Review 4769

Roles of PDGF in animal development
Renée V. Hoch and Philippe Soriano*

Program in Developmental Biology and Division of Basic Sciences, Fred Hutchinson Cancer Research Center, 1100 Fairview
Avenue North, Seattle, WA 98109, USA

*Author for correspondence (e-mail: psoriano@fhcrc.org)

Development 130, 4769-4784

© 2003 The Company of Biologists Ltd
doi:10.1242/dev.00721

Summary

Recent advances in genetic manipulation have greatly during development and in the adult animal. Furthermore,
expanded our understanding of cellular responses to the availability of genomic sequence data has facilitated the
platelet-derived growth factors (PDGFs) during animal identification of novel PDGF and PDGF receptor (PDGFR)
development. In addition to driving mesenchymal family members in C. elegans Drosophila Xenopus
proliferation, PDGFs have been shown to direct the zebrafish and mouse. Early data from these different
migration, differentiation and function of a variety of  systems suggest that some functions of PDGFs have been
specialized mesenchymal and migratory cell types, both evolutionarily conserved.

Introduction 2001). During later maturation stages, PDGF signaling has

Platelet-derived growth factor (PDGF) was first identified in &2een implicated in tissue remodeling and cellular
search for serum factors that stimulate the proliferation offifferentiation, and in inductive events involved in patterning
arterial smooth muscle cells (Ross et 4B74). Since then, and morphogenesis. In mouse dbwbsophila PDGFs also
mammalian PDGFs have been extensively characterized flirect cell migration, both at short and long distances from
culture-based assays, where they have been shown to drisignal sources.

cellular responses including proliferation, survival, migration, This review discusses the known roles of PDGFs in
and the deposition of extracellular matrix (ECM) and tissuglevelopment, with emphasis on cellular responses to PDGFs
remodeling factors. Knockout studies have demonstrated thand how they contribute to neural/oligodendrocyte
many of these cellular responses to PDGFs are essential durigkgelopment, vascular and hematopoietic development, neural
mouse development. The genes that encode two ligaddé&a  crest cell development, organogenesis, somitogenesis and
andPdgfh and both receptors, PDGF receptor alpha and PDG$keletal patterning. Although most published studies of PDGF
receptor betaRdgfra Pdgfrb), have been knocked out in the functions in vivo have been performed in mouse, early studies
mouse. These studies have demonstrated that PDGFB add PDGF- and PDGFR-related proteins in other model
PDGFR3 are essential for the development of support cells iPrganisms suggest that some known PDGF roles (e.g. in
the vasculature, whereas PDGFA and PDGF&e more glial/neural development) are conserved from fly to man,
broadly required during embryogenesis, with essential roles whereas others (e.g. in the neural crest) are specific to, but
numerous contexts, including central nervous system, neurabnserved among, vertebrates (Table 1).

crest and organ development (Levéen et E994; Soriano, , , i

1994; Bostrom et al 1996; Soriano, 1997; Fruttiger et,al 1he PDGF signaling family

1999; Karlsson et a11999; Gnessi et a000; Karlssonetal In both mouse and human, the PDGF signaling network
2000). Because of the severe and pleiotropic phenotypes efnsists of four ligands, PDGFA-D, and two receptors,
Pdgfa and Pdgfra knockout mouse embryos, many primary PDGFRx and PDGFR (Fig. 1). All PDGFs function as
functions of PDGFs remained elusive until being addressed secreted, disulfide-linked homodimers, but only PDGFA and B
experiments using conditional gene ablation and gain-ofean form functional heterodimers. PDGFRs also function as
function transgenicPdgfr signaling mutants have also been homo- and heterodimers, and in vitro assays have demonstrated
generated in which specific tyrosine residues in the recepttinat the ligands differ in their affinities for tiet, aff andp
cytoplasmic domains have been mutated to phenylalaninesceptors, as indicated in Fig. 2 (Heldin and Westermark, 1999;
These mutations disrupt the interactions of PDGFRs withi et al., 2000; Bergsten et.al2001; LaRochelle et al2001).
individual cytoplasmic signaling proteins and, in some case#\ll known PDGFs have characteristic ‘PDGF domains’, which
abrogate a subset of receptor functions (Heuchel et al., 1998clude eight conserved cysteines that are involved in inter-
Tallquist et al., 2000; Klinghoffer et.al2002) (M. Tallquist and intramolecular bonds. However, differences in structure
and P.S., unpublished). Together, such in vivo studies haand proteolytic processing segregate the ligands into two
demonstrated that the PDGFs perform distinct cellular roles atibfamilies. PDGFA and B comprise one subfamily: the
successive stages of mouse embryogenesis. In many contexsyino terminal prodomains of these proteins are cleaved
PDGFs are mitogenic during early developmental stagestracellularly so that they are secreted in their active forms
driving the proliferation of undifferentiated mesenchyme andHeldin and Westermark, 1999). In addition, PDGFB and one
some progenitor populations (reviewed by Betsholtz gt alsplice form of PDGFA have negatively charged motifs near
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A Receptors B Ligands
m———:l—:l— PDGFRa (Mm, Hs, Dr, Gg, XI) | — N eaard PDGFA (short splice form) (Mm, Hs, Gg, XI)
OO0 ==1—3—1—1— PDGFRR (Mm, Hs, Dr, Gg) S SR PDGFA (long splice form) (Mm, Hs, Gg, X)
OO0 ==———1—3+— VEGFR | | 1 PDGFB (Mm, Hs, Gg)
I 7 —1 PDGFC (Mm, Hs, Gg)
O 17 ] PDGFD (Mm, Hs)
0000000 — ==—mm— FvR(OM) [ p| ] PVF1 (Dm)
| | | ]  PVF2 (Dm)
T ] ]  PVF3(Dm)
0000000 = mm—mm—  VER-1(Ce)
0000000 = mm—mm— VER-2 (Ce)
0000000 = mm—mmm— VER3(Ce) " ] PDGFIVEGF domain
m__-_-_ VER-4 (Ce) [ Retention motif

Extracellular ligand-
binding domain

Intracellular
signaling domain

| Cleavage site
[ Cys-rich domain

[ CcuUB domain

O Ig domain

== Transmembrane domain

[ Split kinase domain

Fig. 1. The PDGF/VEGF signaling superfamily. PDGFRs (A), PDGFs (B) and related proteins (A,B) identified in different organisms.
Vertebrate VEGFs and VEGFRs are not included in this figure, but a prototypical mammalian VEGFR is shown for comparisosgA). Mou
human DrosophilaandC. elegangroteins are discussed in the text (see text for references). In some teleosts, including zebrafish and
pufferfish, thePdgfrbgenomic locus appears to have been duplicated, giving these species three PDGF receptors, PDGH®1.1, and
PDGFR31.2 (Williams et al 2002). There are three known splice variants of chick PDGFA, which correspond to the short and long forms
identified in mouse, as well as an additional short form (Ataliotis, 2000; Hamada2€04l; Horiuchi et al 2001). Only one receptor
(PDGFRx) and two splice variants of PDGFA have been identifieXemopugMercola et al 1988; Bejcek et al1990; Jones et .all993).C.
elegansandDrosophila melanogasterach have a single PDGF/VEGF-like signaling netwGrkelegansas four VEGFR-like proteins, VER-

1 to VER-4, but no definitive VER ligand has been identified or charactebresbphilahas three PDGF/VEGF ligands, PVF-1,2 and 3, and
one receptor, PVR. Two splice forms of PVF-1 have been identified that differ at their N termini. Three splice variantsavERNS® been
identified: two differ in the region between the second and third immunoglobulin (Ig) domains, and the third is truncétedsafiend Ig
domain. Mm Mus musculugmouse); HsHomo sapienghuman); DrDanio rerio (zebrafish); GgGallus gallus(chick); XI, Xenopus laevis
(frog); Dm, Drosophila melanogastefruit fly); Ce, Caenorhabditis elegar®ematode).

their carboxy termini that are cleaved extracellularly. Theséransduction pathways, including the Ras-MAPK (mitogen
‘retention motifs’ may interact with ECM components and/oractivated protein kinase), phosphatidylinositol 3-kinase (PI3K)
retain these ligands near their producing cells until beingnd phospholipase yCpathways. However, the array of
cleaved (Heldin and Westermark, 1999). Unlike PDGFA andnteracting proteins differs slightly between PDGFRnd
PDGFB, the C and D ligands are activated post-secretion BBDGFRB, resulting in some differences in their functional
cleavage of their N-terminal CUB domains, which are repeatapabilities in vivo (Rosenkranz and Kazlauskas, 1999;
regions first identified inamplement subcomponents C1r/C1s, Klinghoffer et al, 2001). For more extensive discussions of
sea urchin EGF and human ®BP-1 (Bork, 1991; Li et al  signal transduction downstream of PDGFRs, see Heldin, and
2000; Bergsten et al., 2001). The extracellular proteases thideldin and Westermark (Heldin, 1998; Heldin and
activate PDGFC and D in vivo have not been identifiedWestermark, 1999).
although plasmin can cleave and activate them in cell culture Recently, proteins related to mammalian PDGFs have been
(Li et al., 2000; Bergsten et .al2001). identified in several organisms (Fig. 1). In vertebrates, the
PDGFRs are receptor tyrosine kinases. Each receptor hBOGF signaling family is closely related to the vascular
five immunoglobulin repeats in the extracellular ligand-bindingendothelial growth factor (VEGF) family, which functions in
domain and a split tyrosine kinase domain in the cytoplasmieasculogenesis and hematopoiesis. Although no PDGFs or
region. Upon ligand binding, PDGFRs dimerize, activating the®DGFRs have been identified@aenorhabditis elegangour
tyrosine kinase domains, which then autophosphorylate seveMEGFR homologs (VER-1 to VER-4) and one putative ligand
tyrosine residues in the receptor cytoplasmic domains. Thisave been identified on the basis of sequence homology
creates docking sites for signaling proteins and adaptors th@opovici et al 1999; Popovici et gl 2002). InDrosophila
initiate signal transduction upon PDGFR binding (Fig. 3).melanogasterthree PDGF/VEGF ligands (PVF1,2,3) and a
Both receptors can activate many of the same major signaingle receptor (PVR) have been identified (Duchek et al
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cC the evolutionary convergence of signaling families that have
. = distinct origins.
Ligands AA AB BB DD
= = = L PDGF roles in the development of neural and
Ml vascular support cells
Oligodendrocyte and neural development in the CNS

Receptors X In the mammalian central nervous system (CNS),
. oligodendrocytes deposit an insulating layer of myelin around
29 neuronal projections; these myelin sheaths are essential in
+ facilitating neurotransmission. Oligodendrocytes differentiate

Extracellular postnatally from PDGF&-expressing progenitor (02A) cells,

which arise in the mouse around embryonic day 12.5 (E12.5)
in the periventricular zone of the neuroepithelium. From
E12.5-E15.5, O2A cells proliferate and migrate to fill the

Intracellular

neural tube/spinal cord (Calver et,d998). During this time,

Pdgfais expressed by neurons and astrocytes throughout the

spinal cord, and PDGFC is expressed in the floor plate and

ventral horn regions (Fig. 4A) (Fruttiger et,al999; Aase et

al., 2002). Although the role of PDGFC in the embryonic

spinal cord is not yet known, the expansion of the O2A
PDGFRao PDGFRap PDGFRBB  population (E12.5-E15.5) is significantly impaired in spinal
homodimer heterodimer homodimer 4145 of Pdgfa null and Pdgfra signaling mutant mouse

Fig. 2. Mammalian PDGF/PDGFR binding interactions. The ability ﬁmbryos;l_ (;_onseqajet)ntly, r;:utar:t pulgs ti eXh'?l'tQIggQNS
of different homo- and heterodimeric PDGF ligands to bind the ypomyelination and tremor phenotypes (Fruttiger.¢ !

different receptor dimers in vitro is shown. Arrows between ligands Klinghoffer et al, 2002). ) o
and receptors indicate the ability of a given ligand dimer to bind to PDGFA/PDGFRI signaling is not required for the initial
and activate the designated recef@GF dimers are represented by Specification of O2A cells, or for their survival during the
the letters of their constituent subunits, for example, AA is a PDGFA proliferative period (E13.5-E15.5) (Fruttiger et.,all999;
homodimer, and AB is a heterodimer of PDGFA and PDGFB. Klinghoffer et al, 2002). However, data from cell culture and
transgenic experiments suggest that PDGF drives, and is
limiting for, O2A proliferation in vivo (vanHeyningen et.al
2001; Heino et al 2001; Pietrokovski and Shilo, 2001; Cho et2001). In primary O2A cell cultures, PDGF stimulates
al., 2002). Alternative splicing dPvr generates isoforms that proliferation at rates that correlate with PDGF concentration
differ in their expression patterns and ligand binding affinitievanHeyningen et al 2001). Additionally, transgenic
(P. Rarth, personal communication) (Cho et2002). The fact overexpression of PDGFA in embryonic spinal cord neurons
that these invertebrates each have a single VEGF- or PDGFescues the Pdgfanull oligodendrocyte phenotype and
like signaling network suggests that the two vertebraténcreases the O2A proliferation rate between E13 and E17 in
networks might have evolved through the duplication anc dose-dependent manner (Calver gtl#198; Fruttiger et al
diversification of a single ancestral signaling family, or throughl999; vanHeyningen et.aR001).

Fig. 3. Signal transduction downstream of
activated PDGFRs. Upon ligand binding,
PDGFRs dimerize, activate intracellular

tyrosine kinase domains, and autophosphorylate
several tyrosine residues to generate docking
sites for signaling and adaptor proteins. Proteins

that interact with activated (ligand-bound)
s Sr5(: mammalian PDGF& and PDGFR
(Stat5) homodimers are shown. Also indicated are the
|:| Ras-MAPK signaling pathways activated by the receptor-
INK/SAPK @ Crk s binding proteins (reviewed by Heldin and
706K PI3K Westermark, 1999). Stat5, Signal transducer
AUPKE | 4 SHP2 ’_» INK/SAPK and activator of transcription 5; PI3K,
h phosphatidylinositol 3-kinase; SHP2, SH2-
JNK, PKC She - ; :
’ / p70S6K containing protein tyrosine phosphatase; PLC
Ras-MAPK Akt/PKB phospholipase € JNK, Jun N-terminal kinase;
JINK, PKC SAPK, stress activated protein kinase; p70S6K,
PKC/ <e—— PLCy SHP2 p70 S6 kinase; PKB, protein kinase B; PKC,
Ca2t PLCy ——» PKC/ protein kinase C; MAPK, mitogen activated
Ca?t protein kinase; RasGAP, Ras GTPase-activating

PDGFRoa PDGFRB protein.
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A Oligodendrocyte precursor specification and proliferation in the spinal cord

Neural tube
Dorsal 'f:x‘ =9 _— ——
[& T PDGF-dependent PDGF-dependent D PDGFC expression
« B O2A proliferation O2A proliferation
. . . * . » | Neurons that express
Q survival and migration PDGFA
Ventral o )
K’“ Floorplate - O2A specification region
\ O2A cells that
=== Notochord m express PDGFRa
E12.5

B Vascular mural cell proliferation , survival and migration

Vascular endothelium

a
Nascent endothelial sprout
@ expressing PDGFB
O VSMC or pericyte
expressing PDGFRB
Primitive vascular
plexus or artery

Fig. 4.Roles of PDGF in the developing nervous and circulatory systems. (A) Oligodendrocyte precursor cell development in theahouse sp
cord. Oligodendrocyte precursor (O2A) cells, which express PDGE&ise in the ventral periventricular zone of the mouse embryonic neural
tube around E12.5. From E12.5-E15.5, O2A cells proliferate and migrate laterally and dorsally to fill the spinal cord.i®tinmteg BEDGFA

is expressed by neurons and astrocytes in the spinal cord, and PDGFC is expressed by cells in the floor plate and egirad.ibnene is
evidence that PDGFA/PDGeRsignaling drives O2A cell proliferation in the spinal cord (E12.5-E15.5). PRGHghaling may also

influence the migration of O2A cells. The general migration route taken by O2A progenitors is depicted by gray arrows |§BjrWaatcell
proliferation and migration in the mouse. During angiogenesis, primitive vascular networks (or plexa) are remodeled thotuigdy, bra
sprouting, and pruning of the vascular endothelium. As new vessels form, they recruit and are coated by mural cells, celtsrietil

support and stabilize new vessels. The two major classes of vascular mural cells are pericytes, which form single celifdyeapibaries,

and vascular smooth muscle cells (VSMCs), which coat veins and arteries. During angiogenic remodeling, PDGFB is expsessed in na
vascular endothelial sprouts (a) and drives the proliferation of PB@&KRessing pericytes and VSMCs near arterial walls and primitive
vascular plexa (b). PDGFB also directs the migration and/or survival of these mural cells along endothelial sprouts (beechipptheir
destination, VSMCs and pericytes encircle and associate tightly with the endothelium (c); survival and anti-proliferasiyeddciced by

mural cells stabilize nascent vessels.

In Pdgfanull mice, graded dysmyelination has been1995; Nait-Oumesmar et.all997; Fruttiger et 311999; Enge
observed in the brain and optic nerve: the most severebt al, 2003). However, preliminary evidence suggests that
hypomyelinated regions are those farthest from the origins ®#DGF-related signals are involved in neural and glial
oligodendrocyte progenitors (Fruttiger et, 41999). Similarly, development irC. elegansand Drosophila C. elegansVER
in Pdgfrasignaling mutants, O2A cells fail to reach the dorsalproteins are expressed by specific neurons and sheath cells
region of the spinal cord, and the initial migration of these cell¢analogous to glial cells), but the functions of VER signaling
away from the ventricular zone is delayed (Klinghoffer et al.are not yet known (Table 1) (Popovici et,aP002).

2002). These observations suggest that the migration @frosophila Pvris expressed by the ventral midline glia, and
oligodendrocytes or their progenitors is impaired in thePvf2andPvf3are expressed in the ventral nerve cord (Cho et
absence of normal PDGF signaling. PDGF is capable ddl., 2002). Overexpression d?vfl in postmitotic neurons
driving chemotactic migrations of oligodendrocytes and neurahduces neuronal pathfinding and synaptogenic defects (Kraut
stem cells in primary cultures (Forsberg-Nilsson et298; et al, 2001). Functional studies in these organisms may help
Simpson and Armstrong, 1999), but further studies are needetlicidate conserved roles of PDGFs in neural development.
to determine whether this is a primary physiological function

of PDGF signaling, or whether the in vivo observations refled®DGF roles in vascular mural cell development

proliferation defects prior to migration. During angiogenesis, primitive vascular networks are

Mutant analysis has not revealed roles for PDGF in mousemodeled through endothelial sprouting, branching and
neurogenesis, although PDGERis expressed in some pruning, and contractile mesenchymal cells, known as mural
neuronal populations in the developing CNS, and PDGFB ancklls, are recruited to coat nascent vessels. The two major
PDGFR3 are expressed in postnatal neurons (Vignais .et alclasses of mural cells are vascular smooth muscle cells
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(VSMCs) and pericytes; these cells provide survival andnterior, ventral and posterior migrations (Fig. 5A). The
antiproliferative factors that stabilize nascent vasculaposterior migration requires PVR signaling: a mutatioRvn
endothelial sprouts (Lindahl et.al1997a; Benjamin et al blocks hemocyte migration into the tail and results in their
1998; Hellstrém et al 2001). The development of vascular clustering in the head region (Cho et 2002). All threePvfs
mural cells requires PDGFB/PDGBRignaling (Levéenetal are expressed along the hemocyte migration route and must
1994; Soriano, 1994; Lindahl et.,all997a; Hellstrém et al  simultaneously be knocked down to mimic the receptor mutant
1999). In Pdgfb and Pdgfrb knockout mice, which die phenotype (Cho et al2002). However, results from ectopic
perinatally with extensive hemorrhaging, numerous vesselxpression experiments indicate that the ligands differ in their
lack or are incompletely covered by mural cells (Levéen etapacity to influence hemocyte behavior in vivo. For example,
al., 1994; Soriano, 1994). Consequently, endothelial sproutsemocyte migration is re-directed to sites of high ectBpi2
hyperproliferate and give rise to dilated, ectopic capillaries thaiut not Pvfl, expression (Cho et .al 2002). Similarly,
are unstable, hyperpermeable and vulnerable to degeneratioverexpression oPvf2, but not of Pvfl, drives hemocyte
or regression (Lindahl et .al1997a; Hellstrom et al2001;  hyperproliferation inDrosophilalarvae (Munier et al 2002).
Enge et al 2002). PVF2 (and/or PVF3) may therefore be the relevant ligand(s)

In the mouse embryo, PDGFB secreted by vasculaior hemocyte development in vivo.
endothelial cells is a chemotactic, and perhaps survival, signal Hematopoietic progenitor cells also undergo stereotyped
for Pdgfrb-expressing VSMC and pericyte progenitors as theynigrations during vertebrate development (Traver and Zon,
leave the arterial walls and primitive plexa to migrate alon@002). AlthoughPdgfbandPdgfrb knockout mouse embryos
newly formed endothelial sprouts (Fig. 4B) (Lindahl et al exhibit hematopoietic defects, liver transplant experiments
1997a; Hellstrom et gl 1999). There is also evidence thathave demonstrated that PDGFB/PD@FRignaling is not
PDGFB signaling drives the proliferation of VSMC and directly required for the embryonic specification, migration or
pericyte progenitors. In wild-type micBdgfbis expressed at differentiation of hematopoietic stem cells (Levéen ¢t18194;
sites of pericyte proliferation, and there is a twofold decreasBoriano, 1994; Kaminski et.aR001). In mice, these processes
in VSMC proliferation around developing arteriesRdgfb may rely instead on VEGF signaling, as VEGFR?2 is essential
null mice (Hellstrém et al 1999). Furthermore, there are for development of the hematopoeitic lineage (Shalaby.et al
reduced numbers of spinal cord pericytes in embryo&995). The split from the PVR in an open circulatory system
homozygous foPdgfrb signaling mutant alleles, which could to PDGFRs and VEGFRs in a closed circulatory system may
be attributed to deficient pericyte proliferation or survival (M.reflect an evolutionary need to discriminate signaling to
Tallquist and P.S., unpublished). In vitro, PDGFs (AB, BB,different cell types in the blood and vasculature.
CC) can directly induce angiogenic sprouting and branching of ) ) ) )
vascular endothelium (Cao et,a2002), but this role has not PDGF functions in neural crest: proliferation,
been demonstrated in vivo. migration and tissue remodeling

The analysis of chimeric mice that comprise both wild-typdn the mouse, PDGHKRIs required cell autonomously for the
andPdgfrb-null cells has demonstrated that in a competitive irdevelopment of a subset of non-neuronal neural crest cell
vivo context, there is a selection f@dgfrb-positive cells in all  derivatives in the cardiac and cranial regions (Morrison-
VSMCs and pericytes examined (Crosby et 8998; Lindahl Graham et aJ 1992; Soriano, 1997; Tallquist and Soriano,
et al.,, 1998). Although this suggests a requirement foR003). Deletion ofPdgfra in the murine neural crest cell
PDGFR3 in these cells, observations in knockout embryodineage leads to defects in palatal closure and fusion, nasal and
indicate that some VSMC and pericyte lineages are natardiac septation, and the development of several bone and
affected, or are only mildly affected, by the disruption ofcartilage structures (Morrison-Graham et 41992; Soriano,
PDGFB/PDGFR signaling (Lindahl et al 1997a; Fruttiger et 1997; Tallquist and Soriano, 2003). Furthermore, thymus size
al., 1999; Hellstrom et gl 1999). For example, iRdgflnull is often reduced in the absence of PDG@FRignaling
animals, pericytes are present, albeit in low numbers, iMorrison-Graham et gl1992; Tallquist and Soriano, 2003).
skeletal muscle, skin and adrenal gland; Itoh cells (pericytddomozygousPatch mutant embryos (which carry a large
like cells in the liver) and VSMCs around developing arterieggenomic deletion that encompasseditigfragene) and NCC-
appear to develop normally in the absence of PDGFBPdgfraembryos (which hav@®dgfra conditionally deleted in
PDGFR3 signaling (Soriano, 1994; Lindahl et.,all997a; neural crest cells) exhibit several cardiac septation and
Hellstrdm et al 1999). These results may reflect tissue-specificemodeling defects similar to those observed in neural crest
functions of other factors in mural cell development. Althoughablation studies (Kirby et al1983; Kirby and Waldo, 1990;
their functions in the vasculature are not known, PDGFC anilorrison-Graham et gl 1992; Tallquist and Soriano, 2003).
D are expressed in VSMCs and in connective tissudhis implies that thesd”dgfra mutants are deficient for
surrounding arteries, respectively, and both are expressed fwnctional cardiac neural crest cells, though it is unclear

endothelial cells (Uutela et.aR001). whether the deficiency is in the number of cells that reach
) o ) N target tissues, or in neural crest cell differentiation or function

PDGF/VEGEF signaling in embryonic hematopoeitic at target sites?dgfaandPdgfcare highly expressed in neural

cell migration crest target tissues in the mouse, including the epithelial lining

In Drosophila PVR signaling is essential for the embryonicof the branchial arches and branchial pouches (Orr-Urtreger
migration of hemocytes, the precursors of the fly blood celand Lonai, 1992; Ding et al2000; Aase et gl2002). These
lineage (Cho et al 2002). These cells arise as bilaterallyligands may act as long-range migration cues or post-migratory
symmetric clusters of mesoderm in the head region of stagesgynals for neural crest cells in the cranial regionXémopus
Drosophila embryos, and subsequently undergo stereotypednd zebrafish embryosPdgfa and Pdgfra are similarly
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A PVF/PVR signaling in hemoc yte migration

= Hemocyte migration routes

Dorsal “ f = PVF expression along migration routes

Anterior Posterior

Ventral

/ \ Pvr mutant or

Wild type Pvf1,2,3 knockdown

Anterior clustering  Failure to enter caudal region

B PVF/PVR signaling in border cell migration

Nurse cell Follicle cell Oocyte

Anterior «— Posterior

Fig. 5.PVF/PVR signals direct cell migration duribgosophiladevelopment. (A) Hemocyte migration. Hemocytes (red) originate as bilateral
clusters in the anterior region bfosophilaembryos. These cells migrate anteriorly, posteriorly and ventrally to populate the wild-type embryo
(red arrows indicate migration routes). PVF ligands are expressed along the embryonic hemocyte migration routes andagléde or en
hemocyte migration: ifPvr mutant orPvfl,2,3knockdown embryos, hemocytes cluster in the head region and fail to enter the caudal region of
the embryo. (B) Border cell cluster migration in response to PVF1. In the left-most panel, aBtagepdilaegg chamber expressitacZin

border cells is stained with arfitgalactosidase (green; border cells) and phalloidin (red; actin), and shows a long cellular extension (LCE;
white arrow), which protrudes from one cell of the border cell cluster toward the oocyte. PVF1 is expressed by @rogmshitaegg

chambers, and PVR is expressed by all follicle cells, including the border cell cluster (red, green). In response to\édradgdRblue),

one border cell of the cluster protrudes a long cellular extension (LCE, green) toward the source of PVF1. This LCE gniggasdhef the
border cell cluster from the anterior cortex of the egg chamber to its final posterior location next to the oocyte. Thehealed isrcopied

with permission from Fulga and Rgrth (Fulga and Rarth, 2002). Scale han.20

expressed in the pharyngeal region and neural cregtathway (Morrison-Graham et .al1992; Soriano, 1997).
respectively, indicating that PDGF roles in neural crest arelowever, NCCPdgframutant embryos do not exhibit defects
likely to be conserved among vertebrates (Table 1) (Ho,et ain neural crest survival, migration or proliferation, and
1994; Liu et al, 2002a; Liu et aJ 2002b). phenotypes observed in these embryos suggest that RDGFR
PDGFRu signaling has been implicated in the migration ands required for postmigratory neural crest functions (Tallquist
survival of cranial neural crest cells. In explant experimentsand Soriano, 2003). The discrepancy betweerPtigdra-null
PDGFA enhances neural crest cell motility (without affectingand conditional-null data could reflect cell non-autonomous
proliferation) and stimulates cultured neural crest cells toequirements for PDGF signaling in neural crest cell migration
secrete matrix metalloproteinase 2 (MMP2) and its activatognd/or survival, or could be due to differences in the precise
MT-MMP (Robbins et al 1999; Li et al 2001). MMP2 location or stage at which the neural crest defects were
influences neural crest cell migration and may play a role ianalyzed in the different studies.
tissue remodeling (Robbins et.,al1999). In Pdgfranull _ _
embryos, increased apoptosis and differences in ECNMDGEF roles in organogenesis
deposition have been observed along the neural crest migratdPGFs play distinct roles at successive stages of mammalian
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Table 2. PDGF roles in mammalian organogenesis.

Early role

Later role

References

Kidney

Prenatal testis

Postnatal testis

Skin/hair

Intestine

Lung

Somites/
skeleton

Mesenchymal proliferation* (4)

Proliferation/survival of mesangial cell
precursors (1)

Interstitial cell proliferation and/or survival*

(©)

Proliferation in testis and at coelomic
surface (6)

Interstitial cell proliferation (9)

Proliferation of dermal layer (10)

Proliferation of mesenchyme between
epithelium and muscle layers

Mesenchymal proliferation* (14)

Somitic or presomitic mesoderm
proliferation (16)

Reciprocal signaling between sclerotome
and myotome (17)

Migration of mesangial cells into glomerular space (1) Levéeret al., 1994; Soriano,

@)

Glomerular angiogenesis* (5)

Branching of coelomic vessel (6,7)
Fetal Leydig cell differentiation (6)
PMC differentiation or function* (7,8)

Maturation of seminiferous tubules (9)

Adult Leydig cell differentiation (9)

Migration, survival, and/or function of adult
Leydig cells or their precursors* (9)

Proliferation of Pdgfra-expressing mesenchymal
cells (10)

Adhesion or matrix deposition between tissue
layers* (12)

Organization of pre-papillae (10)

Formation of the dermal sheath lining (10)

Formation of the hair canal at the
dermis/epidermis interface (11)

Hair cycle re-entry (10)

Melanocyte development (12)

Proliferation of Pdgfra-expressing mesenchyme

Organization of villus clusters

Differentiation of epithelial and mesenchymal
villus cell types

Migration and/or function dPdgfra-positive
mesenchymal cells within forming villi*

Proliferation of Pdgfra-expressing mesenchyme

Migration and/or survival dPdgfra-expressing
mesenchymal cells* (13,15)

Induction of septation, differentiation of alveolar
myofibroblasts, secretion of matrix and
remodeling factors* (13)

Chondrogenesis (17,18)

Neural arch positioning (19)

Vertebral arch closure (16,19,20)

Development of craniofacial bones and cartilage
(16,17,20)

1994; Lindahlet al., 1998
(2) Lindahlet al., 1998; Araet
al., 2000; Riconet al., 2003
(3) Li et al., 2000
(4) Levéeret al., 1994
(5) Caoet al., 2002

(6) Brennaret al., 2003

(7) Uzumcuet al., 2002

(8) Gnesset al., 1993;
Chiarenzaet al., 2000

(9) Gnesset al., 2000

(10) Karlssoret al., 1999
(11) Takakuraet al., 1996
(12) Soriano, 1997

Karlssonet al., 2000

(13) Bostromet al., 1996;
Lindahlet al., 1997b
(14) Li and Hoyle, 2001

(15) Suret al., 2000

(16) Soriano et al., 1997

(17) Tallquist and Soriano, 2003

(18) Ataliotis, 2000

(19) Payne et al., 1997

(20) Gruneberg and Truslove,
1960

*Putative and/or hypothesized functions of PDGFs; these roles have been suggested by expression, cell culture, andrfgrfpneliomaéh data.

organogenesis (Table 2, Fig. 6). During early stages, PDGRgenerally becomes restricted to a small subpopulation of

drive mesenchymal proliferation. For example, PD@FR mesenchymal cells that stops proliferating and undergoes

signaling is essential for interstitial cell proliferation in thedirected migrations. At these stages of organ maturation,

early embryonic testis and kidney, and for mesenchymdDGFs are no longer mitogenic but instead drive the migration,

proliferation in early intestine, skin and lung developmendifferentiation and/or function dPdgfr-expressing cells (Fig.

(Karlsson et al 1999; Karlsson et al2000; Li et al, 2000; 6). Some of these later roles for PDGF are discussed below;

Sun et al 2000; Li and Hoyle, 2001; Brennan et &003). In  others are summarized in Table 2. The rolesPaofyfr

each of these contexts, PDGi broadly expressed in the expressing cells are not clear in several contexts, but they are

mesenchyme, and the mitogenic PDGF function is elicited bgften positioned such that they may participate in inducing or

paracrine signals from local epithelium. There is no evidenceupporting morphogenetic processes.

that PDGFs act as long-range proliferative signals durin o S

development, and although ligands and receptors are cBDGF functions in the developing kidney

expressed in some cell types, the role(s) and regulation ®DGFB/PDGFR signaling is required for the development of

autocrine signaling in organogenesis are not yet understoodcapillary tufts in glomeruli, which are filtration units in the
After an early period of organ growtRdgfr expression kidney. InPdgfbandPdgfrb knockout mice, these tufts either
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do not form or consist of enlarged, unbranched capillary loopShere is evidence thatPdgfrbpositive mesenchymal
that lack mesangial cells (pericyte-like cells surroundingorogenitors give rise to both endothelial and mesangial cells of
glomerular capillaries) (Levéen et.,al994; Soriano, 1994). glomerular capillary tufts, which are thought to form by de

Fig. 6. PDGF roles in ) A Migration and angiogenesis
mammalian organogenesis. In Gl | is (kid Testi larizati
several early developmental omerulogenesis (kidney) estis vascularization _
i i Coelomic vessel Embryonic

contexts, epithelial PDGF N~ testis
drives proliferation of a  Capilary b c d » 7
undifferentiated mesenchyme Glomerular Bowman’s capsule L ey e

. Nephron space \M hi
expressing PDGFR esonephros
However, during organ "’_"rr-
maturation, PDGF signals R v @ ¥
direct several other cellular R XN ,) P
functions. (See text for more 0:
details.) (A) CeII.mlgratlon Mesangial Glomerulus "]Tn.‘
and angiogenesis. In the cell precursor ¢ U oM oE——— Testis
developing kidney, .y cord

PDGFB/PDGFR signaling is
essential for the migration of B cellul ar differentiation and /or function

Pdgfrb-expressing

endothe|ia|/mesangia| cell Coelomic vessel Coslomic vesssl
precursors (blue) from (a) the Sertoli
cleft of the S-shaped nephron
into (b,c) the glomerular space. 4 «
These cells give rise to the

glomerular capillary bed (red) v & i ‘
and its mesangial cells \i/ Leydig cell \ i.",7 PMC precursor

(pericyte-like cells that coat precursor
glomerular capillaries; c).
(d) In Pdgfb andPdgfrb-null
embryos, fewPdgfrb-
eXpressing precursors migraté ¢ gpithelial folding in t he lung and intestine

to the nephron cleft, and these

cells fail to enter the Alveolar septation (lung) Villus outgrowth and/or maturation (intestine)
glomerular space; capillary

beds fail to form in these 3 oo
embryos and capillary o Villus cluster
aneurysms are observed inthe ¢ b
glomerular space. The o® ° s
embryonic testis vasculature ¢ °
develops through the formation u
of the coelomic vessel'(H) oo _—

and the branching of this &S Sépum Growing villus

vessel between testis cords A °

(). Endothelial cells (blue) Alveolar sac e 2

migrate from the mesonephros

into the testis, where they

contribute to the coelomic vessel and its branches (red). PB@&HRquired for both endothelial cell migration and branching of the coelomic
vessel. In both the kidney and testis, PDGF signals may directly induce angiogenic branching of the primitive vascutatginethédthas not
been clearly shown in vivo. (B) Cellular differentiation and/or function. PDGF signals are essential for the differenti&iidiar@etion of
interstitial cell types in the developing testis. PD@HR&required for the differentiation of both fetal and adult Leydig cells. The ligand(s)
required for fetal Leydig cell development are not yet known, but PDGFA is required for the development of adult Leydiyatelisplace

fetal Leydig cells during postnatal testis maturation. There is evidence from in vitro studies that PDGF signals may imgoa gl

(PMC) differentiation and/or function. These cells originate in the interstitium and differentiate into contractile, smoteHikeusells that
associate tightly with testis cords. Together, PMCs and Sertoli cells produce the basement membrane around cords. ToEePIOGESs(S)

that direct interstitial cell differentiation/function is not clear, although PDGFs are secreted from the coelomic vesssbriephros and

testis cords. (C) Epithelial foldin@dgfraexpressing mesenchymal cells cluster at sites of future epithelial folding during lung, skin and
intestine morphogenesis. Although fegfraexpressing cells are essential for these morphogenetic processes, their roles and the role(s) of
PDGF signaling in folding morphogenesis are not yet known. Late in embryogé&dedis positive mesenchymal cells (blue) in the lung
migrate to sites of alveolar septation (a), a postnatal process in which the air sac epithelium invaginates and is firelvigu snatrix.
Septation does not occur in the absence oPtigfra-positive cells, whose development requires PDGFA during embryogenesis. During
intestine maturatiorRdgfra-positive mesenchymal cells (blue) cluster at sites of future villus formation (b). The intestinal epithelium
subsequently folds into the lumen of the intestineRagfra-positive cells migrate from the clusters to line the forming viRggfra

expression is maintained in these cells during villus maturation, and, in PDGFA-null mice, villus structure and epithrdiiatitin are
abnormal.

Leydig cell

Basement membrane
Mesonephros Mesonephros

Intestinal epithelium

Mature villus
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novo vasculogenesis and angiogenéilgfrb-expressing cells et al, 2002). Endothelial cells migrate from the mesonephros
originate in the metanephric mesenchyme and migrate, first toto the testis and contribute to the coelomic vessel branches.
the nephron cleft (before glomerulogenesis) and then into thEhis migration is thought to be driven by an attractive signal
glomerular space where vasculogenesis and angiogenesis tél@m Sertoli cells (Merchant-Larios and Moreno-Mendoza,
place (see Fig. 6A) (Hyink et.all996; Woolf and Loughna, 1998; Nishino et al., 2001). PDGERignaling is required for
1998; Ricono et a/2003). InPdgfb-andPdgfrb-null embryos,  both coelomic vessel branching and endothelial migration (Fig.
there is a reduction, and in some cases a loss, &dpkb 6A) (Brennan et a] 2003). PDGF signals may directly induce
positive mesenchymal population at the nephron cleft. Thiangiogenic branching of the coelomic vessel. However, co-
suggests that although these cells are capable of reaching théture experiments have demonstrated that endothelial
cleft, their migration or premigratory proliferation is impaired migration requires PDGHR signaling specifically in the
(Levéen et a) 1994, Lindahl et al 1998). PDGFB/PDGHR testis (Brennan et al2003), suggesting that PDGFs are not
signaling is not required for proliferation or survival of thethemselves long-range chemoattractants for endothelial cells,
putative progenitor cells at the nephron cleft, but is absolutelgut are required upstream of the activation or secretion of a
required for their migration into the glomerular space (Fig. 6AYifferent signaling protein.

(Lindahl et al, 1998; Arar et a] 2000; Ricono et al 2003). In contrast to this indirect role of PDGF in cell migration
Given the angiogenic potential of PDGFs demonstrated in vitrduring mammalian testis development, PVF1 directly induces
(Cao et al 2002), PDGFs may also induce branching of thanigration during the development of tHerosophila egg

glomerular capillary endothelium. chamber. In this context, PVFL1 is secreted by the oocyte and
_ _ ) acts as a long range chemoattractant for border cells, a cluster

PDGF functions in mouse and Drosophila gonad of somatic cells that express PVR (Fig. 5B) (Duchek et al

development 2001; McDonald et al 2003). In response to a graded PVF1

PDGF signaling is required for the development of thesignal, one border cell of the cluster sends out a long cellular
interstitium and vasculature in the mouse testis (Fig. 6A,B)extension (LCE) towards the oocyte. The LCE adheres to nurse
Perhaps due to these rolBsigfranull embryos have enlarged cells along the migration route and guides the migration of the
testis cords, a phenotype also seen in wild-type embryonimorder cell cluster from the anterior cortex of the egg chamber
testes treated with PDGFR inhibitors (Uzumcu et al., 2002t its final localization adjacent to the oocyte (Fulga and Rarth,
Brennan et a] 2003). Early in embryonic testis development,2002). PVR signaling is partially redundant with EGFR
Pdgfa PdgfbandPdgfraare expressed in scattered cells within(epidermal growth factor receptor) signaling in directing
the XY gonad, andPdgfc and Pdgfra are expressed at the border cell migration (Duchek et.aR001). However, ligand
coelomic surface and the mesonephros/gonad boundaspecificity has been demonstrated in misexpression
(Brennan et a)J 2003). At this time, PDGHR signaling is  experiments in which border cell migration is redirected to
required for the proliferation and/or differentiation of sites of high PVF1, but not PVF2 or Gurken (an EGFR ligand),
interstitial cells, including fetal Leydig cells (Fig. 6B) expression (McDonald et.aP003). PVF1 is also required for
(Brennan et al 2003), which are testosterone-producingthe normal distribution ddrosophilaE-Cadherin in migrating
interstitial cells that differentiate shortly after testis cordborder cells (McDonald et.aR003). These cellular responses
formation. Culture-based studies indicate that PDGF signalingp a PVF1 gradient in the developing egg chamber may
may also be involved in the development or function ofrepresent common mechanisms by which PDGFs induce and
perimyoid cells (PMCs) later in embryonic testis developmentguide cell migration.
PMCs are smooth muscle-like interstitial cells that associate . ) . .
tightly with testis cords and, together with Sertoli cells, secretbung and intestine development: signaling centers at
components of the basement membrane that surrounds tegi&s of epithelial folding?
cords (Hadley et gl 1985; Skinner et gl1985). At the time Epithelia undergo patterned folding or invagination during the
of PMC differentiation,Pdgfa expression becomes restricted maturation stages of mammalian lung, intestine and skin
to testis cords anBdgfrsare expressed by all interstitial cells development. In each of these organs, PDGF signaling is
(Uzumcu et al 2002; Brennan et al2003). PDGF stimulation required for the development of mesenchymal cells that
of cultured PMCs induces the expression of smooth musclexpresPdgfraand localize at sites of future folding (Fig. 6C).
specific genes, enhanced ECM production, cellular contractiohhe roles of these cells, and specifically of PDGF signaling to
and stress fiber formation (Gnessi et 8093; Chiarenza et.al these cells, are unknown, but phenotypic data suggest that
2000). These in vitro findings may reflect in vivo roles ofthey may play an active role in inducing or regulating
PDGFs in PMC differentiation or function. In the postnatalmorphogenesis or differentiation.
testis, PDGFs continue to be essential for interstitial In the mammalian lung, PDGFA/PDGERsignaling is
development: PDGFA (which does not appear to be essenti@quired for alveolar septation, a postnatal process whereby the
in the embryonic testis) is required postnatally for adult Leydigir sac epithelium invaginates to form septa and is lined by
cell development, interstitial cell proliferation and completionspecialized matrix and mesenchymal cells (Bostrém et al
of spermatogenesis (Gnessi et, &000). The molecular 1996; Klinghoffer et al 2002). This process depends on a
mechanisms underlying these roles await further investigatio®dgfrapositive mesenchymal population, the embryonic
PDGF signaling is also essential for the development of thdevelopment of which requires PDGHRAdgfra-positive cells
testis vasculature in the mouse (Brennan et24l03). The originate subjacent to distal branches of embryonic lung
embryonic testis becomes vascularized through the angiogerepithelium; these cells associate tightly with growing tubules
branching of the coelomic vessel, which forms at the testiand may modulate embryonic lung growth and/or branching
surface and extends branches between the testis cords (Bren(@unn et al 2000). Late in gestatiorRdgfrapositive cells
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undergo PDGFA-dependent migrations, dispersing as singtthondrogenesis, driving chondrocyte maturation without
cells to line prospective terminal sacs throughout the lungnducing proliferation (Tallquist et a2000). Similarly, studies
(Lindahl et al, 1997b). These cells localize near sites of futuren the chick have demonstrated that PDGF-AA induces
septation at the onset of alveogenesis (Bostrom.efl@6; cartilage formation in vivo and in limb bud micromass cultures
Lindahl et al, 1997b).Pdgfra-positive mesenchymal cells in (Ataliotis, 2000).
the lung may be precursors to alveolar myofibroblasts (Lindahl _
et al, 1997b), or might provide signals that induce septunPDGFs and human disease
formation, matrix deposition or differentiation (e.g. of alveolarPdgf and Pdgfr mutant mice exhibit several phenotypes that
smooth muscle cells) during alveogenesis. Further studies amee reminiscent of human diseases. These mice can serve as
needed to distinguish between these models, and to determiegerimental models in which to study the etiology,
whether postnatal PDGERmediated signals are required for progression and treatment of these diseases, and the
alveogenesis. contributions of different genes and/or pathways to disease
In the developing skin and intestine, postmitdddgfra  development. For examplBdgfra mutant mice model neural
positive mesenchymal cells similarly migrate to form clustersrest deficiency disorders, such as cardiac and nasal septation
that underlie sites of future epithelial folding (Karlsson et al defects, cleft face and cleft palate (Grineberg and Truslove,
1999; Karlsson et al2000). In the intestine, these cells are1960; Morrison-Graham et al., 1992; Soriano, 1997; Tallquist
called villus cluster cells and pericryptal fibroblasts. Althoughand Soriano, 2003). In addition, knockout and transgenic
their functions in morphogenesis are not known, phenotypistudies have highlighted two distinct modes by which aberrant
data suggest that these clusters provide instructive &DGF function can lead to the lung disease emphysema.
permissive signals for villus outgrowth (Karlsson et 2000).  Pdgfanull mice and?dgfrasignaling mutants that survive past
For example Pdgfanull animals have fewer villus clusters, birth exhibit early postnatal emphysema as a result of failed
possibly due to an earlier mitogenic role of PDGFA, and fewealveolar septation (Bostrém et al., 1996; Lindahl et al., 1997b;
villi extend into the intestinal lumen (Karlsson et al., 2000).Sun et al., 2000; Klinghoffer et .al2002). By contrast,
Furthermore, inPdgfa and Pdgfranull mice, villi are often transgenic overexpression Bfigfbin the lung gives rise to
pleated with aberrant distributions of differentiated cell typesemphysema in adult mice; these animals have thickened septa,
These phenotypes could be secondary to the loss of earlies well as enlarged saccules, severe inflammation and fibrosis
roles of PDGFs in villus cluster cells. However, mesenchymalHoyle et al., 1999).
cells from the clusters migrate into growing villi during villus  The relevance of these and other mouse mutant phenotypes
outgrowth and maintainPdgfra expression throughout to human disease and development has been highlighted by
intestinal development (Karlsson et,a000). Pdgfais not findings of abnormal PDGF/PDGFR expression or activity in
expressed in the villus epithelium (Karlsson et 2000), but human patients. A common phenotypePidgfranull mouse
conditional inactivation oPdgfraand/orPdgfcin the intestine  embryos is a failure in neural tube closure; genetic studies have

may reveal PDGF roles in villus maturation. demonstrated th&dgfra and Paxlinteract genetically in the
) o ) ) development of spina bifida occulta (Griineberg and Truslove,
PDGF signaling in somite and skeletal patterning 1960; Helwig et al., 1995; Soriano, 1997; Payne et al., 1997;

Phenotypic analysis dPdgfranull mouse embryos suggests Joosten et al.,, 1998). In humans, there are comRuyira
that, as in organogenesis, PDGFs play successive roles promoter polymorphisms that underlie variation in
somite and skeletal development. PDGF signals have beémanscriptional activity, and specific haplotype combinations
implicated in driving somitic or presomitic mesoderm correlate with a predisposition to neural tube defects (Joosten
proliferation: Pdgfra is expressed throughout epithelial et al., 2001). Promoter haplotypes with highedgfra
somites, and the somites Bfigfranull mouse embryos are transcriptional activity are over-represented in patients with
smaller than those of wild-type littermates (Soriano, 1997)sporadic spina bifida; conversely, homozygosity for a common
Later in development?dgfra expression becomes restricted, promoter haplotype with low transcriptional activity was not
with high expression in sclerotome and lower expression inbserved in any cases of sporadic spina bifida, suggesting that
dermatome.Pdgfa and Pdgfc are both expressed in the this variant protects or selects against the development of this
myotome (Orr-Urtreger and Lonai, 1992; Ding et al., 2000condition (Joosten et.al2001).
Aase et al, 2002). InPdgfranull embryos, myotome Although Pdgfband Pdgfrb knockout mice die perinatally,
compartments in rostral somites are abnormally shaped and &BGFB roles in adult vascular, kidney and retina pathogenesis
frequently fused with the myotome of adjacent somites. Thedeave been elucidated through studies using conditional
abnormalities are paralleled by later skeletal phenotype&nockout mice, transgenic mice and mice harboring mutations
which are, in many cases, characterized by the aberrant grovitiat alter PDGF activity without causing early lethality. In the
or fusion of skeletal elements (Soriano, 1997). TogethewnasculaturePdgfrbactivation caused by loss of the low density
expression and phenotypic data suggest that PRGFRlipoprotein receptor-related protein (LRRA VSMCs leads to
signaling is involved in feedback signaling between theaneurysms and the development of atherosclerotic lesions.
myotome and the sclerotome, although the specific cellularhese vascular defects are associated with the disruption of the
responses to PDGF signaling during somitogenesis amdastic lamina around vessels, and with hyperproliferation of
unknown (Soriano, 1997; Tallquist et,&000). VSMCs (Boucher et al.,, 2003). In addition, mice that lack
Experimental data suggest that PDGFs induce chondrocyRdgfb or Pdgfrb, as well as som@dgfrb signaling mutants,
differentiation during the outgrowth of limbs and of somite-exhibit cardiac hypertrophy (Levéen et al., 1994; Soriano,
derived skeletal elements (such as the ribs). In somit&994; Klinghoffer et al., 2001). Whether this reflects a primary
micromass cultures, PDGF-AA and -BB are potent effectors aflefect in the cardiomyocytes or a physiological response to
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other vascular defects remains unclear. The form of cardiagenetic manipulation of PDGF in the mouse, which could
hypertrophy in Pdgfrb signaling mutants resembles that prove useful in elucidating both the cellular roles of PDGFs in
commonly associated with hypertension (Klinghoffer et al.fumorigenesis, and the way(s) in which PDGFs or PDGFRs
2001). However, hyperproliferation of cardiac fibroblasts wasnteract with other oncogenes and tumor suppressor genes in
observed in transgenic mice overexpres$tdgfc which also  the progression of human cancer.
have cardiac hypertrophy (Li et al., 2000). The disease states
in the Pdgfb and Pdgfrb mutant mice may be etiologically Closing remarks
distinct from the hypertrophy in thBdgfc overexpression Over the next few years, our knowledge of PDGF-dependent
model. developmental processes should be vastly expanded through
The kidney and the retina are both particularly sensitive téunctional studies of recently identified PDGF family members
mutations in thePdgfrb signaling domain: some signaling in various organisms, and through experiments in which
mutant mice (which survive to adulthood) exhibit themultiple ligands or receptors are simultaneously disrupted.
hallmarks of glomerulosclerosis and proliferative retinopathyBecause requirements for PDGF signaling in early
(Klinghoffer et al., 2001) (M. Tallquist and P.S., unpublished)development can obscure later roles, it will also be necessary
In humans, PDGFs have been shown to be upregulated o use conditional mutagenesis to elucidate the serial roles of
glomerulosclerosis, as well as in diabetic and allograft-relateBDGFs within specific developmental contexts. Although
nephropathies (Langham et,&003; Eitner et al., 2003), and expression data suggest that some PDGF roles are conserved
PDGF inhibitors can inhibit pathogenic mesenchymalamong different organisms, this needs to be investigated
proliferation in the kidney (Savikko et.aP003). PDGFA and through functional studies. The different model systems each
PDGFB are also upregulated in human patients with diabetitave their strengths that will be invaluable in elucidating how
proliferative retinopathy (Freyberger et,&000), and PDGF the PDGFs and receptors are regulated, the cellular
inhibition using a dominant-negative PDGdRan inhibit the  mechanisms by which they exert their actions, and how they
progression of proliferative vitreoretinopathy in an ex vivointeract with other signaling systems during development. In
model (Ikuno and Kazlauskas, 2002). In the mouse retinaddition to elucidating normal developmental functions of
proliferative disease can result from either excessive PDGF IRDGFs, genetic manipulations of PDGF function have
astrocytes or deficient PDGF in the vascular endothelium, botbentified disease states that are induced and/or influenced by
of which result in a shortage of pericytes (Fruttiger et al., 199@&berrant PDGF activity. These model systems are invaluable
Andrews et al., 1999; Klinghoffer et al., 2001; Enge et al.fools for investigating disease etiology, therapeutic approaches
2002; Forsberg-Nilsson et al., 2003). These responses to thad the interactions of PDGFs with other genes that contribute
up- and downregulation of PDGF indicate that PDGF-directetb multigenic diseases. To address these problems effectively,
retinopathy therapies will probably need to be targeted in a celle need to understand the specific cellular functions that are
type- (or PDGFR-) specific manner. driven by PDGF signaling in normal development and
PDGFs have also been implicated in the etiology of humaphysiology.
cancer. Many years ago, the transforming gene in Simian As the roles of recently identified factors become known, we
Sarcoma Virussis, was found to encode PDGFB (Doolittle will be able to address the question of how receptor mutant
et al.,, 1983; Waterfield et al., 1983). Since then, PDGMphenotypes relate to those of the ligands. In both flies and
hyperactivity has been observed in invasive gastric carcinomasammals, questions remain as to the genetic interactions
and gliomas, and in several other types of human cancéetween PDGF ligands and their receptors. In the mouse, the
(Nakamura et al., 1997; Hermanson et al., 1992; Hermansd?dgfrb and Pdgfb knockout phenotypes appear virtually the
et al., 1996). In human gastric cancers, PDGF has been fourdme (Levéen et al1994; Soriano, 1994), suggesting that
to be an effective prognostic marker: high levels of PDGFAPDGFD may have non-essential or subtle roles during
correlate with high grade carcinomas and reduced patieembryogenesis. However, thé>dgfa- and Pdgfranull
survival (Katano et al., 1998). A recent study also identifiegphenotypes differ dramatically in their severiBdgfranull
Pdgfrecactivating mutations in a subset of humanembryos do not survive past E15, with most dying by E11.5,
gastrointestinal stromal tumors, for whiBldgfra may prove  whereas manyPdgfanull mice survive past birth (M.
to be a useful molecular marker and therapeutic targedellstrom, C. Betsholtz and P.S., unpublished) (Bostrém,et al
(Heinrich et al., 2003). Further studies of PDGF function inl996; Tallquist and Soriano, 2003). This discrepancy is likely
both normal and diseased gastrointestinal tracts may shed light be due to PDGRRmediated functions in response to
on how gastric tumors originate and progress. PDGFB and PDGFC. Preliminary evidence indeed suggests
Both PDGFs and PDGFRs are upregulated in humathat Pdgfenull embryos exhibit cleft palate and spina bifida
gliomas and astrocytomas, aRdgfra expression levels are and die perinatally. In additionPdgfa/Pdgfc double-null
higher in more advanced forms of gliomas than in lesembryos recapitulate phenotypes associated Wityfra
malignant glial tumors (Hermanson et al., 1992; Hermanson eleficiency (H. Ding and A. Nagy, personal communication).
al., 1996). Transgenic overexpression of PDGFB in neural The early lethality ofPdgfraknockout mice indicates that
progenitors or glial cells induces the formation ofthe PDGFs play essential roles in early embryonic
oligodendrogliomas and oligoastrocytomas in the mouse (Dalevelopment that are not yet fully understood. Studies in
et al, 2001). In these mouse models, it was recently shown thXtenopushave implicated PDGF signaling in gastrulation,
Ink4a-Arf a tumor suppressor gene that is commonly mutatedeural tube closure, and mesoderm adhesion or migration
in high-grade human gliomas, cooperates with PDGF in thduring early embryonic development (Ataliotis et, dl995;
development and malignant progression of gliomas (Dai,et alSymes and Mercola, 1996). Only a subset of the phenotypes
2001). This is one example of a disease model, generated blgserved in Xenopus experiments are recapitulated in
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Pdgfra/Pdgfrb double-null mouse embryos, which exhibit pathways. For example, a recent study demonstrated that
failed anterior neural fold closure but no gastrulation defectantagonistic crosstalk occurs between LRP1 and PIBGFR
(P.S., unpublished results). This may reflect the functionadignaling in the vasculature (Boucher et al., 2003). In addition,
divergence of PDGFs between amniotic and anamniotiPDGF signals might drive different transcriptional responses
species. Recent studies have demonstrated that PD@RIR in naive versus committed or differentiated cells due to
PDGFR3 are essential for extraembryonic development in thelevelopmental changes in chromatin structure or the activity
mouse. PDGFR is expressed in the parietal endoderm (E8-of transcriptional regulatory factors. The identification of
E10) and in cells lining the chorioallantoic plate (E9-E13). Intranscriptional targets of distinct PDGFs in different contexts
wild-type embryos, PDGHRrexpressing cells migrate from should shed light on the mechanisms by which cellular
the periphery to populate the chorioallantoic plate. Thigesponses to PDGFs are specified.
migration fails to occur inPdgfranull embryos, and the
chorioallantoic plate vasculature does not develop normally We thank Christer Betsholtz, Rich Klinghoffer, Susan Parkhurst,
(Hamilton et al., 2003), perhaps contributing to their early’ernille Rerth, Michelle Tallquist and members of the Soriano lab for
lethality,. PDGFB/PDGFR signaling is required in critical comments on the manuscript. We also thank Hao Ding, Andras
extraembryonic tissues at later stages (E13-E17) for tht agy and Pernille Rarth for allowing us to discuss their results prior
. . N publication. R.H. is supported in part by a National Science
maturation of the vasculature in the Iabyrln_thlne layer of th(?:oundation Predoctoral Fellowship, and by a Public Health Service,
placenta, where fetal/maternal gas and nutrient exchange tak@sional Research Service Award from the National Institute of
place. The labyrinthine layers d?dgfb and Pdgfrb-null General Medical Sciences. Work in the authors’ laboratory is
embryos have deficient numbers of pericytes and trophoblastsipported by grants from the National Institute of Child Health and
abnormally large vessels and a reduction in vascular surfa¢kiman Development.
area (Ohlsson et al.,, 1999). It is not known how these
g)gt/rglteorgﬁ]ré/r?tnlc vascular  defects impact embryoniGqeferences
Another unresolved question is how PDGFs and PDGFRS s Aramsson, & KGrison, L, Besholr C. and Erkeson, U
are regulated at the levels of transcription, splicing, and ligand tissuesMech. Dev110, 187-191.
maturation or cleavage. Establishing what factors contribute #ndrews, A., Balciunaite, E., Leong, F. L., Tallquist, M., Soriano, P.,
these different aspects of PDGF regulation will help associate R€%i0. M. and Kazlauskas, A(1999). Platelet-derived growth factor plays
PDGE signaling with other genetic pathways. For example a key role in proliferative vitreoretinopathgvest. Ophthalmol. Vis. S0,
1 2683-2689.
mouse PAX1 has been shown to reguRdgfratranscription  Arar, M., Xu, Y.-C., Elshihabi, 1., Barnes, J. L., Choudhury, G. G. and
and to interact genetically witAdgfrain mouse neural tube  Abboud, H. E. (2000). Platelet-derived growth factor recefaregulates
development (HelWig et al., 1995; Joosten et al., 1998). migration and DNA synthesis in metanephric mesenchymal delBiol.
Alternative splicing ofPdgfais conserved among VertEbrateS'A CIE)?EZTDS ?gggéisﬁételet—derived growth factor A modulates limb
and in vitro studies suggest that this modulates the range Oichondrogenesis both in vivo and in vitdech. Dev94, 13-24.
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receptors and ligands as well as by its differentiation state arfgennan, J., Timann, C. and Capel, B(2003). Pdgfre mediates testis cord

local signaling environment. Different PDGF Iigands may organization and fetal Leydig cell development in the XY go@ashes Dev.
: I . 17, 800-810.
drive distinct responses in some developmental context&alver’ A.R. Hall, A. C., Yu, W-P., Walsh, F. S.. Heath, J. K., Betsholtz,

However, the response of a given cell to th_e same ”ga_-nd mayc. and Richardson, W. D.(1998). Oligodendrocyte population dynamics
change over time because of crosstalk with other signaling and the role of PDGF in vivdNeuron20, 869-882.



4782 Development 130 (20)

Cao, R., Brakenhielm, E., Li, X., Pietras, K., Widenfalk, J., Ostman, A., Hadley, M. A,, Byers, S. W., Suarez-Quian, C. A., Kleinmain, H. K. and
Eriksson, U. and Cao, Y.(2002). Angiogenesis stimulated by PDGF-CC,  Dym, M. (1985). Extracellular matrix regulates Sertoli cell differentiation,
a novel member in the PDGF family, involves activation of PD@ERxnd testicular cord formation, and germ cell development in vitr&ell Biol.
-af receptorsFASEB J.16, 1575-1583. 101, 1511-1522.

Chiarenza, C., Filippini, A., Tripiciano, A., Beccari, E. and Palombi, F. Hamada, T., Ui-Tei, K. and Miyata, Y. (2000). A novel gene derived from
(2000). Platelet-derived growth factor-BB stimulates hypertrophy of developing spinal cords, SCDGF, is a unique member of the PDGF/VEGF
peritubular smooth muscle cells from rat testis in primary cultures. family. FEBS Lett475 97-102.

Endocrinologyl41, 2971-2981. Hamilton, T. G., Klinghoffer, R. A., Corrin, P. D. and Soriano, P.(2003).
Cho, N. K., Keyes, L., Johnson, E., Heller, J., Ryner, L., Karim, F. and Evolutionary divergence of PDGF alpha receptor signaling mechanisms.
Krasnow, M. A. (2002). Developmental control of blood cell migration by ~ Mol. Cell. Biol.(in press).
the DrosophilaVEGF pathwayCell 108 865-876. Heino, T. I., Karpanen, T., Wahlistrém, G., Pulkkinen, M., Eriksson, U.,
Croshy, J., Seifert, R. A., Soriano, P. and Bowen-Pope, D. [1998). Alitalo, K. and Roos, C.(2001). TheDrosophilaVEGF receptor homolog
Chimaeric analysis reveals role of Pdgf receptors in all muscle lindéafes. is expressed in hemocytédech. Dev109, 69-77.
Genet.18, 385-388. Heinrich, M. C., Corless, C. L., Duensing, A., McGreevey, L., Chen, C.-

Dai, C., Celestino, J. C., Okada, Y., Louis, D. N., Fuller, G. N. and Holland, J., Joseph, N., Singer, S., Griffith, D. J., Haley, A., Town, A. et §2003).
E. C. (2001). PDGF autocrine stimulation dedifferentiates cultured PDGFRA activating mutations in gastrointestinal stromal tunfécgence
astrocytes and induces oligodendrogliomas and oligoastrocytomas from 299, 708-710.

neural progenitors and astrocytes in vi@enes Devl5, 1913-1925. Heldin, C. H. (1998). Signal transduction via platelet-derived growth factor
Ding, H., Wu, X., Kim, I., Tam, P. P. L., Koh, G. Y. and Nagy, A(2000). receptorsBiochim. Biophys. Acta378 F79-F113.

The mouse Pdgfc gene: dynamic expression in embryonic tissues durirdeldin, C. H. and Westermark, B.(1999). Mechanism of action and in vivo

organogenesidvlech. Dev96, 209-213. role of platelet-derived growth factd?hysiol. Rev79, 1283-1316.

Doolittle, R. F., Hunkapiller, M. W., Hood, L. E., Devare, S. G., Robbins,  Hellstrom, M., Kalen, M., Lindahl, P., Abramsson, A. and Betsholtz, C.
K. C., Aaronson, S. A. and Antoniades, H. N(1983). Simian sarcoma (1999). Role of PDGF-B and PDGHRIn recruitment of vascular smooth
virus onc gene, v-sis, is derived from the gene (or genes) encoding a platelet-muscle cells and pericytes during embryonic blood vessel formation in the

derived growth factoriScience221, 275-277. mouse Developmeni26, 3047-3055.

Duchek, P., Somogyi, K., Jekely, G., Beccari, S. and Rarth, 2001). Hellstrom, M., Gerhardt, H., Kalen, M., Li, X., Eriksson, U., Wolburg, H.
Guidance of cell migration by tHerosophilaPDGF/VEGF receptoCell and Betsholtz, C.(2001). Lack of pericytes leads to endothelial hyperplasia
107, 17-26. and abnormal vascular morphogenedi<ell Biol. 153 543-554.

Eitner, F., Ostendorf, T., Kretzler, M., Cohen, C. D., Eriksson, U., Grone,  Helwig, U., Imai, K., Schmahl, W., Thomas, B. E., Varnum, D. S., Nadeau,
H. J., Floege, J.; ERCB-Consortium.(2003). PDGF-C expression in the J. H. and Balling, R.(1995). Interaction between undulated and Patch leads
developing and normal adult human kidney and in glomerular disehses. to an extreme form of spina bifida in double-mutant mita. Genetl1,

Am. Soc. Nephroll4, 1145-1153. 60-63.
Enge, M., Bjarnegard, M., Gerhardt, H., Gustafsson, E., Kalen, M., Asker, =~ Hermanson, M., Funa, K., Hartman, M., Claesson-Welsh, L., Heldin, C.-
N., Hammes, H.-P., Shani, M., Fassler, R. and Betsholtz, ©2002). H., Westermark, B. and Nister, M.(1992). Platelet-derived growth factor
Endothelium-specific platelet-derived growth factor-B ablation mimics and its receptors in human glioma tissue: expression of messenger RNA and
diabetic retinopathyeMBO J.21, 4307-4316. protein suggests the presence of autocrine and paracrine Gaps. Res.
Enge, M., Wilhelmsson, U., Abramsson, A., Stakeberg, J., Kuhn, R., 52, 3213-3219.

Betsholtz, C. and Pekny, M(2003). Neuron-specific ablation of PDGF-B Hermanson, M., Funa, K., Koopman, J., Maintz, D., Waha, A.,
is compatible with normal central nervous system development and Westermark, B., Heldin, C.-H., Wiestler, O. D., Louis, D. N., von

astroglial response to injurfdeurochem. Re&8, 271-279. Deimling, A. and Nister, M. (1996). Association of loss of heterozygosity
Forsberg-Nilsson, K., Behar, T. N., Afrakhte, M., Barker, J. L. and McKay, on chromosome 17p with high platelet-derived growth faataeceptor

R. D. (1998). Platelet-derived growth factor induces chemotaxis of expression in human malignant gliom&anc. Res56, 164-171.

neuroepithelial stem celld. Neurosci. Re$3, 521-530. Heuchel, R., Berg, A., Tallquist, M., Ahlen, K., Reed, R. K., Rubin, K.,
Forsberg-Nilsson, K., Erlandsson, A., Zhang, X. Q., Ueda, H., Svensson,  Claesson-Welsh, L., Heldin, C.-H. and Soriano, P(1999). Platelet-

K., Nister, M., Trapp, B. D., Peterson, A. C. and Westermark, B(2003). derived growth factor beta receptor regulates interstitial fluid homeostasis

Oligodendrocyte precursor hypercellularity and abnormal retina through phosphatidylinositol-&inase signalingProc. Nat. Acad. Sci. USA

development in mice overexpressing PDGF-B in myelinating tratits41, 96, 11410-11415.

276-289. Ho, L., Symes, K., Yordan, C., Gudas, L. J. and Mercola, M(1994).
Freyberger, H., Brocker, M., Yakut, H., Hammer, J., Effert, R, Localization of PDGFA and PDGFR alpha mRNA in Xenopus embryos

Schifferdecker, E., Schatz, H. and Derwahl, M(2000). Increased levels suggests signalling from neural ectoderm and pharyngeal endoderm to
of platelet-derived growth factor in vitreous fluid of patients with  neural crest celldViech. Dev48, 165-174.
proliferative diabetic retinopathixp. Clin. Endocrinol. DiabeteH08 106- Horiuchi, H., Inoue, T., Furusawa, S. and Matsuda, H.(2001).

109. Characterization and expression of three forms of cDNA encoding chicken
Fruttiger, M., Calver, A. R., Kruger, W. H., Mudhar, H. S., Michalovich, platelet-derived growth factor-A chai@ene272 181-190.

D., Takakura, N., Nishikawa, S. and Richardson, W. D(1996). PDGF  Hoyle, G. W., Li, J., Finkelstein, J. B., Eisenberg, T., Liu, J. Y., Lasky, J.

mediates a neuron-astrocyte interaction in the developing riéngonl17, A., Athas, G., Morris, G. F. and Brody, A. R. (999). Emphysematous

1117-1131. lesions, inflammation, and fibrosis in the lungs of transgenic mice
Fruttiger, M., Karlsson, L., Hall, A. C., Abramsson, A., Calver, A. R, overexpressing platelet-derived growth factém. J. Pathal 154, 1763-

Bostrom, H., Willetts, K., Bertold, C.-H., Heath, J. K., Betsholtz, C. et 1775.
al. (1999). Defective oligodendrocyte development and severeHyink, D. P., Tucker, D. C., St. John, P. L., Leardkamolkarn, V., Accauvitti,

hypomyelination in PDGF-A knockout micBevelopmeni26, 457-467. M. A., Abrass, C. K. and Abrahamson, D. R(1996). Endogenous origin
Fulga, T. A. and Rarth, P.(2002). Invasive cell migration is initiated by of glomerular endothelial and mesangial cells in grafts of embryonic
guided growth of long cellular extensiomat. Cell Biol.4, 715-719. kidneys.Am. J. Physiol270, F886-899.

Gnessi, L., Emidi, A., Scarpa, S., Palleschi, S., Ragano-Caracciolo, M., lkuno Y. and Kazlauskas, A.(2002). An in vivo gene therapy approach for
Silvestroni, L., Modesti, A. and Spera, G(1993). Platelet-derived growth experimental proliferative vitreoretinopathy using the truncated platelet-
factor effects on purified testicular peritubular myoid cells: binding, derived growth factor alpha receptmvest. Ophthalmol. Vis. Sd3, 2406-
cytosolic C&* increase, mitogenic activity, and extracellular matrix — 2411.

production enhancemeriEndocrinology133 1880-1890. Jones, S. D., Ho, L., Smith, J. C., Yordan, C., Stiles, C. D. and Mercola,

Gnessi, L., Basciani, S., Mariani, S., Arizzi, M., Spera, G., Wang, C., M. (1993). The Xenopus platelet-derived growth factor alpha receptor:
Bondjers, C., Karlsson, L. and Betsholtz, C(2000). Leydig cell loss and cDNA cloning and demonstration that mesoderm induction establishes the
spermatogenic arrest in platelet-derived growth factor (PDGF)-A-deficient lineage-specific pattern of ligand and receptor gene expref@onGenet.
mice.J. Cell Biol. 149, 1019-1025. 14, 185-193.

Grineberg, H. and Truslove, G. M.(1960). Two closely linked genes in the Joosten, P. H., Hol, F. A., van Beersum, S. E., Peters, H., Hamel, B. C.,
mouse.Genet. Res. Cami, 69-90. Afink, G. B., van Zoelen, E. J. and Mariman, E. C.(1998). Altered



Review 4783

regulation of platelet-derived growth factor receftagene-transcription in ~ McDonald, J. A., Pinheiro, E. M. and Montell, D. J.(2003). PVF1, a
vitro by spina bifida-associated mutant Pax1 proté&rzc. Natl. Acad. Sci. PDGF/VEGF homolog, is sufficient to guide border cells and interacts
USAO95, 14459-14463. genetically with TaimanDevelopmenf30, 3469-3478.

Joosten, P. H., Toepoel, M., Mariman, E. C. and van Zoelen, E. (2001). Merchant-Larios, H. and Moreno-Mendoza, N. (1998). Mesonephric
Promoter haplotype combinations of the platelet-derived growth faetor stromal cells differentiate into Leydig cells in the mouse fetal teskig.

receptor gene predispose to human neural tube defttsGenet27, 215- Cell Res244, 230-238.
217. Mercola, M., Melton, D. A. and Stiles, C. D(1988). Platelet-derived growth
Kaminski, W. E., Lindahl, P., Lin, N. L., Broudy, V. C., Crosbhy, J. R, factor A chain is maternally encoded in Xenopus embr@ogence241,

Hellstrom, M., Swolin, B., Bowen-Pope, D. F., Martin, P. J., Ross, R. et 1223-1225.

al. (2001). Basis of hematopoietic defects in platelet-derived growth factoMorrison-Graham, K., Schatteman, G. C., Bork, T., Bowen-Pope, D. F.

(PDGF)-B and PDGF beta-receptor null miBéood 97, 1990-1998. and Weston, J. A(1992). A PDGF receptor mutation in the mouRat¢h
Karlsson, L., Bondjers, C. and Betsholtz, C(1999). Roles for PDGF-A and perturbs the development of a non-neuronal subset of neural crest-derived

sonic hedgehog in development of mesenchymal components of the haircells.Developmeni15 133-142.

follicle. Developmeni26, 2611-2621. Munier, A.-l., Doucet, D., Perrodou, E., Zachary, D., Meister, M.,
Karlsson, L., Lindahl, P., Heath, J. K. and Betsholtz, C(2000). Abnormal Hoffman, J. A., Janeway, C. A., Jr and Lagueuz, M(2002). PVF2, a

gastrointestinal development in PDGF-A and PDGFReficient mice PDGF/VEGF-like growth factor, induces hemocyte proliferation in

implicates a novel mesenchymal structure with putative instructive Drosophilalarvae.EMBO Rep3, 1195-1200.

properties in villus morphogenesiBevelopmeni27, 3457-3466. Nait-Oumesmar, B., Vignais, L. and Baron-Van Evercooren, A(1997).
Katano, M., Nakamura, M., Fujimoto, K., Miyazaki, K. and Morisaki, T. Developmental expression of platelet-derived growth factor alpha-receptor

(1998). Prognostic value of platelet-derived growth factor-A (PDGF-A) in in neurons and glial cells of the mouse CNSNeuroscil7, 125-139.

gastric carcinomaAnn. Surg227, 365-371. Nakamura, M., Katano, M., Fujimoto, K. and Morisaki, T. (1997). A new
Kirby, M. L. and Waldo, K. L. (1990). Role of neural crest in congenital  prognostic strategy for gastric carcinoma: mRNA expression of tumor

heart diseaseCirculation 82, 332-340. growth-related factors in endoscopic biopsy specinfng. Surg226, 35-

Kirby, M. L., Gale, T. F. and Stewart, D. E. (1983). Neural crest 42.
cells contribute to normal aorticopulmonary septat®eience220, 1059- Nishino, K., Yamanouchi, K., Naito, K. and Tojo, H. (2001).
1061. Characterization of mesonepbhric cells that migrate into the XY gonad during
Klinghoffer, R. A., Mueting-Nelsen, P., Faerman, A., Shani, M. and testis differentiationExp. Cell Res267, 225-232.
Soriano, P.(2001). The two PDGF receptors maintain conserved signalinghisson, R., Falck, P., Hellstrom, M., Lindahl, P., Bostrom, H., Franklin,

in vivo despite divergent embryological functioivol. Cell 7, 343-354. G., Ahrlund-Richter, L., Pollard, J., Soriano, P. and Betsholtz, C(1999).
Klinghoffer, R. A., Hamilton, T. G., Hoch, R. and Soriano, P.(2002). An PDGFB regulates the development of the labyrinthine layer of the mouse

allelic series at the PD@IR locus indicated unequal contributions of  fetal placentaDev. Biol 212, 124-136.

distinct signaling pathways during developmédgy. Cell2, 1-20. Orr-Urtreger, A. and Lonai, P. (1992). Platelet-derived growth factor-A and
Kraut, R., Menon, K. and Zinn, K. (2001). A gain-of-function screen for its receptor are expressed in separate, but adjacent cell layers of the mouse

genes controlling motor axon guidance and synaptogeneBi®gophila embryo.Development 15 1045-1058.

Curr. Biol. 11, 417-430. Payne, J., Shibasaki, F. and Mercola, M(1997). Spina bifida occulta in
Langham, R. G., Kelly, D. J., Maguire, J., Dowling, J. P., Gilbert, R. E. homozygous Patch mouse embrysyv. Dyn.209, 105-116.

and Thomson, N. M.(2003). Over-expression of platelet-derived growth Pietrokovski, S. and Shilo, B.-Z.(2001). Identification of new signaling

factor in human diabetic nephropatiephrol. Dial. Transplantl8, 1392- components in th®rosophilagenome sequenceunct. Integr. Genomics

1396. 1, 250-255.

LaRochelle, W. J., Jeffers, M., McDonald, W. F., Chillakuru, R. A., Giese,  Popovici, C., Roubin, R., Coulier, F., Pontarotti, P. and Birnbaum, D.
N. A, Lokker, N. A., Sullivan, C., Boldog, F. L., Yang, M., Vernet, C. et (1999). The family ofCaenorhabditis elegantyrosine kinase receptors:

al. (2001). PDGF-D, a new protease-activated growth faistair. Cell Biol. similarities and differences with mammalian recept@snome Res9,
3, 517-521. 1026-1039.

Levéen, P., Pekny, M., Gebre-Medhin, S., Swolin, B., Larsson, E. and Popovici, C., Isnardon, D., Birnbaum, D. and Roubin, R.(2002).
Betsholtz, C. (1994). Mice deficient for PDGF B show renal, Caenorhabditis eleganeceptors related to mammalian vascular endothelial
cardiovascular, and hematological abnormalit@snes De8, 1875-1887. growth factor receptors are expressed in neural dédsrosci. Lett329,

Li, J. and Hoyle, G. W. (2001). Overexpression of PDGF-A in the lung  116-120.
epithelium of transgenic mice produces a lethal phenotype associated wiRicono, J. M., Xu, Y.-C., Arar, M., Jin, D.-C., Barnes, J. L. and Abboud,

hyperplasia of mesenchymal cel@ev. Biol.239, 338-349. H. E. (2003). Morphological insights into the origin of glomerular

Li, J., Molkentin, J. D. and Colbert, M. C. (2001). Retinoic acid inhibits endothelial and mesangial cells and their precursdrsHistochem.
cardiac neural crest migration by blocking c-Jun N-terminal kinase Cytochemb51, 141-150.
activation.Dev. Biol.232 351-361. Robbins, J. R., McGuire, P. G., Wehrle-Haller, B. and Rogers, S. 1(1999).

Li, X., Ponten, A., Aase, K., Karlsson, L., Abramsson, A., Uutela, M., Diminished matrix metalloproteinase 2 (MMP-2) in ectomesenchyme-
Backstrom, G., Hellstrém, M., Bostréom, H., Li, H. et al.(2000). PDGF- derived tissues of the Patch mutant mouse: regulation of MMP-2 by PDGF
C is a new protease-activated ligand for the PDGEceptorNat. Cell Biol. and effects on mesenchymal cell migratibeyv. Biol.212, 255-263.

2, 302-308. Rosenkranz, S. and Kazlauskas, A1999). Evidence for distinct signaling

Lindahl, P., Johansson, B. R., Levéen, P. and Betsholtz, (1997a). Pericyte properties and biological responses induced by the PDGF receptor alpha and
loss and microaneurysm formation in PDGF-B-deficient nBocgéence77, beta subtypesGrowth Factorsl6, 201-216.

242-245. Ross, R., Glomset, J., Kariya, B. and Harker, L.(1974). A platelet-

Lindahl, P., Karlsson, L., Hellstrom, M., Gebre-Medhin, S., Willetts, K., dependent serum factor that stimulates the proliferation of arterial smooth

Heath, J. K. and Betsholtz, C(1997b). Alveogenesis failure in PDGF-A- muscle cells in vitroProc. Natl. Acad. Sci. USAL, 1207-1210.
deficient mice is coupled to lack of distal spreading of alveolar smoottsavikko, J., Taskinen, E. and von Willebrand, E(2003). Chronic allograft

muscle cell progenitors during lung developm&wevelopmeni24, 3943- nephropathy is prevented by inhibition of platelet-derived growth factor
3953. receptor: tyrosine kinase inhibitors as a potential therBayisplantation
Lindahl, P., Hellstrém, M., Kalen, M., Karlsson, L., Pekny, M., Pekna, M., 75, 1147-1153.

Soriano, P. and Betsholtz, C(1998). Paracrine PDGF-B/PDGF-Rbeta Shalaby, F., Rossant, J., Yamaguchi, T. P., Gertsenstein, M., Wu, X. F.,
signaling controls mesangial cell development in kidney glomeruli. Breitman, M. L. and Schuh, A. C. (1995). Failure of blood-island

Development25 3313-3322. formation and vasculogenesis in Flk-1-deficient midature 376, 62-66.

Liu, L., Chong, S.-W., Balasubramaniyan, N. V., Korzh, V. and Ge, R.  Simpson, P. B. and Armstrong, R. C.(1999). Intracellular signals and
(2002a). Platelet-derived growth factor receptor alpha (pmlgfiene in cytoskeletal elements involved in oligodendrocyte progenitor migration.
zebrafish embryonic developmehtech. Dev116, 227-230. Glia 26, 22-35.

Liu, L., Korzh, V., Balasubramaniyan, N. V., Ekkov, M. and Ge, R. Skinner, M. K., Tung, P. S. and Fritz, I. B.(1985). Cooperativity between
(2002b). Platelet-derived growth factor A (pdgf-a) expression during Sertoli cells and testicular peritubular cells in the production and deposition
zebrafish embryonic developmebev. Genes EvoR12 298-301. of extracellular matrix component. Cell Biol. 100, 1941-1947.



4784 Development 130 (20)

Soriano, P. (1994). Abnormal kidney development and hematological Uutela, M., Lauren, J., Bergsten, E., Li, X., Horelli-Kuitunen, N.,

disorders in PDGIB-receptor mutant mic&senes Dev8, 1888-1896. Eriksson, U. and Alitalo, K. (2001). Chromosomal location, exon structure,
Soriano, P.(1997). The PDGé receptor is required for neural crest cell  and vascular expression patterns of the huRRGFCandPDGFD genes.

development and for normal patterning of the somibeEelopmentl24, Circulation 103 2242-2247.

2691-2700. Uzumcu, M., Dirks, K. A. and Skinner, M. K. (2002). Inhibition of platelet-
Sun, T., Jayatilake, D., Afink, G. B., Ataliotis, P., Nister, M., Richardson, derived growth factor actions in the embryonic testis influences normal cord

W. D. and Smith, H. K. (2000). A human YAC transgene rescues development and morphologiol. Reprod.66, 745-753.

craniofacial and neural tube development in PD@KRockout mice and  vanHeyningen, P., Calver, A. and Richardson, W. D(2001). Control of
uncovers a role for PDGRERIn prenatal lung growthDevelopmentl27, progenitor cell number by mitogen supply and demé@nuir. Biol. 11, 232-
4519-4529. 241.

Symes, K. and Mercola, M.(1996). Embryonic mesoderm cells spread in Vignais, L., Nait-Oumesmat, B. and Baron-Van Evercooren, A(1995).
response to platelet-derived growth factor and signaling by PDGFa receptor is expressed by mature neurons of the central nervous
phosphatidylinositol 3-kinas@roc. Natl. Acad. Sci. US83, 9641-9644. system.NeuroRepor6, 1993-1996.

Takakura, N., Yoshida, H., Kunisada, T., Nishikawa, S. and Nishikawa, S.  Waterfield, M. D., Scrace, G. T., Whittle, N., Stroobant, P., Johnsson, A,

I. (1996). Involvement of platelet-derived growth factor receptor-alpha in  Wasteson, A., Westermark, B., Heldin, C.-H., Huang, J. S. and Deuel,
hair canal formationJ. Invest. Dermatoll07, 770-777. T. F. (1983). Platelet-derived growth factor is structurally related to the

Tallquist, M. D. and Soriano, P.(2003). Cell autonomous requirement for  putative transforming protein p28sis of simian sarcoma vidasure 304,
PDGFRx in populations of cranial and cardiac neural crest cells. 35-39.

Developmeni30, 507-518. Williams, H., Brenner, S. and Venkatesh, B(2002). Identification and

Tallquist, M. D., Weismann, K. E., Hellstrém, M. and Soriano, P(2000). analysis of additional copies of the platelet-derived growth factor receptor
Early myotome specification regulates PDGFA expression and axial and colony stimulating factor 1 receptor genes in fugene295, 255-
skeleton developmenevelopmeni27, 5059-5070. 264.

Traver, D. and Zon, L. I. (2002). Walking the walk: migration and other Woolf, A. S. and Loughna, S(1998). Origin of glomerular capillaries: is the
common themes in blood and vascular developnt@eit. 108 731-745. verdict in?Exp. Nephrol6, 17-21.



