high levels of IL-4, a signature of a Th2-
dominant microenvironment [157].

In conclusion, GPCRs and ligands are critical for the
recruitment of a variety of immune and nonimmune cells
into the tumor microenvironment where these cells interact
to establish host responses, which, unfortunately, mostly tip
the balance to protumor elements.

3. The Role of Chemoattractant GPCRs
Expressed by Tumor Cells

While chemoattractant GPCRs contribute to tumor growth
by promoting the recruitment of protumor stromal cells and
angiogenesis, many tumor cells also express a variety of
GPCRs, which, by responding to autocrine and/or paracrine
agonists produced in the microenvironment, directly stimu-
late tumor cell proliferation and tumor spread and expansion
(Table 3).

In anaplastic large cell lymphomas, the CCR3/CCL11
interaction promotes tumor cell proliferation and inhibits
apoptosis through ERK1/2, Bcl-xL and the production of
survivin [192]. Similarly, through an AKT signaling pathway,
CCR7 and its ligands CCL19 and CCL21 induce squamous
cell carcinoma of the head and neck growth in vitro and
in vivo [230]. In addition, CCR6/CCL20 interaction in
endometrial adenocarcinoma, CXCR1/2/CXCL7 interaction
in clear cell renal cell carcinoma, CXCR2/CXCL8 inter-
action in nasopharyngeal carcinoma, and CXCR6/CXCR16
interaction in HCC are reported to promote tumor cell
growth [3, 27, 37, 265]. Hypoxia, which occurs during tumor
expansion, induces the production of GPCR ligands that
promote tumor cell proliferation in an autocrine manner. In
cervical carcinoma, hypoxia stimulates tumor cells to express
high levels of CXCR1/2 and CXCL8 that respond to ligands
in the microenvironment by proliferating [246]. Actually,
numerous chemoattractant GPCRs, such as CCR1, CCR5,
CXCR5, CXCR7, and PAFR, are expressed by various types of
tumor cells and are implicated in tumor growth [1]. In the case
of the same GPCR, CXCR3, its two variants have opposite
functions. CXCR3-A promotes cells growth but CXCR3-B
mediates growth-inhibitory signals and induces apoptosis in
various tumors [270].

In addition to tumor cells, stromal cells in the microen-
vironment also secrete GPCR ligands that stimulate the
receptors on tumor cells in a paracrine manner which may
represent amore important yet complicated stimulating loop.
This is exemplified by observations in human glioma inwhich
CXCR4/CXCL12 interaction favors an autocrine or paracrine
loop for tumor cell proliferation [314, 315]. CXCR4/CXCL12
growth stimulating effects were also detected in glioma
stem cells via an AKT-mediated prosurvival and self-renewal
pathway. Highly malignant human glioblastoma cells (GBM)
express a classical chemoattractant GPCR, FPR1, which
recognizes a ligand, Annexin A1, released by necrotic GBM
cells that mediates the proliferation of live GBM cells to
increase their invasiveness and the production of angio-
genic factors vascular endothelial growth factor (VEGF) and
CXCL8 (IL-8), which stimulate VEGF receptor (VEGFR) and

CXCR1/CXCR2 on vascular ECs to promote their migration
and formation of new vasculature [316, 317]. It is interesting
to note that FPR1 in GBM cells does not act alone; instead,
the GPCR transactivates EGFR which accounts for part of
the GBM growth stimulating activity of FPR1. GBM cells are
able to maximally exploit the supportive mediators in the
microenvironment to their advantage [1, 318]. By stimulating
GPCR, tumor cells may even change the phenotype of
neighboring stromal cells. Breast tumor cells secrete CCL20
to activate the ERK1/2/MAPK pathway in surrounding “nor-
mal” breast epithelial cells via CCR6 and promote their
malignant transformation [319].

CAFs have been recognized as important regulators of
tumor initiation by secreting CXCL12 to activate CXCR4 on
breast cancer cells and stimulate tumor growth [320]. Studies
have also shown that, after activation by CXCL12, breast
cancer cells secrete another chemokine CCL20 that activates
CCR6 expressed by tumor cells and facilitates their prolifera-
tion [321], while, in Hodgkin lymphoma, CAFs from tumor-
involved lymph nodes cocultured with Reed-Sternberg cells
produce CCL5, which activates CCR5 on tumor cells to
stimulate tumor growth [205]. Multiple myeloma (MM) cells
and osteoclasts (OCs) form yet another example of tumor
promoting activity of GPCR/ligand interactions. MM growth
in the bone marrow niche depends on bone resorption and
interaction with active OCs [322, 323]. MM cells secrete
CCL3 to activate OCs through its receptor CCR1 [324].
CCR1/CCL3 interaction inhibits the function of osteoblasts
(OBs), resulting in the loss of OB/OC balance, which could
facilitateMMgrowth [325]. Also, OCs in the tumormicroen-
vironment sustainMM cell proliferation through production
of chemokine that activate CCR2 on tumor cells [187]. These
pathways culminate in MM outgrowth.

Based on these observations, it is now clear that chemok-
ine GPCRs expressed by tumor cells and autocrine or
paracrine ligands form a formidable interaction in the mi-
croenvironment that orchestrates the crisscross interaction
between tumor cells and stromal cells stimulating further
growth of the tumors.

4. The Role of Chemoattractant GPCRs in
Tumor Metastasis

Metastasis is the major cause of cancer death. In order for
cancer cells to metastasize, the cells should acquire a motile
phenotype and be able to detach from the primary tumor
mass to degrade basementmembrane and intravasate into the
blood or lymph vessels. After trafficking in the blood or lym-
phatic vessels, tumor cells tend to form emboli extravasating
into distant organs or lymph nodes [1, 326]. Nearly each step
ofmetastasis is heavily dependent on the tumormicroenviro-
nment and chemoattractant GPCRs are active participants in
the processes.

A historical discovery of the role of chemoattractant
GPCR/ligand interactions in promoting cancer metastasis
was reported in 1998, in which the chemokine CCL2 (MCP-
1) was shown to mediate kidney specific metastasis of a
subpopulation of a murine experimental lymphoma [327].
This was followed by a more detailed study of several
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Table 3: The functions of chemoattractant GPCRs expressed by tumor cells.

GPCRs Tumor Function References
FPR

FPR1
Colorectal cancer Invasion [158]
Gastric cancer Invasion [159]
Glioblastoma Growth, invasion, vasculogenesis, angiogenesis [160–163]

FPR2 Gastric cancer Invasion [159]
Ovarian cancer Invasion [164]

FPR3 Gastric cancer Invasion [159]

PAFR
Breast cancer Migration, proliferation, angiogenesis [165]
Melanoma Metastasis [166]
Ovarian cancer Proliferation, invasion [167]

C5aR Bile duct cancer, colorectal cancer Invasion [168]
Non-small-cell lung cancer Metastasis [169]

LTB4R
BLT1 Colorectal cancer Proliferation [170]

BLT2

Bladder cancer Metastasis, antiapoptosis [171, 172]
Breast cancer Metastasis [173]
Pancreatic cancer Growth, migration [174, 175]
Prostate cancer Antianoikis, antiapoptosis [176, 177]
Ovarian cancer Metastasis [178]

CCR

CCR1

Breast cancer Invasion [179]
Glioma Proliferation, tumorigenesis [180]
Hepatocellular carcinoma Migration, invasion [181, 182]
Oral squamous cell carcinoma Migration [183]
Ovarian cancer Invasion [184]

CCR2

Bladder cancer Migration, invasion [185]
Breast cancer Migration, proliferation, antiapoptosis [186]
Hepatocellular carcinoma Migration, invasion [181]
Multiple myeloma Growth [187]
Ovarian cancer Invasion, adhesion, proliferation [188, 189]
Prostate cancer Proliferation, migration, invasion [190, 191]

CCR3

Lymphoma Growth [192]
Glioma Proliferation, tumorigenesis [180]
Oral squamous cell carcinoma Migration, invasion [183]
Ovarian cancer Invasion, proliferation [184, 189]
Renal cell carcinoma Growth, dissemination [193]

CCR4

Breast cancer Growth, metastasis, angiogenesis [139, 194]
Colorectal cancer Migration [195]
Gastric cancer Migration [196]
Melanoma Metastasis [197]
Squamous cell carcinoma of the head and neck Metastasis [198]

CCR5

Breast cancer Proliferation, metastasis [25, 199–202]
Colorectal cancer Growth [203]
Gastric cancer Metastasis [204]
Glioma Proliferation, tumorigenesis [180]
Hodgkin lymphoma Growth, metastasis [205]
Oral cancer Migration [206]
Ovarian cancer Invasion, proliferation [189]
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Table 3: Continued.

GPCRs Tumor Function References

CCR6

Colorectal cancer Proliferation, metastasis [207, 208]
Endometrial adenocarcinoma Proliferation [27]
Hepatocellular carcinoma Metastasis [209, 210]
Non-small-cell lung cancer Metastasis [211]
Pancreatic cancer Invasion [212–214]
Squamous cell carcinoma of the head and neck Metastasis [215, 216]

CCR7

Breast cancer Metastasis, antianoikis [217, 218]
Colorectal cancer Metastasis [219, 220]
Melanoma Growth, metastasis, tumorigenesis [221, 222]
Non-small-cell lung cancer Proliferation, antiapoptosis, metastasis [29, 223–226]
Oral squamous cell carcinoma Metastasis [227]
Pancreatic ductal adenocarcinoma Metastasis [228]
Prostate cancer Metastasis [229]
Squamous cell carcinoma of the head and neck Proliferation, antiapoptosis, metastasis, adhesion [230–236]
T cell lymphoma Dissemination [237]

CCR8 Melanoma, breast cancer, leukemia Metastasis [32]

CCR9

Breast cancer Migration, invasion [238]
Colorectal cancer Inhibiting metastasis [239]
Ovarian cancer Migration, invasion [240]
Pancreatic cancer Proliferation, invasion [34, 241]
Prostate cancer Antiapoptosis [242]

CCR10 Melanoma Growth, metastasis [243, 244]
CXCR

CXCR1

Breast cancer Stem cell self-renewal [245]
Cervical carcinoma Proliferation [246]
Colorectal cancer Metastasis, antiapoptosis, angiogenesis [247]
Gastric cancer Invasion [248]
Glioblastoma Growth, migration, invasion [249, 250]
Melanoma Growth, migration, invasion, angiogenesis, tumorigenesis [251–253]
Prostate cancer Growth, angiogenesis [254]
Renal cell carcinoma Growth, angiogenesis [37]
Thyroid carcinoma Metastasis [255]

CXCR2

Breast cancer Migration, invasion, stem cell self-renewal [245, 256, 257]
Cervical carcinoma Proliferation [246]
Colorectal cancer Proliferation, migration, invasion, angiogenesis [258–261]
Gastric cancer Metastasis [262, 263]
Glioblastoma Growth, migration [249, 264]
Melanoma Growth, migration, invasion, angiogenesis, tumorigenesis [251–253]
Nasopharyngeal carcinoma Growth [265]
Non-small-cell lung cancer Growth, metastasis, angiogenesis [266, 267]
Ovarian cancer Growth, angiogenesis [268]
Pancreatic cancer Invasion, angiogenesis [269]
Prostate cancer Growth, angiogenesis [254]
Renal cell carcinoma Growth, angiogenesis [37]
Thyroid carcinoma Metastasis [255]

CXCR3

Breast cancer Metastasis; inhibiting growth [270–273]
Colorectal cancer Metastasis [274]
Glioma Growth [275, 276]
Lung adenocarcinoma Metastasis [226]
Melanoma Migration [277]
Myeloma Inhibiting/promoting proliferation and apoptosis [43]
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Table 3: Continued.

GPCRs Tumor Function References
Ovarian cancer Growth, metastasis [278]
Prostate cancer Metastasis [279]
Renal cell carcinoma Growth, metastasis [280, 281]

CXCR4 At least 23 haematopoietic and solid cancers Growth, metastasis, angiogenesis [1, 44]

CXCR5

Breast cancer Metastasis [282]
Colorectal cancer Growth, migration [283]
Neuroblastoma Inhibiting/promoting metastasis [45, 284]
Prostate cancer Proliferation, invasion, migration, adhesion [285–288]

CXCR6

Colorectal cancer Growth, migration, invasion [289]
Hepatocellular carcinoma Growth, metastases, angiogenesis [3]
Melanoma Stem cell self-renewal [290]
Nasopharyngeal carcinoma Metastasis [291]
Pancreatic ductal adenocarcinoma Invasion [292]
Prostate cancer Proliferation, metastasis [293–295]
Renal cell carcinoma Inhibiting migration [296]

CXCR7

Breast cancer Inhibiting invasion; growth, angiogenesis [297]
Cervical carcinoma Growth, adhesion [298]
Glioma Growth, migration, sphere and tube formation [49, 299]
Hepatocellular carcinoma Growth, metastasis, angiogenesis [300, 301]
Lymphoma Growth, adhesion [298]
Nasopharyngeal carcinoma Metastasis [291]
Neuroblastoma Inhibiting growth; metastasis [50, 302]

CX3CR

CX3CR1

Epithelial ovarian carcinoma Proliferation, migration, adhesion [303]
Glioma Inhibiting invasion [304]
Neuroblastoma Migration [305]
Pancreatic ductal adenocarcinoma Migration [306, 307]
Prostate cancer Metastasis [308–310]
Renal cell carcinoma Metastasis [311]

XCR

XCR1 Epithelial ovarian carcinoma Proliferation, metastasis [312]
Oral squamous cell carcinoma Proliferation, migration, invasion [313]

human cancer cell lines including breast and lung cancer
cells which metastasized into distant organs in nude mice by
using several chemokine GPCRs.These findings enriched the
“seed” and “soil” paradigm of cancer metastasis by including
chemoattractant GPCRs as the requisite for tumor cells as
qualified “seeds” and a ligand producing distant organ or
draining lymph nodes as suitable “soil” [328]. Since then,
studies of the role of chemoattractant GPCRs and ligands
in cancer metastasis have become a burgeoning research
field and many malignant tumors have been shown to utilize
a variety of GPCR/ligand interactions for metastasis. For
example, in lung cancer, hypoxia induces the expression of
CCR7 by tumor cells that increases cell invasiveness and
eventual lymph node metastasis [29]. Hypoxia also promotes
lymph node metastasis of breast cancer by increasing the
expression of CCR5 on tumor cells and the ligand CCL5 in
lymph nodes via the transcription factor hypoxia-inducible
factor- (HIF-) 1𝛼 [25]. In prostate cancer and pancreatic
ductal adenocarcinoma, cancer metastasis is associated with

CX3CR1 on tumor cells and the ligand CX3CL1 at metastasis
site [306, 308]. The sources of chemoattractants in tumor
microenvironment are from both tumor and stromal cells.
In prostate cancer, hypoxia-preconditioned MSCs produce
CCL21 to attract tumor cells expressing CCR7 which is
associated with enhanced lymph node metastasis of the
tumor [229]. Similarly, under hypoxia, MSCs promote breast
cancermetastasis throughCXCR3/CXCL10 interaction [271].

Chemoattractant GPCRs and their ligands reportedly
involved in enhanced tumor metastasis are listed in Table 4.
Recently, cancer stem cells (CSCs) have been shown to
account for most of the cancer metastasis. Interestingly,
chemoattractant GPCRs participate in the maintenance of
the metastatic property of CSCs by forming an autocrine
loop. In ovarian cancer, the invasiveness of CD133(+) CSCs
is enhanced by the chemokine CCL5, which activates CCR3
and CCR5 expressed by the cells to increase matrix metal-
loproteinase (MMP) 9 secretion [184]. A number of studies
that use exogenous chemokines to induce cell invasion are
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Table 4: Chemoattractant GPCRs associated with tumor metastasis.

Tumor type GPCRs Ligands Metastatic sites

Bladder cancer
BLT2 LTB4 Lung [171]
CCR2 CCL2 Lung [329]
CXCR6 CXCL16 Perineural and lymphovascular invasion [330]

Breast cancer

BLT2 LTB4 Lung [173]
CCR2 CCL2 Lung [85, 148], bone [148]
CCR4 CCL17/22 Lung [139, 194, 331]
CCR5 CCL5 Lung [200, 201], lymph node [25, 332]
CCR6 Pleura [333]

CCR7 CCL19/21 Lymph node [218, 334–337]
Skin [333]

CCR8 CCL1 Lymph node [32]
CCR9 CCL25 Lymph nodes and gastrointestinal tract [238]
CXCR1 CXCL8 Bone [338, 339]
CXCR2 Lung [340], bone [341]

CXCR3 CXCL9 Lung [342]
CXCL10 Bone [343], lung [344]

CXCR4 CXCL12 Lymph node [328, 336, 337, 345], bone [346–348], lung [328, 346, 349],
liver [333]

CXCR5 CXCL13 Lymph node [282]
CXCR6 CXCL16 Lymph node [350]
CXCR7 CXCL12 Lung, greater omentum, and lymph nodes [351]
CX3CR1 Brain [333]

Cervical cancer CXCR4 CXCL12 Lymph node [352]
CXCR4/7 CXCL12 Lymph node [353, 354]

Colorectal cancer

CCR1 CCL7/9/15 Liver [355–357]

CCR2 CCL2 Liver [151, 358], lung [359]
CCL7 Liver [356]

CCR3 CCL7 Liver [356]
CCR5 CCL5 Liver and lung [203]
CCR6 CCL20 Liver [207, 360]
CCR7 CCL21 Lymph node [219, 220, 361]

CXCR1/2 Liver [247]

CXCR2 CXCL1 Lymph node [261], liver [362]
CXCL8 Skin [363]

CXCR3
CXCL9 Lymph node [364]
CXCL10 Lymph node [364], lung [365]
CXCL11 Lung [365]

CXCR6 CXCL16 Liver [289, 366]
CXCR4 CXCL12 Liver [367–370], lymph node [371, 372], brain [373]

Esophageal cancer

CCR7 CCL21 Lymph node [374–376]
CXCR2 Lymph node [377]

CXCR4 CXCL12 Lung [378, 379], liver [378, 379], lymph node [378, 380], peritoneum [379],
retroperitoneum [379]

Gastric cancer

FPR1/2/3 Annexin A1 Peritoneum [159]
CCR2 CCL2 Lymph node [381]
CCR4 CCL17 Lymph node, lung, and bone [194]
CCR5 CCL5 Lymph node [204]
CCR7 Lymph node [30, 382, 383]
CXCR2 CXCL1 Lymph node [262]
CXCR4 CXCL12 Lymph node [382, 384–387], peritoneum [388–390], liver [387]
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Table 4: Continued.

Tumor type GPCRs Ligands Metastatic sites

Glioma CXCR4/7 CXCL12 Bone marrow [299]
Lymph node, distant organs [391]

Head and neck squamous cell carcinoma

CCR4 CCL22 Lymph node [198]
CCR6 CCL20 Lymph node [216, 392]
CCR7 CCL19/21 Lymph node [227, 230–232, 393]
CXCR2 CXCL1/8 Lymph node [394, 395]
CXCR4 CXCL12 Lymph node [393, 396], lung [397, 398]
CXCR5 CXCL13 Bone [399]
XCR1 XCL1 Lymph node [313]

Hepatocellular carcinoma

CCR7 Intrahepatic metastasis, lymph node [400]
CXCR4 CXCR12 Lung [401], bone [402, 403], lymph node [404]
CXCR6 CXCL16 Lung [3]
CXCR7 CXCL12 Lung [300, 405]

Lymphoma CCR7 CCL21 Lymph node [237]

Leukemia CCR8 CCL1 Lymph node [32]
CXCR4 CXCL12 Extramedullary sites (liver, kidney, spleens, and peripheral blood) [406]

Melanoma

FPR1/2/3 Annexin A1 Lung [407]
PAFR PAF Lung [166, 408, 409]
CCR2 CCL2 Lung [410]
CCR3 Brain [411]
CCR4 CCL22 Brain [197, 411]
CCR5 CCL4 Lung [412, 413]
CCR7 CCL21 Lymph node [221, 222, 244, 414], liver [415]
CCR8 CCL1 Lymph node [32]
CCR9 CCL25 Small intestinal [416, 417]
CCR10 CCL27 Skin [243, 244]
CXCR2 CXCL8 Lung [418]
CXCR3 CXCL10 Lymph node [419, 420], bone [421]
CXCR4 CXCL2 Lung [244, 422–424]

Neuroblastoma

CXCR3 CXCL10 Bone marrow [425]
CXCR4 CXCL12 Bone [426–428], liver [429, 430], kidney [430], bone marrow [428, 430]
CXCR5 CXCL13 Bone marrow [284]
CXCR4/7 CXCL12 Bone marrow [302]
CX3CR1 CX3L1 Bone marrow [305]

Non-small-cell lung cancer

C5aR Lymph node [169]
CCR4 CCL22 Bone [431]
CCR6 CCL20 Adrenal specific metastasis [211]
CCR7 CCL19/21 Lymph node [29, 226, 432]

CXCR2 CXCL5
Hilar and mediastinal lymph nodes, chest wall, and contralateral lung;
extrathoracic distant metastases (para-aortic lymph nodes, liver, adrenal
glands, kidneys, spleen, and diaphragm) [266]

CXCR4 CXCL12 Lungs, liver, bone marrow, adrenal glands [433], pleural [434], brain
[433, 435]

CX3CR1 Brain and liver [436]

Osteosarcoma

CCR7 CCL21 Lymph node [334]
CXCR3 CCL9/10/11 Lung [437]
CXCR4 CXCL12 Lung [438]
CXCR7 CXCL12 Lung [439]
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Table 4: Continued.

Tumor type GPCRs Ligands Metastatic sites

Ovarian carcinoma

BLT2 Diaphragm, intestine, and mesentery (intraperitoneal dissemination) [178]
CCR3 CCL5 Liver, bowel, and spleen [184]
CCR9 CCL25 Small intestinal [440]
CXCR4 CXCL12 Pelvic [441], lymph node [442, 443], peritoneum [444]
CXCR6 CXCL16 Lymph node [443]
XCR1 XCL1/2 Diaphragm, peritoneal wall, colon, spleen, and liver [312], peritoneum [312]

Pancreatic cancer
CCR2 CCL2 Liver [92, 445], peritoneal [445]
CCR7 CCL21 Lymph node [228, 446]

CXCR4/7 CXCL12 Liver [447, 448], lung [448], lymph node [449]

Prostate cancer

CCR2 CCL2 Bone [450]
CCR7 CCL21 Lymph node [229]

CXCR1/2 CXCL8 Lymph node [451]
CXCR3 CXCL4/10 Lymph node, liver, lung, adrenal [279]
CXCR4 CXCL12 Bone [133, 452, 453]
CXCR5 CXCL13 Bone [288]
CXCR6 CXCL16 Bone [133, 294, 453], liver [294]
CX3CR1 CX3CL1 Bone [310]

Renal cell carcinoma CCR1/3 CCL15 Bone [454]
CCR5 CCL3 Lung [326]

Thyroid papillary cancer

CCR7 CCL21 Lymph node [455, 456]
CXCR1/2 CXCL8 Lymph node [255]
CXCR4 Lymph node [455, 457, 458]
CXCR7 Lymph node [459]

in the literature. However, there are also a small number of
chemokine and GPCR interactions that may inhibit tumor
cells invasion, such as CX3CR1/CX3CL1 interaction in glioma
[304].

While the aberrant expression of chemoattractantGPCRs
is an important feature for a motile phenotype of tumor
cells, the next step of tumor cell metastasis from the primary
mass is detachment. These cells must survive the loss of
interactions with extracellular matrix (ECM) that causes
anoikis for further invasion of blood or lymph vessels [217].
In breast cancer, the activation of both CXCR4/CXCL12 and
CCR7/CCL21 may reduce the sensitivity of metastatic cancer
cells to anoikis by upregulating antiapoptotic proteins. Con-
sequently, blocking the chemokine and GPCR interactions
attenuates breast cancer metastasis in vivo [217]. Recently,
another classical chemoattractant GPCR, BLT2, has also been
shown to establish resistance to anoikis in prostate cancer
cells through a BLT2-NOX-ROS-NF-𝜅B cascade [176].

Thus, accumulating evidence indicates an essential role
of chemoattractant GPCRs and ligands in every step of
cancer metastasis, including the acquisition of increased
motility, detachment from the primary tumor mass by
breaking downmatrix proteins, intra- and extravasation, and
lodgment in distant organs and lymph nodes. In addition,
chemoattractant GPCRs and ligands also orchestrate the
interaction of metastatic tumor cells with stromal cells, such
as TAMs, ECs, and fibroblasts, which act either as “driving
forces” for tumor cell dissemination or as “conditioners” of
the “soil” that facilitates the settlement of metastatic tumor

cells to develop secondary foci. Therefore, chemoattractant
GPCRs and ligands provide promising molecular targets for
prevention of tumor metastasis.

5. The Role of Chemoattractant GPCRs in
Tumor Neovascularization

Neovascularization is critical for consolidation of the tumor
microenvironment for tumor progression. Chemoattractant
GPCRs provide pro- and antiangiogenic factors and receptors
and are able to regulate two phases of neovascularization:
vasculogenesis and angiogenesis (Table 5).

5.1. Vasculogenesis. Vasculogenesis is the formation of new
blood vessels from circulating bone marrow-derived endo-
thelial progenitor cells (EPCs). Coordinated events are
required for the recruitment and incorporation of EPCs into
the tumor tissue, including migration, invasion, differentia-
tion, proliferation, and formation of vessels [461]. Although
VEGF is a well-known angiogenic factor taking part in the
vasculogenesis, other paracrine factors, such as chemoat-
tractants produced by tumor cells, are also involved. EPCs
expressing CXCR4 are mobilized by the ligand CXCL12 in
an autocrine or paracrine manner [503]. Another chemokine
CCL2 also mobilizes EPCs from the bone marrow [504].
These chemokines then promote EPC proliferation and guide
the cells into tumor stroma to form functional neovasculature
[505]. EPCs participating in neovascularization have also
been reported in HCC, in which myeloid-derived EPCs



BioMed Research International 15

Table 5: Chemoattractant GPCRs associated with tumor neovascularization.

Receptors Tumors

Vasculogenesis

FPR1 Glioma [160]
FPR2 Ovarian cancer [123]
CCR2 Hepatocellular carcinoma [460]
CCR5 Hepatocellular carcinoma [460]
CCR6 Hepatocellular carcinoma [461]
CXCR2 Pancreatic cancer [462]
CXCR4 Breast cancer [320], melanoma [463]

Angiogenesis

FPR1 Glioma [161, 162, 316]
C5aR Epithelial ovarian cancer [17]
CCR1 Hepatocellular carcinoma [464], lymphoma [465], multiple myeloma [466]
CCR2 Breast cancer [22, 467, 468], esophageal cancer [469], gastric cancer [381], melanoma [470]
CCR4 Breast cancer [194]
CCR5 Multiple myeloma [466], renal cell carcinoma [326]
CCR10 Ovarian cancer [35]
CXCR1 Prostate cancer [471], renal cell carcinoma [37]

CXCR2
Cervical cancer [472], colorectal cancer [258, 259], glioblastoma [473], lung adenocarcinoma
[267, 474, 475], melanoma [418, 476], ovarian cancer [268], pancreatic cancer [269, 477–479],
prostate cancer [480], renal cell carcinoma [37, 481]

CXCR1/2 Glioblastoma [482], melanoma [251, 253], multiple myeloma [483], ovarian cancer [484],
pancreatic cancer [485], prostate cancer [254, 451, 486], renal cell carcinoma [37]

CXCR4
Breast cancer [487], colorectal cancer [488, 489], gastric cancer [490], glioblastoma [491–493],
hepatocellular carcinoma [494], ovarian cancer [495], pancreatic cancer [269, 496], prostate
cancer [497], squamous cell carcinoma [398]

CXCR6 Hepatocellular carcinoma [3], prostate cancer [295]

CXCR7 Bladder cancer [498], breast cancer [297], breast and lung cancer [499], colorectal cancer [488],
hepatocellular carcinoma [301], prostate cancer [500], renal cell carcinoma [501]

CX3CR1 Breast cancer [96], colorectal cancer [149], melanoma [502]

(colony forming unit-endothelial cells) as early EPCs highly
express CCR6 and are mobilized by the ligand CCL20
produced by HCC cells for migration and invasion of
tumor stroma to form vasculature. CCR6/CCL20 in tumor
microenvironments in addition plays a crucial role in driving
phenotypic switch of hematopoietic cells with increased
potential for angiogenic EC differentiation and attenuated
proinflammatory activity [461]. A classical chemoattractant
receptor, FPR1, may also participate in vasculogenesis in
human GBM.This was shown in a xenograft model in which
the number of EPCs incorporated into intracranial GBM
lesion was significantly reduced in tumors formed by GBM
cells in which FPR1 was depleted by RNA interference. The
EPC chemotactic and tubule-stimulating activities were also
attenuated in the supernatant of GBM cells deficient in FPR1
[160]. Another classical chemoattractant GPCR, the FPR1
variant FPR2, has also been reported to participate in recruit-
ingMSCs into tumor tissues to promote the formation of neo-
vasculature in response to tumor-derived ligand LL-37 [123].

5.2. Angiogenesis. Angiogenesis is a process in which new
blood vessels sprout from existing vasculature. In tumor
microenvironment, various cells regulate this process
through GPCRs, which are expressed on vascular ECs and
mediate cell recruitment and proliferation thereby extending
the new vasculature in response to the ligands produced

by tumor and other stromal cells. Tumor cells, tumor stem
cells, and infiltrating TAMs in particular also express GPCRs
capable of promoting the release of proangiogenic factors
recruiting and activating vascular ECs [1].

FPR1 selectively expressed by GBM cells when acti-
vated by exogenous and tumor derived agonists promotes
tumor cells to produce proangiogenic factors VEGF and
the angiogenic chemokine CXCL8 [161, 316, 506]. CXCR1/2
expressed by vascular ECs and CXCL8, the ligand produced
by tumor and stromal cells, are known to promote angiogen-
esis through inducing ECmigration and formation of tubules
[484, 507]. GBM stem cells may also utilize chemoattractant
GPCRs FPR1 and CXCR4 to participate in angiogenesis by
releasing VEGF [162, 249].

In addition to the direct interaction between chemoat-
tractant GPCRs expressed by ECs and ligands in the tumor
microenvironment, tumors take the advantage of infiltrating
stromal cells, such as CAFs, TAMs, and Tregs, to benefit
angiogenesis through GPCRs. In lung cancer, CAFs express
CCR5 and are activated byCCL3 to secrete hepatocyte growth
factor (HGF) to accelerate angiogenesis [326]. CAFs also
cooperate with tumor cells to promote angiogenesis through
CXCR4 expressed by both cell types. In pancreatic cancer,
tumor cells secrete CXCL8 and CAFs secrete CXCL12 to
enhance the recruitment and proliferation of ECs. However,
CXCL12 promotes EC infiltration and CXCL8 enhances
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tubule formation by ECs revealing distinct functions of
the CXCR2/CXCL8 and CXCR4/CXCL12 interactions in the
process [269].

In addition, TAMs are an important source of angiogenic
factors in tumor. For example, CCR2 and CD40 on TAMs are
activated by CCL2 and CD40L produced in gastric cancer
tissues and synergistically promote VEGF production to
increase microvessel density [381, 508]. Moreover, Tregs
expressing CCR10 are capable of accelerating angiogenesis
through secreting VEGF in response to CCL28 produced by
hypoxic tumor cells for EC infiltration and participation in
angiogenesis [35].

It is interesting to note that alcohol consumption con-
tributes to increased breast cancer angiogenesis, thus pro-
moting the growth and metastasis of tumor cells in an
animal model.This involves upregulated expression of CCR2
and CCL2 by tumor cells that increase the interaction
between tumor and vascular ECs [467]. Another physical
and chemical factor, radiation, exerts a similar effect through
CXCR4/CXCL12 interaction on tumor angiogenesis [509].

Conversely, some chemoattractant GPCRs, such as
CXCR3, are reported to mediate angiostatic activity through
non-ELRCXC chemokines CXCR4/9/10/11 in various tumors
[1]. The controversial results of angiogenesis are also found
in C5aR [16, 17]. Therefore, angiogenesis may be regulated
by a complex balancing process between opposing pro- and
antiangiogenic GPCR and ligand interactions.

6. Perspectives

Accumulating evidence indicates crucial roles of chemoat-
tractant GPCRs and their ligands in tumor progression
by shaping tumor microenvironment. Almost all cell types
including tumor cells per se are able to take the advantage
of GPCRs and ligands to affect tumor progression. Chemoat-
tractant GPCRs and ligands are involved in almost every step
of tumor development and progression such as increasing
tumor cell motility, invasiveness, intra- and extravasation,
dissemination, leukocyte infiltration, and angiogenesis.These
render the GPCRs and ligands promising drug targets for
disruption of the tumor progression cascade. Recently, new
agents targeting chemoattractant GPCRs have been devel-
oped and are being tested in the clinic, such as a humanized
anti-CCR4 monoclonal antibody, mogamulizumab (KW-
0761), aiming at curtailing cutaneous T cell lymphoma [510].
Therefore, gaining a better understanding of the GPCRs and
their ligands in tumor microenvironment is vital and will
provide novel therapeutic opportunities.
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The success of chemo- and radiotherapy in glioblastoma multiforme, the most common and lethal primary brain tumour, could
rely on the induction of immunogenic tumour cell death and on the induction of anticancer immune response. In this study we
investigated cell survival to single treatments or combination of X-rays and temozolomide in glioblastoma cell lines (T98G and
U251MG) and we attempted to identify danger signals (HMGB1 and HSP70) released by dying cells in the microenvironment that
could activate antitumour immunity contributing to the therapeutic efficacy of conventional treatments. Our data suggest that
HSP70 translocates from cytoplasm to extracellular environment after an increase in radiation dose and HMGB1 translocates from
the nucleus to the cytoplasm and subsequently is released into the extracellular space, confirming a role of these proteins as signals
released after radiation-induced damage in glioblastoma cells. We also could state that TMZ had limited effectiveness in activating
HMGB1 andHSP70 signalling and, instead, an adjuvant effect was observed in some combined treatments, depending on schedule,
cell line, and timing. A big challenge in tumour therapy is, therefore, to identify the most beneficial combination and chronology
of multiple treatment options to contribute to the improvement of the therapeutic outcome.

1. Introduction

Glioblastomamultiforme (GBM,WHOgrade IV) is themost
common and lethal primary malignant brain tumour that
continues to have poor prognosis and a high likelihood of
recurrence [1]. The median survival time from the time of
diagnosis without any treatment is 3 months and despite
the recommended treatment regimen of aggressive surgical
resection, radiation, and chemotherapy, it remains approx-
imately 9–11 months [2]. Thus, these tumours continue to
present an enormous therapeutic challenge. Since most of
the patients develop also a relapse [3], a deeper knowledge
is urgently needed in order to find out how the applied
therapies can modulate the tumour cells. For this reason, to
win the fight against cancer, it is necessary not only to develop
strategies to kill all cancer cells efficiently but also to attempt

to stimulate an immune response so that the immune system
can keep residual tumour cells in check [4]. In particular,
combined tumour therapies of radiation and chemotherapy
should on the one hand kill the cancer cells and on the other
hand induce antigen release and danger signals expression
from the tumour. Consequently these signals released in
the microenvironment could activate both the innate and
adaptive immune systemof the host. Hence, the cellular stress
induced by treatments dictates the immunological response
to dying cells and the activation of immune system might
contribute to the therapeutic efficacy of conventional cancer
treatments determining synergistic effects of radiation and
immunotherapy increases [5].

However, the underlying biological pathways are only
partially understood. In particular, the immunogenic poten-
tial of different tumour cell types, the number of different
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danger signals, their molecular identity, their different bio-
logical effects, the receptors, and the pathways that sense
the release of these signals are still not known. It could be
necessary to define their roles in both health and disease and
it might be possible to use these molecules, expressed on cell
surface or released in the microenvironment, to manipulate
immune responses or to inhibit them to treatmalignant brain
tumour [6].

In the present study, to gain new insights into the
mechanisms of radiation and/or chemotherapeutic effect in
malignant gliomas we investigated cell survival to single
treatment or combination of radiation and temozolomide
(TMZ), a chemotherapeutic drug currently used in clinics for
the treatments of these tumours.Moreover, to better elucidate
target molecules involved in malignant glioma responses, we
attempted to identify danger signals like high mobility group
box-1 (HMGB1) protein and heat-shock protein 70 (HSP70)
in glioblastoma using cell culture system. These proteins
are released as danger signals by dying cells and could
activate dendritic cells and stimulate antigen processing and
presentation to T cells [7]. HSP70 is taken up from dendritic
cells for cross-presentation via HSP receptors (e.g., CD91 and
CD14) and HMGB1 released by necrotic cells is a potent
adjuvant in vivo that triggers a protective immune response
through activation of TLR4 on DCs [8, 9].

Stimulation by these danger signals, uptake, and pre-
sentation of dead tumour cell-derived peptides by mature
dendritic cell as well as their consecutive contact with T
cells may lead to specific and, most importantly, long-
lasting antitumour immunity that might contribute to the
therapeutic efficacy of conventional cancer treatments.

For this purpose, glioblastoma cell lines (T98G and
U251MG) were exposed at different doses of radiation (X-
rays), for example, 2 Gy (common single fraction in tumour
therapy) and 10Gy (weekly fraction). We performed com-
bined treatments with additional application of TMZ for 2
hours before irradiation and we evaluated the survival of cells
and the expression and release of HMGB1 and HSP70 after
single or combined treatments.

2. Materials and Methods

2.1. Cell Culture. Human glioblastoma T98G and U251MG
cells were obtained from the European Collection of Cell
Cultures (Porton Down, Salisbury, UK). T98G cells were
cultured in Eagle’s minimum essential medium (EMEM;
Euroclone SpA, MI, Italy) supplemented with 10% foetal
bovine serum (Sigma-Aldrich, St. Louis, MO, USA), 100
units/mL penicillin/streptomycin (Euroclone SpA,MI, Italy),
2mM L-glutamine (Euroclone SpA, MI, Italy), and 0.01%
sodium pyruvate (Sigma-Aldrich, St. Louis, MO, USA) at
37∘C in an atmosphere of 5% CO

2
and 90% humidity.

U251MG cells were grown in Eagle’s minimum essential
medium (EMEM; Euroclone SpA, MI, Italy) supplemented
with 10% foetal bovine serum (Sigma-Aldrich, St. Louis,
MO, USA), 1% sodium pyruvate (Sigma-Aldrich, St. Louis,
MO, USA), 2mM glutamine (Euroclone SpA, MI, Italy),
100U/mL of penicillin (Euroclone SpA,MI, Italy), 100 𝜇g/mL

of streptomycin (Euroclone SpA,MI, Italy), and 1%nonessen-
tial amino acids (Euroclone SpA, MI, Italy) at 37∘C in 5%
CO
2
and 90% humidity. Stock cultures were maintained in

exponential growth as monolayers in 75 cm2 Corning plastic
tissue-culture flasks (VWR International PBI Srl, MI, Italy).

2.2. Irradiation and Chemotherapic Treatments. Cells were
irradiated at doses from 2Gy to 10Gy with X-rays at room
temperature using a Raycell Mk2 (Clinica Pediatrica, IRCCS
Policlinico San Matteo, Pavia, Italy) with a dose rate of
8Gy/min. Sham irradiated cells (0Gy) were performed as
control. Before irradiation themediumwas removed from the
flasks and fresh medium was added in the cells.

For combined applications, cells were treated with TMZ
used at concentrations of 20𝜇M and added to the culture
medium. Cells were incubated at 37∘C for 2 hours with TMZ
before irradiation treatment.

2.3. Clonogenic Survival Assay. The clonogenic assay was
performed on single-cell suspension of exponentially grow-
ing cells. Cells were counted and plated in growth medium
into T25 flasks and 24 h after plating they were irradiated
and treated with TMZ or with combined treatments. After
10–14 days cells were stained with crystal violet solution
for 6min; colonies > 50 cells were counted. Calculation of
survival fractions (SF) was performed using the equation
SF = colonies counted/cells seeded × (PE/100), taking the
individual plating efficiency (PE) into consideration. All
experiments were repeated at least three times.

2.4. Immunocytochemistry Analysis. The presence and local-
ization of danger signals (HMGB1 and HSP70) in glioblas-
toma cells were evaluated also with immunocytochemistry
technique. Irradiated cells or combined treated cells were
kept in an incubator at 37∘C for 20 hours. Subsequently, cells
were fixed for 10 minutes with cold 70% ethanol. As primary
antibody, a polyclonal rabbit anti-HMGB1 antibody (dilution
1 : 100; Upstate, New York, USA) and a polyclonal mouse
anti-HSP70 antibody (dilution 1 : 1000, BD Biosciences, NJ,
USA) were used, whereas the detection was performed with
the EnVision+ System-HRP (AEC) kit (Dako, Glostrup,
Denmark). A semiquantitative analysis ofHsp70 andHMGB1
expression on the immunostained cells with a computer-
assisted analysis was performed. In detail, the image acquisi-
tion was carried out with a digital camera (Olympus) coupled
to an Olympus BX 41 optic microscope (Olympus, Milano,
Italy). The digital images acquired were then processed using
the ImageJ software (National Institute of Mental Health,
Bethesda, Maryland, USA) that gives a measure of the
intensity of the immunostaining.

2.5. Enzyme-Linked-Immunosorbent Assay (ELISA). The
quantification of free-proteins HSP70 and HMGB1 in
supernatants was performed with an enzyme-linked-
immunosorbent assay (ELISA) (resp., EIAab, China, and
Uscn Life Science Inc., Houston, USA) according to the
manufacturer’s instructions. The minimum detectable dose
of Hsp70 with our test system is less than 0.039 ng/mL and
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Figure 1: Clonogenic survival of human T98G and U251MG
glioblastoma cells after single or combined treatmentswith radiation
and temozolomide (TMZ). Means of three independent experi-
ments ± standard deviation (∗𝑃 < 0.05, ∗∗𝑃 < 0.01).

the minimum detectable dose of HMGB1 is typically less
than 5.1 pg/mL.

2.6. Statistical Analyses. Data are obtained from four inde-
pendent experiments, each performed in duplicate. Statistical
analyses were performed using Student’s 𝑡-test. A 𝑃 value of
<0.05 was considered as significant (∗).

3. Results and Discussion

In this work we evaluated clonogenic potential of T98G
and U251MG cells after radiation treatments in comparison
to radiation plus chemotherapy with TMZ. Cells treated
with radiation alone showed a decrease in cell survival in a
dose-dependent manner compared to control. A significant
tumour growth retardation was observed, as expected, when
the cells were irradiated with 8 and 10Gy. The treatment
with TMZ induced a decrease in clonogenicity compared to
control but did not appear to be more effective in terms of
decrease of cell survival in comparison to radiation alone.
Also the combination of TMZ plus 2 or 10Gy did not affect
the percentage of surviving fraction compared to radiation
alone in our experimental conditions (Figure 1).

Our data suggested that the exposure of TMZ 2 hours
before irradiation did not induce an increase of radiosensi-
tivity of T98G and U251MG cell lines. In fact, for primary
malignant cell lines that express MGMT, such as T98G
cells, an acute preexposure to TMZ was reported not to
influence radiation cell death [10], whereasU251MGcells that
are MGMT negative showed probably a radiosensitization
by higher concentration of TMZ as reported by Kil and
collegueas [11].

These results suggested that TMZ did not seem to have an
additional effect of radiation in our experimental conditions.
However, combination schedule and cell lines are important
to determine an enhancement of cytotoxic effects on tumour
cells and could have important implications for developing
strategies to improve outcomes of patients.

Subsequently, we focus our attention on two immuno-
genic signals, HMGB1 and HSP70, that may lead to the

activation of an immune response if released by dying cells
in the microenvironment.

We studied the expression and release into the medium
of these free-proteins in T98G and U251MG cells after
irradiation and TMZ treatments. After radiation-induced
cellular stress, cells responded initiallywith a gradual increase
of intracellular HSP70 that is produced in higher quantities
with the increase of the dose up to 4Gy and 8Gy and is then
no longer produced after 10Gy (Tables 1 and 2, Figures 2
and 3).The increase of intracellular HSP70 continued over 48
hours and is joined to an increase in the extracellular release
of the protein after high doses such as 8 and 10Gy. These
results are consistent with the externalization of HSPs that
takes place in the late phases of apoptotic cell death and after
a serious stress such as the one due to high doses of radiation.
These results support and promote the idea about the role of
HSPs as signal of damage, demonstrated to be involved in the
late phases of apoptotic cell death and in stress conditions like
high doses of radiation [12].

T98G cells treated with TMZ alone showed an increase
in the production of the protein compared to the control
and irradiated cells (Table 1, Figure 2) and also an increase
of the release at 48 hours compared to the control and 2Gy
treatment (Figure 4). As we can see from literature, HSP70
that is released from tumour cells undergoing chemotherapy
may mediate a danger signal to the host’s immune system
[13, 14].

After combined treatment with TMZ and low doses of
radiation, an additive effect of radiation and the drug was
observed in the release of the protein in the microenviron-
ment where HSP70 could play its immunogenic role. Extra-
cellular HSP70 binds to high-affinity receptors on antigen
presenting cells (APC), leading to activation and representa-
tion of the peptide antigen cargo by the APC. HSP70-peptide
complexes coordinately activate innate immune responses
and deliver antigens for representation by MHC classes I
and II molecules on the APC cell surface, leading to specific
antitumor immunity [15].

At higher doses (10Gy), the effect is minor compared to
radiation alone. In this case HSP70 may have a cytoprotec-
tive effect and be involved in preventing or hindering cell
death. High levels of HSP70 in cytoplasm, in fact, prevent
stress-induced apoptosis [16] and may induce resistance to
chemotherapy and radiotherapy [15].

As occurred in T98G and in U87 cells analysed by us
previously [17], even in U251MG the production of HSP70
increased in the first 24 hours with the increase of the
dose up to 4Gy and decreased at higher doses (Table 2,
Figures 2 and 3). In this case, however, this decrease of
intracellular expression is not accompanied by a release into
the extracellular space (Figure 5). Probably the release occurs
after a period of time longer for this cell line. In fact, after 48
hours it was detectable in the controls and after low doses. It
is possible that later it occurs at higher doses and increases
again at low doses.

After treatment with TMZ, there was no difference to 24
hours compared to the control or with regard to the release
or the cytoplasmic expression, while at 48 hours there was a
decrease of the release. The cell probably responds to TMZ
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Table 1: Intracellular expression of HSP70 in T98G cells after 24 and 48 hours from single or combined treatments with radiation and
temozolomide (TMZ).

HSP70 0Gy 2Gy 4Gy 8Gy 10Gy TMZ 2Gy + TMZ 10Gy + TMZ
24 h 0/+ ++/+++ ++ +/++ + +++ ++/+++ +/++
48 h ++ +/++ ++/+++ ++/+++ + +++ +++ ++/+++
0: no expression of protein; +: low expression of protein; ++: moderate expression of protein; +++: high expression of protein.

Table 2: Intracellular expression of HSP70 in U251MG cells after 24 and 48 hours from single or combined treatments with radiation and
temozolomide (TMZ).

HSP70 0Gy 2Gy 4Gy 8Gy 10Gy TMZ 2Gy + TMZ 10Gy + TMZ
24 h +/++ +/++ ++/+++ ++ ++ +/++ ++ +++
48 h +++ ++/+++ ++ ++/+++ 0/+ +++ +/++ ++
0: no expression of protein; +: low expression of protein; ++: moderate expression of protein; +++: high expression of protein.

with another mechanism and HSP70 pathway is not involved
in TMZ-induced stress response.

The combination of TMZ and radiation induced instead
an increase of the production of the protein at 24 hours
followed by a release at 48 hours that was more substantial
than the one after drug and radiation alone. So the drug alone
did not seem to have a significant effect on the production
and release of HSP70 in U251MG, probably due to the fact
that this cell line has low MGMT level and TMZ tolerance
[18]. However, when TMZ was combined with radiation, it
induced an effect on the release of HSP70. The pathway of
this protein may be triggered by combined treatments and
not by single treatment with drug, probably because the
radiation causes more damage pathway targeted to cell death
and hence involved in the immunogenicity phenomenon,
while the drug induced a mechanism more directed to the
cytoprotection without activating the expression and release
of damage signals.

Data obtained from immunocytochemical analysis
showed that in both cell lines HMGB1 had a nuclear
localization in controls and in cells exposed to doses of 2
and 4Gy (Tables 3 and 4, Figure 6). HMGB1 is ubiquitously
present in the nucleus of almost all mammalian cells [19].
Within nucleus HMGB1 stabilizes nucleosomes and regulates
transcription of many genes [20, 21]. At higher doses (8Gy
and 10Gy) the expression of this protein appeared paler
and the protein localization became cytoplasmatic (Figures
6 and 7). Moreover, a dose-dependent increase of HMGB1
release was observed in T98G cells after 24 hours, with the
exception of the dose of 8Gy that did not seem to induce an
increase of the release (Figure 8). At this dose and this time
after treatments, the cells could carry out the translocation
of the protein and not its release. In U251MG the release was
affected after 8Gy exposure where it was higher compared
to control. Probably this cell line needs more time to activate
the release at low doses. After exposure of 10Gy, instead,
the protein was neither produced nor released (Figure 9),
suggesting that this dose is that high to induce a huge damage
that involves other pathways rather than the expression of
DAMPs (damage-associated molecular pattern molecules).
These data could demonstrate that radiation induces an
increase of HMGB1 and a translocation from nucleus to
cytoplasm at low doses, whereas at higher doses radiation

could stimulate the release of the protein in the extracellular
environment. The release of HMGB1 into the extracellular
space occurs during cell death induced by radiation, both
necrosis and apoptosis [22, 23], when the protein plays a role
as a DAMP which activates local antigen presenting cells to
become stimulatory to the immune system response [6]. The
release of HMGB1 from the nucleus of dying tumour cells to
their cytoplasm and subsequently to the extracellular space
during cell death constitutes a crucial step in the activation
of antigen presenting cells [24].

After 24 hours from treatment with 20 𝜇Mof TMZT98G,
cells showed a nuclear expression ofHMGB1 accompanied by
an extracellular release higher than that observed in control
cells (Figure 6). After 48 hours from treatment a translocation
of HMGB1 in the cytoplasmic compartment was observed
followed by a release of the protein that seemed to be higher
than control cells but similar to the one obtained after
treatment with 4Gy (Figure 8). On the contrary, U251MG
cells treated with TMZ showed no difference in the protein
expression and release compared to 0 and 2Gy treatments
(Figure 9), as demonstrated previously also in U87 cells
[17]. Probably the incubation time period and the drug
concentration are too low to show significant changes in
HMGB1 expression and localization in this cell line. Another
explanation could be that TMZ did not induce a cell death
type able to cause the concomitant release of this protein in
this cell line. In fact, the release process may vary with cell
type; generally it occurs in necrotic cells [22] but in some
cell types HMGB1 could be released also by apoptotic or
secondary necrotic cells [23].

Combined treatments with 2Gy plus TMZ caused a
cytoplasmatic production of HMGB1 after 24 hours, which
is highly expressed in T98G and slightly in U251MG cells
(Tables 3 and 4). In this condition a high release of
HMGB1 compared to control was induced after short time
in the first cell line, whereas in the second cell lines the
values obtained are lower than those observed after single
treatments. However the protein tends to be no longer
produced nor released over time. On the contrary, in the
condition 10Gy plus TMZ, both after 24 and after 48 hours
from treatment, a lesser presence of HMGB1 in the cytoplasm
was observed due to a persistent release of the protein. At
10Gy plus TMZ the situation is quite similar to that obtained
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Table 3: Intracellular expression of HMGB1 in T98G cells after 24 and 48 hours from single or combined treatments with radiation and
temozolomide (TMZ).

HMGB1 0Gy 2Gy 4Gy 8Gy 10Gy TMZ 2Gy + TMZ 10Gy + TMZ
24 h + (n) +/++ (n) ++ (n) +/++ (c) +/++ (c) +++ (n) ++/+++ (c) + (c)
48 h ++/+++ (n/p) +++ (n) ++/+++ (n) +/++ (c) + (c) +/++ (p) +/++ (c) +/++ (c)
0: no expression of protein; +: low expression of protein; ++: moderate expression of protein; +++: high expression of protein; n: nuclear expression; p:
perinuclear expression; c: cytoplasmatic expression.

Table 4: Intracellular expression of HMGB1 in U251MG cells after 24 and 48 hours from single or combined treatments with radiation and
temozolomide (TMZ).

HMGB1 0Gy 2Gy 4Gy 8Gy 10Gy TMZ 2Gy + TMZ 10Gy + TMZ
24 h +/++ (n) ++/+++ (p) + (n) +++ (c) +/++ (c) ++ (n) + (c) +/++ (c)
48 h +/++ (n) ++ (p) +++ (p) ++/+++ (c) + (c) ++/+++ (p) + (c) ++ (p)
0: no expression of protein; +: low expression of protein; ++: moderate expression of protein; +++: high expression of protein; n: nuclear expression; p:
perinuclear expression; c: cytoplasmatic expression.

T98G cells

0Gy

2Gy

10Gy

10Gy + TMZ

TMZ

2Gy + TMZ

U251 cells

24h 48h48h 24h

HSP70

Figure 2: Intracellular HSP70 expression detected by immunocytochemical technique in T98G andU251MG cells after 24 and 48 hours from
single or combined treatments with radiation and temozolomide (TMZ) (400x).
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Figure 3: Quantitative analysis with ImageJ of Hsp70 profile in comparison with sham irradiated (0Gy) in T98G and U251MG cells. The
intensity of immunostaining is expressed as arbitrary units (A.U.) from 0 to 100.
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Figure 4: Extracellular HSP70 in T98G glioblastoma cells after 24
and 48 hours from single or combined treatments with radiation and
temozolomide (TMZ) detected by ELISA. Data from 3 independent
experiments are expressed as mean ± standard deviation.

in the single although the release of HMGB1, after 24 hours,
is different for each cell line: lower in T98G and slightly
greater in U251MG in comparison to that obtained by 10Gy
alone (Figures 8 and 9). Results obtained from combined
treatments did not suggest a beneficial use of combined
treatments in comparison with radiation alone to activate
signalling of immunogenic proteins able to stimulate an
antitumoral response.

4. Conclusions

The success of some chemo- and radiotherapeutic regimens
could rely on the induction of immunogenic tumour cell
death and on the induction of anticancer immune response.
In glioblastoma conventional cancer treatments are destined
to fail because of dormant micrometastases or tumour (stem)
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and temozolomide (TMZ) detected by ELISA. Data from 3 indepen-
dent experiments are expressed as mean ± standard deviation.

cells resistant to therapy and able to induce relapse and ther-
apeutic failure. One possible strategy consists in stimulating
the immunogenicity of tumour cells, resulting in the expose,
release, or active specific immunogenic factors andmolecules
that change microenvironment and deliver a stimulatory
signal to the immune system [12]. Only few data exist dealing
with the immune sensitizing effects of TMZ when added to
radiation in human glioma and the identity of danger signals
are still not better known in this kind of tumours.

In this work we studied two danger signals HSP70 and
HMGB1 that are expressed and released in response to single
or combined treatments of radiation and temozolomide in
glioblastoma cells.

In particular, our data suggested that HSP70 translo-
cates from cytoplasm to extracellular environment after an
increase of radiation dose. When cell undergoes cellular
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stress, such as exposure to radiation, many HSPs are over-
expressed in the cytoplasm. Some of these proteins such as
HSP70 are also able to move from cytoplasm to plasmatic
membrane and subsequently outside the cells in order to
carry out a potent immune-stimulatory activity [25]. Our
results reported a HMGB1 translocation from the nucleus to
the cytoplasm and subsequent release into the extracellular
space after irradiation in glioblastoma cells. It is likely that
HMGB1 released into the microenvironment as a result of
tumour cells induced by radiation facilitates the activation of
dendritic cells within the tumour [9]. However, the increase

of HMGB1 in the extracellular space could drive cancer
progression because of its activity as autocrine factor capable
of promoting the growth and migration of tumour cells [26].
Further studies should be carried on to better understand the
mechanism of action of HMGB1 and HSP70 on glioblastoma
cells and on immune system cells to activate an immune
response against tumour.

We also could state that TMZ had limited effective-
ness in activating HMGB1 and HSP70 signalling and an
adjuvant effect in their expression and release, instead, was
observed in some combined treatments, but it depends on
schedule, cell line, and timing, as reported by Chalmers
and colleagues [27]. A big challenge in tumour therapy is,
therefore, to identify the most beneficial combination and
chronology of multiple treatment options to contribute to the
improvement of the therapeutic outcome. Moreover, future
work should focus on the modification of brain microen-
vironment through the enhancing or triggering of DAMPs
signalling that is necessary to stimulate antitumour response
and elicit tumour regression and long-term immunological
memory.
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13C NMR isotopomer analysis was used to characterize intermediary metabolism in three colorectal cancer cell lines (WiDr,
LS1034, and C2BBe1) and determine the “metabolic remodeling” that occurs under hypoxia. Under normoxia, the three colorectal
cancer cell lines present high rates of lactate production and can be seen as “Warburg” like cancer cells independently of substrate
availability, since such profile was dominant at both high and low glucose media contents. The LS1034 was the less glycolytic of the
three cell lines and was the most affected by the event of hypoxia, raising abruptly glucose consumption and lactate production.
The other two colorectal cell lines, WiDr and C2BBe1, adapted better to hypoxia and were able to maintain their oxidative fluxes
even at the very low levels of oxygen. These differential metabolic behaviors of the three colorectal cell lines show how important
an adequate knowledge of the “metabolic remodeling” that follows a given cancer treatment is towards the correct (re)design of
therapeutic strategies against cancer.

1. Introduction

Cancer cell alters its metabolism in response to a challenging
environment by promoting cell growth and proliferation,
diverging significantly from normal tissues. According to
Otto Warburg, cancer cells maintain high aerobic glycolytic
rates and produce high levels of lactate and pyruvate [1–3] to
sustain cell proliferation and its high energy demands. When
the pO

2
is normal, the oxidative phosphorylation process

occurs and pyruvate is directed towards theKrebs cycle.Thus,
metabolism in “Warburg” like tumor cells could at first be
seen as “wasteful” when compared to normal cells, or we
could say that tumor cells use a disproportionate nutrient

exchange with its environment. This metabolic profile is in
fact prevalent inmany cancer cells and grants them advantage
over normal cells by allowing them to proliferate at much
higher rates. By avoiding oxidative phosphorylation even
when oxygen is plentiful [4] and adopting aerobic glycolysis,
carbon skeletons build up considerably in their cytosol and
biosynthetic pathways are efficiently activated. Several studies
have demonstrated an increase in the contents of several gly-
colytic enzymes such as 6-phosphofructo-2-kinase/fructose
2,6-biphosphatases. The regulation of glycolysis by these
enzymes allows the alterations in glycolytic fluxes required
to fulfill cancer cells bioenergetics and biosynthetic demands.
The glycolytic pathway is in fact becoming an increasing
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target in cancer therapy both by itself and in combination
with other therapies such as immunotherapy. This advance
helps overcoming drug resistance issues and improves the
efficacy of current anticancer agents [3, 5–7].

Besides that, and having into account tumor microen-
vironment, due to the temporal and spatial heterogeneity
of oxygenation that occurs in solid tumors, the adaptation
to the variability of its microenvironment is critical. Oxy-
gen supply is impaired in many tumors because there is
imbalance between tissue growth and the development of
new vasculature. In solid tumors hypoxia is thus a common
characteristic/microenvironment of tumoral cells, becoming
a key factor for tumor progression and resistance to anti-
cancer therapy [8]. This decrease in oxygen pO

2
influences

compensatory physiological events involving adaptations at
all levels in order to maintain homeostasis between cells
energetic requirements and supplies [8]. Thus, it appears that
aerobic glycolysis is an adaptive mechanism that involves
several metabolic pathways coordinates, which maintain
the morphological characteristics of tumor cells, including
the ability to survive hypoxic conditions, the capacity of
metastasis, and evasion of death by apoptosis [5–8].

Solid tumors have also heterogeneous populations of cells
due, in part, to a limited blood supply that provides reduced
levels of oxygen and prompts for acidic conditions and avidity
of glucose [9].These changes in the tumormicroenvironment
may represent physiological signals that activate cell survival
or death by apoptosis, affecting the balance between growth
and tumor suppression. The mechanisms by which tumor
cells adapt or die in the presence of low levels of oxygen
are not well studied and understood. However, it is known
that the expression of several transcription factors as well
as the modification of metabolic pathways interfere with the
response to the lack of oxygen and nutrients by tumor cells
[10].

The aim of this study is to characterize the metabolic
profile, namely, glycolysis and Krebs cycle fluxes, of three
colorectal cancer cell lines using carbon-13 (13C) tracers and
nuclear magnetic resonance (NMR) spectroscopy. With this
approach central metabolic pathways will be evaluated and
major metabolic changes resulting from hypoxia and glucose
availability will be determined towards depicting the possible
involvement of metabolic mechanisms [11] in some processes
of chemotherapeutic resistance in colon cancer [12].

2. Materials and Methods

2.1. Cell Lines. Colorectal cancer cell lines (WiDr, LS1034, and
C2BBe1) purchased from American Type Culture Collection
(ATCC, Rockville, MD, USA) were used to perform in
vitro studies. The three cell lines are from different colon
localizations: WiDr from rectosigmoid location, C2BBe1
clone of the cell line Caco-2 (ATCC) from descending
colon, and LS1034 resistant to chemotherapy concerning P-
glycoprotein overexpression from ascending colon [9–13].
WiDr and C2BBe1 cell lines were maintained in Dulbecco’s
Modified Eagle’s cell culture medium (Sigma) and LS1034
cell line was maintained in Roswell Park Memorial Institute
(RPMI)medium. All cell lines were cultured in high (25mM)

and low (5mM) glucose concentrations, supplemented with
10% fetal calf serum (Gibco) in 5% CO

2
atmosphere, at

37∘C. To perform hypoxia studies, cells were incubated at
37∘C in 93% N

2
, 2% O

2
, and 5% CO

2
using a controlled-

environment cabinet (PlasLabs, USA). Each of the media
was acquired without glucose in order to be supplemented
with [U-13C]glucose for performing 13C NMR isotopomer
analysis.

2.2. Cell Perchloric Acid Extracts. Perchloric acid extracts
were obtained using published methods [14, 15]. Briefly, to
the cell pellet is added the equivalent (v/w) of 2mL ice-
cold perchloric acid 7.2%/gram wet weight of cells. The
resulting supernatant is subsequently neutralized using ice-
cold KOH solutions before lyophilization. This procedure
allows precipitation of KClO

4
and a considerable reduction

of solution ionic strength towards the acquisition of high
quality NMR spectra. For kinetic analysis of lactate produc-
tion, aliquots of cell culture media (160 𝜇L) were drawn at
specific time intervals (0, 4, and 8 hours). To each of these
aliquots 40 𝜇L of an internal standard consisting of sodium
fumarate (10mM) in phosphate buffer (100mM) was added
for absolute quantification purposes.

2.3. NMR Analyses of Intermediary Metabolism

2.3.1. Glycolytic Fluxes by Analysis of Cell Culture Media.
Proton (1H) nuclear magnetic resonance (NMR) spectra
of cell culture media were acquired on a 600MHz Varian
NMR spectrometer using a 3mm indirect detection probe.
Typical acquisition parameters included a 3 s acquisition
time, a radiofrequency pulse of 45∘, and an interpulse delay
of 10 seconds to ensure full relaxation of all nuclei in the
sample. Due to direct ( 1𝐽HC) and long range (

2
𝐽HC and 3𝐽HC)

heteronuclear scalar coupling it is possible to distinguish the
resonances of [U-13C]lactate from those due to nonenriched
[U-12C]lactate (Figure 1). [U-13C]lactate originates from [U-
13C]glucose as a result of glycolysis followed by reduction
of pyruvate by lactate dehydrogenase (LDH). Levels of [U-
13C]lactate are thus used as an indirect measure of glycolytic
activity.

2.3.2. Krebs Cycle Kinetics by 1H and 13C NMR Analysis
of Cell Extracts. 1H- and 13C-NMR spectra of cell extracts
were acquired in a 600MHz Varian NMR spectrometer
using a 3mm indirect detection and a 3mm broadband
NMR probe, respectively. 1H-NMR spectra of cell extracts
allow the monitoring of the levels of intracellular metabolic
intermediates while 13C-NMR spectra allows tackling the
dynamics of 13C incorporation in metabolic intermediates
thus warranting a dynamic vision of cell metabolism. Rates
of 13C incorporation in glycolytic and Krebs cycle interme-
diates are used as a measure of metabolic coupling between
these two major metabolic pathways and provide valuable
clues about the “metabolic remodeling” associated with the
tumorigenic transformation and treatment. 13C isotopomers
of intracellular glutamate provide a window for monitoring
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]acetil-
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45
is proportional to Krebs cycle flux and denotes higher rates of

oxidative metabolism in tissues as opposed to glycolysis. Metabolic fluxes F
1–4 denote the major pathways for [U-13C]glucose use.

Krebs cycle kinetics (Figure 1) since the appearance of multi-
13C-labeled species clearly indicate cycle turnover [14, 16, 17]
and oxidative efficiency.

2.4. Citrate Synthase Enzyme Activity. The citrate synthase
enzyme (CS) is used as a marker enzyme of mitochondrial
preparations due to its stability and its regulatory role in the
Krebs cycle. Its activity can provide an estimate of the number
of mitochondria in a cell suspension and can be used in order
to standardize the results of the activities of the enzymes of
the mitochondrial respiratory chain [15, 18]. The evaluation
of the activity of CS was performed by spectrophotometry at
a 𝜆 of 412 nm.This assay consists of the condensation reaction
of acetyl-CoA (0.2mM) with oxaloacetate (8mM), catalyzed
by CS.This reaction results in coenzymeA (CoA) release that
reacts with 5,5-dithiobis(-nitrobenzoic acid) (DNTB) added
to the medium at a concentration of 2mM, thus enabling the
reading at 412 nm. To allow the access of substrates to the
enzyme Triton X-100 was used at 0.1%.

2.5. Complex IV Activity. To measure complex IV activity,
50𝜇g of protein was added to 1mL of buffer composed by
10mM KH

2
PO
4
, 300mM sucrose, and 5mg/mL BSA with

pH 6.5, which was in a cuvette. The analysis started with the
completion of a baseline tracing at 𝜆 550 nm and then 10 𝜇L
was added of detergent n-dodecyl-𝛽-D-maltoside, which
promotes the formation of pores in the outer membrane of
mitochondria that allow the entry of reduced cytochrome
c, resulting in a concentration of 125mM. This detergent
transfers its electrons to cytochrome c from the mitochon-
drial respiratory chain located in the inner mitochondrial
membrane, without the innermembrane commitment. Upon
addition of reduced cytochrome c solution to make up
the concentration of 10mM, it becomes possible to record
changes in absorbance at 550 nm. At the end, 2 𝜇L of a
solution of potassium cyanide (KCN) 80mM was added

to inhibit complex IV. Measuring the ratio of complex IV
activity in the presence and absence of detergent allows the
analysis of mitochondrial fraction quality.

2.6. Statistical Analysis. Statistical analysis of the different
results was performed using the IBM SPSS software v. 20.0
(IBM Corporation, Armonk, New York, USA). Doubling
time results were analyzed by nonparametric Kruskal-Wallis
test, with multiple comparisons using Bonferroni correction.
NMR results were analysed using parametric Student t-test.
Complex IV activity results were analyzed using nonparamet-
ric Kruskal-Wallis test. A significance of 5% was considered
for all comparisons.

3. Results and Discussion

3.1. Rates of Glycolysis. Levels of lactate in cell culture media
were monitored by 1H-NMR spectroscopy. Figure 2 shows
the temporal evolution of lactate resonances for one of
the cell lines (LS1034). This multiplet (duplet of triplets)
represents one of the 13C-satellites of the methyl resonance
of lactate and constitutes half of the signal due to [U-
13C]lactate. Figure 3 shows the lactate production for all cell
lines under all experimental conditions, high/low glucose
and normoxia/hypoxia. A linear evolution is seen for all
experimental conditions and for all colorectal cancer cell lines
for the first 8 h of incubation. After this period there is a
considerable reduction in lactate production which is also
consistent with a significant reduction in glucose levels in the
culture media. Under normoxia, the three cell lines exhibit
a very pronounced glycolytic metabolic profile, exporting
considerable amounts of lactate to the culture media. This
“Warburg” like metabolic behavior is characteristic of many
tumor cells and was expectable for the colorectal cancer cell
lines under study. From the three, LS1034 is the less glycolytic
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Figure 2: Expansions from 1H-NMR spectra of culture media of LS1034 cells, showing the region of one of the satellites due to [U-13C]lactate
at 0, 4, and 8 hours of incubation in culture media: (a) normoxia/high glucose; (b) hypoxia/high glucose; (c) normoxia/low glucose; (d)
hypoxia/low glucose.

followed by C2BBe1 and ultimatelyWiDr appears as themost
glycolytic at both high and low glucose normoxic conditions.
This metabolic profile is dramatically altered under hypoxia.
This “insult” has completely differential effects in the three
cell lines and shows as well a dependence on the glucose
content of the cell culture media. The LS1034 cell line is
the most susceptible to hypoxia (Figure 3(b)). During the
first 8 hours of incubation, lactate production rates increase
significantly, more than triplicate, while for other cell lines
the increases in those rates are much less notorious. The
colorectal cancer cell line with the lowest dependence on
glycolysis/lactic fermentation under normoxia becomes the
most glycolytic under hypoxia. The amount of glucose in
the cell culture media also influences the rates of lactate
production by the three cell lines. The combination of
normoxia/hypoxia and high/low glucose forms a matrix that
seemingly affects differently each of the colorectal cancer
cell lines. LS1034 shows a significant increase in lactate
production due to hypoxia at both high and low glucose
contents while WiDr behaves opposingly for the two glucose
levels, increasing glycolysis at high glucose but reducing
glycolysis with significant decrease for low glucose, assuming
an adaptive behavior. The C2BBe1 is the less affected by the
hypoxic insult at both high and low glucose levels, however,
with significance at low levels of glucose.

3.2. Glycolytic Flux versus Proliferative Activities. A signif-
icant glycolytic activity is expectable in high proliferative
tissues for the sake of availability of carbons skeletons for
biosynthetic routes. On this basis one would expect that

the more proliferative a given cell is, the more glycolytic its
metabolic profile should be. Figure 4 shows the duplication
times for the three colorectal cell lines. WiDr is the most
proliferative followed by the C2BBe1 and LS1034 appears as
the cancer linewith the lowest proliferation rate, in agreement
with its lowest glycolytic activity as demonstrated by the
lactate production rates measured under normoxia with
either high or low glucose in culturemedia.Duplication times
and glycolytic activities fully match the concept that there is
no “wasteful” metabolic behavior by the cancer cell lines but
solely an adaptive behavior that grants them advantage over
normal neighboring cells.

3.3. Krebs Cycle Kinetics. Krebs cycle kinetics was evaluated
by 13C-NMR isotopomer analysis using cell perchloric acid
extracts. Figure 5 shows representative 13C-NMR spectra of
perchloric acid extracts derived from the three colorectal can-
cer cell lines grown in normoxic conditions in the presence
of high glucose. Some of the resonances are identified and
the expansions show themultiplet of glutamate C4 resonance
(C4-Glu; 34.2 ppm), a crucial carbon for performing Krebs
cycle kinetics analysis [14, 16]. Immediately perceptible is the
fact that the resonance due to lactate methyl carbon (C3-
Lac; 20.8 ppm) dominates all three spectra, corroborating the
robust glycolytic/fermentative character of these colorectal
cancer cell lines even under normoxia, as outlined above
from the rates of lactate production. Other major differences
between cell lines are the amounts of alanine (C3-Ala;
17.0 ppm) present in cell extracts, much higher in LS1034, and
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Figure 3: [U-13C]lactate exported by colon cancer cell lines to the incubation media during the first 8 hours of incubation under normoxia
and hypoxia and low and high glucose media: (a) WiDr; (b) LS1034; (c) C2BBe1. Significant differences are indicated by ∗ corresponding to
𝑃 < 0.05 (comparison between normoxia and hypoxia conditions) and # corresponding to 𝑃 < 0.05 (comparison between high and low cell
media glucose concentrations (5 and 25mM)).
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Figure 4: Duplication times (h) for the three colorectal cancer cell lines.

the composition of the C4-Glu multiplet in terms of duplet
45 (D

45
) and quartet (Q) multiplets, which as mentioned

correlate with Krebs cycle turnover rates.The levels of alanine
are intimately associated with the levels of pyruvate in the
cells and can be used instead for deriving information con-
cerning the cytosolic redox status [19]. In fact, C3-Lac/C3-Ala

is frequently used as an indirect measure of NADH/NAD+
ratio [20, 21]. The more the NADH/H+ exists in cytosol
the more extensive the conversion of pyruvate is to lactate
through lactic dehydrogenase (LDH) and the higher the
ratio is of those two metabolites. In terms of C4-Glu, the
appearance of the Q multiplet is only possible after multiple



6 BioMed Research International

C4-Glu

C3-Glu

C3-Ala

C3-Ala

C3-Lac

C2-Ala

WiDr

LS1034

C2BBe1

(ppm)
55 50 45 40 35 30 25 20

(a)

(b)

(c)

Q Q Q Q

D45 D45

Figure 5: 13C NMR spectra of perchloric acid extracts for the three colorectal cancer cell lines under normoxia and high glucose media: (a)
WiDr; (b) LS1034; (c) C2BBe1. Expanded is the multiplet due to glutamate carbon 4 (C4-Glu; 34.2 ppm), composed by two major multiplets,
duplet 45 (D

45
), due to glutamate isotopomers labeled in carbons 4 and 5 but not carbon 3, and quartet (Q) representing all glutamate

isotopomers with those three carbons enriched simultaneously. Other resonances easily seen are the methyl carbons of lactate (C3-Lac;
20.8 ppm) and alanine (C3-Ala; 17.0 ppm) and the carbon 3 of glutamate (C3-Glu; 27.8 ppm).

0

10

20

30

40

WiDr LS1034 C2BBe1

∗∗

C3
-L

ac
/C
3

-A
la

(a)

WiDr LS1034 C2BBe1
0

10

20

30

40

C3
-L

ac
/C
3

-A
la

(b)

WiDr LS1034 C2BBe1
0

10

20

30

40

C3
-L

ac
/C
3

-A
la

(c)

WiDr LS1034 C2BBe1
0

10

20

30

40

C3
-L

ac
/C
3

-A
la

(d)
Figure 6: Ratios of the methyl carbon of lactate (C3-Lac) to the methyl carbon of alanine (C3-Ala) for the three colorectal cancer cell lines
under all experimental conditions: (a) normoxia/high glucose; (b) hypoxia/high glucose; (c) normoxia/low glucose; (d) hypoxia/low glucose.
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Figure 7: Ratios of the glutamate C4 quartet (C4Q) to the duplet 45 (D
45
) multiplets for the three colorectal cancer cell lines under all

experimental conditions: (a) normoxia/high glucose; (b) hypoxia/high glucose; (c) normoxia/low glucose; (d) hypoxia/low glucose.

turns of the Krebs cycle (Figure 1) and its contribution to the
overall C4-Glu multiplet is higher in cells with a more active
oxidative metabolism. The ratio C4Q/C4D

45
provides a way

to probe Krebs cycle kinetics and to compare different cell
lines in terms of their glycolytic/oxidative metabolic charac-
ters. Another ratio of metabolic interest is the C3-Lac/C4-
Glu, since it reports how enriched the glycolytic/oxidative
metabolite pools are and in such a way provides a measure
of themetabolic coupling between glycolysis and Krebs cycle.
The higher the ratio is the more uncoupled those two central
metabolic pathways are and the more dependent the cell line
is on glycolysis for its bioenergetics requirements. This ratio
is frequently high in “Warburg” like cancer cell lines like the
ones used in this study.

Figure 6 shows the ratios of C3-Lac/C3-Ala for the
three colon cancer cell lines in the four experimental con-
ditions. This ratio is significantly higher in WiDr under
normoxic/high glucose conditions than in the other two
cell lines. This correlates with a more pronounced glycolytic
flux in this cancer cell line under such conditions. Under
hypoxia and high glucose, there is a considerable attenuation
of C3-Lac/C3-Ala ratio in WiDr, only explainable by an
overall metabolic inhibition in these cells. For LS1034 and
C2BBe1 there is an increase in the C3-Lac/C3-Ala ratio under
hypoxia, explainable by a higher dependence on glycolysis for
bioenergetics under anaerobic conditions.

Figure 7 shows the ratios C4Q/C4D
45

for the three col-
orectal cancer cell lines in the four experimental conditions
chosen. This ratio clearly emphasizes that the three cell lines
have distinct Krebs cycle turnovers under hypoxia.WiDr and
LS1034 cell lines suffer a considerable reduction in such ratio
at both high and low glucose conditions. The same does not
hold however for the C2BBe1, which essentially shows no
effect in such ratio due to hypoxia. This distinctive behavior
emphasizes a distinct capacity of the cells for usage of oxygen
at low concentration levels such as the ones prompted by the
hypoxic episode and concomitantly justifies the distinctive
behavior of cells in tumors when subjected to hypoxia [22].

Figure 8 shows the C3-Lac/C4-Glu ratio for the three
colon cancer cell lines in the four experimental conditions. As
expected, this ratio is higher formore glycolytic cell lines, like
WiDr, and suffers a slight increase under hypoxia. Under nor-
moxia andhigh glucose the LS1034 has the lowest C3-Lac/C4-
Glu ratio in accordancewith amuchmore pronounced oxida-
tive profile. Upon hypoxia the LS1034 is the one suffering
the more severe metabolic shift since the oxidative pathway
reduces its contribution to cell bioenergetics and has to be
compensated by further glycolytic activity.

3.4. Complex IV Activities. In order to corroborate the
metabolic alterations mentioned above for each of the
colorectal cancer cell lines and strengthen our findings
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Figure 8: Ratios of themethyl carbon of lactate (C3-Lac) to the carbon 4 of glutamate (C4-Glu) for the three colorectal cancer cell lines under
all experimental conditions: (a) normoxia/high glucose; (b) hypoxia/high glucose; (c) normoxia/low glucose; (d) hypoxia/low glucose.

concerning the metabolic (un)coupling observed for each
of the cell lines in each of the metabolic conditions, the
activity of complex IV from the electron transport chain was
also evaluated.This activity, adequately normalized for citrate
synthase activity, is presented in Figure 9. Under normoxia
and high glucose, LS1034 cell line is the one possessing
the most active complex IV. This is in accordance with
all presented data, which pointed these cells as the most
oxidative/less glycolytic under such incubation conditions.
Under normoxia and low glucose no significant changes were
detected in complex IV activities in accordance with the
absence of significant differences on the ratios C3-Ala/C4-
Glu and C4Q/C4D

45
discussed above for this experimental

condition. Low substrate concentration does not seem by
itself to be able to distinguish the three colorectal cell lines
under analysis. Hypoxia on the other hand prompts for
distinction even at low glucose levels, thus emphasizing the
distinctive metabolic character of each colorectal cancer cell
line. This distinct responsiveness is a crucial parameter to
be evaluated aiming at the implementation of more efficient
anticancer therapeutic strategies.

The implemented methodology for analysis of both cul-
ture media and perchloric acid cellular extracts provides
unique and complimentary metabolic information, which

affords a more complete picture of the metabolic transforma-
tions associated with each of the specific actions undertaken
for challenging cancer cell metabolism. This methodology
can naturally be extended to other metabolic pathways and
metabolic tracers towards widening the scopes of the current
metabolic analysis.

4. Conclusions

The three colorectal cancer cell lines show very distinct
metabolic profiles in the four experimental conditions tested.
Glycolysis is in every circumstance the most active metabolic
pathway denoting the “Warburg” likemetabolic behavior that
characterizes many cancer cells. Nevertheless, oxidative flux
through the Krebs cycle assumes its importance in whole cel-
lular bioenergetics and its extent is itself very distinct among
the three colorectal cancer cell lines. The interplay of oxygen
(normoxia versus hypoxia) and nutrient (high versus low
glucose) availability also plays a crucial role in the definition
of cell capacity to adapt to distinct microenvironments. In
this study the (in)sensibility to the three colorectal cancer
cell lines was surprisingly different. The less glycolytic under
normoxia, LS1034, turns into the most glycolytic in hypoxia
while themost glycolytic barely respond to the hypoxic insult.
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Figure 9: Complex IV activities for the three colorectal cancer cell lines under all experimental conditions: (a) normoxia/high glucose;
(b) hypoxia/high glucose; (c) normoxia/low glucose; (d) hypoxia/low glucose.

Also, the alteration in nutrient availability interferes in the
metabolic coupling between glycolysis and Krebs cycle and
demonstrates the distinct capacity that cells have to react to
such interferences. We understand that the whole picture is
much more complex but would like to point out that the
simple management of O

2
and glucose constitutes certainly a

mechanism to take into account to tackle tumor proliferation
and devise more efficient therapeutic strategies.The adequate
knowledge of the metabolic behavior of cancer cells is thus a
must on this “crusade” against cancer and the methodology
here described is certainly pivotal for deriving this much-
needed information.
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The neddylation pathway has been recognized as an attractive anticancer target in several malignancies, and its selective inhibitor,
MLN4924, has recently advanced to clinical development. However, the anticancer effect of this compound against prostate cancer
has not beenwell investigated. In this study, we demonstrated that the neddylation pathwaywas functional and targetable in prostate
cancer cells. Specific inhibition of this pathway with MLN4924 suppressed the proliferation and clonogenic survival of prostate
cancer cells. Mechanistically, MLN4924 treatment inhibited cullin neddylation, inactivated Cullin-RING E3 ligases (CRLs), and
led to accumulation of tumor-suppressive CRLs substrates, including cell cycle inhibitors (p21, p27, and WEE1), NF-𝜅B signaling
inhibitor I𝜅B𝛼, and DNA replication licensing proteins (CDT1 andORC1). As a result, MLN4924 triggered DNA damage, G2 phase
cell cycle arrest, and apoptosis. Taken together, our results demonstrate the effectiveness of targeting the neddylation pathway with
MLN4924 in suppressing the growth of prostate cancer cells, implicating a potentially new therapeutic approach for the men’s
cancer.

1. Introduction

Prostate cancer is the most common malignancy among
elderly men, representing the second leading cause of male
cancer death in developed countries [1, 2]. With the aging
population in the coming year, the incidence of prostate
cancer will be annually rising. Although prostate cancer
patients own favorable 5-year overall survival in general [3], a
substantial proportion of patients with an initial response to
medical or surgical castration suffers from treatment failure
due to acquired hormone resistance [4]. Chemotherapeutic
options for prostate cancer patients are historically lim-
ited largely because prostate cancer is insensitive to most

chemotherapeutics. In order to overcome such limitations,
safer and more effective therapeutic agents are needed.

Protein neddylation is a newly characterized protein
posttranslational modification in eukaryotic cells by adding
NEDD8, an ubiquitin-like molecule, to target proteins [5–
8]. Similar to protein ubiquitination, NEDD8 is firstly
activated by NEDD8-activating enzyme E1 (also known as
NAE, a heterodimer composed of NAE1 and UBA3 sub-
units), the activated NEDD8 is then transferred to NEDD8-
conjugating enzyme E2 (UBC12 or UBE2F), and finally
NEDD8-conjugating enzyme E2 collaborates with substrate-
specificNEDD8-E3 ligase to covalently conjugate theNEDD8
to its target substrates [9]. The best-characterized NEDD8
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substrates are the cullin family proteins that serve as the
scaffold components of cullin-RING E3 ligases (CRLs) [10,
11]. CRLs, the largest cellular ubiquitin ligase family, mediate
proteasomal degradation of a variety of cellular proteins
that function in diverse biological processes whereas their
dysfunction leads to carcinogenesis [12–14].

Neddylation-CRLs axis has emerged as a novel anti-
cancer strategy, as evidenced by the antitumor activity of
the NEDD8-activating enzyme (NAE) inhibitor MLN4924
[14–16]. This small molecule binds to NAE at the active site
and forms a covalent NEDD8-MLN4924 adduct that blocks
the subsequent enzymatic cascades for protein neddylation
[17, 18]. By doing so, MLN4924 blocks cullin neddylation,
inactivates CRLs, and thus leads to accumulation of CRLs
substrates and growth suppression of cancer cells [14, 19, 20].
Due to its significant anticancer efficacy and well-tolerated
toxicity in preclinical studies, MLN4924 has been advanced
into phase I clinical trials for several malignancies [21, 22]. In
the present study, we reported that neddylation pathway was
activated in prostate cancer cells whereas inhibition of this
pathway by MLN4924 exerted significant anticancer efficacy
in prostate cancer cells. Our findings lay the foundation for
the future development of MLN4924 as a potential treatment
of prostate cancer.

2. Materials and Methods

2.1. Cell Lines and Drug Solutions. Prostate cancer cell lines
DU145, LNCap, and PC3 were purchased from American
Type Culture Collection and grown in RPMI1640 with
10% fetal bovine serum. Neddylation pathway inhibitor
MLN4924, proteasome inhibitors Bortezomib, and MG132
were each dissolved in dimethyl sulfoxide (DMSO) and kept
in −20∘C before use [23].

2.2. Cell Proliferation Assay. Cells were seeded in 96-well
plates in triplicate (3000 cells per well) and treated with
MLN4924 at various doses. After treatment for 96 hours,
cell viability was measured with ATPlite kit (Perkin Elmer),
according to the manufacturer’s instructions [24].

2.3. Clonogenic Cell Survival Assay. Cells were seeded into
6-well plates in triplicate (250 cells per well). Twenty-four
hours later, the old culture media were replaced with fresh
media in the presence or absence of MLN4924, followed by
incubation at 37∘C for 12 days. After fixationwith 0.2% crystal
violet, colonies containingmore than 50 individual cells were
counted [23].

2.4. Immunoblotting (IB). Cells were harvested and cell
lysates were extracted for immunoblotting as described [25],
using antibodies against NAE1, UBA3, UBC12, UBE2F, DCN-
1, CDT1, ROC1, NEDD8, cullin1, p21, p27, WEE1, phospho-
histone H3 (p-H3), total-histone H3 (t-H3), phospho-H2AX
(p-H2AX), total H2AX (t-H2AX), total-I𝜅B𝛼 (t-I𝜅B𝛼),
phospho-I𝜅B𝛼 (p-I𝜅B𝛼), cleaved Caspase-3 (c-Caspase-3),
cleaved PARP (c-PARP), and GAPDH.

2.5. Fluorescence Activated Cell Sorting (FACS) Analysis.
After treatment with MLN4924, cells were trypsinized,
washed with PBS, and fixed in ice-cold 70% ethanol. For
cell cycle analysis, cells were stained with propidium iodide
and analyzed by CyAn ADP (Beckman Coulter). Data were
analyzed with ModFit LT software [23].

2.6. Statistical Analysis. Data are presented as mean ± stan-
dard error of themean (SEM).GraphPadPrism5 softwarewas
adopted to assess the statistical differences. The unpaired 2-
tailed 𝑡 test was performed for the comparison of two groups,
and the level of significance was set at ∗𝑃 < 0.05, ∗∗𝑃 < 0.01,
∗∗∗
𝑃 < 0.0001.

3. Results

3.1. The Neddylation Pathway Was Activated and Targetable
in Prostate Cancer Cells. To evaluate the activation status
of the neddylation pathway in prostate cancer cells, the
expression of key components of the neddylation pathway
was examined. As shown in Figure 1(a), NEDD8-activating
enzyme E1 (NAE1 and UBA3), NEDD8-conjugating enzyme
E2 (UBC12 and UBE2F), and NEDD8-E3 ligases (DCN-1
and ROC1) were expressed in high levels, suggesting the
activation of neddylation pathway in prostate cancer cells. In
addition, both conjugated and free NEDD8 were revealed to
be highly expressed in prostate cancer cells (Figure 1(b)).

The activation of neddylation pathway renders it a
potential anticancer target in prostate cancer cells. To test
this hypothesis, an effort to suppress neddylation pathway
was made by using NAE inhibitor MLN4924. As shown
in Figure 1(b), global protein neddylation was obviously
suppressed by MLN4924 while free NEDD8 accumulated
dramatically in treated cells, demonstrating the functional
and targetable status of neddylation pathway in prostate
cancer cells. Furthermore, we determined the specificity of
MLN4924 for inhibition of the neddylation pathway when
compared to Bortezomib (originally codenamed PS-341) and
MG132, two classical proteasome inhibitors, and found that
MLN4924, but neither Bortezomib nor MG132, specifically
inhibited global protein neddylation and cullin neddyla-
tion (Figure 1(c)). These results demonstrate that MLN4924
specifically blocks protein neddylation in prostate cancer
cells.

3.2. MLN4924 Inhibited the Growth of Prostate Cancer Cells.
Next we determined the sensitivity of two prostate cancer cell
lines to MLN4924. Morphological observations showed that
MLN4924 significantly inhibited the proliferation of prostate
cancer cells. Moreover, MLN4924-treated cells were shrunk
and became round, indicating that the cells were undergoing
the apoptosis (Figure 2(a)). Consistently, cell viability assay
revealed that MLN4924 induced a dose-dependent impair-
ment of cell viability (Figure 2(b)). In addition, MLN4924
effectively suppressed colony formation in a standard clono-
genic survival assay in prostate cancer cells (Figure 2(c)).
These data demonstrate that MLN4924 is a potent inhibitor
of cell proliferation and survival in prostate cancer cell lines.
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Figure 1: The neddylation pathway was functional and targetable in prostate cancer cells. (a) The components of the neddylation pathway
were expressed in prostate cancer cells. Subconfluent cells were subjected to MLN4924 treatment (1𝜇M) for 12 hours and harvested for
immunoblotting (IB) using antibodies against NAE1, UBA3, UBC12, UBE2F, ROC-1, and DCN-1 with GAPDH as a loading control. (b)
Neddylation pathwaywas activated and targetable in prostate cancer cells. Cells were subjected toMLN4924 (1 𝜇M) for 12 hours and harvested
for IB using antibodies against NEDD8 with GAPDH as a loading control. (c) MLN4924 specifically inhibited neddylation pathway. Cells
were subjected toMLN4924 (1 𝜇M), Bortezomib (1 𝜇M), orMG132 (20𝜇M) for 4 hours and harvested for IB using antibodies against NEDD8
and cullin1 with GAPDH as a loading control. MLN, MLN4924; Bort, Bortezomib.

3.3. MLN4924 Inhibited Cullin Neddylation and Inactivated
CRLs. To address the potential mechanisms underlying the
inhibitory effect of MLN4924 on the growth of prostate
cancer cells, the expression of a panel of tumor-suppressive
CRLs substrates was determined in treated cells. As shown

in Figure 3, cullin neddylation was completely blocked by
MLN4924, indicating the inactivation of CRLs. As a result,
CRLs substrates, including cell cycle inhibitors (p21, p27),
NF-𝜅B signaling inhibitor I𝜅B𝛼, and DNA replication licens-
ing proteins (CDT1 and ORC1), were accumulated upon
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Figure 2: MLN4924 inhibited prostate cancer cell growth. (a) Morphological observations of MLN4924-treated cells. Cells were treated
with indicated concentrations of MLN4924 for 48 hours and then photographed. (b) MLN4924 inhibited the proliferation of prostate cancer
cells. Cells were seeded in 96-well plates in triplicate and treated with indicated concentrations of MLN4924 for 96 hours; cell viability was
determined by ATPlite kit ( ∗∗∗𝑃 < 0.0001, 𝑛 = 3). (c) MLN4924 inhibited clonogenic cell survival of prostate cancer cells. DU145 and PC3
cells were seeded into 60mm dishes in duplicate and then grown in the presence or absence of MLN4924 for 12 days.The colonies with more
than 50 cells were counted, following crystal violet staining ( ∗∗∗𝑃 < 0.0001, 𝑛 = 3).
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Figure 3: MLN4924 induced accumulation of CRLs substrates and triggered DNA damage in prostate cancer cells. Subconfluent cells were
treated with MLN4924 (0, 0.1, 0.33, 1.0 𝜇M) for 48 hours, followed by IB analysis using antibodies against p21, p27, p-I𝜅B𝛼, t-I𝜅B𝛼, CDT1,
ORC1, p-H2AX, and t-H2AX with GAPDH as a loading control.

MLN4924 treatment. Also, we found that the expression
level of phosphorylation H2AX (Figure 3), a classical DNA
damage marker, was elevated in MLN4924-treated cells,
which was very likely triggered by the accumulation of CDT1
and ORC1 [23].

3.4. Inactivation of CRLs by MLN4924 Induced Cell Cycle
Arrest and Apoptosis. To further investigate the nature of
MLN4924-mediated growth suppression of prostate cancer
cells, we performed the cell cycle profile analysis and found
that MLN4924 notably triggered G2/M cell-cycle arrest in
DU145 cell lines (Figure 4(a)). To further determine at which
phase cells were arrested, we examined the expression of
G2-M phase transition inhibitor WEE1 and the mitotic
marker p-histone H3. As shown in Figure 4(b), MLN4924
significantly induced the increase of WEE1 and decrease of
p-histone H3, revealing that MLN4924-treated cells were
arrested at G2 phase.Moreover,MLN4924 treatment induced

the expression of cleaved Caspase-3 and cleaved PARP (the
biochemical indicators of apoptotic induction) (Figure 4(c)),
which was consistent with previous observation (Figure 2(a))
that MLN4924-treated cells displayed apoptosis-like mor-
phology.

4. Discussion

With the aging population, the incidence of prostate cancer
appears to steadily increase in recent years. However, the
current systemic therapy is far from satisfaction due to (1)
acquired drug resistance, (2) severe treatment-related adverse
effects, and (3) low anticancer efficacy, which ultimately
results in recurrence and metastasis.Therefore, new systemic
therapy strategies are in urgent need to improve the currently
available prostate cancer treatment.The neddylation pathway
was recently found to be overactivated in a couple of cancer
types [18, 26] and has been considered a promising anticancer
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Figure 4: MLN4924 induced G2 phase cell cycle arrest and apoptosis in prostate cancer cells. Subconfluent cells were treated withMLN4924.
Forty-eight hours later, one portion of cells was used for cell cycle profile analysis (a), while the other portion was subjected to IB analysis ((b)
and (c)). (a) MLN4924 induced G2 phase cell cycle arrest. Cell percentages at G2 phase were 5%, 7.5%, and 46% respectively, when treated
withMLN4924 at 0, 0.1 and 0.33 𝜇M. (b) IB analysis to determine the expression ofWEE1 and p-histone H3. (c) MLN4924 induced apoptosis
in prostate cancer cells. Cells were treated with MLN4924 for 48 hours, followed by IB analysis using antibodies against c-Caspase-3 and
c-PARP with GAPDH as a loading control.
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target [18] in a number of malignancies. The efforts to screen
for small-molecular inhibitor against neddylation pathway
have led to the discovery of MLN4924, an inhibitor of NAE.
By blocking neddylation of cullin, the best-characterized
target of neddylation pathway thus far, MLN4924 has the
ability to inactivate CRLs, leads to accumulation of its
substrates, and thus eventually leads to suppression of several
solid tumors and hematological malignancies both in vitro
and in vivo [9, 21]. In the present study, we found that
the neddylation pathway was activated in prostate cancer
cells. Moreover, we found that MLN4924 was potent in
inhibiting tumor growth in both hormone-sensitive (LNCap)
and hormone-resistant (DU145) human prostate carcinoma
cell lines.

Previous studies reported that blockage of cullin neddy-
lation by MLN4924 was enabled to inactivate CRLs and thus
induced multiple cellular effects, including G2 phase arrest,
DNAdamage response, and apoptosis/senescence [14, 18, 25].
Our results demonstrate that similar mechanisms of growth
suppression are shared by prostate cancer upon neddylation
inhibition. In prostate cancer cells, neddylation inactivation
by MLN4924 blocked cullin neddylation, inhibited CRLs

activity, and thus triggeredDNAdamage, cell cycle arrest, and
apoptosis by inducing the accumulation of well-known CRLs
substrates, including (1) cell cycle inhibitors p21, p27, and
WEE1; (2) NF-𝜅B inhibitor I𝜅B𝛼; and (3) DNA replication
licensing proteins CDT1 and ORC1 (Figure 5) [14, 23, 27].
These observations suggest that protein neddylation is a
conserved signaling pathway essential for the survival of
prostate cancer cells. Collectively, targeting neddylation is
feasible and reasonable for the treatment of prostate cancer.
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Tumor-induced bone disease is a dynamic process that involves interactions with many cell types. Once metastatic cancer cells
reach the bone, they are in contact with many different cell types that are present in the cell-rich bone marrow. These cells include
the immune cells, myeloid cells, fibroblasts, osteoblasts, osteoclasts, and mesenchymal stem cells. Each of these cell populations
can influence the behavior or gene expression of both the tumor cells and the bone microenvironment. Additionally, the tumor
itself can alter the behavior of these bone marrow cells which further alters both the microenvironment and the tumor cells. While
many groups focus on studying these interactions, much remains unknown. A better understanding of the interactions between
the tumor cells and the bone microenvironment will improve our knowledge on how tumors establish in bone and may lead to
improvements in diagnosing and treating bone metastases. This review details our current knowledge on the interactions between
tumor cells that reside in bone and their microenvironment.

1. Introduction

Despite recent advances in early detection and therapeutic
approaches, metastases still remain the major problem for
cancer patients. In particular, bone metastases account for
decreased quality of life and ultimately death of prostate,
breast, and lung cancer patients. However, current therapeu-
tic approaches are insufficient to effectively cure or prevent
bone metastasis. Tumor metastasis is a tightly regulated
multistep process, in which specific interactions between
disseminating tumor cells and the cells constituting the recip-
ient organ microenvironment play important roles. Increas-
ing evidence supports the prometastatic functions of the
microenvironment, with many studies indicating the impor-
tance of bonemarrow cells in themetastatic niche.Many early
studies have shown that these bone marrow cells set up a
metastatic niche at the secondary site that allows for cells to
establish [1, 2]. Subsequent studies have specifically isolated
myeloid-derived suppressor cells [3–6], myofibroblast [7–9],

and tumor-associated macrophages [10–12]. Each of these
has some overlapping roles in metastasis, but each class of
cells is a distinct bone marrow cell type with distinct roles in
metastasis (summarized in Figure 1). While these classes of
cells were isolated and shown to be important in metastases,
many groups are still actively trying to clarify their precise
molecular role in the metastatic process. Researchers expect
that advanced knowledge on how these cells regulate the
tumor microenvironment will allow development of novel
therapeutic approaches to alter the niche less hospitable
to the cells and therefore reducing or preventing tumor
growth. It is also possible that understanding the niche will
allow clinicians to better predict which patients may develop
secondary disease and which organs may be affected.

2. Bone Cells
The importance of interactions between tumor cells and other
cells in the bone microenvironment was demonstrated in
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Figure 1: Tumor microenvironment interactions. Tumor cells interact with the cell populations present in the bone marrow. These include
cells such as the fibroblasts, osteoblasts, osteoclasts, immune cells, and others as depicted here.

the 1990s by the work of Dr. Greg Mundy and others in the
field. Their work strongly showed that there was a vicious
cycle between the tumor cells and cells in the bonemicroenvi-
ronment. This work showed that tumor cells secreted factors
that stimulated bone destruction, while bone destruction
caused the release of growth factors from the bonematrix that
further stimulated the tumor cell growth and production of
factors that further enhanced bone destruction [13–15].

2.1. Osteoclasts. Osteoclasts are multinucleated cells that are
responsible for bone resorption. A functional osteoclast has
the ability to resorb mineralized bone matrix as part of
normal bone remodeling that occurs during an individ-
ual’s lifetime [16, 17]. Osteoclasts differentiate from myeloid
progenitor cells under the influence of growth factors and
cytokines such as macrophage colony stimulating factor (M-
CSF) and receptor activator of nuclear factor kappa-B ligand
(RANKL) [18, 19]. Physiological bone resorption is a tightly
regulated process that involves signals from osteoblasts as
well as signals from other cells found in the microenviron-
ment. Osteoclast differentiation, maturation, and activation
are dependent on RANK/RANKL/osteoprotegerin (OPG)
signaling pathway [20, 21]. OPG is a soluble decoy receptor
for RANKL, expressed by osteoblasts and negatively regulates
osteoclast activation [19, 21, 22]. Deregulation of this process,
such as toomuch resorption or too little, can lead to increased
risk of fracture as well as other bone-related diseases [17].

Overactive osteoclasts can be detrimental and play a role
in several diseases such as osteoporosis, pycnodysostosis,
and Paget’s disease, which occur due to increased bone

resorption and bone loss [23]. Primary cancers of breast,
lung, and prostate cancer have a propensity to metastasis
to bone [22, 24–26]. These cancers cells secrete factors
such as parathyroid hormone-related protein (PTHrP) which
stimulate osteoclast-mediated bone destruction through the
RANK/RANKL/OPG signaling pathway [22, 27]. During
bone destruction growth factors including transforming
growth factor beta (TGF-𝛽), insulin-like growth factors
(IGFs), and others are released from the bone matrix, which
can stimulate further tumor growth and the production of
tumor-derived factors (such as PTHrP) that can stimulate
further bone destruction [15, 22, 28].

Even though much is known about the role of osteoclasts
within the vicious cycle, many of their functions are yet
to be explored. Increased osteoclast activity can be due to
several different factors but the end results seem to be the
same, which is that over activation of these cells promotes
osteolysis and tumor cell growth, because factors released
from bone during resorption stimulate tumor cell prolifera-
tion. CXCR4 is found on osteoclast precursors and regulates
hematopoietic and tumor cell homing to bone. In studies
where mice were reconstituted with Cxcr4−/− hematopoietic
cells had increased bone resorption and bone loss, specifically
Cxcr4−/− osteoclasts had higher resorptive activity and faster
differentiation compared to control osteoclasts. The authors
concluded that because the reconstituted mice had increased
tumor growth in bone compared to control mice that dis-
ruption in CXCR4may increase osteoclastogenesis leading to
increased resorption and tumor burden [29]. A recent paper
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published by Ell et al. showed that mice injected with pre-
miR-141 and pre-miR-219 had reduced osteoclastic activity
and osteolytic bone metastasis [30]. Src−/− mice have shown
impaired osteoclast functions [31, 32], and Src inhibitors have
shown to suppress bone resorption effects [33]. These data
suggest that Srcmay be an ideal therapeutic target to suppress
tumor cells (frequently expressing high Src activities) and
osteoclasts (requiring Src for function) at the same time
[34, 35].However, recent phase III clinical trial results showed
that addition of dasatinib (a Src family kinase inhibitor) to
docetaxel did not significantly improve overall survival of
castration-resistant prostate cancer patients [36]. Araujo et
al., the lead investigator of the failed clinical trial, pointed out
that further understanding of Src inhibitors’ mode of action
could identify a better therapeutic role, because the clinical
trial included heterogeneous patient population [36].

Inhibition of osteoclast activity by a variety of different
factors has shown to decrease tumor burden in amouse breast
cancer bone metastasis model [37]. The most commonly
used class of osteoclast inhibitors includes bisphosphonates,
which bind to the bone promoting osteoclast apoptosis and
inhibiting osteoclast mediated bone resorption [38]. Bispho-
sphonates (including zoledronate, alendronate, ibandronate,
etc.) have been highly successful for reducing skeletal related
events in patients with osteoporosis and with tumor-induced
bone destruction [39, 40].

Alternatively, RANKL inhibitory antibodies have been
promising both clinically and in preclinical models where
they can increase time to skeletal related events (SRE) [41, 42].
Denosumab (Prolia, XGEVA), amonoclonal antibody against
RANKL, was recently demonstrated to significantly increase
time to SRE compared to a bisphosphonate, zoledronic acid,
in breast and prostate cancer patients with bone disease [43,
44].Thedebate between clinicians regardingwhich treatment
is more efficacious continues, but both options are clearly
effective and have their benefits. One concern regarding
both treatments is the serious, yet rare, side-effects such as
atypical fractures and osteonecrosis of the jaw [25, 37, 38].
Additionally, neither treatment has been shown to cure bone
metastases or significantly increase survival in patients with
bone metastases.

2.2. Osteoblasts. Osteoblasts are mesenchymal-origin cells
lining the endosteal surface of bone and constitute approx-
imately 4–6% of all bone cells. Osteoblasts produce organic
matrix of bone and subsequently deposit inorganic compo-
nents (e.g., calcium and phosphate), resulting in mineral-
ized hard tissue. In addition to their physiologic functions,
osteoblasts are important components of the metastatic bone
microenvironment.The best-characterized role of osteoblasts
in bone metastasis is described in the “vicious cycle hypoth-
esis” where osteoblasts produce M-CSF and RANKL, two
essential factors for osteoclastogenesis [14, 27, 45]. Sub-
sequent studies followed to understand how molecular
alterations in osteoblasts contribute to create a congenial
microenvironment for metastatic tumor cells. Schneider et
al. demonstrated that expansion of osteoblasts by adminis-
tration of bone-anabolic agents such as parathyroid hormone
(PTH) increased prostate tumor cell localization and growth

in bone [46], suggesting that higher bone turnover rates (i.e.,
increased activity and number of osteoblasts) are associated
with bone metastasis. Other studies have suggested that
osteoblasts can function as a prometastatic population of
cells. The first experimental evidence to support this come
from the physiological phenomena of hematopoietic stem
cell (HSC) homing in bone. HSCs migrate and repopulate
the bone marrow immediately after birth, while the liver
is the primary site of hematopoiesis during feral devel-
opment. Taichman et al. demonstrated that CXCL12/SDF-
1 (expressed by osteoblasts and endothelial cells) and its
receptor (CXCR4, expressed by prostate cancer cells) regulate
bone-tropism of prostate cancer cells [47]. In addition to the
CXCL12/CXCR4/CXCR7 axis [48], Annexin II, expressed by
osteoblasts and endothelium, regulates HSC adhesion, hom-
ing, and engraftment [49]. More recently, Jung et al. demon-
strated that differential levels of growth arrest specific- (GAS-)
6 protein in the bone stromal cells (dominantly osteoblasts)
induce metastatic tumor cell dormancy and determine site-
specificity (i.e., increased localization in vertebrae and hind
limb long bone compared with fore limb bones) of murine
experimental metastasis model of human prostate cancer
[50]. Furthermore, the same group provided pivotal evidence
that osteoblastic niche for HSC is the direct target of tumor
cell localization in bone [51]. The authors demonstrated that
increasing the HSC niche size (via administration of PTH
to induce osteoblast proliferation) promoted skeletal local-
ization of prostate cancer cells, while decreasing the niche
size (via conditional ablation of osteoblasts) reduced tumor
cell localization. The author further investigated whether
HSC compete with metastatic cancer cells for occupancy in
the bone marrow. Administration of AMD3100 (a clinical
regimen to mobilize HSC) mobilized metastatic cancer cells
in the niche back into the circulation, indicating that HSC
compete with bone-tropic cancer cells.These data collectively
suggest that adhesion molecules and chemokine/chemokine
receptors expressed on osteoblasts contribute to localization
and subsequent growth of metastatic tumor cells in bone.

Increasing evidence supports that osteoblastic cells con-
tribute to the metastatic progression by releasing cytokines
and growth factors in the microenvironment. We have
recently demonstrated that primary prostate tumor cells
distantly instigate osteoblasts (via PTHrP in the systemic
circulation) to increase vascular endothelial growth factor-
(VEGF-) A, interleukin- (IL-) 6, and C-C chemokine ligand-
(CCL-) 2 in the bone microenvironment and that VEGF-
A and IL-6 in turn stimulate myeloid-derived suppressor
cells with increased angiogenic potentials [52]. Indeed,
hematopoietic lineage cells are dependent on bone cells
(predominantly osteoblastic cells) for proliferation, mobi-
lization, and function. This concept of “osteoimmunology”
is now expanding to the role of osteoblasts in regulating
other adjacent bonemarrow cells (e.g., hematopoietic lineage
cells with prometastatic functions, such as myeloid-derived
suppressor cells). Interestingly, those prometastatic cytokines
(in particular, VEGF-A and IL-6) stimulate osteoblasts to
produce more VEGF-A and IL-6, suggesting that osteoblas-
tic cells may function as an amplification mechanism of
cytokines in the bone microenvironment.
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3. Immune Cells

3.1. Myeloid Derive Suppressor Cells. The role and existence
of myeloid derived suppressor cells (MDSCs) have been quite
controversial among scientists since their initial discovery in
1978 [53]. Initially they were recognized as natural suppressor
cells located in the bone marrow and spleen that were able
to suppress cell-mediated immunity [54]. These cells did
not contain cell surface markers that resembled T cells, B
cells, macrophages, or natural killer cells which made it
difficult to phenotypically characterize them [55, 56].MDSCs
are a heterogeneous population of myeloid cells that are at
different stages of differentiation. This population includes
immature macrophages, granulocytes, and dendritic cells
as well as myeloid progenitor cells [5, 57, 58]. In mice
these cells can be characterized into two major subtypes,
monocytic-MDSCs and granulocytic-MDSCs, through lym-
phocyte antigens Ly6C and Ly6G [59]. Both subtypes have
immune suppressive functions that are regulated through
distinct mechanisms. Granulocytic-MDSCs have been found
to express higher levels of ROS (reactive oxygen species) and
low levels of NO (nitric oxide) verses monocytic-MDSCs
expressing higher NO and lower ROS expression [59, 60].
Suppressive MDSCs are not found in healthy hosts; only
their nonsuppressive counterpart iMCs (immature myeloid
cells) are present. MDSCs need to be activated to express
suppressive function and are only present at sites of chronic
pathological conditions such as infection and cancer [53].

Recently these cells have been recognized to play an
important role in tumor progression in many solid tumors
by inhibiting antitumor immune responses and by promoting
tolerance [58, 61]. These cells have been deemed protu-
morigenic due to their suppression of T cells, promotion of
angiogenesis, invasion, and metastasis [5, 6, 53, 62]. MDSCs
have been directly linked to promoting tumor invasion and
metastasis through the production and secretion of factors
such asMMPs, IFN𝛾, IL-10, andTGF-𝛽 [6, 61].They have also
been known to suppress the immune system by promoting
tolerance by accumulating T regulatory cells [58, 61, 63]. In
cancer, MDSCs are activated by tumor-secreted factors such
as Toll-like receptors (TLRs), IL-4, IL-13, and TGF-𝛽 that
activate several different signaling pathways [64]. Specific
MDSC expansion in the tumor microenvironment is guided
through tumor-derived factors and factors from themicroen-
vironment that is context specific dictating which population
(monocytic versus granulocytic) is increased [46].

The presence and accumulation of MDSCs has been well
reported in several human cancers as well as different disease
types in the last several years. A positive correlation between
stage and MDSC peripheral density has been reported in
both melanoma and head and neck squamous cell carcinoma
(HNSCC) patients [65]. A 15 percent increase in circulating
CD14+ HLA-DR−/lo cells was correlated with advanced stage
(III and IV) as compared to early stage (I and II) HNSCC
patients [65]. MDSCs containing the phenotype LIN−HLA-
DR−CD33+CD11b+ have been isolated from the blood of
patients with glioblastoma, breast, colon, lung, and kidney
cancers [58, 62, 66, 67]. MDSCs containing the phenotype
CD11b+CD14−HLA-DR−/lowCD33+CD15+ were found in the

bonemarrow and the peripheral blood of patients with active
multiple myeloma compared with healthy donors [68].

The role thatMDSCs play in human tumor-induced bone
disease is still relatively unknown. With the use of mouse
models, several published papers have demonstrated that
MDSCs play an important role in bone metastasis. This is
consistent with what is known about MDSC’s contribution
in the primary tumor environment. What is unknown is if
MDSCs perform a direct role in promoting tumor establish-
ment or tumor proliferation in bone by assisting the tumor
itself or indirectly by secreting protumorigenic factors that
prime the bone allowing it to become a hospitable host. Pub-
lished papers have used mouse models to show that MDSCs
can promote tumor growth in bone [52, 57, 69]. In a prostate
cancermousemodel, it was demonstrated that tumor-derived
PTHrP indirectly increases MDSC’s angiogenic potential
therefore contributing to tumor growth and angiogenesis
[52]. Danilin and colleagues showed that MDSCs contribute
to breast cancer osteolysis by inducing expression of Gli2
and PTHrP in tumor-bearing mice. These factors stimulate
osteoclast-mediated bone destruction leading to increased
bone lesions compared to control mice [57]. This group also
showed that MDSCs isolated from tumor-bearing mice had
the potential to differentiate into osteoclasts in vitro and in
vivo [57]. Sawant et al. published this as well and explained
that the reason MDSCs could differentiate into osteoclasts is
because they are novel osteoclast progenitors driving bone
metastasis during cancer progression [69].

MDSCs as a potential therapeutic target have been
the topic of discussion since their identification. Studies
have shown that eliminating MDSCs increases immune-
surveillance and decreases tumor growth [63, 70, 71]. There
are many different ways to target MDSCs including growth
factors (anti-VEGFantibodies), chemokines (anti-CCL2 anti-
bodies), cytotoxic drugs (Gemcitabine), enzyme inhibitors
(amino-bisphosphonate), signaling inhibitors (sunitinib),
and inducing differentiation (ATRA-All-trans retinoic acid)
[72]. Src inhibitors have shown promise in targeting MDSCs
by inhibiting their recruitment and MMP-9 gene expression
in the tumor microenvironment [73]. Gemcitabine is a
nucleoside metabolic inhibitor used to treat several types
of cancers and has been shown to decrease MDSC levels
in tumor-bearing mice by inhibiting expansion [74, 75];
however, its precise mechanism of MDSC inhibition is
not fully understood. Bisphosphonates, which are routinely
prescribed for cancer patients with bonemetastasis, have also
been demonstrated to decrease MDSC expansion in tumor-
bearing mice through the reduction of MMP-9 expression
[76]. Additionally, STAT3 inhibitors have also been successful
at targeting MDSC in preclinical models [65]. While more
studies are needed to understand the mechanisms of action,
it is clear that targetingMDSCs clinically is both possible and
promising therapeutically.

3.2. Tumor-Associated Macrophages. Macrophages are pro-
fessional phagocytes that are differentiated from the myeloid
lineage and are identified by the expression of certainmarkers
as well as by the phenotypic differences among them [77, 78].
They have roles in development, homeostasis, tissue repair,
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and immunity and have been linked to many diseases includ-
ing cancer [77, 78].These are plastic cells and their phenotype
is consistently modulated by the local microenvironment
[79]. Macrophages can be classified by their immunological
responses such as classically activated macrophages (M1)
that are involved in inflammatory responses and alternatively
activated macrophages (M2) that are involved in wound
healing [77, 78, 80, 81]. M2 macrophages have been impli-
cated in having protumor properties due to the cytokines,
chemokines, and growth factors that they release such as
VEGF, IL-10, TGF-𝛽, EGF, and MMPs, among many others
[77, 82]. These protumor macrophages are referred to as
tumor-associated macrophages (TAMs) and are considered
to be phenotypically similar to M2 macrophages [81, 83, 84].

Macrophage growth, chemotaxis, and differentiation are
controlled by several chemokines including CCL-2 (also
known as monocyte chemoattractant protein [MCP]-1) and
growth factors such as CSF-1 [77]. CSF-1 is the regulator of the
differentiation, proliferation, and survival of macrophages
and their precursors [85]. CSF-1 overexpression has been
implicated in the poor prognosis of several cancers and
is currently being investigated as a possible therapeutic
target [85–89]. In an invasive breast cancer mouse model,
macrophages have been implicated in assisting tumor cell
motility by participating in an epidermal growth factor-
(EGF-) CSF-1 paracrine loop where tumor cells secrete CSF-
1 and macrophages contain the corresponding receptor and
vice versa [66, 67, 69, 75]. CCL2 is a chemokine that has
been implicated in assisting cancer metastasis by mediating
a crosstalk between cancer cells and the stromal cells that
are present in the tumor microenvironment [90]. CCL2 is
expressed by many tumor types as well as by the peripheral
myeloid population [91]. Roca and colleagues showed that
CCL2 stimulation induces peripheral blood monocytes to
differentiate to M2 macrophages compared to unstimulated
control monocytes [91].

In several papers macrophages have been reported to
promote tumor initiation, progression, invasion, and metas-
tasis [77, 79, 84]. Activated macrophages produce inflam-
matory factors such as reactive oxygen and nitrogen species
in response to signals from other immune cells creating
a constant inflamed stromal environment [80]. Chronic
inflammation generates a stromal environment susceptible
to mutations and has been linked to tumor initiation and
growth. Progression of a mass from a neoplasia/adenoma to
an early carcinoma is prompted through their secretion of
VEGF and other angiogenic factors stimulating angiogenic
switch [80]. Several groups have shown that an increase in
macrophage density correlates with poor patient prognosis
and survival in thyroid, lung, breast, and hepatocellular can-
cers [84, 89, 92, 93]. However, in other cancers such as stom-
ach, colorectal, and pancreatic cancer, a high macrophage
density is correlated with a good patient prognosis [80, 94].

The role of macrophages at the primary site is well
established but their function at distant metastatic sites is still
being highly investigated. Myeloid derived cells have been
found to accumulate at distant sites priming the environment
for tumor colonization [1, 2]. This notion of a premetastatic
niche has been around for several years and has been found

to be important in the primary site but has yet to be proven
to exist in bone. This theory encompasses that once there is
an established primary tumor site, hematopoietic progenitor
cells are signaled to migrate from the bone marrow into
secondary metastatic sites, such as the lung, and alter the
microenvironment leading to activation of integrins and
chemokines that promote attachment, survival, and growth
of tumor cells [1]. Proving that this process occurs in
bone has been challenging because hematopoietic progenitor
cells originate in the bone marrow and do not have to
migrate to reach the bone microenvironment. It is more
likely that in bone microenvironment stromal cells including
macrophages are “reeducated” by tumor-derived factors and
begin priming the bone before tumor establishment occurs.

Several therapeutic approaches to target macrophages
have been explored. One approach includes the inhibition
of TGF-𝛽 signaling, which was demonstrated through pre-
clinical studies by deleting TGF𝛽 type 2 receptor (RII) in
the macrophages. These studies demonstrated that animals
with RII deficient macrophages displayed a reduction in
tumor growth due to decreased secretion of myeloid factors
that assist in tumor progression [82, 95]. Other therapeutic
approaches target macrophage factors such as CSF-1 and
its receptor [85, 87]. Currently, in clinical trials are small
molecules and monoclonal antibodies that inhibit CSF-1 and
prevent its binding, or the tyrosine kinase activity [96]. Other
therapeutic strategies include preventing the recruitment
of macrophages through inhibition of inflammatory mono-
cyte trafficking with anti-CCL2 or CCR2 antibodies [96].
However, a recent phase II clinical trial for carlumab (anti-
CCL2 monoclonal antibody) in metastatic prostate cancer
patients did not support antitumoral activity as a single agent
(PMID 22907596). Since TAMs, macrophages that have been
educated by the tumor cells and assist in cancer progression
have been implicated in causing resistance to tamoxifen
in breast cancer and to androgen receptor antagonists in
prostate cancer; a potential future therapeutic strategy could
be to reeducate TAMs to express an antitumor phenotype that
would work against the tumor instead of with it [79, 80, 83,
84].

3.3. Other Immune Cells. The bone marrow is a rich environ-
ment for many different immune cells including the B-cells,
T-cells, and NK-cells, all of which are known to be important
in cancer progression and soft tissue metastases [97]. Yet
despite their proximity and abundance in bone metastases,
relatively few studies have been performed to investigate their
role in tumor-induced bone disease.This is in part due to the
fact that the vast majority of bone metastasis studies utilize
human tumors in immune-deficient mice, most commonly
these models of T-cell deficient mice, but other models are
also lacking B-cells (SCID, Rag 2−/−, Rag 1 −/−). This makes
understanding the role of T- and B-cells in bone metastases
challenging.

T-cells are well-known to inhibit tumor growth, and in
line with this finding it has been shown that stimulating T-
cell response in mice reduced tumor burden in bone while
reducing it blocks tumor growth in bone [98]. However, a
recent study demonstrated that tumor associated T-cells can
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induce osteolytic bone disease prior to bone colonization.
In this study they show that T-cell produced RANKL can
induce osteoclastogenesis and bone destruction [99]. These
data suggest that T-cells may have a dual role in bone disease
in that they can reduce tumor growth but stimulate bone
destruction. Regardless, since themajority of cancer and bone
studies utilize T-cell deficient mice, it is clear that tumor cells
can grow and metastasize to bone in the absence of T-cells.

Much less information exists describing the interactions
between tumors in bone and B-cells or NK cells. A few
manuscripts describe interactions between NK cells and
tumors in bone. Specifically, they show that inhibiting NK
cells increases tumor take in animalmodels of prostate cancer
[100]. Other papers describe that NK cells are reduced in
prostate cancer [101] but that forced expression of NK asso-
ciated ligands can reduce tumor growth [102, 103]. Another
immune lineage cell that has been implicated in cancer
induced bone disease is the Megakaryocytes. Li et al. demon-
strated that megakaryocytes could reduce prostate tumor cell
growth and increase apoptosis, while their expansion in vivo
reduced tumor-induced bone destruction [104].

4. Cancer-Associated Fibroblast (CAF)

Fibroblasts are another cell type that is abundant in the bone
marrow microenvironment. CAFs are defined as fibroblast
that reside in the tumor mass and are capable of promoting
tumor growth. These cells are typically myofibroblast-like
cells that express 𝛼-Smoothmuscle actin (𝛼-SMA), vimentin,
and fibroblast specific protein-1 (FSP1) [105]. Some of the
early studies showed that these fibroblasts could be recruited
from the bonemarrow to the tumor [106] and that they could
stimulate malignant transformation [7], tumor cell growth,
and invasion [107]. These effects on tumor cell growth are
thought to be mediated through CXCL12 [108] and TGF-𝛽
[109]. Other pathways including Wnt signaling [110], bone
morphogenetic proteins [111], and MMPs [112] have also
been associated with their invasive potential. Other papers
have demonstrated that in addition to factors secreted by
fibroblasts that they can induce a more invasive phenotype
through physical properties as well. One study showed that
the increase in fibroblasts increased the stiffness of the tumor,
which can activate pathways within the tumor cells that
induces a more invasive phenotype [113]. Interestingly, our
previous publications have demonstrated that rigidity influ-
ences gene expression in tumor cells [114]. Taken together,
this suggests that rigidity may also influence expression in
the fibroblast and further contribute to tumor-induced bone
disease.

In addition to regulating invasiveness of the primary
site, other studies have investigated the role of CAFs in the
establishment of secondary sites. For example CAFs have
been shown to be recruited to sites of liver metastases in
colon cancer [115]. Additionally, CAFs have been associated
with bone metastases, in which the loss of TGF-𝛽 receptor
type II (RII) in the CAFs stimulated prostate cancer cell
growth in the bone. More importantly, a recent paper by Joan
Massague’s group demonstrated that CAF content in triple

negative tumors was associated with bonemetastases, but not
lung, in patient samples [9].

Because of their association with tumor growth, invasion,
and metastasis, CAFs make a compelling target for the
development of therapeutics.This is also compounded by the
fact that CAFs have been associated with chemotherapeutic
resistance [116–118]. One group found that CAF-induced
resistance to tamoxifen could be reversed using metformin
or arsenic trioxide [119]. Other groups tried to target fibrob-
last activating protein using an anti-FAP antibody (sibro-
tuzumab) in clinical trials of metastatic colorectal cancer,
but these studies showed no significant efficacy [120–122].
However, the use of FAP conjugated therapies has been shown
to increase drug efficacy and reduce side-effects associated
with chemotherapy [123, 124].

5. Mesenchymal Stem Cell (MSC)

MSCs are a pluripotent population of bone marrow cells that
can differentiate with many different cell types, including
osteoblasts, adipocytes, chondrocytes, and fibroblasts. Simi-
lar to CAFs, MSCs have been shown to associate to sites of
tumor in many different tumor types [125] and have been
demonstrated to promote proliferation andmigration [9, 126,
127]. In Massague’s recent paper, they showed that MSCs
induced a transcriptional shift in tumors similar to CAFs and
that MSCs could recapitulate the CAF phenotype [9]. This
suggests that in breast cancer CAFs and MSCs function sim-
ilarly. However, unlike CAFs, MSC association with tumors
has not been completely associated with negative outcomes,
and in some casesMSCsmay inhibit tumor growth. In fact, in
some malignancies, such as multiple myeloma (MM), MSCs
are used therapeutically. Some treatments for MM involve
cell-based therapies in which patients are given autologous
stem cell transplants, under the reasoning that this may
recapitulate normal immune cells that may fight the disease
[128]. A recent myeloma study suggests that usingMSCs with
high Fas ligand in multiple myeloma bearing mice increased
apoptosis of the myeloma cells [129]. Since MSCs “track” to
tumors some groups have developedmodifiedMSCs as cargo
for the delivery of therapeutics [125], but due to treatment
concerns they have not been tested clinically. Clearly more
needs to be understood about MSCs and how to select for
more specific populations.

6. Conclusions

The bone microenvironment is a rich milieu of different
cell types, with each having a specific role on tumor cells
both that metastasize to the bone and to other sites. While
the past decade has seen an increase in research devoted
to understanding the role of each cell-type in different
malignancies, there are still many questions. In reality it is
likely that these cells work together to regulate tumor growth,
invasion, and metastasis and that new approaches need to
be undertaken to study the complex interaction that occur
between these multiple cell types. Many groups are begin-
ning to collaborate with systems biologists, engineers, and
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computer scientists to investigate these interactions in amore
comprehensive manner. Once we better understand these
interactions, more possibilities of therapeutic interventions
will become possible.
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The protooncogene PCPH was recently identified as being the ectonucleoside triphosphate diphosphohydrolase 5 (ENTPD5).
This protooncogene is converted into an oncogene by a single base pair deletion, resulting in frame change and producing a
premature stop codon, leading to a mutated protein (mt-PCPH) with only 27 kDa, which is much smaller than the original 47 kDa
protein. Overexpression of the PCPH as well as the mutated PCPH increases the cellular resistance to stress and apoptosis. This
is intriguing considering that the active form, that is, the oncogene, is the mutated PCPH. Several studies analyzed the expression
of NTPDase5/mt-PCPH in a wide range of tumor cells and evaluated its role and mechanisms in cancer and other pathogenic
processes. The main point of this review is to integrate the findings and proposed theories about the role played by NTPDase5/mt-
PCPH in cancer progression, considering that these proteins have been suggested as potential early diagnostic tools and therapy
targets.

1. Introduction

The ectonucleoside triphosphate diphosphohydrolase 5
(NTPDase5; EC: 3.6.1.6), also known as CD39L4 (CD39
antigen-like 4) [1], is an enzyme that acts mostly on dipho-
sphate nucleosides, rather than triphosphate nucleosides.
It can be secreted from mammalian cells through an
aminoterminus hydrophobic domain that encodes a signal
peptide sequence [2]. The CD39L4 has three potential
glycosylation sites and has the capacity to form disulfide
dimers; however, none of these characteristics seem to
significantly contribute to the ADPase or UDPase activity,
which distinguishes the CD39L4 from the other proteins
in this family [3]. The NTPDase5 also differs from the
other members of E-NTPDase family, as it is the only one
characterized as a protooncogene, also known as PCPH
[4, 5].

The PCPH is a highly conserved gene from yeast to
humans, suggesting basic roles in eukaryotic cells function
[6]. It is located on chromosomes 12 and 14 in mice and
humans, respectively, and it is transformed into an oncogene,

called mt-PCPH, through a single base pair depletion result-
ing in frame change and producing a premature stop codon,
originating a protein with 246 amino acids (25 kDa) instead
of the normal protein with 469 amino acids (47 kDa) [7].

In the first studies, it was not possible to conclude
whether the PCPH had nucleotide degrading activity, since
it shares the apyrase conserved regions [7]. In 2001, Páez
and collaborators showed a degree of genetic similarity of
98% between the protooncogene PCPH and ENTPD5 and
also determined that PCPH and NTPDase5 were capable of
degrading ADP and ATP (preferentially ADP) [4]. First, it
was shown that extracts from stable mt-PCPH-transformed
NIH3T3 cells presented GDPase activity, using in-gel activity
(performed by native gel electrophoresis of the extracts
and staining for inorganic phosphate) and standard GDPase
assays [8]. Later, the same group, by a different experimental
approach, demonstrated that NTPDase activity of mt-PCPH
was undetectable in vitro or when tested in situ in living cells
[9]. The authors stated that this discrepancy could be due
to the production of recombinant mt-PCPH in non-human
expression systems.
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The PCPH gene was initially identified as a protoon-
cogene, due to its frequent mutation in the 3-methyl-
cholantrene-induced tumorigenesis process in a Syrian ham-
ster fibroblast cell line [6]. Subsequent studies were mainly
based on the hypothesis that the carcinogenic action of
PCPH/NTPDase5 could modulate the cellular balance of
ATP, potentially interfering with cellular functions such as
cell cycle, apoptosis, autophagy, proliferation, and differen-
tiation [5].

The major functional difference between the normal
NTPDase5 and the mt-PCPH oncoprotein is that the former
provides lower levels of protection against apoptotic agents,
including chemotherapeutic drugs, and radiation than the
latter. This role of mt-PCPH seems to be mediated by its
ability to promote a Ras-independent sustained activation of
the ERK pathway [7, 8, 10]. The different expression profiles
of these proteins and consequent changes in the cellular
resistance observed in the studies reviewed suggest that itmay
be involved in the survival, growth, or migratory activity of
some kinds of tumors. Yet, it is not very clear how this protein,
in fact, contributes to the development of the different types
of neoplasias. In addition, it was observed thatNTPDase5 KO
mice presented an increase in cases of liver pathology and
neoplasia [11], adding more doubts about how the level of its
expression influences cancer development.

The aim of this work is to provide an overview, in a
systematic review format, of the expression profile of the
NTPDase5 and mt-PCPH in cancer cell lines and tumor
samples, in comparison to healthy tissues, and describe
the proposed mechanisms by which the mutated and WT
proteins act in the neoplastic development.

2. Method

This review describes a “literature overview” about PCPH/
NTPDase5 in all types of cancer.

2.1. Search Details. We performed an electronic search on
January, 2014, for papers indexed in PubMed and Scopus
database. The search strategy comprised only the medical
subject heading (MeSH) term “ENTPD5 or NTPDase5.”
For inclusion in this review, papers had to describe any
relation of PCPH/NTPDase5 to cancer. No language restric-
tion was applied. By this search strategy, 55 papers were
identified. After reviewing their abstracts, 14 eligible papers
were chosen and three citations retrieved from manual
search were included, providing 17 papers that examined
PCPH/NTPDase5 expression status in cancer (Figure 1).

Data were extracted from each original study about
PCPH/NTPDase5 gene or protein expression in normal and
pathological state as well as its isoform expression patterns in
tissues and tumor cells.

3. Results and Discussion

3.1. Expression Profile of ENTPDase5. ENTPD5 is expressed
at different levels in several types of normal and neoplastic

tissues suggesting a tissue-specific regulation [12, 13]. Inter-
estingly, the first studies on this subject revealed the presence
of 27 kDa PCPH immune-related polypeptide (believed to
be the truncated, i.e., mutated, PCPH oncogene) in various
cell extracts of healthy epithelial tissues and the expression
of 47 kDa polypeptide (believed to be the full length PCPH
gene), in most of the tumor cell lines studied, hypothesizing
that there was a potential relationship between the levels of
these proteins and the neoplastic phenotype [12]. However,
high levels of the normal NTPDase5 have also been identified
in healthy liver and kidney tissues [13]. It is important to
mention that these studies were performed with an anti-
PCPH polyclonal antiserum raised in rabbits with a purified
bacterial recombinant PCPH [8, 12, 13]. Considering that the
PCPH/NTPDase5 shares the conserved apyrase regions [1], it
is possible that this antiserum also recognizes other members
of the E-NTPDase family.

Thus, it is possible to conclude that the expression
of ENTPD5/mt-PCPH in tumors studied so far is highly
variable, as described in Tables 1 and 2.

Breast tumors induced in mice exhibited increased
expression of the normal NTPDase5 and decreased expres-
sion of themt-PCPHwhen comparedwith healthymammary
gland, and this difference was more evident in malignant
tumors in comparison to benign tumors [13]. A similar
expression profile was observed when comparing neoplastic
cell lines of the larynx and healthy cells from a primary
culture of the larynx. A higher mt-PCPH expression was
observed in the healthy cells when compared with carcinoma
cells lines: UM-SSC-11, UM-SCC-12, UM-SCC-23, and SCC-
81B. Interestingly, a loss of this protein expression was
associated with an increase in the expression of the normal
NTPDase5 [19]. In human normal and neoplastic breast
samples, however, the normal NTPDase5 appeared in all
tested samples both benign andmalignant. Expression of mt-
PCPH correlated positively with the aggressiveness of the
breast carcinoma and was not detected in the benign tumors
[18].

Testicular germ tumor cell lines NCCIT and NT2/D1 also
presented high levels of NTPDase5 and very low levels of
mt-PCPH [17]. However, most clinical specimens of germ
tumor cell of 54 patients showed an increase in expression of
mt-PCPH when compared with healthy adjacent tissue [17].
Additionally, the expression of mt-PCPH is increased in the
precursor lesions of germ tumor cell.

Immunohistochemical analysis also identified that, in
cases of laryngeal cancer and testicular germ tumor cells, the
concentration of NTPDase5 is higher in areas of differenti-
ation and neoplastic transformation, with low proliferation,
than in areas with high proliferation rates, raising the hypoth-
esis that this protein acts more in the initial processes of can-
cer than in well-advanced, malignant neoplastic phenotypes
[17, 19].

Studies with clinical specimens of prostate cancer and
prostate tumor cell lines RWPE-1, LNCaP, C4-2, and PC-3
demonstrated that NTPDase5 is not significantly expressed
in healthy prostate tissue but is present in cases of benign
hyperplasia and is more pronouncedly expressed in tumor
samples. Also, this protein was not detected in the tumor
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Figure 1: Methodological flow chart of the search strategy in PubMed and Scopus databases.

cell line PC-3 but was expressed in LNCaP cell line. In addi-
tion, a positive relationship between the level of NTPDase5
expression, and especially mt-PCPH expression, and the
invasiveness of prostate cancer was found, thus associating
the expression of the NTPDase5 more with cancer motility
than with its proliferation [16].

Clinical samples of glioblastoma multiforme (GBMs)
showed a higher level of NTPDase5 expression when com-
pared to adjacent normal tissues [15]. In addition, the samples
with higher expression levels of this protein were associated
with significantly lower survival rates when compared to
samples with lower NTPDase5 expression. However, the
NTPDase5 expression profile in individual samples of normal
colon, adenomas, and colon adenocarcinomas presented that
the ENTPD5 gene expression decreased with the increase of
lesion malignancy [20].

When an increase in either the NTPDase5 or the mt-
PCPH expression was present, this was observed as early
as nonneoplastic lesions, suggesting that the deregulation of
these proteins is involved in the initial stages of neoplastic
development. Thus, it is possible to consider the use of
the NTPDase5 as a tool for early identification of various
neoplastic cells [13, 16, 17].

Recently, cervical human cancer cells SiHa (HPV 16-
positive),HeLa (HPV 18-positive), andC33A (HPV-negative)
were shown to present different levels of ENTPD5 gene
expression, and the highest expression observed in SiHa cells
suggests a link betweenENTPD5 and oncogenic viral proteins
in cervical cancer development [14].

3.2. How NTPDase5 Acts in Cancer Progression. The neo-
plastic transforming activity is the role of the mt-PCPH
that represents the major functional difference between the
normal protooncogene and mutated active oncogene. It is
supposed that this activity is due to the ability of this protein
to cause a Ras-independent sustained activation of ERK1 [8].

Although the normal NTPDase5 lacks the transforming
ability, it is suggested that the NTPDase5 and especially
the mt-PCPH confer resistance to cells subjected to stress
conditions [7]. Such resistance is conferred in part by the
diphosphohydrolase activity of this enzyme, which causes
a reduction in the intracellular ATP and inactivation of
the stress-activated protein kinases, which is reversed by
returning the intracellular ATP to physiological levels [21].

One of the cell protection mechanisms against apoptosis
afforded by NTPDase5 is through inhibition of mTOR.
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After cellular exposure to ionizing radiation, mTOR plays
a proapoptotic role and this role is antagonized by the
expression of mt-PCPH protein or by the overexpression
of the normal protein NTPDase5. They are responsible for
blocking the activation of mTOR and its translocation from
the cytoplasm to the nucleus, preventing the phosphorylation
of p53 at Ser18. Phosphorylation of p53mediates the release of
cytochrome c bymitochondria and the subsequent activation
of caspase 9/3, inducing the apoptosis [8]. This signaling
pathway is influenced by intracellular ATP concentrations,
and an increase in the expression of NTPDase5 and mt-
PCPH blocks this pathway and reduces the levels of apoptosis
(Figure 2).

It was also observed that the overexpression of the
NTPDase5 protein and more significantly the mt-PCPH
actually decreases the intracellular concentration of ATP and
confers resistance not only to stress-induced apoptosis but
also to those induced by chemotherapy. The overexpression
of these enzymes increased resistance of prostate tumor cells
when in contact with cisplatin and of colorectal carcinoma
cells when in contact with oxaliplatin [9, 22].

The proposed mechanism by which NTPDase5/mt-
PCPH increases the neoplastic cell resistance to cisplatin
is due to the ability of this protein to prevent the dephos-
phorylation of the kinase PKC𝛼 induced by chemotherapy.
By keeping the PKC𝛼 phosphorylated at Thr638, this pro-
tein phosphorylates and stabilizes the antiapoptotic protein
Bcl-2 at Ser70, making this enzyme resistant to cisplatin-
induced proteasome degradation pathway, as suggested by
Villar et al. [22]. Furthermore, it was observed that NTP-
Dase5 interacts functionally with not only the PKC𝛼 but also
the PKC𝛿 protein, which was recognized as a key mediator in
the NTPDase5 functions related to changes in the cell growth
and invasive activity of the pancreatic tumor cells (Figure 2)
[22].

Fang et al. [23] have demonstrated the involvement of the
NTPDase5 also as an important link in the PI3K/PTEN loop-
signaling pathway, which promotes cell growth and survival
and is frequently found active in tumor cells. In this work,
the authors found that PTEN knockout cells had increased
expression of NTPDase5, and its overexpression is correlated
with the activation of AKT, especially in cell lines of various
tumor types and in primary tumor samples (Figure 2). These
knockout cells also showed an increased degradation of ATP
to AMP; however, as the substrates of NTPDase5 are UDP
and ADP, it was found that the ATP degradation pathway
occurs in the presence of the enzymeCMPK1, which removes
a phosphate of ATP to phosphorylate an UMP molecule,
generating UDP and ADP, respectively.

NTPDase5, by activating AKT, also plays a critical role
in triggering the Warburg effect, leading to an increase
in anaerobic glycolysis even in the presence of oxygen,
increasing the levels of lactate and production of important
macromolecules for cell proliferation, promoting angiogen-
esis and metastasis [23, 24]. Cells with activated PI3K/AKT
pathway have a higher level of protein translation, which
causes an overloading in the endoplasmic reticulum and
increases the chances of a deficient folding process and

consequent malformed proteins. The NTPDase5 is a protein
present in the endoplasmic reticulum, and overexpression
of this enzyme increases the degradation of UDP to UMP
promoting protein N-glycosylation and folding, reducing the
stress in the tumor cells endoplasmic reticulum [23, 24]. This
mechanism allows growth factor receptors such as EGFR,
IGFR, and HER-2 to be expressed and properly folded,
maintaining high levels of these receptors in tumor cells.
In fact, NTPDase5 knockout in cells possessing active AKT
impairs the expression and glycosylation of these receptors
[23, 24].

In addition to participating in the PI3K/PTEN signaling
pathway, which is overactive in approximately 90% of GBMs,
NTPDase5 also plays an important role in the development
of this cancer. This protein plays a modulatory role in the
bioenergetics of thismalignancy, increasing the catabolic effi-
ciency of the aerobic glycolysis. In addition, whenNTPDase5
is suppressed, it causes a decrease in fatty acid oxidation and
promotes an increase in the ATP influx and of the autophagic
vacuoles in the cytoplasm [15].

Tumors of the respiratory system have a heterogeneity in
what concerns the activation of Akt and PTEN inhibition.
Those with this signaling pathway being active, however,
are more resistant to treatments that involve starvation [25].
Indeed, suppression of theNTPDase5 in lung carcinoma cells
results in a decrease inAkt activity, decreased levels of IGF-IR
growth factor receptor, and reduced cell proliferation under
conditions of starvation, making these cells more susceptible
to this type of treatment [25].

Finally, overexpression of mt-PCPH in colorectal carci-
noma caused an increase in chemotherapy resistance [9].The
authors showed that a crucial event for this observation was
a decrease in the intracellular levels of ATP [9]. However,
no ATPase activity was observed in the mt-PCPH protein,
probably due to a loss of conserved catalytic determinant
regions in the truncated form, which may affect its tertiary
structure and then the enzymatic function.This suggests that
ATP degradation caused by the mutated protein may occur
through interaction with other proteins and not through
its NTPDase activity per se. Such findings can redirect all
research involving the action of mt-PCPH in neoplastic
processes and need to be further investigated [9].

4. Conclusions

In most of the types of cancers studied, the NTPDase5/mt-
PCPH shows a change in its expression levels even in precur-
sors of the malignant and benign lesions, which makes this
protein a potential tool for early diagnosis of tumorigenesis.
This enzyme has also been identified as a key element in
a number of pathways known to be frequently activated in
neoplastic processes and which give tumor cells a survival
advantage when compared to healthy cells. In most cases,
the participation of the NTPDase5/mt-PCPH occurs with
a change in the intracellular ATP concentration and with
participation of this enzyme in the phosphorylation and
activation processes of proteins with antiapoptotic activity,
conferring to the tumor cells resistance against apoptosis
by stress or by chemotherapy treatments. The two main
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Figure 2: Integration of the proposed pathways by which the NTPDase5/mt-PCPH acts on the neoplastic progression. Due to the lack of
information about the role of these proteins in cancer development and progression, this scheme presents all data published so far, not taking
into consideration in which cell the proposed mechanisms were studied although it is possible that some of the contradictions presented
may be a direct consequence of this fact. The figure demonstrates how the loss of the tumor suppressor PTEN possibly causes an increase in
NTPDase5 expression and an overactive PI3K/AKT pathway. AKT and mTOR regulate cell growth and survival, such as Bcl-2 gene leading
to an increase in apoptotic resistance. Furthermore it is also suggested that the NTPDase5 interacts with PKC𝛿, upregulating its levels and
inducing cancer cell invasiveness. pP53, pPKC𝛼, and pBcl-2 are the phosphorylated forms of the respective proteins and correspond to the
phosphorylation of p53 at Ser18, pPKC at Trh638, and Bcl-2 at Ser70.

pathways related to the NTPDase5/mt-PCPH activity are the
mTOR and the PI3K/PTEN signaling pathways, which are
directly related, since the inhibition of PTEN results in a PI3K
and consequent AKT overactivation, which in turn regulates
the growth of tumor cells by different signaling pathways, one
being its effect on mTOR (Figure 2).

This review included all the data published so far regard-
ing the role of the proteins NTPDase5/mt-PCPH in cancer
development and progression. Due to the scarcity of studies
withNTPDase5/mt-PCPH, it is difficult to establish tissue- or
cell-type-specific functions. However, it seems relatively well
established that ENTPD5 and mainly mt-PCPH expression
are related with tumorigenic transformation. The findings
presented in the studies reviewed raise the idea of using
NTPDase5 as a possible target for cancer treatment.
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The somatic mutation theory of carcinogenesis has eventually accumulated an impressive body of shortfalls and paradoxes, as
admittedly claimed by its own supporters given that the cell-based approach can hardly explain the emergence of tissue-based
processes, like cancer. However, experimental data and alternatives theories developed during the last decades may actually
provide a new framework on which cancer research should be reframed. Such issue may be fulfilled embracing new theoretical
perspectives, taking the cells-microenvironment interplay as the privileged level of observation and assuming radically different
premises as well as new methodological frameworks. Within that perspective, the tumor microenvironment cannot be merely
considered akin to new “factor” to be added to an already long list of “signaling factors”; microenvironment represents the physical-
biochemical support of themorphogenetic field which drives epithelial cells towards differentiation and phenotype transformation,
according to rules understandable only by means of a systems biology approach.That endeavour entails three fundamental aspects:
general biological premises, the level of observation (i.e., the systems to which we are looking for), and the principles of biological
organization that would help in integrating and understanding experimental data.

1. Introduction: From the ‘‘Cancer Hallmarks’’
to the ‘‘Shortfalls’’ of the Somatic Mutation
Theory of Carcinogenesis

Cancer is commonly thought as the result of progressive
accumulation of random mutations and increased deregu-
lation of key molecular pathways (somatic mutation theory
of carcinogenesis, SMT) [1]. This statement utterly relies on
a tacit premise that assumes that the pathogenetic process
depends on alterations in a discrete number of signalling
pathways, thought to carry “instructive” biological “informa-
tion.” That paradigm prompted the pharmaceutical industry
to focus on development of drugs targeting specific molec-
ular components, funding basic research, and technological
applications in line with those premises, thus strengthening a
bottom-up reductionist approach. Among others, Hanahan
and Weinberg have been of the most prominent standard-
bearers of the mainstream and they have substantially

contributed in popularizing the SMT among scientists [2].
However, recently Weinberg called into question the entire
theoretical construct of SMT. Quoting him, “half a century
of cancer research had generated an enormous body of
observations [⋅ ⋅ ⋅ ] but there were essentially no insights
into how the disease begins and progresses” [3]. Despite the
expectations raised by “the Ame’s axiom (“substances act as
carcinogens because they havemutagenic activity”), it shortly
turned out that most powerful carcinogens are actually not
mutagen”; “but fortunately—as Weinberg candidly admits—
I and others were not derailed by discrepant facts.” Indeed, a
whole series of “discrepant facts” and many other paradoxes
were ignored ormarginalized, while acknowledging that their
realistic appraisal would have flawed the dominant paradigm
[4]. Nonetheless, the search for mutated oncogenes and/or
tumor suppressor continued unabated up to the present.
“But even this was an illusion, as only became apparent
years later [⋅ ⋅ ⋅ ] the identities of mutant cancer-causing genes

Hindawi Publishing Corporation
BioMed Research International
Volume 2014, Article ID 934038, 9 pages
http://dx.doi.org/10.1155/2014/934038

http://dx.doi.org/10.1155/2014/934038


2 BioMed Research International

varied dramatically from one type of tumor to the next [⋅ ⋅ ⋅ ].
Each tumor seemed to represent a unique experiment of
nature.” Rather unexpectedly, however, Weinberg concludes
that, at the beginning of 2014, “we cannot really assimilate and
interpret most of the data that we accumulate. How will all
this play out? I wouldn’t pretend to know. It’s a job [⋅ ⋅ ⋅ ] for the
next generation. Passing the buck like this is an enormously
liberating experience.”

2. Thinking of Cancer as
a Tissue-Based Disease

The core message of Weinberg’s admissions is that current
SMT-based cancer research provided no meaningful results
to solve the cancer puzzle because it lacks a well-founded
and robust theory of biological phenomena. According to
Weinberg, “we lack the conceptual paradigms and computa-
tional strategies for dealing with this complexity. And equally
painful, we do not know how to integrate individual data
sets, such as those deriving from cancer genome analyses,
with other equally important data sets, such as proteomics.”
Moreover, that unfortunate situationmust still be investigated
even more thoroughly, and the “abscess” should be incised
widely if wewant to get the healing. Indeed, the confusion and
contradictions featuring the current state of cancer research
can be ascribed to several factors, among which the absence
of a true biological theory, inappropriate level on which
experiments and observations are made, and associated
methodological biases [5]. Biology is indeed facing a dilemma
the physics has solved a century ago, that is, how to cope
with an overwhelming body of data without having a general
theoretical framework into which experimental results could
be embedded [6]. In other words, we need to recognize
general organizing principles that could enable us to frame
a reliable theoretical structure to which the experimental
work will be inextricably intertwined [7].This does not imply
that in biology there is no theory at all. No science can
be built up in the absence of theoretical constructs. As an
example, evolutionary biology offers a general theoretical
structure. However, evolution is no more than a general
framework within which biological processes are interpreted,
for evolution does not allow specific predictions in the way
quantum mechanics does in physics. Moreover, the theory
of evolution itself is ongoing reinterpretations in the light
of some “unexpected” and apparently contradictory data
(i.e., the inheritance of acquired characters) [8, 9]. Also,
during the last four decades, biology has been grounded on a
reductionistic framework [10], based on the central dogma of
the biology, which states that information flows unidirection-
ally (from DNA to proteins, from genotype to phenotype).
Implicitly, form and functions in organism would depend
solely on “genetic information.” Such assumptions have never
been presented as a theory, even worse, that model was
presented as an unquestionable fact. However, this model
is currently encompassing several drawbacks, grounded on
conflicts with the gene-centric paradigm [11]. The overall
picture is by far more complex than previously thought;
biological interactions that take place at lower molecular

levels are characterized by unpredictable nonlinear dynamics
and become tightly influenced by higher-level organizational
constraints [12]. Thereby, as we are actually unable to grasp
such overwhelming complexity, we are also unable to set a
reliable theory of biological organization [13].

This is especially true in the field of carcinogenesis,
where both experimental modelling and theoretical frame-
work have been for a long time dominated by the SMT
[14, 15]. SMT explains cancer as a process taking place at
the cellular/subcellular level of biological organization and
claims that cancer is a problem of regulatory control of cell
proliferation and of invasiveness, due to mutations and/or
overexpression of a specific class of genes. Yet, current thera-
peutic approaches based on that paradigm have been proven
to be ineffective in clinical cancermanagement, and the effect
of new treatments for cancer on mortality has been largely
disappointing [16], to the point that an increasing number of
voices are asking to revise current treatment strategies [17, 18].
Undoubtedly, SMT has fostered a significant development of
molecule-based technologies, providing so far a huge body
of “raw” data on gene and proteomic networks; but, on the
other hand, SMT has also generated an impasse in cancer
studies, given that an increasing number of experimental
results contradict its premises [19]. In turn, a number of ad
hoc variants have been proposed [20], striving to include
the tumor-microenvironment paradigm within SMT, while
retaining unaltered the notion that cancer is a cell-based
disease [21]. However, as “the current dominant paradigm
wherein multiple genetic lesions provide both the impetus
for and the Achilles heel of cancer might be inadequate to
understand cancer as a disease process” [22], some radical
alternatives, grounded on clearly different premises and
epistemological settings, have been proposed [23, 24]. Yet,
it is rather unpleasant to notice that no mention of those
“alternatives” is reported in the Weinberg’s paper.

An alternative to SMT is tissue organization field theory
(TOFT), which posits that cancer arises from the deregulated
interplay among cells (cells/stroma) and their microenvi-
ronment [25]. According to TOFT, the microenvironment
represents the physical-biochemical support of the morpho-
genetic field which drives epithelial cells towards differen-
tiation and phenotype transformation, according to rules
understandable only by means of a systems approach [26].
Not only microenvironment-cells interplay is a matter of
“signalling interaction” but also it involves biophysical factors
and field-based effects, usually overlooked by the current
scientific mainstream [27]. The structure of determination
in TOFT includes both bottom-up and top-down as well as
reciprocal causation. Moreover, a profound rewiring of the
theoretical assumptions on which SMT has been based is
required if one would consider the tumor microenvironment
as a basis for making a new paradigm in cancer research.
Such rewiring entails three fundamental aspects: (a) general
biological premises, (b) the level of observation (i.e., the
systems to which we are looking for), and (c) the principles
of biological organization that should help in integrating
and understanding experimental data. Overall, these features
contribute to shape a novel biological theory that is still
waiting for a cogent formulation [28]. Yet, in this respect,
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SMT and TOFT differ significantly, because they rely on
radically different theoretical assumptions [29].

3. Carcinogenesis Theory
May Be Rebuild upon the Tumor
Microenvironment Paradigm

Studies on tumor microenvironment are dating back even
from 1940, when microenvironment was shown to suppress
skin carcinogenesis induced by chemical carcinogens [30].
Later, even experiments done to demonstrate that a single
or few mutated genes are needed to induce carcinogenesis
acknowledged thatmicroenvironmental factors weremanda-
torily required to promote oncogenesis at the tissue level
[31, 32]. As case in point, experimental tumors obtained
by inoculating cells with oncogenic virus demonstrated that
the context plays a pivotal role in driving the neoplas-
tic transformation. The tumorigenicity of polyoma virus-
transformed BALB/C 3T3 cells in syngeneic mice depends
on the microenvironment in which these cells were grown
rather than on the content of the polyomamiddle T oncogene
[33]. Moreover, given that no specific genetic traits have been
associated so far to the metastatic process, despite aggressive
efforts to find a correlation among genome profile and cancer
malignancy [34], increased attention has recently been given
to the microenvironment thought to “confer” a “metastatic
phenotype” [35]. This is closely linked to the “seed and soil”
hypothesis, first proposed by Stephen Paget [36].

Indeed, those preliminary investigations highlighted that
potent carcinogenic cues could be overridden by embry-
onic microenvironment [37], a finding that was recently
confirmed. Namely, cancer cells cultured in an embryonic
environment [38–40] or cocultured in 3D-matrices with
normal human cells showed apoptosis and differentiation and
eventually were reprogrammed into normal phenotypes [41,
42]. Such effects have been ascribed to undefined “signalling
molecules,” to morphogens, or to soluble factors provided
by the morphogenetic embryonic field. Comparable results
have been obtained by culturing cancer cells in 3D-matrices
with normal human cells. Indeed, a matrix containing both
type I collagen and reconstituted basement membrane and
the presence of normal breast fibroblasts constituted themin-
imal permissive microenvironment to induce near-complete
tumor phenotype reversion [43].

For a while, interest on immunologic [44] and angiogenic
[45] aspects of tumor microenvironment overshadowed the
contribution of the microenvironment on cancer initiation
[46]. Yet, it is now firmly established that the microenvi-
ronment actively contributes to initiation of carcinogenesis,
given that it profoundly influences tissue organization (i.e.,
the very shape and structure of epithelia) as well as intra-
cellular processes in the cells within epithelial structures,
like proliferation, differentiation, and apoptosis [47, 48].
Even subtle differences, in ECM composition and stiffness,
selectively foster or inhibit proliferation by modulating cell
cycle regulatory molecules and early response genes [49–51].
The microenvironment regulates the transcription of genes

associated with differentiating pathways [52, 53] and partici-
pates in shaping cells phenotypes by modulating cell-stroma
interactions and cytoskeleton architecture [54, 55].Moreover,
cell shape andmicroenvironmental cues trigger programmed
cell death signals, hence driving cells towards apoptosis
[56, 57]. Changes in the microenvironment structure or
composition frequently lead to tissue fibrosis, augmented col-
lagen crosslink, and tissue stiffening, all of which have been
associated to an increased risk of developing cancer [58, 59].
It is not trivial to recall that aging is associated to increase in
both tissue stiffness and cancer incidence [60]. In turn, tissue
fibrosis and modification of physicochemical properties of
ECM may likely influence tumor onset and progression by
regulating soluble factors involved in inflammation [61] and
angiogenesis [62].

Participation of the microenvironment in carcinogene-
sis is further supported by phenotypic changes, observed
changes in stromal cells residing within the tumor microen-
vironment. Both cancer-associated fibroblasts [63] and
endothelial cells [64] showed indeed altered architecture
[65] and paracrine signals expression that ultimately lead to
malignancy [66, 67] and genetic instability of the epithelial
cell layer [68]. Indeed, in a seminal paper, Maffini et al.
[69] demonstrated that, by treating stroma with the chemical
carcinogen N-nitroso-methylurea, stromal cells may drive
malignant transformation of epithelial cells by disrupting
the normal stromal-epithelial interactions, whereas treating
directly the epithelial cells does not lead to any cancerous
transformation. Conversely, “normalizing” the behavior of
“altered” stromal components of the tumor microenviron-
ment may reduce the malignancy phenotype of tumor cells
[70]. Similar results have been confirmed by others [71, 72],
thereby outlining that the main factor in driving the carcino-
genic process lies on the cross-talk in the microenvironment
among stroma and epithelial cells.

Such results are in overt contradiction with SMT and
its “oncogene” paradigm. Moreover, phenotypic traits cannot
be considered a simple, linear output coded by “genomic
information.” Instead, phenotypic features result from the
complex cross-talk among three-dimensional participants
within the microenvironment. Additionally, the regulatory
control exerted by the microenvironment on the emergence
of tumor clones contributes to explain why “occult” tumors
are prevented from progressing into overt, clinical cancer
[73].

4. Physical Cues Drive Cells
Differentiation and Fate

In the last decades it became clear that cell behavior is far
from being “controlled” by linear (digital) “commands” but
rather by complex networks of molecular interactions and
biophysical cues, spanning across different levels of structural
and functional organization. Not only those interactions
are context-dependent and thus cannot be understood by
keeping cells in an inappropriate milieu, like that provided by
2D-cultures, but also they follow nonlinear dynamics which
make impractical modeling processes with more than two



4 BioMed Research International

variables. The switching between different stable states (rep-
resenting differentiated or pathological phenotypes) requires
that the activity/expression of several “signaling” molecules
change in concert. Indeed, phenotype reversions are linked
to the simultaneous coexpression of hundreds of different
transcription factors andmultiple downstream genes [74, 75].
To achieve a state-transition, no single point mutation is suf-
ficient, and a cumulative effect linked to mutations will occur
only if a critical state of the system as a whole is reached. It is
worth of noting that the transition beyond that critical point
“may be prevented or reversed by simultaneously manip-
ulating a number of factors in the extracellular medium”
[76]. Indeed, If multiple molecular elements must be tuned
simultaneously to change cell phenotype, then it should be
hypothesized that only a stimulus, outfitted with pleiotropic
property, would perform that task,mainly based on stochastic
fluctuations that enable transition from one attractor (pheno-
type) to another; that model may explain the genome-wide
adaptability to environmental changes without requiring spe-
cific molecular signaling transducers [77] and why switching
in between different cell fates can be triggered by changes
in extracellular matrix structure, by inducing cell shape
modification, and by adding aspecific chemical substances,
electrical ion flows, and magnetic or gravitational fields [78–
80]. Overall, those factors shared a meaningful property,
given that they are able to modify the morphogenetic field
and the biomechanical features of the systems [81].

Cells sense and respond to external physical forces and
changes in matrix mechanics by modulating their endoge-
nous cytoskeletal contractility. For instance, themechanosen-
sitivity of cells lies on the delicate force balance between the
endogenous cytoskeletal contractility and external mechan-
ical forces transmitted across the cell-ECM adhesions [82].
The force balance is transmitted across the mechanical
continuum of ECM-integrin-CSK, which regulates integrin-
mediated adhesion sites (such as FAK and Src signaling),
providing the mechanical linkage between the ECM and
the actin CSK. Exposure of cells to mechanical strain, fluid
shear stress, or plating cells on substrates with varying
elasticmoduli activates integrins, which promote recruitment
of scaffold and signaling proteins to strengthen adhesions
and to transmit biochemical signals into the cell. These
mechanotransduction pathways establish positive feedback
loops in which integrin engagement activates actomyosin
CSK contractility, which in turn reinforces adhesions. Thus,
the level of CSK contractility generated inside the cell is
directly proportional to the adhesion strength and the matrix
elastic modulus and dictates their cellular responses [83].
Moreover, the way a cell senses and responds to a biochemical
input mainly depends on the physical state of both cells
and their microenvironment. For instance, TGF𝛽-1 exerts a
“dual” role on cancer cells, and that paradoxical behavior
is well recognized as a challenging enigma that, still now,
classic molecular biology has not been able to elucidate [84–
87]. To the contrary, by referring data to a higher level
of observation, that is, when the cell-microenvironment
interaction or the tissue levels are kept in consideration,
conflicting results end up as such, and paradoxes may likely
find a compelling explanation. Indeed, soluble factors like

TGF𝛽-1 may trigger opposite outputs depending on the
tissue stiffness; under mechanically unloaded conditions
(floating matrices), TGF𝛽-1 stimulated contraction directly
as an agonist and indirectly by preactivating cells to express
the myofibroblast phenotype, whereas, under mechanically
loaded conditions (stressed matrices), TGF𝛽-1 had no direct
agonist effect on contraction [88].

Physical and biochemical changes occurring within the
microenvironment are transmitted from the cytoskeleton to
the nucleoskeleton, thus enabling the selective unfolding of
chromatin [89]. The DNA is enveloped in histone proteins
to form strand, further wrapped and folded. Gene switching
(on/off) can proceed properly only if the appropriate sec-
tion of chromatin is unpacked and exposed to the enzyme
machinery. This physical rearrangement of the chromatin
is mainly dependent on the tensional forces perceived by
the cell-microenvironment system and further transmitted
across the focal adhesion along the cytonucleoskeleton to
the cell biochemical/genetic machinery. Therefore, different
cytoskeleton arrangements end up in activating different
gene sequences, leading to triggering different biochemical
pathways [90]. The balance between tensional forces and
the cytoskeleton architecture modulates thereupon several
complex cell functions like apoptosis, differentiation, pro-
liferation, and ECM remodeling among others. That model
can help in understanding the “dual” role displayed by a lot
of “signaling molecules,” selective sensitivity to drugs [91],
and why cancer cell behavior may proceed regardless of their
“mutated” genes [92]. That is precisely what means “to put
the gene in a context,” given that cell responses to molecular
“signals” tightly lie on the response of individual cells to
mechanical tension and to the specific microenvironment
in which cells are embedded. To date, an overwhelming
body of data has revealed that mechanical tension generated
through molecular interactions within the cytoskeleton is
indeed critical for modulatingmolecular activity [93, 94] and
to dramatically influence cell form and function [95]. In turn,
interactions between epithelial cells andmicroenvironmental
components (namely, stromal cells) change ECM composi-
tion as well as its biochemical-biophysical features [96].

Experimental results have provided compelling evidence
of the key role played by the microenvironment in cancer
initiation. Despite the presence of “growth factor,” normal
cells cannot growwhen they are free of adhesion to ECM[97],
or if they are compressed into specific geometric space (i.e.,
only along a thin epithelial monolayer) [98]. Similarly, stim-
ulated breast cancer cells cease to grow when are detached
to their substrate in a microgravity field [99]. Therefore,
an increase in “signaling molecules” alone cannot explain
cell growth induction, given that physical interaction with
the microenvironment enables cells to respond to soluble
factors or genetic inputs. Even in autosomal dominant tumor
predisposition syndromes, like neurofibromatosis-1 (NF-1),
NF-1 inactivation results in increased astrocyte growth,
but the augmented proliferation rate is actually unable to
induce glioma formation [100]. To observe tumor formation
in vivo, brain microglia carrying NF-1 heterozygosity are
needed. In that model, microenvironmental components
drive the epithelial transformation, mainly by providing
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disruption of ECM integrity (through the enhanced release
of hyaluronidase) and subsequent activation of the MAPK-
pathway. As expected, inhibition of hyaluronidase release
or microglia activation dramatically reduces mouse optical
glioma proliferation in vivo [101].

Overall, those results highlight how the microenviron-
ment, mainly through its physical components, participates
in promoting and shaping the carcinogenic process that
can be considered as a “development gone awry” [102]. As
recently recognized, “the physical laws and principles that
define the behaviour of matter are essential for developing
an understanding of the initiation and progression of cancer,”
thus providing “opportunities for new insights into long-
lasting problems in cancer research” [103].This premise, well-
grounded on experimental basis, represents another disconti-
nuity point with respect to SMTwhich posits that “biological-
information” carried out by genes constitutes the only (or the
main) causative factor in driving cellular fate and behavior.

5. Microenvironment and Cancer:
Methodological Issues

The term “microenvironment” encompasses discrete, inter-
acting elements, such as extracellular matrix (ECM), stromal
cells, molecular diffusible factors, configuration of the cell-
stroma architecture [104], nonlocal control through field’s
forces [105], and topologic geometry of the emerging tissue
[106]. In order to grasp such overwhelming complexity of
interactions, we adopted a radical new perspective, which
considers the interplay of both biochemical (proteomic,
genetic, and metabolic) and biophysical (stiffness and sur-
face tension) factors operating at different levels [107]. In
other words, to understand tissue level phenomena, it is
necessary to study the tissue and not single pathway in cells
isolated from their tissue environment. The radical change
in theoretical perspective requires a shift from the gene-
centric paradigm to the cell-microenvironment system [108],
a concept introduced as late as 1962 by Smithers [109],
claiming a tissue-based “quality,” challenging the Boveri’s
prevailing view of cancer as a cell-based disease. This means
that wemust change the “level” of observation, by positioning
ourselves where the process we are looking for really happens.
Thus, “to understand the whole, one must study the whole”
[110]; and if one wishes to study a tissue-based disease, like
cancer, one must study the tissue.

This paradigmatic switch has important theoretical and
methodological implications. First, cell function and behav-
ior cannot longer be studied in isolation, that is, without
taking into consideration their three-dimensional microen-
vironment. Two-dimensional cultures can be viewed for
many aspects as true “artifacts,” which often makes them
unreliable predictors of gene expression, tissue structure,
cellular functions, and behaviour [111]. Moreover, also the
actual response to many drugs is remarkably flawed by 2D-
environment-based experiments [112]; instead, 3D cellular
models have the potential to become a fundamental research
tool in biology [113], given that they allow the integration
of data generated by investigations carried out at different

levels.This will result inmodels of tissues and organismswith
enhanced predictive power [114].

Second, tissue and cytoskeleton/nucleoskeleton architec-
ture, as well as mechanical forces (stiffness, shear stress
[115], and surface tension), must be adequately weighted
and investigated, a rather unusual request for a “traditional”
biologist [116].

Third, molecular and genetic changes, involving both the
epithelial and the stromal cells, should therefore be investi-
gated in association and linked to the observed modification
of the context.

Although much has been learned about molecular com-
ponents and subcellular processes, the integration of data and
models across a wide range of spatial and temporal scales,
taking us from observations at the cellular or subcellular
level to understand tissue level phenomena, remains an
unchartered territory. Moreover, biophysical influences on
cell behavior and differentiation can be adequately appre-
ciated only by studying cells in their three-dimensional
context and are therefore disregarded by current experi-
mental methodologies almost fully based on 2D cultures.
Overall, these considerations highlight another fundamental
bias of modern biology, that is, the lack of a general the-
ory for understanding biological organization. In order to
cope with the increasingly appreciated complexity of living
organism, implicitly, biologists have adopted a reductive
approach, mainly based on a gene-centric paradigm, where
causative processes are modelled according to a simplified,
linear dynamics. However, reality is far more complex than
the biochemical diagrams we are asked to trust. Biologi-
cal complexity entails nonlinear dynamics, stochastic gene
expression, interactions between biochemical and biophys-
ical factors, and events acting simultaneously at different
levels. From molecules to organs, levels are interrelated and
interdependent, so that the organism is able to conserve and
adapt the integrity of its structural and functional organiza-
tion against a back-drop of continuous changes within the
organism and its environment. That feature represents the
updated interpretation of homeostasis, a concept formulated
a century ago by W. Cannon and currently reinterpreted as
autoconservation [117], functional stability [118], evolvability,
or robustness [119]. Given that homeostasis is dramatically
threatened or even disrupted in the course of several diseases,
to understand such processes we are obligatory required to
apply methodologies that explore nonlinear spatiotemporal
systems with multiple levels of structural and functional
organization. As pointedly discussed by Noble [120], one
cannot understand the physiology or the pathology of cardiac
rhythm by only referring to the gene expression and to
the features of a single cardiomyocite. Similarly one can-
not understand pathologic processes emerging at the cell-
microenvironment level by only referring to “abstract” gene-
regulatory circuits in the isolated cell.

6. Conclusions

The interaction between cells and their microenvironment,
by involving both biochemical and biophysical cues, drives
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differentiating processes and contributes in a determinant
fashion to cancer emergence. Considering cancer as a tissue-
based phenomenon implies a profound rewiring of our
experimental methodology, by requiring to move from cells
and subcellular structures toward higher levels of organiza-
tion. Namely, experiments should be undertaken in order to
verify how to modify microenvironment biophysical features
by means of chemical/pharmacological means in order to
prevent or eventually to induce cancer reprogramming in 3D
settings or on animal models.

Choosing between competing premises and testing alter-
native theoretical hypothesis have been the core component
of the experimental science since the Renaissance. However,
as Kuhn [121] has taught us, a widely accepted paradigm will
hardly be dropped before a considerable amount of paradoxes
and contradictions has been resolved. Such moment seems
to have come. Indeed, the somatic mutation theory has
eventually accumulated an impressive body of shortfalls and
paradoxes, as admittedly claimed by its own supporters [2],
as a cell-based approach can hardly explain the emergence
of tissue-based processes, like cancer. However, as Niels
Bohr once said “How wonderful that we have met with a
paradox. Now we have some hope of making progress” [122].
Nowadays, that progress may be disclosed embracing new
theoretical perspectives, taking the cells-microenvironment
interplay as the privileged level of observation and assuming
radically different premises as well as methodological frame-
works [19, 123]. This may probably not be enough, and even
new theories could prove to be incomplete. Yet, as once stated
by Tzu thousands years ago, a new path, however long it may
be, always begins with the first leap [124].
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Multiple Myeloma (MM) is a systemic hematologic disease due to uncontrolled proliferation of monoclonal plasma cells (PC)
in bone marrow (BM). Emerging in other solid and liquid cancers, the host immune system and the microenvironment have
a pivotal role for PC growth, proliferation, survival, migration, and resistance to drugs and are responsible for some clinical
manifestations of MM. In MM, microenvironment is represented by the cellular component of a normal bone marrow together
with extracellular matrix proteins, adhesion molecules, cytokines, and growth factors produced by both stromal cells and PC
themselves. All these components are able to protect PC from cytotoxic effect of chemo- and radiotherapy. This review is focused
on the role of immunome to sustain MM progression, the emerging role of myeloid derived suppressor cells, and their potential
clinical implications as novel therapeutic target.

1. Introduction

Multiple myeloma (MM) is a systemic hematologic disease
due to uncontrolled proliferation of monoclonal plasma cells
(PC) in bonemarrow (BM).MM symptoms depend on organ
damage and include renal failure, anemia due to extensive BM
infiltration, hypercalcemia, and pain due to osteolytic bone
lesions [1]. A monoclonal proliferation of PC is also present
in other conditions that can be considered as preclinical
phases of MM, including monoclonal gammopathy of unde-
termined significance (MGUS) and asymptomatic or smol-
dering myeloma (SMM). Recent studies have documented
that virtually all cases of MM pass through a MGUS phase,
although it is often not recognized [2, 3].The rate of evolution
from these preclinical conditions to an overt myeloma is very
low and it has been calculated to be 1% per year for MGUS
and 10% per year for SMM.

However, while both MGUS and SMM lack the clinical
features of MM, they harbor the same genetic alterations of
symptomatic myeloma [4, 5]. Therefore, the transformation

of MGUS to MM seems to be a multistep process where
several factors may play a role. Besides additional, acquired
genetic and epigenetic changes of PC, it is likely that a “per-
missive” microenvironment plays a significant role in the
evolution fromMGUS to symptomatic myeloma [6].

In fact, a well-recognized feature ofMM is the presence of
an intimate relationship between PC and bone marrow mic-
roenvironment where PC are hosted in special niches and
receive multiple signals that maintain their long survival and
exert a protective effect on drug-induced apoptosis. There-
fore, as emerging in other solid and liquid cancers, the host
immune system and the microenvironment have a pivotal
role for the PC growth, proliferation, survival, migration, and
resistance to drugs and are responsible for some clinical
manifestations of MM.

In addition to the cellular component of the microen-
vironment (represented by stromal cells, osteoblasts, osteo-
clasts, adipocytes, endothelial cells, and T and natural killer
cells), PC interact with extracellular matrix (such as laminin
and fibronectin), adhesion molecules (including syndecan1,
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VCAM1, and VLA4), cytokines (the most studied being IL-
6, TNF𝛼, HGF, and IGF), and growth factors, produced by
both stromal cells and PC themselves. All these components
are able to protect PC from cytotoxic effect of chemo- and
radiotherapy [7, 8]. Indeed, MM PC are not able to grow in a
medium without a stromal support and even PC from
patients affected by refractorymyeloma show drug sensitivity
when cultured in vitro [9].

This review is focused on the role of microenvironment
and immunome to sustain MM progression and resistance to
chemotherapy.

2. MM Microenvironment: In Vivo Models

MM microenvironment has been evaluated in vitro and in
several murine models [10], all of them limited for repro-
ducible, convenient, and sensitive monitoring of cellular
immunological changes [11]. Currently available murine
models forMM include immunocompetent mice, such as the
5TMM series [12, 13] and genetic models of MM [14, 15], or
immunocompromisedmice, namely, NOD/SCID [16], SCID-
hu [17, 18], and NOG [19, 20].

The 5TMM and the genetic models of MM have the
advantage of affording preclinical studies in immunocom-
petent hosts, but molecular and biological differences exist
between murine and human MM cells [10]. The number of
available murine genetic models of MM and of 5TMM cell
lines is extremely restricted and does not represent the het-
erogeneity of the human disease. Immunological changes can
be monitored but are limited to the mouse background and
cannot be translated tout-court in MM patients.

Moreover, MM is different when developed in mouse or
human background [21].Thus, an emerging need is the devel-
opment of murine models with both cancer and microenvi-
ronment in human background. Available xenograft models
of human myeloma into mice to study MM expansion in
immune human system include NOD/SCID mice, SCID-Hu
model using human fetal bone [21], and SCID-Rab using
rabbit bones implanted subcutaneously in unconditioned
SCID mice [22].

SCIDmodels have been further modified using synthetic
scaffolds instead of fetal human bone to study the expansion
of human primary MM cells [23] or using a silicomodel that
allows visualizing in a three-dimensional space the dynam-
ics of BM microenvironment and the relevant role of
SDF1/CXCR4 axis [24].

Immunodeficient RAG2−/−𝛾c−/− mice (that completely
lack B, T, andNK cells) have been used to investigate the graft
versus myeloma effect and T-cells modulation from human
peripheral blood mononucleated cells PBMC, showing that
human PBMC can be safely inoculated in mice to investigate
microenvironment. Human mesenchymal stromal cells and
bone particles can be also implanted in mice to create a
humanized environment for MM cells and bioluminescent
imaging is used to follow in a noninvasiveway engraft, growth
dynamics, and response to therapy of patients PC [25].

However, in these models, immunological impairment
present in MM patients is still hard to monitor since the

whole immunome cannot be modelled, due to excess of
inflammation in models using synthetic scaffolds or the
presence fetal immunome in those using fetal bone scaffolds.

However, thanks to these models we addressed many
details about the interaction of PC in BM, thus to define the
MM “niche” and their relative likely or known relation to
myeloma genesis.

3. The MM Niche

Themain components of MM niche are [26, 27]

(1) extracellular matrix (ECM): fibrous proteins, pro-
teoglycans, glycosaminoglycans, and small integrin-
binding ligand N-linked glycoproteins,

(2) soluble component: cytokines, growth factors, and
adhesion molecules,

(3) hematopoietic and nonhematopoietic cells: bone
structural cells (stromal cells, adipocytes, osteoclasts,
and osteoblasts), immune cells (T lymphocytes, den-
dritic cells), and the vasculature.

ECM is the dynamic substrate that supports cells anchor-
age to BM niche and regulates growth factors distribution.
Fibrous proteins (such as collagen, laminin, fibronectin, and
elastin), proteoglycans (such as heparan sulfate-containing
proteoglycans and small leucine-rich repeat proteoglycans
(SLRPs): decorin, biglycan, fibromodulin, and lumican),
glycosaminoglycans (particularly hyaluronan), and SIBLING
proteins (such as osteopontin, bone sialoprotein (BSP), and
dentin matrix protein-1 (DMP-1)) constitute ECM. In MM
patients ECM composition is altered and variably disorga-
nized [28].

Autocrine and paracrine loops and cell-cell adhesion
mechanisms regulate PC production of cytokines and growth
factors within the BM microenvironment. These different
components are able to induce signaling pathways respon-
sible for PC survival, growth, and migration among which
the most important are Ras/Raf/MEK/MAPK pathway,
PI3 K/Akt pathway, the JAK/Stat3 pathway, the NF𝜅B path-
way, and the wingless-type (Wnt) pathway [29–34].

It has beenwidely described thatNF-𝜅B transcription fac-
tor plays a key role in the pathogenesis of multiple myeloma
within BM microenvironment where there is an increased
MM expression and activation of molecules involved in both
the canonical and noncanonical NF-𝜅B pathway [29, 35].
NF-𝜅B signaling pathways play an important role not only for
MM cells but also for many other types of stromal cells by
inducing the production of prosurvival cytokines such as
IL-6, BAFF, or APRIL [36].

Our grouphas recently described that themajority ofMM
cells from BM specimens at different stages of disease almost
exclusively express the cytoplasmic (inactive) form of NF-𝜅B
while, in mesenchymal cells from MM-patients, NF-𝜅B is
present in the nuclear active form, further underlining the
relevance of BM mesenchymal cells [37]. In addition, the
proteasome inhibitor bortezomib, which was described in
the past as a NF-𝜅B antagonist, had a consistent antitumor
activity against both chemoresistant and chemosensitiveMM
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cells, regardless of theNF-𝜅B localization, thus suggesting the
existence of other molecular targets of proteasome inhibitors
in MM [29, 35, 37]. The overexpression and activation of
several molecules involved in NF-𝜅B signaling give rise to
promising targets for novel anti-MM therapy [38].

Two types of cells primarily compose the cellular
compartment of the BM niche: hematopoietic and non-
hematopoietic cells, including the vasculature. Among the
nonhematopoietic cells (stromal cells, including pericytes,
marrow adipocytes, fibroblasts, osteoblasts, osteoclasts, and
endothelial cells), we will focus on osteoblast/osteoclast ratio
and on the vasculature.

Bone homeostasis is normallymaintained by the opposite
activity of osteoblasts and osteoclasts. BM malignant PC
induce osteoclastogenesis and inhibit bone building by
osteoblasts, thus altering bone homeostasis and leading to
bone damage. The general view is that MM PC adhere to BM
stroma and induce the secretion of different proosteoclasts
and antiosteoblasts cytokines. The adhesion is mediated by
integrins such as CTLA4-1 integrin and VLA-4 expressed
by MM cells and VCAM-1 expressed by stromal cells. This
interaction induces osteoclasts resorbing activity and osteol-
ysis [39]. After adhesion, increased bone resorbing activity
by osteoclasts and MM survival is mediated by a variety
of osteoclast-activating factors, such as macrophage inflam-
matory protein-1𝛼 (MIP-1𝛼), receptor of NF-𝜅B ligand
(RANKL), VEGF, TNF-𝛼, IL-1𝛽, HGF, and IL-6, produced by
both tumor as well as stromal cells. In particular, RANKL is a
member of TNF family whose antagonist is osteoprotegerin
(OPG) ligand. When MM cells adhere to stromal cells, they
induced expression of RANKL by BM stromal cells, thus
promoting osteoclast activity and differentiation. Con-
versely, decreased number and bone formation activity of
osteoblasts are associated with dysregulation of several sig-
nalingmolecules, amongwhich are dickkoppf 1 (DKK1), IL-3,
and IL-7. DKK1 is overexpressed in MM patients with bone
lesions. It is able to inhibit Wnt signaling pathway, critical for
osteoblast differentiation, and to abolish Wnt-related OPG
production. The cytokines IL-3 and IL-7 negatively affect
osteoblast survival. Importantly, themain source of IL-3 is the
BM CD3+T lymphocytes, suggesting an additional role for
T lymphocytes, which also overproduce RANKL in MM BM
with bone damage [39, 40]. This complex network of
cytokines and signaling pathway induce osteoclasts resorbing
activity and osteolysis.

As for bone homeostasis, the balance between proangio-
genic and antiangiogenic factors is lost in MM BM niche
in favor of neoangiogenesis. Angiogenesis (evaluated in MM
BM specimens by microvessel density, MVD) is increased in
patients with active myeloma in comparison with MGUS or
smoldering MM patients. An “angiogenic switch” is a feature
of active myeloma, as a “vascular phase” of disease, while
MGUS and smolderingmyeloma are arrested in an “avascular
phase” [41, 42]. IncreasedMVD is a poor prognostic factor at
diagnosis for patients who undergo high dose chemotherapy
with autologous transplant [43].

Angiogenesis in MM is the result of physical fac-
tors such as hypoxia and chemical substances such as
hypoxia-inducing factors (HIFs), VEGF, fibroblast growth

factor (FGF), hepatocyte growth factor (HGF), angiopoietin,
platelet derived growth factors (PDGF), and endothelial
growth factor (EGF), whose concentration is much higher in
BM than in peripheral blood of MM patients [44]. In par-
ticular, microenvironment VEGF, produced by both MM PC
and BM stromal cells, is able to induce MM growth and
survival and egress fromBMvia itsVEGFR-1 receptor onMM
cells and to induce angiogenesis through VEGFR-2 on
endothelial cells.

In many MM mice models, hypoxia is a specific feature
of MM microenvironment. Moreover, the pathways of HIFs,
VEGFs, and VEGF receptors are upregulated in the majority
of MM cases and are associated with angiogenesis. Both
VEGF and HIF could be a therapeutic target of anti-MM
therapy with specific small-inhibitor molecules even if many
common anti-MM drugs such as bortezomib and lenali-
domide are able to inhibit HIF-1𝛼 activity and thalidomide-
derived immunomodulatory drugs (IMiDs) including lenali-
domide and pomalidomide which are per se antiangiogenetic
drugs [45].

4. Immunome: An Emerging Role in
MM Microenvironment

Among the hematopoietic cells, we can consider a variety of
cells from hematopoietic stem cells (HSCs) and mesenchy-
mal cells (MSC), to mature erythrocytes, megakaryocytes,
platelets, immune cells, such as B and T lymphocytes, natural
killer (NK) cells, macrophages, and dendritic cells (DCs).

Macrophages support survival and stimulate proliferation
of MM cell lines in vitro and protect PC cells from sponta-
neous and drug-induced apoptosis, thanks to secretion of IL-
6 and vascular endothelial growth factors [46]. Eosinophils
contribute to MM cells proliferation in a largely contact-
independent manner, though not by IL-6 or APRIL, usually
produced by many other kinds of BM cell types to support
normal and malignant PC survival and proliferation [47].

An impairment in the function of immune cells has been
widely described in MM patients [48]. MM patients have a
greater susceptibility to infection and secondary malignan-
cies and this is the clinical counterpart of an intricate cellular
interaction involving the PC clone and the BM microenvi-
ronment [49]. The MM-related immunological dysfunction
is also able to model PC activity and damage capacity [49].
Indeed, the PC-induced modulation of the surrounding
microenvironment involves also host immune effectors.

The levels of B cells, NK cells, and CD4+ T cells are
inferior when compared to normal control as well as the
immunoglobulin reduction which indicate a typical clinical
feature of symptomatic MM [49].

The main dysregulated immunological elements include:
Treg, TH17, MDSC, and DC. However, the regulation of the
immune-effector cells is the result of a complicated cross talk
between PC, DC, and CD4+ cells, through indoleamine 2,3
dioxygenase, the programmed death 1-ligand, and the B7H3
action [50, 51].
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4.1. Dendritic Cells. The functions of the antigen presenting
cells DCs are defective. The direct interaction between DCs
and PC resulted in PC survival and spontaneous cell-cell
fusion with formation of giant bone resorbing cells. In a
recent model of DCs-MM and T lymphocytes interactions in
BM microenvironment, the expression of the costimula-
tory molecule CD28 on MM plasma cells and of ligands
CD80/CD86 (that normally activate T cells) on BM DCs
induced DCs to produce both IL-6 and the immunosup-
pressive enzyme indoleamine 2,3 dioxygenase (IDO). IL-6 is
one of the most important MM prosurvival factors while
IDO is able to deplete an essential amino acid whose absence
induces anergy of activated T cells and differentiation of T
cells in suppressive CD25high/FOXP3+/CD4+ Treg cells.
Blockage of CD28 inhibits IL-6 and IDO production by DCs
thus abrogating the protective effect of DCs onMMcells [52].

4.2. Treg. Development of CD4 T cells is a plastic process
influenced by cytokines of the microenvironment milieu. A
paradigm of the adaptive immunity describes in detail the
balance between Th1/Th2 CD4 subpopulations, due to spe-
cific soluble factors.

Th1/Th2 balance inMM is altered with a reduced produc-
tion ofTh1-like cytokines, such as IL-2 or IFN-𝛾, with an over-
expression of Th2 cytokines, IL-10 and IL-4 [53]. Similarly,
a plastic balance between Th1, Treg, and Th17 is emerging,
driven by TGF-𝛽. The forkhead/winged helix transcription
factor forkhead box P3 (Foxp3) expression identifies that Treg
and retinoid-related orphan receptor (ROR-𝛾) are amarker of
Th17. Naı̈ve T cells overexpress ROR-𝛾 and Foxp3, and in
presence of TGF-𝛽 Foxp3 inhibits ROR-𝛾 leading to Treg
expansion. However, in presence of proinflammatory stimuli,
including IL-6, IL17-𝛼, and IL17-𝛽 this inhibition does not
occur thus switching to Th17 phenotype [54–59], promoting
Th17 expansion, and inhibiting Treg differentiation.

MM-derivedTregs are unable to regulate T-cell expansion
and function [60, 61]. Tregs behavior remains a critical debate
in MM [62], due their source (peripheral blood versus bone
marrow), the quantification method (absolute count versus
percentage), and the immunophenotype used. Some studies
showed increased CD4+CD25highFoxp3+ Treg with inhib-
itory functions [63, 64], while others, including data from
our group (Parrinello,manuscript in preparation) show lower
absolute numbers in MM patients compared with healthy
volunteers [65, 66]. In some series MM Tregs were dysfunc-
tional, because of being unable to inhibit anti-CD3 mediated
T-cell proliferation [66]. However, FOXP3 expression is not a
definitive and unique marker for Tregs, these cells being also
characterized as CD3+CD4+CD25+CD127low cells [67, 68].

4.3. Th17. Th17 produce IL-17 and IL-22 cytokines and, as
above described, they are strongly related to the effect of IL-
21, IL-22, IL-23, and IL-27, whose levels are augmented in
MM [69]. PC express the IL-17R (receptor of IL-17) on the
cell surface, thus being sensitive to the survival stimuli given
by IL-17 cells, as shown in vitro, in murine model and in
patients [69]. Several studies indicate an increase of Th17 in
the PB and BM of MM patients [69–72], as consequence of

increased proinflammatory cytokines leading to Th17 polar-
ization in MM milieu. Th17 expansion along with increased
IL-17 suppress immune responses, protect PC from CTL
attack, and promote their survival and growth.

Additionally, IL-17 plays a pivotal role in the development
of bone disease, since the higher the levels of IL-17 are, the
more advanced the bone disease is. IL-17 is also able to
determine an upregulation of RANKL on stromal cells thus
determining a stimulation of osteoclasts and so the gener-
ation of bone lesions [70]. The amount of Th17 in BM is
positively correlated to lytic lesions [70], clinical tumor stage,
serum lactate dehydrogenase concentration, and serum crea-
tinine concentration [72].

Th17 are a potential predictive factor of therapy response
[72]. Curiously, the enrichment of BMwithTh1 cells is able to
revert this phenomenon [70]. However, a multivariate analy-
sis of these factors is missing.

The relationship between Th17 and Th1 cells [57] could
depend on the microenvironment signature, in particular on
the function of DC, through IL-6 secretion [73]. A balance
betweenTh17/ and Treg in favor ofTh17 has been observed in
long-term MM survivors compared to short-term MM sur-
vivors [71]. However, the real Treg/Th17 interaction has not
completely been defined since some reports indicate that
these constitute a cell subset essential for disease progression
[69, 70], while other reports indicate that these cells could
have an antitumor activity, regulating cell-to-cell cross talk
and leading to a long-term control of the disease [71].

It is likely that the study of the whole microenvironment,
taking together the myeloid and lymphoid axis, would be
useful in the definition of disease pathogenesis and its
prognostic implication.

An indirect marker of T-cell dysfunction could be the
evaluation of CD200+T cells. CD200 is a transmembrane
glycoprotein belonging to the immunoglobulin superfamily,
physiologically expressed on lymphocytes to induce immune
tolerance, for example, during pregnancy to avoid con-
flicts between mother and newborn’s immune system. Since
CD200 is expressed by different tumor cell types [74–77], it
has recently described the relevance of the CD200-CD200R
axis in cancer immune evasion. In fact, the expression of the
cognate ligand of CD200, CD200R, is restricted to certain
populations of T cells and mainly to myeloid-derived Ag
presenting cells, amongwhich tumor-associatedmyeloid cells
whose suppression, that is, in melanoma model, is able to
abrogate tumor formation [78].The first data on a likely anti-
CD200 treatment in neoplastic diseases come from hema-
tologic malignancies where it has been demonstrated that
CD200 blockade may represent a novel approach to clinical
treatment of CLL [79].

Increased expression of immune-regulatory molecule
CD200 has been described also in MM where it is accepted
as a negative prognostic factor [80, 81], but it has never been
investigated on T-cell subsets in MM.

Our group has recently confirmed that almost the 70%
of MM cells in BM specimens express CD200 and, as in
melanoma, the dependence of CD200 expression on
RAS/RAF/MEK/ERKpathway. Furthermore, on the basis of a
reduced immunogenicity in vitro of CD200-positive cells
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depending on ERK pathway, explored by mixed lymphocytes
cultures, we have supposed that CD200 expression in MM
could suppress antitumor response in bone marrow micro-
environment suggesting that an anti-CD200 treatment could
be therapeutic in MM [82].

Our data do not allow speculating any role for myeloid
involvement in this pathway, although CD200R is an
inhibitory immune receptor initially described mainly on
myeloid cells [83].

4.4. Myeloid Derived Suppressor Cells. Accumulation of
myeloid derived suppressor cells (MDSC) has been described
in the peripheral blood of patients affected by solid tumors
[84–86], and only a few reports are focused on MM, includ-
ing 11 newly diagnosed patients [87], 13 relapsed/refractory
patients [88], and 11 MGUS [89–91].

MDSC favor the tumor escape from immune-
surveillance. MDSC exert an immunosuppressive activity
mainly on T lymphocytes because of high levels of arginase,
which is able to deplete the microenvironment of arginine,
an essential amino acid for T-cell activity. MDSC induce also
inhibition of T-cell receptor, by nitrosylation, andROS release
and in this way create conditions for cancer progression as
well [92].

In tumour-bearing mice, MDSC can be identified in
tumor infiltration and in the spleen asmyeloid cells at various
maturation stage CD11b+Gr1+ and based on the expression of
Ly6G can be distinguished in granulocytic and monocytic
fractions.

In humans, severalMDSC subpopulations have described
termed monocytic (mo-MDSC, CD14+HLA-DRlow/−) and
granulocyticMDSC (G-MDSC,CD33+CD14+HLA-DRlow/−),
respectively, in absence of a human marker equivalent to
Ly6C in mice.

The role of MDSC in MM progression is currently under
investigation. Most of our current knowledge on MDSC is
obtained by studying solid tumors that expand MDSC in the
lymphoid organs, but information on whether cancer cells
residing in the bone marrow (BM) are able to directly
influence MDSC generation in situ in MM has been recently
evaluated by three groups [87, 88, 93].

Using a 5T-2MM murine model [93], in which the MM
cells grow in the BM in fully immunocompetent mice, no
dramatic changes in the relative abundance of MDSC subsets
were noted, suggesting thatMDSCexpansion is an early event
in MM. The same happens in MM patient’s bone marrow,
where MDSC infiltration is hard to define because of neo-
plastic plasma cell expansion. However, when the amount of
MDSCwas calculated as percentage of the nonneoplastic cells
(identified as CD138 negative cells), MDSC accumulation
in BM of MM patients was evident when compared with
BM healthy donors (41.1 (range, 13.3–75.9%) versus 22.9
(range, 7.7–33.3%)) [87]. Data fromDr. Gorgun confirmed an
increase ofMDSC in the bonemarrow, but it was compared to
peripheral blood and not bone marrow in healthy subjects
[88].

In the murine model, T-cell suppressive capacity of
5T2MM MDSC subsets could already be observed after

3 weeks—a time point at which the tumor load is very
low—and was maintained throughout weeks 6, 9, and 12,
confirming that MDSC immunosuppression is an early
event in MM disease [93]. Using another immunocompetent
mouse model, established by intravenous inoculation of
BCM, DP42, or ATLN MM cells into syngeneic mice,
MDSC accumulated in BM as early as 1 week after tumor
inoculation. When these mice were engineered to lose their
ability to accumulate MDSC in tumor-bearing hosts (S100A9
knockout), growth of the immunogenic MM cells was
significantly reduced showing again that the accumulation of
MDSC at early stages of MM plays a critical role in MM
progression [87]. In the ATLN model, a significant increase
in the proportion and absolute number of MDSC in BM was
observed as early as 1 week after tumor cell inoculation,
followed in weeks 2-3 by a reduction due toMMexpansion in
BM and a progressive increase in spleen and lymphonodes.
MDSC continued to grow during week two posttumor
injection, reflecting the fact that MM cells accumulated in
spleen at later time points and to a lesser extent than in BM.
In fact, only at the end of week 3 (late MM stage in mouse
model), the presence of MDSC in spleens declined, without
any difference in the kinetics for G-MDSC or mo-MDSC.
However, mo-MDSC were the main subset in MDSC [87].
In another model, mo-MDSC, defined as CD11bhighLy6Glow,
exhibited a larger immunosuppressive activity than
CD11bhighLy6GhighG-MDSC counterpart [93].

In humans, data are still under investigation. Both mo-
and G-MDSC subsets sorted from MM bone marrow are
immunosuppressive, when cultured in ratio 1 : 1 with T cells
stimulated by allogeneic dendritic cells [87]. Bothmo- andG-
MDSC subsets sorted from MM bone marrow or peripheral
blood are immunosuppressive, cultured with autologous T
cells for 4 days in the presence of T-cell stimulator factors,
because G-MDSC are more immunosuppressive than mo-
MDSC [88]. G-MDSC are increased in PB of MM patients
and are able to induce the generation of Treg. G-CSF admin-
istered to induce stem cell mobilization caused an increase in
the number ofMDSC in the peripheral blood of patients with
MM and a concentration of these immune-suppressive cells
in peripheral blood stem cell collections [94, 95].

In our series, including 45 newly diagnosed MM and 60
MGUS, both G-MDSC and mo-MDSC were increased in PB
of MM patients, while MGUS exhibited intermediate values
between healthy subjects and MM patients. Myeloid com-
partment (identified as CD66 positive cells) andmature gran-
ulocytes exhibited immunosuppressive properties against
allogeneic T cells stimulated with phytohemagglutinin (at
increasing lymphoid :myeloid ratio) in bothMGUS andMM
patients, despite te fact that the effect was more evident in
MM patients (Parrinello and Romano, manuscript in prepa-
ration).Granulocytes obtained fromMMpatients had greater
amount of arginase-1 (a key mediator of G-MDSC immuno-
suppression) than MGUS or healthy subjects evaluated by
RT-PCR (Parrinello and Romano, manuscript in prepara-
tion).

Emerging interest of MDSC in MM includes their invol-
vement in other crucial processes for active disease, such
as angiogenesis, since MDSC are able to release metal-
loproteinase-9 [96], and osteoclastogenesis, since MDSC can
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work as osteoclast progenitors [97, 98], thereby contributing
to osteolytic bone disease in MM [99].

Several strategies are currently under investigation in
human cancer to target MDSC in order to improve immune
therapies:

(1) deactivation ofMDSC (using phosphodiesterase inhi-
bitors, nitroaspirins, synthetic triterpenoids, COX2
inhibitors, ARG1 inhibitors, antiglycan antibodies,
CSF-1R, IL-17 inhibitors, and histamine based
approaches),

(2) differentiation of MDSC into mature cells (with
ATRA, vitamins A or D3, or IL-12),

(3) inhibition of myeloid cell development into MDSC
(with N-bisphosphonates, modulators of tyrosine
kinases, and STAT3 inhibitors),

(4) depletion of MDSC (using gemcitabine, HSP90
inhibitors, and paclitaxel) as recently reviewed [100].

Phosphodiesterase-5 (PDE-5) inhibitors, including silde-
nafil and tadalafil, inhibit the degradation of cyclic guanosine
monophosphate (cGMP) leading to reduction in ARG1 and
NOS2 expression, thus turning off the immunosuppressive
property of MDSC [101]. In an in vitro model, sildenafil was
able to restore expansion of T cells within the peripheral
blood mononuclear cell fraction isolated from MM patients
[101] thus leading to PDE5-inhibitors as novel immunother-
apy in MM.

A phase II study has been presented at 2013 ASH
annual meeting to test whether tadalafil could improve the
response to lenalidomide and dexamethasone (NCT01374217
on http://www.clinicaltrials.gov/), in 13 patients who were
refractory to lenalidomide-based regimens. However, the
studywas early stopped for lack of response and potentially of
target, sinceMDSCwere not detected in any of the patients at
baseline in both blood and marrow and this correlated with
the lack of clinical response [102]. However, the same group
recently published the clinical benefit in an end-stage MM
patient in whom responsiveness to lenalidomide-based ther-
apy was restored upon the addition of tadalafil [103].

Novel agents active against MM, such as lenalidomide,
and bortezomib inhibit NF-𝜅B activity as part of their diverse
actions contributing to modulating proteins involved in anti-
gen presentation [104]. Recently,modulation by lenalidomide
of regulatory cells, with an immunophenotype overlapping
with mo-MDSC, defined as CD33+CD11b+CD14−HLADR−,
has been reported [89], while in vitro studies exclude a direct
effect of lenalidomide or bortezomib in MDSC expansion
[88]. On the other hand, in lymphoma-bearing mice,
lenalidomide can reduceMDSC numbers and reverts cancer-
induced immunosuppression [105].

Some chemotherapeutic agents used also in MM, such
as cyclophosphamide or anthracyclines, have immunological
side effects [106] that include MDSC expansion [107, 108] or
inhibition [109], associated toT-cell functionmodulation, but
this aspect has been poorly evaluated in MM.

Nitrogen-containing bisphosphonates, such as zoledronic
acid, have a predominant role in the supportive therapy
of MM patients [110] with benefit in survival [111–113].

Nitrogen-containing bisphosphonates inhibit bone resorbing
osteoclasts, delay tumor growth rate as a consequence of
MDSC depletion, and increased recruitment of T cells in
murine models of solid tumors [99, 114]. However, no data
are currently available about MDSC amount in MM patients
treated with bisphosphonates.

5. Conclusions

MM microenvironment is a complex network, which pro-
gressively leads to functional impairment of host immune
system. In the early stage of the disease, PC proliferation and
migration are under the control of an active immune system,
which fails to eradicate malignant cells. As long as the
balance between immune effectors and PC is preserved, the
disease remains completely indolent; this scenario seems to
be consistent with the clinical course of MGUS patients. In a
minority of subjects, several changes arise in terms of PC
number and phenotype, expression of microenvironment-
associated cytokines, and impairment in immune response
and infiltration. MDSC increase, specific T-cell response is
abolished, and finally PC become independent of microen-
vironment signaling, thus to confer an aggressive clinical
course. Some drugs, including IMiDs, bisphosphonate, and
cyclophosphamide, can interplay at this level, but use of drugs
able of triggering this signaling is an urgent need to improve
the efficacy of current treatments.
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The tyrosine kinase human epidermal growth factor receptor 2 (HER2) gene is amplified in approximately 20% of human breast
cancers and is associated with an aggressive clinical course and the early development of metastasis. Its crucial role in tumor growth
and progression makes HER2 a prototypic oncoantigen, the targeting of which may be critical for the development of effective
anticancer therapies. The setup of anti-HER2 targeting strategies has revolutionized the clinical outcome of HER2+ breast cancer.
However, their initial success has been overshadowed by the onset of pharmacological resistance that renders them ineffective.
Since the tumor microenvironment (TME) plays a crucial role in drug resistance, the design of more effective anticancer therapies
should depend on the targeting of both cancer cells and their TME as a whole. In this review, starting from the successful know-how
obtained with a HER2+ mouse model of mammary carcinogenesis, the BALB-neuTmice, we discuss the role of TME in mammary
tumor development. Indeed, a deeper knowledge of antigens critical for cancer outbreak and progression and of the mechanisms
that regulate the interplay between cancer and stromal cell populations could advise promising ways for the development of the
best anticancer strategy.

1. Introduction

Solid tumors are currently considered to be organ-like
structures, composed of cancer cells and other cells that
support tumor development. While deep understanding of
cancer cells has been reached, less light has been shed on the
cell populations that make up the tumor microenvironment
(TME), as they have been ostracized for several decades and
are only now being reappraised as a driving force for tumor
pathogenesis. TME is composed of cells—such as inflamma-
tory cells, mesenchymal stem cells (MSCs), endothelial cells
(ECs), cancer-associated fibroblasts (CAFs), and adipocytes
(CAAs)—and soluble factors, cytokines, and the extracellu-
lar matrix (Figure 1) that bidirectionally communicate with
cancer cells. This continuous and finely tuned interplay
can promote cancer outbreak, sustain tumor development
and invasion, defend a tumor from host immunity, foster
therapeutic resistance, and provide niches for cancer stem

cells (CSCs) and dormantmetastases [1]. In this respect, TME
is now considered to be a good target for anticancer therapies,
as it provides the opportunity to perturb the delicate balance
that promotes tumor progression. In fact, similarly to tumor
cells [2], TME is now thought of as the source of a broad
range of targets, of which the most promising are tumor-
associated antigens that play a key role in cancer development
and progression, called oncoantigens (OAs) [3]. We have
recently classified OAs according to cellular localization
[4]: Class I (cancer cell surface antigens), Class II (soluble
antigens and antigens expressed in the TME), and Class
III (intracellular proteins expressed by cancer cells). They
are currently emerging as ideal targets for a very specific
anticancer treatment, as demonstrated by several studies in
preclinical models [3].

HER2 represents the prototypic Class I OA and is found
to be overexpressed in a variety of human cancers [5]. HER2
amplification or overexpression is found in 15–20% of all
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Figure 1: Interconnections between the population present in TME in breast tumors. Elevated levels of cytokines and growth factors produced
by tumor and stromal cells orchestrate tumor development and progression. Abbreviations: mesenchymal stem cell (MSC), endothelial cell
(EC), cancer-associated fibroblast (CAF), cancer stem cell (CSC) adipocyte (CAA), dendritic cell (DC), natural killer (NK), regulatory T
(Treg) cell, myeloid derived suppressor cell (MDSC), tumor associated macrophages (TAMs), cytotoxic T lymphocytes (CTL), T helper
(Th), interleukin (IL), toll-like receptor (TLR) 2, high mobility group box (HMGB) 1, vascular endothelial growth factor (VEGF), matrix
metalloproteinase (MMP), stromal cell-derived factor- (SDF-) 1, transforming growth factor- (TGF-)𝛽, chemokine (C-C motif) ligand
(CCL)2, angiomotin (Amot), angiomotin-like (AmotL) 1, membrane-bound KitL (mbKitL), tumor necrosis factor- (TNF-)𝛼, interferon-
(IFN-)𝛾, nitric oxide synthase (iNOS), arginase (Arg) 1, indoleamine-2, 3-dioxygenase (IDO), cyclooxygenase- (COX-) 2, transcription
factor signal transducer and activator of transcription (STAT) 3, programmed death (PD) 1, osteopontin (OPN), prostaglandin E- (PGE-)
2, platelet-derived growth factor (PDGF), macrophage inflammatory protein- (MIP-) 2, fibroblast growth factor (FGF), Insulin-like growth
factor- (IGF-) 1, and tyrosine kinase human epidermal growth factor receptor (HER) 2.

new breast cancer cases and is a prognostic marker of poor
outcome [6]. Currently, the identification of HER2 positivity
in tumor tissue specimens allows for patient stratification and
a more reasonable therapeutic strategy. Indeed, a number of
tyrosine kinase inhibitors or monoclonal antibodies (mAbs)
that are directed against HER2 are available, while others are
currently under investigation in several phase I to III clinical
trials [7]. Humanized mAb Trastuzumab is the standard of
care in breast cancer treatment in both preoperatory and
metastatic settings, whether it is used as a single agent or

in association with chemotherapy. Despite initial responsive-
ness, the majority of patients that suffer from either primary
or metastatic breast cancer develop drug resistance within
one year, rendering Trastuzumab completely ineffective [8].
Similarly, prolonged exposition to anti-HER2 tyrosine kinase
inhibitors often results in the development ofHER-2-negative
tumor variants [9]. The mechanisms that underlie primary
and acquired resistance to HER2-targeted therapies are still
under investigation. However, both CSCs and TME seem
to play a crucial role in these phenomena [10]. This fact
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emphasizes the need to consider cancer cells and their TME
as a whole when designing effective anticancer therapies and
tells us that targeting a single OA is not sufficient to freeze
tumor progression, a possibility that can only be explored
thanks to the availability of appropriate in vivo cancermodels.

The identification of appropriate murine models that
are able to mimic most of the features of a human cancer
offers considerable potential to give advantages in the race
towards the clinic. In particular, the availability of tumor-
transplantable models and genetically engineered mammary
cancer-prone mice has allowed laboratories to decipher the
most important mechanisms involved in mammary tumor
development and progression, thus permitting current ther-
apies to be refined. A great deal of data has been obtained
by our group from transgenic mice, called BALB-neuT,
that overexpress the rat HER2 (neu) oncogene under the
mouse mammary tumor virus (MMTV) promoter [11], with
this very fact in mind. These mice spontaneously develop
mammary carcinomas with 100% penetrance [12] and display
a histopathologically [13] and transcriptionally [14] well char-
acterized course that closely recapitulates many features of
human breast carcinogenesis. In virtue of the high homology
of BALB-neuT tumors to humanHER2positive breast cancer,
this is an ideal model to use when setting up new anticancer
therapies. Actually, BALB-neuTmice and the cell line derived
from a BALB-neuT adenocarcinoma (TUBO cells) have
provided us with a fascinating tool and one that is used in
many laboratories worldwide to deepen current knowledge
of the pathogenic mechanisms that promote HER2 positive
tumor growth and consequently elaborate more efficacious
antitumor strategies. We herein discuss the lessons learned
about TME, HER2, and other OAs from BALB-neuT mice
and how this knowledge can help develop a winning strategy
against cancer.

2. The Urgency of Defining the Most
Promising TME-Associated OAs

Neoplastic transformation is a multistep process which
involves specific proteins and regulatory pathways at each
stage. The identification of the genes that constitute the
driving force of cancer progression is an extraordinary
opportunity to gain an advantage over cancer. HER2 rep-
resents a paradigm of this conception; its expression at the
neoplastic stage, its overexpression in established tumors,
and its causal role in cancer progression [14] make it the
ideal immunological target. This observation has paved the
way for the development of new immunologically based
therapies against neoplastic cells that overexpress HER2,
which have made some important clinical achievements
[15]; the U.S. Food and Drug Administration (FDA) has
approved mAbs that target HER2, such as Trastuzumab
and Pertuzumab, and several drugs (i.e., TDM1 and ARRY-
380) [16], which have prolonged the disease-free survival
rates in patients with metastatic HER2 positive breast cancer
[17] and are currently under investigation in clinical trials.
However, the majority of patients treated with these agents
develop resistance within one year of treatment, resulting in

disease progression, recurrence, and reduced overall survival
[18]. Similar results have also been obtained using active
immunotherapy against HER2 in preclinical models [19].The
efficacy ofDNAvaccines targetingHER2 inBALB-neuTmice
[20] relies mostly on the direct activity of vaccine-elicited
Abs [21–23] and is strictly dependent on the tumor stage
at the time of vaccination; the sooner the vaccination is
performed, the better the outcome [24]. When the vaccine is
administered to a still healthy BALB-neuT mouse, repeated
boosts keep it tumor free for a period of time that may
well equate to its natural life span. However, when the same
vaccine is administered to a mouse in a more advanced stage
of microscopic lesions, the appearance of palpable tumors
is only slightly delayed. This suggests that targeting a single
oncoantigen is not sufficient to freeze tumor progression,
especially when it is applied to patients that suffer from
advanced cancer, as commonly happens in the clinical setting
[12].

This partial failure of anti-HER2 treatment suggests that
some key elements that drive mammary carcinogenesis must
still be sought out and not only on the tumor cells themselves;
the best chance of defeating cancer that we have is offered by
targeting both cancer cells and TME. TME can dynamically
control cancer progression thanks to its continuous interplay
with cancer cells [25]. Therefore, the identification of addi-
tional OAs that are expressed by either tumor or stromal
cells surrounding HER2 positive lesions is urgently needed
if we are to develop a combined andmore efficient anticancer
approach which may prevent the development of the very
resistance to anti-HER2 therapy that is responsible for tumor
relapse [26].

To address this point, we performed a transcription
profile analysis of BALB-neuT preneoplastic and invasive
lesions, integrated with ameta-analysis of data obtained from
healthy human and neoplastic specimens. Of the 46 putative
OAs identified [27], B7-H4 [28], Claudin 3 [29], Hepsin
[30], CD52 [31], and Desmoglein 2 [32] are Class I OAs,
expressed on the plasma membrane of cancer and TME cells
and therefore constitute promising targets for vaccination.
Class II OAs are another group of identified OAs and
includes cytokines and chemokines copiously released in the
TME. These molecules play important roles in establishing
the strictly tuned relationship between tumor and stromal
cells whose balance is critical for tumor development and
progression, as will be discussed in the following sections of
this review.Moreover, this analysis led us to identifyingmany
Class III OAs that belong to signal transduction pathways
reported to be deregulated in breast and other cancers, such
as mitogen activated protein kinase (MAPK) [33], Survivin
[34], Aurora kinase [35], and src pathway molecules [36].
It is worth noting that some of these networks seem to be
regulatory keys of therapeutic resistance, such as Survivin
[37], Topoisomerase II 𝛼 [38], Desmoglein 2 [39], BCL2-
interacting killer [40], and ribonucleotide reductase M2
polypeptide [41]. In addition, several identified proteins have
a role in CSC self-renewal, which has been demonstrated in
the cases of maternal embryonic leucine zipper kinase [42],
transcription factor AP-2 𝛾 [43], the microtubule associated
TPX2 protein [44], and Aurora kinase A [44]. At present, our
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efforts are focused on the characterization of some of these
targets and our final goal is the setup of new DNA vaccines
that will be tested in BALB-neuT mice in association with
anti-HER2 vaccination, in order to improve the vaccination’s
efficacy against advanced tumor and metastases. A more
detailed analysis of OAs that are selectively expressed by
the various populations that constitute TME may end up
providing us with a sort of tumor Rosetta Stone which could
help unveil the reciprocal connection between tumor, CSCs,
and stroma.

As reported in several clinical studies, the expression of
noncoding genes, such as microRNAs (miRNAs), correlates
with cancer relapse and metastasis formation [45]. Several
miRNAs contribute to tumor progression in virtue of their
ability to posttranscriptionally modulate the expression of
oncogenes or oncosuppressors.They can act directly onTME,
regulating both the survival of more differentiated cancer
cells and the maintenance of a CSC phenotype [46] and
controlling neoangiogenesis during tumor progression [47].
Results from experimental studies, which have been strength-
ened by the human cancer miRNA expression profile, have
led researchers to the identification of miRNAs as potent
regulators of the crosstalk between cancer and stromal cells
[48]. Even if miRNAs cannot be considered oncoantigens
because of their lack of immunogenicity, the identification
of miRNAs, which are differentially expressed in the tumor,
can lead to the identification of their target genes as potential
oncoantigens or oncosuppressors, nevertheless [19].

Of note among the miRNAs that have recently been
identified is the strong upregulation of miR-135b which has
been found in invasive mammary BALB-neuT carcinomas;
acting on its targets, midline 1 (MID1) and mitochondrial
carrier homolog 2 (MTCH2), it regulates CSC stemness in
vitro and cancer cell metastatization in vivo [49]. This newly
unveiled role for miR-135b in mammary carcinogenesis,
as observed in other tumors such as colon cancer [50],
osteosarcoma [51], ependymoma [52], and hepatocellular
carcinoma [53], can provide the basis for the exploration of
miR-135b, MID1, and MTCH2’s potential as new therapeutic
targets in mammary carcinogenesis.

3. CSCs on Stage

The scientific spotlight has very recently been pointed on
CSCs, the subpopulation of cells endowed with self-renewal
potential and refractoriness to chemo- and radiotherapy that
are capable of sustaining tumor growth and progression by
giving rise to the heterogeneous population of tumor cells
found within a tumor [54]. Even though the initial idea of
CSCs as static entities [55] has been overtaken [56], it is well
accepted that they control cancer development and progres-
sion in amanner that is guided by environmental factors [57].
CSCs are thought to reside in a highly specialized niche that
is made up of stromal, endothelial, and more differentiated
tumor cells that stimulate CSC survival and stemness via cell
to cell contact, paracrine, and other signals [58]. A central
role is played here by interleukin- (IL-) 6, which is produced
by CSCs and noncancerous cells, MSCs, and immune cells.

IL-6 promotes CSC self-renewal, the recruitment of MSCs
and immune cells, and the preservation of an inflammatory
state that favors tumor growth. Moreover, IL-6 promotes
the conversion of more differentiated tumor cells into CSCs,
inducing the epithelial-to-mesenchymal transition (EMT).
Recently, it has been shown that HER2 overexpression in
breast CSCs increases IL-6 secretion [59] which is involved
in Trastuzumab resistance [60].

We have recently demonstrated that an autocrine loop
involving toll-like receptor 2/high mobility group box-
1/NF𝜅B (TLR2/HMGB1/NF𝜅B) induces the enhanced secre-
tion of vascular endothelial growth factor (VEGF) and IL-
6 in Sca1+ [61] CSCs, derived from BALB-neuT TUBO
cells, that in turn activates the transcription factor signal
transducer and activator of transcription 3 (STAT3), thus
promoting CSC self-renewal [62]. This pathway also induces
the secretion of transforming growth factor- (TGF-)𝛽, a
cytokine that induces EMT and the secretion of matrix
components that favor metastatization [63]. Moreover, TGF-
𝛽 recruits endothelial cells and promotes their proliferation,
enhancing angiogenesis [64].Therefore, HER2 positive CSCs
promote their own self-renewal, by upregulating TLR2 and
secreting its endogenous ligand HMGB1, and generate a
favorable microenvironment for tumor progression. This is a
very important observation sinceHMGB1 is not only secreted
by CSCs but also secreted by activated dendritic cells (DCs)
[65] and necrotic cells [66] and thus is one of the most
important molecules driving tumor escape from cytotoxic
treatment.

IL-6 stimulates CSCs, MSCs, and fibroblasts and causes
them to secrete IL-8, another key cytokine that promotes
CSC self-renewal. It is worth noting that HER2 positive
CSCs overexpress IL-8 receptors CXCR1/2 [67], which in
turn induce HER2 phosphorylation and the activation of
its downstream signaling pathway, generating a positive
feedbackmechanism that promotes CSC expansion [68].The
inhibition of CXCR1, either by mAbs or specific inhibitors,
reduces CSC self-renewal, induces cell apoptosis, and inhibits
metastatization in breast cancer, indicating that this receptor
may be a promising target for combined anticancer therapies
[69]. Similar IL-6-dependent upregulation is observed in
the chemokine (C-C motif) ligand (CCL) 2 (also known as
monocyte chemotactic protein-1, MCP-1), whose production
is induced by IL-6 in both tumor cells and stromal cells and
that supports the expansion of the CSC compartment by acti-
vating the Notch1 signaling pathway [70]. We demonstrated,
by microarray analysis, that CCL2 expression increases in
BALB-neuT mice as carcinogenesis progresses [71], and its
causal role in cancer development was further supported by
the observation that BALB-neuTmice, which were knocked-
out (KO) for CCL2, displayed prolonged survival over BALB-
neuT mice wild-type (WT) for this chemokine [72].

The characterization of all the cytokine networks that
connect CSCs, tumor cells, and stromal cells may pave the
way for new therapeutic strategies and provide diagnostic
and prognostic markers for patients. In this regard, many
clinical studies have shown that high serum levels of IL-
8 and IL-6 correlate with poor prognosis in breast cancer
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patients [73, 74]. Therefore, the design of specific cytokine
receptor inhibitors and the assessment of their efficacy in
clinical settings may be a source of great potential for future
research.

4. Fighting against Proangiogenic OAs

Vascular ECs thoroughly govern angiogenesis, a process that
supports the growth of many kinds of solid tumors including
breast cancer, providing nutrients and oxygen to proliferating
cells, thereby allowing cancer cells to invade tissues and
develop metastases. Tumor cells have been observed to
preferentially align towards and associate with ECs, even
prior to the angiogenic switch [75]. Thanks to this strategic
tidiness, ECs and tumor cells can bidirectionally communi-
cate through a complex network of both soluble and insoluble
signaling molecules that drive cellular differentiation and
find ways to foster the tumor. Moreover, ECs are the most
important interface between circulating blood cells, tumor
cells, and extracellular matrix and play a pivotal role in
controlling leukocyte recruitment and tumor cell behavior
during angiogenesis.

A great deal of effort has been poured into attempts
to block tumor angiogenesis. In this respect, VEGF-A is
nowadays the most renowned therapeutic target. The inter-
action between VEGF ligands and their EC expressed recep-
tors stimulates angiogenesis and promotes EC permeability,
survival, migration, and the invasive potential of cancer
cells [76]. Bevacizumab is a recombinant humanized mAb
developed against VEGF-A [77], which has been broadly
studied in phase III clinical trials and is now FDA-approved
for the treatment of metastatic colorectal cancer, nonsmall
cell lung cancer, and breast cancer [78]. Other drugs that
inhibit the tyrosine kinase activity of VEGFRs, like sunitinib
[79], sorafenib [80], axitinib [81], pazopanib [82], vande-
tanib [83], cabozantinib [84], tivozatinib [85], and linifanib
[86], have been developed. Sorafenib has been approved for
the treatment of unresectable hepatocellular carcinoma and
advanced renal cell carcinoma (RCC), whereas sunitinib has
been approved for the treatment of gastrointestinal stromal
tumors andmetastatic RCC, but onlymodest benefit has been
observed in other types of cancer [87].

Despitemany steps forward in the setup of antiangiogenic
protocols being made, the development of tumor resistance
and the occurrence of relapse in a high percentage of patients
have prompted clinicians and researchers to join forces and
find new targets for the development of more efficacious
therapies. For these reasons, the immune-targeting of OAs
expressed on ECs seems to be a successful direction to move
towards. As described below, we have tested various DNA
vaccination strategies that target tumor angiogenesis; all these
vaccines have demonstrated high efficacy without any toxic
effect, further stressing the therapeutic potential of targeting
tumor ECs in HER2 positive tumors.

Of the class II OAs found to be overexpressed in tumor
ECs during BALB-neuT cancer progression [88], the most
promising is angiomotin (Amot), a member of the Motin
protein family. Using a construct that encodes the kringle

domains 1–4 of angiostatin to screen a yeast two-hybrid
placenta cDNA library for angiostatin-binding peptides [89],
Amot was originally identified as one of the angiostatin
receptors. Amot is normally expressed on ECs, where it
exerts its proangiogenic activity and stimulates ECmigration
during angiogenesis [90]. Amot is overexpressed compared
to normal tissues in human breast tumors and its presence
correlates with poor prognosis and metastatic disease [90].
These findings suggest that Amot has an important role
to play during breast tumor progression and may be an
optimal target for anticancer therapy [91]. In virtue of these
features, we decided to elicit an immunological response
against Amot, by means of DNA vaccination, in mice that
bear microscopic invasive mammary cancers. This strategy
was successfully applied in BALB-neuT mice as well as in the
PyMTmousemodel of breast cancer, in which carcinogenesis
is driven by the polyoma middle T oncoantigen [92]. The
therapeutic effect of anti-Amot vaccination was mediated by
the induction of specific antibodies that induced increased
tumor vessel permeability, which, in turn, resulted in both
an increase in chemotherapy efficacy and major epitope
spreading, which was accompanied by the induction of a
specific anti-HER2 antibody response that further contrasted
tumor growth [93].

Another member of the Motin family, angiomotin-like 1
(AmotL1), is an attractive target for antitumor interventions.
AmotL1 is endowed with proangiogenic properties that affect
EC polarization, directional migration, and the stability of
tight junctions during angiogenic sprouting; it may com-
pensate for the absence of Amot and vice versa [94]. Even
though our preliminary data indicate that DNA vaccination
against AmotL1 is not effective in the prevention ofmammary
tumor appearance in BALB-neuT mice, encouraging data
have come from a combined DNA vaccine against HER2 and
AmotL1. Even more promising results have been obtained
using a combined DNA vaccine against HER2, Amot, and
AmotL1 (Barutello G et al., unpublished data). This kind of
vaccination exploits the synergistic effect which stems from
the combined action of antibodies which target both the ECs
of neoformed tumor vessels and the tumor cells themselves.

Membrane-bound KitL (mbKitL), which is involved in
the c-Kit/KitL system required for tumor angiogenesis [95],
is an additional promising target for antiangiogenic cancer
immunotherapy. mbKitL is expressed on tumor ECs and is
essential for providing themwith survival signals, as is clearly
exploited in the role that c-Kit signaling network plays in
maintaining breast cancer cells [96]. A DNA vaccine that
targets mbKitL is able to inhibit the growth of a mouse HER2
positive transplantable tumor; vaccination impairs tumor
vessel formation and stabilization and thus interferes with
tumor cell-derived VEGF bioavailability [97].

Besides representing good targets for anticancer thera-
pies, antigens expressed on tumor ECs may also be exploited
for tumor diagnosis. In this context, we have recently
demonstrated that both ECs and cancer cells in mammary
tumors arising in BALB-neuT mice express 𝛼V𝛽3 integrin,
a receptor for several extracellular matrix proteins which
harbor an arginine-glycine-aspartic acid (RGD) sequence
[98]. 𝛼V𝛽3 integrin is widely considered to be a marker of
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the angiogenesis, tumor progression, and invasion of different
types of cancer. Since its level of expression correlates with
cancer progression [99], we have developed a probe for the
optical imaging detection of 𝛼V𝛽3 integrin and have shown
that it can successfully detect microscopic in situ carcinomas
inBALB-neuTmice, therefore proving itself to be a promising
tool for the early diagnosis of breast cancer [98].

5. The Controversial Role of Inflammation and
Immune Cells in the TME

Despite the fact that natural immune surveillance mecha-
nisms are activated during the early stages of BALB-neuT
carcinogenesis [100–103], tumors finally acquire the three
immune hallmarks required to progress: the ability to thrive
in a chronically inflamed TME, to suppress immune reactiv-
ity, and to evade immune recognition [104].Thefight between
natural immune surveillancemechanisms and these acquired
capabilities is mirrored by the important, yet controversial,
role that immune cell infiltrates play in the TME. The
tumor stroma of BALB-neuT mice is infiltrated by CD4
and CD8 T lymphocytes and a few B, natural killer (NK),
and 𝛾𝛿 T lymphocytes, but mostly by regulatory T (Tregs)
cells, myeloid derived suppressor cells (MDSCs), and tumor
associated macrophages (TAMs) that are recruited into TME
in response to inflammatory molecules and cytokines being
released in the tumor milieu [105, 106].

The acquired ability of BALB-neuT tumors to thrive in
a chronically inflamed microenvironment has been high-
lighted by microarray analyses that have shown the occur-
rence of an upregulation in four transcriptional networks,
in advanced as compared to preneoplastic lesions, whose
hub genes code for proinflammatory cytokines IL-1𝛽, tumor
necrosis factor- (TNF-)𝛼, interferon- (IFN-)𝛾, and CCL2
[71]. The final outcome of the activation of these four
networks is tumor promotion; however, how each individual
network influences tumor progression is neither simple nor
unequivocal. For instance, increased IFN-𝛾 release in TME
during tumor progression appears to play a major tumor
inhibitory role and is a marker of the M1 TAMs that express
immunostimulatory, antiangiogenic, and tumoricidal func-
tions [107]. Accordingly, IFN-𝛾 KO BALB-neuTmice display
faster tumor progression, associated with a more intense
tumor angiogenesis [71, 108, 109].Moreover, chronic systemic
administration of recombinant IL-12 in BALB-neuT mice
induced high and sustained IFN-𝛾 production, as detected in
the sera of treated mice that in turn caused a delay in tumor
onset and a reduction in the number of mammary glands
affected by the tumor [109, 110]. The role that the other three
networks play in tumor progression is the opposite. They can
initially show antitumor activity, but the incipient tumor soon
uses them to provide itself with a shortcut for progression.
In reality, the activation of CCL2 is directly associated with
enhanced progression [72], as discussed above. Similarly,
increases in IL-1𝛽 and TNF-𝛼 in TME may favor cancer
progression either directly [71, 111] or by recruiting suppressor
cells [112, 113].

A tumor’s ability to exploit inflammation to its own
benefit is strictly related to the second immune hallmark
of cancer, the capability to suppress the immune response
directly or via the recruitment of suppressor cells [104].
IL-1𝛽 released by stromal cells together with other tumor-
derived factors, including granulocyte macrophage colony-
stimulating factor (GM-CSF), cyclooxygenase 2 (COX-2), IL-
6, and VEGF, induce the accumulation and expansion of
MDSCs [112, 113] by triggering Janus kinase (JAK)/STAT3
pathways [114]. MDSCs are a phenotypically heterogeneous
population with an immunosuppressive capacity that are,
in normal conditions, generated from the bone marrow
and rapidly differentiates into mature DCs, macrophages,
or granulocytes, while, in cancer bearing patients, present
a partial block of maturation [115]. In BALB-neuT tumors,
VEGF was detected in the supernatant from primary tumor
cultures and from tumor cell lines as well as in the sera
of BALB-neuT tumor-bearing mice. A possible explanation
may lie in the increase of matrix metalloproteinase-(MMP-)
9 within the tumor mass, as previously shown [116], that
mediates the release of growth factors, such as VEGF, stromal
cell-derived factor- (SDF-) 1, and mbKitL [117]. Accordingly,
any interference with VEGF ormbKitL activity, besides ham-
pering the angiogenic process [97, 118], has been reported to
induce MDSC shrinkage [97, 119].

MDSCs exhibit immunosuppressive functions that occur
via multiple mechanisms, such as inducible nitric oxide
synthase (iNOS) and arginase-1 (Arg-1) production, which
suppresses the T-cell immune response in TME via the
release of nitric oxide and reactive oxygen species that
cause T cell receptor (TCR) nitration and T cell apoptosis
and the depletion of L-arginine required for T cell func-
tions [120]. As indoleamine-2, 3-dioxygenase (IDO) appears
to be involved in MDSC-mediated T cell inhibition [121]
and cyclooxygenase- (COX-) 2 is required to induce, via
prostaglandin E- (PGE-) 2, Arg-1 expression by MDSCs
[122, 123], a considerable amount of effort is going into
inhibiting these molecules [124]. In this respect, we are
testing a therapeutic protocol that consists of the concomitant
administration of anti-HER2 DNA vaccines and plasmids
that code for IDO [125] or COX-2 or short hairpin (sh)RNAs
in BALB-neuT mice [24].

In order to curb the significant MDSC contribution
to suppressing the immune system, we have looked for
additional targets that these cells express both in tumor
bearing mice and in cancer patients. As discussed above,
B7-H4, a member of the B7 family, has been identified as
being overexpressed in BALB-neuT mouse invasive lesions
and appears to be an excellent target candidate, thanks to
its critical role in the regulation of antigen specific immune
responses [3]. Indeed, within TME, the expression of B7-
H4 by tumor cells and MDSCs seems to be involved in
the inhibition of the T cell response to tumor associated
antigens [126]. In the light of these considerations, we are
developing DNA plasmids that code for both HER2 and B7-
H4 shRNAs, and we propose an evaluation of their efficacy
in the inhibition of mammary carcinogenesis (Macagno M,
unpublished data). Another important pathway that con-
tributes to tumor mediated immune suppression is found in
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the CD28 family member, programmed death 1 (PD-1) and
its ligand PD-L1 [127]. PD-L1 is expressed by both MDSCs
and tumor cells [128] and its interaction with activated
T cell expressed PD-1 promotes T cell tolerance by suppress-
ing their cytotoxic capacity and cytokine secretion [127]. We
were among the first to show that the PD-1 blockade results
in an increased response to antitumor vaccination. In these
experiments BALB-neuTmice were vaccinated against HER2
and concomitantly treated with the administration of anti-
PD-1 mAb BAT [129].

In response to IL-1𝛽 stimulation, MDSCs also produce
the suppressive cytokine IL-10 [130] which acts on TAMs
inducing their reprogramming and polarization towards
an M2 phenotype. M2 TAMs support tumor progression
through the release of immunosuppressive (i.e., CCL2 and IL-
10), proangiogenic (i.e., IL-8 and VEGF), and tissue remod-
eling (i.e., MMP-2 and MMP-9) factors. Their expansion in
breast cancer tissues has been correlated with poor prognosis
[131]. In BALB-neuTmiceM2TAMs are themain tumor infil-
trating population [105]. The administration of zoledronic
acid to BALB-neuT mice can revert M2 polarization by
interferingwith themevalonate pathway and thus hamper IL-
10 and VEGF production, recovering the release of IFN-𝛾 in
the mammary glands of treated mice [105].

HER2 and the other OAs expressed by mammary tumors
in BALB-neuT mice are self-molecules toward which the
immune system is tolerant [132]. As a consequence, the
predominant effector T-cells in the TME are presumably
constituted of low avidity OA-specific T cells whose activity
is inhibited by Tregs that first expand in the spleen and tumor
draining lymph nodes during cancer progression and in TME
in later phases [100, 132, 133]. This situation reproduces what
normally happens in tumor bearing patients [134] and is
part of the ability to suppress immune reactivity that the
tumor acquires during progression [104]. Indeed, natural
immune surveillance somehow counteracts Treg expansion
in the early phases of carcinogenesis in BALB-neuT mice.
In complement C3 KO BALB-neuT mice, tumor progression
occurs earlier and this is associated with the increased
expansion of Treg cells over complement competent BALB-
neuT mice [102]. This increased Treg expansion is prompted
by a lack of C3a and C5a, whose receptor signaling is required
during the early events of effector T cell activation [135]
and negatively modulates Treg function by inducing FoxP3
downregulation [136]. Its absence in BALB-neuTC3KOmice
deflects naı̈ve T cells into Treg [137] and potentiates their
function [136].

The down modulation of MHC class I (MHC I) [138]
is the mechanism most frequently exploited by tumor cells
to escape from immune recognition [139]. It is intriguing
that an inverse correlation exists between HER2 overex-
pression and the expression of MHC I and of the com-
ponents of the antigen-processing machinery [140]. MHC
I down modulation, albeit incomplete, means that cancer
cells are more susceptible to NK cell-mediated lysis, if NK
receptor activating ligands are present. This may have an
impact on cancer progression at least in the initial stages of
carcinogenesis. The fundamental role that NK cells play in
hampering the expansion of incipient BALB-neuT tumors

has been investigated in perforin (PFP) KO BALB-neuT
mice, as the majority of NK mediated protection relies on
the release of PFP on target cells. In fact, both female [103]
and male [141] BALB-neuT PFP KO mice show fourfold
increases in mammary carcinoma incidence. Nevertheless,
preliminary results also indicate that advanced BALB-neuT
tumors downregulate the expression of ligands that activate
NK receptors (Lanzardo S, unpublished data), suggesting that
advanced tumors reach a balance between a loss of sensitivity
to CD8+ T cell killing and the maintenance of NK-cell-
inhibitory specificities. We are now evaluating the expression
of MHC I and of some NK ligands in TUBO-derived CSCs
to assess whether NK cells recognize and more efficiently kill
CSCs than their differentiated counterparts, as has already
been shown for colon cancer-derived CSCs [142].

6. Role of Adipocytes and Fibroblasts in
Breast Cancer Progression

While immune cells are well recognized as major players in
the orchestration of a permissive TME, other cell populations
have only recently been recognized as active parts of the
tumor promoting ability of TME. These include CAAs and
FACs.

Besides its classical definition as a fat reservoir, adipose
tissue is now considered to be a fully functioning endocrine
organ [143] that secretes growth factors and cytokines, known
as adipokines, which are involved in angiogenesis, immunity,
and endocrine signaling [144]. Adipocytes enshroud the
mammary gland, regulating epithelial cell growth during the
hormonally controlled courses of mammary gland develop-
ment, from pubertal maturation to involution after lactation
[145].

The understanding of the important, but still underes-
timated, role of adipocytes in cancer stems from several
studies which highlight the anatomical proximity of many
tumors to adipose tissues and point to the positive correlation
between obesity and higher cancer risk [146–149]. Adipocytes
can, under the pressure of cancer cell stimuli, abdicate their
physiological role in favor of tumor promoting activities in
breast cancers that grow in an adipose tissue dominated
context. In this way they becomeCAAs that exhibit decreased
lipid content, reduced adipocytes marker expression, and an
overexpression of proinflammatory cytokines and MMPs,
such as MMP-11 and MMP-9 [150, 151]. It is worth noting
that MMP-9 has been identified as being overexpressed in
BALB-neuT mammary cancer which would seem to point to
its important role during tumor progression.

A number of studies have shown that CAAs support and
expedite breast cancer progression [152–154] by providing
proinflammatory cytokines, such as IL-6, TNF-𝛼, and reac-
tive oxygen species [155]. On the other hand, IL-6 in breast
TME seems to stimulate the proinvasive effects of CAAs,
besides promotingCSC self-renewal as discussed above [150].
Moreover, CAAs in TME can differentiate in fibroblast-
like cells that, together with other stromal cell populations,
participate in the generation of dense collagenous stroma, the
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so called desmoplastic response, typically observed in breast
cancer [156].

CAAs functions are mainly mediated by leptin and
adiponectin, two functionally opposite members of the
adipokine family, that seem to play a pivotal role in cancer
progression [157]. Leptin promotes tumor growth, eliciting
the activity of several signaling pathways such as insulin-
like growth factor-1 (IGF-1) and HER2 and inducing the
expression of MMP-2, MMP-9, and VEGF, which finally
promote cell migration and metastatic spreading [158, 159].
Furthermore, leptin exerts a chemoattractant effect on
macrophages and monocytes [160] and stimulates them to
produce the inflammatory cytokine TNF-𝛼 that in turn
manifests proangiogenic activity [161]. On the other hand,
adiponectin acts as an antiangiogenic and anti-inflammatory
factor that is able to repress proliferation and induce apop-
tosis in breast cancer cells [147, 162]. Interestingly, some
studies have found that caloric restriction can exert an
anticancer effect via alterations in systemic IGF-1 and NF-𝜅B
levels [163].

Altogether these data suggest that the recently discov-
ered therapeutic potential of adipocytes could open new
and promising perspectives in breast cancer treatment. One
example of this comes from the preclinical experience gained
with adipokine osteopontin (OPN), also called “early T
cell-activation gene 1,” a multifunctional component of the
extracellular matrix that has been linked to a plethora of
autoimmune diseases [164]. OPN has very recently been
rediscovered as a diagnostic and prognostic marker in
HER2 positive breast cancer [165] and one whose abnormal
expression in patients is linked to poor prognosis [166].
It has also been proposed that the autocrine production
of OPN by tumor cells may be an important factor that
allows invasion and survival to occur [167]. In fact, the
interaction between extracellular matrix deposited OPN and
cell adhesion molecules, such as 𝛼V𝛽3 integrins which are
overexpressed in BALB-neuT tumors [98], increases both
the expression of VEGF in ECs, allowing neovascularization,
and the activation of connective tissue growth factor and
cysteine-rich angiogenic inducer 61(CYR61), which enhances
neovascularization and mammary tumor growth in vivo
[168].

As previously mentioned, CAAs can differentiate into
fibroblast-like cells that share many properties with CAFs
[169]. CAFs promote tumor growth and invasion secreting
proangiogenic factors (i.e., VEGF-A and MMP-9) [170],
proinflammatory molecules (i.e., SDF-1, IL-6, and IL-1𝛽)
[171], and several growth factors (i.e., TGF-𝛽, platelet-derived
growth factor, PDGF, and basic fibroblast growth factor,
bFGF) [172, 173]. In particular, the aberrant production of IL-
6 and CCL2 in mammary cancer activates STAT3 in CAFs,
which finally sustains tumor-associated inflammation and is
required for breast cancer cell migration [174]. Certainly, in
BALB-neuTmice this network seems to be particularly inter-
esting, as in a BALB-neuT mice knock-in for a constitutively
active Stat3 allele, we observed an earlier and more invasive
onset of mammary tumors [175].

7. MSCs Are Key Players in the TME Orchestra

Adult multipotent MSCs make for a fascinating TME popu-
lation which is able to control the interplay between cancer
cells and tumor stroma. Physiologically, MSCs are located
predominantly in the bone marrow and contribute to the
maintenance and regeneration of a variety of connective
tissues [176]. During injury and inflammation, they are
recruited to damaged sites via the release of solublemolecules
and operate in tissue remodeling [177].

MSCs also localize into different types of solid tumors
which they first migrate towards then integrate into the
tumor-associated stroma [178]. Recent studies have provided
direct evidence that MSCs are recruited in TME by a broad
range of soluble factors which are secreted by cancer cells
and CSCs, including IL-6 [179], VEGF and bFGF [180], CCL2
[181], SDF-1𝛼 [182], and HMGB1 [183]. Moreover, stressful
conditions, such as irradiation [184], hypoxia [185] and,
cellular damage [183], can enhance the recruitment of MSCs
to the site of growing tumors. Once there,MSCs contribute to
the development of an active TME, in which bone marrow-
derived MSCs generate CAFs, while local adipose tissue-
derivedMSCs contributemainly to the vascular and fibrovas-
cular stroma (pericytes, myofibroblasts, and ECs) [186]. In
addition, MSCs interact with tumor cells and with all other
stromal cells through a broad range of signaling molecules,
generating complex crosstalk whose net effect is to stimulate
tumor progression. For example, MSCs can promote breast
cancer neoangiogenesis, possibly thorough the secretion of
macrophage inflammatory protein 2 (MIP-2), VEGF, TGF-
𝛽, and IL-6 [187] and display potent immunomodulatory
properties [188] that enable them to inhibit CTLs and NK
cells by stimulatingTregs through the release of TGF-𝛽1 [189].

Conflicting data have led to the hypothesis that two
opposing immunological MSC phenotypes exist, one proin-
flammatory and one immunosuppressive, which are depen-
dent on the engagement of specific TLRs [190]. The role of
TLR2 is still debated, with some studies claiming that TLR2
activation on MSCs inhibits their immunosuppressive prop-
erties [191], while others argue that TLR2 stimulation does
not affect this capability [192]. Notably, these considerations
are mostly based on in vitro experiments. Therefore, BALB-
neuT mice may well be a suitable tool for the difficult task
of definitely clarifying the role of TLR2 in MSCs. Starting
from our observation that TLR2 drives mammary CSC self-
renewal [62], we are developing BALB-neuTmice that areKO
for TLR2, in which we would like to characterize the role of
TLR2 not only in CSCs but also in MSCs and other stromal
populations.

MSCs are thought to contribute to CSC niche generation,
thus regulating cancer cell stemness through multiple path-
ways and secreted factors (i.e., IL-6 and CXCL7 [193], PGE-2
[194], EGF, bFGF, bone morphogenic protein (BMP) 4, TGF-
𝛽1, SDF-1𝛼, andCCL5 [195], among others) that increase CSC
self-renewal and expand the CSC population.

Furthermore, MSCs promote various malignant features;
they control the metastatic ability of breast cancer cells by
inducing EMT through the secretion of PDGF-D [196], TGF-
𝛽1 [197], IL-6, and VEGF [198] and promote cancer cell
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migration through the release of a plethora of chemokines
such as CCL5 [199], CXCL1 and CXCL5 [200], CXCL9,
CXCL10, and CXCL11 [201] or SDF-1 [202]. For all these
reasons, MSCs represent an attractive target when consider-
ing the design of new and promising anticancer treatments.
However, the lack of specificmarkers that discriminateMSCs
from other cell types makes the direct targeting of the MSC
population an unrealistic approach. An attempt to disrupt
signaling pathways betweenMSCs and CSCs is more feasible.
In fact, the experience we have gained with the BALB-neuT
model suggests that some of the molecules released byMSCs,
such as IL-6, TGF-𝛽, and HMGB1, are key molecules in
CSC self-renewal and cancer progression [62]. The targeting
of these molecules or their receptors, which are somehow
redundant in different malignant processes, may be a means
by which to interfere with tumor pathogenesis on multiple
levels.

In recent years, there has been growing interest in the
use of MSCs as a tool for the target-specific delivery of
therapeutic agents, because their avid tumor tropism means
that they can act as a sort of Trojan horse. MSCs can be
genetically engineered to express antitumor cytokines, such
as IFN-𝛽 [203], IL-12 [204], and TRAIL [205], or prodrugs
such as cytosine deaminase [206], which are then released
directly into the tumor milieu, thus greatly reducing their
systemic toxicity. These approaches have been shown to be
effective in the management of various preclinical tumor
models. However, these killer MSCs may still maintain all
the protumoral features here described and some concerns
still exist about the potential conversion of MSCs into cancer
cells themselves [207]. Therefore, the actual exploitation of
MSCs as a tool for anticancer therapy still needs more study,
and BALB-neuTmice represent a goodmodel throughwhich
to evaluate the feasibility of this approach, in the context of
HER2 positive breast cancers.

8. Conclusions

The growth and progression of breast cancer cells depend
not only on their intrinsic malignant potential but also
on a mutual and continuous dialogue between cancer cells
and stromal, immune, and endothelial cells within TME.
Multidirectional interactions between several substances,
such as cytokines, MMPs, and growth factors, secreted by
all these populations closely cooperate for the generation
of a permissive TME that is crucial for successful cancer
progression.This complex and finely tuned interplay between
cancer and stromal cells during breast cancer development is
summarized in Figure 1.

Experimental studies, conducted on preclinical models,
have provided significant hints as to how TME affects tumor
progression and response to therapy. BALB-neuT mice are
an emblematic example in this regard. Over the years, the
exploitation of this model has allowed the identification of
novel molecular targets to be carried out and has prompted
us to develop new, promising therapeutic approaches. On the
other hand, it has provided evidence that the direct targeting
of cancer cells is not enough to obtain complete disease

remission. This highlights the need to extend antitumor
intervention beyond the tumor bulk, as targeting both cancer
cells and other TME cell populationsmay be amore complete
and effective strategy.

Given the significant role that CSCs play in the various
steps of tumor development and TME modulation, we have
recently focused on the identification of pathways that regu-
late CSC self-renewal and influence, on TME as well as on the
investigation of CSC-specific antigens. Another promising
field of study can be found in action on tumor angiogenesis;
in particular, strategies thatmodulate vessel permeabilitymay
also stabilize tumor vessels and favor both the distribution
of traditional drugs into the tumor milieu and immune
cell accessibility. As in the BALB-neuT model, the tumor
infiltrate is mainly composed of immunosuppressive cells.
The addition of immunomodulatory strategies to standard
anticancer approaches could be essential for a therapeutic
success.

Other TME cell populations, which are still almost
unexplored in this model and whose involvement in tumor
pathogenesis is still in its infancy, are found in CAAs and
CAFs. Given the tissue organization of mammary glands and
of the tumor within, which is rich in adipose cells and fibrous
tissue, the identification of markers that are overexpressed
by CAFs and CAAs may lead to the eradication of these
cells which favor cancer progression through the production
of various cytokines and extracellular matrix proteins. The
blockade of these soluble molecules or their receptors may
be an interesting option, as the disruption of the TME
signaling network may make cancer cells themselves more
amenable to traditional approaches. The drugs used in these
combined treatments may be successfully delivered to TME
by exploiting the avid tropism of MSCs, which may be
engineered in order to produce molecules that inhibit the
different populations present into the TME.

In conclusion, the targeting of multiple TME populations
may represent the best strategy for setting up innovative anti-
cancer treatments that significantly improve patient survival
and shrink the development of drug resistance; in this regard,
BALB-neuT mice provide a suitable experimental setting,
thanks to the high translational value of this model.
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Cancer development is amultistep process in which exosomes play important roles. Exosomes are small vesicles formed in vesicular
bodies in the endosomal network. The major role of exosomes seems to be the transport of bioactive molecules between cells.
Depending on the cell of origin, exosomes are implicated in the regulation of several cellular events, with phenotypic consequences
in recipient cells. Cancer derived exosomes (CCEs) are important players in the formation of the tumour microenvironment by
(i) enabling the escape of tumour cells to immunological system and help initiating the inflammatory response; (ii) acting in the
differentiation of fibroblasts and mesenchymal cells into myofibroblasts; (iii) triggering the angiogenic process; and (iv) enhancing
the metastatic evolution of the tumour by promoting epithelial to mesenchymal transformation of tumour cells and by preparing
the tumour niche in the new anatomical location. Since the finding that exosomes content resembles that of the cell of origin, they
may be regarded as suitable biomarkers for cancer diagnosis, allowing for diagnosis and prognosis via aminimal invasive procedure.
Exosome involvement in cancer may open new avenues regarding therapeutics, such as vectors for targeted drug delivery.

1. Introduction

The major modifications to normal cells that result in the
formation of a tumour derive from mutational events in
oncogenes or tumour suppressor genes that occur in a normal
cell and will ultimately lead to uncontrolled growth [1]. This
is the case of cell cycle regulatory genes (e.g., RB1), cell
cycle checkpoint related genes (e.g., TP53), genes encoding
proteins involved in DNA integrity maintenance and in
sustaining propagation of damaged cells (e.g.,MLH1,MSH2,
BRCA1 and 2), and genes involved in inhibition of apoptotic
pathways (e.g., bcl2 overexpression) [2]. Evasion of growth
and apoptotic control is usually followed by angiogenesis
and metastasis. Many obstacles must be overcome, namely,
the ability to survive an inhospitable microenvironment,

where intercommunication between tumour cells and their
surrounding microenvironment is essential for overcoming
this obstacle and for tumour progression [3].

Despite the importance of the modifications occurring
at the cell level, the tumour microenvironment is also
relevant for the development of cancer. In fact, in the case
of epithelial tumours, it is the combination of tumorigenic
cells and stromal cells that dictates the extracellular matrix
composition of the carcinoma [4]. The intracellular and
intercellular communication between tumour and stromal
cells is accomplished via cell-cell interactions (mediated
by gap junction channels), paracrine mechanisms involving
growth factors, chemokines, and proteases, as well as by
extracellular vesicles [5]. Concerning the biological function
of the vesicles involved in cell-cell communication, two main
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classes are considered: exosomes and microvesicles. These
vesicles are secreted by most normal and malignant cells and
share in common an enclosed lipid bilayer. However, while
microvesicles are generated by budding from the plasma
membrane, exosomes are derived from the endolysosomal
pathway [5, 6]. Exosomes are involved not only in the cell-
cell communication in “bulk” tumourmicroenvironment but
also between tumour and distant cells, favouring secretion
of growth factors, cytokines, and angiopoietic factors by
stromal cells, induction of proliferation of endothelial cells,
metastasis, and immune responses [7, 8]. Therefore, exo-
somes constitute valuable biomarkers for cancer diagnosis
and prognosis and also constitute either targets or vectors for
therapeutic approaches in cancer [9].

In this review we intend to highlight the relevance of
exosomes in tumorogenesis, highlighting their biogenesis,
composition, and main function, and then focusing on their
role in cancer development and progression. Finally, we will
address the potential of exosomes as biomarkers and their use
for cancer therapy.

2. Exosomes Biogenesis

Exosomes are formed in the endosomal network.The forma-
tion of the early endosomes occurs in the plasma membrane
by the fusion of endocytic vesicles [10]. The maturation
process consists in an acidification of the endosome lumen,
via altered protein content and fusion with intraluminal
vesicles (ILVs), which are formed by invaginations of the
endosomal membrane, randomly engulfing portions of the
cytosolic contents. The process of ILVs formation requires
specialised units highly enriched with tetraspanins (such as
CD9, CD63, CD81, CD82, and CD151) and several complexes
called endosomal sorting complex required for transport
(ESCRT complex) [10]. The presence of phosphatidylinositol
3-phosphate, ubiquitinated cargos in early endosomes vesi-
cles and the curvedmembrane topology of the vesicles, which
is reached by protein-protein interactions of the tetraspanins,
induces the recruitment of ESCRT-I and ESCRT-II [6].These
proteins, together with ESCRT-III, which binds ESCRT-I via
the protein Alix, promote the budding of the membrane
[6]. Furthermore, this process also involves protein-lipid
interactions, including interaction of ESCRT proteins with
oxysterols and polyglycerophospholipid BMP (bismonoacyl-
glycerolphosphate) [11].

At the end of the maturation process, the multivesicular
bodies (MVBs) composed of late endosomes together with
ILVs, are situated close to the nucleus. The fusion of MVBs
with the plasma membrane leads to the release of the ILVs to
the extracellular environment, which are then referred to as
exosomes. The releasing process of exosomes may be accom-
plished by the outward exosome and microvesicle budding
pathway or by an inducible release, a highly regulated process
that involves several components of the endocyticmachinery,
including the Rab GTPases, such as Rab11, Rab35, Rab27a,
and Rab27b, cytoskeleton regulatory proteins, heparanase,
and SNARES (soluble NSF attachment receptor) for target
fusion [12–14]. An increased exosome release was found to
be triggered by several types of stress, such as changes in

pH membrane, hypoxia, oxidative stress, thermal changes,
shear stress, and radiation, as well as by stimulation of
sphingomyelinase and subsequent formation of ceramide
and activation of the tumour suppressor protein p53 [7,
13, 15–17]. Additionally, a feedback regulatory mechanism
for controlling exosome release in breast cancer cells was
proposed, being observed that exosomes derived from cancer
cells also inhibited the exosome release from normal breast
cells and suggested a dominant regulatory effect of cancer cell
derived exosomes (CCEs) [18].

3. Exosomes Composition

Exosomes are small vesicles ranging in size between 30 and
120 nm, composed by a lipid bilayer containing membrane
proteins that surrounds a lumen comprising proteins and
nucleic acids, that vary according to cell type andmechanism
of biogenesis [19]. As an example, exosomes isolated from
malignant effusions of cancer patients contain tumour spe-
cific proteins in their surface, such as Her2/Neu from ovarian
cancer ascites and Mart1 from patients with melanoma [20].
Additionally, growth factors, such as tumour necrosis factor-
alpha (TNF-𝛼), epidermal growth factor (EGF), and fibrob-
last growth factor (FGF), have also been found associated
with exosomes [21–23].

3.1. Protein Content of Exosomes. Over 4600 different pro-
teins have been associated to exosomes, including proteins
from the cytosol, the plasma membrane, Golgi apparatus,
and endoplasmic reticulum [24, 25]. Due to a common
biogenesis path, the most part of exosomes contain proteins
involved in the endosomal network, including (i) membrane
transport and fusion proteins, such as GTPases, annexins,
Rab proteins, and flotillin; (ii) tetraspanins, such as CD9,
CD63,CD81, andCD82; (iii) heat shock proteins (HSPs), such
as Hsp60, Hsp70, and Hsp90; (iv) proteins involved in MVBs
biogenesis, such as Alix and TSG101; (v) cytoskeletal proteins,
such as actin, tubulin, syntenin, and moesin; and (vi) lipid-
related proteins and phospholipases [7, 19, 26]. Additionally,
metabolic enzymes, signal transduction proteins, the carrier
protein albumin, and major histocompatibility complement
antigens are also commonly found in exosomes [14]. Due
to the higher frequency of these proteins, tetraspanins, Alix,
flotillin, TSG101, and Rab5b have been frequently used as
markers for identification and confirmation of the presence
of exosomes [19].

Several studies have shown that CCEs can alter the
extracellular matrix through secretion of matrix metallopro-
teinases (MMPs) or activators ofMMPs, such asHSPs.MMPs
are zinc-dependent plasma membrane endopeptidases that
can degrade extracellular matrix proteins, such as collagen,
proteoglycans, fibronectin, and laminins [7]. Hakulinen and
collaborators [27] showed that fibrosarcoma and melanoma
derived exosomes can secreteMT1-MMP able to activate pro-
MMP2 and to degrade collagen and gelatine. Other studies
have demonstrated that Hsp90 is also secreted via exosomes
and can activate MMP2 to enhance invasion of cancer cells
[28].
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3.2. Lipid Content of Exosomes. The exosomal lumen is sur-
rounded by a lipid bilayer enriched in (i) raft-associated lipids
such as cholesterol; (ii) diglycerides; (iii) sphingolipids, such
as sphingomyelin and ceramide; (iv) phospholipids; (v) glyc-
erophospholipids, such as phosphatidylcholine (PC), phos-
phatidylserine (PS), phosphatidylethanolamine (PE), and
phosphatidylinositol (PI); and (vi) polyglycerophospholipids
[11]. Interestingly, the content of lipids in exosomes differs
substantially from that of the parental cells.While the content
of sphingomyelin, PS, PI, ceramides, and cholesterol is highly
increased in exosomes, the content of PC is decreased (except
in reticulocytes) [7, 11]. Additionally, despite similarities
of the transmembrane orientation between exosomes and
parental cells, the exosomal PS is found to be randomly
distributed between the two membrane leaflets, with an
enrichment in the external exosomal membrane, contrary
to the viable parental cell membrane, where it is located
in the inner leaflet [11]. In general, this lipid composition
confers rigidity to the vesicle, which confers stability of
exosomes in biological fluids and cell culture mediums
[11]. Presence of PS on the outer membrane of exosomes
can function in exosome recognition and internalisation
by recipient cells [29]. As such, exosomes may function
as lipid carriers, allowing the transport of the bioactive
lipids they carry to a recipient cell (see Section 4). This
process of exosome trafficking, particularly in the context
of tumour microenvironment, may lead to an enrichment
of certain tumour progressive/immunosuppressive lipids,
such as prostaglandins [30]. Conversely, it may also lead
to a replacement of harmful exosome lipid contents with
beneficial ones, such as docosahexaenoic acid, an omega-3
polyunsaturated fatty acid with many health and anticancer
benefits, that could be supplied by exosomes throughout the
tumourmicroenvironment affecting cell-to-cell communica-
tion, reducing tumour cell growth, and increasing sensitivity
to therapeutic interventions [31].

3.3. Nucleic Acid Content of Exosomes. One of the most
distinct features of exosomes is the fact that they carry
significant amounts of nucleic acids, including microRNAs
(miRNAs) and mRNA, as well as mitochondrial DNA
(mtDNA), piwi-RNAs (piRNAs), long noncoding RNAs
(lncRNAs), ribosomal RNAs (rRNAs), small-nuclear RNAs
(snRNAs), small-nucleolar RNAs (snoRNAs), and transfer
RNAs (tRNAs) [32]. Although the exosomalmRNA appeared
to be mostly degraded to less than 200 fragments, it was
possible the in vitro translation of full-length proteins [33,
34], suggesting that after being internalised by target cells,
mRNA can be translated into proteins. The presence of
miRNAs in exosomes has been subject of several studies [35–
39]. miRNA content of exosomes has particular relevance
in cancer pathologies, whose type and quantity of miRNAs
vary with the cell of origin, and seems to reflect the miRNA
content of the parental cells, although it was also found
some discrepancies in exosomes derived from cancer cells,
suggesting selective packaging of miRNAs [40]. mRNAs and
miRNAs can be transferred to a recipient cell located in
the tumour microenvironment or at distant sites via fusion

of the exosome with the target cell membrane [7]. After
internalisation by target cells these miRNAs may function as
either tumour suppressors or oncogenes.

3.4. Others. Despite the relevance of glycosylation of the
membrane surface in the communication of cells with their
extracellular environment, very few studies have been made
to characterize the carbohydrate content of exosomes. The
analysis of glycosylation patterns of exosomes derived from
T cells, melanoma, and colon cancer cells revealed that
the glycosylation signature seems to be conserved between
exosomes and parental cell membranes [41]. In another
study, it was observed an enrichment of the sialoglycoprotein
galectin-3-binding protein in ovarian tumour derived exo-
somes [42].

4. Exosomes Function

The major role of exosomes seems to be the transport of
bioactive molecules between cells, with consequences in
targeted cell phenotypes, such as mRNA and miRNA related
to the transfer of genetic, and sometimes epigenetic, informa-
tion between cells [13]. Additionally, and as described above,
another exosome function includes lipid trafficking [30].
The presence of exosomes in healthy body fluids suggests
a role of these vesicles in the normal physiology of the
body, including communication in the immune system, tissue
repair, and communication within the nervous system [43].
Exosomes have also been associated with infection [44] and
several pathological conditions, such as in the progression
of neurodegenerative disease, cardiovascular diseases and
cancer [24], or, on the other side, in the protection against
atherosclerosis [45, 46].

The importance of exosomes in tumorigenesis is empha-
sised by the general increased content of these vesicles
in biological fluids of cancer patients relatively to healthy
controls, being observed an increased content of exosomes as
the tumour progresses [24]. Interestingly, CCEs cause both
antitumorigenic and protumorigenic effects. Studies have
shown that bladder cancer cell lines shed exosomes contain-
ing proteins important for tumour progression, and these
exosomes inhibit tumour cell apoptosis throughAkt andERK
pathways [47]. On the other side, CCEs can transport tumour
antigens to dendritic cells and induce immune responses
[24].These differences between biological functions observed
for exosomes most likely arise from differences in the cargo
present either on the surface of the vesicle or internally.

Furthermore, CCEs have been implicated in tumour
growth, survival, and spread, as well as in angiogenesis,
escape from immune surveillance, stimulating tumour cell
migration, conferring invasion ability to normal cells, and the
preparation of distal tissues for their metastatic colonisation
[13]. The following sections will focus on these subjects.

5. Exosomes Targeting and Uptake by
Recipient Cells

The mechanisms underlying interaction and fusion of exo-
somes with target cells remain undefined. It is believed that
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the uptake of exosomes by target cells may occur through
three main mechanisms: (i) simple fusion of the exosome
with the cellular membrane, directly releasing the content of
vesicles into the cytoplasm; (ii) exosome uptake by endocyto-
sis; (iii) uptake dependent on the presence of distinct receptor
proteins that enable binding of exosomes to target cells [32].
For the latter, it is generally accepted that the cell of origin and
secretion conditions of exosomes seem to determine their
cell surface content, and consequently the cell-type-specific
adhesion molecules, targeting exosomes to specific cells [48].
Nevertheless, exosomes contain many different cell surface
molecules and one single exosome is able to engage many
different cell receptors [11, 48]. It was postulated that exosome
recognition by cells involve lipid receptors, such as receptors
of the TIM family that recognises PS and possibly a G protein
coupled receptor family protein, G2A, that recognises LPC
located at the surface of the vesicles [11]. Moreover, it is likely
that exosomes attachment and internalisation are partially
mediated by interactionswith heparin sulphate proteoglycans
(HSPG) located at themembrane of the receptor cell, possibly
by a similar mechanism as for lipoprotein or virus internali-
sation [49].

6. Role of Exosomes in Tumour
Microenvironment Development

As mentioned earlier, cancer development is a multistep
process in which somatic cells experience events (such as
environmental insults or chronic inflammation), accumu-
lating genetic modifications that will ultimately result in
uncontrolled growth of the cell [1]. During tumour develop-
ment, the extracellular matrix suffers modifications that will
support malignant progression. The evolution of the tumour
microenvironment is driven (i) by the genetic instability
of malignant cells, that are constantly releasing exosomes
carrying oncogenes and other bioactive molecules involved
in tumour progression; (ii) environmental selection forces,
which include endogenous tumour-growth induced stress
stimuli, such as hypoxia, acidosis, starvation, or oxidative
stress; and (iii) inflammatory and immune responses [1].

An epithelial tumour mass is composed by stromal ele-
ments that frequently include an altered extracellular matrix
enriched with cytokines and growth factors, fibroblasts,
a scaffold composed of immune and inflammatory cells,
endothelial cells, pericytes, mesenchymal cells, and in the
case ofmore advanced tumours, blood and lymph vessels and
nerves [1]. Every stromal cell type seems to have the ability
to support hyperproliferation of cancer cells in a specific
context and seems to be different for each type of cancer
pathologies [50, 51]. However, the molecular mechanisms
related to the recruitment and maturation of stromal cells are
not completely defined. Exosomes have important roles in
the intercellular communication between cancer and stromal
cells that will result in thematuration of the tumourmicroen-
vironment and tumour growth and proliferation (Figure 1).

6.1. Role of Exosomes in Intratumour Heterogeneity. A com-
mon trait between all tumour pathologies is the pheno-
typic heterogeneity of the population of cancer cells within

tumours. This is mainly due to genetic instability of cancer
cells leading to genetic alterations, differential environmen-
tal stimuli, and stochastic processes that occur within the
tumour microenvironment [52]. It is likely that intratumour
heterogeneity may also result from the internalisation of
CCES by neighbour healthy epithelial cells. In fact, it was
observed an alteration of the phenotype of normal cells after
internalisation with exosomes derived from colorectal, lung,
and prostate cancer cells [48, 53].

6.2. Role of Exosomes in Immunological Responses in Tumour
Microenvironment. Generally, early tumour microenviron-
ment resembles the environment of wounds that never
heal [54]. In the context of immune response, the tumour
microenvironment contains (i) innate immune cells, such
as macrophages, neutrophils, mast cells, myeloid-derived
suppressor cells, dendritic cells, and natural killer cells and
(ii) adaptive immune cells, such as T and B lymphocytes.
However the immune cells more represented in tumour
microenvironment are tumour associated macrophages and
T lymphocytes [55]. Exosomes play an important role in
inter- and intracommunication between the immune cells
and cancer cells.

As already referred, the communication between cells
of the immunity system is mediated by direct contact or
cytokine and chemokine production, which also involves
exosomes [6]. It is the balance of the activation level and
abundance of the immune mediators and modulators in
the tumour microenvironment that dictates if the tumour-
inflammatory response or antitumour immunity occurs [4].
Exosomes have important roles in this equilibrium. It was
previously observed that, through a still not defined mech-
anism, exosomes derived from several tumours, including
pleural malignant mesothelioma and prostate cancer, inhib-
ited the proliferative response of lymphocytes or natural killer
cells [43, 56]. Additionally, miRNA transported by CCEs
may act like ligands by binding to Toll-like receptors and
trigger the inflammatory response. In fact, it was observed
that oncogene miR-21 and miR-29a secreted from exosomes
derived from lung cancer cells were able to bind to murine
and human TLR [57]. On the other way, exosomes may
act in the specialised activation of T lymphocytes against
cancer cells by the presentation of membrane proteins, such
as HER2/Neu, enriched in tumour cells.

6.3. Role of Exosomes in Production of Cancer Associated
Fibroblasts. Cancer associated fibroblasts (CAF) are themost
prominent cell type in the tumour microenvironment of
many cancers types, including colon, pancreas, and breast,
and play critical roles in tumour-stromal interactions. The
mechanisms inherent to CAF formation seem to involve the
formation of myofibroblasts by differentiation of resident
fibroblasts, epithelial and endothelial cells (via epithelial to
mesenchymal transition (EMT)), pericytes, bone-marrow-
derived circulating fibrocytes and mesenchymal stem cells
[58]. This differentiation is mainly promoted by platelet
derived- and ECCs containing-tumour growth factor-beta
1 (TGF-𝛽1) and fibroblast growth factor-2 (FGF-2) [58, 59]
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Figure 1: Tumour microenvironment processes mediated by cancer cell derived exosomes (CCEs): (i) intratumour heterogeneity resulting
from phenotype modification of normal cells after internalization of CCEs; (ii) inhibition of the immune response against tumour cells by
inhibiting the proliferative response of lymphocytes; (iii) activation of the differentiation of fibroblasts into cancer associated fibroblasts; (iv)
stimulation of the angiogenic process; and (v) epithelial to mesenchymal transition (EMT) and preparation of a premetastatic niche at the
distant location.

and consists in a phenotypic change of the cell mediated by
arrangements of the cytoskeleton, pericellular coats, extracel-
lularmatrix turnover, and growth factor production. Interest-
ingly, Webber and collaborators observed that differentiation
of fibroblasts into myofibroblasts only require cancer cells
exosomal TGF-𝛽, stressing the relevance of exosomes as
effectors in the alteration of cancer stroma [59]. In addition,
two independent studies revealed that exosomes derived
from ovarian cancer cells are able to convert adipose tissue-
derivedmesenchymal stem cells intomyofibroblasts-like cells
[60, 61].

The altered phenotype of CAFswill result in the increased
production of alpha smooth muscle actin with consequences
in the increased stiffness of the extracellular matrix [58].
CAFs contribute to the architectural and molecular remod-
elling of the tumour microenvironment supporting tumour
growth, vascularisation, and metastasis [58, 62, 63]. Indeed,
as a consequence of the increased stiffness in the tumour
microenvironment, epithelial cells may acquire a mesenchy-
mal phenotype by losing the cell-cell junctions and cell
polarity [58]. Furthermore, it is known that CAF release
bioactivemolecules, such asHGF, IL6, PDGF, prostaglandins,
proteases andmiRNAs to the extracellular matrix, suggesting
a role of exosomes in their transport [62]. Additionally,
Luga andWrana observed that exosomes derived from CAFs
promote activity, motility, and metastasis of breast cancer
cells by activating autocrine Wnt-PCP signalling [63].

Another example of the role of CCEs in tumour progres-
sion is the release of exosomes containing the extracellular
matrix MMPs inducer (EMMPRIN) by lung carcinoma cells
[64]. The release of bioactive EMMPRIN stimulates the
expression of the matrix MMPs in fibroblasts, with con-
sequences in tumour metastization. In addition, exosomes
released by prostate cancer cells under hypoxic conditions
were loaded with a significant higher number of TGF-𝛽,
IL6, TNF-1a, and MMPs, that have been implicated in the
induction of a stem cell phenotype in the microenvironment
of tumour cells and promotion of metastasis [65].

6.4. Role of Exosomes in Angiogenesis. The vascular forma-
tion inherent to the cancer progression may be triggered
by hypoxic and nutrient depletion conditions in the tumour
microenvironment, as well as by inflammatory responses,
usually observed in epithelial cell carcinomas [54]. The
angiogenic process consists in a neovascular formation
from preexisting blood vessels and results from numerous
interactions between regulators, mediators, and stimulatory
molecules. Endothelial cells and pericytes located at the
tumour microenvironment are imperative in this process
[66]. Vascular endothelial growth factors (VEGF), FGF, TGF-
𝛽, PDGF, and IL-8 are some of the angiogenic factors
that act on the regulation of quiescence, migration, and
proliferation of endothelial cells, required for the stimulation
of angiogenesis [66].

Recent studies have shown that exosomes released under
hypoxic conditions contribute to the stimulation of angio-
genesis [66]. Melanoma cells derived exosomes containing
miRNA-9 were internalised by endothelial cells promoting
metastasis and angiogenesis by activation of the JAK-STAT
pathway [32]. In another study, exosomes derived from
metastatic breast cancer cells contained multiple angiogenic
miRNAs, includingmiRNA-210whose expression is inversely
correlated with overall survival in breast cancer [35]. More-
over, it was observed that extracellular vesicles derived from
hypoxic brain tumour glioblastoma multiform cells were
enriched with angiogenic stimulatorymolecules, such as IL-8
and PDGF [67].

6.5. Role of Exosomes in Metastasis. The increased malig-
nancy of a tumour, with several implications on cancer
patient survival, consists in the formation of tumour metas-
tasis. The metastization process is complex and involves
several steps including (i) EMT; (ii) breach of the basement
membrane barrier; (iii) migration of the cell through the
neighbouring tissue; (iv) entry, transport, and exit fromblood
and lymph vessels; (v) establishment of the cell in a secondary
anatomical site; and (vi) growth of the secondary tumour, by
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the creation of a new tumour microenvironment favourable
to cancer cell growth [3]. The role of exosomes in metastasis
process relies mainly on the first, second, and, indirectly, the
fifth steps.

During EMT, cancer cells loose the epithelial character-
istics towards a more mesenchymal phenotype and acquire
motility capabilities. The mechanisms inherent to this event
are complex, involving cytoskeletal alterations and downreg-
ulation of expression of E-cadherin [65]. Interestingly, it was
observed that proteins in exosomes derived from hypoxic
prostate cancer cells are involved in the pathways of epithelial
adherens junctions and cytoskeleton remodelling, suggesting
that the increased invasiveness observed in prostate cancer
cells ismediated by exosomes [65]. In another study, Jeppesen
and collaborators [68] studied the protein content of exo-
somes derived from a human bladder carcinoma cell line
withoutmetastatic capacity relatively to two isogenic derivate
metastatic cell lines formed in the lung and liver of mice.
They reported an increased abundance in exosomes derived
frommetastatic cells, of vimentin, hepatoma-derived growth
factor (HDGF), casein kinase II, and annexin A2, which are
associated with the EMT process, as well as other proteins
involved in cellular movement and cell-cell signalling.

Besides involvement in EMT, exosomes seem also to
be involved in the formation and preparation of the
premetastatic niche at the new anatomical location. Interest-
ingly, it was reported that exosomes of melanoma cells are
preferentially taken up by sentinel lymph nodes and prepare
the premetastatic niche by deposition in the extracellular
matrix and vascular proliferation in the lymph nodes. Sub-
sequently, free melanoma cells were recruited to the lymph
nodes that have taken up the cancer derived exosomes [69].
In another study, Peinado and collaborators suggested that
melanoma derived exosomes induce vascular leakiness at
premetastatic sites and increase the metastatic behaviour of
bone marrow cells through the oncoprotein receptor kinase
MET [70].

7. Clinical Relevance of Exosomes in Cancer

7.1. Use of Exosomes as Biomarkers. As already mentioned
throughout this review, the content of an exosome depends
on the cell of origin. Particularly, exosomes derived from
cancer cells are enriched with proteins, mRNA, and miRNA
that are more abundant in cancer cells than in normal
cells [8]. Hence, exosomes may be used as biomarkers for
cancer diagnosis. Several studies including proteomics and
transcriptomics have been used to understand the content of
exosomes derived from specific tumours, with the purpose
of their use as biomarkers [36, 71, 72]. As an example Taylor
and Gercel-Taylor observed that the levels of 8 microRNAs
(miR-21, miR-141, miR-200a, miR-200b, miR-200c, miR-203,
miR-205, and miR-214) are of diagnostic value in ovarian
cancer [71]. They found that these microRNAs are present
in circulating exosomes in the sera of patients and the levels
of the microRNAs found in these vesicles were similar to
those found in the cancer cells, suggesting an effective way to
diagnose ovarian cancer even in asymptomatic patients [71].

One of the major advantages of the use of exosomes as
biomarkers is the possibility of a rapid pathology prognosis
through a minimal invasive procedure. In fact, one of the
higher challenges in the battle against tumours is an early
and accurate diagnosis [73]. Currently, the tissue biopsy,
which is an invasive procedure, with potential damaging
side effects, is generally required for a correct diagnosis. The
presence in body fluids of exosomes containing biomarkers
of subtypes of cancer cells may allow the use of minimal
invasive “liquid biopsies” (such as blood collection) for prog-
nosis and diagnosis of cancer. In contrast to the circulating
tumour cells (CTCs), which were also suggested as important
biomarkers for real-time diagnosis of cancer progression, the
modification of the content of exosomes accompanies the
development of the tumorigenicity of the cells, allowing the
prognosis of cancer since the beginning of the pathology.
However, the quantity and heterogeneity of exosomes in body
fluids may be a drawback in the use of these vesicles as
biomarkers, as it can lead to false negatives or positives in
prognosis and diagnosis [73].

7.2. Use of Exosomes for Cancer Therapeutics. From a ther-
apeutically point of view, the natural role of exosomes as
carriers of metabolites from donor cells to recipient cells and
in inducing a biological response has been investigated by
several researchers in a dual manner. Exosomes may be used
both as mediators of tumour resistance and as vessels for
targeted drug delivery. Figure 2 highlights the therapies that
were proposed for treatment of tumours based on exosomes
characteristics.

Several studies suggested a role of exosomes in drug
resistance, by extruding hydrophilic drugs from cancer cells
[74, 75], in resistance to radiation [76] and to immunotherapy
[77, 78]. To surpass this negative effect of exosomes in
cancer treatment, the removal of exosomes from the blood
circulation of patients in a haemodialysis-like procedure was
proposed [79].

On the other side, since the first suggestions of the role
of exosomes in the immune system performed by Raposo
et al. [80] and Zitvogel et al. [81] that exosome based cell-
free vaccines could represent an alternative to dendritic
cell therapy for suppressing tumour growth. With this in
mind, three phase I [82–84] clinical trials were performed
using dendritic and ascites derived exosomes. However,
it was observed that only a small percentage of patients
presented transient stabilisation of the disease. A phase II
clinical trial was also described in 2009 that combined the
administration of dendritic cell derived exosomes carrying
NKg2D ligands and Il-15R𝛼, in association with Treg cell-
inhibiting treatments in patients with non-small-cell lung
cancer that has been stabilised by chemotherapy [85].

One other use of exosomes for cancer therapy is the
possibility of using these vesicles for targeted delivery. This
process may be accomplished by the targeting of cancer cells
mediated by specific antibodies or ligands of highly expressed
membrane receptors, further internalisation of exosomes and
induced apoptosis of the cells, which may be mediated by
miRNA, siRNA and anticancer drugs. Several studies have
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Figure 2: Major groups of exosomes based therapies, which include
the removal of cancer derived exosomes, containing bioactive
molecules, from the blood (or other body fluids) of cancer patients
through a haemodialysis-like process; activation of the immune
system against cancer cells by the use of vaccines of exosomes
containing proteins with higher expression in tumour cell mem-
branes; and use of exosomes containing microRNA (miRNA), small
interference RNA (siRNA), and/or anticancer drugs for targeting
delivery to cancer cells.

described the successful delivery and tumour inhibition using
this process [86–88]. As an example, Alvarez-Erviti et al.
[87] developed a way to introduce siRNA into exosomes
by electroporation and to specifically target these siRNA
loaded exosomes to neurons. In another study published in
2013, Ohno et al. [88] successfully delivered let-7a miRNA to
xenografted breast cancer cells in mice.

8. Conclusions and Future Directions

Current knowledge of CCEs suggests that they can play an
important role in the development and progression of cancer
through modulation of intercellular communication within
the tumour microenvironment by the transfer of protein,
lipid, and RNA cargo. The complete understanding of their
role in intercellular communication and tumorigenesis will
be achieved by further exploration and comparison of their
secretion in normal cells and during cancer development
and progression, together with assessment of their specific
content under these conditions. Exploration of CCEs con-
tents may allow the development of novel diagnostic and
therapeutic approaches, with minimally invasive procedures.

The use of exosomes for targeted delivery may also prove
to be the answer in iRNA based therapeutics, whose main
drawback has been the development of an effective deliv-
ery system. Generation of synthetic exosomes—“exosome
mimetics”—for drug delivery may also allow selective tar-
geting of cancer cells (for a review see [86]). Although in its

infancy, the future possibilities of these natural nanovesicules
are tremendous.
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and L. K. Mahal, “Identification of a conserved glycan signature
for microvesicles,” Journal of Proteome Research, vol. 10, no. 10,
pp. 4624–4633, 2011.

[42] C. Escrevente, N. Grammel, S. Kandzia, J. Zeiser, E. M. Tran-
field et al., “Sialoglycoproteins and N-glycans from secreted
exosomes of ovarian carcinoma cells,” PloS One, vol. 8, no. 10,
article e78631, 2013.

[43] A. Bobrie, M. Colombo, G. Raposo, and C. Théry, “Exo-
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Nitric oxide (NO) in tumormicroenvironmentmay have a significant impact onmetastatic behaviors of cancer. Noncytotoxic doses
of NO enhanced anoikis resistance and migration in lung cancer H23 cells via an increase in lamellipodia, epithelial-mesenchymal
transition (EMT) markers including vimentin and snail, and caveolin-1 (Cav-1). However, the induction of EMT was found in
Cav-1-knock down cells treated with NO, suggesting that EMT was through Cav-1-independent pathway. These effects of NO were
consistently observed in other lung cancer cells including H292 and H460 cells. These findings highlight the novel role of NO on
EMT and metastatic behaviors of cancer cells.

1. Introduction

Lung cancer is among the leading causes of cancer-related
death worldwide and evidences have suggested that metasta-
sis in such a cancer is amajor cause of death [1]. Asmetastasis
is a complicated process, cancer cells must have an ability
to overcome several obstacles including anoikis, a process of
deathmediated after cells detachment [2]. Anoikis is accepted
as one important body defense mechanism against cancer
dissemination [2]. Like adherent normal cells, most solid
tumor cells will die after detachment by anoikis; however,
certain population of the cells have a capability to resist
anoikis, survive in the blood or lymphatic circulations,
reach new sites, and establish secondary tumors. Besides
anoikis resistance, a motility behavior of cancer cells was also
recognized as a critical factor for success in metastasis as the
early step of cancer dissemination involves cell migration and
intravasation into blood or lymphatic systems [3]. A number
of studies in the cancer research fields have focused on the
biological process found in cancer cells called epithelial-
mesenchymal transition (EMT) and EMT is believed to

enhance metastatic potentials of several cancers [4]. Indeed,
EMT is a multistep cellular process that allows an epithelial
cell to possess mesenchymal phenotype [5]. Recently, EMT
has garnered special attention since many researchers rec-
ognized EMT as a hallmark reflecting cancer aggressiveness
and poor prognosis [6]. An enhanced metastatic behavior
such as an increase in migratory activity was continuously
demonstrated in cancer cells exhibiting EMT phenotype [5,
6]. Also, the EMT was shown to be involved with anoikis
resistance in lung, melanoma and colon cancer cells [7–9].
Downregulation of E-cadherin, together with upregulation of
N-cadherin, vimentin, and snail, was long shown to be a key
indicator of EMT process; therefore, the protein alterations
were shown to link with the acquisition of anoikis resistance
[6, 10–12]. Likewise, caveolin-1 (Cav-1), a major protein
component of caveolae, was reported to regulate cancer cell
activities. Caveolin-1 expression in lung cancer was shown
to be related to poor prognosis and metastasis capability
[13]. Our previous study showed that Cav-1 mediated anoikis
resistant [14, 15] as well as increased migration and invasion
in lung cancer cells [16]. Together, such information leads
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to the possible conclusion that EMT and Cav-1 may share
overlapping pathways in regulation of metastatic behaviors;
however, insights into such regulation remain elusive.

Nitric oxide (NO) is a gaseous biological mediator that
frequently reported to be upregulated in lung cancer envi-
ronments [17]. Our previous works demonstrated that this
important mediator affects lung cancer cells in many ways
including induced cisplatin [18] and Fas ligand resistance [19].
However, its roles in regulation of EMT remain unknown.

So far, the knowledge regarding the biological mediators
that force EMT in lung cancer has been largely unknown.
Because more understanding of nature of the cancer cells in
response to biological substance may lead to high precision
and efficiency in treating the disease, the present study aimed
to investigate an effect of long-term NO exposure on EMT
characteristics and Cav-1 level in lung cancer cells on the
basis that the results gained from the study could benefit the
development of therapeutic approaches.

2. Materials and Methods

2.1. Cells and Reagents. The non-small cell lung cancer
(NSCLC) cell lines H23, H292, A549, and H460 were
obtained from the American Type Culture Collection (Man-
assas, VA). The cells were cultured in RPMI 1640 sup-
plemented with 5% fetal bovine serum (FBS), 2mM L-
glutamine, and 100 units/mL penicillin/streptomycin. The
cells were incubated in a 5% CO2 environment at 37∘C.
For NO exposure, cells were cultured in medium con-
taining DPTA NONOate (at nontoxic concentrations) for
14 days. The culturing medium was replaced by freshly
prepared medium containing DPTA NONOate every 2
days. Phalloidin tetramethylrhodamine B isothiocyanate,
dipropylenetriamine NONOate (DPTA NONOate), and 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) were obtained from Sigma Chemical, Inc. (St. Louis,
MO, USA). Hoechst 33342 was obtained from Molecu-
lar Probes, Inc. (Eugene, OR). Antibodies for caveolin-1,
vimentin, snail, TCF8/ZEB1, E-cadherin, ZO-1, N-cadherin,
𝛽-catenin, and 𝛽-actin, as well as peroxidase-conjugated
secondary antibodies were obtained from Cell Signaling
Technology, Inc. (Danvers, MA).

2.2. Cell Viability Assay. Cell viability was determined by the
MTT assay. After specific treatments, cells were incubated
with 500 𝜇g/mL of MTT at 37∘C for 4 h. Then, the MTT
solution was removed and 100 𝜇L of DMSO was added to
dissolve the formazan crystal. The intensity reading of MTT
product was measured at 570 nm using a microplate reader,
and the percentage of viable cells was calculated in relation to
control cells.

2.3. Cell Morphology and Lamellipodia Characterization.
Cell morphology and lamellipodia were investigated by a
phalloidin-rhodamine staining assay. The cells were washed
with PBS, fixed with 4% paraformaldehyde in PBS for 10min
at 37∘C, permeabilized with 0.1% Triton-X100 in PBS for
4min, and blocked with 0.2% BSA for 30min. Then, the

cells were incubated with either 1 : 100 phalloidin-rhodamine
in PBS or 0.4% sulforhodamine B in 1% acetic acid for
15min, rinsed 3 times with PBS, and mounted with 50%
glycerol. Cell morphology was then assessed by fluorescent
imaging (Olympus IX51 with DP70). Filopodia protrusion
was represented as the average number of filopodia/cell
relative to untreated cells in each field.

2.4. Anoikis Assay. For anoikis evaluation, 6-well tissue
culture plates were coated with 200𝜇L of poly 2-hydroxy-
ethylmethacrylate (poly-HEMA; Sigma) and left for 10 h in a
laminar flow hood. Cells were seeded in poly-HEMA-coated
plates at the density of 1 × 105 cells/mL and incubated for
various times up to 24 h at 37∘C. Cell viability was assessed
by addition of 1 : 50 resazurin for 1 h at 37∘C. Fluorescence
intensity of resazurin product (resorufin) was measured
at 530 nm (excitation wavelength) and 590 nm (emission
wavelength) using a microplate reader. Cell viability was
calculated as a percentage relatively to time zero. All analyses
were performed in at least three independent replicate exper-
iments.

2.5. Migration Assay. The migration assay was carried out
using Transwell cell culture chamber (Corning Costar num-
ber 3422,MA, USA). Conditionedmedia (500𝜇Lmedia with
10% FBS) were added into the lower compartment of the
chamber. P1, A549, H23, and H460 cells at the concentration
of 2×105 cells in 1% fetal bovine serumcontainingmediawere
added to the upper compartment of the chamber. After 12 h
incubation, the top side of insert membrane was scrubbed
with a cotton swab and the bottom side was fixed with ice-
cold methanol and stained with Hoechst 33342 and scoring
under fluorescence microscope (Olympus IX51 with DP70).

2.6. Plasmid and Transfection. Cav-1 knockdown plasmid
short hairpin (sh)RNA-Cav-1 was obtained from Santa Cruz
Biotechnology. Stable transfection of Cav-1 knockdown plas-
mid was generated by culturing cells in a six-well plate until
they reached 60% confluence. Fifteen 𝜇L of lipofectamine
reagent and 2 𝜇g of Cav-1, shRNA-Cav-1, or control plasmid
were used to transfect the cells in the absence of serum.
After 12 h the medium was replaced with culture medium
containing 5% FBS. Approximately 36 h after the beginning
of transfection, the cells were digested with 0.03% trypsin,
and the cell suspensions were plated onto 75-mL culture
flasks and cultured for 24 to 28 days with specific selection.
The stable transfectants were pooled, and the expression of
Cav-1 protein in the transfectants was confirmed by western
blotting.The cells were cultured in antibiotic-free RPMI 1640
medium for at least two passages before they were used in
each experiment.

2.7. Western Blotting. After specific treatments, cells were
incubated in lysis buffer containing 20mM Tris-HCl (pH
7.5), 1% Triton X-100, 150mM sodium chloride, 10% glyc-
erol, 1mM sodium orthovanadate, 50mM sodium fluoride,
100mM phenylmethylsulfonyl fluoride, and a commercial
protease inhibitor cocktail (Roche Molecular Biochemicals,
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Basel, Switzerland) for 30min on ice. Cell lysates were
collected and determined for protein content using the
Bradford method (Bio-Rad Laboratories, Hercules, CA).
An equal amount of proteins of each sample (40𝜇g) were
denatured by heating at 95∘C for 5min with Laemmli loading
buffer and subsequently loaded on 10% SDS-polyacrylamide
gel electrophoresis. After separation, proteins were trans-
ferred onto 0.45 𝜇m nitrocellulose membranes (Bio-Rad).
The transferred membranes were blocked for 1 hour in
5% nonfat dry milk in TBST (25mM Tris-HCl (pH 7.5),
125mM NaCl, 0.05% Tween-20) and incubated with the
appropriate primary antibodies at 4∘Covernight.Membranes
were washed twice with TBST for 10min and incubated with
horseradish peroxidase-coupled isotype-specific secondary
antibodies for 1 h at room temperature. The immune com-
plexes were detected by enhancement with chemilumines-
cence substrate (Supersignal West Pico; Pierce, Rockford, IL)
and quantified using analyst/PC densitometry software (Bio-
Rad).

2.8. Statistical Analysis. The data represented means ± SD
from three or more independent experiments. Statistical
analysis was performed by Student’s 𝑡-test at a significance
level of 𝑃 < 0.05.

3. Results

3.1. Nitric Oxide Exposure Alters Cell Morphology of Human
Non-Small Cell Lung Cancer H23 Cells. To elucidate the effect
of NO, a mediator frequently found in tumor microenvi-
ronments on metastatic potentials, we first characterized
NO donor that causes no toxicity to the cells. H23 cells
were incubated with DETA NONOate for 72 h and viability
of the cells was determined by MTT-based viability assay.
Figure 1(a) shows that the treatment with NO donor (DETA
NONOate) at the concentrations ranging from 0–25𝜇M
caused no significant cytotoxic effect on H23 cell viability
in comparison to nontreated control. For further investi-
gations, cells were cultured in the normal growth medium
supplemented with NO donor at the concentrations of 10 and
25 𝜇M for 14 days. Interestingly, NO-treated cells exhibited
dramatically change in terms of cell morphology with cell
enlargement in comparison to that of control nontreated cells
(Figure 1(b)).

Lamellipodia are a cell protrusion that is widely accepted
to be critical for directional migration in many cells [20]. To
clarify whether such cell enlargement is caused by an increase
of lamellipodia, we performed phalloidin-rhodamine stain-
ing assay with Hoechst 33342 nuclear staining. Figure 1(c)
indicates that NO-treated cells exhibited increased sheet-like
lamellipodia in comparison to those of parental H23 cells.
Since lamellipodia were shown to increase in highly motile
cells, these results suggested that long-termNOexposuremay
result in an increase of cell migratory activity.

3.2. Nitric Oxide Exposure Induces Cell Migration and Anoikis
Resistance. Having shown that NO treatment has an induc-
tive effect on cell protrusion, we next characterizedmigratory

activity of the cells. NO-treated (14 days) and parental H23
cells were subjected to migration assay as described in
Materials and Methods Section. Figure 2 shows that lung
cancer cells exposed to NO for 14 days exhibited signifi-
cantly enhanced migration activity. Even though the dose-
dependent effect of NO in this case was not observed, an
increase in cell migration approximately 2 folds in both NO-
treated conditions strongly indicates potentiating role of NO
on motility of these cancer cells. Since migration and anoikis
resistance are accepted to be important factors for metastasis,
we next elucidated the effect of NO exposure on anoikis
susceptibility of the cells. Cells were similarly treated with
NO as the aforementioned for 14 days and were determined
for anoikis sensitivity by anoikis assay. Figure 2(b) indicates
that the NO-treated cells at concentrations of 10 and 25𝜇M
exhibited anoikis resistant phenotype and could survive in
detached condition up to 24 h, whereas their nontreated
counterparts showed 50% reduction in cell viability after
detachment for 24 h. Together, these results suggested that
long-term exposure of the cells to NO potentiates anoikis
resistance as well as migration ability of H23 cells and may
be responsible for the metastasis potentials.

3.3. NO Induces Epithelial to Mesenchymal Transition. En-
hanced abilities of cancer cells to metastasis are believed to
increase through the process of EMT. Also, EMT was linked
to the increasing capability of cancer cells in migrating away
and resisting anoikis [9]. The present study further investi-
gated the EMT phenotypes of the long-term NO-treated and
H23 cells. The expression levels of EMT markers including
vimentin, snail, TCF8/ZEB1, E-cadherin, ZO-1, N-cadherin,
and 𝛽-catenin were determined using western blot analysis.
The cells were exposed to NO donor at the concentrations of
10 and 25 𝜇M for 14 days and EMT markers were evaluated.
Figure 3 shows that NO treatment significantly decreased E-
cadherin level in the cells. Interestingly, vimentin and snail
dramatically upregulated in NO-treated H23 cells in a dose-
dependent manner, while other markers TCF8/ZEB1, ZO-1,
N-cadherin, and 𝛽-catenin were not significantly altered. We
found that at the concentration of 10 𝜇M, NO donor induced
approximately 2- and 2.5-fold inductions of vimentin and
snail, respectively. Moreover, at 25 𝜇M, NO donor induced
approximately 4.5 and 4 fold inductions of vimentin and snail,
respectively.

Collectively, our results indicated that the long-term
treatment of NO induced EMT in lung cancer H23 cells and
such EMT may be responsible for the increase of migration
and anoikis resistance.

3.4. NO Treatment Increases Caveolin-1 Level. We and others
have provided a number of evidences indicating that Cav-1
protein performs a key function in regulation of anoikis resis-
tance as well as cell motility [14–16]. These data lead to the
possibility that long-term NO exposure could mediate such
cancer cell aggressiveness through Cav-1-dependent mecha-
nism. The parental and NO-treated cells (14 days) were sub-
jected to western blot analysis for Cav-1 determination. The
results indicated that after the treatment with NO for 14 days,
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Cav-1 inH23 cells was significantly upregulated (Figure 4(a)).
Further, we provided the evidence demonstrating the roles
of Cav-1 on anoikis resistance and cell migration in H23 and
other lung cancer cells. Basal Cav-1 level of H23, H292, H460,
and A549 was evaluated using western blotting (Figure 4(b)).
Further, the anoikis susceptibility and cell migration of all
cells were determined. A549 cells exhibiting the highest level
of Cav-1 showed the strongest anoikis resistant potential in
comparison to that of H23, H292, andH460 lung cancer cells,
suggesting the role of Cav-1 in attenuating anoikis process in
these cells (Figure 4(c)). Likewise, the level of Cav-1 protein

was found to be tightly correlated with migratory activity of
the cells (Figure 4(d)). Taken together, our results show that
long-termNOexposure increasedCav-1 level inH23 cells and
the protein, at least partly, mediated anoikis resistance and
increased cell motility.

3.5. NO Induces EMT in a Cav-1-Independent Mechanism.
To test NO-mediated EMT in these cells through Cav-1-
dependent pathway, H23 cells were stably transfected with
ShRNA-Cav-1 plasmid. The stable Cav-1 knock-down cells
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Figure 4:Nitric oxidemediated caveolin-1 upregulation, anoikis resistance and increasemigration. (a) Cells were exposed toDETANONOate
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tion via Cav-1-independent mechanism.Stable Cav-1 knock-down
(ShCav-1) cells were established as indicated in Section 2. (a) The
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1 cells was determined by western blotting. (b) The ShRNA-Cav-
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of vimentin and snail was determined. The immunoblot signals of
vimentin and snail were quantified by densitometry. The data are
the mean ± S.D. (𝑛 = 3). ∗𝑃 < 0.05 versus the nontreated control.

were tested for the Cav-1 level, and the results indicated
that Cav-1 in the cells dramatically decreased (Figure 5(a)).
Then, the ShRNA-Cav-1 cells were treated with NO donor
as described previously, and EMT markers were evaluated.
Even though Cav-1 in the cells was suppressed, vimentin and
snail were significantly upregulated in response to long-term
NO treatment (Figure 5(b)). These results indicated that the

EMT process induced byNO exposure in our systemmay not
mediate through Cav-1-dependent mechanism.

3.6. NO Induces EMT in Other Lung Cancer Cells. Further,
we tested whether other lung cancer cells responded to NO
exposure in the same way as H23 cells. Lung cancer H292
and H460 cells were exposed to NO at the concentrations of
10 and 25 𝜇M for 14 days and EMT markers and aggressive
behaviors of the cells were investigated. Figures 6(a) and
6(d) indicate that H292 cells exhibited a significant increase
in Cav-1 and vimentin levels in response to NO treatment,
while snail level in these cells was not altered. These results
suggested that long-termNOexposure resulted in an increase
in both Cav-1 protein and EMT process. Consistently, the
migratory activity of these cells significantly enhanced in
the cells treated with NO. Taken together, our experiments
indicated that long-term NO exposure was able to increase
cellular Cav-1 protein and induced EMT.

4. Discussion

Theknowledge regarding factors that influence cancermetas-
tasis may benefit the development of novel treating strat-
egy as well as the improved diagnosis sensitivity to this
life-threatening disease. Nowadays, evidences suggest that
metastasis process of cancers can be enhanced by sev-
eral factors. Indeed, the increased levels of inflammatory
cytokines, reactive oxygen species, and nitric oxide in cancer
microenvironment may have an important impact on cell
aggressiveness [17, 21, 22]. Recently, we have provided the
data indicating that Cav-1 in the detached lung cancer cells
could inhibit anoikis process of the cells by sustaining the
antiapoptotic Mcl-1 protein [23]. Additionally, in terms of
cancer cell migration, Cav-1 protein is shown to be a positive
regulator [16]. Among several biological mediators, NO has
received an increasing attention in the cancer research field
and is believed to be the key factor potentiating cancer
progression [21]. However, the evidence in the regulatory role
of this substance on EMT and cancer aggressiveness is still
limited. Herein, we provide the evidence indicating that the
cells that receivedNO at nontoxic concentration for relatively
long period made the cells more capable of spreading by
increasing Cav-1 and EMT.

Current evidences explaining the involvement of cancer
metastasis and the process of EMT and EMT are accepted
to be a mechanism facilitating the cancer cells to spread
away [4, 6, 24]. Indeed, the roles of NO on EMT process are
intriguing and sometimes contradictory depending on cell
type, duration of NO exposure, and dose of NO-modulating
agents. Some previous studies suggested that NO attenuates
TGF-𝛽1-mediated EMT in alveolar epithelial cells [25] and
mouse hepatocytes [26]. Also, NO was shown to suppress
EMT in prostate cancer cells when it was used at high
concentrations [27]. Based on the fact that EMT is a complex
process which is involved in multiple signaling pathways, the
distinguishable effect of NO reported by the present study
may be due to the difference in type of cells as well as the
concentrations of NO.
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Figure 6: Nitric oxide mediated caveolin-1 upregulation and epithelial-mesenchymal transition in other lung cancer cells. H292 (a) and
H460 (d) lung cancer cells were exposed to DETANONOate for 14 days and expression levels of Cav-1, vimentin, and snail were determined.
The immunoblot signals were quantified by densitometry. Migratory activity of H292 (b) and H460 (c) cells was evaluated as described.
Morphology of H292 (c) and H460 (f) cells treated with DETA NONOate for 14 days.The data are the mean ± S.D. (𝑛 = 3). ∗𝑃 < 0.05 versus
the nontreated control.

We demonstrated that after prolonged NO exposure,
the lung cancer H23 cells increased the expression level of
vimentin and snail in concomitant with the decrease of E-
cadherin. In response to such EMT, the migratory as well
as anoikis resistance characteristics in NO-treated cancer

cells were enhanced (Figure 2). In addition, in other lung
cancer cells the NO mediated EMT and increased metastatic
behaviors could be observed (Figure 6). Such information
has strengthened the link between NO and EMT process in
lung cancer. Together with the fact that not all cancer cells
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exhibited high EMT [24], the cells that immerged in NO-rich
environment may have a better chance to succeed metastasis
through EMT enhancement.

Regarding Cav-1 protein, certain studies have focused
on the role of Cav-1 expression in increasing migration and
anoikis resistance [15, 16, 22, 23]. Although some evidence
has suggested the role of Cav-1 in suppressing cancer [28],
in lung cancer, Cav-1 potentiates cancer progression and
aggressiveness. Cav-1 expression has been shown to relate
to poor prognosis and reduced tumor-free periods in lung
cancer patients [29]. Moreover, Cav-1 was shown to facilitate
metastasis and induce anoikis resistance in lung carcinoma
cell lines [2, 14–16, 30]. Not only does Cav-1 play a role in cell
death and survival, but also in cell migration [16], invasion
[31], and lipid transportation [32]. However, in our study,
NO could induce EMT characteristics even in Cav-1 knock-
down cells. This suggests that NO mediated EMT in Cav-
1 independent mechanism. Cav-1 may possess an ability to
overcome anoikis in the cells by direct interaction with Mcl-1
protein [22]. In addition, Cav-1 was shown to increase cellular
level of activated Akt that may directly contribute to the
increase cell survival as well as migration [16].

Based on these data, we have provided the novel infor-
mation that the ability of cancer cells to transition to mes-
enchymal phenotype could be enhanced by long-term NO
exposure. Additionally, NO exposure increases the level of
Cav-1, a known protein facilitating anoikis resistance and
migration. Our results support the conception that the bio-
logical mediators found in cancer microenvironments have a
significant impact on the ability of cancer cells to metastasise.
This insight may facilitate the better understanding of cancer
cell biology.
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Triple negative breast cancer (TNBC) is a relevant subgroup of neoplasia which presents negative phenotype of estrogen and
progesterone receptors and has no overexpression of the human epidermal growth factor 2 (HER2). FOXP3 (forkhead transcription
factor 3) is a marker of regulatory T cells (Tregs), whose expression may be increased in tumor cells.This study aimed to investigate
a polymorphism (rs3761548) and the protein expression of FOXP3 for a possible involvement in TNBC susceptibility and prognosis.
Genetic polymorphism was evaluated in 50 patients and in 115 controls by allele-specific PCR (polymerase chain reaction). Protein
expression was evaluated in 38 patients by immunohistochemistry. It was observed a positive association for homozygous AA (OR
= 3.78; 95% CI = 1.02–14.06) in relation to TNBC susceptibility. Most of the patients (83%) showed a strong staining for FOXP3
protein in the tumor cells. In relation to FOXP3-positive infiltrate, 47% and 58% of patients had a moderate or intense intratumoral
and peritumoral mononuclear infiltrate cells, respectively. Tumor size was positively correlated to intratumoral FOXP3-positive
infiltrate (𝑃 = 0.026). In conclusion, since FOXP3 was positively associated with TNBC susceptibility and prognosis, it seems to be
a promising candidate for further investigation in larger TNBC samples.

1. Introduction

The National Cancer Institute (INCA) estimated 52,680 new
cases of breast cancer for 2012 and 2013 in Brazil. It is
worth noting that, regardless of nonmelanoma skin cancer,
the mammary tumor is the most common among women
in many regions of Brazil, accounting high morbidity and
mortality among Brazilian women [1].

Breast cancer represents a complex and heterogeneous
disease that comprises distinct pathologies, histological fea-
tures, and clinical outcome. The status of estrogen receptor

(ER), progesterone receptor (PR), and human epidermal
growth factor receptor type 2 (HER2) has been used as
predictive markers to identify a high-risk phenotype and for
selection of the most efficient therapies [2, 3]

Triple-negative breast cancer (TNBC) is a subtype char-
acterized by the lack of ER, PR, and HER2 expression and is
associated with younger age at diagnosis and often occurs in
African-American, premenopausal, and overweighedwomen
(particularly with abdominal obesity) [4]. It represents
approximately 12–17% of all breast cancers [5] and encom-
passes a heterogeneous group of tumors including, but not

Hindawi Publishing Corporation
BioMed Research International
Volume 2014, Article ID 341654, 7 pages
http://dx.doi.org/10.1155/2014/341654

http://dx.doi.org/10.1155/2014/341654


2 BioMed Research International

limited to, those classified as basal-like. TBNC is aggressive,
showing a tendency towards early metastasis and having
a poor overall outcome despite being highly responsive to
conventional chemotherapy. The aggressive clinical course,
poor prognosis, and lack of specific therapeutic options for
this subtype of tumor have intensified current interest in this
group of patients [6].

Regulatory T cells (Treg) represent a heterogeneous pop-
ulation of cells composed of discrete subsets with different
phenotypes and functions [7]. The most specific marker to
identify Tregs is FOXP3, a member of the forkhead-winged
helix family of transcription factors [8, 9] that plays a role in
various cellular processes. FOXP3 expression in tumors was
associated with worse overall survival and this gene was also
considered a strong prognostic factor for distant metastases-
free survival but not for local recurrence risk [10]. Hirata
et al. reviewed some well-established molecular markers
of therapeutic value in breast cancer and also promising
new markers not routinely used in clinical practice, which
includes FOXP3 gene [11].

Promoter regions are potential candidates for the pres-
ence of functional single nucleotide polymorphism (SNPs),
as they are involved in transcription initiation, and many of
the cis-acting elements that regulate gene expression possibly
harbor functional polymorphisms [12]. As recently reviewed
by Oda et al., FOXP3 polymorphisms occur with high
frequency in the general population and have been studied in
commonmultifactorial humandiseases, like diabetes, allergic
rhinitis, and breast cancer [13]. It is known that SNPs in the
promoter region of FOXP3 gene may affect its expression
[14]. Since it has been previously shown that FOXP3 is
involved in breast cancer development [15], several studies
have been conducted to investigate a SNP (rs3761548, C/A) in
the promoter region of FOXP3 in patients with this neoplasia
[16, 17], but its exact role is not yet well understood.

In this context, the present report attempts to investigate
if there is an association between genetic polymorphism and
protein expression of FOXP3 gene with clinical outcome, in a
search for its involvement in pathogenesis of TNBC.

2. Material and Methods

2.1. Human Subjects. Retrospectively (10 years), clinic and
pathological information (tumor size, lymph node involve-
ment, andnuclear grade) and tissue samples of 50TNBCwere
obtained at Cancer Hospital of Londrina (HCL), Londrina,
Paraná State, Brazil. Clinical staging was determined accord-
ing to the Union of International Control of Cancer (UICC)
classification criteria.

For control group, blood samples from 115 women
neoplasia-free were collected in the Blood Center of North
Parana, Brazil.The protocol was approved by the Institutional
Human Research Ethics Committee of the State University of
Londrina, Paraná, Brazil (CAAE No. 0179.0.268-09-CONEP
268).

2.2. DNA Extraction. For patients, the genomic DNA was
isolated from formalin-fixed paraffin embedded samples

according to Isola et al. [18] protocol. For neoplasia-free
control group, the DNA was obtained from peripheral white
blood cells using Biopur kit (Biometrix, Curitiba, PR, Brazil).
The DNA was resuspended in 50 𝜇L of Milli-Q water and
quantified by NanoDrop 2000c Spectrophotometer (Nan-
oDrop Technologies, Wilmington, DE, EUA) at a wavelength
of 260/280 nm.

2.3. Genetic Polymorphism of FOXP3 rs3761548. DNA
(100 ng) was amplified by polymerase chain reaction (PCR)
with specific primers for FOXP3 following the GenBank
accession number NT 079573.4. The samples were amplified
using the buffer kit plus 1.25 units Taq polymerase
(Invitrogen, Carlsbad, CA, USA).

PCR conditions were 10min denaturation at 94∘C, 35
cycles of 45 s at 94∘C, 1min at 67∘C and 1min at 72∘C, and
10min elongation at 72∘C in a thermocycler (PCR-Sprint
Hybaid-Guelph, Ontario, Canada). Amplicons of 334 base
pairs for A allele and 333 base pairs for C allele were analyzed
by electrophoresis on acrylamide gel (10%) and detected by
a nonradioisotopic technique using a commercially available
silver staining method (Table 1).

2.4. Immunohistochemical Staining. For immunohistochem-
ical analysis, 5 𝜇m of tissue sections was obtained from
breast tumors samples. Samples were heated at 56∘C, deparaf-
finized in xylene, and rehydrated in a graded alcohol series.
Antigen retrieval was performed with citrate buffer and
a mouse/rabbit monoclonal antibody for human FOXP3
(clone 236A/E7; Abcam, Cambridge, UK; eBioscience) was
used. The sections were stabilized at room temperature for
30min and washed with PBS (phosphate buffered saline)
and anti-mouse/rabbit HRP secondary antibody was used
as second step (Bio SB Inc. Santa Barbara, CA, USA).
The diaminobenzidine (DAB) chromogen system was used
(Sigma-Aldrich, USA) and counter staining was performed
with Gill’s hematoxylin and slide mounts in Canada balsam.
Controls were performed to verify the specificity of primary
antibody and all analyses were made with at least two
pathologists.

2.5. Statistical Analysis. The case control association study
was performed using contingency tables to calculate the
odds ratios (OR) with a confidence interval (CI) of 95 %.
A 3x2 contingency table was constructed, considering wild
type genotype (OR = 1.0) as reference, to determine the OR
value for heterozygotes and rare genotypes. GraphPad Prism
version 5.00 forWindows was used (GraphPad Software, San
Diego, CA, USA). The rare homozygous and heterozygotes
for FOXP3 gene were grouped for the presence of at least one
allelic variant, in a dominant model of analysis.

Spearman correlation and Chi square statistical tests
were used to analyze immunohistochemistry and genetic
polymorphism in relation to clinical outcome, using SPSS
Statistics 17.0 software (SPSS inc., Chicago, IL, USA). A 𝑃
value <0.05 was considered statistically significant.
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Figure 1: FOXP3 expression by immunohistochemistry in TNBC tissue samples. (a) FOXP3 cytoplasmic expression in breast tumor cells;
(b) FOXP3 intratumoral mononuclear infiltrating cells in breast tumor; and (c) FOXP3 peritumoral mononuclear infiltrating cells in breast
tumor. The arrows indicated some strong staining. Magnification 400x.

Table 1: Oligonucleotides and amplicons for FOXP3 gene.

Gene Allele Primer sequence PCR product

FOXP3
(C/A, rs3761548)

A 5-CTG GCT CTC TCC CCA ACT GA-3 334 bp
5-ACA GAG CCC ATC ATC AGA CTC TCT A-3

C 5-TGG CTC TCT CCC CAA CTG C-3 333 bp
5-ACA GAG CCC ATC ATC AGA CTC TCT A-3

3. Results

Themean age of patients was 54±13 years. For some patients
specific clinic pathological characteristics were not available.
It was observed from patients who had the respective infor-
mation; 83% presented nuclear grade in stage II or III, 51%
had lymph node commitment, and the tumor size mean was
3.5 cm.

3.1. Genetic Polymorphism Analysis. The rs3761548 polymor-
phism of FOXP3 gene was evaluated in 50 TNBC patients
and in 115 neoplasia free controls. The genotype frequency
was 12% (6/50) and 3.48% (4/115) for AA homozygote,
34% (17/50) and 57.39% (66/115) for CA heterozygote, and
54% (27/50) and 39.13% (45/115) for CC homozygote, in
patients and controls, respectively (Table 2). Case control
study indicated a positive association for AA homozygous
genotype in relation to TNBC susceptibility (OR = 3.78, 95%
CI = 1.02 to 14.06).

When comparing genotypes of FOXP3 and clinical out-
come, there was no significant association with tumor size
(𝑃 = 0.482; rho = 0.102), lymph node involvement (𝑃 =
0.890; rho = −0.023), and nuclear grade (𝑃 = 0.682; rho =
−0.062).

3.2. Immunohistochemistry Analysis. In 38 patients analyzed
for FOXP3 protein expression, “cytoplasmic” tumoral stain-
ing was verified predominantly in all tissue samples ana-
lyzed (Figure 1(a)). Most of TNBC patients (83%) had high
expression of tumoral FOXP3 protein (two or three crosses).
Additionally, for patients who were lymph node free of
neoplasia, a strong FOXP3 expression was verified, most of

them being with a strength signal (three crosses), despite
being not statistically significant (𝑃 = 0.14).

Tumors sizes and nuclear degrees are equally distributed
among the patients according to FOXP3 protein expression
(𝑃 = 0.42 and 𝑃 = 0.12), respectively. Allelic variant showed
no correlation with FOXP3 protein expression (𝑃 = 0.792,
rho = −0.046).Therefore, despite being not significant, it was
observed that allele A carriers for FOXP3 gene present higher
tumoral expression of this protein by immunohistochemistry
(𝑃 = 0.078).

Table 3 described the protein expression analysis in
relation to infiltration of mononuclear cells positive for
FOXP3 staining in tumor microenvironment of 38 patients.
47% and 58% of the sample presented a moderate or
intense intratumoral and peritumoral infiltrated, respectively
(Figures 1(b) and 1(c)). There were no significant results for
bothmononuclear infiltrated (intratumoral and peritumoral)
in relation to lymph node involvement or nuclear grade
parameters.Therefore, the results indicated a significant asso-
ciation between intratumoral infiltrated and tumor size (𝑃 =
0.026). It was observed that this significance was attributed to
tumors between 1.5 and 3 cm, since this prognostic parameter
was divided into three categories based on clinical criteria
(less than 1.5 cm, 1.5 to 3 cm, and more than 3 cm).

4. Discussion

Breast cancer is a complex disease with high clinical morpho-
logical and biological heterogeneity. It is known that mam-
mary tumors with similar clinical histology and different
prognoses had different therapeutic responses [19–21].

The FOXP3 gene expressed in CD4+ CD25+ Tregs in
normal physiological conditions encodes the FOXP3 protein,
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Table 2: Genotype distribution and case control study for FOXP3 gene in patients and controls.

Controls (𝑛 = 115) Patients (𝑛 = 50) OR IC 𝑃 value (𝜒2)

FOXP3
rs3761548

CC 45 (39%) 27 (54%) 1.00 — —
CA 66 (57%) 17 (34%) 0.38∗ 0.19–0.76 0.006∗

AA 4 (4%) 6 (12%) 3.78∗ 1.02–14.06 0.035∗

CA + AA 70 (61%) 23 (46%) 0.55 0.28–1.07 0.077
∗
𝑃 < 0.05.

Table 3: FOXP3 protein expression in mononuclear cells in relation
to prognostic parameters of TN breast tissues.

FOXP3 protein
expression
(𝑛 = 38)

Intensity and prognostic
parameters

Frequency
(%) or
𝑃 value

Intratumoral
infiltrated of
mononuclear
cells

Moderate/intense 47%
Lymph node involvement 0.310

Nuclear grade 0.531
Tumor size 0.026∗

Peritumoral
infiltrated of
mononuclear
cells

Moderate/intense 58%
Lymph node involvement 0.679

Nuclear grade 0.309
Tumor size 0.598

∗
𝑃 < 0.05.

which regulates the activation of T cell, works as a transcrip-
tional repressor and downregulates cytokines expression in T
cells [8, 22].

The autoimmune disease that lacks functional FOXP3,
observed in human and in mice, indicates that this tran-
scription factor has a crucial role in the regulation of T-
cell function [23]. Additionally, it has been suggested that
FOXP3-positive cells in tumors could be a novel therapeutic
target that could improve outcomes for such patients [24].
So the high rate of somatic mutations in breast tumors,
its conserved sequence, and the regulation of important
pathways make FOXP3 a very plausible candidate for a
susceptibility gene in cancer [16].

In this study, we analyzed a FOXP3 polymorphism
(rs3761548) in 50 TNBC patients and in 115 controls free
of neoplasia (Table 2). The results indicated a positive
association for AA homozygous genotype in relation to
TNBC development (OR = 3.78, 95% CI = 1.02 to 14.06).
Therefore, we suggested that individuals who had inherited
both copies of this allelic variation had a higher susceptibility
for developing this subtype of breast cancer than individuals
with other genotypes. As far as we researched, there is
no articles relating genetic polymorphism of FOXP3 and
TNBC susceptibility in a Brazilian population, but positive
associations have been proposed with other diseases such
as psoriasis [25] and allergic rhinitis [26]. Raskin et al. [16]
investigated three genetic polymorphisms in the FOXP3 gene
in patients with breast cancer, but not triple-negative subtype,
and found none significant associations. Additionally, these
authors postulated that FOXP3 gene may be involved with

the hereditary breast cancer form, with high penetrance
mutations. Our results are not in accordance with these
authors, since we found a positive association between a spe-
cific FOXP3 polymorphic mutation and TNBC susceptibility
(Table 2). Despite the low number of homozygotes observed
in both groups, we found 12% of AA homozygotes in TNBC
group versus only 4% in the control group, although the last
one is composed of a much larger number of individuals.
Thus, although our results deserve caution by the sample
size, they indicate a possible role for FOXP3 gene in TNBC
susceptibility.

Initially, it was postulated that FOXP3 expression was
thought to be restricted to hematopoietic tissues. However,
although data are scant, FOXP3 expression in other tissues
has also been observed, including human tumor cells [27].
Therefore, biological functions of FOXP3 in tumor cells and
its significance presently remain unclear. According to the
same authors, their study clearly demonstrates that FOXP3
expression is not restricted to pancreatic carcinoma cells
but seems to characterize many other tumors not only of
epithelial (e.g., lung, breast, and colon) but also of other tissue
origins (melanoma, leukemia).

Recent data suggest that FOXP3 expression in tumor cells
could be an independent strong prognostic factor for distant
metastases in breast cancer [28], but in contrast with these
data, FOXP3 was also recently demonstrated to be a tumor
suppressor gene, acting as a transcriptional repressor of SKP2
andHER2, two breast cancer important oncogenes [15, 29]. In
the present work, we analyzed the tumoral protein expression
of FOXP3 and found that 83% of the patients had a strong
expression of this protein in the tumor microenvironment.
Other studies found that cancer cells were FOXP3 positive
in 57% of HER2+ breast tumors [30] and in 66% of archival
samples from human breast cancer patients [10], indicating
that our sample of TNBC demonstrated a high expression of
this protein and that FOXP3 may have different expression
levels in subtypes of breast cancer, with specific prognostic
implications.

According to Triulzi et al., in contrast to a putative onco-
suppressor role for FOXP3, emerging evidence from studies
of human cancer samples points to its prometastatic action
in vivo, based on the correlation between its expression by
tumor cells and poor prognosis. The authors point out that,
overall, the associations between FOXP3 expressions in
tumor cells are with poor patient’s prognosis [31]. Kim et al.
found FOXP3 expression in 27.9% of their breast cancer
samples and the positive tumors were associated with sig-
nificantly higher nuclear grade, higher histologic grade, and
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a more negative estrogen receptor status. A multivariate
analysis with adjustment for patient age and human epi-
dermal growth factor receptor 2 status demonstrated signif-
icantly poor survival of FOXP3-strong-positive patients in
node-positive patients, which suggest that this protein exp-
ression in breast cancer cells is associatedwith poor prognosis
[32].

In our sample we did not observe any associations
between protein expression of FOXP3 and clinical outcome
parameters, considering tumor size, lymph node involve-
ment, and nuclear grade. Ladoire et al. also found no
association with tumor size and lymph node involvement;
however, the authors observed a significant result between
protein expression and tumor grade (𝑃 = 0.046), which
strengthens prognostic differences for FOXP3 protein expres-
sion in mammary tumor subgroups [30].

Another relevant point is that FOXP3 protein expres-
sion observed in our TNBC sample was predominantly
cytoplasmic. According to the literature data, a cytoplasmic
localization was observed in human cancer cells in various
tissues [27, 33], including breast carcinoma [10, 25] and
breast adenocarcinoma cell line (MCF7) [27]. Also, in a
study concerning FOXP3 expression in prostate cancer cells
[34], the authors demonstrated that genetic mutations in
this gene could be detected in cancer cells and restrained
its expression in the cytoplasm. According to Triulzi et al.,
in most breast carcinomas, FOXP3 staining was localized
predominantly in the cytoplasm, although both cytoplasmic
and nuclear expressions were present in some specimens and
a few showed only nuclear staining [31]. In this TNBC sample,
we also found that most patients had cytoplasmic expression
of FOXP3 protein, but some had concomitant perinuclear
and/or nuclear expression.

It is noteworthy that experimental evidences show that
FOXP3 downregulates the oncogene HER2 and other genes
in this signaling pathway. Within this context, our results
concerning FOXP3 protein expression are in accordance,
since we observed a high expression in tumor cells of
TNBCpatients, who are exactly negative forHER2 expression
by immunohistochemistry. Therefore, Karanikas et al. that
found a high expression of FOXP3 in MCF7 and other
cell lines said that whether this expression by tumor cells
is directly related to carcinogenesis or results indirectly by
activation of its normally silent gene is questionable [27].

Although T cells present the most important immuno-
logical response in tumor growth in early stages of cancer,
they become Tregs after chronic stimulation and interactions
with tumor cells, promoting rather than inhibiting cancer
development and progression [35]. Karanikas et al. point that
the highest mRNA expression levels of FOXP3 observed by
tumor cells were with the breast cancer line MCF7, which
expressed at least half as much FOXP3 as a Treg clone did
and at least ten times more than a population of PHA blasts.
This expression level indicates that FOXP3 transcripts are
present in a sufficiently high number in tumor cells and
caution should be exerted when detection of FOXP3 mRNA
expression in surgical tumor samples is used as an index of
tumor infiltration by Tregs [27].

The study of Demir et al. established a predictive and
prognostic effect of intratumoral FOXP3 Tregs in locally
advanced breast cancer patients. The authors point out that
to predict clinical outcome, an evaluation of FOXP3+ Tregs
in tumoral tissues before and after neoadjuvant chemother-
apy should be considered for these high-risk patients [36].
Concerning infiltrate ofmononuclear cells expressing FOXP3
in the tumor microenvironment, we had the results of 38
patients and observed that 47% and 58% of these had a
moderate or intense intratumoral and peritumoral infiltrated,
respectively.

Gokmen-Polar et al. found that the number of FOXP3-
expressing T regulatory cells does not differ significantly
between sentinel nodes with and without metastatic breast
carcinoma and also does not affect primary tumor charac-
teristics like tumor type, grade, size, hormone receptor, and
HER2 status [37]. Ladoire et al. in their series of HER2+
over expressing breast carcinoma found that the presence
of FOXP3 Treg infiltration had no prognostic behavior [30].
Corroborating these data, we also did not find any significant
results when analyzing this parameter in relation to lymph
node involvement and nuclear grade.

On the other hand, we observed a significant association
with tumor size parameter (𝑃 = 0.026) and that this
significance was attributed to tumor size range from 1.5
to 3 cm. On a multivariate analysis Lee et al. showed that
FOXP3-positive Tregs were an independent prognostic factor
for overall survival and progression-free survival with hazard
ratios of 2.4 (95% CI 1.0–5.6; 𝑃 = 0.049) and 2.0 (95% CI
1.1–3.6; 𝑃 = 0.032), respectively. So these authors concluded
that in TNBC patients FOXP3-positive Tregs had stronger
prognostic significance. The finding of improved survival
associated with highly infiltrating FOXP3-positive Tregs in
TNBC contrasted with several other types of solid cancers,
but according to them, TNBC may be differently driven by
FOXP3 via an immune mechanism [35]. In this context,
we hypothesized that Tregs FOXP3 positive, which were
present in the tumor, could act as stimulator of growing
in intermediates tumors size (1.5 to 3 cm), in relation to
small tumors (less than 1.5 cm). Likewise, anothermechanism
could stimulate even larger sizes of tumors TNBC (above 3
cm), since, in our sample, the intratumoral infiltrate does not
appear to be positively associated with larger tumors.

5. Conclusion

Since we found a significant association between a specific
genetic variant in FOXP3 gene and a high expression of
this protein in the tumor microenvironment, which would
agree with the fact that TNBC patients do not present the
overexpression of HER2 oncogene, and also a positive corre-
lation between FOXP3-positive infiltrate and the prognostic
parameter tumor size, we suggest that this transcript factor
could be a promising marker of susceptibility and prognosis
in human breast cancer pathogenesis, especially in the triple-
negative molecular subtype.
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200/2010, and CONV. 1027/2013), CAPES, and Secretaria da
Ciência, Tecnologia e Ensino Superior (SETI) for financial
support.

References

[1] INCA, Estimate 2012: Cancer Incidence in Brazil, Instituto
Nacional de Câncer (INCA), Rio de Janeiro, Brazil, 2011.

[2] A. P. Presson, N. K. Yoon, L. Bagryanova et al., “Protein expres-
sion basedmultimarker analysis of breast cancer samples,”BMC
Cancer, vol. 11, p. 230, 2011.

[3] B. Weigelt and J. S. Reis-Filho, “Molecular profiling currently
offers no more than tumour morphology and basic immuno-
histochemistry,” Breast Cancer Research, vol. 12, supplement 4,
p. S5, 2010.

[4] R. Dent, M. Trudeau, K. I. Pritchard et al., “Triple-negative
breast cancer: clinical features and patterns of recurrence,”
Clinical Cancer Research, vol. 13, no. 15, part 1, pp. 4429–4434,
2007.

[5] W. D. Foulkes, I. E. Smith, and J. S. Reis-Filho, “Triple-negative
breast cancer,” New England Journal of Medicine, vol. 363, no.
20, pp. 1938–1948, 2010.

[6] E. Y. Cho, M. H. Chang, Y. L. Choi et al., “Potential candidate
biomarkers for heterogeneity in triple-negative breast cancer
(TNBC),” Cancer Chemotherapy and Pharmacology, vol. 68, no.
3, pp. 753–761, 2011.

[7] C. Menetrier-Caux, T. Curiel, J. Faget, M. Manuel, C. Caux, and
W. Zou, “Targeting regulatory T cells,” Targeted Oncology, vol.
7, no. 1, pp. 15–28, 2012.

[8] S. Hori, T. Nomura, and S. Sakaguchi, “Control of regulatory T
cell development by the transcription factor FOXP3,” Science,
vol. 299, no. 5609, pp. 1057–1061, 2003.

[9] G. Roncador, P. J. Brown, L. Maestre et al., “Analysis of FOXP3
protein expression in human CD4+CD25+ regulatory T cells at
the single-cell level,” European Journal of Immunology, vol. 35,
no. 6, pp. 1681–1691, 2005.

[10] A. Balsari, A. Merlo, P. Casalini et al., “FOXP3 expression and
overall survival in breast cancer,” Journal of Clinical Oncology,
vol. 27, no. 11, pp. 1746–1752, 2009.

[11] B. K. B. Hirata, J. M. Oda, G. R. Losi, C. B. Ariza, C. E. de
Oliveira, and M. A. Watanabe, “Molecular markers for breast
cancer: prediction on tumor behavior,” Disease Markers, 2014.

[12] B. Hoogendoorn, S. L. Coleman, C. A. Guy et al., “Functional
analysis of human promoter polymorphisms,” Human Molecu-
lar Genetics, vol. 12, no. 18, pp. 2249–2254, 2003.

[13] J. M. Oda, B. K. B. Hirata, R. L. Guembarovski, and M. A. E.
Watanabe, “Genetic polymorphism in FOXP3 gene: imbalance
in regulatory T-cell role and development of human diseases,”
Journal of Genetics, vol. 92, no. 1, pp. 163–171, 2013.

[14] W. M. Bassuny, K. Ihara, Y. Sasaki et al., “A functional polymor-
phism in the promoter/enhancer region of the FOXP3/Scurfin
gene associated with type 1 diabetes,” Immunogenetics, vol. 55,
no. 3, pp. 149–156, 2003.

[15] T. Zuo, L. Wang, C. Morrison et al., “FOXP3 is an X-linked
breast cancer suppressor gene and an important repressor of
the HER-2/ErbB2 oncogene,” Cell, vol. 129, no. 7, pp. 1275–1286,
2007.

[16] L. Raskin, G. Rennert, and S. B. Gruber, “FOXP3 germline
polymorphisms are not associated with risk of breast cancer,”
Cancer Genetics and Cytogenetics, vol. 190, no. 1, pp. 40–42,
2009.

[17] Y. Liu and P. Zheng, “FOXP3 and breast cancer: implications
for therapy and diagnosis,” Pharmacogenomics, vol. 8, no. 11, pp.
1485–1487, 2007.

[18] J. Isola, S. DeVries, L. Chu, S. Ghazvini, and F.Waldman, “Anal-
ysis of changes in DNA sequence copy number by comparative
genomic hybridization in archival paraffin-embedded tumor
samples,”American Journal of Pathology, vol. 145, no. 6, pp. 1301–
1308, 1994.

[19] M. Cianfrocca and W. Gradishar, “New molecular classifica-
tions of breast cancer,” CA Cancer Journal for Clinicians, vol. 59,
no. 5, pp. 303–313, 2009.

[20] F. C. Geyer, C. Marchio, and J. S. Reis-Filho, “The role of
molecular analysis in breast cancer,” Pathology, vol. 41, no. 1, pp.
77–88, 2009.

[21] B. Weigelt and J. S. Reis-Filho, “Histological and molecular
types of breast cancer: is there a unifying taxonomy?” Nature
Reviews Clinical Oncology, vol. 6, no. 12, pp. 718–730, 2009.

[22] R. S. McHugh, M. J. Whitters, C. A. Piccirillo et al.,
“CD4+CD25+ Immunoregulatory T Cells: gene expression
analysis reveals a functional role for the glucocorticoid-induced
TNF receptor,” Immunity, vol. 16, no. 2, pp. 311–323, 2002.

[23] P. J. Coffer and B.M. T. Burgering, “Forkhead-box transcription
factors and their role in the immune system,” Nature Reviews
Immunology, vol. 4, no. 11, pp. 889–899, 2004.

[24] M. A. Watanabe, J. M. Oda, M. K. Amarante, and J. Cesar
Voltarelli, “Regulatory T cells and breast cancer: implications
for immunopathogenesis,” Cancer and Metastasis Reviews, vol.
29, no. 4, pp. 569–579, 2010.

[25] L. Gao, K. Li, F. Li et al., “Polymorphisms in the FOXP3 gene
in Han Chinese psoriasis patients,” Journal of Dermatological
Science, vol. 57, no. 1, pp. 51–56, 2010.

[26] L. Zhang, Y. Zhang, M. Desrosiers, C. Wang, Y. Zhao, and D.
Han, “Genetic association study of FOXP3 polymorphisms in
allergic rhinitis in a Chinese population,” Human Immunology,
vol. 70, no. 11, pp. 930–934, 2009.

[27] V. Karanikas, M. Speletas, M. Zamanakou et al., “FOXP3
expression in human cancer cells,” Journal of Translational
Medicine, vol. 6, p. 19, 2008.

[28] A. Balsari, A. Merlo, P. Casalini et al., “FOXP3 expression and
overall survival in breast cancer,” Journal of Clinical Oncology,
vol. 27, no. 11, pp. 1746–1752, 2009.

[29] T. Zuo, R. Liu, H. Zhang et al., “FOXP3 is a novel transcriptional
repressor for the breast cancer oncogene SKP2,” Journal of
Clinical Investigation, vol. 117, no. 12, pp. 3765–3773, 2007.

[30] S. Ladoire, L. Arnould, G. Mignot et al., “Presence of FOXP3
expression in tumor cells predicts better survival in HER2-
overexpressing breast cancer patients treated with neoadjuvant
chemotherapy,” Breast Cancer Research and Treatment, vol. 125,
no. 1, pp. 65–72, 2011.



BioMed Research International 7

[31] T. Triulzi, E. Tagliabue, A. Balsari, and P. Casalini, “FOXP3
expression in tumor cells and implications for cancer progres-
sion,” Journal of Cellular Physiology, vol. 228, no. 1, pp. 30–35,
2013.

[32] M. H. Kim, J. S. Koo, and S. Lee, “FOXP3 expression is related
to high Ki-67 index and poor prognosis in lymph node-positive
breast cancer patients,” Oncology, vol. 85, no. 2, pp. 128–136,
2013.

[33] S. Hinz, L. Pagerols-Raluy, H. Oberg et al., “FOXP3 expression
in pancreatic carcinoma cells as a novel mechanism of immune
evasion in cancer,” Cancer Research, vol. 67, no. 17, pp. 8344–
8350, 2007.

[34] L. Wang, R. Liu, W. Li et al., “Somatic single hits inactivate the
X-linked tumor suppressor FOXP3 in the prostate,”Cancer Cell,
vol. 16, no. 4, pp. 336–346, 2009.

[35] S. Lee, E. Y. Cho, Y. H. Park, J. S. Ahn, and Y.-H. Im, “Prognostic
impact of FOXP3 expression in triple-negative breast cancer,”
Acta Oncologica, vol. 52, no. 1, pp. 73–81, 2013.

[36] L. Demir, S. Yigit, H. Ellidokuz et al., “Predictive and prognostic
factors in locally advanced breast cancer: effect of intratumoral
FOXP3+ Tregs,” Clinical & Experimental Metastasis, vol. 30, no.
8, pp. 1047–1062, 2013.

[37] Y. Gokmen-Polar, M. A. Thorat, P. Sojitra, R. Saxena, and
S. Badve, “FOXP3 expression and nodal metastasis of breast
cancer,” Cellular Oncology, vol. 36, no. 5, pp. 405–409, 2013.




