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Summary

Platelet-derived growth factors (PDGFs) belong to the PDGF/VEGF (vascular endothelial
growth factor) family of growth factors. Members of this family share a common structural
feature, a conserved PDGF/VEGF homology domain, containing eight invariant cysteine
residues. PDGFs form disulphide-linked dimers and exert their biological functions by
binding to, and activating two receptor tyrosine kinases, PDGFR-a and PDGFR-b.
For almost two decades, PDGF-A and PDGF-B were the only PDGF isoforms known to exist,
but recently PDGF-C and PDGF-D were also identified. PDGF-C and PDGF-D are expressed
as latent growth factors with a two-domain structure consisting of an N-terminal CUB
domain, and a C-terminal PDGF/VEGF homology domain. Both factors require proteolytical
removal of the CUB domain, in order to become active. PDGF-AA, PDGF-BB, PDGF-AB and
PDGF-CC isoforms are able to activate PDGFR-a homodimers, whereas PDGF-BB and
PDGF-DD activate PDGFR-b  homodimers. PDGF-AB, PDGF-BB, PDGF-CC and PDGF-DD
can also activate PDGFR-ab heterodimers in cells co-expressing both receptor subtypes.
PDGFs are known mitogens for mesenchymal cells, and are essential in embryonic
development. It is also well established that PDGFs are involved in several pathological
settings, including tumor development, wound healing, fibrotic reactions, and
atherosclerosis. An attractive clinical application for PDGFs is therapeutic angiogenesis,
based on their ability to stimulate angiogenesis and to recruit mural cells. VEGF treatment
produces extensive amounts of new blood vessels, but in order to generate functional,
persistent blood vessels, recruitment of SMCs and pericytes is important.
In this work, the biological activities of PDGF-C and PDGF-D were explored, including the
expression pattern of PDGF-D in developing and adult tissue, overexpression of PDGF-C or
PDGF-D in transgenic mice, and gene delivery of PDGF-C or PDGF-D into mouse ear using
recombinant adenovirus. During mouse development PDGF-D was detected in several
tissues, including myocardium, skeletal muscle, epithelium, liver, kidney, cartilage and some
blood vessels. The expression pattern is different compared to PDGF-B, which is mainly
expressed in growing blood vessels, suggesting distinct functions of PDGF-B and PDGF-D in
PDGFR-b signaling. In adult mice, PDGF-D was also detected in several hormone-producing
cells. Heart-specific overexpression of full-length PDGF-C, or the active form of PDGF-D (the
so-called core domain), induced cardiac fibrosis, hypertrophy and cardiac failure, as well as
several vascular changes, including dilation of microvessels and increased density of SMC
coated vessels. In addition, PDGF-D stimulated proliferation of vSMCs, leading to thickened
arterial walls. The PDGF-C transgenic mice developed sex-dependent phenotypes. In male
mice, a hypertrophic response was induced, whereas females developed dilated
cardiomyopathy. Adenovirally encoded PDGF-C induced capillary sprouting and PDGF-D
stimulated arterialization of vessels. We suggest that PDGF-C and PDGF-D are potent
modulators of vascular growth, as well as powerful mitogens for connective tissue cells.
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Abbreviations

a-MHC alpha myosin heavy chain
Ang angiopoietin
CAM chick embryo chorioallatoic membrane
COS-1 cells SV40-transformed monkey kidney cells
CNS central nervous system
DNA deoxyribonucleic acid
E10, E16.5 etc embryonic day
EC endothelial cell
ECM extracellular matrix
FGF fibroblast growth factor
HIF hypoxia inducible factor
kb kilo base pairs
kDa kilo Dalton
LRP low density lipoprotein receptor-related protein
MMP matrix metalloproteinase
mRNA messenger ribonucleic acid
PAE cells porcine aortic endothelial cells
PDGF platelet-derived growth factor
PNS peripheral nervous system
SMA smooth muscle actin
SMC smooth muscle cell
TGF transforming growth factor
tPA tissue plasminogen activator
VEGF vascular endothelial growth factor
vSMC vascular smooth muscle cell
3T3 cells immortalized fibroblastic cell line
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Review of the literature

The PDGF family of growth factors

History
More than thirty years ago, it was discovered that serum was more efficient than
plasma in promoting growth of fibroblasts and smooth muscle cells. In 1974, this
activity was found to be enriched in platelets [1, 2]. In 1979, the platelet-derived
growth factor (PDGF) was purified from human platelet lysate and shown to bind to
glial cells, and to stimulate DNA replication in BALB/3T3 cells [3, 4]. It was also
suggested that PDGF molecules were composed by two different polypeptides [3].
Soon, a model of the PDGF molecule was presented, in which one A-chain and one
B-chain were linked by disulphide bonds to form a heterodimer [5]. In 1983, partial
amino acid sequencing revealed two distinct, but homologous polypeptide chains [6,
7]. The B-chain amino acid sequence was found to be almost identical to p28sis, the
predicted product of v-sis, encoding the transforming protein of simian sarcoma
virus (SSV) [7, 8].  When the human cellular homologue to v-sis, the proto-oncogene
c-sis, was sequenced, it became evident that PDGF-B was in fact the gene product of
c-sis [9]. Naturally occurring PDGF-AA and PDGF-BB homodimers were later
identified in skeletal myoblasts and arterial smooth muscle cells, or in porcine
platelets, respectively [10, 11]. Over the years, sequence databases for expressed
mRNAs arose, which facilitated the discovery of new proteins. At the new
millennium, two new PDGF molecules were identified when human and mouse EST
(expressed-sequence tag) databases were searched to find novel PDGF/VEGF
homologues [12 (Paper I), 13]. The new PDGF chains were designated PDGF-C and
PDGF-D.

PDGF protein structure and processing
Platelet-derived growth factors (PDGFs) belong to the PDGF/VEGF family of
growth factors [14]. All members of this family share a common structural feature, a
conserved PDGF/VEGF homology domain, containing eight invariant cysteine
residues. PDGFs share approximately 25 % sequence identity in their PDGF/VEGF
homology domains. PDGF-A and PDGF-B are approximately 50 % identical, as are
PDGF-C compared with PDGF-D. PDGF polypeptide chains may form five different
disulphide-linked homo- and heterodimers, PDGF-AA, PDGF-BB, PDGF-AB,
PDGF-CC or PDGF-DD. The PDGFs bind to and activate two different receptor
tyrosine kinases (RTKs), PDGFR-a and PDGFR-b.
PDGF-A is synthesized as polypeptides of 196 and 211 amino acids due to alternative
splicing (Figure 1, 2), while PDGF-B, PDGF-C and PDGF-D chains are 241, 345 or 370
amino acids in length, respectively [12 (Paper I), 13, (reviewed in [14]), 15]. Mature
PDGF-A and PDGF-B chains have molecular weights of around 15 kDa (reviewed in
[16]), whereas full-length PDGF-C and PDGF-D are detected as species of 50-55 kDa
[12 (Paper I), 13, 15].
The PDGF-A and PDGF-D chains contain one putative N-linked glycosylation site
and PDGF-C contains three, while PDGF-B is probably not glycosylated [12 (Paper I),
13, 15, (reviewed in [16])]. PDGF-A and PDGF-B chains are synthesized as precursor
molecules that dimerize in the endoplasmatic reticulum (ER) (Figure 1) [17]. In the
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Golgi, the N-terminal pro-peptide sequences are proteolytically removed. Furin-like
proteases have been reported as candidates for PDGF-A processing and activation
[18]. So far, the identity of the protease(s) responsible for processing of the PDGF-B
chain is unknown. PDGF-B, and the long form of PDGF-A also contain a C-terminal
basic motif, called the retention signal, that mediates interaction with structural
proteins, such as proteoglycans [19-21]. As a result, the growth factors will be
retained by the producer cell, or by the surrounding ECM, thus restricting their
action to cells in the immediate environment. It has been shown that the retention of
PDGF-B is important in creating gradients of the factor, that helps the recruitment of
PDGFR-b positive cells [22].

Figure 1. Schematic structure of PDGF polypeptide chains. The arrows indicate the
sites for proteolytic processing. AS denotes the short form of PDGF-A, and AL the
long form. PDGF-AL and PDGF-B contain C-terminal retention signals.

PDGF-C and PDGF-D contain an N-terminal CUB domain that is not present in any
other member of the PDGF/VEGF growth factor family (Figure 1) [12 (Paper I), 13,
15]. The CUB domain was named after proteins in which it was first discovered,
namely complement subcomponents C1r/C1s, sea urchin EGF-like protein and bone
morphogenic protein-1 [23]. It has a conserved structure of about 110 amino acids,
and is found in many secreted and membrane bound proteins, often as multiple
copies, and may mediate protein-protein and protein-carbohydrate interactions. CUB
domains have been shown to be essential in several proteins. For instance, in bone
morphogenic protein-1 (BMP-1), two of the three CUB domains are crucial for
protein secretion and pro-collagen C-proteinase activity [24], and in neuropilins, the
CUB domain is involved in the binding to semaphorins and VEGF [25].
Full-length PDGF-CC and PDGF-DD are secreted as inactive precursors, and become
active upon proteolytic removal of the CUB domain [12 (Paper I), 13, 15]. The
putative cleavage sites are located in a hinge region between the CUB domain and
the PDGF/VEGF homology domain (also called the core domain). The processed
forms are detected as 20 kDa species [12 (Paper I), 13, 15, 26]. In mouse kidney,
processed species of around 30 kDa have also been observed [27]. The function of the
CUB domain in PDGF-C and PDGF-D is probably to regulate the availability of
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active proteins that can bind and activate PDGF receptors. Plasmin is able to activate
both PDGF-CC and PDGF-DD [12, 13]. However, given the wide substrate specificity
of plasmin, it was considered that plasmin is not likely the physiologically relevant
protease for activation of PDGF-C and PDGF-D. tPA, a multidomain trypsin-like
serine protease, known for its role in fibrinolysis, has recently been demonstrated to
activate PDGF-CC, but not PDGF-DD [26]. tPA interacts with both the CUB domain
and the core domain of PDGF-C, but not with CUB in PDGF-D, indicating a site-
specific cleavage of the factor. It was also shown that PDGF-CC produced by
fibroblasts depend on fibroblast-derived tPA for activation, in order to stimulate
autocrine growth [26].

PDGF genes
The human genes encoding PDGF-A, PDGF-B, PDGF-C and PDGF-D are located on
chromosome 7q22 [28], 22q11 [29, 30], 4q32 and 11q22.3-23.2, respectively [15, 31].
The genes are organized in a similar manner and consist of six to seven exons
(Figure 2). Exon 1 encodes the signal peptide. In PDGF-A and PDGF-B genes, exons
2-3 encode the N-terminal precursor sequence, exons 4-5 encode the PDGF/VEGF
homology domain, exon 6 contains the C-terminal retention motifs, and exon 7 is
mainly non-coding. The short form of PDGF-A lacks exon 6. In PDGF-C and
PDGF-D genes, exons 2-3 encode the CUB domain. The hinge region is encoded by
exon 4 in PDGF-C, and by exons 4-5 in PDGF-D. Exons 5-6 in PDGF-C, and 6-7 in
PDGF-D, encode the PDGF/VEGF homology domain. PDGF-A and PDGF-B genes
span about 20 kb genomic DNA, while the PDGF-C and PDGF-D genes cover about
200 kb (reviewed in [14]).

Figure 2. Gene structure of PDGFs. The PDGF/VEGF homology domains are
marked in black and the CUB domains are marked in grey. Exons and introns are not
drawn in scale, and introns exceeding 5 kb in length are marked with (//). Adopted
from Li et al. 2003 (reviewed in [32]).
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PDGF expression profiles
PDGF expression has been demonstrated in several tissues and cell types, both
during embryonic development and in the adult (Table 1).

Table 1. PDGF expression in mouse and human tissue
Ligand Expression profile

PDGF-A1 Mouse development:
Early structures blastocyst, primitive ectoderm, floor plate of neural tube,

myotome and surface ectoderm of limb buds
General epithelium: lung airways, hair follicle, skin, sense organs,

intestine and testis
CNS neurons and astrocytes
Kidney loop of Henley, vSMC
Muscle myoblasts and skeletal muscle
Blood vessels vSMCs
Adult tissue: human heart, brain, skeletal muscle, pancreas, prostate,

placenta, lung, kidney and intestine. neurons, fibroblasts,
keratinocytes, vSMCs, ECs, Schwann cells, macrophages
and platelets

PDGF-B2 Mouse development:
General endothelial cells in sprouting capillaries and growing

arteries in all organs, except liver
Adult tissue: human brain, placenta, heart, lung, skeletal muscle, kidney,

pancreas, ovary, intestine, spleen, prostate and testis.
neurons, fibroblasts, keratinocytes, vSMC, ECs, Schwann
cells, macrophages and platelets

PDGF-C3 Mouse development:
Early structures myotome, surface ectoderm of limb buds, sclerotome,

floor plate of neural tube, notochord, palate and
frontnasal mesenchyme

General epithelium: lung airway, gut, bladder, oesophagus, skin,
and future epidermal openings or fusions
mesenchyme: in lung and several other organs

Muscle myoblasts, skeletal muscle and myocardium5

Bone hypertrophic chondrocytes of vertebra and ribs, osteoblasts
of trabecular bone, perichondrium and invertebral disks

Kidney cortical mesenchyme and collecting ducts
Blood vessels vSMC of arteries and veins
Adult tissue: mouse liver, kidney and testis. human heart, liver, kidney,

pancreas, ovary, placenta, lung, skeletal muscle, prostate,
testis and intestine. SMCs, ECs, fibroblasts and platelets

PDGF-D4 Mouse development:
Kidney cortical mesenchyme and developing tubules
Other organs see results and discussion (Paper III)
Adult tissue: human heart, pancreas, ovary, placenta, liver, kidney,

adipose tissue, prostate, testis and intestine. fibroblasts, ECs,
and SMCs, but not platelets.

1 [12 (Paper I), (reviewed in [16]), 33-45], 2 [13, (reviewed in [16]), 38, 46-49], 3 [12 (Paper I), 27,
31, 50-52], 4 [13, 31, 52], 5 immunostaining positive, in situ negative
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PDGF receptors

History
In 1981, the presence of a PDGF receptor on skin fibroblasts, glial cells, smooth
muscle cells, and 3T3 cells, was shown by specific binding of 125I-labelled PDGF [53].
Further cross-linking and phosphorylation assays using human foreskin fibroblasts,
glial cells, 3T3 cells, or membrane preparations, identified PDGF receptors of 164-185
kDa [54-57]. In 1986, the first PDGF receptor cDNA sequence was cloned from a
mouse fibroblast cDNA library (the subsequent PDGFR-b) [58]. In 1988, it was
suggested that there were two PDGF receptors with different ligand binding
specificities [59]. This hypothesis was further supported by the finding of two
different PDGF receptor mRNA transcripts, of 5.7 and 4.8 kb, in human dermal
fibroblast. In addition, it was shown that the so far identified PDGF receptor
(subsequent PDGFR-b) could bind PDGF-BB and PDGF-AB, but not PDGF-AA [60,
61]. The second PDGF receptor, PDGFR-a, was identified and characterized in 1989
[62, 63].

PDGFR structure and processing
Human PDGFR-a consists of 1089 amino acids and PDGFR-b of 1106 amino acids,
respectively. Both receptors contain five extracellular immunoglobilin (Ig)-like
domains, a single transmembrane domain located in the middle of the polypeptide,
and an intracellular split tyrosine kinase domain (reviewed in [64]) (Figure 3). After
glycosylation, the receptors have molecular sizes of about 170 kDa (PDGFR-a) and
180 kDa (PDGFR-b). PDGF receptors are expressed as monomers but dimerize upon
ligand binding (reviewed in [16]).

Localization of PDGFR genes
The human PDGFR-a gene is located on chromosome 4q12 [65], and the PDGFR-b
gene on chromosome 5q31-32 [58].

Receptor specificity of PDGF ligands
PDGF-AA, PDGF-AB, PDGF-BB and PDGF-CC isoforms are able to bind and
activate PDGFR-a homodimers, whereas PDGF-BB and PDGF-DD bind and activate
PDGFR-b homodimers (Figure 3). PDGF-AB, PDGF-BB, PDGF-CC and PDGF-DD
may also activate PDGFR-ab heterodimers in cells co-expressing both receptor
subtypes [(reviewed in [14]), 15, 51].
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Figure 3. Receptor binding specificity of the PDGF isoforms. Solid arrows denote
specific binding, and activation. Zig-zagged arrows indicate that heterodimers can be
activated.

PDGFR signal transduction
The PDGF molecule induces receptor dimerization by the simultaneous binding to
two different receptor molecules. Dimerization of the receptors brings the
intracellular kinase domains together, allowing autophosphorylation of tyrosine
residues (reviewed in [64, 66]). Signal transduction molecules bind the receptor via a
specific domain that recognizes phosphorylated tyrosine and adjacent amino acid
residues, the SH2 domain (Src homology 2 domain). Each SH2 domain molecule that
binds to the PDGF receptors, initiates a signal transduction pathway that ultimately
leads to a specific cellular response. There is an extensive cross-talk between
different signaling pathways, creating an intracellular signaling network. Major
signal transduction molecules involved in PDGFR signaling include Src, PI 3’-kinase,
and PLC-g (see below). Members of the Src family of signal transduction molecules
are themselves tyrosine kinases, and are important for the mitogenic response of
PDGF. The enzyme PI 3’-kinase (phosphatidylinositol 3’-kinase) mediates many
different cellular responses, including actin reorgnization, chemotaxis, cell growth,
and apoptosis inhibition. The enzyme PLC-g (phospholipase C-g) is involved in
mitogenic and chemotactic signaling. PDGF receptor signaling is also tightly
regulated by inhibitory signal transduction molecules. For more details I recommend
the reviews by Heldin et al. 1998, and Rönnstrand and Heldin 2001 [66, 67]. After ligand
binding, the ligand-receptor complex is internalized into endosomes. The complex
either dissociates, and the receptor is recycled to the cell membrane, or is routed to
the lysosome and degraded (reviewed in [16]). Recently, LRP was identified as a co-
receptor for PDGFR-b [68]. PDGF-BB specifically interacts with LRP and induces
phosphorylation of both PDGFR-b  and LRP on fibroblasts and SMCs.
Phosphorylation of LRP appears to be mediated by the Src family kinases.
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PDGFR expression profiles

PDGF receptors are expressed by several cell types, both during embryonic
development and in the adult (Table 2). During embryogenesis, PDGFR-a signaling
is likely to occur first, since the receptor is expressed as early as pre-implantation,
while PDGFR-b is detected from the time point of neurulation (E7.5-8.5) [33, 35, 69,
70].

Table 2. PDGF receptor expression in mouse and human tissue

Receptor Expression profile

PDGFR-a1 Mouse development:
Early structures blastocyst, mesoderm, epithelium of neural plate, neural

tube, dermatome, sclerotome and limb bud mesenchyme
General mesenchyme: intestines, sense organs, meninges and

testis, and surrounding hair follicles and lung epithelium
Muscle myocardium
Kidney mesenchyme
CNS cranial and dorsal root ganglia, choroid plexus,

oligodendrocyte precursors, and Purkinje cells
Blood vessels vSMCs of aorta and larger vessels
Bone perichondrium/periosteum in developing bone
Adult tissue: fibroblasts, SMCs, Leydig cells, neurons, platelets,

megakaryocytes, glial cells, liver sinusoidal ECs, kidney
interstitial cells, and testis Sertoli cells

PDGFR-b2 Mouse development:
Early structures facial-, cephalic-, and limb bud mesenchyme, somites
General mesenchyme: esophagus, intestine, stomach, trachea,

lung, pericardium, endocardium, and septum of the
heart
pericytes and vSMCs in all organs

Liver connective tissue capsule and scattered perivascular cells
Kidney mesangial cells, mesenchymal cells in cortex, and in

glomerular tufts
CNS choroid plexus and bone marrow
Adult tissue: fibroblasts, SMCs, Leydig cells, neurons, liver Itoh cells,

skeletal muscle progenitors, pericytes, myeloid
hematopietic cells, macrophages, kidney interstitial and
mesangial cells, capillary ECs, and T-cells

1[(reviewed in [16]), 33-42, 45, 71-77, (reviewed in [78])].
2[(reviewed in [16]), 38, 46-49, 69, 70, 72, 73, 76, 77, (reviewed in [78]), 79].

Biology of PDGF

Cellular responses to PDGF signaling
PDGF mediates cell proliferation, migration, actin reorganization, antiapoptotic
signals, and inhibits gap junctional communication between cells. PDGFR-a and
PDGFR-b signaling can transduce similar, or distinct cellular signals in normal
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physiological processes, as well as in disease. All dimeric combinations of PDGF
receptors transduce mitogenic signals. PDGF-BB and PDGF-AB stimulate chemotaxis
of SMCs and fibroblasts through PDGFR-bb and PDGFR-ab. The role of PDGFR-aa
signaling is not fully clear. PDGF-AA has been reported to both inhibit and induce
chemotaxis via PDGFR-aa. PDGFR-aa signaling also enhances protein synthesis
[(reviewed in [78]), 80, (reviewed in [81])].

Autocrine versus paracrine signaling
PDGFs can act by both paracrine and autocrine signaling. During embryogenesis,
paracrine signaling appears to be the common route for PDGFs. PDGF-A expression
is often found in epithelium, and PDGF-B is expressed by the endothelium. In both
cases, PDGFR-a  or PDGFR-b  positive mesenchymal cells are found in close
proximity to the ligand-producing cells [34, 72, (reviewed in [82])]. Autocrine
signaling is exemplified in the feed-back regulation of platelet aggregation, mediated
by PDGF-A and PDGFR-a, or in autocrine stimulation of tumor cells (reviewed in
[81, 83]).

Regulation of PDGF gene expression
The expression of PDGF-A and PDGF-B chains are regulated independently. In adult
tissue, a constitutive high expression is probably rare. However, PDGF expression
may be elicited in special situations, such as wound healing, inflammation, hypoxia,
mechanical strain or in response to thrombin, or growth factors and cytokines
(reviewed in [78, 84]). Mature ECs express low levels of PDGF-B, while growing
capillary ECs express high levels of PDGF-B [49]. The basal transcription of PDGF-A,
and probably PDGF-B as well, is mediated by members of the Sp (stimulatory
protein) family of zinc-finger transcription factors. At shear stress or vascular injury,
another zink-finger nuclear protein, the immediate-early gene Egr-1 is induced and
activates transcription of PDGF-A in ECs and vSMCs, and PDGF-B in ECs [85, 86].
The PDGF-B expression continues during the EC regeneration. Just recently, it was
shown that FGF-2 induces PDGF-C mRNA expression via Egr-1 [87]. The regulation
of PDGF-C or PDGF-D gene expression is not known. However, it has been shown
that hypoxia does not induce their expression in microvascular ECs [31].

Physiological function of PDGF
PDGFs stimulate proliferation, migration and differentiation of mesenchymal cells
and several other cell types both during development and in the adult tissue. The
developmental roles of PDGF-A, PDGF-B and PDGF-C have become evident by
analyzing knockout animals (see next section). In the early embryo, PDGFs act as
mitogens and drive the proliferation of undifferentiated mesenchyme and some
progenitor cells. At later stages, PDGF signaling regulates tissue remodeling and
cellular differentiation (reviewed in [82, 88]). For instance, PDGF-A/PDGFR-a
signaling is essential for proliferation of oligodendrocyte progenitors and subsequent
myelination in CNS, mesenchymal cell proliferation in intestine, skin, hair follicles
and lung, and interstitial cell proliferation in testis and kidney [37, 39-42, 89].
PDGF-B/PDGFR-b signaling is crucial in the recruitment of perivascular mural cells,
vSMCs and pericytes [46, 49, 70, 90, 91]. As an example, formation of filtration units
in the kidney, the glomerular capillary tufts, is dependent on PDGFR-b positive
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mesangial cells [48, 90, 92]. PDGFR-b signaling is also involved in the development
of all muscle lineages [93].
In the adult PDGFs play a role in controlling tissue homeostasis and tissue
maintenance, as well as in remodeling, for instance in wound healing, angiogenesis
and skeletal muscle regeneration (reviewed in [16, 94]). In wound healing, PDGFs
stimulate proliferation and migration of fibroblasts and SMCs, migration of
neutrophils and macrophages, production of various matrix proteins and
collagenase, and release of additional growth factors and cytokines by macrophages
(reviewed in [78, 81]). After thrombin-induced platelet aggregation, PDGFs and
other factors are released from the a-granulae. PDGF-AA then binds to PDGFR-a
present on platelets and inhibits further aggregation through an autocrine feedback
control function. Both PDGF-BB and PDGF-CC enhance formation of granulation
tissue [51, 95]. It has been shown that fibroblasts and ECs require PDGFR-b
expression in order to participate in granulation tissue formation [95].

Evolutionary conservation of PDGF signaling
PDGF-like molecules and PDGF receptors have been described in mammals, other
vertebrates (zebrafish, frog and chicken) and also among invertebrates (fly) [96-99]. It
appears that signaling through PDGF/VEGF-like molecules is crucial in the early
development of most animals, and thus members of this growth factor family have
been conserved throughout evolution. For instance, in Drosophila melanogaster, the
common fruit fly, a PDGF/VEGF-like receptor guides cell migration and mediates
survival signals for blood cells during development [98], and in Xenopus laevis, the
frog, PDGF-A/PDGFR-a signaling is necessary for proper gastrulation of the early
embryo [99].

Knockout studies of PDGFs and PDGFRs
Targeted deletions of genes encoding PDGFs and PDGF receptors have provided
important insights about their biological roles (Table 3).
PDGF-A:
50% of PDGF-A null embryos die before E10, whereas the other half live throughout
the prenatal period. Most newborn PDGF-A -/- mice die within a few days, due to
pulmonary failure. The early lethality in PDGF-A mutant mice is not well
understood and embryos are grossly retarded.
PDGF-C:
Preliminary data shows that null embryos die perinatally.
PDGFR-a:
PDGFR-a -/- embryos die during early mid-gestation and the phenotype is more
severe than the PDGF-A knockout. A few embryos survive until E16 but none until
birth. Mice deficient in both PDGF-A and PDGF-B fail to reproduce the PDGFR-a
phenotype, indicating that PDGF-B does not signal through PDGFR-a during
development (reviewed in [82]). Preliminary data suggests that PDGF-A/PDGF-C
double knockouts recapitulate the PDGFR-a  phenotype (mentioned in [88]),
indicating that PDGF-C is the missing link between the PDGFR-a and PDGF-A null
phenotypes.
PDGF-B and PDGFR-b:
These mutations give rise to very similar phenotypes. Knockout mice die during late
gestation or at birth from cardiovascular complications.
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Table 3. PDGF knockout phenotypes

Null mouse Phenotype

PDGF-A1 General smaller animals and organs, loss of mesenchymal cells
Lung normal appearance until birth, failure of PDGFR-a positive

mesenchymal cells to multiply and spread, results in absence
of elastin deposition in alveolar septum formation, and
failure of alveogenesis, followed by emphysema

Heart hypertrophic right ventricle
CNS, PNS reduced number of PDGFR-a positive O-2A

progenitors and oligodendrocytes, myelin deficiency,
hindleg and tail tremor

Testis reduced size, tubular malformations, loss of adult Leydig
cells and circulating testosterone

Intestine fewer and malformed villi, due to a loss of
submucosal mesenchymal cells

PDGFR-a1 General same defects as PDGF-A and additional others:
sub-epidermal blistering, hemorrhaging, edema, and
growth retardation

Early wavy neural tube, smaller somites, defective myotome
patterning, and loss of cranial neural crest cells

Skeleton severe abnormalities including cleft face, spina bifida,
and incomplete cephalic closure

Skin thin submucosa, regional detachment of the epidermis

PDGF-C2 Skeleton cleft palate and spina bifida

PDGF-B/ General lack of pericytes, endothelial cell hyperplasia, up-regulation
PDGFR-b3 of VEGF, dilated blood vessels, hemorrhaging, and edema

Heart enlarged and dilated, with ventricular septum defects
Blood vessels vessels lack or are incompletely covered by mural cells due

to impaired proliferation and migration of vSMC or
pericytes

Liver reduced size, pericytes unaffected
Kidney reduced size, failure to recruit mesangial cells to

developing glomerulus results in absence of capillary
tuft formation, and a reduced glomerular filtration area

1 [37, 40-42, 47, (reviewed in [82]), 89, 100], 2 (mentioned in [88]),
3 [46, 48, 49, 70, (reviewed in [82]), 90, 91].
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PDGF in vascular biology

The knockout studies of PDGFs and their receptors demonstrate that both PDGFR-a
and PDGFR-b signaling are important in vascular development (Table 3). PDGF-B
and PDGFR-b have a significant role at later stages in blood vessel formation,
through recruitment and proliferation of pericytes and vSMCs [46, 48, 49, 70, 90, 91].
Numerous research groups have investigated whether PDGF can initiate blood
vessel formation. Increased knowledge about growth factors involved in blood
vessel growth, may result in several possible clinical applications, such as
therapeutic angiogenesis in ischemic diseases, or anti-tumor vessel therapy. Before
going into details about the angiogenic potential of PDGF, an introduction to blood
vessel biology is presented below.

Blood vessel structure
Blood vessels are built by ECs, that associate to form a tubular structure with a
lumen, a basal membrane, and mural cells (vSMCs or pericytes). The basal
membrane and mural cells cover the vessel to provide strength and elasticity (Figure
4).

Vasculogenesis and angiogenesis
During early stages of development, angioblasts derived from the yolk sac
differentiate into ECs and create the first primitive vascular network. In the adult, EC
progenitors from bone marrow may also be recruited for de novo formation of blood
vessels. These processes are called vasculogenesis. Angiogenesis is the remodeling of
the initial vessel network and sprouting or splitting of pre-existing vessels (reviewed
in [101-103]). In the adult, angiogenic sprouting is responsible for most vessel
formations and takes place in the female reproductive organ, organs undergoing
physiological growth, or in injured tissue. Hypoxia is a strong stimulus for vessel
sprouting. Angiogenesis is initiated by vasodilation and increased permeability. The
vascular basement membrane and surrounding ECM are degraded by proteolytic
enzymes, which enables ECs to migrate towards the angiogenic stimuli. The ECs
then multiply and form new vessel tubes. Mural cells are recruited to cover and
stabilize the vessels (arteriogenesis), which inhibits further EC proliferation and
migration, and a new basal membrane is produced. When the oxygen level is
restored, the angiogenic stimulus ends and the vessel becomes quiescent.
Inflammatory cells and platelets may contribute to blood vessel growth by
producing various angiogenic factors. If a main artery becomes occluded, small
arteries expand to overcome the loss of blood flow, in a process called collateral
vessel growth.

Growth factors other than PDGF in blood vessel formation
VEGF  is the main mitogen for ECs and is required to initiate the formation of
immature vessels by vasculogenesis, or angiogenic sprouting, both during
development and in the adult. VEGF exerts its function through VEGFR-1 and
VEGFR-2, and the co-receptor neuropilin, situated on ECs. A common inducer of
VEGF expression is HIF, in response to hypoxia (reviewed in [101, 103]).
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Ang-1 is a natural inhibitor of vascular permeability and tightens the interaction
between ECs and mural cells, and maintains the quiescense and stability of the
mature vasculature. Ang-1 signals through the Tie-2 receptor located on ECs. At sites
of vascular remodeling in the adult, Ang-2, the antagonist for Ang-1, provides de-
stabilization signals. Ang-2, may be involved in detaching vSMCs and loosening the
matrix (reviewed in [101, 102]).
Ephrin-B2 and its receptor EphB4 are involved in establishing arterial versus venous
identity during development and continue to be important during the development
of arteries (reviewed in [101]).
FGF  receptor signaling in ECs is involved in early blood vessel branching
morphogenesis during development (reviewed in [104]).
TGF-b1 may be involved in blood vessel growth but how is not fully understood. It
has been described to both stimulate and inhibit angiogenesis, but does not seem to
act directly on vascular cells. The pro-angiogenic activity probably lies in the ability
of TGF-b1 to induce VEGF expression. TGF-b1 produced by pericytes may inhibit
angiogenesis by promoting formation of blood vessel basement membrane. It may
also enhance recruitment of mural cells, via up-regulation of PDGF-B (reviewed in
[103, 105]).

Guidance of blood vessels
During mouse development, it has been shown that sprouting vessels are guided by
a steep extracellular gradient of heparin-binding isoforms of VEGF [106, 107]. The
sensors for VEGF gradients are specialized ECs with extended filopodia, so-called tip
cells. Tip cells strongly express PDGF-B and VEGFR-2, and do not form a vascular
lumen. In the vascularization of the retina, which is a postnatal process, vessel
sprouts follow the movement of VEGF-producing astrocytes [107]. Here, PDGF-A
produced by neurons, drives the migration and proliferation of the PDGFR-a
positive astrocytes, and the PDGF-A/PDGFR-a  signaling is crucial for a proper
vascular development [108]. It has also been shown that, during skin vascularization,
the growth of a correct vascular pattern relies on the patterning of peripheral nerves
[109]. Arteries, but not veins, are aligned with nerves and follow their branching
pattern. A local secretion of VEGF is provided by nerve axons and Schwann cells.
The recruitment of vSMCs to smaller arteries is initiated after the alignment with
nerves.

Smooth muscle cells and pericytes
Arteries and veins are surrounded by a single, or multiple layers of vSMCs while
capillaries are covered by pericytes (Figure 4). The vSMCs are not in direct cell-cell
contact with ECs, but are separated by a basement membrane. The pericytes share
basement membrane with ECs and directly contact these through holes in the basal
lamina. Pericytes are associated with both fenestrated and continous microvessels
and their coverage of the EC surface varies extensively between tissues, being
highest in brain and retina. Pericytes have an intermediate phenotype between
vSMC and fibroblasts, and seem to have the capacity to differentiate into fibroblasts.
Pericytes can transdifferentiate from ECs, vSMCs, a common vascular progenitor, or
a mesenchymal progenitor (reviewed in [110, 111]). vSMCs are heterogenous and
have different origins. For instance, both atrial myocardium, epicardium, and cardiac
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neural crest cells generate vSMCs during the development. SMCs can
transdifferentiate from ECs, mesenchymal cells, pericytes, macrophages, or bone
marrow precursors (reviewed in [102, 103]).
PDGF-B plays a critical role in the recruitment and proliferation of pericytes and
vSMCs [70, 90]. In the angiogenic situation, PDGF-B expression is restricted to the tip
of vascular sprouts and growing arteries, that is, at sites where active pericyte
recruitment occurs [107].

Figure 4. Schematic structure of blood vessels

In vivo models of angiogenesis
There are several methods used in order to analyse the potency of a growth factor to
induce angiogenesis in normal tissues. In the CAM assay, a sponge containing the
growth factor is implanted onto the chicken chorioallantoic membrane (CAM) of
chick embryos. The sprouting of vessels towards the stimuli is then monitored [92,
112]. This is an easy and fast method, but one drawback is the use of avian tissue
instead of mammalian. The cornea pocket assay is performed on rabbits, rats or mice.
A pellet soaked with growth factor is introduced into a pocket of the cornea, and
may attract vessels into the avascular cornea [92, 113]. Although this is a difficult
method, it has been become popular, and the effects are easy to monitor. However,
since the cornea normally is avascular, the relevance of this assay might be
questionable. Non-replicating adenovirus, engineered to express growth factors,
have been used to inject mouse ears intradermally in order to study an angiogenic
response [114-116]. This method is time consuming and requires the use of
immunodeficient animals, but may provide relevant information regarding the
induced angiogenesis in an adult vascularized tissue. In all settings, one has to
consider that blood vessels of different organs, or at pathological conditions, may not
respond equally.

Angiogenic potential of PDGF
Several researchers have explored the potency of PDGFs to initiate blood vessel
formation, and the mechanisms involved, using both in vitro and in vivo assays. The
major issue is whether PDGFs directly can act on vascular cells, or whether the
angiogenic capacity is indirect, via stimulation of cells producing other angiogenic
factors, such as VEGF. Nevertheless, PDGFs are involved in blood vessel maturation.

Artery
Vein Capillary
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In cell culture assays, most ECs grown in monolayer (microvessel ECs and aortic
ECs) migrate and proliferate in response to PDGF-AB and PDGF-BB, but not
PDGF-AA, indicating the requirement of PDGFR-b signaling [112, 117, 118]. In three-
dimentional cultures, where ECs are allowed to form tube-like structures, PDGF-BB,
but not PDGF-AA, enhanced tubular formation. However, PDGF-BB alone, without
serum or viable co-cultured myofibroblasts, was not sufficient [119, 120]. Although
PDGFR-a signaling does not seem to induce proliferation of ECs, all dimeric
combinations of PDGF-A and PDGF-B chains were shown to induce
phosphorylation of PDGFR-a on ECs [92, 117].
Based on results from several models of angiogenesis, it is now clear that PDGF-BB,
PDGF-AB, PDGF-CC (as well as VEGF and FGF-2), but not PDGF-AA, can induce
blood vessel growth, including the aortic ring assay, CAM assay, and cornea pocket
assay [92, 112, 118-120], (X. Li et al. 2004, submitted). Only one study reported
PDGF-AA-induced angiogenesis in the aortic ring assay [121]. One group failed to
detect EC outgrowth from aortic rings, in response to PDGF-CC [51]. In the CAM
assay, PDGF-induced neovessels are dilated and express both PDGFR-a  and
PDGFR-b , suggesting formation of both homo- and heterodimeric receptor
complexes [92]. However, it was not shown if the receptors were expressed on ECs,
or vSMCs. Newly formed PDGF-induced vessels have been shown to be coated with
pericytes. [121].
In contrast to VEGF, PDGFs promote growth and migration of fibroblasts and SMCs,
when those cell types are present in the system [51, 112, 121], (X. Li et al. 2004,
submitted). These observations fit well into the hypothesis that PDGFs would
stimulate neovascularization indirectly, via stimulation of cells producing angiogenic
factors.
It is interesting to note that PDGF-C, but not PDGF-A, stimulates capillary sprouting,
despite the fact that they both signal through PDGFR-a . PDGF-A, as well as
PDGF-C, may induce VEGF expression [122, 123], (X. Li et al. 2004, submitted).
However, PDGF-CC, but not PDGF-AA, is able to signal through
PDGFR-ab heterodimers when receptors are co-expressed [15, 51, 92]. For further
studies regarding PDGF-C and PDGF-D, please see results and discussion.

PDGF in therapeutic angiogenesis
In the Western world, the life-threatening complications resulting from insufficient
blood supply to tissues, such as ischemic heart disease or stroke, may be reduced by
therapeutic angiogenesis. In general, treatment with VEGF, the major mitogen for
endothelial cells, produces extensive amounts of new capillaries, but these tend to
regress soon after the cessation of treatment (reviewed in [124]). Another
complication associated with VEGF is edema. FGF-2 is able to increase the number of
arterioles and capillaries, in mouse models of ischemia [113], but in humans, FGF
treatment alone has not reached satisfactory results (reviewed in [104]). It has
become increasingly clear that arterialization of the new vessels, and recruitment of
pericytes are important for the generation of functional, persistent blood vessels
(reviewed in [101, 124]. PDGFs are attractive candidates for such treatments, and
have been evaluated in several animal models.
Intra-cardiac injection with PDGF-AB in rats, has been reported to provide
protection from the damage caused by myocardial infarction, probably by improving
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the angiogenic potential [125]. Combinatory treatments with PDGF-BB and FGF-2
have been evaluated, however with conflicting results. In rat and rabbit hindlimb
ischemia model (growth factor delivery via mini-pump, or in implanted slow-release
polymers combined with intramuscular injection), as well as in mouse myocardial
infarction, PDGF-BB + FGF-2 treatment induced growth of capillaries, as well as
arterioles [113, 126]. It was proposed that FGF-2 stimulates survival of ECs, whereas
PDGF-BB stimulates vSMC survival, resulting in the formation of stable vessels.
However, in vitro studies showed that FGF-2 inhibited chemotaxis and proliferation
of aortic SMCs, induced by PDGF-BB [127]. In addition, PDGF-AA and PDGF-BB
were shown to inhibit FGF-2 induced migration of aortic ECs and angiogenesis in the
CAM-assay as well as in matrigel plug assay [118].
Taken together, PDGFs seem to enhance revascularization in ischemic tissue, and the
most beneficial treatment probably involves a combination of several growth factors.

PDGF in disease
PDGF activity is enhanced at sites of tissue damage, and is important for the healing
process. However, too much PDGF may cause extensive scar formation leading to an
impaired organ function. PDGF overactivity has been linked to several fibrotic
diseases, atherosclerosis, as well as tumor growth.

Fibrotic diseases
Fibrosis involves proliferation of mesenchymal cells possessing a myofibroblast
phenotype, and a subsequent deposition of collagen and other ECM proteins. The
two major mediators of fibrotic disease are PDGF and TGF-b1. PDGF stimulates
proliferation of myofibroblasts, while TGF-b1 signaling generally suppresses growth
of myofibroblasts, and instead directs the cellular machinery into collagen
production and deposition. It is likely that both TGF-b1 and PDGF are required for a
chronic fibrotic response (reviewed in [84]). The regulation of PDGFs and PDGF
receptors varies between different organs.
Lung fibrosis is caused by prolonged low-grade injury (asbestos, smoking), or acute
injury. PDGFs produced by macrophages and epithelial cells attract myofibroblasts
and induce their proliferation, PDGF-B being the most potent. The strength of
PDGF-B action is illustrated by the fact that an intratracheal injection with PDGF-BB
leads to fibrosis. PDGFR-b and TGF-b receptors are constitutively expressed in lung
myofibroblasts. The myofibroblasts may also induce PDGF-A and PDGFR-a
expression, providing an additional autocrine activation, and the combined
PDGFR-a and PDGFR-b signaling elicits a hyperplastic growth response (reviewed
in [78, 84]). Overexpression of PDGF-B or PDGF-A in distal lung epithelium caused
enlarged emphysematous airspaces with thickened septa, inflammation and fibrosis,
or a massive growth of mesenchymal cells and failure of airspace development, in
transgenic mice. [128, 129]. PDGF-C may also play a role in lung fibrosis, since
increased mRNA levels were observed in a mouse model of bleomycin-induced lung
fibrosis [130].
Liver fibrosis may develop as a response to injury caused by autoimmune diseases,
alcohol or drugs, metabolic diseases, or viral hepatitis. PDGF is produced by
infiltrating inflammatory cells and macrophages. Hepatocytes and Kuppfer cells
release reactive oxygen, cytokines and growth factors. Taken together, this will
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activate quiescent hepatic stellate cells, that proliferate and develop into
myofibroblasts (reviewed in [84]). Stellate cells normally express only PDGFR-a, but
during the transition into myofibroblasts they induce expression of both PDGFR-b
and PDGF, enabling both paracrine and autocrine stimulation. TGF-b potentiates
PDGF-B action, but not PDGF-A, via a selective up-regulation of PDGFR-b.
Kidney fibrosis is common among diabetic patients and is characterized by
glomerular mesangial cell growth and matrix accumulation. The expression of PDGF
ligands and their receptors increase during the progression of disease, and drive the
proliferation of mesangial cells (mainly PDGF-B) (reviewed in [78, 84]). PDGF-C and
PDGF-D are also implicated in mesangioproliferative disease, based on their up-
regulation in glomerular podocytes or mesangial cells [131, 132]. The potency of
PDGF-D to induce mesangioproliferative disease was shown in a study where
recombinant adenovirus encoding full-length PDGF-D was injected intravenously.
PDGF-D caused mesangial cell proliferation, glomerular macrophage influx, and
ECM accumulation [133]. PDGF-B induced a milder response. Recombinant PDGF-C
did not cause pathological changes in the kidney, but instead induced liver fibrosis.
For further studies regarding PDGF-C and PDGF-D in fibrosis, please see results and
discussion.

Atherosclerosis
Atherosclerosis affects large and medium-sized arteries, and is characterized by lipid
deposition and fibrosis. These lesions may develop at old age, or in response to a
high saturated fat diet, diabetes, smoking or hypertension. Initially, ECs are locally
damaged, and macrophages and lymphocytes accumulate in the subendothelial
zone. Medial (smooth muscle layer of an artery) SMCs are attracted and migrate into
the intima (innermost layer of blood vessels, consisting of ECs and basal lamina). The
activated SMCs, also called Lipid-Laden cells, or foam cells, produce collagen, elastin
and mucopolysaccharides. Subsequently, an atheromatous plaque within the intima
forms, containing a mixture of macrophages and SMCs, and is usually capped by a
layer of fibrous tissue towards the vessel lumen. Eventually, the artery becomes
occluded, and subsequent fragmentation of the thrombus may cause infarctions at a
distant site. PDGF-AB and PDGF-BB expressed by vSMCs and macrophages
stimulate migration and proliferation of SMCs through PDGFR-b, while PDGF-AA
stimulates protein synthesis, indicating that PDGFR-a signaling mediates cellular
hypertrophy and matrix deposition. Both PDGF receptors become up-regulated in
the SMCs, enhancing their responsiveness (reviewed in [78, 81, 134, 135]). Recently, it
was shown that LRP, a co-receptor for PDGFR-b, may have a protective role against
atherosclerosis by controlling PDGFR-b dependent signaling pathways in SMCs
[136]. LRP is normally expressed on medial SMCs and adventitial (outermost layer of
a vessel) fibroblasts, but in atherosclerotic lesions LRP is also found on ECs and
macrophages (reviewed in [135]). The possible roles of PDGF-C and PDGF-D in
atherosclerosis have not been investigated so far.

Diabetic retinopathy
In the retina of diabetic patients, pericytes might loose contact with microvessels.
Eventually, this can lead to pathological angiogenesis. The new vessels are
immature, leaky, fibrotic and become fragile, leading to massive hemorrhages. The
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fibrotic and vascular response can damage the complex neural network of the retina
and cause blindness. The reason for pericyte loss is not fully understood, but it has
been shown that an intact PDGF-B/PDGFR-b signaling is important in maintaining
vessel integrity [137, 138]. Whereas loss of PDGF-B increased the susceptibility for
retinopathy, elevated levels of PDGF-B, or PDGF-A, in mouse retina also induced
retinopathy [139].

Tumor growth and angiogenesis
Solid tumors start off as small nodules that survive on oxygen and nutrients
provided by adjacent host vessels (reviewed in [105]). It is thought that special cancer
stem cells arise through accumulated mutations, leading to the capacity of indefinite
proliferation (reviewed in [140]). Cancer stem cells also give rise to the majority of
cancer cells, with limited or no proliferative potential. Some tumors will then
continue to grow, and the resulting hypoxic environment will stimulate new
angiogenic sprouting from the host vessels into the tumor. Tumors may also recruit
EC progenitor cells from the bone marrow resulting in vasculogenesis (reviewed in
[103]). Tumor vessels are different from normal vessels in several aspects. They never
become mature and grow as the tumor grows. They are irregularly shaped, dilated,
leaky, haemorrhagic, have fewer and more loosely attached mural cells, and may
contain integrated tumor cells. Tumor vessels are not differentiated into veins,
arteries and capillaries but rather display chaotic features of all of them (reviewed in
[103, 105]). Most solid tumors consist of a stroma, containing fibroblasts, blood
vessels and inflammatory cells, that contribute to tumor growth and maintenance.
Cross-talk signaling between the stroma and tumor cells is crucial for tumor
progression and angiogenesis.
The growth of many tumors involve excessive PDGF activity, and all PDGF isoforms
have been shown to transform NIH-3T3 fibroblasts (reviewed in [83]). Chromosome
translocations, point mutations and deletions have been shown in PDGF-B,
PDGFR-a  or PDGFR-b genes, and generated overactivity of PDGFR signaling,
leading to tumor development.
VEGF is considered the key player in tumor angiogenesis but other growth factors,
such as PDGF, also contribute. PDGF-B, produced by either tumor or stromal cells,
may directly recruit pericytes, and both PDGF-A and PDGF-B can stimulate stromal
cells producing VEGF [(reviewed in [83]), 123, 141]. Both autocrine and paracrine
signaling between tumor cells and stromal tissue may occur (reviewed in [78, 83]).
PDGF may also induce production of proteolytic enzymes, such as MMP:s, which
contribute to tumor growth and angiogenesis, by degrading ECM and by releasing
retained growth factors (reviewed in [105]).
In glioblastoma, the expression of PDGF-A and PDGF-B, and their receptors, provide
evidence for both autocrine and paracrine activation (reviewed in [105]). First,
PDGF-A and PDGFR-a are present in tumor cells, and secondly, PDGF-B and
PDGFR-b are highly expressed by tumor cells and also in the stromal compartment.
It has been suggested that PDGF autocrine signaling is sufficient to induce formation
of low-grade gliomas, by de-differentiating astrocytes into proliferative glial
progenitors. The conversion to a highly malignant glioma, reqiures additional
mutations [142].
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One approach to combat tumors is to target the vessels. Treatment with tyrosine
kinase inhibitors of both VEGFR and PDGFR signaling targets ECs as well as
pericytes, and seems to be efficient in order to reduce tumor growth [143].
Several studies have also linked PDGF-C and PDGF-D to malignancies. PDGF-C and
PDGF-D mRNAs have been detected in many tumors, sometimes co-expressed with
PDGF receptors, as in glioblastoma, suggesting autocrine stimulation [31, 144-147].
PDGF-C and PDGF-D transformed cells promote tumor growth in immunodeficient
mice [122, 148]. Tumors expressing PDGF-C or PDGF-D attracted host fibroblasts,
PDGF-C being most potent. PDGF-C was also more efficient in stimulating VEGF
expression and capillary growth, suggesting an important role of PDGFR-a signaling
[122].
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Glossary

atherosclerosis hardening of arteries caused by  lipid and mineral
deposition

cephalic head, skull
cleft face/palate developmental disorder where the two bones forming

the palate are not properly fused together, mouth and
nasal cavities become connected (swe: gomspalt)

c-Myc Myelocytomatosis, human oncogene
dermatome embryonic tissue that develops into dermis
ectoderm outer germ layer, develops into epidermis and

nervous system
floor plate embryonic structure affecting neuronal development
glial cell supporting cell in CNS (astrocytes and

oligodendrocytes)
granulation tissue tissue that forms over a wound, consists mainly of

small vessels and fibres
Itoh cell liver pericyte
Kuppfer cell liver phagocyte
Leydig cell testosterone producing cell in testis
megakaryocyte precursor of platelets
meninges membrane surrounding brain and spinal cord
mesangial cell a specialized kidney pericyte
mesoderm middle germ layer, develops into several organs

and connective tissue
mural cell contractile mesenchymal cells (vSMC and pericytes)
myoblast muscle cell progenitor
myofibroblast fibroblast-like cells with smooth muscle cell

contractile ability
myotome embryonic tissue that develops into muscle
notochord transient organ, involved in formation of the neural tube,

and establishment of anterior-posterior body axis
O-2A progenitor bi-potent precursor cell that may differentiate into

oligodendrocytes or astrocytes
Oligodendrocyte glia cells that form myelin sheats around nerve

projections in the CNS
palate roof of the mouth and floor of nasal cavity (swe: gom)
perichondrium connective tissue covering cartilage
periosteum connective tissue covering bone
podoctye epithelial cell in kidney glomerulus
Schwann cell supporting cell in the PNS
sclerotome embryonic tissue that develops into bone
somites blocks derived from mesoderm, differentiates

into sclerotome, myotome and dermatome
spina bifida developmental disorder where the vertebra backbone

has a gap, allowing the spinal cord to pass through. May
affect the bone only or the spinal cord as well, leading to
leg paralysis and mental retardation

stellate cell mesenchymal cell that store vitamin A metabolites
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Aim of the study

(1) To clone the cDNA sequence of the human PDGF-C, and to characterize this
novel growth factor (Paper I)

(2) To analyse the expression pattern of PDGF-D in developing and adult tissue, in
order to suggest a physiological function (Paper III)

(3) To investigate the biological activity of PDGF-C and PDGF-D, by overexpression
in transgenic mice (Paper I, II and III)

(4) To explore the angiogenic potential of PDGF-C and PDGF-D in mouse tissue
(Paper II, III and IV)
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Materials and Methods

Below I have listed research techniques used by me in this work. For a detailed
description, please refer to each individual paper

Method Paper

Animal experiments I, II, III, IV
cDNA library screening I
Cell transfection I
Cloning I, II
Generation of transgenic mice I, II
Histological techniques I, II, III, IV
Immunofluorescence IV
Immunohistochemistry II, III
Immunoprecipitation II
Northern blotting II
Polymerase Chain Reaction (PCR) I, II
Regular and confocal microscopy I, II, III, IV
DNA Sequencing I
Western blotting I, II
Whole mount analysis IV
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Results

paper I
PDGF-C is a new protease-activated ligand for the PDGF a-receptor

In an attempt to find novel members of the PDGF/VEGF growth factor family, we
searched the human and mouse EST databases at NCBI (National Center for
Biotechnology Information). The search resulted in the discovery of two novel
candidates, that were found to represent two new PDGF molecules, PDGF-C and
PDGF-D. This paper describes the cloning and initial characterization of PDGF-C,
while the discovery of PDGF-D was presented in a separate study [13]. We cloned
full-length PDGF-C cDNA from a lgt10 cDNA library derived from human fetal
lung. The new PDGF sequence encoded a protein composed of 345 amino acids. It
displayed a novel structure compared to the other family members, in having an
N-terminal CUB domain. In parallel, we produced antibodies in rabbit raised against
a peptide, corresponding to a part of the identified EST sequence. PDGF-C protein
produced by transfected COS-1 cells migrated as a 55 kDa species under reducing
conditions, and around 100 kDa under non-reducing conditions. This indicates that
PDGF-C was expressed as a disulphide-linked homodimer. To produce large
quantities of the protein, we infected Sf9 insect cells with recombinant baculovirus
carrying full-length PDGF-C cDNA, or a truncated cDNA encoding the PDGF/VEGF
homology domain alone (core domain), with a C-terminal His6 tag. Baculo-produced
full-length PDGF-C, and core PDGF-C, migrated under reducing conditions as a 55
kDa, or 23 kDa species, respectively. Full-length and core protein were then used in
receptor binding assays. We showed that core PDGF-CC, but not full-length
PDGF-CC, could bind to and activate PDGFR-a present on PAE cells, suggesting that
PDGF-C is expressed as an inactive precursor, that becomes active after proteolytic
removal of the CUB domain. Plasmin was able to digest PDGF-CC and release the
active core domain. To find out the expression pattern of PDGF-C, in comparison to
the other PDGFR-a ligand PDGF-A, we performed multiple tissue northern analysis
on human mRNAs. In several organs, PDGF-C and PDGF-A mRNA were co-
expressed, such as in the heart, kidney, pancreas and prostate, whereas PDGF-C
alone was expressed in the liver and ovary. In situ hybridization of developing
mouse kidney showed preferential expression of PDGF-C mRNA in the metanephric
mesenchyme during epithelial conversion. Analysis of kidneys lacking
PDGFR-a showed selective loss of mesenchymal cells, adjacent to sites of expression
of PDGF-C mRNA. This was not found in kidneys from animals lacking PDGF-A, or
both PDGF-A and PDGF-B, indicating that PDGF-C is the missing link between the
PDGFR-a and PDGF-A null phenotypes. In order to produce antibodies against
PDGF-C, rabbits were immunized with human core PDGF-CC produced in the
baculo-system. To explore the in vivo activities of PDGF-C, we chose heart as a model
organ to overexpress PDGF-C (human heart express PDGF-C), using the heart-
specific a-MHC promoter. To distinguish endogenous protein from transgenic, we
inserted a C-terminal human c-Myc tag. An initial analysis of transgenic mice was
included in this paper, in which we showed that PDGF-C induced proliferation of
interstitial fibroblasts.
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paper II
Transgenic overexpression of platelet-derived growth factor-C in the mouse heart

induces cardiac fibrosis, hypertrophy, and dilated cardiomyopathy
In this study we performed a detailed analysis of the transgenic mice initially
described in paper I [12]. Expression of transgenic full-length PDGF-C was
confirmed by western blotting and immunohistochemistry. Only small amounts of
processed PDGF-C molecules were detected, indicating a limited proteolysis. Rabbit
antibodies raised against core PDGF-CC were affinity purified, and found to be
highly specific. We now discovered that in contrast to the human, mouse heart
expresses almost undetectable amounts of endogenous PDGF-C.
The mice initially developed cardiac fibrosis, followed by sex-dependent phenotypes
(Figure 5). Male mice developed a hypertrophic phenotype including thickening of
ventricle walls, while female mice were more severely affected and developed
dilated cardiomyopathy, leading to heart failure and sudden death at the age of
about three months. Only male transgenic mice were used for breeding, because the
females were too seriously affected by pregnancy. Also, only heterozygous animals
were produced, since homozygous animals were shown to die at young age.
Transgenic mice and wild-type littermate controls were analyzed by
echocardiography and electrocardiography, and the results confirmed that
transgenic hearts (especially in females) had reduced contractile function. Several
pathological changes were observed in transgenic hearts, including cardiac fibrosis
and deposition of collagen, hypertrophy as well as degeneration of myofibers,
vascular defects, and the presence of Anitschkow cells in the adult myocardium.
Anitschkow cells are characterized by their caterpillar-like appearance of chromatin,
a feature believed to indicate cellular immaturity rather than any specific cell type.
The function of Anitschkow cells, or how they are derived, is not known.
Northern blot analysis revealed an up-regulation of several specific markers for
cardiac fibrosis and hypertrophy, and supported the histological findings.
The vascular defects initially included dilation of microvessles and vascular leakage.
Subsequently, a marked loss of microvessels, formation of large vascular sac-like
structures, and an increased density of smooth muscle-coated vessels were observed
in the myocardium. It was not clear if the vascular changes were caused directly by
PDGF-C, or reflected a secondary response to the fibrosis and hypertrophy.
However, prior to vascular defects, VEGF protein was up-regulated in cardiac
fibroblasts, and may at least in part have caused the blood vessel abnormalities.
We also generated mice solely overexpressing the CUB domain in the heart.
Transgenic mice did not develop any detectable phenotype, except an up-regulation
of SMA in the myocardium. Consequently, we suggested that protease-activated
PDGF-C was responsible for the phenotypes in the full-length PDGF-C transgenes.
The lack of pathological changes in the CUB transgene also provides evidence that
the a-MHC promoter itself does not have a pathological effect on the cardiac muscle.
This unique animal model reveals that PDGF-C is a potent mitogen for cardiac
fibroblasts, and that the expansion of the interstitium induces a secondary sex-
dependent hypertrophic response in the cardiomyocytes.
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Figure 5. Consequences of PDGF-C overexpression in mouse heart

paper III
PDGF-D displays a unique expression pattern in embryonic and adult tissues, and

induces proliferation of cardiac fibroblasts and smooth muscle cells in heart-
specific transgenic mice

Previously, the identification of the novel PDGFR-b ligand, PDGF-D, was reported
by our laboratory [13]. At the same time, another group independently discovered
the same protein [15].
To get an idea of possible roles of PDGF-D in developing and adult tissue, we
performed a detailed expression analysis by immunohistochemistry. We used an
affinity purified rabbit Ig raised against the full-length protein. In the developing
mouse, PDGF-D protein was found in a variety of tissues and cell types, including
skeletal muscle, myocardium, epithelium of several organs, liver, cartilage, and some
blood vessels. In adult tissues positive staining was detected in the heart, proximal
convoluted tubules and thick loop of Henley in the kidney, skeletal muscle, liver
hepatocytes, and several hormone-producing cells. The mRNA analysis in adult
mouse tissue showed high expression of PDGF-D in testis, kidney, lung, brain and
heart, and confirmed the immunohistochemical data. Our results show that PDGF-D
displays a different expression pattern compared to the other PDGFR-b ligand,
PDGF-B, suggesting distinct functions of PDGF-B and PDGF-D in PDGFR-b
signaling.
To investigate the in vivo response to PDGF-D signaling, we generated transgenic
mice overexpressing human PDGF-D in the heart. To overcome the possible problem
with limited proteolysis of full-length PDGF-D, we overexpressed the core domain.
The upstream sequence including signal peptide, CUB, and hinge region, was
removed and replaced by an Ig k-chain leader sequence to facilitate secretion of the
protein. A human c-Myc tag was attached to the C-terminus to distinguish
transgenic from endogenous PDGF-D. In vitro expressed core PDGF-D was shown to
induce phosphorylation of PDGFR-b on PAE cells. Expression of transgenic PDGF-D
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in the mouse was confirmed by western blotting and immunohistochemistry, and
PDGFR-b was found to be phosphorylated in transgenic hearts, but not in wild-type.
Transgenic mice developed a similar, but much more severe phenotype than those
overexpressing PDGF-C [149 (paper II)]. Founder mice were unable to survive long
enough to reproduce. Core PDGF-D induced cardiac fibrosis followed by dilated
cardiomyopathy, and subsequent cardiac failure. PDGF-D overexpression also
caused vascular changes including dilation of vessels, decreased capillary density
and increased density of smooth muscle coated vessels (Figure 6). In addition,
PDGF-D induced proliferation of arterial smooth muscle cells leading to thickened
arterial walls.

Figure 6. Overexpression of core PDGF-D in the heart (light grey) induces fibrosis,
increased density of SMA-positive vessels (arterioles), and thickening of arterial
walls, only in areas of transgenic expression.

In most transgenic mice, the expression of PDGF-D was restricted to distinct areas of
the myocardium. The pathological effects were mainly observed in those areas,
suggesting that PDGF-D produced by the myocardium acts directly on surrounding
fibroblasts and vascular cells. We showed that PDGFR-b was strongly activated in
transgenic hearts, but not in the wild-type. VEGF expression was up-regulated in
interstitial fibroblasts and may explain the dilatory effect on blood vessels. The
results suggest that PDGF-D is a potent mitogen for connective tissue cells, as well as
vSMCs.

paper IV
Adenoviral overexpression of PDGF-C and PDGF-D induce angiogenesis in the

mouse skin
To investigate the angiogenic properties of PDGF-C and PDGF-D, we used a mouse
model system where recombinant adenovirus, expressing the growth factor, is
injected into the ears of nude mice. This in vivo angiogenesis assay has been used by
other groups, and has the advantage that it enabled us to study the action of these
growth factors in a vascularized tissue. We produced recombinant adenoviruses
expressing full-length, or active core forms of PDGF-C or PDGF-D. Expression of
recombinant protein by adenovirus was confirmed by infecting COS-1 cells or HEK
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293 cells in vitro. As a positive control of viral infection, adenovirus expressing green
fluorescent protein (GFP) was used. PDGF-C and PDGF-D proteins were detected by
immunofluorescence staining of cells, or by western blotting, using TCA precipitated
conditioned medium.
Recombinant adenovirus encoding PDGF-C, PDGF-D, or GFP (1-2 x 108 pfu, in 10-30
ml) was injected subcutaneously into the ears of NMRI nude mice. These mice lack
functional T-cells and are unable to induce an immune response to viral particles.
The animals were sacrified after 7, or 14 days. Direct fluorescence analysis of whole
mounted ears showed local GFP-expression around the site of injection in epithelial
cells, mesenchymal cells (probably fibroblasts), and in large blood vessels. Skeletal
muscle cells were not infected. Double whole mount immunofluorescence staining of
endothelial cells (Pecam-1) and smooth muscle cells (a-SMA), analysed by confocal
microscopy, showed that core PDGF-D induced more smooth muscle cell coated
vessels (arteries), suggesting that PDGF-D stimulated arterialization of vessels. Full-
length and core PDGF-C locally induced a more dense capillary network. We also
stained frozen sections of mouse ear in the study and analysed those by conofocal
microscopy. Interestingly, the vascular response to adenoviral PDGF expression was
restricted to the skeletal muscle layer. Skeletal muscle is highly vascularized by
capillaries aligned longitudinally with the muscle fibres. Adenoviral expression of
full-length or core PDGF-C induced sprouting angiogenesis of microvessels, and an
altered vascular network (Figure 7). Capillaries fused, and endothelial tip cells with
extending filopodia were observed. Expression of recombinant core PDGF-D
induced a similar response, but very few extending filopodia were seen. Both PDGF-
C and PDGF-D stimulated an increased cellularity at the site of injection, which
probably corresponds to proliferation of mesenchymal cells. It should be noted that
in this system, the angiogenic effects of PDGF-C and PDGF-D were weak. However,
the results suggest that both proteins exhibit angiogenic properties, either by acting
directly on vascular cells, or indirectly via skeletal muscle cells or surrounding
mesenchymal cells.

Figure 7. Vascular sprouting and fusion of capillaries in the mouse ear after PDGF-C
treatment

normal ear
Adenoviral
PDGF-C
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Discussion

In this work, human PDGF-C was cloned and identified as a novel ligand for
PDGFR-a [12 (Paper I )]. The same year, PDGF-C was also identified by others [150,
151]. PDGF-C displays a novel protein structure compared to other PDGF/VEGF
family members in having an N-terminal CUB domain, and is expressed as a latent
homodimer, that becomes active upon proteolysis [12 (Paper I)]. tPA was identified
as a specific protease for PDGF-C and interacts with both the CUB, and the core
domains [26].
About one year after the first PDGF-C publication, we, and others also reported the
identification of PDGF-D, as a novel PDGFR-b ligand [13, 15]. PDGF-D, similarly to
PDGF-C, contains an N-terminal CUB domain that must be proteolytically removed
to generate active species. The amount of active PDGF-C and PDGF-D can thus be
regulated both on the gene expression level, as well as on the protein level. The
specific protease for PDGF-D has not been identified yet.

We focused this work on exploring the biological activities of the two novel growth
factors, with special emphasis on their role in modulating the vascular tree.

PDGF-C and PDGF-D expression patterns
During mouse embryogenesis, the PDGF-C expression pattern is distinct from
PDGF-A in some tissues, but in some locations the growth factors are co-expressed,
suggesting overlapping functions at those sites [27, 34, 50]. We observed that kidneys
in PDGFR-a-/- embryos showed a selective loss of mesenchymal cells adjacent to
sites of expression of PDGF-C mRNA. This loss was not found in kidneys from
PDGF-A-/-, or PDGF-A/PDGF-B -/- embryos, suggesting a distinct role of PDGF-C
in mouse development [12 (Paper I)]. The recent generation of PDGF-C null mice
supported our finding (mentioned in [88]). PDGF-C -/- mice exhibit cleft face and
spina bifida, disorders associated with PDGFR-a (but not PDGF-A) deficiency, and
PDGF-C/PDGF-A double knockout mice reproduce the PDGFR-a -/- phenotype.
In adult humans, PDGF-C and PDGF-A mRNAs are co-expressed in several organs
where they may have overlapping functions, such as in the heart, kidney, pancreas
and prostate whereas PDGF-C, but not PDGF-A, is found in liver and ovary
indicating distinct functions [12 (Paper I)]. In murine tissue, PDGF-C is expressed in
liver hepatocytes, cartilage, hair follicles, oocytes, testis Leydig cells, and distal
tubules and thin loop of Henley in the kidney (A. Pontén and U.Eriksson,
unpublished data).
We detected PDGF-D in several tissues during mouse development, including
myocardium, skeletal muscle, epithelium, cartilage and some blood vessels (Paper
III). At several sites, as in the gastrointestinal tract, PDGF-D is expressed in the
epithelium, adjacent to PDGFR-b expressing mesenchyme [69]. The expression
pattern is different compared to PDGF-B, which is mainly restricted to growing
blood vessels [46, 49], suggesting distinct functions of PDGF-B and PDGF-D, in
PDGFR-b signaling. Interestingly, PDGF-D seems to be the only PDGF substantially
expressed in developing liver. In addition, the developing liver is the only organ
where PDGF-B is not expressed in blood vessels, while scattered PDGFR-b positive
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vascular cells are present. In PDGF-B, or PDGFR-b null mice, the pericyte loss is less
pronounced or undetected in the gastrointestinal tract, pancreas, adrenal gland,
liver, and skin (reviewed in [82]), and at least in skin and liver vessels, PDGF-D is
expressed (Paper III). A crucial role for PDGF-D in developing organs may however
be difficult to demonstrate, based on the similarities between PDGF-B and PDGFR-b
knockout phenotypes.
In adult human tissue, PDGF-D mRNA is more restricted than the other PDGFs [12
(Paper I), 13]. The highest expression is detected in heart, pancreas and ovary, where
PDGF-B is co-expressed. In adult mice, PDGF-D is localized to liver hepatocytes,
skeletal muscle, a part of the myocardium and in several hormone producing cells,
such as oocytes, islets of Langerhans, and medullar cells of adrenal gland (Paper III).
In mouse kidney, PDGF-D expression is restricted to thick loop of Henley and
proximal tubules (Paper III), while PDGF-B is localized to ECs [38], indicating
distinct functions. The analysis of adult mouse mRNA supports a high expression of
PDGF-D in kidney and heart. Species differences have also been observed, PDGF-D
being highly expressed in mouse lung, but not human [13](Paper III).

Overexpression of PDGF-C and PDGF-D in mouse heart induce connective tissue
growth and vascular remodeling

Full-length PDGF-C transgenic mice develop cardiac fibrosis followed by sex-
dependent phenotypes [149 (Paper II)]. Male mice develop a hypertrophic
phenotype, while female mice are more severely affected and developed dilated
cardiomyopathy, leading to heart failure and death. In humans, cardiac fibrosis
develops as a response to cardiac hypertrophy, a compensatory mechanism induced
by myocardial infarction, hypertension or endocrine disorders (reviewed in [84]). It
is not clear why female mice were more severely affected. The transition from
hypertrophy to dilation and cardiac failure is not fully understood, but involves a
progressive increase in atrial natriuretic peptide (ANP) and TGF-b1 (reviewed in
[152]). This supports our data because female mice showed an extensive up-
regulation of ANP [149 (Paper II)].
PDGFR-a was shown to be activated and up-regulated in PDGF-C transgenic mice,
suggesting that PDGF-C is a potent mitogen for cardiac fibroblasts through
PDGFR-a . Cardiac fibroblasts express both PDGFR-a  and PDGFR-b  [73]. This
unique animal model reveals that a potent mitogen for cardiac fibroblasts, such as
PDGF-C, can initiate cardiac disease [149 (Paper II)].
Heart-specific overexpression of core PDGF-D induces a phenotype similar to full-
length PDGF-C (Paper III). However, these mice are much more severely affected,
including massive fibrosis, dilated cardiomyopathy, cardiac failure and death before
adulthood. This difference might be a result of a stronger mitogenic response to
PDGF-D, compared to PDGF-C, in cardiac fibroblasts. In addition, the requirement
of proteolytic activation of full-length PDGF-C might limit the action of this growth
factor in transgenic mice. We showed that PDGFR-b was activated in the transgenic
heart, suggesting that signaling through both PDGF receptors may stimulate
proliferation of cardiac fibroblasts. Indeed, core PDGF-CC, as well as core PDGF-DD,
promote growth of fibroblasts in vitro, [12 (Paper I), 15]. It is also possible that
transgenic PDGF-C and PDGF-D activate PDGFR-ab heterodimers.



  A. Pontén

38

In addition to the fibrotic response in PDGF-C and PDGF-D overexpression,
transgenic mice also develop vascular changes, including dilation of microvessles,
formation of large vascular sac-like structures, reduced capillary density, and an
increased density of smooth muscle-coated vessels. It is difficult to distinguish
whether those effects are caused directly by PDGF, or reflects secondary responses to
cardiac fibrosis and hypertrophy. Prior to vascular changes, an up-regulation of
VEGF in cardiac fibroblasts was observed, which may at least in part explain the
dilation and sac-like structures [149 (Paper II)], (Paper III). We also showed that
PDGFR-a is expressed by a subset of blood vessels in the normal myocardium,
enabling PDGFR-a  signaling in those vessels (A. Pontén and U. Eriksson,
unpublished data). The increase in smooth muscle coated vessels (arterioles) may
correspond to an arterialization of small vessels. Core PDGF-DD and core PDGF-CC
stimulate proliferation of SMCs in vitro [15, 31], supporting the idea that
arterialization in transgenic hearts was directly induced by PDGF-C and PDGF-D.
PDGF-D transgenic mice also display thickened arterial walls, due to proliferation of
medial SMCs, and this is not seen in mice overexpressing PDGF-C, suggesting that
PDGF-D is a more potent mitogen for vSMCs (Paper III).
PDGF-A and PDGF-B have also been overexpressed in mouse heart (P. Lindblom, C.
Bondjers, and C. Betsholtz, personal communication). PDGF-A transgenic mice (the
long or the short form) generate a lethal phenotype, similar to but much worse than
PDGF-C. Transgenic mice overexpressing PDGF-B does not exhibit any obvious
vascular abnormalities, and only a mild focal fibrosis, in contrast to PDGF-D
transgenic mice. The results show that all PDGFs are able to induce cardiac fibrosis,
but with different strength. It was surprising that PDGF-B did not cause extensive
fibrosis, since this growth factor is considered the most potent mitogen for fibroblast-
like cells in human disease (reviewed in [84]). In addition, PDGF-B is a potent
mitogen for vSMCs, but no vascular effects were detected. Expression of transgenic
PDGF-B was not confirmed, and thus it is not clear whether PDGF-B was properly
expressed or processed by the cardiomyocytes.

PDGF-C stimulates sprouting angiogenesis and PDGF-D stimulates arterialization
in mouse skin

For therapeutic angiogenesis, adenovirus is the most commonly used viral vector
because it can transduce both dividing and non-dividing cells, and allows a local,
high and transient expression of the recombinant protein [124]. We injected
recombinant adenovirus encoding full-length or core PDGF-C or PDGF-D into the
ears of nude mice (Paper IV).  Both full-length and core PDGF-C induced sprouting
angiogenesis of microvessels, and an altered vascular network. The response was not
enough pronounced to be detected on a macroscopic level, but at higher
magnification. Capillaries fused together, and endothelial tip cells with extending
filopodia were observed. Core PDGF-D induced a weaker response, but stimulated
arterialization of vessels, indicated by an increased number of SMA-positive vessel
branches. The effect of full-length PDGF-D was almost absent, indicating insufficient
proteolysis. Both PDGF-C and PDGF-D stimulated an increased cellularity at the site
of injection, probably corresponding to proliferation of mesenchymal cells. The
angiogenic response was weak and the capillary sprouting was restricted to the
dermal skeletal muscle layer, which is highly vascularized by capillaries. In order for
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PDGF-C to act directly on capillary ECs, PDGFR-a must be expressed on those cells
and able to transduce mitogenic and migratory signals. PDGFR-a expression has
been reported on some ECs [92, 117]. There are however contradictory results
regarding the migratory and proliferative response of ECs to PDGF treatment [112,
117, 118], (X. Li et al. 2004, submitted). We have shown that PDGF-C can induce
migration, but not proliferation of ECs in vitro (X. Li et al. 2004, submitted). PDGF-C
has also been shown to induce VEGF expression [122, 149 (Paper II)], and anti-VEGF
antibodies inhibit the angiogenic response of PDGF-CC in the aortic ring assay (X. Li
et al. 2004, submitted). Based on these results, it is possible that PDGF-C acts in
concert with VEGF in capillary sprouting, whereas PDGF-C alone is probably not
sufficient to promote angiogenesis. The VEGF source in our study could be
mesenchymal cells (probably fibroblasts) or skeletal muscle cells. PDGF-B, but not
PDGF-A, has a significant effect on skeletal muscle regeneration, involving
proliferation of satellite cells (reviewed in [94]). The possible effect of PDGF-C or
PDGF-D on skeletal muscle has not been investigated. In a recent study, full-length
or core PDGF-D, or PDGF-B delivered by recombinant adeno-associated virus (AAV)
into mouse ear skin or skeletal muscle, failed to induce angiogenesis [153].
Surprisingly, PDGF-D did not induce proliferation of connective tissue. However,
both forms of PDGF-D recruited macrophages. In combination with VEGF-E,
PDGF-D, as well as PDGF-B, induced a strong angiogenic response and promoted
stabilization of new vessels by vSMCs. VEGF-E alone gave rise to non-mature leaky
vessels, similar to VEGF [114, 153]}. The absence of response to PDGF-D alone may
be explained by the use of different viral vectors, adenovirus being more efficient in
producing recombinant protein than AAV (reviewed in [154]). Adenovirus infects
several cell types, but not muscle cells, and the genome is not integrated into the host
cell chromosome. AAV infects more cell types, including muscle, and its DNA
integrates into the host genome. However, the level of transduction and protein
expression differs between cell types.
The potential of PDGF-C and PDGF-D to induce angiogenesis and/or arteriogenesis,
makes them attractive in therapeutic angiogenesis. The fibrotic response to PDGFs is
however unwanted, and must be considered in future studies. PDGF-D action in
ischemic tissue has not been investigated, but PDGF-C seems to be efficient in
enhancing revascularization after myocardial infarction, or femoral artery ligation.
Here, administered PDGF-CC was shown to induce capillary growth and
arteriogenesis (X. Li et al. 2004, submitted).

In summary, we propose that PDGF-C and PDGF-D are potent modulators of the
vascular system, via direct and/or secondary mechanisms. We also show that
PDGF-C and PDGF-D stimulate growth of connective tissue cells, and that these
growth factors might be involved in several fibrotic diseases, as well as in tumor
growth.



  A. Pontén

42

References

1. Kohler, N. and A. Lipton, Platelets as a source of fibroblast growth-promoting activity. Exp
Cell Res, 1974. 87: p. 297-301.

2. Ross, R., J. Glomset, B. Kariya, and L. Harker, A platelet-dependent serum factor that
stimulates the proliferation of arterial smooth muscle cells in vitro. Proc Natl Acad Sci U S
A, 1974. 71: p. 1207-10.

3. Heldin, C.H., B. Westermark, and Å. Wasteson, Platelet-derived growth factor:
purification and partial characterization. Proc Natl Acad Sci U S A, 1979. 76: p. 3722-6.

4. Antoniades, H.N., C.D. Scher, and C.D. Stiles, Purification of human platelet-derived
growth factor. Proc Natl Acad Sci U S A, 1979. 76: p. 1809-13.

5. Johnsson, A., C.H. Heldin, B. Westermark, and Å. Wasteson, Platelet-derived growth
factor: identification of constituent polypeptide chains. Biochem Biophys Res Commun,
1982. 104: p. 66-74.

6. Antoniades, H.N. and M.W. Hunkapiller, Human platelet-derived growth factor (PDGF):
amino-terminal amino acid sequence. Science, 1983. 220: p. 963-5.

7. Waterfield, M.D., G.T. Scrace, N. Whittle, P. Stroobant, A. Johnsson, Å. Wasteson, B.
Westermark, C.H. Heldin, J.S. Huang, and T.F. Deuel, Platelet-derived growth factor is
structurally related to the putative transforming protein p28sis of simian sarcoma virus.
Nature, 1983. 304: p. 35-9.

8. Doolittle, R.F., M.W. Hunkapiller, L.E. Hood, S.G. Devare, K.C. Robbins, S.A.
Aaronson, and H.N. Antoniades, Simian sarcoma virus onc gene, v-sis, is derived from the
gene (or genes) encoding a platelet-derived growth factor. Science, 1983. 221: p. 275-7.

9. Johnsson, A., C.H. Heldin, Å. Wasteson, B. Westermark, T.F. Deuel, J.S. Huang, P.H.
Seeburg, A. Gray, A. Ullrich, G. Scrace, P. Stroobat, and M.D. Waterfield, The c-sis
gene encodes a precursor of the B chain of platelet-derived growth factor. Embo J, 1984. 3: p.
921-8.

10. Sejersen, T., C. Betsholtz, M. Sjölund, C.H. Heldin, B. Westermark, and J. Thyberg,
Rat skeletal myoblasts and arterial smooth muscle cells express the gene for the A chain but
not the gene for the B chain (c-sis) of platelet-derived growth factor (PDGF) and produce a
PDGF-like protein. Proc Natl Acad Sci U S A, 1986. 83: p. 6844-8.

11. Stroobant, P. and M.D. Waterfield, Purification and properties of porcine platelet-derived
growth factor. Embo J, 1984. 3: p. 2963-7.

12. Li, X., A. Pontén, K. Aase, L. Karlsson, A. Abramsson, M. Uutela, G. Bäckstrom, M.
Hellström, H. Boström, H. Li, P. Soriano, C. Betsholtz, C.H. Heldin, K. Alitalo, A.
Östman, and U. Eriksson, PDGF-C is a new protease-activated ligand for the PDGF a-
receptor. Nat Cell Biol, 2000. 2: p. 302-9.

13. Bergsten, E., M. Uutela, X. Li, K. Pietras, A. Östman, C.H. Heldin, K. Alitalo, and U.
Eriksson, PDGF-D is a specific, protease-activated ligand for the PDGF b-receptor. Nat Cell
Biol, 2001. 3: p. 512-6.

14. Fredriksson, L., H. Li, and U. Eriksson, The PDGF family: four gene products form five
dimeric isoforms. Cytokine Growth Factor Rev, 2004. 15: p. 197-204.

15. LaRochelle, W.J., M. Jeffers, W.F. McDonald, R.A. Chillakuru, N.A. Giese, N.A.
Lokker, C. Sullivan, F.L. Boldog, M. Yang, C. Vernet, C.E. Burgess, E. Fernandes, L.L.
Deegler, B. Rittman, J. Shimkets, R.A. Shimkets, J.M. Rothberg, and H.S. Lichenstein,
PDGF-D, a new protease-activated growth factor. Nat Cell Biol, 2001. 3: p. 517-21.

16. Heldin, C.H. and B. Westermark, Mechanism of action and in vivo role of platelet-derived
growth factor. Physiol Rev, 1999. 79: p. 1283-316.

17. Östman, A., J. Thyberg, B. Westermark, and C.H. Heldin, PDGF-AA and PDGF-BB
biosynthesis: proprotein processing in the Golgi complex and lysosomal degradation of
PDGF-BB retained intracellularly. J Cell Biol, 1992. 118: p. 509-19.

18. Siegfried, G., A.M. Khatib, S. Benjannet, M. Chretien, and N.G. Seidah, The proteolytic
processing of pro-platelet-derived growth factor-A at RRKR(86) by members of the proprotein



                                                                                                                           References

43

convertase family is functionally correlated to platelet-derived growth factor-A-induced
functions and tumorigenicity. Cancer Res, 2003. 63: p. 1458-63.

19. Östman, A., M. Andersson, C. Betsholtz, B. Westermark, and C.H. Heldin,
Identification of a cell retention signal in the B-chain of platelet-derived growth factor and in
the long splice version of the A-chain. Cell Regul, 1991. 2: p. 503-12.

20. LaRochelle, W.J., M. May-Siroff, K.C. Robbins, and S.A. Aaronson, A novel mechanism
regulating growth factor association with the cell surface: identification of a PDGF retention
domain. Genes Dev, 1991. 5: p. 1191-9.

21. Raines, E.W. and R. Ross, Compartmentalization of PDGF on extracellular binding sites
dependent on exon-6-encoded sequences. J Cell Biol, 1992. 116: p. 533-43.

22. Lindblom, P., H. Gerhardt, S. Liebner, A. Abramsson, M. Enge, M. Hellström, G.
Bäckstrom, S. Fredriksson, U. Landegren, H.C. Nyström, G. Bergström, E. Dejana, A.
Östman, P. Lindahl, and C. Betsholtz, Endothelial PDGF-B retention is required for
proper investment of pericytes in the microvessel wall. Genes Dev, 2003. 17: p. 1835-40.

23. Bork, P. and G. Beckmann, The CUB domain. A widespread module in developmentally
regulated proteins. J Mol Biol, 1993. 231: p. 539-45.

24. Hartigan, N., L. Garrigue-Antar, and K.E. Kadler, Bone morphogenetic protein-1 (BMP-
1). Identification of the minimal domain structure for procollagen C-proteinase activity. J Biol
Chem, 2003. 278: p. 18045-9.

25. Nakamura, F. and Y. Goshima, Structural and functional relation of neuropilins. Adv
Exp Med Biol, 2002. 515: p. 55-69.

26. Fredriksson, L., H. Li, C. Fieber, X. Li, and U. Eriksson, Tissue plasminogen activator is a
potent activator of PDGF-CC. In Press (EMBOJ), 2004.

27. Aase, K., A. Abramsson, L. Karlsson, C. Betsholtz, and U. Eriksson, Expression analysis
of PDGF-C in adult and developing mouse tissues. Mech Dev, 2002. 110: p. 187-91.

28. Betsholtz, C., A. Johnsson, C.H. Heldin, B. Westermark, P. Lind, M.S. Urdea, R. Eddy,
T.B. Shows, K. Philpott, A.L. Mellor, T.J. Knott, and J. Scott, cDNA sequence and
chromosomal localization of human platelet-derived growth factor A-chain and its expression
in tumour cell lines. Nature, 1986. 320: p. 695-9.

29. Swan, D.C., O.W. McBride, K.C. Robbins, D.A. Keithley, E.P. Reddy, and S.A.
Aaronson, Chromosomal mapping of the simian sarcoma virus onc gene analogue in human
cells. Proc Natl Acad Sci U S A, 1982. 79: p. 4691-5.

30. Dalla-Favera, R., R.C. Gallo, A. Giallongo, and C.M. Croce, Chromosomal localization of
the human homolog (c-sis) of the simian sarcoma virus onc gene. Science, 1982. 218: p. 686-
8.

31. Uutela, M., J. Lauren, E. Bergsten, X. Li, N. Horelli-Kuitunen, U. Eriksson, and K.
Alitalo, Chromosomal location, exon structure, and vascular expression patterns of the
human PDGFC and PDGFD genes. Circulation, 2001. 103: p. 2242-7.

32. Li, X. and U. Eriksson, Novel PDGF family members: PDGF-C and PDGF-D. Cytokine
Growth Factor Rev, 2003. 14: p. 91-8.

33. Mercola, M., C.Y. Wang, J. Kelly, C. Brownlee, L. Jackson-Grusby, C. Stiles, and D.
Bowen-Pope, Selective expression of PDGF A and its receptor during early mouse
embryogenesis. Dev Biol, 1990. 138: p. 114-22.

34. Orr-Urtreger, A. and P. Lonai, Platelet-derived growth factor-A and its receptor are
expressed in separate, but adjacent cell layers of the mouse embryo. Development, 1992. 115:
p. 1045-58.

35. Palmieri, S.L., J. Payne, C.D. Stiles, J.D. Biggers, and M. Mercola, Expression of mouse
PDGF-A and PDGF a-receptor genes during pre- and post-implantation development:
evidence for a developmental shift from an autocrine to a paracrine mode of action. Mech
Dev, 1992. 39: p. 181-91.

36. Reneker, L.W. and P.A. Overbeek, Lens-specific expression of PDGF-A alters lens growth
and development. Dev Biol, 1996. 180: p. 554-65.

37. Boström, H., K. Willetts, M. Pekny, P. Leveen, P. Lindahl, H. Hedstrand, M. Pekna,
M. Hellström, S. Gebre-Medhin, M. Schalling, M. Nilsson, S. Kurland, J. Tornell, J.K.



  A. Pontén

44

Heath, and C. Betsholtz, PDGF-A signaling is a critical event in lung alveolar
myofibroblast development and alveogenesis. Cell, 1996. 85: p. 863-73.

38. Seifert, R.A., C.E. Alpers, and D.F. Bowen-Pope, Expression of platelet-derived growth
factor and its receptors in the developing and adult mouse kidney. Kidney Int, 1998. 54: p.
731-46.

39. Karlsson, L., C. Bondjers, and C. Betsholtz, Roles for PDGF-A and sonic hedgehog in
development of mesenchymal components of the hair follicle. Development, 1999. 126: p.
2611-21.

40. Fruttiger, M., L. Karlsson, A.C. Hall, A. Abramsson, A.R. Calver, H. Boström, K.
Willetts, C.H. Bertold, J.K. Heath, C. Betsholtz, and W.D. Richardson, Defective
oligodendrocyte development and severe hypomyelination in PDGF-A knockout mice.
Development, 1999. 126: p. 457-67.

41. Gnessi, L., S. Basciani, S. Mariani, M. Arizzi, G. Spera, C. Wang, C. Bondjers, L.
Karlsson, and C. Betsholtz, Leydig cell loss and spermatogenic arrest in platelet-derived
growth factor (PDGF)-A-deficient mice. J Cell Biol, 2000. 149: p. 1019-26.

42. Karlsson, L., P. Lindahl, J.K. Heath, and C. Betsholtz, Abnormal gastrointestinal
development in PDGF-A and PDGFR-(a) deficient mice implicates a novel mesenchymal
structure with putative instructive properties in villus morphogenesis. Development, 2000.
127: p. 3457-66.

43. Tallquist, M.D., K.E. Weismann, M. Hellström, and P. Soriano, Early myotome
specification regulates PDGFA expression and axial skeleton development. Development,
2000. 127: p. 5059-70.

44. Yeh, H.J., K.G. Ruit, Y.X. Wang, W.C. Parks, W.D. Snider, and T.F. Deuel, PDGF A-
chain gene is expressed by mammalian neurons during development and in maturity. Cell,
1991. 64: p. 209-16.

45. Yeh, H.J., I. Silos-Santiago, Y.X. Wang, R.J. George, W.D. Snider, and T.F. Deuel,
Developmental expression of the platelet-derived growth factor a-receptor gene in mammalian
central nervous system. Proc Natl Acad Sci U S A, 1993. 90: p. 1952-6.

46. Lindahl, P., B.R. Johansson, P. Leveen, and C. Betsholtz, Pericyte loss and
microaneurysm formation in PDGF-B-deficient mice. Science, 1997. 277: p. 242-5.

47. Lindahl, P., L. Karlsson, M. Hellström, S. Gebre-Medhin, K. Willetts, J.K. Heath, and
C. Betsholtz, Alveogenesis failure in PDGF-A-deficient mice is coupled to lack of distal
spreading of alveolar smooth muscle cell progenitors during lung development.
Development, 1997. 124: p. 3943-53.

48. Lindahl, P., M. Hellström, M. Kalén, L. Karlsson, M. Pekny, M. Pekna, P. Soriano, and
C. Betsholtz, Paracrine PDGF-B/PDGF-Rb signaling controls mesangial cell development
in kidney glomeruli. Development, 1998. 125: p. 3313-22.

49. Hellström, M., M. Kalén, P. Lindahl, A. Abramsson, and C. Betsholtz, Role of PDGF-B
and PDGFR-b  in recruitment of vascular smooth muscle cells and pericytes during
embryonic blood vessel formation in the mouse. Development, 1999. 126: p. 3047-55.

50. Ding, H., X. Wu, I. Kim, P.P. Tam, G.Y. Koh, and A. Nagy, The mouse Pdgfc gene:
dynamic expression in embryonic tissues during organogenesis. Mech Dev, 2000. 96: p. 209-
13.

51. Gilbertson, D.G., M.E. Duff, J.W. West, J.D. Kelly, P.O. Sheppard, P.D. Hofstrand, Z.
Gao, K. Shoemaker, T.R. Bukowski, M. Moore, A.L. Feldhaus, J.M. Humes, T.E.
Palmer, and C.E. Hart, Platelet-derived growth factor C (PDGF-C), a novel growth factor
that binds to PDGF a  and b  receptor. J Biol Chem, 2001. 276: p. 27406-14.

52. Fang, L., Y. Yan, L.G. Komuves, S. Yonkovich, C.M. Sullivan, B. Stringer, S. Galbraith,
N.A. Lokker, S.S. Hwang, P. Nurden, D.R. Phillips, and N.A. Giese, PDGF C is a
selective a  platelet-derived growth factor receptor agonist that is highly expressed in platelet
a granules and vascular smooth muscle. Arterioscler Thromb Vasc Biol, 2004. 24: p. 787-
92.

53. Heldin, C.H., B. Westermark, and Å. Wasteson, Specific receptors for platelet-derived
growth factor on cells derived from connective tissue and glia. Proc Natl Acad Sci U S A,
1981. 78: p. 3664-8.



                                                                                                                           References

45

54. Ek, B., B. Westermark, Å. Wasteson, and C.H. Heldin, Stimulation of tyrosine-specific
phosphorylation by platelet-derived growth factor. Nature, 1982. 295: p. 419-20.

55. Glenn, K., D.F. Bowen-Pope, and R. Ross, Platelet-derived growth factor. III.
Identification of a platelet-derived growth factor receptor by affinity labeling. J Biol Chem,
1982. 257: p. 5172-6.

56. Heldin, C.H., B. Ek, and L. Rönnstrand, Characterization of the receptor for platelet-
derived growth factor on human fibroblasts. Demonstration of an intimate relationship with a
185,000-Dalton substrate for the platelet-derived growth factor-stimulated kinase. J Biol
Chem, 1983. 258: p. 10054-61.

57. Pike, L.J., D.F. Bowen-Pope, R. Ross, and E.G. Krebs, Characterization of platelet-derived
growth factor-stimulated phosphorylation in cell membranes. J Biol Chem, 1983. 258: p.
9383-90.

58. Yarden, Y., J.A. Escobedo, W.J. Kuang, T.L. Yang-Feng, T.O. Daniel, P.M. Tremble,
E.Y. Chen, M.E. Ando, R.N. Harkins, U. Francke, and et al., Structure of the receptor for
platelet-derived growth factor helps define a family of closely related growth factor receptors.
Nature, 1986. 323: p. 226-32.

59. Hart, C.E., J.W. Forstrom, J.D. Kelly, R.A. Seifert, R.A. Smith, R. Ross, M.J. Murray,
and D.F. Bowen-Pope, Two classes of PDGF receptor recognize different isoforms of PDGF.
Science, 1988. 240: p. 1529-31.

60. Gronwald, R.G., F.J. Grant, B.A. Haldeman, C.E. Hart, P.J. O'Hara, F.S. Hagen, R.
Ross, D.F. Bowen-Pope, and M.J. Murray, Cloning and expression of a cDNA coding for
the human platelet-derived growth factor receptor: evidence for more than one receptor class.
Proc Natl Acad Sci U S A, 1988. 85: p. 3435-9.

61. Claesson-Welsh, L., A. Eriksson, A. Moren, L. Severinsson, B. Ek, A. Östman, C.
Betsholtz, and C.H. Heldin, cDNA cloning and expression of a human platelet-derived
growth factor (PDGF) receptor specific for B-chain-containing PDGF molecules. Mol Cell
Biol, 1988. 8: p. 3476-86.

62. Claesson-Welsh, L., A. Hammacher, B. Westermark, C.H. Heldin, and M. Nister,
Identification and structural analysis of the A type receptor for platelet-derived growth factor.
Similarities with the B type receptor. J Biol Chem, 1989. 264: p. 1742-7.

63. Claesson-Welsh, L., A. Eriksson, B. Westermark, and C.H. Heldin, cDNA cloning and
expression of the human A-type platelet-derived growth factor (PDGF) receptor establishes
structural similarity to the B-type PDGF receptor. Proc Natl Acad Sci U S A, 1989. 86: p.
4917-4921.

64. Claesson-Welsh, L., Mechanism of action of platelet-derived growth factor. Int J Biochem
Cell Biol, 1996. 28: p. 373-85.

65. Spritz, R.A., K.M. Strunk, S.T. Lee, J.M. Lu-Kuo, D.C. Ward, D. Le Paslier, M.R.
Altherr, T.E. Dorman, and D.T. Moir, A YAC contig spanning a cluster of human type III
receptor protein tyrosine kinase genes (PDGFRA-KIT-KDR) in chromosome segment 4q12.
Genomics, 1994. 22: p. 431-6.

66. Heldin, C.H., A. Östman, and L. Rönnstrand, Signal transduction via platelet-derived
growth factor receptors. Biochim Biophys Acta, 1998. 1378: p. F79-113.

67. Rönnstrand, L. and C.H. Heldin, Mechanisms of platelet-derived growth factor-induced
chemotaxis. Int J Cancer, 2001. 91: p. 757-62.

68. Loukinova, E., S. Ranganathan, S. Kuznetsov, N. Gorlatova, M.M. Migliorini, D.
Loukinov, P.G. Ulery, I. Mikhailenko, D.A. Lawrence, and D.K. Strickland, Platelet-
derived growth factor (PDGF)-induced tyrosine phosphorylation of the low density
lipoprotein receptor-related protein (LRP). Evidence for integrated co-receptor function
betwenn LRP and the PDGF. J Biol Chem, 2002. 277: p. 15499-506.

69. Shinbrot, E., K.G. Peters, and L.T. Williams, Expression of the platelet-derived growth
factor b receptor during organogenesis and tissue differentiation in the mouse embryo. Dev
Dyn, 1994. 199: p. 169-75.

70. Soriano, P., Abnormal kidney development and hematological disorders in PDGF b-receptor
mutant mice. Genes Dev, 1994. 8: p. 1888-96.



  A. Pontén

46

71. Schatteman, G.C., K. Morrison-Graham, A. van Koppen, J.A. Weston, and D.F.
Bowen-Pope, Regulation and role of PDGF receptor a -subunit expression during
embryogenesis. Development, 1992. 115: p. 123-31.

72. Mudhar, H.S., R.A. Pollock, C. Wang, C.D. Stiles, and W.D. Richardson, PDGF and its
receptors in the developing rodent retina and optic nerve. Development, 1993. 118: p. 539-
52.

73. Simm, A., M. Nestler, and V. Hoppe, PDGF-AA, a potent mitogen for cardiac fibroblasts
from adult rats. J Mol Cell Cardiol, 1997. 29: p. 357-68.

74. Sun, T., D. Jayatilake, G.B. Afink, P. Ataliotis, M. Nister, W.D. Richardson, and H.K.
Smith, A human YAC transgene rescues craniofacial and neural tube development in
PDGFRaa knockout mice and uncovers a role for PDGFRaa in prenatal lung growth.
Development, 2000. 127: p. 4519-29.

75. Andrae, J., I. Hansson, G.B. Afink, and M. Nister, Platelet-derived growth factor receptor-
alpha in ventricular zone cells and in developing neurons. Mol Cell Neurosci, 2001. 17: p.
1001-13.

76. Basciani, S., S. Mariani, M. Arizzi, S. Ulisse, N. Rucci, E.A. Jannini, C. Della Rocca, A.
Manicone, C. Carani, G. Spera, and L. Gnessi, Expression of platelet-derived growth
factor-A (PDGF-A), PDGF-B, and PDGF receptor-a and -b during human testicular
development and disease. J Clin Endocrinol Metab, 2002. 87: p. 2310-9.

77. Price, R.L., S.T. Haley, T.A. Bullard, E.C. Goldsmith, D.G. Simpson, T.E. Thielen, M.J.
Yost, and L. Terracio, Effects of platelet-derived growth factor-AA and -BB on embryonic
cardiac development. Anat Rec, 2003. 272A: p. 424-33.

78. Östman, A. and C.H. Heldin, Involvement of platelet-derived growth factor in disease:
development of specific antagonists. Adv Cancer Res, 2001. 80: p. 1-38.

79. Kaminski, W.E., P. Lindahl, N.L. Lin, V.C. Broudy, J.R. Crosby, M. Hellström, B.
Swolin, D.F. Bowen-Pope, P.J. Martin, R. Ross, C. Betsholtz, and E.W. Raines, Basis of
hematopoietic defects in platelet-derived growth factor (PDGF)-B and PDGF b-receptor null
mice. Blood, 2001. 97 p. 1990-8.

80. Yu, J., A. Moon, and H.R. Kim, Both platelet-derived growth factor receptor (PDGFR)-a
and PDGFR-b promote murine fibroblast cell migration. Biochem Biophys Res Commun,
2001. 282: p. 697-700.

81. Rosenkranz, S. and A. Kazlauskas, Evidence for distinct signaling properties and
biological responses induced by the PDGF receptor a  and b  subtypes. Growth Factors,
1999. 16: p. 201-16.

82. Betsholtz, C., L. Karlsson, and P. Lindahl, Developmental roles of platelet-derived growth
factors. Bioessays, 2001. 23: p. 494-507.

83. Östman, A., PDGF receptors-mediators of autocrine tumor growth and regulators of tumor
vasculature and stroma. Cytokine Growth Factor Rev, 2004. 15 p. 275-86.

84. Bonner, J.C., Regulation of PDGF and its receptors in fibrotic diseases. Cytokine Growth
Factor Rev, 2004. 15: p. 255-73.

85. Khachigian, L.M., V. Lindner, A.J. Williams, and T. Collins, Egr-1-induced endothelial
gene expression: a common theme in vascular injury. Science, 1996. 271: p. 1427-31.

86. Khachigian, L.M., K.R. Anderson, N.J. Halnon, M.A. Gimbrone, Jr., N. Resnick, and
T. Collins, Egr-1 is activated in endothelial cells exposed to fluid shear stress and interacts
with a novel shear-stress-response element in the PDGF A-chain promoter. Arterioscler
Thromb Vasc Biol, 1997. 17: p. 2280-6.

87. Midgley, V.C. and L.M. Khachigian, Fibroblast growth factor-2 induction of platelet-
derived growth factor C-chain transcription in vascular smooth muscle cells is ERK- but not
JNK-dependent and mediated by Egr-1. J Biol Chem, 2004. In press.

88. Hoch, R.V. and P. Soriano, Roles of PDGF in animal development. Development, 2003.
130: p. 4769-84.

89. Soriano, P., The PDGF a receptor is required for neural crest cell development and for
normal patterning of the somites. Development, 1997. 124: p. 2691-700.



                                                                                                                           References

47

90. Leveen, P., M. Pekny, S. Gebre-Medhin, B. Swolin, E. Larsson, and C. Betsholtz, Mice
deficient for PDGF B show renal, cardiovascular, and hematological abnormalities. Genes
Dev, 1994. 8: p. 1875-87.

91. Hellström, M., H. Gerhardt, M. Kalén, X. Li, U. Eriksson, H. Wolburg, and C.
Betsholtz, Lack of pericytes leads to endothelial hyperplasia and abnormal vascular
morphogenesis. J Cell Biol, 2001. 15: p. 543-53.

92. Cao, R., E. Bråkenhielm, X. Li, K. Pietras, J. Widenfalk, A. Östman, U. Eriksson, and
Y. Cao, Angiogenesis stimulated by PDGF-CC, a novel member in the PDGF family,
involves activation of PDGFR-aa and -ab receptors. Faseb J, 2002. 16: p. 1575-83.

93. Crosby, J.R., R.A. Seifert, P. Soriano, and D.F. Bowen-Pope, Chimaeric analysis reveals
role of Pdgf receptors in all muscle lineages. Nat Genet, 1998. 18: p. 385-8.

94. Husmann, I., L. Soulet, J. Gautron, I. Martelly, and D. Barritault, Growth factors in
skeletal muscle regeneration. Cytokine Growth Factor Rev, 1996. 7: p. 249-58.

95. Crosby, J.R., K.A. Tappan, R.A. Seifert, and D.F. Bowen-Pope, Chimera analysis reveals
that fibroblasts and endothelial cells require platelet-derived growth factor receptor b
expression for participation in reactive connective tissue formation in adults but not during
development. Am J Pathol, 1999. 154: p. 1315-21.

96. Liu, L., S.W. Chong, N.V. Balasubramaniyan, V. Korzh, and R. Ge, Platelet-derived
growth factor receptor a (pdgfr-a) gene in zebrafish embryonic development. Mech Dev,
2002. 116: p. 227-30.

97. Horiuchi, H., T. Inoue, S. Furusawa, and H. Matsuda, Cloning and characterization of a
chicken platelet-derived growth factor B-chain cDNA. Dev Comp Immunol, 2002. 26: p.
73-83.

98. Bruckner, K., L. Kockel, P. Duchek, C.M. Luque, P. Rorth, and N. Perrimon, The
PDGF/VEGF receptor controls blood cell survival in Drosophila. Dev Cell, 2004. 7: p. 73-
84.

99. Ataliotis, P., K. Symes, M.M. Chou, L. Ho, and M. Mercola, PDGF signalling is required
for gastrulation of Xenopus laevis. Development, 1995. 121: p. 3099-110.

100. Boström, H., A. Gritli-Linde, and C. Betsholtz, PDGF-A/PDGF alpha-receptor signaling
is required for lung growth and the formation of alveoli but not for early lung branching
morphogenesis. Dev Dyn, 2002. 223: p. 155-62.

101. Yancopoulos, G.D., S. Davis, N.W. Gale, J.S. Rudge, S.J. Wiegand, and J. Holash,
Vascular-specific growth factors and blood vessel formation. Nature, 2000. 407: p. 242-8.

102. Carmeliet, P., Mechanisms of angiogenesis and arteriogenesis. Nat Med, 2000. 6: p. 389-95.
103. Carmeliet, P., Manipulating angiogenesis in medicine. J Intern Med, 2004. 255: p. 538-61.
104. Auguste, P., S. Javerzat, and A. Bikfalvi, Regulation of vascular development by fibroblast

growth factors. Cell Tissue Res, 2003. 314: p. 157-66.
105. Bergers, G. and L.E. Benjamin, Tumorigenesis and the angiogenic switch. Nat Rev

Cancer, 2003. 3: p. 401-10.
106. Ruhrberg, C., H. Gerhardt, M. Golding, R. Watson, S. Ioannidou, H. Fujisawa, C.

Betsholtz, and D.T. Shima, Spatially restricted patterning cues provided by heparin-binding
VEGF-A control blood vessel branching morphogenesis. Genes Dev, 2002. 16: p. 2684-98.

107. Gerhardt, H., M. Golding, M. Fruttiger, C. Ruhrberg, A. Lundkvist, A. Abramsson,
M. Jeltsch, C. Mitchell, K. Alitalo, D. Shima, and C. Betsholtz, VEGF guides angiogenic
sprouting utilizing endothelial tip cell filopodia. J Cell Biol, 2003. 161: p. 1163-77.

108. Fruttiger, M., A.R. Calver, W.H. Kruger, H.S. Mudhar, D. Michalovich, N. Takakura,
S. Nishikawa, and W.D. Richardson, PDGF mediates a neuron-astrocyte interaction in the
developing retina. Neuron, 1996. 17: p. 1117-31.

109. Mukouyama, Y.S., D. Shin, S. Britsch, M. Taniguchi, and D.J. Anderson, Sensory
nerves determine the pattern of arterial differentiation and blood vessel branching in the skin.
Cell, 2002. 109: p. 693-705.

110. Allt, G. and J.G. Lawrenson, Pericytes: cell biology and pathology. Cells Tissues Organs,
2001. 169: p. 1-11.

111. Gerhardt, H. and C. Betsholtz, Endothelial-pericyte interactions in angiogenesis. Cell
Tissue Res, 2003. 314: p. 15-23.



  A. Pontén

48

112. Risau, W., H. Drexler, V. Mironov, A. Smits, A. Siegbahn, K. Funa, and C.H. Heldin,
Platelet-derived growth factor is angiogenic in vivo. Growth Factors, 1992. 7: p. 261-6.

113. Cao, R., E. Bråkenhielm, R. Pawliuk, D. Wariaro, M.J. Post, E. Wahlberg, P. Leboulch,
and Y. Cao, Angiogenic synergism, vascular stability and improvement of hind-limb
ischemia by a combination of PDGF-BB and FGF-2. Nat Med, 2003. 9: p. 604-13.

114. Pettersson, A., J.A. Nagy, L.F. Brown, C. Sundberg, E. Morgan, S. Jungles, R. Carter,
J.E. Krieger, E.J. Manseau, V.S. Harvey, I.A. Eckelhoefer, D. Feng, A.M. Dvorak, R.C.
Mulligan, and H.F. Dvorak, Heterogeneity of the angiogenic response induced in different
normal adult tissues by vascular permeability factor/vascular endothelial growth factor. Lab
Invest, 2000. 80: p. 99-115.

115. Sundberg, C., J.A. Nagy, L.F. Brown, D. Feng, I.A. Eckelhoefer, E.J. Manseau, A.M.
Dvorak, and H.F. Dvorak, Glomeruloid microvascular proliferation follows adenoviral
vascular permeability factor/vascular endothelial growth factor-164 gene delivery. Am J
Pathol, 2001. 158: p. 1145-60.

116. Enholm, B., T. Karpanen, M. Jeltsch, H. Kubo, F. Stenback, R. Prevo, D.G. Jackson, S.
Ylä-Herttuala, and K. Alitalo, Adenoviral expression of vascular endothelial growth factor-
C induces lymphangiogenesis in the skin. Circ Res, 2001. 88: p. 623-9.

117. Marx, M., R.A. Perlmutter, and J.A. Madri, Modulation of platelet-derived growth factor
receptor expression in microvascular endothelial cells during in vitro angiogenesis. J Clin
Invest, 1994. 93: p. 131-9.

118. De Marchis, F., D. Ribatti, C. Giampietri, A. Lentini, D. Faraone, M. Scoccianti, M.C.
Capogrossi, and A. Facchiano, Platelet-derived growth factor inhibits basic fibroblast
growth factor angiogenic properties in vitro and in vivo through its alpha receptor. Blood,
2002. 99: p. 2045-53.

119. Sato, N., J.G. Beitz, J. Kato, M. Yamamoto, J.W. Clark, P. Calabresi, A. Raymond, and
A.R. Frackelton, Jr., Platelet-derived growth factor indirectly stimulates angiogenesis in
vitro. Am J Pathol, 1993. 142: p. 1119-30.

120. Battegay, E.J., J. Rupp, L. Iruela-Arispe, E.H. Sage, and M. Pech, PDGF-BB modulates
endothelial proliferation and angiogenesis in vitro via PDGF b-receptors. J Cell Biol, 1994.
125: p. 917-28.

121. Nicosia, R.F., S.V. Nicosia, and M. Smith, Vascular endothelial growth factor, platelet-
derived growth factor, and insulin-like growth factor-1 promote rat aortic angiogenesis in
vitro. Am J Pathol, 1994. 145: p. 1023-9.

122. Li, H., L. Fredriksson, X. Li, and U. Eriksson, PDGF-D is a potent transforming and
angiogenic growth factor. Oncogene, 2003. 22: p. 1501-10.

123. Dong, J., J. Grunstein, M. Tejada, F. Peale, G. Frantz, W.C. Liang, W. Bai, L. Yu, J.
Kowalski, X. Liang, G. Fuh, H.P. Gerber, and N. Ferrara, VEGF-null cells require
PDGFR a signaling-mediated stromal fibroblast recruitment for tumorigenesis. Embo J,
2004. 23: p. 2800-10.

124. Ylä-Herttuala, S. and K. Alitalo, Gene transfer as a tool to induce therapeutic vascular
growth. Nat Med, 2003. 9: p. 694-701.

125. Edelberg, J.M., S.H. Lee, M. Kaur, L. Tang, N.M. Feirt, S. McCabe, O. Bramwell, S.C.
Wong, and M.K. Hong, Platelet-derived growth factor-AB limits the extent of myocardial
infarction in a rat model: feasibility of restoring impaired angiogenic capacity in the aging
heart. Circulation, 2002. 105: p. 608-13.

126. Hao, X., A. Mansson-Broberg, T. Gustafsson, K.H. Grinnemo, P. Blomberg, A.J.
Siddiqui, E. Wardell, and C. Sylven, Angiogenic effects of dual gene transfer of bFGF and
PDGF-BB after myocardial infarction. Biochem Biophys Res Commun, 2004. 315: p.
1058-63.

127. Facchiano, A., F. De Marchis, E. Turchetti, F. Facchiano, M. Guglielmi, A. Denaro, R.
Palumbo, M. Scoccianti, and M.C. Capogrossi, The chemotactic and mitogenic effects of
platelet-derived growth factor-BB on rat aorta smooth muscle cells are inhibited by basic
fibroblast growth factor. J Cell Sci, 2000. 113: p. 2855-63.

128. Hoyle, G.W., J. Li, J.B. Finkelstein, T. Eisenberg, J.Y. Liu, J.A. Lasky, G. Athas, G.F.
Morris, and A.R. Brody, Emphysematous lesions, inflammation, and fibrosis in the lungs of



                                                                                                                           References

49

transgenic mice overexpressing platelet-derived growth factor. Am J Pathol, 1999. 154: p.
1763-75.

129. Li, J. and G.W. Hoyle, Overexpression of PDGF-A in the lung epithelium of transgenic
mice produces a lethal phenotype associated with hyperplasia of mesenchymal cells. Dev Biol,
2001. 239: p. 338-49.

130. Zhuo, Y., J. Zhang, M. Laboy, and J.A. Lasky, Modulation of PDGF-C and PDGF-D
expression during bleomycin-induced lung fibrosis. Am J Physiol Lung Cell Mol Physiol,
2004. 286: p. L182-8.

131. Eitner, F., T. Ostendorf, M. Kretzler, C.D. Cohen, U. Eriksson, H.J. Grone, and J.
Floege, PDGF-C expression in the developing and normal adult human kidney and in
glomerular diseases. J Am Soc Nephrol, 2003. 14: p. 1145-53.

132. Ostendorf, T., C.R. van Roeyen, J.D. Peterson, U. Kunter, F. Eitner, A.J. Hamad, G.
Chan, X.C. Jia, J. Macaluso, G. Gazit-Bornstein, B.A. Keyt, H.S. Lichenstein, W.J.
LaRochelle, and J. Floege, A fully human monoclonal antibody (CR002) identifies PDGF-D
as a novel mediator of mesangioproliferative glomerulonephritis. J Am Soc Nephrol, 2003.
14: p. 2237-47.

133. Hudkins, K.L., D.G. Gilbertson, M. Carling, S. Taneda, S.D. Hughes, M.S. Holdren,
T.E. Palmer, S. Topouzis, A.C. Haran, A.L. Feldhaus, and C.E. Alpers, Exogenous
PDGF-D is a potent mesangial cell mitogen and causes a severe mesangial proliferative
glomerulopathy. J Am Soc Nephrol, 2004. 15: p. 286-98.

134. Inui, H., Y. Kitami, M. Tani, T. Kondo, and T. Inagami, Differences in signal
transduction between platelet-derived growth factor (PDGF) a and b receptors in vascular
smooth muscle cells. PDGF-BB is a potent mitogen, but PDGF-AA promotes only protein
synthesis without activation of DNA synthesis. J Biol Chem, 1994. 269: p. 30546-52.

135. Raines, E.W., PDGF and cardiovascular disease. Cytokine Growth Factor Rev, 2004. 15:
p. 237-54.

136. Boucher, P., M. Gotthardt, W.P. Li, R.G. Anderson, and J. Herz, LRP: role in vascular
wall integrity and protection from atherosclerosis. Science, 2003. 300: p. 329-32.

137. Hammes, H.P., J. Lin, O. Renner, M. Shani, A. Lundqvist, C. Betsholtz, M. Brownlee,
and U. Deutsch, Pericytes and the pathogenesis of diabetic retinopathy. Diabetes, 2002. 51:
p. 3107-12.

138. Wilkinson-Berka, J.L., S. Babic, T. De Gooyer, A.W. Stitt, K. Jaworski, L.G. Ong, D.J.
Kelly, and R.E. Gilbert, Inhibition of platelet-derived growth factor promotes pericyte loss
and angiogenesis in ischemic retinopathy. Am J Pathol, 2004. 164: p. 1263-73.

139. Mori, K., P. Gehlbach, A. Ando, G. Dyer, E. Lipinsky, A.G. Chaudhry, S.F. Hackett,
and P.A. Campochiaro, Retina-specific expression of PDGF-B versus PDGF-A: vascular
versus nonvascular proliferative retinopathy. Invest Ophthalmol Vis Sci, 2002. 43: p. 2001-
6.

140. Reya, T., S.J. Morrison, M.F. Clarke, and I.L. Weissman, Stem cells, cancer, and cancer
stem cells. Nature, 2001. 414: p. 105-11.

141. Abramsson, A., P. Lindblom, and C. Betsholtz, Endothelial and nonendothelial sources of
PDGF-B regulate pericyte recruitment and influence vascular pattern formation in tumors. J
Clin Invest, 2003. 112: p. 1142-51.

142. Dai, C., J.C. Celestino, Y. Okada, D.N. Louis, G.N. Fuller, and E.C. Holland, PDGF
autocrine stimulation dedifferentiates cultured astrocytes and induces oligodendrogliomas
and oligoastrocytomas from neural progenitors and astrocytes in vivo. Genes Dev, 2001. 15:
p. 1913-25.

143. Bergers, G., S. Song, N. Meyer-Morse, E. Bergsland, and D. Hanahan, Benefits of
targeting both pericytes and endothelial cells in the tumor vasculature with kinase inhibitors.
J Clin Invest, 2003. 111: p. 1287-95.

144. Zwerner, J.P. and W.A. May, PDGF-C is an EWS/FLI induced transforming growth factor
in Ewing family tumors. Oncogene, 2001. 20: p. 626-33.

145. Andrae, J., C. Molander, A. Smits, K. Funa, and M. Nister, Platelet-derived growth
factor-B and -C and active a-receptors in medulloblastoma cells. Biochem Biophys Res
Commun, 2002. 296: p. 604-11.



  A. Pontén

50

146. LaRochelle, W.J., M. Jeffers, J.R. Corvalan, X.C. Jia, X. Feng, S. Vanegas, J.D. Vickroy,
X.D. Yang, F. Chen, G. Gazit, J. Mayotte, J. Macaluso, B. Rittman, F. Wu, M.
Dhanabal, J. Herrmann, and H.S. Lichenstein, Platelet-derived growth factor D:
tumorigenicity in mice and dysregulated expression in human cancer. Cancer Res, 2002. 62:
p. 2468-73.

147. Lokker, N.A., C.M. Sullivan, S.J. Hollenbach, M.A. Israel, and N.A. Giese, Platelet-
derived growth factor (PDGF) autocrine signaling regulates survival and mitogenic pathways
in glioblastoma cells: evidence that the novel PDGF-C and PDGF-D ligands may play a role
in the development of brain tumors. Cancer Res, 2002. 62: p. 3729-35.

148. Ustach, C.V., M.E. Taube, N.J. Hurst, Jr., S. Bhagat, R.D. Bonfil, M.L. Cher, L.
Schuger, and H.R. Kim, A potential oncogenic activity of platelet-derived growth factor d in
prostate cancer progression. Cancer Res, 2004. 64: p. 1722-9.

149. Pontén, A., X. Li, P. Thorén, K. Aase, T. Sjöblom, A. Östman, and U. Eriksson,
Transgenic overexpression of platelet-derived growth factor-C in the mouse heart induces
cardiac fibrosis, hypertrophy, and dilated cardiomyopathy. Am J Pathol, 2003. 163: p. 673-
82.

150. Hamada, T., K. Ui-Tei, and Y. Miyata, A novel gene derived from developing spinal cords,
SCDGF, is a unique member of the PDGF/VEGF family. FEBS Lett, 2000. 475: p. 97-102.

151. Tsai, Y.J., R.K. Lee, S.P. Lin, and Y.H. Chen, Identification of a novel platelet-derived
growth factor-like gene, fallotein, in the human reproductive tract. Biochim Biophys Acta,
2000. 1492: p. 196-202.

152. Swynghedauw, B., Molecular mechanisms of myocardial remodeling. Physiol Rev, 1999.
79: p. 215-62.

153. Uutela, M., M. Wirzenius, K. Paavonen, I. Rajantie, Y. He, T. Karpanen, M. Lohela, H.
Wiig, P. Salven, K. Pajusola, U. Eriksson, and K. Alitalo, PDGF-D induces macrophage
recruitment, increased interstitial pressure and blood vessel maturation during angiogenesis.
Blood, 2004. In Press.

154. Lai, C.M., Y.K. Lai, and P.E. Rakoczy, Adenovirus and adeno-associated virus vectors.
DNA Cell Biol, 2002. 21: p. 895-913.




