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1. ABSTRACT

Tumor microenvironment plays a critical role in
tumor initiation and progression. Components in the
microenvironment can modulate the growth of tumor cells,
their ability to progress and metastasize. A major venue of
communication between tumor cells and their
microenvironment is through polypeptide growth factors
and receptors for these growth factors. This article
discusses three major classes of growth-stimulatory
polypeptide growth factors and receptors for these growth
factors. It also discusses how deregulation of these growth
factors or their receptors can drive malignant
transformation and progression.
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2. INTRODUCTION

The microenvironment is the environment at the
cellular level in which cells interact with each other and
with the extracellular matrix (ECM). This interaction is
critical in regulating normal epithelial cell growth and
differentiation. Extracellular signals play a critical role in
tightly regulating the growth and differentiation programs
of epithelial cells. Defects in such signalings may
circumvent the normal pathway of epithelial differentiation
and propels the cells in the direction of malignant
transformation. The focus here is on epithelial cells because
the overwhelming majority of cancer incidence is of
epithelial origin. The microenvironment is extremely
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complex and consists of components of the ECM,
connective tissue stromal cells, and polypeptide growth
factors. The ECM itself is composed of complex
components of proteoglycans. Major components of the
ECM include families of fibronectins, laminins and
collgagens. The ECM also consists of other less studied
glycoaminoglycans and we do not understand the
functional role of these molecules in the microenvironment.

In this microenvironment, epithelial cells not
only interact with each other, but also interact with
mesenchymal cells and the ECM. These interactions are
quite specific. Cell-cell interactions are mediated by
specific cell-cell adhesion molecules (1) while cell-matrix
interactions are mediated by specific integrin receptors for
each of the major components of the ECM (2). It has long
been recognized that changes in the microenvironment
accompany the transformation process (3). This is often
indicated by increased fibroblast proliferation and extensive
ECM remodeling in areas where cancer cells are found (4).
The tumor stroma in many aspects resembles the processes
of wound healing and inflammatory response (5).

The microenvironment is rich in polypeptide
growth factors (PGF) and PGFs mediate their action
through specific cell-surface receptors. A PGF binds to its
cell-surface receptor and initiates intracellular signal
cascades that lead to the modulation of gene expression (6).
Different PGFs target different cell types. In epithelia, the
end-result of PGF action is to exert growth and
differentiation control. Both mesenchymal and epithelial
cells contribute to the production of PGFs into the
microenvironment. Therefore, abnormal production or
abnormal cellular responses to PGFs are underly malignant
transformation. For example, epidermal growth factor
receptor (EGFR) function is frequently deregulated in
epithelial tumors, and EGFR signaling has been shown to
play an important role both in cancer progression and in
epithelial to mesenchymal transition (7). In mammary
epithelial cells, constitutively active insulin-like growth
factor-1 receptor (IGF-IR) induces cells to undergo
epithelial to mesenchymal transition which is associated
with a dramatical increase in migration and invasion (8).
Moreover, it is believed that tumor epithelial cells and
stromal components communicate through the production
of growth factors and cytokines (9). For example, tumor
cells often release platelet derived growth factor (PDGF),
for which stromal cells, notably fibroblasts, myofibroblasts
and macrophages, possess receptors; the stromal cells
reciprocate by releasing insulin-like growth factor 1 (IGF-
1), which benefits the growth and survival of nearby cancer
cells (10). Similarly, neoplastic cells within melanomas
release PDGF, which elicits IGF-2 production from nearby
stromal fibroblasts; this IGF-2 helps to maintain the
viability of the melanoma cells (11).

This article reviews three major classes of PGF
families in the microenvironment and their cell-surface
receptors. We will discusss how these ligand/receptor
systems contribute to malignant transformation and
progression. These PGFs are the epidermal growth factors,
fibroblast growth factors and the platelet-derived growth
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factors. This article is by no means a comprehensive review
of all PGFs in the microenviroement but rather focuses on
the the major growth-stimulatory classes of PGF. An
important family of PGF, the transforming growth factor B,
which can serve as both a tumor suppressor and promoter is
discussed elsewhere in this review series.

3. EPIDERMAL GROWTH FACTOR AND
EPIDERMAL GROWTH FACTOR RECEPTOR IN
TUMOR MICROENVIRONMENT

3.1. Epidermal growth factor and epidermal growth
factor receptor

The epidermal growth factor receptor (EGFR)
belongs to the ErbB family of receptor tyrosine kinases
which includes four members: EGFR, ErbB-2, ErbB-3, and
ErbB-4 (12). All these trans-membrane proteins have an
extracellular ligand-binding domain, a single hydrophobic
transmembrane domain and a cytoplasmic tyrosine kinase-
containing domain which is activated after binding with
peptide growth factors of the EGF-family of proteins (13),
such as EGF, transforming growth factor-a (TGF-a),
amphiregulin, heparin-biding EGF, B-cellulin and
epiregulin. It is well recognized that the EGFR signaling
pathways mediate a wide range of cellular responses such
as proliferation, differentiation, migration, and survival
upon ligand-binding activation. Moreover, amplified
expression of EGFR or its ligands, or both, are found in a
majority of human carcinomas (14). EGF-like growth
factors can be produced either by the same cells that
express EGFRs in an autocrine secretion fashion or by the
surrounding cells (including stromal cells) in a paracrine
secretion fashion (15). (Figure 1)

Tumor progression is a complex process that
involves interaction of tumor cells with surrounding non-
transformed cells and EGFR is expressed in almost all
types of stromal cells (12). Therefore, sustained activation
of the EGFR signaling in non-malignant cells in the tumor
microenvironment might influence the behavior of
transformed cells and can play an important role in tumor
progression. There is evidence to suggest that
overexpression of EGFR protein can be triggered by either
gene mutation or by tumor hypoxia which is one of the
common features in the tumor microenvironment (16, 17).
Meanwhile, the EGFR system is believed to be involved in
tumor metastases as well as angiogenesis which are two
important phenomena that promote tumor progression (3,
18). Furthermore, a type of small leucine-rich proteoglycan
which resides in the tumor microenvironment is capable of
downregulating EGFR activity therefore inhibiting both
primary tumor growth and metastatic spreading (19).

3.2. Tumor hypoxia and up-regulation of EGFR

It is widely accepted that overexpression of the
EGF receptor and amplification of its signal is a common
feature in a variety of human cancers including renal, breast,
glioma, ovarian, non-small-cell lung, prostate, pancreatic,
and head and neck cancers (13). On the other hand, the
mechanism underling the amplification of EGFR
expression remains poorly understood in human
carcinomas. The amplification of the EGFR gene and
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Figure 1.Autocrine and paracrine circuits of EGF/EGFR signaling in tumor microenvironment. Cancer cells secrete EGF family
of growth factors that can act directly on endothelial cells. Also, EGF family of ligands for EGFR induce the expression of
osteoclastogenic factors in bone marrow stromal cells that promote maturation and activation of osteoclasts, leading to bone
destruction as well as the formation of bone metastases. In addition, bone marrow stromal cells produce EGF family of growth
factors and angiogenic growth factors that can act on both endothelial cells and tumor cells. TGF-a, transforming growth factor a;
AR, androgen receptor; VEGF, vascular endothelial growth factor; FGF2, fibroblast growth factor 2; IL-8, Interleukin-8; M-CSF,
macrophage colony-stimulating factor; RANKL, receptor activator for nuclear factor kB ligand.

receptor-activating mutations observed in a few cancers
such as glioblastoma multiforme and non-small-cell lung
cancer might provide one explanation for the abnormal
expression level of EGFR (20, 21). However, these
oncogenic phenomena are not common in other tumor
types which indicate that the widespread overexpression of
EGFR in human cancer might be under the regulation of a
more common physiological event in tumors instead of
gene amplification and mutations. Among those universal
properties of the pathophysiologic tumor microenvironment,
hypoxia is the result of the imbalance between the rate of
cancer cell proliferation and the ability of the existing
vasculature to supply oxygen as a solid tumor grows (22).
Importantly, tumor hypoxia, like EGFR expression, is
predictive of tumor progression and poor clinical outcome.
The correlation between the two has been reported in many
studies (17, 23).

3.2.1. The hypoxic tumor microenvironment triggers
the expression of EGFR

By using a 3D multicellular tumor spheroid
model to mimic the tumor microenvironment (24),
Franovic and colleagues have demonstrated that the up-
regulation of EGFR protein (but not mRNA) in human
cancer cell lines is induced by the hypoxic tumor
microenvironment (17). Moreover, they pointed out that
tumor hypoxia was not only required but sufficient to up-
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regulate EGFR protein expression in hypoxic cancer cells.
Their findings reveal an important link between tumor
hypoxia and up-regulation of the EGFR in the bulk of
human cancers that do not display genetic alterations of the
receptor. Wang and colleagues performed oligonucleotide
microarray analysis to identify the genes associated with
the motile phenotype induced by hypoxia in lung
adenocarcinoma cells and they found that the expression of
EGFR gene was induced more than 5-fold by hypoxia (25).
Meanwhile, the immunohistochemical analyses of primary
lung adenocarcinomas confirmed the induction of EGFR
located in tumor cells in the vicinity of necrotic areas, a
histological indicator of tumor hypoxia (26). Overall, these
findings proposed an alternative working model by
suggesting that tumor hypoxia may represent the common
denominator for the aberrant EGFR expression observed in
solid tumors.

3.2.2. The role of EGFR in hypoxia-mediated tumor
progression

There is now increased evidence showing that
hypoxia increases the motility of cancer cells via several
pathways thus facilitating the metastasis of cancer cells. In
the Wang and colleagues’ study, they showed that hypoxia
inhibited cell-cell adhesion and increased migratory ability
in lung adenocarcinoma cells (25). In addition, the
increased motility was blocked by an inhibitor of EGFR.
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Figure 2.Tumor metastatic process. The metastatic process can be broken down into 5 stages. After breaching basement
membrane, the primary invasive tumor cells may intravasate into either lymphatic or blood microvessels. The blood can then
transport these cancer cells to distant anatomical sites, where they may be trapped and subsequently extravasate and form
dormant micrometastases. Eventually some of the micrometastases may acquire the ability to colonize the tissue in which they
have landed, enabling them to form a macroscopic metastasis.

Thus, these authors have demonstrated the
importance of the EGFR pathway in the induction of
motility of cancer cells in a hypoxic tumor environment.

3.3. Role of EGFR in the Pathogenesis of Metastasis

The metastatic potential of tumor cells is believed
to be regulated by interactions between tumor cells and
their surrounding environment (ECM and stromal cells)
(27). The development of metastasis is complex, requiring
multiple distinct steps to successfully establish a tumor at a
secondary site (28). For dissemination and metastasis to
occur, tumor cells must invade the tissue surrounding the
primary tumor, intravasate into the lymphatic system or
blood supply system, extravasate from the vascular system
into a secondary organ and initiate angiogenesis in order to
enable proliferation at that site (29). (Figure 2)

Tissue architecture, integrity and function is
intimately connected with cell-cell and cell-extracellular
matrix interactions. The metastatic process involves
multiple changes at the molecular level that disrupt and
modify these interactions (30, 31). These include tissue
remodeling through the action of proteinases, such as
metalloproteinases (MMPs), apoptotic machinery, as well
as chemokines, growth factors and signaling molecules, all
of which act together to control processes such as
proliferation, survival migration and invasion. Tumor
stroma may also facilitate the spread of metastatic cells, as
stromal cells derived from lymph nodes can increase the
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proliferation of tumor cells through the release of an
insulin-like growth factor and epidermal growth factor (32).

Sasaki and colleagues have shown that activation
of TGF-a-EGFR signaling in colon cancer cells can create a
microenvironment that is conducive for metastasis (33). Pu
and colleagues have demonstrated that the migration of
breast cancer cells directed by an electric field requires
ErbB-signaling (34). Wei and colleagues’ work showed that
Esophageal squamous cell carcinoma lymph node
metastases generally have a high level of EGFR expression
in cell membranes similar to that in primary tumors (35).
Extensive work has also been done to show that EGFR
signaling regulates the ability of bone marrow stromal cells
to produce osteoclastogenic factors (specialized progeny of
hemopoietic precursors committed to the
monocyte/macrophage lineage that, upon certain stimuli,
fuse by giving rise to mature bone resorbing cells) (36) and
to sustain osteoclast activation (37).

3.3.1. The direct role of EGFR in stimulating osteoclast
Cancer cells are able to synthesize many growth
factors and cytokines that lead to the activation of
osteoclasts (36). Parathyroid hormone related protein
(PTHrP) is believed to be the main mediator of breast
cancer-induced bone resorption (38). Zhu and colleagues
have reported that EGF-like ligands strongly stimulate
osteoclast formation in co-culture of osteoblastic cells with
bone marrow macrophages, the precursors for osteoclasts,
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Figure 3. Decorin binds to the epidermal growth factor receptor and evokes a unique signaling cascade. Decorin directly binds to
the epidermal growth factor receptor and causes its dimerization, internalization and ultimately lysosomal degradation. Upon
decorin binding, the epidermal growth factor receptor is phosphorylated, leading to Erk1/2 activation, thus induces the expression

of the endogenous cyclin-dependent kinase inhibitor p21%*

F and a subsequent arrest of the cells in the G1 phase of the cell cycle.

Pro-caspase-3 is cleaved into active caspase-3, which degrades the epidermal growth factor receptor C-terminus and starts the
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by regulating the expression of osteoprotegerin, a cytokine
which can inhibit the production of osteoclasts, and
monocyte chemotatic protein-1 in osteoblastic cells (39).
Because co-culture of osteoblastic cells with bone
metastatic breast cancer MDA-MB-231 cells had similar
effects on the expression of osteoprotegerin and monocyte
chemotatic protein-1 in the osteoblastic cells, and those
effects could be partially abolished by EGFR inhibitor, the
authors concluded that EGF-like ligands, similar to PTHrP
secreted by tumors cells, may contribute to osteolytic
lesions in bone metastases.

3.3.2. EGFR in mesenchymal stem cells mediated
osteoclast differentiation

However, most osteotropic factors do not directly
stimulate osteoclast, but rather act indirectly by binding to
accessory cells of the bone marrow microenvironment,
such as specialized endothelial cells and mesenchymal stem
cells (MSC) (40). Since expression of EGF has been
demonstrated to occur in osteoclasts (41), it is conceivable
that paracrine circuits involving EGFR and its ligands are
operating between osteoclasts and osteoblasts. More
recently, the functional role of EGFR signaling in MSC has
been investigated. Krampera and colleagues reported that
activation of EGFR by heparin-binding EGF-like growth
factor increased cell proliferation and prevented adipogenic,
osteogenic, and chondrogenic differentiation in human
bone marrow-derived MSC (42). The ability of conditioned
medium from gefitinib-treated MSC-like cells to sustain the
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differentiation of pre-osteoclasts was significantly reduced
as compared with untreated cells reported by Normanno
and colleagues (40). These results have demonstrated that
the EGFR regulates the ability of MSC to induce osteoclast
differentiation. Normanno group’s findings were confirmed
by Angelucci and colleagues who demonstrated that
treatment with gefitinib significantly reduced the ability of
conditioned medium from prostate cancer cells to induce
expression of receptor activator for nuclear factor kB ligand
in osteoblasts (43). In this regard, it is well established that
EGFR and several of its ligands are expressed by prostate
cancer cell lines and human primary prostatic carcinomas
(44).
34. EGFR signaling tumor
microenvironment

Epidermal growth factor receptors can be directly
bound by a small leucine-rich porteoglycan (45), decorin,
which is primarily synthesized by fibroblasts and
myofibroblasts typically located within the tumor
microenvironment (46) and affects the biology of different
types of cancer by downregulating the activity of several
receptors involved in cell growth and survival. Decorin
binds to and modulates the signaling of epidermal growth
factor receptor and other members of the ErbB family of
receptor tyrosine kinases (47). After binding, the receptor
dimerizes and is subsequently internalized and degraded in
the lysosomes. (Figure 3) From a physiological point of
view, it is relevant to note that decorin can compete with

regulated by
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EGF, the EGFR natural ligand, for receptor binding (48).
Decorin inhibits tumor cell proliferation by evoking a
signaling cascade that is different than the one evoked by
EGF, possibly by inducing a different EGFR conformation
and selectively activating phosphotyrosines in the receptor
autophosphorylation domain (49).

Decorin induces apoptosis in a squamous cell
carcinoma model via activation of caspase-3 and this effect
is dependent on the ability to phosphorylate the EGFR (50).
Caspase-3 can cleave the intracellular domain of the EGFR,
an additional mechanism by which decorin could
downregulate the receptor activity. Decorin also suppresses
the activity of ErbB2 and ErbB4 receptors via degradation
(26). This effect is most likely achieved indirectly by
binding to the EGFR and affecting EGFR/ErbB2 and
EGFR/ErbB4 heterodimerization equilibrium.

4. FIBROBLAST GROWTH FACTOR AND
RECEPTOR IN TUMOR MICROENVIRONMENT

4.1. Fibroblast growth factor and fibroblast growth
factor receptor

The Fibroblast growth factor (FGF) signaling
complex comprises one of the twenty-two signaling
polypeptides defined by homology, one of a large number
of combinatorial splice variants from four genes that
encode an FGF receptor (FGFR) transmembrane tyrosine
kinase and one or more of a host of poorly characterized,
but FGF- and FGFR-specific, structural motifs within
heparan sulfate (51). Specificity in FGF signaling lies in the
combination of FGFR kinase isotypes, the heparan sulfate
that combines with it, and the type of activating FGF
polypeptide (52). In addition to endocrine signaling, in
which the signal originates outside the tissue expressing the
receptor, two types of intra-tissue signaling have been
described in reference to the origin of signal, i.e., autocrine
and paracrine signaling. FGFs display a broad spectrum of
biological function including neurotrophic activity,
angiogenic activity, lymphangiogenic effect, stimulation of
stem cell differentiation, osteogenesis, tumor cell migration
and invasion, and mediating stromal-epithelial cell cross-
talk (53). Chesi and colleagues found that FGFR3, when
overexpressed in multiple myeloma, may be not only
oncogenic when stimulated by FGF ligands in the bone
morrow microenvironment but is also a target for activating
mutations that enable FGFR3 to play a ras-like role in
tumor progression (54). Nomura and colleagues have
shown that stromal FGF10 induces migration and invasion
in pancreatic cancer cells through interaction with FGFR2,
resulting in a poor prognosis (52).
4.2. Fibroblast growth factor-mediated stromal-
epithelial cross talk in prostate tumors

Reciprocal communication between stromal and
epithelial compartments underlies normal development and
homeostasis in the adult prostate gland (55). The
emergence of autonomous epithelial cells independent of
microenvironmental restraints imposed by prostate stroma
or distal sites of metastasis is a hallmark of malignant
carcinoma (56, 57). In the prostate and several other
parenchymal organs with distinct epithelial and stromal
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compartments, expression of FGF7 and FGF10 is limited to
stromal cells (58). A specific FGFR complex of heparan
sulfate and splice variant FGFR2IIIb that recognizes FGF7
and FGF10 is expressed only in epithelial cells (59).
Stromal to epithelial cell signaling via FGF7/FGF10 and
FGFR2IIIb has a net effect of promoting epithelial cell
homeostasis that includes growth but limits population
growth overall by feedback inhibition mechanisms and
induction of differentiation (60).

To study the changes in mutual communication
mediated by FGF signaling system between stromal and
epithelial cells during malignant progression, Wu and
colleagues used a rare rat prostate adenocarcinosarcoma
(Dunning R3327PAP) in which stromal and epithelial
compartments have evolved as a single mutually
interdependent nonmalignant transplantable unit (53). By
performing clonal analysis of stromal cells derived from the
Dunning R3327PAP adenocarcinosarcoma, and
characterizing them according to cytoskeletal markers and
expression of signaling polypeptides and receptor isotypes
within the FGF family, they found two distinct subtypes.
One had an undifferentiated fibroblast-like character,
whereas the other exhibited smooth muscle cell-like
properties. The two morphological subtypes exhibited
distinct expression patterns with respect to FGF7, FGF10,
FGFR1, FGFR2IIIc, and FGFR3. Their study suggested a
specific epithelial to stromal cell part of a two-way stromal-
epithelial cell dialogue in premalignant slow-growing
differentiated tumors of which the disruption may
contribute to the progression of epithelial cells to
malignancy (61).

Jin and colleagues found FGF9 was expressed
significantly only in epithelial cells and that it binds only to
FGFR3 that is present only at functionally significant levels
in stromal cells in a two-compartment transplantable
prostate tumor model in which survival of stromal cells in
vivo depends on epithelial cells (61). Their data indicated
that the FGF9/FGFR3 pair completes a two-way paracrine
communication circuit between prostate epithelium and
stroma that may be important for intercompartmental
homeostasis in normal nonmalignant two-compartment
tumors and subject to subversion during progression to
malignancy. (Figure 4)

4.3. Role of fibroblast growth factor in angiogenesis
Tumor angiogenesis, a process of new
vasculature formation, is appreciated to be an integral part
of solid tumor development (62). The supply of new blood
vessels in tumors not only fosters autonomous tumor
growth but also helps remove accumulated waste and
ameliorate burdensome metabolism. Several experimental
evidences point to different classes of FGF receptors has
been identified (63). In a fast growing malignant tissue,
tumor blood vessels are exposed to multiple growth factors
and cytokines (64). Although the role of individual factors
and their signaling pathways in regulating tumor
neovascularization is relatively well studied, recent
research has focused on characterization of interactions
among multiple membrane-bound receptors. This focus has
lead to the establishment of a paradigm that, instead of
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Figure 4. Two-way directional communication between stroma and epithelium mediated by fibroblast growth factors. Stromal
FGF7/FGF10 and epithelial FGFR2IIIb mediate stromal to epithelial signaling, while epithelial FGF9 signaling to stromal
FGFR3 completes the two-way conversation. Androgen may differentially modify either the signal or reception in either
compartment. Either partitioned FGFR signal may affect reciprocal cross-talk back to the other compartment. FGF, fibroblast
growth factor; AR, androgen receptor; HS, cell- and FGFR-specific heparan sulfate (wavy line).

transmitting  signals across the membrane
individually, each membrane-anchored receptor usually
associates and coordinates with other adjacent membrane-
bound receptors to synergistically induce an array of
intracellular signaling cascades (65).

4.3.1. Angiogenic synergism between fibroblast growth
factor-2 and platelet derived growth factor-BB
Fibroblast growth factor-2 (FGF-2) is a
frequently expressed non-vascular endothelial growth
factor (VEGF) angiogenic factor in tumors. For example,
high levels of FGF-2 are often present in patients with
highly vascularized and advanced cancers (56).
Additionally, activated endothelial cells in growing blood
vessels are also important sources for platelet derived
growth factor-BB (PDGF-BB) and a malignant transition of
tumor cells could lead to active secretion of FGF-2 from
tumor cells (62, 66). Thus, FGF-2 and PDGF-BB are often
co-expressed in the same tumor tissue (67). As endothelial
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cells usually express an undetectable level of PDGF
receptors (PDGFRs), angiogenic synergy between PDGF-
BB and FGF-2 suggests that FGF-2 might modulate the
PDGF signaling system in endothelial cells. Indeed, high
levels of both PDGFR-a and PDGFR-B are only detected in
FGF-2-induced angiogenic vessels, but not in VEGF- or
PDGF-BB-induced microvessels (67), suggesting that FGF-
2 upregulates PDGFR expression in endothelial cells. Also,
the FGF-2-induced signaling pathways activate the
promoter activity of both PDGFR-a and PDGFR-B in
capillary endothelial cells (68). In agreement with increased
levels of PDGFR mRNAs, Cao’s group further confirmed
that the protein levels of PDGFRs are also dramatically
upregulated in endothelial cells. Notably, the FGF-2-
pretreated endothelial cells become highly responsive to
PDGF-BB-induced motility. Interestingly, PDGF-BB is
also able to induce FGFR-Ipromoter activity in vascular
smooth muscle cells, which become more sensitive to FGF-
2 stimulation (67). (Figure 5) Another possible mechanism
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Figure 5. Reciprocal interplay between tumor-derived fibroblast growth factor (FGF) and platelet derived growth factor (PDGF)
in promoting tumor angiogenesis. Activation of FGFRs in endothelial cells by tumor-derived FGF-2 leads to switching on the
expression of PDGFR-a and PDGFR-B, which acquire responses to PDGF ligand stimulation. PDGF-BB increases sensitization
of vascular smooth muscle cells to FGF-2 stimulation by upregulating FGFR-1 expression in these cells. The functional
consequence of this reciprocal interaction on the tumor vasculature is manifested by accelerating angiogenic vessel growth. EC,

endothelial cell; VSMC, vascular smooth muscle cell.

could be that tumor-derived PDGF-BB disassociates mural
cells from the tumor vessels, which become more
accessible and sensitive to FGF-2 stimulation. However, if
this is one of the mechanisms, PDGF-BB and VEGF would
also produce a synergistic effect on angiogenesis.
Obviously, a combination of PDGF-BB and VEGF lacks a
synergistic activity (69). Thus, the angiogenic synergism
between FGF-2 and PDGF-BB involves specifically
reciprocal interplay between their receptor signaling
systems in endothelial cells and vascular smooth muscle
cells.

4.3.2. Angiogenic synergism between fibroblast growth
factor-2 and vascular endothelial growth factor
Indraccolo and colleagues suggested that short-
term treatment with antiogenic factors FGF-2 or VEGF,
either given as recombinant factors or delivered by
retroviral vectors, accelerated tumor growth (70). Wei and
colleagues showed that FGF-2 and/or VEGF induced
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angiogenesis can be mediated by a proto-oncoprotein c-
Abl, a family member of nonreceptor tyrosine kinases (69).
Once endothelial cells are stimulated with FGF-2, the
cooperation of membrane-anchored receptors between
integrin a,B; and FGFR leads to the “out-side in” signaling
activation. Then c-Abl disassociates from Src (a family of
proto-oncogenic tyrosine kinase) that is connected to
integrin a,B; and increases in association with activated
focal adhesion kinase (FAK), resulting in downstream
mitogen-activated protein kinase (MAPK) activation. In
addition, c-Abl may directly regulate reorganization of
cytoskeleton actin to facilitate cell motility. VEGF engages
similar but c-Abl-independent angiogenic machinery in
which Src acts as an upstream effector of focal adhesion
kinase (69). (Figure 6)

4.3.3. Clinical anti- angiogenesis target
Since angiogenesis plays a key role in tumor
growth and metastasis, the identification of anti-angiogenic
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Figure 6. A hypothetical model for the signaling pathways induced by fibroblast growth factor 2 (FGF2) and vascular endothelial
growth factor (VEGF). When endothelial cells are stimulated with FGF2, the cooperation of membrane-anchored receptors
between integrin a,B; and FGFR leads to the “out-side in” signaling activation. C-Abl disassociates from Src that is connected to
integrin B; and increases the association with activated FAK. VEGF involves similar, but c-Abl-independent angiogenic
machinery in which Src acts as an upstream effector of FAK. FAK, focal adhesion kinase; MAPK, mitogen-activated protein

kinase.

drugs and of angiogenesis-related targets may
have significant implications for the development of anti-
neoplastic therapies. The teleost zebrafish represent a
promising alternative model in cancer research (71). Using
this model, Nicoli and colleague developed a zebrafish yolk
membrane (ZFYM) angiogenesis assay based on the
injection of human recombinant FGF2 in the perivitelline
space in the proximity of developing subintestinal vein
vessels. Injected rFGF2 induced a rapid and potent
angiogenic response reflected in the ectopic growth of
newly formed blood vessels. FGF2 antagonist long-
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pentraxin 3 inhibits the angiogenic activity of tfFGF2 when
added to fish water or when co-injected with the growth
factor, respectively (65). The fibroblast growth factor
receptor 3 inhibitor is a novel anti-myeloma agent, which is
deregulated as a result of the t (4;14) chromosomal
translocation that occurs in approximately 15% of multiple
myeloma patients. A highly specific anti-FGF-R3-
neutralizing antibody PRO-001, for example, can induce
apoptosis in primary t(4;14) multiple myeloma samples
(72).
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Figure 7. Model for dual time-dependent effects of PDGF-BB. PDGF-BB exerts dual time-dependent effects on stromal
fibroblasts that provide a possible explanation for the benign tumor phenotype. In the early phase (left), PDGF-BB secreted by
the epithelium activates PDGFR-positive fibroblasts, leading to the up-regulation of VEGF-A and Hepatocyte growth factor
(HGF), which is a potent stimulatory factor for epithelial cells and promotes epithelial proliferation. VEGF-A in turn activates the
dermal endothelial cells devoid of PDGFR, up-regulates their VEGFR expression, and induces angiogenesis, possibly also
supported by the action of HGF. During late phase (right), prolonged exposure to PDGF-BB down-regulates VEGF secretion by
dermal fibroblasts, an effect that could be mediated by endostatin (an angiogenesis inhibitor) up-regulation, induces their
differentiation into myofibroblasts. Blood vessel maturation is accompanied by VEGFR down-regulation. At the same time, the
strong and ongoing increase in HGF secretion continues to stimulate the proliferation of the epithelial cells.

5. PLATELET-DERIVED GROWTH FACTOR AND It is widely accepted that tumor cells strongly
RECEPTOR IN TUMOR MICROENVIRONMENT depend on a reactive stroma, with activated stromal cells
playing an important role in tumor growth, invasion, and
5.1. Platelet-derived growth factor and platelet-derived metastasis (75). Carcinoma-associated or phenotypically
growth factor receptor altered stromal cells have been demonstrated to promote
Platelet-derived growth factor (PDGF) is a potent tumorigenic conversion of preneoplastic cells. In contrast,
mitogen and chemoattractant for mesenchymal cells, such normal stromal cells were shown to inhibit the growth of
as fibroblasts, and plays a critical role in wound healing carcinoma cells (76). Although growth factors are known to
and tumor development. The PDGF family consists of four tightly control this complex interplay, the molecular
members, all of which act as a homo or hetero dimmer mechanisms underlying these regulatory interactions
PDGF-AA, PDGF-AB, PDGF-BB, PDGF-CC, and PDGF- between the stromal and tumor compartment remains
DD, which exert their action via binding to two receptor poorly understood. PDGF stimulates tumor growth and
tyrosine kinases, PDGF a-receptors (PDGFR-a) and B- progression by affecting tumor and stromal cells (73). With
receptors (PDGFR-B) (73). The PDGFR-a binds all the immortalized human skin keratinocyte cell line HaCat,
isoforms except PDGF-DD, whereas the PDGFR-B only Lederle and colleague identified fibroblasts as PDGF target
binds PDGF-BB and PDGF-DD with high affinity (74). cells that are essential for mediating transient angiogenesis
PDGFR-a plays an important role during early embryonic and persistent epithelial hyperproliferation based on the
development and organogenesis. PDGFR-B is widely fact that in HaCaT/PDGF-B transplants in vivo, the initially
expressed by mesenchymal cells and is found up-regulated enhanced VEGF protein expression by stromal fibroblasts
in the granulation tissue during wound healing and chronic was subsequently reduced coinciding with enhanced
inflammation. pericyte recruitment (77). (Figure 7)
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5.2. Role of Platelet-derived growth factor in pancreatic
tumor stroma

The predominant mesenchymal cells within the
pancreatic cancer stroma is believed to be the stellate cell
(78), which is also found in the liver. Most investigators
agree that stellate cells are similar to myofibroblasts found
in other tumor stroma including breast and prostate cancer
(79). The stellate cells play an important role in the
microenvironment by mediating fibrosis, facilitating
growth and invasion of pancreatic cancer cells (80).
Conditioned media from pancreatic cancer cell lines
stimulate pancreatic stellate cell activation; this effect is
abrogated when PDGF activity is blocked by the use of
neutralizing antibodies (81). In other studies, PDGF has
been shown to increase pancreatic stellate cell activation
and production of ECM proteins (77). Thus, PDGF is likely
an important mediator of pancreatic tumor-stromal cell
interaction.

Marya and colleagues have suggested that
overexpression of PDGF-BB in colorectal cancer and
pancreatic cancer cells can result in an increased pericyte
coverage of endothelial cells in vivo, rendering the tumor
vasculature more resistant to antiangiogenic therapy (82).
Pericytes regulate vascular function, including vessel
diameter (and thus blood flow) and vascular permeability
as well as provide mechanical support and stability to the
vessel wall and maintain endothelial cell survival through
direct cell-cell contact and paracrine circuits (66, 83).
When they stably transfected the cDNA for the PDGF-B
into HT-29 human colorectal cancer and FG human
pancreatic cancer cells and injected them into mice, an
increase in pericyte coverage of endothelial cells in the
PDGF-BB-overexpressing tumors together with an
inhibition of tumor growth were observed (82). Therefore,
increasing the pericyte content of the tumor
microenvironment inhibits the growth of angiogenesis-
dependent tumors under the regulation of PDGF signaling.

5.3. Role of Platelet-derived growth factor in cervical
carcinoma

The stromal compartment is prominent in
cervical carcinoma, and recent studies have identified
numerous changes in the gene expression pattern of stromal
cells in malignant cervical tissue compared to
nonmalignant tissue (84, 85). By using a genetically
engineered mouse model of cervical carcinogenesis, Pietras
and colleagues investigated on PDGFR signaling in cancer-
associated fibroblasts and pericytes (86). They found that a
pharmacological blockade of PDGF receptor signaling with
the clinically approved kinase inhibitor imatinib slowed
progression of premalignant lesions. Their subsequent

studies indicated that PDGF ligands expressed by
cancerous epithelia evidently stimulated PDGFR-
expressing stroma to up-regulate FGFs, promoting

angiogenesis and epithelial proliferation (86).

5.4. Platelet-derived growth factor in tumor cell induced
‘stromal resistance’

It is widely accept that stromal cells, particularly
fibroblasts, support invasive cancer cells of the surrounding
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tissue for access to the vascular system via paracrine
mechanisms (87). Werth and colleagues have provided a
novel theory about tumor cells induced ‘stromal resistance’
(protect the microenvironment from oxidative damage) by
PDGF regulated pathway (88). They added the supernatant
of cultured skin-derived tumor cells to fibroblasts and
found the fibroblasts were protected from hydrogen
peroxide-mediated cell toxicity. The platelet-derived
growth factor secreted from the cancer cells was identified
as a trigger of this protection in fibroblasts via the
phosphoinositide 3-kinase pathway.

6. PERSPECTIVE

An important venue of communication and
interaction between epithelia and the microenvironment is
through polypeptide growth factors and cell-surface
receptors for these growth factors. This venue of
communication is an important mechanism in regulating
the proliferation and differentiation of epithelial cells and in
maintaining the integrity of epithelia. It is well accepted
that disruption of growth and differentiation control
mechanisms underlies malignant transformation and
progression. In this article, we discussed three major
classes of growth stimulatory factors and emphasized on
how deregulated expression or function of these
ligand/receptor systems can drive malignant transformation.
An understanding of growth and differentiation control
mechanisms  has  significant  bearing on  the
chemoprevention and therapeutic intervention of malignant
diseases. Agents that can restore normal growth control to
malignant cells and restore cell-cell and cell-matrix
communication have chemopreventive potential. The
retinoids and the relatively new compounds such as the
rexinoids and resveratrol exemplify these. Recently, the
IGF-1 axis has emerged as a chemopreventive target. The
rationale being most cancer cells utilize this axis to sustain
proliferation and because IGF-1 is not of physiologic
significance in an adult, the development of strategies to
down modulate the production of IGF-1 could prevent
or delay the carcinogenesis process. In the therapeutic
arena, the use of small molecules to block a specific
growth factor pathway has led to improvement in
therapeutic outcome. This is exemplified by the use of
Gefitinib and Erlotinib to disrupt the function of EGF
receptor tyrosine kinases in the treatment of non-small
cell lung carcinoma. Her2/Neu (a member of the EGF
receptor family), is now routinely used in the clinic as a
prognostic indicator and therapeutic target in breast
cancer patients. Thus, continued advancement and
development in this research topic may lead to the the
development new chemopreventive, prognostic or
therapeutic targets in malignant diseases.
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