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Abstract

EGF and PDGF, reminiscent of the early hopes of solution for problem wounds have attained a niche by healing
diabetic ulcers. Although they belong to unrelated families, multiple biological features are shared. Mounting evidences
reviewed here; document however, divergent and opposing roles for EGF and PDGF in both tissue repair and
tumorigenesis. Wounds: As EGF receptor is not expressed by inflammatory cells, its ligand does not quantitatively or
qualitatively modifies the course of inflammation. In contrast, PDGFB recruits and perpetuates inflammation. These
infiltrated inflammatory cells turns and additional local source of growth factors. EGF enhances matrix synthesis
via gene expression, while PDGF increases wound fibroblasts and myofibroblasts population density and exhibits
far more chemotactic and angiogenic effect. Epithelialization is distinctly stimulated by EGF. Oncogenesis: EGF is
not an oncogene-derived product and does not render perpetual or irreversible transformation in vitro or in vivo. Its
promoting effect is not uniformly reproduced and seems to depend upon the animals genetic background, targeted
tissue biology, and/or the chemical carcinogen-induced mutations. A variety EGF receptor mutated forms may confer
cell’'s self-sufficiency for no need of exogenous growth factors supply. PDGFB is an oncogen product, establishes
growth-perpetuating autocrine loops and confers self-sufficiency to glial tumorigenesis. Its role as a co-carcinogen as
in tumor stroma and neoangiogenesis appears far more defined. Understanding the cellular and molecular imprinting

of EGF and PDGF would allow for the judicious medical balance in terms of risk-benefit for the patient.
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Introduction

Growth factors and their receptors are members of the six broad
groups of oncogene products that under finely tuned conditions
play crucial biological roles in cell differentiation, organogenesis,
development, tissues repair and apoptosis [1]. These molecules have
been conserved along the evolution and appear to be irreplaceable for
the multiplicity and survival of metazoan organisms [2].

It is likely that Stanley Cohens (Stanley Cohen-personal
communication) was the first to exogenously administer a growth factor
in pharmacological concentrations to an animal model, thus evoking
an expected clinical response (corneal burns healing in rabbits). Since
then, several growth factors have been scrutinized as candidates within
the tissue repair scenario. With peaks and troughs EGF and PDGF
opened up the first pharmacological attempts to improve the healing
process and have evolved to stand as major players within the clinical
armamentarium of hard-to-heal lower limb wounds [3-10].

Although these growth factors belong to different families and
drive particular biological roles over specific cell populations, some
targets overlapping do exist. In contrast to their salutary effect in wound
healing; EGE, PDGF as well as as their receptors are implicated in
experimental and human malignant diseases. Wounds and developing
tumors are biologically similar niches of dynamic interaction between
a variety of cell types sharing many histological features [11]. For
tissue repair and tumorigenesis, cell proliferation, migration, survival,
and angiogenesis are instrumental events whereas all these processed
appeared governed by a plethora of growth factors [12].

Given that ground-breaking evidences have accumulated
and document biologically divergent roles for EGF and PDGF in

tumorigenesis, and inspired by the potential usefulness of the dissection
of each of these ligands participation, in cancer and tissue repair; we
have embarked to review and clarify these issues for basic and clinical
researchers. This review could be potentially useful for practitioners
who care for chronic wounds and prescribe growth factors-based
interventions.

The information analyzed for this work was retrieved from Pubmed
introducing a series of relevant key words: (“EGF / PDGFB signaling
pathways”, “EGF and PDGFB and wound healing or wound repair”,
“EGF and PDGFB and cell and transformation, “EGF and PDGFB
and transgenic mice and malignant or tumorigenesis” and “EGF
and PDGFB and malignant or tumors or cancer”). All the articles
reviewed were restricted to English language and grouped according to

publication dates from 1982 to 2010.
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Epidermal Growth Farctor (EGF)
The EGF system- The receptor and signaling pathways

EGF is not an oncogene-derived product thus; it is likely that for
most malignant contexts it may not be the major culprit. However, EGF
receptor (EGFR) and a sequence of a virus producing erythroblastosis
and fibrosarcomas (v-erbB) in birds were shown to be similar [13].
Subsequent studies unraveled that the activated EGFR and the
Rous sarcoma virus transforming factor SRC, were related proteins
that performed a newly discovered enzymatic function: tyrosine
phosphorylation, underscored so far. As described by Normanno
[14] EGFR expression has been found increased in a broad variety of
epithelial tumors (Table 1) and this typically correlated with a worse
prognosis. Approximately one-third of all human epithelial cancers
exploit deregulated signaling by the ERBB family for growth, survival
and other functions toward tumor perpetuation (for excellent review
see [1]); henceforth this family of receptors represented the paradigm
of aberrant signaling by a growth factor receptor in human neoplasia.

Four receptor genes encoding the EGF receptor family are
described: epidermal growth factor receptor (EGFR), v-erb-b2
erythroblastic leukemia viral oncogene homolog 2 (ERBB2), v-erb-b2
erythroblastic leukemia viral oncogene homolog 3 (ERBB3), and
v-erb-a erythroblastic leukemia viral oncogene homolog 4 (ERBB4),
this includes four variations of the full-length receptor. As mentioned,
these receptorsare endowed with protein tyrosine kinase (PTK) activity
and are privative of metazoans [15].

The cytoplasmic region of the EGFR comprises three distinct
domains: 1. the juxtamembrane domain (required for feedback by
protein kinase C) 2. the noncatalytic carboxy-terminal tail (possessing
six tyrosine transphosphorylation sites mandatory for recruitment of
adaptor/effectors proteins) 3. the central tyrosine kinase domain (SRC
homology domain) responsible for mediating transphosphorylation of
the six carboxyterminal tyrosine residues [16].

This signal transduction system shows a complex bow-tie pathway
architecture while showing several feedback loops that ensure cell
response control [17]. Receptors activation is promoted by eleven
ligands identified so far in mammals. These include EGF, transforming
growth factor-a (TGFA), heparin-binding EGF-like growth factor
(HBEGF), betacellulin, amphiregulin, epiregulin, epigen and the 4
isoforms of neuregulins [18]. In the absence of a ligand, monomeric
receptors reside within the cell membrane in an inactive state. When
the ligand is present, the receptor sites become occupied by monomeric
EGF and a two stable 1:1 EGF:EGFR complex persists. Sequential
receptor dimerisation and oligomerisation ensues. Such dimerisation
is accomplished through the interaction of one EGFR S1 domain with

Tissue / Organ Expression %
Lung 40-80

Breast 14-91
Stomach 33-74

Colon 25-77
Pancreas 30-50
Prostate 40-80

Kidney 50-90

Ovary 35-70

Head and neck 36-100

Table 1: Frequency of expression of the EGFR in human carcinomas. EGFR
belongs to the ERB family of tyrosine kinase receptors. As shown in table 1, a
variety of human malignant tumors over-express the EGFR which has been
correlated with poor prognosis.

that of a second ERBB2in a 2:2 complex. While the ligands may overlap
with respect to binding to receptors, they have their own specificities
and affinities for each of the respective receptors. This redundancy and
overlapping nature of ligand-receptor binding enhances robustness
in sensing the molecules in the environment, as dysfunction in one
of the receptors may be compensated for by other receptors that have
an affinity for the overlapping ligand molecule [17]. Subsequent to
transphosphorylation of the receptor dimer, second messenger proteins
possessing domains that recognize site-specific phosphorylation as SH2
structure and PTB domain interact with the receptors. The enzyme
phospholipase C gamma (PLCG) is a well-characterized second
messenger recruited. Upon phosphorylation of the EGFR, PLCG
interacts with the receptor and among other events, causes relocation
to the membrane where it makes contact with the substrate ultimately
generating second messengers as Ins(1,4,5)P3 and diacylglycerol [15].
The functional significance of PLCG activation relates to epithelial and
fibroblast cells migratory capability. Inhibition of the enzyme’s signaling
abrogates cell locomotion without disturbing proliferation.

Other physiologically significant signaling pathways related to
EGFR activation are mitogen-activated protein kinase (MAPK) and
phosphoinositide-3-kinase (PI3K)/ v-akt murine thymoma viral
oncogene homolog (AKT) (PI3K/AKT). These pathways promote two
major cell responses: proliferative and pro-survival or cytoprotection
(by inhibiting apoptotic signals). The mitogenic response mediated
by the RAS-RAF-MEK-MAPK pathway is associated to cyclin D1
increased levels which sequester the cyclin kinase inhibitor p27 and
release Cdk2 thus enhancing G1/S cell-cycle progression [19]. AKT
promotes cell survival by phosphorylating the B-cell CLL/lymphoma 2
(BCL2) family member BAD and other downstream cell death pathway
substrates as caspase-9 [20]. Other alternative signaling substrates
have been described elsewhere [21,22]. In addition to the traditional
cytoplasmic EGFR signaling pathways, evidence from several groups
indicates that EGFR family receptors can be shuttled from the cell
surface to the nucleus, where they transduce signals [23]. In general
terms the three main functional signaling pathways evoked by EGFR
agonistic stimulation in wound repair events (Figure 1), appear to
be relevant but amplified in tumorigenesis. Alternatively, EGFR can
be transactivated by a series of G protein—coupled receptor agonists,
phorbol esters, cytokines, chemokines, estrogen, and cell stress signals
[24]. EGFR transactivation has also been shown through other growth
factors receptors tyrosine kinases as the PDGFRB [25].

EGF in Tissue Repair

Today EGF has achieved a central niche as a pharmacological
resource to trigger and sustain the healing process of diabetic lower
limbs wounds. As a topical composition it has proved efficacy in
low-grade (neuropathic) Wagner’s grades I and II diabetic foot ulcers
[26,27]. Poor-prognosis, Wagner’s III-IV ulcers have been successfully
healed by the wound’s base and contours deep infiltration of an EGF-
based pharmaceutical composition [28,29]. As briefly mentioned
above, the first evidence for a role of EGF in tissue healing derived from
Dr. Stanley Cohen by using EGF eye-drops on rabbit’s corneal healing.
Later on, an EGF-like factor was detected in wound fluid collected
from rats which contained a chemotactic factor for endothelial cells,
whereas this effect appeared neutralized with anti-EGF antisera [30]. In
addition, substantial levels of EGF and TGFA were found in wound fluid
from skin graft donor site wounds in patients with burn injuries [31].
Different studies have identified marginal surface keratinocytes, wound
fibroblasts and hair follicle epithelial cells as the main cellular sources of
the EGF like growth factors involved in wound healing [32,33].

Nevertheless it seems that EGF is neither the most abundant
nor the most potent healer as compared to TGFA [34,35] or other
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cognate ligands as the HBEGE. As a matter of fact, EGF appears to be
functionally distinct from TGFA and other EGFR ligands [36]. This
supports the notion that signaling effectors and thus cells responses
are specified by the receptor and the type of ligand itself. It certainly
may bring differences in terms of pharmacological efficacy and clinical
safety.

EGFR becomes rapidly over-expressed following tissue injury which
is followed by a progressive decline paralleling the re-epithelialization
process [33]. The receptor is detected in fibroblasts, endothelial cells
and keratinocytes which suggest the establishment of autocrine and
paracrine loops by the wound’s cells. It has been demonstrated that the
healing deficit observed in aged animals and humans may be related
to a sensitive loss of the EGFR expression in fibroblasts, which could
afterwards deter wound contraction [37]. EGF-mediated healing events
are summarized in Table 2 [33,38].

EGF in Tumorigenesis
In vitro and in vivo experiments- Conflicitng results

Three major factors justify the involvement of the EGF/EGFR
axis in malignant cells biology: (a) the proliferative and transforming
competence of theligands, (b) the receptor’s performance (amplification,
over-expression and activating mutations), and (c) the active cross-talk
of the receptor with other oncogene-derived products.

Transfection experiments indicated that constitutive expression
of preproEGF is sufficient to establish autocrine growth and focal
transformation of NIH3T3 expressing low levels of EGFR [39].

Afterwards, when the same mammalian host was transfected with
multicopies of the native EGFR gene, traits of in vitro transformed
phenotype were detected only upon adding EGE. EGFR overexpression
appeared to amplify normal EGF signal transduction [40]. By 1990
Schlessinger and Ullrich announced for the first time a mechanism
for disrupting the cellular control and proto-oncogene activation, by
identifying ligand-independent mitogenic and transforming activities
derived from a mutated EGFR [41]. This new finding paved the way
for the subsequent demonstration that highly tumorigenic epithelial
cell lines are distinguished by their EGF independence for proliferation
[42]. The EGF-ligand independence concept became clinically
meaningful by the recently discovered mutations variants of the EGFR
in human cancers, which exhibit oncogenic potential as to transform
vertebrate cells in the absence of exogenous growth factor supply [43].
The EGFR VIII variant is for instance a frequently detected mutation
in glioblastomas. This contains a deletion in the EGFR extracellular
domain that causes constitutive EGFR dimerization, phosphorylation
and coupling with downstream effectors [44]. In addition to the fact
that mutations in the tyrosine kinase domain of the EGFR results in
ligand-independent gene activation, an increased ligand affinity by up
to 30 fold has also been described [45]. David Riese’s laboratory recently
demonstrated that artificially mutated forms of the EGFR can display
increased affinity for a ligand that normally displays minimal affinity,
thus inducing an unusual downstream signaling that deregulates
cellular control. Therefore mutations in the EGFR extracellular domain
may expand the repertoire of EGFR agonists and permit ligand-induced
signaling in tissues that normally do not exhibit such signaling [46].
Consequently, EGFR (ERBBI1) and its cognate ERBB2 have turned a

| EGF binding to EGFR |

!

‘ EGFR tyrosine kinase activation ‘ — ‘ EGFR accessory proteins recruitment

\

J

‘ Critical pathways activation ‘

! !

!

PI3K | Ras,Raf-l, MEKL | | PLCG |
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N

1 ]

‘ Cell division ‘
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Figure 1: Main EGFR signaling pathways in wound healing and cancer. EGFR occupation by EGF or other cognate agonistic ligand triggers a conformational
change within the receptor’s topography leading to carboxy-terminal tyrosines phosphorylation and accessory proteins recruitment. Three major signaling pathways
have been described upon EGFR occupation. PI3K, phosphatidil inositol 3-kinase, involved in cyto-protection and cell tolerance to hypoxia. PI3K phosphorylates
downstream substrates as Akt or PKB on serine 473. Consequently Akt inhibits apoptosis via BAD and BAX inactivation. This pathway assists in cell survival and
appears to be involved in wound bed and tumor cells survival when angiogenesis is not accomplished, thus contributing to tumor metastasis. Cell proliferation
involves the RAS-RAF-MAPK pathway, where phosphorylated EGFR recruits accessory proteins which activate the oncogene derived proteins RAS, subsequently
RAF, and the Mitogen-Activated Protein Kinase (MAPK) pathway leading to cell cycle inhibitors blockade, cyclins synthesis and cell proliferation. This pathway may
participate in wound bed re-population as in tumor invasion and metastasis. Phospholipase C-gamma (PLCG) activation via phosphorylation, renders the hydrolysis
of phosphatidylinositol 4,5 biphosphate (PIP2) into inositol 1,4,5-triphosphate (IP3) and diacylglycerol (DAG), resulting in activation of protein kinase C (PKC). This
pathway is involved in cell migration cooperating with focal adhesion kinase complex (FAK). Besides PKC activation is also responsible for controlling receptor down-
regulation and protein kinase activity by phosphorylating the yuxtamembrane residue of threonine 654. This results in a temporary inhibition of the tyrosine kinase

activity.
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Biological event
9 Effectors cells

Brief description

Chemotaxis Fibroblasts

Local fibroblasts remain dormant in intact skin. Upon injury and growth factors
receptors activation, the cells are committed to migrate and anchor with the
provisional fibrinoid matrix.

Cell proliferation

Fibroblasts, endothelial cells, keratinocytes

Except inflammatory cells, fibroblasts, myofibroblasts and keratinocytes
which express the EGFR are committed to divide. This contributes to wound
fibroplasias, neovascularization and re-epithelialization.

Matrix elaboration Fibroblasts and myo fibroblasts

EGF stimulates collagen and fibronectin gene expression in activated
fibroblasts. Myofibroblasts are also committed in matrix protein secretion and
accumulation. This contributed to granulation tissue growth.

Angiogenesis Endothelial cells

EGF stimulates angiogenesis via EGFR stimulation and through trans activation
of other growth factors.

Contraction Myofibroblasts

EGF enhances the transdifferentiation of fibroblasts to myofibroblasts. Smooth
muscle actin type alpha fibers are extracellularly deposited which precipitates
wound contraction.

Epithelial resurfacing Keratinocytes

EGF stimulates wound re-epithelialization by stimulating migration of the
leading edge cells. Backward located cells proliferate and push forward the
advancing cells

Table 2: Events included in cutaneous tissue repair cascade stimulated by EGF.

preferential target for most epithelial cancers therapeutic approaches
[47], which have also justified large-scale screening for EGFR mutations
in patients candidates for tyrosine kinase inhibitors [45].

EGF exhibits tumor-promotion activity as has been shown in both
in vitro and in vivo experimental models of co-carcinogenesis. However,
EGF mediated-promotion has not shown reproducibility through
most diverse experimental settings as discussed below. EGF promotes
chemical and viral-initiated tumorigenesis [3]. Nevertheless, in non-
transformed cells, endogenous mechanisms prevent non-programmed
mitogenic waves. Among them the dominant negative regulatory effect
of protein kinase C (PKC) via Thr-654 phosphorylation and the well-
known receptors’ down-regulation as an attenuation mechanism were
early described [48].

EGF has paradoxically shown to inhibit the growth of several
cancer cell lines of epithelial origin according to classic studies [3]. In
line with the above findings, it was recently shown that EGF failed to
enhance in vitro proliferation of three human gastric adenocarinoma
lines, as had no effect on tumour growth when these cells were
implanted in nude mice. Surprisingly, for both the in vitro and in vivo
approaches, the experimental protocols and the EGF doses have been
largely used and known to facilitate proliferation and tumorigenesis
[49]. In a series of in vivo co-carcinogenesis experiments, EGF has
often failed to promote colonic and salivary gland carcinogenesis in
mice while in others (gastric, pancreatic and bronchial carcinogenesis),
its promoter action appeared somewhat clear [3]. As a corollary for this
plethora of controversial data, it was recently shown that progression
from metaplasia to invasive gastroesophageal carcinoma in patients,
formerly associated with autonomous activation of EGFR and/or AKT,
is in fact associated to suppression of the EGFR-AKT axis [50].

Another controversial result added to the list involves the
Adenomatosis poliposi coli / Multiple intestinal neoplasia (ApcMin)
murine model. These animals spontaneously develop benign adenomas
in the small intestine and colon tumors; thus representing an idiopathic
and non-manipulated colorectal cancer model. Although Apc mutation
is among the earliest alterations leading to colorectal cancer, and that
EGFR activity is up-regulated in Min mice enterocytes [51]; systemically
administered EGF did not stimulate the onset of more polyps nor
their transformation toward a malignant phenotype [52]. It does not
disqualify however the biological significance of the EGFR system in
the biology of the transition from intestinal dysplasia and neoplasia.

Studies in which different animal species have been subjected to EGF

long-term systemic administration at phramacological concentrations
concluded that EGF induces epithelial hyperplasia which appeared to
depend on the dose and length of exposure. The pattern of epithelial
growth appeared controlled, differentiated and remarkably reversible
upon treatment withdrawal. No histological evidences of pre-neoplastic
changes were detected. Although with intrinsic limitations, these
models have confirmed that EGF is not sufficient to transform cells
in vivo and that constitutive autocrine/paracrine loops may be more
meaningful than exogenous growth factor surges. Aside from this,
recent studies indicate that most human cancers express a variety of
members of the EGF-receptor family ligands others than EGF which
may play particular roles in tumorigenesis and tumor progression. This
sustains the need for broadening the studies’ scope across the whole
family of EGF receptors [53].

EGF transgenic animals: Among the different transgenic animals
generated that display innate EGF overexposure, cancer debut has
been noted as exceptional [3]. Tonjes and co-workers demonstrated
that hepatocarcinogenesis appears in transgenic mice that express a
genetic construction which codifies for EGF in the liver. This was the
first and unique in vivo demonstration of the transforming potential of
EGEF so far. In 1999, another transgenic mouse for EGF was reported
overexpressing the growth factor in the small intestine of rats. The
effects of the transgene translated into a local salutary effect: trophic
and pro-adaptogenic for the insulted mucosa, supporting the existence
of a direct autocrine/paracrine effect of EGF on the enterocytes. In that
year another line of mice was generated harbouring human EGF and
keratinocyte growth factor (KGF) constructs under the control of the
human insulin promoter. Expression of either EGF or KGF resulted in
significant morphological changes including cellular proliferation and
disorganized islet growth. Surprisingly, the intercrossing included even
extensive intra-islet fibrosis but not premalignant or malignant changes
[54]. Another EGF transgenic mice line rendered surprising results. In
addition to be free of developing malignant lesions, the mice exhibited a
remarkable delay in their somatic growth as a major phenotypic change
(proportionate dwarfism). None of the well known neoplastic changes
reported in mice overexpressing TGFA were detected in spite of the
local over-expression of EGF in sensitive organs [3]. Although a large
volume of data have shown the effects of EGF on the proliferation of
Sertoli and Leydig cells; male transgenic mice overexpressing human
EGF under the control of B-actin promoter exhibited spermatogenesis
failure instead of testicular tumours [55].

The fact that most human cancers express ligands other than EGE,
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unleashed the generation of transgenic mice for TGFA, amphiregulin
and other family ligands. The lessons derived from these engineered
subjects reinforced that privative features and biological differences
exist among members of the EGFR ligands [53]. TGFA organs targeted
overexpression have shown to cause pancreas ductal cancer which
appears dramatically accelerated following crossbreeding with p53
knockout mice [56,57]. Similarly, mammary [58] and hepatocellular
[59-61] carcinomas have been ascribed to TGFA with enhanced
aggressiveness upon synergizing with other oncogene transgenic lines.
Transgenic mice harboring amphiregulin epidermal overexpression
exhibit among other changes epidermal hyperplasia and aberrant
differentiation [62].

Although the transforming role of EGFR in human tumour
biology has been described, genetically manipulated models have
rendered more conservative data. Overexpression of the receptor in
mouse urothelium limitedly leads to local hyperplasia indicating that
the receptor overexpression alone appeared insufficient for malignant
transformation [63]. Similarly, a mutated version of the EGFR
introduced into the glioma-prone RasB8 (V12Ha-Ras overexpression)
mouse strain showed that glial expression of EGFRVIII by itself does not
initiate gliomagenesis [64].

Based on data from transgenic animals, several conclusions can be
drawn: (I) EGF overexpression may be necessary but not sufficient to
induce carcinogenesis (II) As the exploited EGF constructs have been
ubiquitous and organ-targeted coinciding with the EGFR expression; it
is reasonable to suggest that the loop’s signal is tightly controlled and thus
not sufficient to transform cells. (IIT) Wild type EGFR overexpression
appears not to be sufficient for malignant transformation. (IV) Given
the reproducibility of the malignancy findings on TGFA mice lines, it
is tenable to suggest that TGFA is endowed with larger transforming
potential than EGF (V). The interaction among cooperative forces to
transform cells and endorse tumours with further malignant behaviour
is a mandatory attribute for transformation.

Ligands other than EGF Transform Cells

Cultured cell models have illustrated that different EGF family
ligands that bind EGFR promote divergent biological outcomes due
to differences in ligand intrinsic activity. EGFR is able to sense who
the binding ligand is, which contributes to select its cognate receptor
phosphorylation partner. These observations highlight the importance
of understanding the biological peculiarities of other EGFR ligands
included in the EGF family [16,65].

Recent findings indicate that the expression of some EGF family
members, most notably TGFA, AR, and HB-EGE, are associated with
poorer patient prognosis or resistance to chemotherapeutics. For the
latter (HB-EGF), its overexpression is associated to apoptotic resistance
to chemotherapy. Contrary to an ideal pharmacology, a variety of
chemotherapy treatments provoke HB-EGF expression, processing and
extradomain shedding which leads to epidermal growth factor receptor
phosphorylation and a downstream signaling that clearly amplifies
tumor cells cytoprotective reserves [66].

EGF expression in breast tumor samples is associated with a more
favorable prognosis, whereas TGFA expression is associated with more
aggressive tumors [67]. Likewise, microarray analyses reveal that
early hyperplastic precursors of breast cancer display increased AR
transcription and decreased EGF transcription relative to normal breast
tissue [68]. In non-small-cell lung carcinoma (NSCLC) patients, TGFA
and AR serum concentrations correlate with tumor aggressiveness,
but the serum concentration of EGF does not. In fact, the serum

concentration of EGF is significantly higher in healthy individuals than
in NSCLC patients [69]. Moreover, NSCLC tumors that are refractory
to the EGFR tyrosine kinase inhibitor gefitinib display increased TGFA
and AR transcription than do tumors that are sensitive to gefitinib [70].
In animals TGFA overexpression and the consequent autocrine loop
presides papillomas malignant transformation [71]. These data extend
to human pathology so that excessive TGFA loop appears to prevail
in transformed squamous epithelium and premalignant dysplasias.
Furthermore, increased levels of TGFA are detected in normal mucosa
from cancer patients compared with levels in normal mucosa from
healthy individuals suggesting that activation of TGFA/EGFR autocrine
growth is an early event in head and neck tumorigenesis [72].

As mentioned, distinct physical and biochemical properties of the
ERBB receptor in interaction with each ligand may underlie particular
cells’ behavior. Ligands such as EGE, whose receptor interaction is
relatively pH resistant, target the receptor to lysosomes, whereas TGFA
and neuregulin-1 readily dissociate from their respective receptors
at endosomal pH, resulting in receptor recycling. Thus, receptor
rerouting plays a major role in signal potentiation. These ligand-specific
characteristics provide an extra level of control [18].

Taken together these data suggest that TGFA and AR stimulate
EGEFR coupling, leading to the onset of tumor aggressive phenotype
while EGF fails to do so; and may in fact antagonize the stimulation
of pathogenic signaling by TGFA and AR [53]. These clinical findings
appear to be anticipated by the observations derived from the transgenic
models in which TGFA for instance, exhibited a potent transforming
action in a variety of epithelial organs which resembled their human
counterparts.

Platelet-derived growth factor (PDGF)

PDGF family members and expression pattern: Platelet-derived
growth factor (PDGF) was identified in 1974 by Dr. Russell Ross, an
experimental pathologist who first proposed and demonstrated the
‘response-to-injury’ hypothesis. His major and everlasting scientific
contribution, PDGF discovery, is indeed closely tied to tissue repair in
essence. PDGF is a family of growth factors of paramount biological
relevance, since it is expressed at early developmental stages ranging
from sea urchins to humans. PDGF acts as a temporo-spatial organizer
that through autocrine and paracrine loops contributes to tissue
differentiation.

PDGF was originally identified as a disulfide-linked dimer of
two different polypeptide chains, A and B which can arrange to
organize three proteins: PDGFAA, PDGFAB, and PDGFBB, encoded
by the genes PDGFA and PDGFB [73]. More recently, genomic and
biochemical efforts identified two additional PDGF genes and proteins:
PDGFC and PDGFD [74]. The B-chain (PDGFB) was characterized
by amino acid sequencing, revealing a close homology between
PDGFB and the product of the retroviral oncogene v-sis of simian
sarcoma virus (SSV) By contrast, early in the 80’ Doolittle and others
showed that the transforming gene of the simian sarcoma virus (v-sis
retrovirus) is PDGF [75]. It stud as an example of an oncogene-derived
growth factor. Subsequent studies confirmed that the human cellular
counterpart (c-sis) was identical to PDGFB and that autocrine PDGF
activity was sufficient for transformation [74]. In higher vertebrates
there are two PDGF receptors (PDGFR), PDGFR-alpha (PDGFRA) and
PDGFR-beta (PDGFRB) that form both homo and heterodimers. All
PDGEF ligands except PDGFD induce PDGFRA dimerization, whereas
PDGFB and PDGFD activate PDGFRB dimers. In addition, all ligands
except PDGFA activate both receptor types in cells coexpressing the a
and P receptors [76].
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The expression pattern of the individual PDGF ligands and
receptors is complex and seems to exhibit some sort of tissue specificity
which may render a physiological control tool. PDGFA and PDGFC are
expressed in epithelial cells, muscle, and neuronal progenitors. PDGFB
is mainly expressed by vascular endothelial cells, megakaryocytes,
and neurons. PDGFD expression has been observed in fibroblasts and
smooth muscle cells. PDGFA is expressed in mesenchymal progenitor
cells in lung, skin, and intestine and in oligodendrocyte progenitors.
PDGEFRB is expressed in mesenchyme, particularly in vascular smooth
muscle cells and pericytes

Mice deficient for PDGFB die perinatally and display renal, cardiac,
vascular, and hematological abnormalities [77]. The data collected
from site-directed mutagenesis, as those from gain-of-function and
especially from loss-of-function transgenic models substantially justify
its evolutionary conservation.

PDGFB and its receptor are members of the repair mechanisms
that become activated upon tissue injury. As a matter of fact, PDGFB
is expressed by a constellation of cells including: epithelial, placental,
testicular, vascular, neuronal, skeletal, inflammatory and retinal. It is
released in large amounts from degranulating platelets remaining in
the wound fluid early after injury [33]. This growth factor assists in the
healing of soft and hard tissues as human bone fractures [78].

PDGEFB protects, prevents and rescues cells from death while it
exhibits a particularly strong neurotrophic and neuroprotective effect
[78]. The fact that PDGFB signals are transduced by the serine/threonine
kinase AKT pathway (among others) supports its cytoprotective effect
[79].

PDGEFB is an angiogenic growth factor and has shown to recruit
the pericytes required to support the structural integrity of the vessels.
Its effect is significant and peculiar, since it appears to act on the micro-
vasculature in an organ-specific manner. Its administration has shown
to induce functional anastomoses in vivo. PDGF also controls the
vascular tone and reduces platelet aggregation. Another role of PDGF
is to maintain the interstitial fluid pressure probably through its ability
to stimulate interactions between connective tissue cells and molecules
from the extracellular matrix [78].

PDGFB dark side is given by its unpaired implication in three
major groups of human pathological processes as oncogenesis, vascular
diseases, and fibrotic disorders. PDGFB system’s commitment in cancer
is broad including both the action of the ligand and the receptor so that
tumor growth, migration, neovascularization and stromagenesis are
enhanced. In addition, PDGF is expressed by both tumor and tumor
stromal cells participating in the process of cellular transdifferentiation.
Signaling through an autocrine PDGF/PDGFR loop is an early
oncogenic event in gliomagenesis and other tumors and the increased
expression of its receptor, correlates with the degree of malignancy [80].

In general, two types of cells appear to respond in a pathological
fashion to PDGF(s): smooth muscle cells and fibroblasts; promoting
vessel wall pathologies and fibrotic tissue scarring, respectively.
Another general remark is that PDGFRB appears to be the dominant
PDGEFR involved in vascular pathology, whereas growing evidence
instead suggests a pivotal role for the alpha isoform in various types of
mesenchymal cell/fibroblast-driven pathologies [81].

PDGF signaling pathways

PDGEF(s) biosynthesis and processing are controlled at multiple
levels and differ for the different PDGF(s) forms. The major part
of expressed PDGFB becomes trapped on the cell surface or in the

extracellular matrix, where it can be subsequently released. All these
events represent points-of-control for PDGFB local availability and
therefore biological activity [82].

Because PDGF isoforms are dimeric molecules, they bind two
receptors simultaneously and thus dimerize receptors upon binding.
PDGFB binds all three dimeric combinations of a- and P-receptors
while these receptor combinations transduce overlapping, but not
identical cellular signals [83]. Importantly, the level of PDGFR
expression on cells appears not to be constant. For instance, the
expression of PDGFRB on connective tissue cells in vivo is ordinarily
low but increases during inflammation suggesting that PDGF may play
a role in the stimulation of mesenchymal cell proliferation that often
accompanies chronic inflammatory processes [84].

Activation of a tyrosine kinase receptor is induced upon
ligand binding and thus receptor dimerization, which allows
autophosphorylation of tyrosine residues between the two receptors in
the dimmer [85]. PDGFR are not uniformly distributed. Ligand binding
induces internalization of the ligand-receptor complex into endosomes.
The complex then dissociates, and the receptor recycles or, alternatively,
the ligand-receptor complex is degraded in the lysosomes which
contribute to regulate many aspects within the cell signaling process
[86]. PDGFR undergoes lysosomal and cytoplasmic degradation after
ubiquitination. Experimental observations illustrates that the rate of
deactivation of receptors is an important parameter in the regulation of
the mitogenic response [87].

PDGFRB engages several well-characterized signaling pathways
as the Ras-MAPK, PI3K, and PLCG which are known to be targets
of the activated EGFR and that are deeply involved in diverse cellular
responses. As described for the EGFR, here again a number of adaptor
proteins play important roles connecting the PDGFR to signaling
pathways proteins. However a peculiar feature for PDGF signaling is
that the strength of signals is modulated by the simultaneous activation
of both stimulatory and inhibitory signals. Some mechanisms for
modulation of signaling via PDGFR have been established so that
the tyrosine phosphorylation is balanced by activation of tyrosine
phosphatases. This fact, obviously contribute to the finely tuned
regulation of PDGF activity [88].

One of the most described effects of PI3K signaling pathway is
the downstream phosphorylation of the AKT/PKB serine/threonine
kinase which triggers a potent antiapoptotic response [89,90]. PDGFR-
mediated PI3K pathway activation also promotes actin reorganization,
cell movements and growth stimulation [85].

PLCG is another phosphorylation target of PDGFR [76] which
leads to intracellular calcium mobilization and PKC activation. Full
activation of PLCG is dependent on PI3-kinase. Similar to EGFR
activation PDGF-mediated PLCG activation induces cell motility.
Other additional signaling molecules are engaged by PDGFR including
enzymes, adaptors, and transcription factors which are involved in
mitogenic responses, cell proliferation, differentiation, migration and
survival [91].

PDGFB in wound repair

PDGFB is of particular relevance due to its chemotactic, mitogenic,
angiogenic, and stimulatory effects leading to matrix formation and
wound bed granulation [92]. Globally speaking three lines of studies
support the role of PDGF in wound healing: (a) Expression of the
ligand and the receptor during the healing process; (b) evidences from
in vitro effects of PDGF on cells involved in wound healing; and (c)
studies on the effect of topical application of PDGF to healing wounds.
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PDGFB as other growth factors is secreted primarily from the
alpha granules of platelets, but also from activated macrophages and
fibroblasts. PDGF was the first growth factor shown to be chemotactic
for cells migrating into the healing wound, such as neutrophils and
monocytes/macrophages, in addition to fibroblasts [33]. The fact that
PDGF recruits inflammatory cells into the wound bed establishes
a significant distinction versus EGF as the later does not recruit
neutrophils, monocytes or macrophages nor is its receptor expressed
by these populations.

Experiments by Pierce and co-workers [93] demonstrated the
effect of PDGFB administration in terms of intense inflammatory cell
infiltration early after wounding, as the marked increase in granulation
tissue formation and increased fibrosis. These indicated that PDGFB
effect turns the wound matrix hyperpopulated. In subsequent studies
these data were confirmed, and PDGF proved to be a more potent
chemoattractant for wound macrophages and fibroblasts. Thus PDGFB
treated wounds regularly exhibit an increased numbers of fibroblasts
and granulation tissue [94].

One of the most relevant aspects of PDGF within the wound
bed is its ability to accelerate extracellular matrix deposition. As
in correspondence for its role in tumor biology, PDGF appeared
to transduce its signal through wound macrophages triggering the
induction of positive autocrine feedback loops and synthesis of
endogenous wound PDGF and other growth factors, thereby enhancing
the sequence of tissue repair events [95] (Figure2). This biological
particularity of PDGF does not seem to be described for EGF [74].

Dermal fibroblasts are one of the major target cells of PDGF in the
initiation and propagation of skin tissues repair. They secrete PDGFB
and express PDGFRB receptor. PDGFRB targeted deletion studies on
dermal fibroblasts have demonstrated its role in transducing wound
healing signals [96] accounting for an 85% reduction of granulation
tissue mass. Converging studies have demonstrated that PDGFB via the

PDGFRB exerts mitogenic and motogenic input on dermal fibroblasts
with a minor pro-contractile effect on fibroblasts-populated gels [97].

The functional significance of PDGFB signaling system during
the early phases of wound healing became substantiated when after
7 days of using the PDGFRB inhibitor imatinib mesylate, the healing
process was delayed with a significant reduction in the closure
rate. Inhibiting PDGFRB restricted the distribution of collagen-
synthesizing cells to wound margins and dramatically reduced cell
proliferation and migration. PDGFRB inhibition was accompanied by
abnormal microvascular morphogenesis reminiscent of that observed
in PDGFRB-/- mice as it appeared to be also impaired by pericyte
proliferation and migration inhibition [98]. Analyses of knock-out
mice for PDGFB and PDGFRB have shown that PDGF signaling via
PDGFRB is critically involved in recruitment of pericytes and vascular
smooth muscle cells (vSMCs) to blood vessels [76].

Within the wound bed PDGF(s) and PDGFR expression patterns
suggest a paracrine mechanism of action, since the ligands are
predominantly expressed in the epidermis, whereas the receptors are
mostly found in the dermis and the granulation tissue. As a matter of
fact PDGFA and PDGFB chains are constitutively expressed in normal
epidermis as are expressed by cultured keratinocytes [99]. Based on these
data of expression pattern in the healing wound and its known in vitro
activities; PDGF has been suggested to have two major but distinct roles
in wound repair: an early function to stimulate fibroblast proliferation
and a later function to induce the myofibroblast phenotype which
presumes contraction stimulation. This hypothesis was supported by the
finding that addition of neutralizing PDGF antibodies to human wound
fluid caused a 45% reduction in the mitogenic effect of the wound fluid
for cultured fibroblasts [33]. Nevertheless, this compartmentalization
system accounting for a paracrine-mediated activity may represent one
among the different control points of PDGF biological activity. Classic
studies demonstrated that PDGF expression levels correlate with the

Wound macrophage PDGF

Wound fibroblast

PDGF

TGF-beta

Fibroblast migration and
recruitment.

Fibroblasts proliferation.

Extracellular matrix proteins
synthesis and secretion.

Wound bed repopulation.

Neo-angiogenesis.

Figure 2: PDGF signal amplification through infiltrated macrophages. As described elsewhere for tumors, infiltrated macrophages plays an important role in
wound healing. PDGF is one of the few growth factors distinguished by the ability to recruit monocytes/macrophages to the wound bed. PDGF protein expression
is further amplified by macrophages while more cells are attracted and homed. Via this propagating cross-talk, PDGF stimulates a number of physiological activities
on fibroblasts, myofibroblasts, and endothelial cells, thus favoring granulation tissue growth and wound cellularization. PDGF enhances its own secretion by wound
fibroblasts as to synthesize other pro-fibrogenic growth factors which in the form of cocktail enhances wound bed granulation, contraction and vascularization.
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stage of wound repair process, being highest during the initial repair
stages and declining at the time of complete re-epithelialization and
tissue remodeling; reflecting the need for a fine balanced regulation
in PDGF activity [100]. PDGF mediates wound healing events
within a close and specific temporary. During the early stages at 4
days post-wounding, PDGF initiates the migration of keratinocytes
and fibroblasts to the epidermal edges promoting the formation of
granulation tissue including angiogenesis. However, these contributions
appeared counteracted in later stages of wound healing. The prolonged
inflammatory response and extensive cell proliferation prevented the
advancement of the migratory edges towards a physiological wound re-
epithelialization. The authors concluded that PDGF can accelerate some
stages of healing in certain types of wounds when administered during
specific periods; while its prolonged administration can undermine
the granulation tissue due to excessive chronic inflammation [101].
All these evidences have raised the hypothesis that cells choose to
proliferate or migrate depending on the sensed gradients of PDGF
in the environment. Low PDGF concentration response consists of
directional migration along the gradient. Upon sensing a precise PDGF
threshold cells switch from a migrating phenotype to a proliferating
one, leading, in the case of wound healing to efficient tissue repair. In
addition to accomplish a principal role in granulation tissue formation
and contraction, one of the most outspoken biological actions of
PDGFB is its involvement in angiogenesis. In 1994 Battegay and co-
workers discerned basic principles of PDGFB-mediated angiogenesis
using in vitro models. Cultured monolayer endothelial cells secrete
PDGFB but do not express the receptor. In contrast, once the cultured
cells form cords and tubes, they express the receptor and respond to the
ligand that they no longer produce. Thus ligand and receptor appeared
in an inversely correlated time-event window. The authors suggested
that PDGFB might amplify angiogenesis in a paracrine manner via
direct action on endothelial cells expressing the receptor [102]. The
PDGEF-promoted angiogenic activity within the wound bed may also
be regulated by a retention motif identified as heparan sulphate (HS)
proteoglycans. Physiologically, the motif seems to localize secreted
PDGFB to proteins or proteoglycans on the endothelial cell surface
or in the periendothelial matrix, thereby promoting its recognition by
neighboring receptor-carrying cells. Retention is required for proper
location of pericytes nearby microvessel wall [103]. In line with this,
other angiogenesis-committed cell populations are recruited and
stimulated by PDGF and other growth factors which cooperatively act
[104]. Defective mutant mice for either PDGFB or PDGFRB die in utero
from widespread hemorrhaging attributable to impaired recruitment of
mural pericytes and smooth muscle cells to nascent vessels [105].

Another salutary effect of the PDGFB and its receptor extends
to cytoprotection. Depletion of the PDGFRB protein significantly
attenuated among other functions, the protection from H,O,-induced
apoptosis in genetically manipulated dermal fibroblasts. The in vivo
translation of this finding may impact into wounds with unsatisfactory
oxygenated blood supply and in which pharmacological doses of
PDGFB are introduced [106].

Another line of evidences documenting the role of PDGF in
wound biology derives from studies with chronic wound fibroblasts,
aged mice and pathological conditions. Genetically diabetic C57BL/
KsJ-db/db mice wounds treated with recombinant PDGFB had many
more fibroblasts and capillaries in the wound bed than did wounds
of the vehicle alone [107]. Further experiments demonstrated that in
genetically diabetic db/db mice exhibiting wound healing impairment;
a significant reduction in PDGFA and its receptor expression is found
in either intact or wounded skin; whereas PDGFB receptor expression
is reduced during the repair process. Similarly, exposure to systemic

glucocorticoid treatment for the onset of a healing impairment
phenotype was accompanied by reduced expression of PDGFA and B
and of the B-type receptor in the early phase of wound healing. Thus,
PDGEF system expression appears essential for normal repair [108]. This
notion was further reinforced by the finding of Ashcroft and colleagues
who showed a delay in the expression of PDGFA and B isoforms and
their receptors in wounded aged mice. This observation was paralleled
by a similar finding for EGF and its receptor [109]. Reduced angiogenic
response in transplanted hearts in aged recipient mice appeared to be
related to reduced PDGF(s) expression [110].

It has been shown that the mitogenic response of chronic wounds-
derived fibroblasts to human recombinant PDGFB become reduced
with ulcer age irrespective to the amount of receptors expressed by the
fibroblasts. This observation could explain the non-healing state and
therapy resistance to topical PDGFB interventions in leg ulcers [111].
In line with the above observation, Pierce and co-workers showed
that the levels of PDGEF(s) in non-healing human dermal ulcers were
strongly reduced [112]. Taken together all these findings testify that
PDGEF system is critical for the onset and the progression of at least
the first stages of the healing machinery and that its deficit may be an
ethiopathogenic player for the wound chronification process. A chronic
injury may induce irreversible gene expression leading to pathologic,
unregulated cell growth as well as decreased growth factors and
receptors expression [108].

PDGF in tumorigenesis

Although PDGFB in its pharmaceutical formulation (Regranex)
was the first growth factor approved by the United States Food and
Drug Administration for the treatment of human ulcers; concern about
its indication has increased following the “Warning” (http://www.fda.
gov/ForConsumers/ConsumerUpdates/ucm048471.htm) addressing
the increased risk of cancer death in patients who use three or more
tubes of the product. This warning is unfortunately not enriched by
further scientific data at least for the public audience.

Although PDGFB does not disrupt the normal sequence of healing
events as TGFB does, its advantageous biological effect in wounds may
turn cloudy due to the amount of experimental evidences documenting
its transforming competence. Aberrant synthesis of PDGF and
concomitant autocrine growth stimulation may be an important step
in the neoplastic conversion of PDGFR-positive cells. Other studies
document the carcinogenic potential of PDGFB as a “self-sufficiency”
factor for malignant transformation establishing PDGF as a unique
autocrine transforming factor, particularly for central nervous system
cell populations.

More than 2 decades ago it was shown that both v-sis and its
cellular counterpart (c-sis), cause transformation by an autocrine
mechanism when expressed by PDGF-responsive cells [78]. Since then,
PDGF hyperactivity has been observed in multiple types of human
solid tumors. Chromosomal translocation involving PDGF genes has
been observed to cause deregulation of PDGF expression in certain
solid tumors and myeloproliferative diseases. The role of constitutive
PDGF in human malignant tumorigenesis is out of discussion although
still remains how to fix up the pieces of the multistep transformation
process under an excessive PDGF signaling [113].

During the early 80’s it was announced that the transforming protein
of the primate sarcoma virus and PDGF are derived from the same or
a closely related gene [75] given the extensive sequence similarity. It
was also indicated that the mechanism whereby v-sis transforms cells
could involve the constitutive expression of a protein with functions
similar or identical to those of a factor involved in normal cell growth.
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Soon after, a region of 104 contiguous amino acids was identified
as showing identity with the predicted sequence of the p28sis, the
putative transforming protein of the SSV [114]; thus suggesting a
SSV-mediated transformation mechanism in which expression of
growth factors appeared to be involved [115]. During those years the
first transformation by a human c-sis cDNA using NIH-3T3 cells was
shown, whereas it was subsequently shown that SSV-transformed cells
release a material that is functionally similar to PDGF and that is able
to induce PDGFR down-regulation by an autocrine and reversible
mechanism [116].

This line of evidences was enriched when it was found that the
SSV-transforming gene product is capable of specifically binding
PDGEFR, stimulating tyrosine phosphorylation, and inducing DNA
synthesis in quiescent fibroblasts. Moreover, viral infection of a variety
of cell types revealed a strict correlation between possessing PDGFR
and susceptibility to transformation by the simian sarcoma retrovirus
[117]. Further characterization of cells transformed by SSV revealed
PDGF-related proteins in subcellular organelles and in conditioned
media, consistent with an autocrine stimulation of cell growth [118]. It
is important to highlight, however, that autocrine PDGF stimulation in
vitro has the same effects as prolonged exogenous administration to the
same cells. Thus, it means that such cells are not provided with full nor
permanent repertoire of malignant behavior capabilities. In supporting
this assertion, stands the evidence that anti-PDGF antibodies inhibited
proliferation, and the SSV-induced morphological changes in human
diploid fibroblasts [119].

More convincing evidences on the sis gene transforming sufficiency
have, however, stemmed from in vivo models of carcinogenesis. For this
aim, different methodological approaches from retroviral transduction
systems to transgenic mice have been utilized. Despite differences in
technical refinement, all the studies have pursued to achieve local or
systemic PDGFB constructs over-expression. Since early observations
suggested the existence of a PDGF autocrine mechanism for the
development and maintenance of astrocytomas and other nervous
system-derived tumors; emphasis was addressed to this subject.

In 1989 mice harboring fibrosarcomas were generated by perinatally
injecting a retrovirus that expresses PDGFB and mimics the alternative
splicing pattern of the v-sis oncogene. The emerging tumors were
invasive, tumorigenic in athymic mice and morphologically similar
to spontaneous fibrosarcomas of the monkeys from which the SSV
was originally isolated. This was a robust demonstration that PDGFB
is capable of generating a sufficiently large cells population to allow
for selection of a fully neoplastic clone [120]. Similar findings were
obtained years later by injecting mice with a retrovirus coding for
the PDGF B-chain. Several mice developed brain tumors resembling
to glioblastoma multiforme or of a primitive neuroectodermal
tumor possibly derived from an immature glial progenitor. The study
suggested that an autocrine mechanism of transformation may be
an initial event in neuro-oncogenesis as described for human brain
tumors [121]. These evidences were afterward enriched when Dai and
co-workers demonstrated that PDGF autocrine stimulation reverts
astrocytes differentiation program. PDGFB overexpression caused
a significant increase in proliferation rate of cultured astrocytes and
neural progenitors, moreover, it converted cultured astrocytes into
cells with morphologic and gene expression characteristics of glial
precursors. In vivo, PDGF gene transfer to neural progenitors and
astrocytes originated the formation of oligodendrogliomas and of
either oligodendrogliomas or oligoastrocytomas, respectively. Loss of
Ink4a-Arf was also detected in those tumors with shortened latency
and enhanced malignancy. Importantly, this mutation is frequently

found in high-grade human gliomas. These data not only sustained the
PDGF autocrine view, yet it showed it is potentially sufficient to induce
gliomagenesis [122].

Subsequently, this group demonstrated that PDGFB may play
a dose-dependent role in glial tumorigenesis. At lower doses, PDGF
establishes an autocrine loop to promote gliomagenesis whereas an
increased cellularity results from high-expressing PDGFB tumors. These
tumors also exhibited higher grade histological features correlating
with more extensive angiogenesis due to an activated AKT pathway in
the recruited vascular smooth muscle cells (vSMC). The data indicated
that by elevating PDGFB expression, a tumor can support large vessel
formation. Based on the observation that tumors reverted from higher
to lower grade by inhibiting the PDGFB receptor, the authors envision
the therapeutic impact of this finding by reducing tumor malignancy
and angiogenesis [123].

A definitive experimental argument supporting that PDGFB could
induce transformation of human cells was provided by Govindarajan
and co-workers [124] who demonstrated that, human cells (SV7tert)
infected with retroviruses encoding PDGFB and thus constitutively
overexpressing the growth factor were transformed and were
tumorigenic upon implantation to 6-week-old nude male mice. The
study describes other phenotypic changes associated to the deregulated
PDGF axis as up-regulation of VEGE reactive oxygen species
production, resistance to apoptosis and other epigenetic changes that
occur in vivo as silencing of p16 and increased glycolysis.

Infecting adult rats’ white matter progenitor cells with PDGFB
high expression retroviruses, induced the rapid formation of tumors
that closely resembled human glioblastomas. Since tumors arose from
the massive expansion of both infected and uninfected (recruited) glial
progenitors, it was stated that PDGF was driving tumor formation via
both autocrine and paracrine stimulation of glial progenitor cells. The
reporter used in this retroviral-mediated transfection, allowed for the
identification of cells from clonal expansion of the “tumor-initiating
cells” PDGF constitutive over-expression proved to be self-sufficient to
“initiate” and give rise to malignant gliomas, although other genetic or
epigenetic alterations are at play [125].

Transgenic mice that expressed human PDGFB in GFAP-
expressing glia responsive to doxycycline administration were
generated by Hitoshi and co-workers while pursuing for the role of
PDGF expression in the pathogenesis of gliomas. These mice expressed
high levels of PDGFB in the spinal tissue and developed spinal cord
neoplasms resembling human mixed oligoastrocytoma. In this context,
PDGFB was self-sufficient as a single growth factor to mediate the
development of spinal tumors that are histologically indistinguishable
from human intramedullary spinal tumors. The study of the individual
genetically engineered mice lines provided evidence of the importance
of PDGFB for the “initiation” of glial tumors arising in the spine
[113]. In a subsequent study, mouse gliomas were generated following
the overexpression of PDGFB in embryonic neural progenitors. The
induced tumors appeared to be a very uniform class of gliomas in
which only those PDGFB-overexpressing cells were tumorigenic [126].

The evidences above enlisted point toward the full competence
of PDGFB over-expression to initiate malignant transformation on
particular target cells. As judged from these experiments, PDGFB: (a)
Overrides glial cell cycle control inducing hyperproliferation in vitro
and in vivo. (b) Initiates gliomagenesis in vivo and reverts astrocytes
differentiation in vitro. (c) Gliomas’ malignant phenotype appears in a
PDGF dose-dependent manner. (d) Its gliomagenic ability appears in
virtue of autocrine and paracrine signaling mechanisms. (e) Ensures
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tumor angiogenesis by stimulating vascular smooth muscle cells
recruitment [74].

Aside from its described “initiating” role in neurotumors, PDGFB
has also shown to promote carcinogenesis in cooperation with ordinary
chemical carcinogens. Although the genetic basis of hepatocellular
carcinoma is well-established and major signaling pathways have
been depicted [127], the involvement of PDGF in the genesis of liver
cirrhosis and the common onset of hepatic carcinomas within this
aberrant fibrotic environment, explain why the family of PDGF has
shifted to the center of interest. The “promoting” role of PDGFB in
hepatocarcinogenesis was investigated in transgenic mice that exhibit
liver PDGF overexpression and that at some stage develop organ’s
fibrosis. PDGFB transgenic mice displayed pre-malignant lesions as
hepatocellular carcinomas. The finding extends PDGF transforming
potential beyond gliomagenesis [128]. Accordingly, PDGFB tumor-
promoting activity has been demonstrated in an experimental model
of human squamous cell carcinoma. Transfection of non-tumorigenic
PDGFR-deficient HaCaT keratinocytes with PDGFB resulted in
tumorigenic transformation giving rise to benign cystic tumors on
subcutaneous injection. This demonstrated a tumorigenic conversion
of the preneoplastic keratinocytes by paracrine effects [129].

The role of uncontrolled PDGFB expression resulting in autocrine
loop in the development of several forms of human cancers including
glioblastomas, sarcomas and epithelial tumors has turned into solid
science [130]. Furthermore, among the vast human tumors histotypes,
malignant gliomas represent a paradigm of aberrant PDGF system
[131,132]. Proteomic analysis of surgical glioma samples emphatically
described the participation of the PDGF pathway activation in which
the primary trigger is ligand-driven. The study also revealed the
pathogenic signature of the EGFR activation due to amplification and
mutation [132]. Others have underlined that this EGFR mutant form
(VIII) lacking extracellular binding domain and with intrinsic tyrosine
kinase activity confers advantages to growth, survival, invasion,
and angiogenesis [133]. Hence, devotedly following the “oncogene
addiction” concept, EGFR-receptor and PDGF-ligand induced
downstream tyrosine kinase inhibition, are accepted as key targets in
contemporary therapeutic strategies [21].

Compellingevidence for an involvement of PDGFR in tumorigenesis
is provided by findings of structural aberrations of the corresponding
genes that lead to overexpression or expression of an abnormal protein.
In cases of dermatofibrosarcoma protuberans and giant-cell sarcoma,
the PDGFRB gene rearrangement leads to the synthesis of a chimeric
protein with transforming activity. In chronic myelomonocytic
leukemia, the PDGFRB gene is fused to an ets-like gene, (TEL),
originating a chimeric protein that behaves as a constitutively active
PDGFRB [74]. Transgenic mice in which the TEL/PDGFRB expression
was directed to the lymphoid compartment by the immunoglobulin
heavy-chain enhancer/promoter developed lymphoblastic lymphomas.
The study confirmed the role of the aberrant PDGFR tyrosine kinase
activity as a PDGFR-specific tyrosine kinase inhibitor, prolonged
disease latency both in transgenic mice and in transplanted tumor cells
[134]. The transforming role of the tyrosine kinases TEL-PDGFRB
in chronic chronic myelomonocytic leukemogenesis has received
extensive validation [135].

In addition to being an autocrine growth factor, PDGF is also
involved in paracrine stimulation of tumor stroma growth. In several
tumor types, there is a complementary expression of the PDGF ligand
by the tumor cell while the stroma cells express the cognate receptor.
This crosstalk is critical for tumor progression, invasion and metastasis.

Furthermore, the development of myelofibrosis in chronic myelogenous
leukemia has been ascribed to PDGF [74,136].

PDGEFB plays an instrumental role in tumor stroma development
a demonstrated 20 years ago. Xenotransplanted human melanoma
cells expressing PDGFB formed stroma-rich and highly vascularized
tumors that were devoid of necroses. In the absence of PDGF, these cells
formed poorly vascularized and necrotizing tumors with no detectable
stroma [137]. PDGF is among the tumoral chemoattractants that
ensures macrophages and fibroblasts recruitment originating the so
called “tumor-associated macrophages” (TAM) and “cancer-associated
fibroblasts” (CAF) respectively [138] (Figure 3). Through cross-talks
with cancer and other stromal cells, macrophages become instructed
to promote tumor growth, angiogenesis and metastasis. Thus, Wyckoff
and co-workers described a paracrine loop between cancer cells and
macrophages in which cancer cells secrete colony stimulating factor
(CSF-1), a chemoattractant agent for macrophages; while the stimulated
macrophages secrete EGF which promotes directed cancer cells
chemotaxis. At the end, this EGF/ CSF-1 self-propagating paracrine
favors carcinoma cells migration and invasiveness and represents a
model of cell lineages interaction and growth factors cooperation
[139]. Another self-perpetuating loop including PDGF and recruited
macrophages is that under hypoxic conditions, these cells up-regulate

Cancer associated
fibroblast (CAF)

Tumor associated
macrophage (TAM)

PDGF macrophages

recruitment
PDGF fibroblasts

recruitment

TAM-Carcinoma cells
CSF-1 / EGF paracrine loop

CAF- carcinoma cells
HGF / PDGF
paracrine loop

TAM- Carcinoma cells.

TAM up-regulation of PDGF,
EGF, VEGF, FGF-2 and MMP-9
under tumor hypoxia.

.

Tolerance, angiogenesis, stromagenesis
Permissive environm

for tumor gro

Figure 3: PDGF interactions and cross-talk in tumorigenesis. As described
for wounds, PDGF may create a favorable environment for macrophages and
fibroblasts recruitment into the tumor parenchyma. Macrophages-secreted
PDGF as by other cells within the tumor recruits more macrophages and
activates fibroblasts creating and interactive networking that instructs both cells
to act as key players in tumor promotion/progression. As described by Wickoff
and Condeelis, a paracrine self-propagating loop is created between tumor
macrophages and tumor epithelial cells so that the former secrete EGF, which
is a positive stimulus for the malignant epithelial cells that express EGFR. In
turn, carcinoma cells secrete CSF-1 which attracts macrophages and induces
them to secrete more EGF, thus completing the loop. Another example of tumor-
perpetuating loop is given by TAM’s response to hypoxia, so that growth factors
with special tropism for epithelial (EGF), stromal (PDGF, fibroblast growth
factor: FGF), and vascular cells (PDGF and vascular endothelial growth factor:
VEGF) are released; thus enhancing carcinoma cells survival, stromagenesis
by fibroblasts activation and angiogenesis. In this context metaloproteases
(MMP) are also released by macrophages which remodel tumor storma.
PDGF is involved in another loop which connects CAF and carcinoma cells.
CAF secrete hepatocyte growth factor (HGF) which enhances carcinoma cells
proliferation and migration. These cells in turn secrete PDGF which is used as
activating and mitogenic factor for CAF.
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an array of growth factors genes including EGF and PDGF itself that
promote tumor proliferation, invasion, and angiogenesis [140] (Figure
3).

As depicted in Figure 3, fibroblasts (cancer-associated fibroblasts,
CAF) have been recognized inside carcinomas and are increasingly
implicated as functional participants. Inhibition of stromal PDGFR
reduces proliferation of tumor cells and angiogenesis in cervical
lesions, through a mechanism involving suppression of CAF-derived
growth factors. Treatment with neutralizing antibodies to the PDGFR
recapitulated these effects [141]. In line with this, PDGF is involved
in another carcinoma cells and CAF cross talk. The carcinoma cells-
derived PDGF induces the expression of hepatocyte growth factor
(HGF) by CAEF and in turn, fibroblast-derived HGF leads to invasive
growth of the carcinoma cells [142]. Finally, mounting evidences also
implicate PDGF system and PDGFRB phosphorylation in lymphatic
vessels growth and metastasis enhancement [136,143].

Concluding Remarks

Growth factors brought hopes to scientists and clinicians involved
in the field of wound repair. For a while these agents promised
to heal the so panicky chronic wounds so that for an orphan and
challenging medical need, a valuable solution was about to be met.
Soon after, laboratory evidences started to unveil the underlying
connection of growth factors and cancer. Caution, disappointment and
apprehensiveness clouded such times. After many years only EGF and
PDGF have entered as prescribed medications for chronic ulcers. These
polypeptides belong to different families and bind different receptors.
Nevertheless, they share tyrosine kinase activity, similar accessory
proteins and transduce signals through common canonical pathways -
which trigger proliferation, migration, survival, etc.

However, the mechanisms whereby EGF and PDGFB impact on
both wound repair and tumor growth are different. EGF does not
modify inflammation and is far more prone to act on epithelial lineages.
In contrast, PDGF recruits monocytes/macrophages to both scenarios
which engender a first self-perpetuating loop with macrophages and
fibroblasts. Thus, the exogenous administration of PDGF to chronic
wounds may perturb the healing trajectory by protracting macrophages
infiltration. PDGF is biologically endowed to repair tissues as it seems
to influence of the fate and the behavior of most mesenchymal-derived
cells. However, further studies are demanded to define the appropriate
ulcer niche to be targeted, and the therapeutic window of administration
as to ensure that PDGF therapy could be thoroughly useful.

Dissimilarities are also found in the role of these two growth
factors in malignant transformation. An overwhelming amount of
data converges to indicate that EGF over-exposure is not able to endow
cells with full or permanent transforming ability. Over-expression of
a wild type form of the EGFR appears to amplify normal EGF signal
transduction, but does not impose irreversible transformation traits.
Although it may look paradoxical or controversial, the expression of
some other EGF family members rampantly harnesses tumor cells
behavior more than EGF does.

PDGEFB is experimentally entitled as a “self-sufficiency” factor
for tumorigenesis in human diploid cells, nude mice and transgenic
animals that bear PDGFB over-expressing vectors. Its role as an
“initiation” agent as to cooperate in other co-carcinogenesis settings
has been fully determined. The hyperproliferative and dedifferentiation
states (in some cells) imposed by the PDGFB autocrine loop seems to be
proximal to the accumulation of other transforming mutations. These
evidences give rise to an additional line of caution before its clinical use
in diabetic patients.

Nevertheless, despite the unequivocal evidences of PDGF
sufficiency to transform cells in vivo; and despite the large casuistic of
subjects treated with this growth factor; there is no scientific evidence
that its exogenous administration to chronic ulcers has increased the
incidence of Marjolin’s ulcers. Therefore, further studies are demanded
to set up clear-cut clinical indications and regulatory constrains for the
medical use of each of these growth factors.
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