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WENDY JOY FRENCH, Ph.D.
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MICHELLE D. TALLQUIST, Ph.D.

Vascular development during embryogenesis and laodt occurs through
vasculogenesis and angiogenesis. Vasculogenegdl®isle novo formation of blood
vessels from mesoderm precursor cells. Angiogenssihe formation of new vessels
from existing vessels. Both processes involve liepaaetic, endothelial, and mural cells
for the formation of mature, stable vasculature il@&/hematopoietic and endothelial cell
contributions and function in vascular developmdiatve been extensively studied
identifying the VEGF and TGF families as major ednitors, the role of mural cells has

not been clearly defined. The platelet derived ghofactor beta (PDGFR beta) is

Vi



essential for mural cell recruitment and expansi@eletion of PDGFR beta leads to
perinatal lethality resulting from vascular defeatsibuted to severe decreases in mural
cells. PDGFR beta is a receptor tyrosine kinash high homology in signal activation
to PDGFR alpha. Downstream signaling pathway atitimaincludes PI3 kinase, Src,

RasGAP, Grb2, Shp-2, and Plgamma for the regulation of cellular functions.

The focus of this research was to determine thepdeah and functional
requirements of PDGFR signaling in mural cells.ablwress the temporal requirements
for PDGFR beta, genetic manipulation was used teteléhe receptor in precursor and
differentiated mural cells. In addition, mutant mieiere generated with the additional
deletion of PDGFR alpha to address the potential clampensatory or cooperative
function between the two receptors. These stuitientified a cooperative role for
PDGFRalpha and PDGFR beta in yolk sac mesothelial cMistant mice were lethal
around E10.5 with disrupted yolk sac vascular regfind and extracellular matrix
composition. The PDGFR regulate collagen matrirodgh regulation of matrix
metalloproteinase activity and thus disrupt integactivation. The functional role of
PDGFRbeta in mural cells was addressed by signaling tpmintants targeting and
disrupting specific downstream pathways. Thesalissuresulted in a progressive
decrease in mural cells that correlated to the muobdisrupted PDGFRBeta signaling
pathways. Together these analyses demonstrate RRGE mural cells are essential for

vascular development and maintenance.
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CHAPTER ONE
Introduction to Vascular Development

One of the first developmental processes to takeepturing embryogenesis is
the formation of the vasculature. This is an ealkeprocess for development of tissues
and organs during embryogenesis and postnatallyftiesrupted could lead to abnormal
development and/or lethality. Vascular developmeah occur by two processes:
vasculogenesis or angiogenesis. Vasculogenetie ide novo formation of vasculature
from differentiating progenitor cells that will migte into a vascular plexus and remodel
into large defined vessels. Initiation of vasculoggs can be detected around E7.5 with
the first detection of vascular cells. Angiogesasithe process in which new vessels
form by sprouting from existing vasculature. In lbatasculogenesis and angiogenesis,
the newly formed vessels undergo a capillary pleaa a maturation stage. Maturation
of vasculature includes recruitment of supportscalhd establishment of extracellular
matrix (ECM) to provide vessel stability.

Vascular development requires three main cell pdmiis for proper function
including hematopoietic, endothelial, and muralsceHematopoietic precursor cells are
essential for the formation of all types of bloodll€ determined by the signaling
molecules involved and by the site of terminaleatiéntiation. Endothelial cells have been
extensively studied to identify the molecules reedifor proper endothelial cells
differentiation, proliferation, and migration nesasy for tube formation and remodeling.
Mural cells will be recruited as support cells foe vessel stability. The main molecules
involved in vascular development include membersthef VEGF, TGF, and PDGF

families. Signaling for mural cell recruitment apisbliferation has largely been attributed



to TGF and PDGFR However the exact role of the mural cells hasbeen clearly
defined and a better understanding could help gileding neovascularization in injury

and disease states.

Mechanisms of Vascular Development

Vascular development is an essential process éod#velopment of tissues and
organs during embryogenesis and adulthood. Therdift regions of vasculature are
developed either by vasculogenesis or angiogen&sising both, angiogenesis and
vasculogenesis, specific cell populations are regufor proper signaling and matrix
deposition to prevent abnormal growth that couédileo vascular defects, developmental

retardation, and lethality.

Vasculogenesis

Multiple organs undergo vasculogenesis during agraknt including the heart,
yolk sac, and the liver. The most primitive vastuia in the mouse embryo is first
detected as early as E7.5 as the heart and thesgiolkegin to develop. The first stage of
vasculogenesis is the formation of blood islandg ttonsist of a hematopoietic center
surrounded by endothelial cells along the peripl{¥oder et al. 1994). The tight signal
regulation required for proper formation can bensag early as the blood island stages
through the contributions of FGF and BMP signalraghways. Genetic deletion studies
have demonstrated the role of BMP in the formatitbrmesoderm and the subsequent
effects on proliferation and differentiation of essal cell populations (Winnier et al.

1995; Larsson and Karlsson 2005). In vitro studiiage increased the understanding of



BMP signaling requirements by demonstrating thatcEls can only differentiate into
hematopoietic precursors in the presence of a8mp4 signaling (Johansson and Wiles
1995; Park et al. 2004). The complexity and balapiceell signaling in blood island
formation was further demonstrated through the rdmuntion of FGF signaling. It was
demonstrated in Xenopus that misexpression of F&lFtd inhibition of blood island
formation while expression of dominant negative R@s§ulted in increased blood island
formation. Furthermore, FGF activity disrupted egsion of downstream targets of the
BMP pathway (Xu et al. 1999). Additional factofsat play a role in blood island
formation include regulators of hematopoiesis amdo¢helial cell differentiation such as
VEGF (Carmeliet et al. 1996).

The next stage of vasculogenesis is the differéatiaof blood islands into
mature endothelial cells. This process has beeibwttd in large part to signaling by
VEGF and its receptors, VEGFR1 (FIt1) and VEGFRKIF Mice heterozygous for
VEGEF ligand are lethal at E11.5-12.5 and demorestsavere vascular defects and an
absence of endothelial cells (Carmeliet et al. J9%EGFR1 (Flt-1)andVEGFR2 (Flk-

1) null mice result in lethality at E9.5 with abnointdood island formation (Fong et al.
1995; Shalaby et al. 1995).

In addition to the activation required for initiati of endothelial cell
differentiation, there also exists specific signglirequirements for the expansion and
remodeling of vessels. As the endothelial cellsumgathey will proliferate and migrate to
form endothelial tubes that organize into a vascplaxus. The vascular plexus is a
signature structure of vascular development thaembles a honeycomb and will

remodel to form the adult vascular network. Wiilany molecules have been shown to



play a role in plexus formation and remodeling, safthe main pathways include TGF,
Notch, and Hedgehog families (Dickson et al. 1995hima et al. 1996; Krebs et al.
2000; Larsson et al. 2001; Byrd et al. 2002; Fiset@l. 2004; Nagase et al. 2006).

The final stages of vasculogenesis occur as theulatsre remodels. Endothelial
cell signaling will lead to mesodermal differenimat and recruitment of mural cells and
extracellular matrix (ECM) deposition (Holmgrenakt 1991; Hirschi et al. 1998; Hirschi
et al. 1999; Jain 2003). ECM and mural cells wilat the vasculature providing vessel
strength and stability. Disruptions in these psses can lead to hemorrahage and edema
as observed in theDGFRG null embryos (Soriano 1994). Vascular disease isdueve
been proposed of thendoglin and Alk-1 null mice for hereditary hemorrhagic
telangiectasia (HHT). These mutant embryos diee@b and demonstrate vascular
remodeling defects and defects in matrix compasitbthe yolk sac (McAllister et al.
1994; Johnson et al. 1996). This data suggestptbper vascular development does not
end with vessel formation but rather there is aiiregnent for a complex environment
consisting of specific cell populations, signalimplecules, and matrix components for

proper vessel function.

Angiogenesis

Vasculogenesis and angiogenesis have many singaitit signaling components
involved in the formation of new vessels, but thvayy greatly in the origin of the new
vessels. While the formation of new vessels frodistag vasculature is more often
associated with wound healing or disease, therseweral developmental processes that

undergo angiogenesis. In the adult, retinal apdoductive blood vessels are formed by



angiogenesis (Reynolds and Redmer 1992; GarianoGardner 2005). Analysis of
angiogenesis has demonstrated specific proteinakgnand activation required for
sprouting and elongation of endothelial cells fnora-existing cells.

Blood vessels consist of tight endothelial celloasstions with other endothelial
cells and mural cells, as well as basement membraogiding vessel stability.
Therefore the first stages of angiogenesis incltide disruption of the cell to cell
interactions and basement membrane surroundingrexisasculature to allow expansion
of the endothelial cells. Angiopoietin-1 (Ang-Indaangiopoietin-2 (Ang-2) have been
shown to regulate the ECM dissociation allowingtig access to endothelial cells (Kim
et al. 2000; Das et al. 2003; Zhu et al. 2005) xtNendothelial cells must receive proper
signaling for migration away from the existing valsture and towards the angiogenic
stimulus. In addition to migration, endotheliallsenust receive proliferative signals to
generate enough endothelial cells to develop tievessels. Similar to vasculogenesis,
VEGF family members have been shown to regulatethetal cells proliferation and
migration in angiogenesis (Gerhardt et al. 2003hally new vessels undergo maturation
through the recruitment of mural cells and depositbf basement membrane. At this
stage, TGF signaling activates vessel-associatisl foe increased differentiation into
mural cells and PDGF is suggested to function alifgration and migration of the mural
cells (Jain 2003). In disease, angiogenesis igeharstudied as a mechanism for
regulating cancer, retinopathy, and arthritis. dis attempt to understand and
characterize angiogenesis in disease states byifidlegm and analyzing expression
patterns of angiogenesis markers and comparing thammevelopmental processes (Shih

et al. 2002).



Vascular Components

The three main cell types (hematopoietic, endathedind mural cells) of blood
vessels are derived from the mesoderm. Howevee thas been debate regarding the
intermediates from which these cells are derivBdecursor cells that give rise to these
are referred to as angioblasts. In recent timesctbse proximity, common marker
expression, and timing of first appearance of hepwittic and endothelial cells led to
the hypothesis of a common precursor, a hemangiblfMikkola and Orkin 2002).
Common markers found on hematopoietic and endatheélls include FIk1, CD34,
Scl/tal-1, FIt1, Gata-2, Runx1, and Pecam (Sugiyamé Tsuji 2006). Evidence of a
common precursor is also suggested through geasttdies analyzing the deletion of
Flk-1. As described above, mice null felk-1 result in the complete absence of both
hematopoietic and endothelial cells (Shalaby e1297). However direct effects by cell
specific function on differentiation must be sepadafrom indirect effects from
neighboring cell populations important for estdtihg the appropriate environment that
will support vascular growth. In addition to hepmjaietic and endothelial cells, mural
cells are an important component of the vasculatiaral cells include pericytes,
VSMC, and fibroblasts derived from mesoderm surding the developing vasculature.
Disruption of any of these cell types leads to abeeof, disrupted or unstable

vasculature.

Hematopoietic cells
The earliest and most primitive hematopoietic catls first detected in the yolk

sac at E7.5 and soon after in the embryo in tha-partic splanchnopleura (PAS) and



aorta-gonad mesonephros (AGM) (Yoder et al. 199édWhsky and Dzierzak 1996;
Yoder 2001; Mikkola and Orkin 2002). Primitive hatopoietic cells consist of
nucleated erythrocytes including erythroblasts, ahegyocytes and primitive
macrophages. Around E10.5 hematopoiesis movdbetdiver where differentiated
hematopoietic cells are detected. Finally, jusdrpio birth and into adulthood the bone
marrow becomes the prime source for hematopoietits.c Important signaling
components have been identified for both the dfigation and expansion of

hematopoietic cells during embryogenesis as weh #se adult (Pearson et al. 2008).

Endothelial cells

Endothelial cells have been extensively studiediriderstand early stages of
vascular development and how the mechanisms reladesease or injury states. While
endothelial cell markers are first detected in Hliglands, it has been shown that these
cells will continue to differentiate into maturedathelial cells during vasculogenesis.
Therefore many studies have focused on the signaéiquirements for mesoderm and
endothelial progenitor cells to become differestibendothelial cells. Furthermore it has
been suggested that during angiogenesis endotluglizl undergo dedifferentiation to
generate the cell signaling necessary for vesseltgr(Jain 2003).

Endothelial progenitor and endothelial cells h&e=n difficult to distinguish
because they share many of the same markers su¢k@BER2, Tie2, Tiel, and VE
Cadherin (Suri et al. 1996). However differencagehbeen identified in expression and
behavior. Endothelial progenitor cells express B8&Jand expression is lost upon

endothelial cell differentiation. Additionally eathelial progenitor cells are highly



proliferative in response to angiogenic factors ighe differentiated endothelial cells are
more stable and do not readily proliferate (Gehlgtgal. 2000). During vascular
development endothelial cells secrete basement maemkand participate in cell to cell
interactions that will result in a stable vessElor vascular expansion by angiogenesis,
the basement membrane and cellular interactions lbeudisrupted. This disruption will
allow access to ligands and stimulation of migragmd proliferation.

Defects in vasculogenesis have typically been destrby the disruption of
endothelial cell function. Completely avasculdrepotypes result from a failure of
endothelial cells to form and can be seen ireth@oglinandalk-1 mutants (McAllister et
al. 1994; Johnson et al. 1996). When vasculataren§ but fails to remodel, it is
described as a failure in maturation of endothetells and has been shown in the
TGFbRIlandSMAD mutants (Oshima et al. 1996; Yang et al. 1999)rthermore, it as
established by cell specific deletion of TGF thati@helial cells are responsible for the
vascular defects observedTiGF null mice (Carvalho et al. 2007). It was suggested
these phenotypes result from defects in endotheéll differentiation, expansion, and
endothelial cell recruitment of other cell types wa®ll as deposition of proper

extracellular matrix.

Mural cells

Mural cells will migrate towards the forming vasauwire and differentiate into
pericytes, VSMC, or fibroblasts. While these dgfles are support cells they are found
in distinct regions of the vasculature. Pericydesfound along capillaries and at branch

points. VSMC are found in multi-cell layers surrding large vessels. Fibroblasts make



up the adventitial layer surrounding VSMC on largerssels. Many studies have
suggested an essential role for these cells inul@sdevelopment however their exact
role is still not well defined. They are broadlgsdribed as the cell populations required
for vessel stability by contributing to ECM and tived vessel growth. The TGF family
signaling directs differentiation of these cell égp(Orlidge and D'Amore 1987). Upon
differentiation these vessel associated cells wipress markers such asSMA,
SMMHC, desmin, caldesmin, calponin, and NG2. Haoeveaxpression of these markers
is not absolute and variation of expression cafobaed based upon differentiation state,
location, and function (Hughes and Chan-Ling 2004).

The function of mural cells in vascular developmieas been difficult to define
because many of the genetic mutants exhibitingatiefi@ mural cells are expressed in
endothelial cells as well. For example, failurer@druitment of mural cells is suggested
in some of the TGF mutants that lead to remodetiefects (Oshima et al. 1996).
However these molecules are also expressed on hatidbtcells. It is important to
distinguish the direct role of mural cells in valseuwlevelopment as opposed to secondary
defects resulting from altered endothelial celignaling. Overall, studies suggest that
mural cells are essential for development but &rgtudies through cell specific analysis

would aid in understanding the variability in fuioct for each cell type.

Major signaling pathways for vascular development
VEGF Family
Vascular endothelial growth factor (VEGF) familyembers can be described as

the main signaling components for vasculogenestaume of the early and dramatic
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phenotypes observed upon genetic deletion. Agitescabove, VEGF, VEGFR1 (Flt1)
and VEGFR2 (Flk1) result in lethality as early a8.% demonstrating avascular or
defective vascular development (Fong et al. 199G by et al. 1995; Carmeliet et al.
1996). While both receptors are expressed on ealilaticells, VEGFR2 is described as
the main source of proangiogenic stimulus. VEGFRZmiainly thought to function
through the PLE pathway leading to proliferation and migrationd€s et al. 2003). In
2005, a study was published analyzing all the kn@enetic deletions that lead to
vascular defects. In summary, the majority of tienes identified as critical for
vasculogenesis were involved in the VEGF signalraghway (Argraves and Drake
2005). Therefore it is easy to understand why grelial signaling and growth through
the VEGF family is targeted in anti-angiogenic #my for tumor suppression by

inhibition of vascular growth.

TGF family

The TGF family consists of T@&, Alk-5, TBRII, TBRI (Alk-1), endoglin, Bmp,
and downstream SMAD signaling. They are expressaundsenchymal cells as well as
differentiated cells such as endothelial cells. &iendeletion analysis has demonstrated
similar vascular development defects and requirésniem the TGF family. Analysis of
the detrimental effects upon deletion of the TGHnifp members in vascular
development began with the deletion of the ligaf@H3l. TGFA null embryos died
around E8.5-9.5 and demonstrated avascular develupfDickson et al. 1995). Further
analysis of receptor deletion demonstrate@RIT is required for endothelial cell

organization but not differentiation (Dickson et #995). Similarly endoglin and Alk-1
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also demonstrated vascular defects and became el fard hereditary hemorrhagic
telangiectasia (HHT) (McAllister et al. 1994; Jobnset al. 1996). Careful analysis has
suggested that while the TGF family members altfiam in endothelial cells they vary
in the exact mechanism affected. For examplestggested that Alk-1 and SMAD 1/5
play a role in endothelial cell proliferation andk® and SMAD 2/3 in endothelial cell

differentiation (Goumans et al. 2002).

PDGF family

The PDGF family consists of four ligands, PDGFADGFB, PDGFC and
PDGFD, and two receptors, PDG&Rnd PDGFR. PDGFRa null embryos die around
E9.5 with hemorrhaging, cleft palate, and aorthadefects suggesting an important role
in neural crest cell function (Soriano 1997). PIRBHs expressed in vascular smooth
muscle cells and genetic deletion results in pé&alndethality exhibiting severe
hemorrhaging and edema (Soriano 1994). The vasdefacts and expression patterns of
PDGFR3 contribute to the hypothesis that vascular smoutkcle cells play an essential
role in vascular development. Analysis of theniga has demonstrated similar defects to
those observed in the receptor mutants. PDGFRpeessed and secreted by endothelial
cells to recruit mural cells to the developing wdature. Similar to the receptor analysis,
PDGFB deletion results in failure of pericyte armbeular smooth muscle cell, severe
hemorrhaging, and perinatal lethality (Lindahl et1&97).

Upon ligand binding and dimmerization, PDGFR and PDGFR
autophosphorylate the tyrosine residues along tlegtoplasmic tail. They can

homodimerize and heterodimerize dependent upomdigateraction and have high
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homology in downstream signaling activation. Commsgnaling pathways include PI3
kinase, Src, Grb2, PhyCand Shp-2. Pathways unique to each receptandecCrk for
PDGFRx and RasGAP for PDGHR While ligand interaction and high homology would
suggest redundant function, only recently has camsgion and cooperative function been
suggested in neural crest cells and aortic aramdton (Richarte et al. 2007). Because
deletion of both receptors leads to hemorrhagirdylathality, it would be interesting to

explore cooperative function in vascular develophasnwvell.

ECM

While much emphasis has been placed on studyoepter tyrosine kinases for
differentiation, proliferation, and migration, ahet aspect of vasculature essential for
proper development is the deposition of ECM. Congmts of ECM are believed to
provide stability to developing vasculature as veldictate whether endothelial cells
will proliferate or migrate. ECM has proven to bere difficult to understand during
vasculogenesis because of potential functionalméaiicy between molecules that may
be observed based on common ligand-receptor itkenac However, the varying
composition/expression during different stagesefetopment and disease does suggest
some specificity in function (Risau and Lemmon 198&ldwin 1996). Traditional
genetic analysis has demonstrated a role for kelgcutes including fibronectin (FN),
collagens, and laminin as well as their receptmanly members of the integrin family.
Fibronectin is expressed early during vasculogsrtbsin is reduced in quiescent vessels
and will only be upregulated again with activatiohvasculature in cases of wound

healing and tumors. Fibronectin mutant embryosiltéa severe developmental and
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vascular defects at E8.5 demonstrating essentie$ for fibronectin in the embryo as
well as extraembryonic tissues (George et al. 199@)lagens play an important role in
embryonic development as they are specifically esged in the different regions of the
embryo to provide matrix and signaling required fjooper development. Collagen 1 is
secreted by endothelial cells and is importantwéssel stability. Mouse mutants lacking
collagen 1 were embryonic lethal around E12 dueetmorrhaging (Lohler et al. 1984).
Collagen 4 mutations lead to lethality at E10.5-B1due to deficiencies in basement
membrane integrity (Poschl et al. 2004). Lamirans also an important component of
vascular basement membranes. Deletion of lamihiis ot embryonic lethal but does
result in unstable vasculature, hemorrhaging, andexpression of other matrix
molecules including other laminins and collagenmhypoll et al. 2002). These are just
some examples of the different matrix moleculest thee involved in vascular
development and that have been implicated in germtitants exhibiting vascular
defects.

The most common receptors for these matrix molecalee the integrins,
heterodimeric proteins consisting of and 3 subunit. Cells can express multiple
combinations of integrins on their surface and oh#he most commonly studied in vivo
is thePl integrins. 1 integrins interact with all three matrix moleculdescribed above
and specificity is obtained by the subunit. Similar to FN, deletion of531 integrin
results in early embryonic lethality and vasculegfedts (Francis et al. 2002).
Furthermoref31 integrins have been shown to be upregulatedsporese to angiogenic

growth factors as well as being essential in tuariogenesis. In additiol has been
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proposed to interact with PDGF receptors resulitingctivation in the absence of PDGF

ligands.

Summary

Vascular development is complex process requinregigic temporal and spatial
regulation of cells, signaling molecules, and matomposition. Although vasculature
consists of only three main cell types, there aamyrsignaling molecules involved and
misexpression of a single molecule can lead taliyh Therefore it is important to fully
understand the role of each cell type and the nmesims used for proper function. The
goal of this study was to gain knowledge on thecfiom of mural cells in vascular

development and stability and the role of the PD@#Ris process.
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ABSTRACT

Complete loss of platelet derived growth factor GFH) receptor signaling results
in embryonic lethality around embryonic day E9.6t the cause of this lethality has not
been identified. Because cardiovascular failuterofesults in embryonic lethality at this
time point, we hypothesized that a failure in cavdiscular development could be the
cause. To assess the combined role of the PD@&ptas, PDGFR and PDGFR, we
generated embryos that lacked these receptorsritiooayocytes and vascular smooth
muscle cells (VSMC) using conditional gene ablatioeletion of either PDGRR or
PDGFR3 caused no overt vascular defects, but loss of bathptors using aBM22»-
Cre transgenic mouse line led to a disruption in ygdk blood vessel development. The
cell population responsible for this vascular defeas the yolk sac mesothelial cell not
the cardiomyocyte or the VSMC. Coincident withdasf PDGF receptor signaling we
found a reduction in collagen deposition and amease in MMP-2 activity. Finallyin
vitro allantois cultures demonstrated a requiremenPfo&GF signaling in vessel growth.
Together, these data demonstrate that PDGF resegmioperate in yolk sac mesothelium
to direct blood vessel maturation and suggesttlteste effects are independent from their

role in VSMC development.

15
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INTRODUCTION

Vascular remodeling and maturation are complex ggses that transform an
endothelial plexus into vessels of various caliged stability. Although angiogenesis
has been studied extensively, the mesodermal sighigdcting these cellular processes
are not well understood. One of the earliest éssto undergo remodeling during
development is the yolk sac, and the proper fomatf yolk sac blood vessels is
essential for embryonic development and hematooidlisruption of yolk sac vascular
development, either directly or indirectly by alaetr cardiac function, often results in
embryonic lethality between E9.5 and E11.5 (Copp5)9 In a majority of cases the
primary cell type responsible for yolk sac vesdaha@amalities is the endothelial cell
(Argraves and Drake 2005). While endothelial catls commonly implicated in yolk sac
phenotypes, the contribution of other yolk sac pelpulations should not be discounted.
For example, BMP-4 and retinoic acid secretionHgytisceral endoderm are required in
a paracrine manner for hematopoietic and endothdd¢ieelopment (Yoder et al. 1994;
Dickson et al. 1995; Bohnsack et al. 2004; Bohnsici. 2006), while fibronectin and
laminin deposition by the yolk sac mesotheliumdguired for endothelial remodeling
(Goumans et al. 1999).

Due to their close proximity to endothelial ceNsSMC are also believed to
influence blood vessel integrity. In the absentcéhese support cells, some endothelial
vessels are hyperplastic, tortuous, dilated, aaklyl¢Lindahl et al. 1997; Hellstrom et al.
2001). In the yolk sac vasculature, it has bedficdit to ascertain the function of
VSMC because many relevant regulatory moleculeseapeessed by both endothelial

cells and VSMC. Mice that have mutations in Paftgnaling exhibit defects in VSMC
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formation and recruitment, but they also possesdimaascular and endothelial cell

defects (McAllister et al. 1994; Dickson et al. $99ohnson et al. 1996; Li et al. 1999;
Yang et al. 1999). Therefore, the lack of VSMQhese mutants may be secondary to
aberrant circulation and not the cause of yolkveecular demise.

PDGF receptors have been implicated in cardiovasadgvelopment by their
functions in cardiac neural crest cells (Tallq@istl Soriano 2003; Richarte et al. 2007),
retinal astrocytes (Gerhardt et al. 2003), mesoderuursors to endothelial cells (Rolny
et al. 2006), VSMC (Soriano 1994), and tumor strgigetras et al. 2008), but few
investigations have looked at a role for these pems in cardiac and yolk sac
development. To address this topic, we used Cie/ltechnology to remove PDGF
receptors from cardiomyocytes and VSMC. We leathedl PDGF receptor expression
in the yolk sac mesothelium is essential for yak blood vessel development and that
one function of these receptors may be to diredtaegllular matrix deposition to
promote vascular remodeling. These data demoestinat PDGF receptor function in
vascular development may be broader than once tthamgl potentially these receptors

may play similar roles in vascular developmenttimeo tissues.

MATERIALS AND METHODS

Mouse Lines

The mouse lines used in these studies WRBD&FRA" (Tallquist and Soriano
2003),PDGFRA"™ (Richarte et al. 2007),g(Tagln-cre)1Her/J (SM22Cre™) (Holtwick

et al. 2002) MeoxZ"™" (Tallquist and Soriano 2000yyocardiff™* (Long et al. 2007),

Tie2Crd? (Kisanuki et al. 2001), ROSA26 Reporter LacR26R (Soriano 1999),
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Tie2GFP? (Schlaeger et al. 1997), aRDGFRa®™ (Hamilton et al. 2003)SM22-
Cre"¥mice were purchased from Jackson Laboratoriesnsgene levels @#M22r-Cre™
animals were detected by Southern blot analysisgusiprobe for th€re gene. These
mice were maintained by inbreeding lines that wesmozygous for th&M22x-Cre'®.
Control embryos and yolk sacs were eitl&22-Cre™ littermate embryos bearing
heterozygous floxed alleles or wild type embryasr{ge stage matched). Detection of a
vaginal plug was defined as embryonic day 0.5 (EOBDGFR™® embryos were
recovered up to E18.5 but we recovered fewer thpeated after birth. Often we found
P1 animals with spina bifida and a cleft palateviwusly, we have determined that the
PDGFRa floxed allele is hypomorphic and is lethal in candtion with a null allele.
These data combined with the fact thagocardiff can lead to germline deletion of
floxed alleles, suggested that the lethality wasaamsed by the conditional deletion of
the PDGF receptors but by loss of PDG@FRignaling regardless of theyocardiri®

status of the mice.

Histology and Immunohistochemistry

Samples stained foB-galactosidase were fixed in 2% formaldehyde/0.2%
glutaraldehyde for 10 minutes, stained in x-gal roight at room temperature, and
postfixed in 10% buffered formalin for 20 minute¥Vhole embryos were stained for
PECAM and aSMA according to standard procedures and cleared using
benzylalcohol:benzyl benzoate (1:2) for imagimtp@gan 1994). Yolk sacs were fixed
for 1 hour in 4% paraformaldehyde (PFA) dC4and blocked for 30 minutes in 1.5%

normal serum. For section analysis, samples wewdfifor 1-3 hours in 4% PFA,
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embedded in paraffin wax or OCT compound, and @eet at 7-10 microns.
Immunohistochemistry was performed by incubatiompriimary antibody for 2 hours to
overnight at 4C and visualized using Alexafluor secondary antibsar Vectastain Elite
ABC kit and DAB peroxidase substrate kit (Vectorbbeatories, Burlingame, CA)
according to manufacturer’'s instructions. Antigegtrieval for PECAM andaSMA

paraffin sections was performed as previously dlesdr(Tallquist and Soriano 2003).
Hematoxylin and eosin (H&E) staining and picrosirited staining were performed

according to standard methods.

Western blotting and immunoprecipitation

For immunoprecipitation, whole yolk sac lysatesevieicubated overnight at@
with 1ug of antibody then 1 hour with protein A sephardsads. After washing,
precipitated proteins were run on SDS-PAGE. Foster® blotting, yolk sac lysate was
guantified using Bradford reagent and equal amoohfsotein were run on SDS-PAGE
and transferred onto nitrocellulose membranes viéilg standard protocols. The
membranes were incubated with 1% BSA/0.05% Tweem20BS for 30 minutes,
primary antibody overnight at°€, and secondary antibody for 1 hour. Results were

visualized using ECL (Amersham Biosciences, PiscayaNJ).

Antibodies

Primary antibodies used for immunohistochemistrg arhole mount include
PDGFR3 (eBioscience, San Diego, CA), 1:250; PECAM (clomMEC13.3, BD

Bioscience, San Jose, CA), 1:250SMA-FITC (clone 1A4, Sigma, St. Louis, MO),
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1:500; GFP (abcam, Cambridge, MA), 1:250; SeiZabcam, Cambridge, MA), 1:250;
Collagenl (abcam, Cambridge, MA), 1:250; Collagd@hemicon, Temecula, CA),
1:250; Fibronectin (Sigma), 1:500; and Laminin (8#&), 1:250. Secondary antibodies
used includex-rabbit, a-rat, anda-mouse Alexafluor 488, 543, 594, and 633 (Molecular
Probes, Eugene, OR), 1:500. Antibodies used fortemesblots include Integrif3l
(abcam), 1:1000; Integri3l phospho-S785 (abcam), 1:1000; PD@FRUpstate,
Charlottesville, VA), 1:1000; PDGRR(Upstate), 1:1000; and cytoskeletal actin (Novus

Biologicals, Littleton, CO), 1:1000.

Realtime PCR

RNA was isolated from yolk sacs using Trizol (Imggen, Carlsbad, CA) and an
RNeasy kit (Qiagen, Valencia, CA). Samples weotated and homogenized in Trizol.
20% choloroform was added, mixed well, and cergefiifor layer separation. Top layer
was mixed with equal volume 70% ethanol and addexhtRNeasy kit minispin column
and centrifuged. Washes were followed accordingeasy protocol and eluted with
DEPC HO. RNA was quantified and DNase treateqlg bf RNA was used to generate
cDNA using PowerScript Reverse Transcriptase (@kmt Mountain View, CA) and
random hexamers. Gene expression was quantifind sgandard realtime PCR methods
using SYBRgreen master mix on an ABI7000 instrun@gplied Biosystems, Foster
City, CA). Samples were analyzed in triplicate @mminimum of three samples per

genotype. Primer sequences will be provided upquoest.
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MMP Assays

DQ Gelatin assay (Molecular Probes) was performedfresh frozen tissue
sections according to manufacturer’s instructioBsiefly, samples were sectioned and
incubated for 30 minutes in substrate buffer thandferred to DQ Gelatin |(&/ml) at
37°C and imaged after incubation for O, 15, and 30uteéis. Zymography was performed
according to standard protocols (Leber 2001) witman MMP-2 and MMP-9 standards
(Chemicon). Yolk sac lysates were quantified udtngdford reagent and equal amounts

of protein were analyzed.

Allantois Assay

E8.5 allantoides were isolated from wild type aRBGFRZ""; PDGFRG"
embryos and plated on gelatin-coated coverslipsedidd was supplemented with 1%
FBS, 10% FBS, or 20ng PDGFBB (R&D Systems, Minnéap®N). Cultures were
grown for 24-26 hours at 3C in 5% CQ. Samples were fixed with 4% PFA for 10
minutes and stained for PECAM as described abowelenovirus transduction was
performed using 1.4xIPFU per 1ml of media at the time of plating. PDf@Eeptor
inhibitor (AG1296 (M), Calbiochem, Gibbstown, NJ) was added to appatgr
stimulation media at time of plating. For collageassays, wells were coated for 1 hour
with 0.5ug/ml, 5ug/ml, or 5Qug/ml collagen 4 (R&D Systems) then media was added

the collagen 4 at time of allantois plating.
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Image acquisition and manipulation

Whole mount and section samples were analyzed ashiggon SMZ1000 and Zeiss
Axiovert200 (Carl Zeiss, Thornwood, NY) microscopedmages were captured using
Hamamatsu ORCA-ER (Hamamatsu, Bridgewater, NJ) @iychpus DP71 (Olympus,
Center Valley, PA) cameras with OpenLab 3.5.1 anB Dontroller software,
respectively. Fluorescent images were colored uSipgnLab then processed in Adobe
Photoshop.  Confocal images were captured usingL&8M510META confocal
microscope (Carl Zeiss) and processed in ImageJAdothe Photoshop. Color images
and western blots were processed in Adobe Photosbopwhite background.
Quantification and threshold measurements wereaulzdéx through ImageJ. Graphs and
statistics were generated using Prism (Graphpddhal figures were compiled using

Canvas 9.

RESULTS

Generation and survival of PDGF receptor smooth etausell knockout embryos

Previous data frolRDGFRB andPDGFB null embryos indicates that PDGBRs
required for formation of VSMC and that myocardadvelopment is also affected
(Leveen et al. 1994; Soriano 1994; Lindahl et 8B&; Hellstrom et al. 1999; Van den
Akker et al. 2008). Because we wanted to invesidghe cell lineages dependent on
PDGFR3 signal transduction, we have used loxP/Cre tecgyolo generate animals that
lack PDGFR in both cardiomyocytes and VSMC. We used two €&gressing mouse

lines to accomplish the deletioBM22a-Cre™ (Holtwick et al. 2002) andnyocardiry™
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(Long et al. 2007)SM22x is expressed as early as E8.5 in cardiomyocyteldpment
and during VSMC terminal differentiation (Li et 41996), whilemyocardinis expressed
by E8.5 in cardiomyocytes and is one of the edrjeses expressed in VSMC precursors
(Wang et al. 2001). Surprisingly, deletion BDGFRB using eitherSM2xCre'™®
(referred to a®DGFRG*?) or myocardiff™* mice (referred to aBDGFRE'¥) did not
phenocopyPDGFRE” mice. BothPDGFRS® and PDGFRE™® embryos and mice
were viable and fertile.

Recently, we have shown that the two PDGF receftoand3) act cooperatively
in the neural crest-derived smooth muscle of th#icaarch (Richarte et al. 2007). To
determine if PDGFR was compensating for loss of PDG¥FBignaling in other VSMC
populations, we generated mice that contais®P2-Cre™ and conditional alleles of

both PDGF receptors. Genotyping of offspring fronede crosses revealed that few

PDGFRA"":PDGFRA": SM22-Cre™ (PDGFR ) pups were recovered at birth,
indicating that PDGF receptor signaling throughhbr@iceptors was required for viability

in an SM22i-expressing cell population. Using timed matings, weeovered the

expected Mendelian ratios of embryos up to E1Qubfdow PDGFRSKOembryos past this
time point. The few, viable mice that were doubbntozygous for the PDGF receptor
floxed alleles wer&SM22a-Cre™ (hemizygous for the transgene; data not showng W

surmised that the expression levelQk in mice hemizygous for the transgene was not

sufficient to recombine all four floxed alleles ieféntly. Indeed, ndDDGFRSKO pups

T9/Tg

resulted from breeders that we&M22x-Cre All subsequent analyses were

performed using mice homozygous ®M22r-Cre™. Commonly, transgenic Cre lines
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are not maintained as homozygotes due to potdrdiadgene insertion effects. We have
ruled out these effects because lethality only mcdo double homozygouBDGF
receptor SM22a-Cre"™ embryos not singl€DGF receptorSM22a-Cre"™™ embryos.

BecauseSM22o-Cre'® was likely to target deletion in VSMC similar toyocardiri™, we
predicted that excision of the tiRDGF receptorsn this mouse IineF(DGFRMKO) would
phenocopy the embryonic lethality observed FHDGFRSKO embryos. However,

PDGFRMKO embryos survived until birth.

Expression of SM22-Clebefore VSMC differentiation in the yolk sac

The dramatic difference in survival betweeﬁ’DGFRSKO and PDGFRMKO

embryos lead us to investigate the profile of Ceiviy in the two Cre mouse lines.
Using ROSA26 reporter mice, we determirg@d222-Cre'® andmyocarditf™ expression
between E8.5 and E10.5. Cre activity was not detert any tissue at E7.5 using either
of the Cre lines. By EB8.5, SM@2Cre activity was observed in many cells of thekyol
sac as well as a small number of cells in the pimmiheart (Figure 2-1A). In contrast,
myocardin-Cre activity was detected in the card@escent, and only a fe\@-
galactosidase positive cells were observedmiypcardif yolk sacs (Figure 2-1E).
Because Cre expression in the yolk sac was the amsous difference between these
lines, we examined histological sections of tresue. At E8.5 SM22Cre activity was
present throughout the yolk sac mesothelium, buB-galactosidase positive cells were
detected in thenyocardirf™ yolk sacs (Figure 2-1A and E). The yolk sac meslaim is

a mesoderm-derived epithelial-like component of fludk sac that rests on a thin
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basement membrane and is believed to be imporantansport and movement of fluid
from the yolk sac. At E9.93-galactosidase positive cells were present in libgh
mesothelial layer and surrounding some vesselse®M22-Cre™, while myocardirr™
activity was present in only a few cells associatéti blood vessels, presumably VSMC
progenitors (Figure 2-1B and F). At E108B122-Cre™ and myocardiff™ yolk sacs
both possessefl-galactosidase expression in cells surrounding doleessels, buf-
galactosidase expressionrityocardiff™ was lacking in yolk sac mesoderm populations
that were not vessel associated (Figure 2-1C andlGése data pointed to the possibility
that deletion of the PDGF receptors in the yolk sesothelium caused the embryonic

lethality.

Because Cre expression leads to indelfblgalactosidase expression, we could
also use this marker to follow mesothelial and VSKE lineages ifPDGFR*® and
PDGFR'™ embryos. In botPDGFR*®andPDGFR'™® yolk sacs, few perivasculd;
galactosidase positive cells were present at Edure 2-1D and H)B-galactosidase
positive cells were abundant in the mesothelialedajn the PDGFR*® yolk sac
demonstrating that loss of PDGF receptors did eadl Ito a failure in the formation of
this cell population. In addition, examination béth PDGFR*® and PDGFR"™°
embryos revealed abundégtigalactosidase positive cells in the hearts andktareas
(data not shown), demonstrating that loss of tleeptrs did not result in a general

reduction of mesoderm cells.
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PDGFRa and PDGFFB are co-expressed in the yolk sac mesothelium endgscular

cells

While PDGFRx and PDGFR expression has been documented as early as E6.5
in the extraembryonic endoderm and ectoplacenta,cand the ligands are expressed in
chorionic ectoderm and parietal endoderm (Mercokd.€1990; Orr-Urtreger et al. 1992;
Schatteman et al. 1992), analysis of co-expressidine receptors in the yolk sac has not
been determined. Therefore, we investigated egmmespatterns of the receptors.
Expression of PDGFHR was detected using mice that express a nucleatized GFP
from the PDGFR locus that faithfully traces PDGleRexpression (Hamilton et al. 2003)
and a PDGFR specfic antibody. At E8.5 PDGERand PDGFR were expressed in
mesothelium and endoderm, as previously reportegu(& 2-2A). At E9.5, PDGHR
endoderm expression was reduced, but expressitwotbfreceptors was maintained in
the mesothelium (Figure 2-2B and data not showAt. E10.5 both receptors were
expressed in the mesothelium, but only PDBRRas identified in cells surrounding
endothelial vessels (Figure 2-2C). Presumablgeheells were VSMC. The early and
persistent co-expression of PDGF receptors in tagothelial layer (Figure 2-2D) along
with lethality of PDGFR*® but not PDGFR™® support the possibility that PDGF
receptor expression in the mesothelium is requedmbryo viability.

Because multiple reports have suggested that PIBGER expressed by
endothelial cells and to further refine our expi@ssanalysis in the yolk sac, we
examined PDGFR expression inTie2GFP? mice. These mice express GFP in

endothelial cells (Schlaeger et al. 1997). We fonadrie2 positive cells that expressed
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detectable levels of PDGIBRbetween E8.0-E10.5 (Figure 2-2E and data not shown
Tie2GFP?Y cells were present in blood islands adjacent toGPBB-expressing
mesothelium at E8.5. This expression profile warsscstent with a previous report that
demonstrated PDGHRexpression in mesoderm precursors in the yolk mac not

differentiated endothelial cells (Rolny et al. 2D06

PDGFR*°results in incomplete yolk sac capillary bed reamigation

Embryonic lethality between E9.5 and E10.5 is ofderesult of cardiovascular
failure, buta SMA staining for cardiomyocytes and PECAM stainfagendothelial cells
revealed that cardiac and embryonic vascular dpueot appeared normal in E10.5
PDGFR*° embryos (Figure 2-3A-D). No cardiovascular defegtse observed in the
embryo proper. This lack of cardiomyocyte phenetyp in agreement with gene
deletion analysis of PDGF receptors using an eargsoderm expressed Cre line,
MesP£™ (Kang et al. 2008). By contrast, whole mountwseand histological sections
of PDGFR*® embryos at E10.5 revealed an apparent cessatiobloafd vessel
maturation within the yolk sac (Figure 2-3E and While endoderm and mesothelial
layers appeared normal, endothelial vessels weterdied and disorganized compared to
vessels in control embryos. At this time point, algo observed efficient deletion of both
PDGFRx and PDGFR in PDGFR*® yolk sacs (Figure 2-3G and H). Additional
analyses demonstrated that these defects wereansea by abnormal proliferation or
apoptosis within mutant yolk sacs as overt diffeemnat E9.5 and E10.5 in these two

processes were not observed between mutant analicsertnples (data not shown).
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To assess yolk sac vascular development in ourntyytave performed whole
mount PECAM staining. Vasculogenesis of the yal& begins at E7.5, and a number of
signaling proteins have been implicated in thixcpes (Argraves and Drake 2005). After
E8.5 yolk sac vessels undergo a dramatic remodedvmgnt where the primitive
polygonal structure of the vasculature convertstéble and defined vessels (Flamme et
al. 1997). In both control and mutant yolk sacs, abserved the typical honeycomb
pattern of endothelial cells at E9.5 (Figure 2-4#d &), but at E10.5PDGFR*° yolk
sacs retained the characteristics of an immatukesaxr, and failed to reorganize into the
normal hierarchical array of large and small ves@eigure 2-4G).

To establish if these yolk sac defects were capsimcharily by loss of one of the
receptors, we analyzed yolk sac vessels by PECAlhisg in single PDGF receptor
mutants. Yolk sacs fronPDGFRa”", PDGFRE”", PDGFRx**° and PDGFR&*°
mutants developed normally, although the remodetssels in the E10.BDGFRE”
yolk sacs were slightly more disorganized than mdntessels (Figure 2-4D, I, J, and
data not shown). We next analyzed embryos withpteta deletion of both receptors to
determine if this genotype would phenocopy RRGFR*° embryos. To increase the
probability of obtaining double mutant embryos, evessed our conditional animals with
Meox2™ mice. Meox2™ expresses Cre in all embryonic tissues and extizrgnic
mesoderm (Tallquist and Soriano 2000). Many ofrtheant embryos were resorbing by
E9.5 consistent with the phenotype of PDGF receptmuble homozygous embryos
(M.T, unpublished observation), but a few embryasemecovered. These exhibited a
complete failure in yolk sac remodelinBIGFR"**% Figure 2-4E) that resembled the

hyperfusion phenotype described previously (Draké hittle 1995; Dominguez et al.
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2007), providing further evidence that loss of bBIDGF receptors results in yolk sac

vascular abnormalities.

Loss of PDGF receptors results in an increase dfotimelial gene expression

Vascular remodeling is controlled by activities mwiultiple cell populations,
including endothelial (Flamme et al. 1997) and rh{&aunders et al. 2006) cells. To
examine the differentiation status of these ceppybations, we analyzed yolk sac gene
expression by real time PCR. First, expressionlyaisademonstrated an expected
decrease iPDGFRy andPDGFRS in the SM22r-Cre™ mutants compared to wild type
yolk sacs (Figure 2-5A). Consistent with analydignother yolk sac remodeling mutant,
Hand1(Morikawa and Cserjesi 2004), activated endothe&# specific gene expression,
such asVEGFR1 (Fltl) VEGFR2 (FIk1) and Tie2 was increased (Figure 2-5B). In
agreement with the increased vasculogenic respomsepbserved slightly elevated
VEGEF ligand expression. However, two other endotheal&l specific genesPDGFB
andVEcadherin levels were similar or when compared to cont(igure 2-5B). The
elevated level of these endothelial genesPBGFR*® yolk sacs suggests that the
impaired vascular development may be inducing ahaeced but non-productive
angiogenic response.

To rule out a direct requirement for PDGF receptorendothelial cells we
generated embryos that lacked all PDGF receptaressn in endothelial cells using a
Tie2Crd? mouse line PDGFR*°)(Kisanuki et al. 2001). We recovered viable
PDGFR"® mutants at E12.5 and E15.5 and no obvious defests observed in yolk sac

development (data not shown). Together theseidgly that PDGF receptor signaling
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is not employed by endothelial cells and that #raadeling phenotype is caused by loss

of the receptors in either VSMC or the mesothelium.

Remodeling defect is not caused by loss of PDGéptec signaling in VSMC

We next examined the expression of VSMC genesarPGFR* yolk sacs.
Consistent with the lack of VSMC we observed bgéige tracing in Figure 1D, VSMC
gene expression was reducédyocardin related transcription factor B (MRTER) yolk
sac smooth muscle transcription factor (Wei et2807), expression was reduced in
PDGFR*° yolk sacs (Figure 2-5C). Similarly, expressidntle smooth muscle cell
cytoskeletal genelSMAwas also reduced (Figure 2-56GM22x expression, by contrast,
only exhibited a partial reduction. This resultulbbe anticipated because mesothelial
cells also expresSM22z, and they do not appear reduced in number (Figut® 2nd
data not shown).

These expression data suggested a disruptiore iINEMC population. Therefore,
we examined E10.5 contrd®DGFR*®, andPDGFR™® yolk sacs for the presence of
VSMC. While control yolk sacs had extensive netgasf vessels that containa®MA
positive cells, in both mutant yolk sac genotypew tiSMA expressing cells were
present next to endothelial vessels when comparembntrol yolk sacs (Fig. 2-4L-N).
This result suggested that PDGF receptor signaliag required for VSMC formation.
To identify if a specific receptor was importanr ’dSMC formation, we examined
aSMA staining in null and conditional mutants #DGFRa andPDGFRG individually

(Figure 2-4 and data not shown). RDGFRB" andPDGFRS conditional deletion lines,
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loss of PDGFR led to a dramatic reduction in yolk sac VSMC (Fg2-40-Q). Yet,
despite the lack of VSMC in these mutants, yolkssrulature organized into vessels of
different calibers. These data suggest that PORGRRy be the essential PDGF receptor
involved in VSMC development in the yolk sac. Howewhe presence of normal vessel
remodeling in the absence of VSMC indicated thatyblk sac phenotype we observed
in PDGFR*° was not caused by a failure in VSMC associatidihe mesothelial cells
were therefore implicated as the primary cell papiah responsible for this phenotype as
they were the only cells that expressed Cré&Sh22-Cre™ conditionals that did not

express Cre imyocardiff™ conditionals.

PDGF receptor signaling affects extracellular matdeposition

Mesothelial cells have a number of proposed funstiocluding transport of
fluids, production of growth factors, and secretioh extracellular matrix (ECM).
Because the vascular defects we observed resemdtladic acid and TGF signaling
pathway mutants that are deficient in ECM produc{i@oumans et al. 1999; Bohnsack
et al. 2004; Carvalho et al. 2004), we examineddist&ribution of ECM in wild type,
PDGFR"®, andPDGFR™® yolk sacs. Staining for fibrillar collagen by pisirius red
staining (Figure 2-6A) demonstrated tiRDGFRC yolk sacs had a decreased intensity
and thickness of collagen. In contraBDGFR"™ yolk sacs appeared similar to wild
type samples. Immunohistochemistry for collageand collagen 4 iPDGFR*® yolk

sacs supported the picrosirius red findings (FigR#6B and C). The reduction in
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collagens was limited to the mesothelium as collag®as detected in close proximity to
the endothelial cells. In contrast, fibronectird daminin appeared relatively unperturbed
at this stage (Figure 2-6D and E). To determinthéf reduction in collagen was at the
transcriptional level we performed real time PCRilgsis. We detected only modest
changes in transcript levels of collagens and fibotin (Figure 2-6F).

Because we observed a greater reduction in collagetein levels than was
suggested by the realtime PCR results, we analyzattix metalloprotease (MMP)
activity in situ and detected higher levels of MMietivity within the mesothelium
(Figure 2-6G). Similarly, gelatin zymography comsrgly demonstrated higher levels of
activated MMP-2 irPDGFR*° mutant yolk sacs compared to control yolk sacgu(fé
2-6H). Taken together these data suggest that PDE8Eptor signaling from the
mesothelium may function to direct blood vesseladeling in part by controlling the

degradation of matrix in the yolk sac.

PDGF receptor signaling controls blood vessel magpmesis

To further examine the role of PDGF receptors iscudar development, we used
an allantois culture assay. E8.5 allantoides fwdld type embryos develop rudimentary
vascular structures, but when stimulated with eit@o FBS or PDGFBB, a ligand that
can activate both PDGERand PDGFR, the vascular plexus expands (Figure 2-7A and
C). In addition, we showed that PDGF receptor aligg in these cultures was required
for the stabilization of the vessels. Using a €xeressing adenovirus we were able to

induce recombination in allantois explants from gyob homozygous for botADGFRa
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andPDGFRS floxed alleles PDGFR™). When both PDGF receptors were deleted using
Cre, vascular expansion was severely reduced @igeirB and C). Quantification of
vascular expansion demonstrated that PDGF recatitaulation yielded cultures that
were comparable to serum stimulation (Figure 2-7&imnilarly, addition of a PDGF
receptor specific inhibitor (AG1296) to the cultsireesulted in a lack of vascular
expansion similar to unstimulated cultures (Fig@fréD). We could not examine the
effects of the PDGF receptor inhibitor on PDGFBBnsiated cultures as these cultures
did not adhere to the cover slip. To determineattfiect of exogenous addition of matrix
we plated allantois cultures on collagen 4 and datinat exogenous collagen 4 resulted in
increased vascular expansion in 1% serum. Tredtmén collagen 4 was even capable
of bypassing the effects of PDGF inhibition on ords stimulated with either 10% FBS
or PDGFBB (Figure 2-7D and data not shown).

Finally, to examine how reduced extracellular mxatould effect endothelial cell
signaling, we determined if integrin function withthe yolk sac was disrupted. To
accomplish this, we examined the activation stafuategrinf1. Integrinl is essential
for endothelial cell function(Carlson et al. 2008)d is one of the key integrins in
endothelial cell morphogenesis. PhosphorylatiomtiEgrin31 on S785 modulates cell
adhesion and migration. Using a phosphospecifitbady for S785 off31 integrin
(Mulrooney et al. 2001), we found that phosphorgltaton S785 was reduced even
though levels of1 integrin were similar in control arIDGFR*® yolk sacs (Figure 2-
7E). Taken together these data suggest that loBOGF receptor signaling leads to

reduced vascular remodeling that may be relatedadss in matrix integrity.
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DISCUSSION

Generation of mature blood vessels requires coatidim between endothelial
cells and their surrounding tissues. While it $sablished that growth factor secretion
and guidance cues are necessary for appropriaselvestterning, many of the processes
involved in directing vessel remodeling remain astayy. Here, we show that one of the
signals required in yolk sac vessel formation degifrom PDGF receptor signals in the
mesoderm. By deleting the receptors from seleétpopulations we show that PDGF
signaling is required for vascular remodeling. Xkjrextedly, we observed normal
progression of vasculogenesis in the absence of ¥SBuggesting that vascular
remodeling is not due to a failure in VSMC formaitio Instead, PDGF receptors in
extraembryonic mesoderm provide signals for yotkwsscular progression.

The origin of VSMC in the yolk sac is currently lear, but there are two
potential sources. One is from embryonic hemaragb that arise in the primitive
streak and migrate to the yolk sac to form the dléslands. Clonal analysis of
brachyurypositive andvEGFR2positive cells has suggested that a single progecan
give rise to endothelial, hematopoietic and vascslaooth muscle cells (Ema et al.
2003; Huber et al. 2004). Another possibilityhattthe yolk sac VSMC arise from yolk
sac mesothelium. Evidence is accumulating to sstgbat mesothelium can differentiate
into components of blood vessels including VSMC &bdbblasts. The heart was the
first tissue identified where the mesothelium (epitum) differentiates and contributes
to the vascular structures (Mikawa et al. 1992; awile and Gourdie 1996; Dettman et al.
1998; Vrancken Peeters et al. 1999). Others hiawers more recently that the serosal

mesothelium can also contribute to the VSMC ofghe(Wilm et al. 2005; Kawaguchi et
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al. 2007). Interestingly, stimulation of eithessiie by PDGFBB results in an increase in
VSMC differentiation (Lu et al. 2001; Kawaguchi &t 2007). Although the current
reagents do not permit us to conclusively provedtigin of yolk sac VSMC, our data
are consistent with the possibility that yolk saeswthelium can give rise to perivascular
cells. Loss of PDGF receptors in tBM22y—Cre transgenic line leads to an early
absence of VSMC. Thus, the mesothelium could Bewsce of perivascular cells that
stabilize the vessels as well as a source of grdadtors and extracellular matrix to
direct vascular remodeling.

In addition to the uncertainty of VSMC origin, tlkdnas also been a longstanding
debate over the importance of VSMC in the yolk sBesruption of myocardin, an SRF
transcriptional cofactor and key regulator of VSMEvelopment, leads to embryonic
lethality at E9.5 (Wang et al. 2003), but it is l&e if this phenotype is caused by loss of
VSMC in the yolk sac (Pipes et al. 2008)RTFBmutant embryos, a second member of
the myocardin family of transcription factors, despa reduction in yolk sac VSMC, but
these embryos survive past E10.5 when many muteititsyolk sac phenotypes perish
(Oh et al. 2005; Wei et al. 2007). Often the diffig in interpreting known yolk sac
phenotypes is that many of the genes are likelaftect yolk sac development by
multiple avenues. For example, both endothelilldiferentiation and cardiac function
are essential for proper yolk sac vessel maturatMaotations in multiple components of
the TGREB signaling pathway demonstrate dramatic yolk sascuiar disruptions, but
these defects could be caused by a failure in aetal cell or VSMC function (Dickson
et al. 1995; Oshima et al. 1996; Li et al. 1999ngy'a&t al. 1999; Arthur et al. 2000;

Jadrich et al. 2006).
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Studies inPDGFRS andPDGFB null embryos have established that a subset of
VSMC, sometimes referred to as pericytes, reqUX&PRB signal transduction (Soriano
1994; Lindahl et al. 1997; Hellstrom et al. 199%he loss of PDGFR seems to
predominantly affect VSMC of smaller vessels whNIBMC of larger vessels such as the
aorta are less disrupted. Here, we show that yatkVSMC are dependent on PDGFR
expression. In multiple mouse lines, loss of PDGH&ads to a severe reduction in
VSMC of the yolk sac. Surprisingly, endothelialleén our mutants continued to mature
into hierarchical vessels and early embryogeneasundisturbed. The only abnormality
caused by loss of VSMC was an increase in vesselosity. Our data demonstrate that
the yolk sac vasculature does not require VSMC diability, possibly because the
hemodynamic forces within these vessels are nassxee.

Although it is commonly assumed that the two PD@Eeptors direct similar
cellular responses, there are fawvivo examples of the ability of these receptors to
compensate for each other. This fact is underdchyethe disparate phenotypes of the
individual receptor knockouts?PDGFRa null embryos die between E10.5 and E15.5 due
to a wide range of defects (Soriano 1997), wRIRGFRSG null embryos die perinatally
from vascular defects (Soriano 1994). Howevethayolk sac, we found that if one of
the receptors was expressed, blood vessel remgdaticurred normally. The observed
redundancy in the yolk sac mesoderm leads to tlssilpbty that the PDGF receptors
may contribute to vessel remodeling in other tissuéAnother example of receptor
cooperativity in vessel remodeling was observeadrdiac neural crest cells. When

PDGF receptors are removed from neural crest celilsire of the aortic arch vessel
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remodeling leads to persistent truncus arteriofRRish@rte et al. 2007). Because
PDGFRa/f null embryos die before E10.5, this general resognt for PDGF receptor
signaling and vascular remodeling may have beerianied.

ECM disruptions have been found in several mouseéamtsl with yolk sac
phenotypes. Mutations in collagen4, fibronectin,d afaminin expression have
demonstrated vascular defects (George et al. 1@83¢hl et al. 2004). T@Fsignaling
is considered a key component of ECM depositiod, ntations in several components
of TGH3 pathways have also demonstrated defects in yotk veascular formation
(Goumans et al. 1999; Li et al. 1999; Yang et 809 Arthur et al. 2000; Larsson et al.
2001; Cohen et al. 2007). Although disrupted ECMpadtion is common to both
TGH3 pathway mutant and PDGF receptor mutant yolk sthhescell types responsible
are different. Recently, it was demonstrated ématothelial specific deletion of TGR1

or TGH3R2 recapitulates the knockout yolk sac phenotypev@ho et al. 2007). Our
data now point to a second essential populatiocetls required for yolk sac vessel
growth, the mesothelium and demonstrate that ECivieien by endothelial cells is not
sufficient to promote normal vascular development.

Control of ECM levels by PDGF receptor expressialiscvia MMP activity is a
relatively new concept in vascular remodeling. r€ntly, the few papers addressing this
topic are conflicting. Some data propose that PD@&geptor stimulation results in
increased levels of MMP proteins and activity (Roblet al. 1999), while others propose
that stimulation of PDGF receptors leads to infobitof MMP activity (Karakiulakis et

al. 2007). In the yolk sac we can imagine two flibssnechanisms explaining increased
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MMP activity. The first is that PDGF receptor irdetions with MT1-MMP at the cell
membrane attenuate MT1-MMP activity, but in the eslu® of PDGF receptors is
increased MMP activity. Data supporting this scenare: MT1-MMP can activate
MMP-2 (Sato et al. 1994; Strongin et al. 1995); MWIMP is expressed in mesothelial
cell populations (Zhong et al. 2006); and MT1-MMBncphysically associate with
PDGFR3 (Lehti et al. 2005). An alternative possibilitg that PDGF receptor
stimulation results in secretion of tissue inhikstof metalloproteinases (TIMPS).

Our findings suggest that PDGF receptors act coatdly in the extraembryonic
mesoderm and are involved in the process of vasocetaodeling. We have also shown
that VSMC are not required in the establishmemhafure endothelial vessels in the yolk
sac. These studies open up new questions on tpeKaiivity of the two receptors in
stromal cell populations throughout the developgmbryo and potentially during

vascular remodeling during the disease process.
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FIGURES AND LEGENDS
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Figure 2-1. SM22a-Cre'® is expressed in yolk sac mesothelium and VSMC whil
myocardin®® is specific to VSMC. (A-C) Whole mount LacZ staining of yolk sac
demonstrateSM22n-Cre'® expression at the indicated stages. (A) Yolk saression of
SM22-Cre™ can be detected as early as E8.5. (C) At E10.l sac vasculature is
undergoing vascular remodeling and cre expressaaorbe detected along the remodeled
vasculature and mesothelium. (P)yalactosidase expressionRDGFR C is restricted

to mesothelial cells. (Ehyocardirt™ expression is not detected in the yolk sac at B8.5
whole mount or section analysis. (F-3galactosidase expression in VSMC begins at
E9.5 and is maintained at E10.5. (H) Loss [bfalactosidase positive cells in
PDGFR*®, Black arrows indicate mesothelium. Black arromd® point to myocardin-
Cre expressing cells. Asterisks indicate blood elssextraembryonic endoderm (ee) and
mesothelium (mes). Scale bar.2Q
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E8.5

Figure 2-2. PDGFRx and PDGFRB positive cells in yolk sac mesothelium.(A-C)
Section immunohistochemistry for the PDGFRas performed o®DGFRa°"* yolk
sacs. Both receptors were expressed abundant8.&t but their expression pattern
became more resticted to mesothelial and perivasaglls at the later stages. (D)
PDGFRx and PDGFIR coexpression with mesothelial marker, SM22. Dafined and
SM22 negative cells represent the endoderm. (E)unahnistochemistry for PDGHR
and GFP onTie2GFP? frozen sections at E8.5 to E10.5 demonstrates FBGF
expression in close proximity to but not overlagpinith Tie2GFP expression. White
arrowhead indicates perivascular cells expressitg BDGFH3. White arrows indicate
PDGFRI®"" and SM22 coexpressing cells. Asterisks indicat@odl vessels.
extraembryonic endoderm (ee) and mesothelium (rBesje bar= 20m.
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Figure 2-3. PDGFR™® mutants demonstrate normal cardiac and embryonic
vascular development but disrupted yolk sac vasculare. (A) Whole mount PECAM
staining of intersomitic vessels (isv) in E10.5 tohandPDGFR*°embryos. (B) H&E,
(C) aSMA, and (D) PECAM staining of control amRDGFR*® hearts. (E) E10.5 whole
mount images of yolk sac blood vessels on side sipgahe vitelline vessel. Embryos
were imaged while attached to placenta to preveditblood cell loss. (F) H&E stained
section of yolk sac demonstrated yolk sac vascdlaruptions inPDGFR*C (G)
Immunohistochemistry on whole mount yolk sacs destrated loss of PDGHRIn
PDGFR*°by E9.5 compared to control. (H) Deletion of bBIAGFRx and PDGFR in
PDGFR*° compared to control at E10.5 by western blot asislyAsterisks indicate
blood vessels. Dorsal (d), ventral (v), atria (@gntricle (ven), endocardial cushions (en),
trabeculations (tr), extraembryonic endoderm (arfl mesothelium (mes). Scale bars =
10um for (B) and 20m (C-D and F-G).



42

Control PDGFR®°_ _ PDGFR"K° PDGFR"*>*2

PDGFRp"

Control PDGFRS“®  pDGFR"® PDGFRf" PDGFRpS® PDGFRp""°

E10.5 —

RSKO

Figure 2-4. Vascular development is disrupted irPDGF yolk sacs but not in
single mutants. (A-E) Whole mount E9.5 yolk sac staining for PECAM indicated
genotypes. A normal vascular plexus was observamirtrol, PDGFR*°, PDGFR' °,
and PDGFRB" yolk sacs but was disrupted RDGFR"*? yolk sacs. (F-K) Yolk sac
vascular remodeling progression to large defines$eis visualized by PECAM staining.
PDGFR*° yolk sacs fail to undergo vascular remodelingenalsling the E9.5 yolk sac
vascular plexus. (L-QXSMA staining was used to detect VSMC at E10.5 alicated
genotypes. Recruitment of VSMC to developing vesitme present in control E10.5
yolk sacs is severely reduced RDGFRE*®, PDGFRE"C, andPDGFR"™® and absent
in PDGFR*° andPDGFRB". Images represent similar regions of the yolk adjacent
to but not including the vitelline vessels. Thé@sages are representative of a minimum
of 3 yolk sacs of each genotype. Scale barmmil0
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Figure 2-5. Gene expression analysis in E10.5 yolacs.(A) PDGFR*® mutants
demonstrate reduced expressionP&iGFRa and PDGFRB. (B) Endothelial cell gene
and growth factor expression. (C) Mesothelial arl8MC specific geneSM22a, aSMA
andMRTFBsuggest a slight decrease in expression in PDGHRIk sacs. Each symbol
represents realtime PCR analysis of one sample/zadhlin triplicate. A minimum of
three samples were analyzed for each gene and loaearare represented for each set of
samples analyzed. Student-t test: *< 0.2, **< 007< 0.02.
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Figure 2-6. Extracellular matrix deposition disruption along the mesothelium. (A)
Picrosirius red staining of paraffin sections o0Blyolk sacs demonstratiRPGFR*®
yolk sac reduction in collagen compared to contmotl PDGFR™ yolk sacs. (B-E)
Immunohistochemistry on E10.5 contrBDGFR*°, andPDGFR™ yolk sac sections
for detection of extracellular matrix molecule esggion as indicated. (F) Quantitative
PCR gene expression analysis for matrix molecmesntrol and®DGFR*° E10.5 yolk
sacs. Individual symbols and mean bars represet gample analyzed in triplicate for
wild type and SKO mutants. Student-t test: *< 0.1%&) E10.5 fresh frozen yolk sac
sections of control anBDGFR*® mutants imaged for MMP activity observed through
increasing levels of fluorescence detected by to BIQ gelatin assay. (H) Gelatin
zymography demonstrating increased MMP2 activitp BDGFR° E10.5 whole yolk sac
lysates compared to control lysates. Arrows inéicaesothelial loss of collagen 1 and
collagen 4. Asterisks indicate blood vessels. extfaryonic endoderm (ee) and
mesothelium (mes). Scale bar 34
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Figure 2-7. PDGF receptor signaling in allantois cliures. (A) PECAM staining on
E8.5 wild type allantoides grown in culture for 28-hours with the varying stimulation;
1% FBS, 20ng PDGFBB, or 10% FBS. (B) PECAM stainigadenovirus Cre treated
E8.5 wild type or PDGF receptor condition®OGFR™) allantoides demonstrating
deletion of PDGF receptor disrupts vasculogeneasiseesponse to PDGFBB and 10%
FBS. Insets represent threshold images of PECAMréscence that were used to
guantify the vascular area. (C) Quantification asaulogenesis in the allantois assays by
measurement of PECAM staining in stimulated andiomgated samples in the presence
or absence of PDGF receptor expression. (D) Queatiin of PECAM staining in the
presence of a PDGF receptor inhibitor (AG1296) amcteasing concentrations of
Collagen 4 compared to 10% FBS. (E) E10.5 yolk Igaates immunoprecipitated for
integrin 1 and analyzed for activation by western blot asialyor phosphorylation of
integrin1 at S785 and integril demonstrating decreased phosphorylation yetaimi
levels of integrinBl. Student t-test: * <0.07, ** < 0.04, ***<0.005c&le bar = 2(m.
PECAM = red; DAPI = blue.
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ABSTRACT
The platelet derived growth fact@r receptor (PDGFR) is known to activate

many molecules involved in signal transduction &ad been a paradigm for receptor
tyrosine kinase signaling for many years. We hawegbkt to determine the role of
individual signaling components downstream of tl@septorin vivo by analyzing an
allelic series of tyrosine-phenylalanine mutatidhat prevent binding of specific signal
transduction components. Here we show that thelémoe of vascular smooth muscle
cells/pericytes (v/p), a PDGIBRlependent cell type, can be correlated to the atmoiu
receptor expressed and the number of activatedlsigmsduction pathways. A decrease
in either receptor expression levels or disrupt@inmultiple downstream signaling
pathways leads to a significant reduction in v/pn@rsely, loss of RasGAP binding
leads to an increase in this same cell populaiioplicating a potential role for this
effector in attenuating the PDGBRignal. The combined in vivo and biochemical data
suggests that the summation of pathways associatgl the PDGFR signal
transduction determines the expansion of developipgells.

INTRODUCTION

Although signal transduction by receptor tyrosineakes (RTKs) has been
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studied extensively, the roles of individual signgl proteins downstream of these
receptors are a matter of debate. Some studies dioxen that disruption of particular
pathways leads to loss of specific cellular funaioValius and Kazlauskas 1993).
Others have suggested that it is the sum of theakighat results in the unique cellular
outcomes directed by each receptor (Fambrough et1299). Yet, others have
demonstrated that the interpretation of receptgnads is determined by the distinct
cellular history (Flores et al. 2000; Halfon et2000; Xu et al. 2000). Because many of
these conclusions have been reached in diversaypels and through the analysis of
different RTKSs, it is difficult to determine if rais from one receptor system can be used
to generalize the functions of RTK signaling.

Recently, several labs have dissected the roleRTK modular signaling
components by generating point mutations in cyspla domains of the receptors in
mice (Partanen et al. 1998; Heuchel et al. 199@mBlJensen et al. 2000; Kissel et al.
2000; Tallquist et al. 2000; Klinghoffer et al. 20Maina et al. 2001; Klinghoffer et al.
2002). These studies have revealed a unique esgent for individual signaling
components in specific cell types (Partanen €t@98; Blume-Jensen et al. 2000; Kissel
et al. 2000; Maina et al. 2001). In contrast, Emexperiments on platelet-derived
growth factor receptora (PDGFRx) signaling mutants have demonstrated that
phosphatidylinositol 3' kinase (PI3K) and Src famkinase (SFK) signal transduction
pathways play roles in oligodendrocyte developmgdinghoffer et al. 2002). These
experiments suggest that requirements for sigraistiuction vary not only by the
receptor under consideration but also by the redblge that is receiving the signal.

The platelet derived growth factor recepfdyr PDGFRB, has not only been
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studied physiologically but also has been the fasuitensive biochemical analysis.
Upon ligand binding, the PDGERdimerizes and is autophosphorylated on as many as
thirteen cytoplasmic tyrosine residues. These phogfated tyrosines become binding
sites for SH2-domain containing proteins that @&éi a number of signal transduction
pathways (reviewed by (Claesson-Welsh 1994; Hektinal. 1998)). The pathways
downstream of the PDGBRcontrol multiple cellular functions including pr@ration,
migration, matrix deposition, and immediate earmyg induction (reviewed by (Heldin
and Westermark 1999; Betsholtz et al. 2001)). Adstieten distinct SH2 domain-
containing proteins can bind the phosphorylated PR and activate downstream
signal transduction cascades. These moleculesdecuc family kinases (SFK; (Kypta
et al. 1990)), phosphatidylinositol 3' kinase (Pl3fKazlauskas and Cooper 1990;
Kundra et al. 1994; Wennstrom et al. 1994a; Weonstet al. 1994b)), Shc (Yokote et
al. 1994), RasGAP (Kaplan et al. 1990; Kazlauskaal.€1990), signal transducers and
activators of transcription (STATSs; (Vignais et 4896)), Grb2 (Arvidsson et al. 1994),
Grb7 (Yokote et al. 1996), SHP-2 (Kazlauskas et1893; Lechleider et al. 1993),
phospholipase € (PLCy; (Meisenhelder et al. 1989; Morrison et al. 199amd Nck
(Nishimura et al. 1993). While multiple downstreafiects have been attributed to
activation of these pathways, their relative impode downstream of the PDGFRas
not been determindd vivo.

We have concentrated our present analyses on gnal sdiransduction by the
PDGFR3. Previous studies using a null allele of the rémepave demonstrated that

PDGFR3 signal transduction is required for a subset stutar smooth muscle cells and
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pericytes (v/p) (Leveen et al. 1994; Soriano 19%4)ese cells are the mesenchymal
support cells that surround blood vessels (revietwedHungerford and Little 1999)).
Brain pericytes, kidney mesangial cells, retinalraheells, and limb and skin pericytes
have all been recognized as PD@FiRependent cells (Lindahl et al. 1997; Lindahllet a
1998; Hellstrom et al. 1999; Enge et al. 2002)d&ts have indicated that the PDGFR
likely to play a key role in the proliferation aond/migration of a progenitor population
(Hellstrom et al. 1999). These results explain wilefective PDGF signal transduction
results in a reduction of the v/p cell lineage atiobmately perinatal lethality due to vessel
instability (Hellstrom et al. 2001).

To examine the roles of PI3K and PL.@ownstream of the PDGBRwe have
previously disrupted their binding sites in theeggtor's cytoplasmic domain (Heuchel et
al. 1999; Tallquist et al. 2000). Surprisingly, nwert phenotypes were detected in
homozygous mutants lacking these two pathways,dafidiencies were observed only
when the animals were challenged physiologically.asess the roles of the remaining
signal transduction pathways, we have created aHRBGllelic series in mice (Figure
1). We refer to this series as the F series beaagsatains Y-F mutations at the known
phosphorylated tyrosine residues. Using v/p cethiper as a readout for PDGBRignal
transduction, we have determined that the levekoéptor expressed as well as the sum
of signaling pathways induced by the PD@F&Retermines the number of v/p cells that
form. These results provide an example of RTK digmansduction quantitatively

controlling cellular development.
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MATERIALS AND METHODS
Mice

Point mutations which disrupt the designated sigraadsduction pathways were
generated by changing the tyrosine residue to pakeimne. The exception was Y1020
that was mutated to encode an isoleucine, thusrgimg a unique restriction site that
facilitated identification of homologous recombitenMouse mutants F2 and F3 have
been previously described (Heuchel et al. 1999|quit et al. 2000). The targeting
vector for the F1, F5, an@'mutations utilized the same arms of homology asRBe
vector. The exons containing the point mutationgewmtroduced in the arms of
homology of the targeting vector by site directedtagenesis and verified by sequence
data of PCR amplified genomic DNA from homozygoustant mice. The F7 mutation
was generated by creating a targeting vector thedrporated the 5 arm of the F5
targeting vector with 5' genomic sequences thatidezl the exons containing the Src and
Grb2 binding sites. Tyrosines 578 and 715 were tadtéo phenylalanine to disrupt Src
and Grb2 binding, respectively. This targeting wvectwas transfected into F5
heterozygous ES cells and screened for homologeasmbination. The truncation
mutation possesses a frame shift at amino acidr@®iting in a premature stop codon
after amino acid 801, eleven amino acids downstrehthe RasGAP binding site. ES
cell colonies were screened initially by PCR andifiee clones were further verified by
Southern blot analysis for the correct recombimatibthe 5' and 3' arms. The PGK neo
cassettes were removed by crossing mice to MébgPallquist and Soriano 2000) and
ROSA267R (Farley et al. 2000) deleters.

The majority of analyses have been carried out anix@d 129S4 x C57BI/6
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background except where indicated. TKlacZ4 transgenic mouse (Tidhar et al. 2001)
was kindly provided by Moshe Shani and crossed tidoF series. We also crossed the

F5 and wild type mice to the PDGER ' line (Hamilton et al. 2003).

Histology, immunohistochemistry, and pericyte qitatbn

Embryos and tissues were processed and embeddsddiioning according to
standard protocol. We have not examined the vagelaof all PDGFR-dependent
tissues in the F series mutant animals. Thoseessswt examined are lung, brown

adipose tissue, and the adrenal gland.

Immunohistochemistry

Kidneys were removed and fixed for 20 minutes in gésaformaldehyde. 200
pUm sections were then obtained by vibratome sectipaind immunofluorescence was
performed. For eye immunohistochemistry the pigmeérmpithelium was removed from
the mouse retinas and fixed for 10 minutes in 4¥afpamaldehyde. Retinas and kidney
slices were then blocked and subjected to immurtattiemistry for the indicated v/p
marker. Antibodiesf-galactosidase (55976 CappalSMA (1A4 Sigma), and desmin

(D33 Dako). Photographs were obtained on a Zeisspiot.

Pericyte quantitation
E14.5 embryos were divided into quarters at théowohg levels: head-neck,
neck-liver, liver-kidney, and kidney-tail. Quartexgre rinsed with PBS and fixed for 20

minutes in 2% formaldehyde; 0.2% glutaraldehydeeyTtvere then washed 3X in PBS,
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stained overnight with X-gal, transferred to PB®otegraphed, post-fixed in 10%
formalin, and then processed and embeddeadi $ections were generated and X-gal
positive nuclei quantitated in the neural tubehatlevel of the heart and the kidney. 7-10
samples were counted for each level and the metinsoflata is represented in Figure 6.
Pericytes surrounding the exterior of the neur@letwere excluded from the sample.
Positive nuclei were counted at 20X magnificationd aphotographed at 10X
magnification on Zeiss Axiophot microscopes. Refinaere prepared in a similar
manner. The pigmented epithelium was removed poidhe initial fixation step, and the
lens was not removed until after the final fixati@nmaintain retina shape. Images were

obtained on a Nikon SMZ1000 with a Coolpix 900 ceame

Immunoprecipitation and western blotting.

Mouse embryonic fibroblasts were generated fromoE®14.5 day embryos.
Embryos were isolated, decapitated, and eviscerdtbd remaining tissue was then
treated with trypsin and plated. Cells were frozlawn at passages 2 and 3. Most
experiments were completed on cells at passageele@pt for the wild type line that
was spontaneously immortalized. Cells were plated3aX 10 cells/well and starved for
48 hours. Receptor down-regulation was achievetrdsting starved cells for 2 hours
with 100 ng/ml PDGFAA (R&D). Cells were then stiratéd with PDGFBB (R&D) for 5
minutes and lysed.

Immunoprecipitation and western blotting were exedwas previously described

(Tallquist et al. 2000). Antibodies were obtainedni the following sources: PDGBR

(06-498 Upstate Biotechnology); PDGé&Rsc-338 Santa Cruz Biotechnology); Akt
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(9272 Cell Signaling Technology); PhosphoAKT (92C&ll Signaling Technology);
RasGAP (05-178 Upstate Biotechnology); Grb2 (610BD1Transduction Laboratories);
Erk1l/2 (06-182 Upstate Biotechnology); c-Src (SR€&18 Santa Cruz); Phospho-Src
Y418 (44-660 Biosource); Phospho Erk1/2 (9101 Sajhaling Technology); PLY(05-
163 Upstate Biotechnology); SH-PTP2 (sc-280 Santaz CBiotechnology); and
phosphotyrosine [4G10] (05-321 Upstate Biotechnglo@DGFHB 97A (kinase insert

domain) and 89P (tail) were kind gifts from Andriiazlauskas.

RESULTS
Generation of the allelic series

Previous studies of the PDGERave revealed an essential role for this receptor
in v/p development, but attempts to identify keywdbiemical signals thus far have
demonstrated that loss of certain signaling patlswayly diminishes PDGHRdriven
responses (Heuchel et al. 1999; Tallquist et &020T o identify key signaling pathways
we have generated an allelic series of PD@RRutants. Figure 3-1 illustrates the
mutations that we have generated in the PD&GRuUs and the signaling pathways that
are disrupted by these mutations. Each mutant blireferred to by the number of
tyrosines (YY) that have been mutated. For exantpé&emutation in the RasGAP binding
site is the PDGFE*™ or F1/F1 mutant. The truncation mutation of the FBRG (B")
was created by the introduction of a frameshift anbbsequent premature stop codon
downstream of the RasGAP binding site. Figure BeBtrates the targeting events that

were used to generate the series of mutants. TheFELlF3, F5, ancBT-targeted
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mutations were generated by engineering Y-F, Yrframe shift mutations in the same
targeting vector (Figure 3-2A). The F7 mutation wgemerated by targeting the F5
heterozygous ES cells (Figure 3-2B; see MateriatsMethods). Cells that contained all
mutations on the same allele as determined by Southlotting were used to generate
the F7 line. All mutant mice were viable and feri@s homozygotes except the truncation
allele, BT, which lacks the second kinase domain and the SldRd PL binding sites.
Embryos homozygous for tHf allele die perinatally with a phenotype identitatthat

of the PDGFR null embryos. E18 embryos exhibit edema and hemaging in multiple
tissues including the kidney, brain, and skin (daatishown). These results suggest that
PDGFR3 kinase activity is required for v/p developmendahat the receptor cannot
function in the absence of kinase activity, unldtether RTK, the VEGFR-1 (Hiratsuka

et al. 1998).

Identification of v/p cells
We examined the blood vessels of F series homozygooe by histology and

detected no gross abnormalities (data not showmpbIain a more global perspective of
v/p cell populations, we introduced tKéacZ4transgenic marker into our F series mutant
mice. The XlacZ4 transgenic mouse expresses nucl@agalactosidase in certain
populations of differentiated, non-proliferatingpvtells in the embryo and the adult
(Tidhar et al. 2001). As described below, using tharker in adult animals we identified
vascular defects in the F5 and F7 mice in the éissof the eyes, hearts, and brains

(Figure 3-7, 3-8, 3-9, and data not shown). Thiseolation suggests that both the F5 and
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F7 alleles function sub-optimally in tissues knowa require PDGFR signal
transduction (Lindahl et al. 1998; Hellstrom eti899; Enge et al. 2002). Although both
of these mutations cause notable phenotypes in s@gmeopulations, we have not
observed pathologies in all populations of v/p sdlhat require PDGHR signal
transduction. V/p cell populations with no pathotad phenotype in the F5 and F7 mice
include the kidney mesangial cells and pericytethénskin and skeletal muscle (data not
shown). The lack of an overt phenotype in thesiéis suggests that the reduction in v/p
cells is less severe than in the case of the P[BGHM mice or that these tissues can
function adequately even with reduced v/p cell nerabBecause some populations of
v/p cells appear to be more dependent on POE§iBnal transduction than others, we
reasoned that the PDGERmight be co-expressed in the less affected v/pulatipns.
Although PDGFR has been reported in a variety of mesenchymal lbe#lages
(Schatteman et al. 1992; Lindahl et al. 1997; Takalet al. 1997; Zhang et al. 1998;
Karlsson et al. 2000), we wanted to determine i &t populations express the
PDGFRu, or if it may be upregulated in any of the F serimaice. We crossed the
PDGFRx®line of mouse that expresses a nuclear-localize® Gfider the control of
the PDGFR promoter (Hamilton et al. 2003) with the F5 mutamite and compared the
GFP expression pattern to the pattern of v/p delibe kidney, eye, and brain (Figure 3-3
and data not shown). We have used three indepemad@rters to designate v/p cells:
aSMA, desmin, anlacZ4transgene. Although PDGIleRexpressing cells are found in
the same tissues as v/p cell markers, there isradapping expression of GFP with any

of the v/p cell markers in the arteries or veinsthe vessels of the eye and brain.
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PDGFRu-expressing cells are also absent from the largmsels of the kidney. A
population of GFPcells is detected within the kidney glomerulus, thet positive nuclei
do not definitively overlap with theSMA positive cytoplasm (Figure 3-3A). These may
be the vascular adventitial fibroblasts that arevkm to express the PDGBRSeifert et

al. 1998). These data indicate that PD@R&not expressed or up-regulated in two of the
most affected tissues of the mutant mice, the eykthe brain, and is not likely to be

functioning as a surrogate co-receptor with the PR&

Vascular smooth muscle cell/pericyte development

To determine if the reduction in v/ip was caused abygradual loss or a
developmental defect, we examined pericyte poparatiin wild type and mutant
embryos. TheXlacZ4mouse marker can be used to identify specific elppopulations
as early as E12.5. We chose to observe pericyte446 because at this time point v/p
are abundant in wild type animals in several tissireluding the developing spinal cord
and intercostal vasculature. Figure 4 demonstratede mount visualization of the v/p
cell populations in E14.5 wild type and the mostese F series mutant embryo (F7/-).
After examining several litters of F series mutamtbryos bearing th¥lacZ4 marker, it
was clear that the entire panel of F series hommrygmutant embryos could be
distinguished from wild type embryos simply by tHegree that blood vessels had
acquired v/p (data not shown).

To obtain a quantitative view of these results, ahese to focus on the spinal

cord pericyte population. These cells begin to fatrE10.5 in a rostral to caudal fashion
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in the embryo and require PDGEBRignals for development (Leveen et al. 1994). £ros
sections through the developing spinal cord (netuiag) provide a relatively uniform
area for quantitation. We can consistently idenéifparticular maturation stage of the
developing vasculature based on its axial levehiwithe embryo, and the pericytes can
often be found as isolated cells (Figure 3-5). gdime entire panel of PDGPRRmutant
mice, we compared pericyte numbers between therdiif F series mutants (Figure 3-5
and 6). In all mutants examined with the exceptbrihe F1 mutation, we observed a
decreased incidence of pericytes when compardeetwild type embryos. The reduction
in pericyte numbers ranged from 42-77%. This reductvas present at the more mature
axial level of the heart as well as at the axia¢lef the kidney.

The F7/F7 mutant embryos are the only embryos ¢ihtbited a difference
between the number of pericytes at the heart leeedus the number at the level of the
kidney. All other mutants demonstrated similar nensbat both levels, indicating that
pericyte development is disrupted and does nothrbameostasis as the tissue matures.
Because the F7 is the most severely affected alieis possible that the difference
between the heart and kidney levels is due to @ldpmental delay in v/p formation.
Pericyte development may still be proceeding alekel of the kidney in these embryos.
At the more mature level of the heart the F7/F7icyes populations have reached a
steady state level and resemble v/p numbers muoniéasito those observed in the F5/F5
embryos.

Previously, chimeric analysis had demonstratedRizs&FH3 heterozygous cells
do not contribute extensively to the smooth muselk compartment, suggesting that

heterozygous cells may have reduced v/p develomhentential (Crosby et al. 1998).
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To find out if receptor levels had any impact op eklls in our system, we crossed
animals bearing the PDGBRuull allele to our mutant series (Figure 3-5B @6B). We
observed an even further reduction in pericytelgwesulting in a 70-92% decrease in
pericytes when compared to wild type embryos. &singly, even the
PDGFRB""embryos demonstrate a nearly 40% decrease in pesichhis result suggests
that the quantity of receptor impacts the numberpeficytes that form. Another
observation from this data is that even the F7/brgos can induce cell development at
levels greater than the null. In fact, the F7/+1@ads survive whereas the PDGFRulls
do not. This is a rather surprising result giveattimost of the downstream signal
transduction molecules that directly interact with receptor have been dissociated.

While most of the F series alleles demonstrate @edse in v/p cells, the F1
allele results in an apparent increase in spined pericytes. Although the increase is
most pronounced when we compare the F1 hemizygoteet PDGFR heterozygote
(Figure 3-6), an increase is also observed wherpadng F1/F1 embryos and wild type
embryos. In fact the level of pericytes in the Femkbryos is very similar to those in the
wild type. These data demonstrate two interesimgjrigs. One is that RasGAP may play
a role in PDGFR signal attenuation, and loss of this pathway tesud increased
PDGFR3 signals. The second is that v/p numbers may notigbely controlled and
PDGFR3 signaling can result in more cells.

To determine if the signaling pathways affecteceotfip populations in the same
manner, we have examined the v/p population irr¢hiea. It has been shown previously

that PDGFB and PDGHRsignaling controls pericyte development in the @enjamin
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et al. 1998; Klinghoffer et al. 2001; Enge et @02). Adult mice transheterozygous for
one null allele and one F5 or F7 allele exhibitedese eye defects. These defects were
first observed as an opacity and sometimes visiblaorrhage in the eye (Figure 3-7A)
as previously described for PDGERNd PDGFB signaling mutants (Klinghoffer et al.
2001; Enge et al. 2002). The F5 and F7 hemizygoutamh mice possessed fewer,
discontinuous blood vessels and overgrowth of aétaells. This phenotype occurred
with 100% penetrance but with variable severitygife 3-7C) and was detectable
sometimes as early as four days after birth. Tlesegirce of a pathological condition
suggests that the F5 and F7 alleles have comprdméseptor function when compared
to the wild type, F1, F2, and F3 alleles and denrates that retinal pericytes are also
dependent on the PDGBRignaling pathways that we have disrupted.

To examine the retinal pericytes in the entire ffeseve again used mice bearing
the XlacZ4ransgene. At four weeks of age the retinal vaserdais mature and can be
isolated from the lens and pigmented epitheliumvieualization. Figure 3-8 illustrates
that homozygotes for the F1, F2, and F3 mutantesllare indistinguishable from wild
type eyes, however F5/F5 and F7/F7 eyes exhibiicextl numbers of pericytes. Even
without the ability to quantitate these differenciéss clear that the PDGRR", F5/F5,
F7/F7, F5/-, and F7/- mutant retinas have a redaogcti v/p when compared to wild type
eyes, reinforcing the requirement for multiple POIRBFsignal transduction pathways in
v/p development.

A final tissue where we have examined v/p formai®rhe heart. F2 and F3
homozygotes and transheterozygotes were indisshgbie from wild type and

heterozygous hearts, respectively. Consistent withobservations in the eye and the
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nervous system, the F5 and F7 mutant alleles gisptmormalities in the vascular
coating of their coronary arteries and veins (Feg8f9 and data not shown). F5/- and
F7/- mice often exhibited a variety of heart abralities including enlarged ventricles,
increased heart:body mass ratio, dilated atria,fdmdsis (data not shown). In contrast,
the F1/+ mice appeared to have more extensive lagoe with extended vessels and
additional branching (Figure 3-9). In agreementwitie data from the nervous system
and the eye, the F5 and F7 mutant alleles havgnéisant reduction in v/p cells.

Taken together these results demonstrate sevepaliamt findings for PDGHR
signal transduction. First, the number of pericyimsned directly correlates with the
number of signaling pathways transducing PD@FRRtivity. Second, a reduction in
pericytes is observed even when only the amounteoéptor is affected. Finally,
although SH2-domain-containing proteins impact wpmbers, the intrinsic kinase
activity of the receptor may play a role in trangimij the PDGFR signal because the
truncation mutation does not exhibit any rescug/pfdevelopment while the F7 mutant
allele that transmits primarily through kinase atyi (due to loss of the SH2-domain

containing protein binding sites) still supportp development sufficient for viability.

Downstream signal transduction

Because F2, F3 and F5 mutant receptors have beeviopsly studied
biochemically (Valius and Kazlauskas 1993; Heudtehl. 1999; Tallquist et al. 2000),
we have focused our biochemical analysis on theafd F7 mutant receptors' signal
transduction to verify the effects of these patticumutations on downstream signal

transduction cascades. We have used mouse embmyabléists (MEFs) for these
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analyses. All lines of MEFs that we generated esggd both PDGFRRand PDGFR,
albeit at different levels (data not shown). To idvetimulation of the PDGFR by
PDGFBB, we down-regulated PDGERsurface expression by pre-treatment with
PDGFAA two hours before PDGFBB stimulation. In@l lines examined we observed
an increase in tyrosine phosphorylation in respaadegand (Figure 3-10A). The most
evident phosphorylated bands are around 200 kDhndmie likely to be the PDGERand
PDGFR3. Although we have mutated seven of the thirteeosipes a significant amount
of phosphorylation is observed in all cell linekyedt at lower levels in the F7/- cell line
(Figure 3-10A and 3-10B). In the whole cell lysaphosphotyrosine blot the
phosphorylated protein detected at 200 kD is likeyyoplasmic PDGFR, as it is
reduced in F7 cells after down-regulation of the3HR0.

Because we have disrupted only one of the pote&ral binding sites, we
examined the level of Src activation downstrearawfF7 cell line (Figure 3-10B). Upon
PDGFBB addition there was an increase in the amou8tc phosphorylated on tyrosine
418 (a site whose phosphorylation is required &dr datalytic activity; Johnson et al.
1996). In contrast, in the F7/F7 MEFs we did nadeslie any increase in Src activation.
These results are in agreement with other repbas demonstrate that a mutation at
amino acid 578 of the PDGIBRs sulfficient for reducing the level of Src bindiand
activation (Mori et al. 1993; Twamley et al. 199&illancourt et al. 1995; Fanger et al.
1997).

Two potential downstream targets of PDG@Rctivation are activation of

ERK1/2 and AKT (Franke et al. 1995). As expectedpgphorylation of ERK1/2 and
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AKT are reduced or absent in the F7 homozygoushamizygous mutant cell lines, but
cells expressing at least one copy of the wild tygeptor are capable of inducing the
activation of these downstream molecules (Figud®@). These data demonstrate that
loss of seven tyrosine residues on the PDEBFesults in a severe loss of downstream
signal transduction. In contrast, cells bearingngust one copy of the F1 receptor show
increased phosphorylation of ERK 1/2. These dagairarconcordance with thia vivo
data, where lack of the RasGAP binding site onréoeptor results in an increase in the
downstream signaling events and a subsequent seirav/p. Therefore, the F1 mutant
receptor has increased activity while the F7 remrsphave decreased activation of these

same pathways, despite having apparently normeldef kinase activity.

DISCUSSION

Receptor tyrosine kinase signal transduction pysmportant role in directing
many cellular activities. We have used &nvivo system to analyze how cellular
development relates to the signaling pathways dtreass of the PDGHR Examination
of the v/p population demonstrates a quantitatelationship between the extent that
signals are being transduced and the number ahefpform. Several other studies have
demonstrated that strength of signal may dictatalae outcomes. Examples of these are
T cell development in the immune system, gradiefitenorphogens in developmental
systems, and MAP kinase activation in oocyte m#tma(Heemskerk and DiNardo
1994; Nellen et al. 1996; Zecca et al. 1996; Feartl Machleder 1998; Gong et al.

2001).
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In our system, the intensity of signal can be affédn two ways. The first is by
the amount of receptor expressed at the cell sirfép numbers are significantly lower
in PDGFRB*~ embryos when compared to wild type controls. Iis #ituation there is a
decrease in overall signal but no specific, diseaedsociated pathway is disrupted. This
demonstrates a quantitative role for receptor agtithe second influence on PDGER
signal transmission is by the number of associgtdld-domain-containing proteins. Loss
of even a single pathway results in reduction qf, \dnd as the number of disrupted
pathways increases, there is a concomitant decrigas#p. There is no significant
difference between the F2 and the F3 mutant ajlélgsthere is a noticeable difference
when the number of mutations is further increasBdese signaling differences as
illustrated by v/p number and the presence of Mas@athologies can be categorized in
the mutant alleles by the following hierarchy: F1&mF2=F3>F5>F7>null. In addition,
hemizygotes show an even further reduction in vhen compared to the F series
homozygotes. This suggests that specific effecatihvpays may play more of a role in
fine tuning PDGFR signals.

In total, our results demonstrate that PD@HERynal transduction is regulated not
only by direct binding of signal transduction maléxs but also by receptor expression
levels possibly reflecting inherent kinase activitly addition, no particular signaling
pathway that we have analyzed is absolutely redufce transmission of PDGHR
signals, because even the F7 allele has a phenlelsgpsevere than the null. In support of
the observation that receptor levels and kinaswityctmay have a direct role in signal

transduction, we have observed that a chimeric AR @Rt has the extracellular domain
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of the PDGFB but the intracellular domain of the PDGE&Rxhibits a more severe
phenotype than the F5 allele (Klinghoffer et al0O2D This chimeric receptor can signal
through all of the same downstream components @PIDGFR except for RasGAP,
suggesting that the more severe vascular defed¢hege chimeric receptor mice may be
due to reduced kinase activity and/or expressieelseof the chimeric receptor.

The strength of PDGHRs signal appears to dictate the absolute numbjergo
that form, but how the individual pathways conttétio this phenotype remains to be
tested. In fact, very little difference in numbefs//p is observed between the F2 and the
F3 mutants, suggesting that Rf.€§ignals may be somehow redundant with or dependent
on the PI3K pathway. In contrast, loss of additiggathways leads to an incremental loss
of v/p. The difference between the F3 and the Fatians is the ability to bind SHP-2
and RasGAP, and it has been proposed that botiesé tmolecules play roles in down-
regulating the PDGHR signal (Klinghoffer and Kazlauskas 1995; Ekmaralet1999).
Our results demonstrate that loss of these sigm@athways is detrimental to PDGER
signal transduction and that both may have posdive negative influences on receptor
activity.

There are several potential ways that loss of tegg®ling pathways leads to v/p
reduction. One mechanism would be that each patlweaiributes to a specific cellular
outcome. For example, SFK's predominant role cbalto promote proliferation (Roche
et al. 1995; Hansen et al. 1996), whereas PI3Kviactcould be more important for
migration (Kundra et al. 1994; Wennstrom et al. 499 Therefore, the combined loss of

these pathways results in a net reduction in vipeiafor entirely different cellular
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reasons. A second scenario would be that all pathwead to a single or few specific
cellular conclusions. Thus, loss of any one pathaaly reduces the outcome but does
not ablate it. Evidence from immediate early gexgression analysis suggests that this
mechanism may occur (Fambrough et al. 1999), adfhhahis possibility does not require
that all pathways contribute equally. Last, soméhways may play a primary role
downstream of the receptor, while others may beemsecondary. Our data suggests that
PI3K may be a principal pathway. The F2/F2 mutaicenhave a significant reduction in
v/ip numbers when compared to the wild type anchétterozygous mice and additional
mutations have less of an effect than PI3K on wminers. A similar situation has been
observed with the PDGFR(Klinghoffer et al. 2002): the phenotype of mo@sebryos
with loss of the PDGF&-PI3K pathway was just as severe as embryos expgess
PDGFRx F7 allele (which is similar to the F7 allele ofetiPDGFRR). It will be
interesting to determine if a mutation in only tBee binding site would yield a similar
reduction in v/p cells.

Although we find that overall loss of downstreanthpeays attenuates receptor
actions as demonstrated by v/p formation, it igodsing that the F7/F7 mice do not
phenocopy the null animals. The F7 allele possedisegptions at seven of the thirteen
known phosphorylated tyrosine residues. These matasshould disrupt a majority of
the signal relay molecules downstream of the recepthe remaining tyrosines are
capable of binding SFKs, Stats, and Grbs. Basesewaral previous reports, disruption
of Y578 affects the majority of SFK binding (Mori al. 1993; Twamley et al. 1993;
Vaillancourt et al. 1995; Fanger et al. 1997), amel have shown that SFKs do not

become activated after stimulation of the F7 remepis for the signaling roles of Stat
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and Grb2 downstream of the receptor, little difeetction has been demonstrated for
these remaining effector molecules in PDGF inducekular responses (Heldin et al.
1998). Therefore F7 signal transmission must useesother means than direct binding
by SH2-domain containing proteins. The receptomukhatill have full kinase activity,
unlike the lethalB"mutation which is lacking only the second kinasendim and the
SHP-2 and PLEbinding sites. Possibly, the receptor is phospltng molecules that
are only transiently associated. Another possyhiditthat other receptors may function as
surrogates. The most likely surrogate is the PD&GHRRIt we have demonstrated that in
several of the v/p cell populations the PD@FI® not expressed. Other candidate
molecules for such a mechanism are integrins, sphand LRP (Miyamoto et al. 1996;
Schneller et al. 1997; Woodard et al. 1998; Boudtel. 2002; Loukinova et al. 2002).
Although these proteins are known to cross tallhwlite PDGFR, it is unclear if they
have the capability to substitute for the PD@RRwn signaling components.

The F1 mutant allele is an interesting corollaryite F mutant series. While all
of the other mutations appear to have a detrimeetdct on PDGFR signal
transduction, the F1 mutation results in an appairgrease in PDGHR activity as
determined by v/p incidence. This data is in ages@mvith previous observations that
RasGAP function decreases the Ras/MAP kinase pgthetavity and migration (Kundra
et al. 1994; Ekman et al. 1999). In addition, ad-bdck mutation of the RasGAP binding
site induced a different gene profile from the PIRBAmmediate early gene profile
(Fambrough et al. 1999). This suggests that Ras@?ly have different signaling

capabilities from the other PDGBRignal transduction components.
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The mutant mice not only uncover the role of RTHnsil transductiorin vivo,
but they also reveal some interesting informatiegarding v/p cell development. For
example, although v/p cell development is impaweeén PDGFR signal transduction is
disrupted, a basal level of cells forms in agreameith previous observations that
propagation not initiation of v/p cell developméntirected by the PDGHR(Lindahl et
al. 1997; Hellstrom et al. 1999). Even in the mutibryos, v/p cells can be found. It has
been proposed that PDGERignals are required for the expansion of v/pscglindahl
et al. 1998). While this may be the case, it isaug that even in the instance of the least
affected mutation (the heterozygote) the deficieatw/p cells persists into the adult.
There are two explanations for the observationlatells never reach wild type levels.
The first is that there is constant turnover in te population and the rate of
replacement in the mutant mice is below the ratbsd, resulting in a net reduction in
the v/p population. Evidence against this mechanisnthe failure to observe any
significant proliferation in the adult wild type iamls under normal conditions or
significant apoptosis in the mutant panel of mda&t& not shown).

The second possibility is that there is a speaifindow during development
when v/p cells can expand. After a specified timjg eell number expansion could be
limited, perhaps related to the ability of endotdetells to secrete the PDGF ligand
(Benjamin et al. 1998). Support for this modehis tnability of nascent endothelial tubes
to recruit v/p cells in tumors (Abramsson et al020 The inability to develop sufficient
numbers of v/p cells also appears to be recapidlat the eye vasculature, suggesting
that the maturation of the vessel is more depenadlerthe local environment than on the

chronological age of the embryo.
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Our findings demonstrate that the strength of PD@H®ynal transduction
determines the total number of v/p cells. The gjtlef signal can be modulated not only
by the amount of receptor expressed at the cdtharibut also by the number of specific
downstream signaling pathways activated by the ptece Whether these results are
unique to PDGFR signal transduction in v/p cells, or if they candxtrapolated to other

RTK remains to be demonstrated.
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FIGURES AND LEGENDS

PDGFRp F1 F2 F3 F5 F7 B
X
X
XX XX XX XX
X X
X X
X X X

Figure 3-1.PDGFR3 allelic series. This figure depicts the mutantla generated in the
mouse PDGFR genomic locus. X represents a mutation in thesiye binding site(s)

for a particular signal transduction molecule. Hieallele contains a disruption in one
SFK binding site because loss of both sites resultsminished kinase activity (Mori et

al. 1993). The truncation allel@’) was created by deletion and subsequent frameshift
that results in a stop codon 32 amino acids pasRasGAP binding site.
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Figure 3-2. Targeting strategy and Southern blot. A. Targetiagtor used to create F5
mutant allele. Two exons contain all five mutatgdosines. B. Targeting vector
containing mutations in 5' exons used to genetaeR7 mutant allele. C. Wild type
allele. D. Targeted allele with PGK-neo removalstRetion enzyme abbreviations. Sp,
Spel A, Asp718 S, Sact RV, EcoRV H, Hindlll; X, Xhol; and RI,EcoRI Green boxes
indicate probes used in Southern blot for F7 tad)&S cells. Blue arrow indicates exon
where point mutation causes frame-shift in trumcatmutation. Black boxes indicate
wild type exons. Red boxes indicate exons contginargeted mutations. Restriction
enzymes in red indicate sites introduced by mutegisnto verify proper homologous
recombination by Southern blot. Circles denote BREs. Triangles denote loxP sites.
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PDGFRaGFP

PDGFROoGFP -gal PDGFRaGFP

Figure 3-3.Tissue localization of v/p cell markers and PD@FXpression. A-D. Tissue

preparations from P21 PDGER™: PDGFR™"™ mutant mouse. Immunofluorescence
was used to detect: A-BaSMA; C, desmin; D,B-galactosidase; and A-D, GFP
expression for PDGFR A. Kidney (200 um vibratome section). Arrow indicates
glomerulus. * indicates an arteriole. B-D. Retimdn¢le mount preparation). Arrowheads
point tof3-galactosidase positive nuclei.



72

Figure 3-4.Reduction in v/p cells in the thoracic region of th14.5 embryos. Ventral
view of E14.5 wild type and F7/- littermates witietXlacZ4mouse marker background.
[B-galactosidase positive nuclei represent v/p c€lsthymus.
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Figure 3-5. Pericytes within E14.5 nervous system of F seriggant embryos. Panel A.
Representative sections through neural tubes ofyamtirom the homozygous F allelic
series. Panel B. Representative sections of emlirgosthe hemizygous allelic series (F
series mutant with one copy of the null allele)ctims are from the rostral level between
the heart and kidney. Pericytes are visualized bglear localizedp-galactosidase
staining in cells committed to the v/p lineageuri sections.
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Figure 3-6. Quantitation of pericytes in nervous systdlygalactosidase-positive nuclei
were counted within the neural tube. Each datatpejresents a mean of 7-10 sections
from a single embryo. Data was gathered at tworabstvels in each embryo. The
genotypes are ordered by the predicted strengigofal depending on the number of
copies of the receptor being expressed and thealsiggmsduction pathways remaining
downstream of the receptor.
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Figure 3-7. Eye defects in F5/- mice. A. Eyes from a P4 F5/-uss demonstrating

severe hemorrhaging. B and C. H/E stained sagi#fefions through eyes of wild type
and F5/- 3 month old mice, respectively. The absesfcthe lens of the F5/- eye is a
histological defect and not a phenotype of the Egé. L, lens. R, retina.
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Figure 3-8. V/p populations in P28 retinas. A. Whole mountmratipreparations from
wild type and mutant eyes. Pigmented epithelium veasoved for visualization d8-
galactosidase. Note F7/F7 and F7/- had extensickething of the retinal layers which
resulted in a contraction of the entire retina apdarent reduction in size. B. Close-up of
artery and vein of three homozygous eyes.
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Figure 3-9. Vascular smooth muscle cells of the coronary agserA. Whole mount
views of P21 hearts from littermates of the F5lefieof mutant mice. Hearts were sliced
coronally and the ventral surface was photographBae F5/- heart was sliced
disproportionately and therefore appears to belem&. P28 hearts from wild type and
F1 littermates. Hearts were sliced sagittally. Bibinleft and right views are shown.
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Figure 3-10.Biochemistry of MEFs from F7 and F1 mice. A. Whall lysates were
generated from MEFs that were un-stimulated or idared with PDGFAA and/or
PDGFBB; 100ng/ml and 30ng/ml respectively. Lysateese then subjected to SDS-
PAGE and western blotting accomplished with thépsiaisphotyrosine antibody (4G10).
B. Immunoprecipitation of tyrosine phosphorylatedtpins from wild type and F7 series
of mutant MEFS. The precipitates were then run D$-$AGE and a western blot was
performed using anti-Src [p¥] antibody and anti-PDGHR90A. C. Whole cell lysates
from un-stimulated or stimulated MEFs. Lysates wlen subjected to SDS-PAGE and
western blotting accomplished with the indicatedggiho-specific antibodies. Blots were
stripped and blotted with antibodies to the coroesiing unphosphorylated proteins to
demonstrate protein loading. Data are representabiv results from at least two
independently-derived cell lines.



CHAPTER FOUR
MICROARRAY ANALYSIS OF VASCULAR REMODELING AND VESS EL
MATURITY

INTRODUCTION

Over the years gene deletion analyses have igshtiholecules essential for
vascular development during both early developmestémes as well as later stages for
vessel stability and function. Much research lasised on understanding not only how
these proteins function but also what regulatesr tegpression. Transcriptional
regulators are often found downstream of cell memérreceptors such as receptor
tyrosine kinases (RTK) that activate signaling pets including MAPK, PI3K, and Src.
These pathways are often regulated by activatddsaelace receptors such as VEGF,
TGF, and PDGF. VEGFR and TGFR are essential inwlasdevelopment through their
role in precursor cell populations and endothadils (Argaves and Drake, 2005). To
further understand vascular development and théribation of other cell populations
this study focused on the PDGF receptors and tbkirin VSMC and their precursors.

Part of the challenges to identifying regulatorvagculogenesis is that it occurs
throughout the development of tissues and orgahgs fakes it difficult to isolate
components unique to vascular development duelttiati by activation of pathways
and molecules not involved in vasculogenesis buesworganogenesis. In our studies,
the yolk sac provided a unique tissue source @artievelopment that is limited in cell
populations and developmental processes. The gatk consists of three main cell
populations including the endoderm, mesoderm, atdderm. Formation of mature

vessels has been shown to be essential for emlengumvival by several molecules
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involved in mesoderm differentiation as well ass#an endothelial cell functions.
Mutations in these key molecules can disrupt estdges of vasculogenesis preventing
the formation of endothelial tubes while others chsrupt vascular remodeling into
mature vessels (Argaves and Drake, 2005).

As described in previous chapters, PDGFR play aeregsml role in VSMC and
mesothelial cell populations for proper vasculavedegpment. In these studies, the
PDGFR mutant yolk sacs were used to identify kdfedinces in gene regulation in
specific cell populations and/or cellular pathway¥ild type E10.5 yolk sacs were used
as the baseline, identifying the genes expressedhoimally developed yolk sac
vasculature. Comparing this gene list to that okill type E9.5 yolk sac allowed
identification of all changes in gene regulationridg vascular remodeling stages.
However, this analysis identified changes in gexession of all cell types present. To
more closely understand the role of the mesotheditilpopulation, PDGF¥® yolk sacs
were analyzed at E9.5 and E10.5. Because thedeé&ct in these samples is the lack of
vascular remodeling, their gene profile can be cmeg to wild type E9.5 and E10.5 to
subtract out general yolk sac developmental geaagds from those specific to vascular
development and more specifically the mesotheliund &/SMC.  Additionally,
PDGFR™® yolk sacs at E10.5, whose main defect is the aesef VSMC, were
analyzed for VSMC specific genes. Finally, EI0BGFR " mutant yolk sacs, lacking
P13 kinase signaling downstream of the PDGFR, wserl to identify gene expression
regulated specifically by this pathway. This as@ynot only identified genes that

explained the phenotypes observed through chamgesirix molecules and regulators
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of cell growth, but also identified genes that sgjgsimilarities in developmental

processes to cardiovascular development and disestss.

MATERIALS AND METHODS
Mouse lines

Mice used in this study include PDG&® PDGFRB"™; SM22-Crés,
Myocardirt™® and PDGFR"*P* pDGFRBP*PK  Crosses were designed to generate
yolk sacs that were doubly homozygous for the mus#lales for PDGE and PDGFIR
in vascular smooth cells and their precursors. in&dgplugs were used to determine
embryonic day 0.5 and yolk sacs were isolated acqd into RNAlater on days 9.5 and
10.5. Samples were stored at 220
RNA isolation

RNA was isolated according to recommendations ftbe UT Southwestern
Microarray Core Facility’s protocols for Microarrgyocessing. Samples were removed
from RNAlater and placed into 10D Trizol and homogenized. Next, R0 of
Chloroform was mixed in and samples were centrifuge 4£C for 15 minutes.
Supernatant was transferred to a new tube and mwidgd an equal amount of 70%
ethanol. Samples were mixed well and total volum@es transferred into a minispin
column from the RNAeasy kit (Qiagen). Binding RNé\ the column and subsequent
washes were performed according to manufacturassuctions using RW1 and RPE

buffers. RNA was extracted using 20480f DEPC HO. RNA isolated from individual
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samples for each genotype was tested on an Adilidl bioanalyzer for quantitative and
gualitative analysis.
Microarray

UT Southwestern Microarray Core Facility processsamples for cDNA
synthesis, in vitro transcription and RNA labelinfGamples were then hybridized onto an
lllumina Mouse-6 BeadChip 47K Array and scannedgieme expression analysis.
Analysis

Microarray data was processed using Beadchip fomalization, analysis of
gene expression levels, and cluster analysis. Wstad and Microsoft Excel was used
for analysis of differences in gene expressionsgdifferent samples. Samples analyzed
were expressed more than 2 fold in wild type E30l% sacs and differentially expressed

by 2 fold or more in the experimental samples.

RESULTS

Using microarray analysis, these studies ideutifize contribution of specific
cell populations and signaling molecules to gemgilegion during vascular development
of the yolk sac. The stages of vascular developreerthe different mutants at E9.5 and
E10.5 are identified in Table 4-1 as honeycombuimemodeled vessels and mature for
remodeled vessels. In previous chapters it wasodstrated that PDGFR® mutants
disrupt yolk sac vascular remodeling while PDGER mutants undergo vascular
remodeling but fail to develop VSMC. PDGFR mutants disrupt PI3 kinase signaling

downstream of both PDGERand PDGFR in all cell populations. The yolk sac
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phenotype demonstrates a loose association beM@8®IC and endothelial cells (Fig 4-
1). Initial analysis of the different yolk sac rants demonstrates similarities in gene
expression profiles through a cluster diagram @&R). E9.5 wild type and PDGER’
yolk sacs resulted in the same branch of the diaglamonstrating similar gene profiles.
Additionally, all samples with PDGFR mutations i®MC and their precursors branched
together with the PDGP¥$° and PDGFR* demonstrating even greater similarities.
The rest of this chapter will focus on identifyirgenes specific to different cell
populations by comparing expression of differemagpes and developmental stages as
well as analysis of key gene lists based on celfuiaction. Key genes from those lists
were identified that could enhance the understandme role of VSMC in vascular
remodeling and vessel stability.

To identify gene profiles for individual cell pdations and vascular stages, the
data was compared across three genotypes at a tkitedata sets demonstrate genes
with a 2 fold increase or decrease compared to FD&HR0.5. Genes analyzed are listed
according to level of fold change. Genes listedarthan once represent duplicate spots
for the genes on the microarray and are includddtal numbers. For genes involved in
vascular remodeling, PDGEf E10.5, PDGFR® E9.5, and PDGFRE9.5 were
compared. Figure 4-3 demonstrates a venn diagfaimeogene profiles of these three
genotypes demonstrating that 119 genes are ditfellgrexpressed in all three of these
genotypes compared to wild type E10.5. These 1d49eg were not differentially
expressed in PDGP#® or PDGFR"™". Because the main difference between these
genotypes and wild type E10.5 is the lack of vamcutmodeling, the list of genes in

Table 4-2 could identify regulatory genes for vdacvemodeling. Similarly, PDGFR®
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at E10.5 and E9.5 lack PDGFR signaling in mesahetlls suggesting that the 92 genes
differentially expressed in these two samples coegh#o wild type E9.5 can be specific
to mesothelial cell signaling (Table 4-2). Genéferentially expressed by PDGER
E10.5, PDGFR E9.5, and PDGFRE9.5, 590, 336, and 167, respectfully, may indicat
genes that are unique to each developmental conditFor example, genes unique to
E9.5 PDGFR may represent changes in gene expression redfairettie initiation of
vascular remodeling that would be completely absehbth PDGFR samples. Genes
unique to PDGFE® E10.5 may represent differentially regulated gemssilting from
disrupted cell to cell interactions, such that somells are able to progress
developmentally and express different genes thaGF® E9.5 but lack the proper
interactions to mimic PDGFRE10.5 expression. Finally genes unique to PDGER
E9.5 may represent differential expression dueisougdted vascular development at an
earlier stage.

Gene comparisons between the different E10.5 PD@ERnts allows analysis
of gene expression at a more cell/pathway spelgfiel (Figure 4-4). Again, in this
analysis, PDGFE® E10.5 represents the absence of vascular remgdblim more
specifically the absence of mesothelial signalimgddition to absent VSMC and their
signaling. In the PDGF° E10.5, genes differentially regulated are spe¢ifiy SMC
or influenced by the absence of VSMC. PDGERsamples will identify genes
specifically associated to PI3 kinase signalingezitdirectly or indirectly. There were
597, 71, and 228 genes differentially regulatectlgoin PDGFR*®, PDGFR'*°, and
PDGFR"" respectively. There were 42 genes identifiedboth PDGFR*® and

PDGFR™® suggesting these genes are specific to VSMC. diffierential expression
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identified in both PDGFE° and PDGFR®* included 41 genes and may represent a
disruption from the absence of cell to cell intéi@ts between VSMC and EC. Finally,
the 66 genes differentially regulated betweenhatbé of these genotypes suggest VSMC
are an important component of development througtkirase signaling (Table 4-3).

Analysis of the entire microarray identifies chesgn gene regulation, however
it can be even more interesting when differentiatbgulated genes function in
transcriptional and translation processes. In #malysis multiple transcription factors
were identified belonging to gene families inclugliiruppel-like, zinc finger, and FOX
transcription families (Savagner et al. 1997; Ka2004; Haldar et al. 2007) (Table 4-6).
Family members of the Kruppel-like family includéf7 and Hkr3 and are range in
decreased expression from 2 to 3.2 for the PDGFRmsiand 2 to 3.3 for the wild type
E9.5 yolk sac. Snai2 and Snai3 are both zinc finger transcription factors invalvin
cellular differentiation. Snai3was reduced 5 fold in wild type E9.5 yolk sacs &mtlin
PDGFR"™* mutants. Snai2is of particular interest because it is implicabedhe EMT
process and is completely absent in PD&ER/olk sacs. Three members of the Fox
family demonstrated reduced expression levels dictifoxal, foxql, andfoxo3 Foxal
was reduced by 2 fold in both wild type E9.5 and@GFR"° E10.5 and 2.4 in
PDGFR"* yolk sacsFoxqglresulted in reduced levels in all comparisons iranérom
3.3 to 5 fold decreases. DifferencesHoxo3 were unique to the PDGFR mutant yolk
sacs resulting in 5, 2.2, and 33.3 fold decreas®DGFR"®, PDGFR°, and PDGF**
yolk sacs, respectively.

Additional factors of interest involved in trangation includePeg3 Wdr9, Rab]

and Hand1 (Table 4-6). Peg3 has been studied for its role in tumorigenesisiltieg



86

from genomic instability (Su et al. 2002). The mgsion ofPeg3was reduced in all of
the samples by 3.33, 2, 2.04, and 2.56 fold in wjjte E9.5, PDGFE°, PDGFR°,
and PDGFR®K, respectively.Wdr9plays an important role during development and was
reduced in both wild type E9.5 and PDGERby 2.5 fold, suggesting it is a key factor in
vascular remodeling (Huang et al. 2003). BR#iblandHandlplay a role in cardiac
development and were reduced but the differences whserved in different samples
(Martindill et al. 2007; Filipeanu et al. 2008Rablwas reduced 2 to 2.5 fold in wild
type E9.5, PDGFE° E10.5, and PDGFI" while Hand1 was reduced by 2.22 and 5
fold in PDGFR® and PDGFR‘® E10.5, respectively. These results suggestRaatl
is expressed at later stages of yolk sac developamehpotentially regulated downstream
of the PI3 kinase pathway. The expression diffeesrobserved fdlandlsuggest that it
is expressed at both E9.5 and E10.5 yolk sacs asdilgy regulated by mesothelial
and/or VSMC populations.

While these genes demonstrate reductions in gepeegsion, members of the
TEAD family demonstrated increases in expressiabld@ 4-6). TEAD family proteins
play a role in developmental growth and possiblyTEfdhang et al. 2009). The increases
in expression were solely identified in wild typ®.& and PDGFR® E10.5 yolk sacs
(Table 4-5). This data supports the analysis eklbpmental similarities between E9.5
and PDGFR yolk sacs and the possibility of EMT occurringfie yolk sac.

The presence of new cell populations and elongasstulature between the
stages of E9.5 and E10.5 suggests proliferatiogyration and cell survival are key
cellular process at this time. Differential exjgies of genes involved in matrix, mitosis

and cell survival include&Ccnl and Nudel pendingTable 4-5). Ccnlis expressed in
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vascular cells, interacts with extracellular matrand has been shown to promote
proliferation, migration and EC tube formation (&ret al. 2004; Yu et al. 2008). In the
yolk sac mutantsCcnlexpression or similar family members were reduzédin wild
type E9.5 and PDGFRC, and 4 fold in PDGF¥. Nudel pendings reduced 2, 2.38,
and 10 fold in wild type E9.5, PDGM, and PDGFR, respectively. Through its
interaction with dynein, Nudel pending plays a rioleell motility (Shen et al. 2008).
Interestingly, analysis of genes upregulated in EH95 and mutant yolk sacs
identified genes such a&pc3 that plays an essential role in trophoblast dgraknt
through its role in cell motility (Yae et al. 200@)able 4-4). This result suggests that the
yolk sac mutants may be developmentally delayedraock closely resemble the wild
type E9.5 yolk sac stages. Aside from a redudtiarollagen expression, wild type E9.5,
PDGFR™®, and PDGFR exhibited similar decreases in matrix genes sush a
Claudinl (Cldnl)and Vitronectin (Vtn)(Table 4-4). Cldnl, or Semplis part of the
epithelial membrane superfamily and has been shiowplay a role in tight junctions
(Hoevel et al. 2002). Gene reduction level<tafnlincluded a 3.26, 2.32, and 2.5 fold
changes for wild type E9.5, PDGER, and PDGFE“°. Vitn has been shown to be
essential for VSMC adhesion and therefore isn’pssing to see its reduced expression
in samples lacking this cell population (Stepanetal. 2002).Vtn expression was 17.5,
4.5, and 3.3 fold lower in wild type E9.5, PDGFER and PDGFH“°, respectively, than
in wild type E10.5 yolk sacs. In PDGF# mutants, there was a high level of reduction
in expression o€ollagengenes. The reduction obllagenexpression could support the

hypothesis that the VSMC and EC interactions sseugied due to a reduction in ECM.
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Decreases in gene regulation unique to wild types Ehd PDGFE® E10.5
included Hspg2 Saa4 andThbs2(Table 4-4). Hspg2is also known aperlecanand is
regulated by VEGF. Its function is in the reguatiof the transcription factoQctl, that
is involved in cell growth and is expressed in VSN\@eiser et al. 1997; Kaji et al.
2006). Saadis suggested to regulate EC adhesion througledgslation of the adhesion
molecule VCAM1 (Ashby et al. 2001). In the wildpgy E9.5 and PDGFEK® mutants
there was a 20 and 2.7 fold decrease, respectivigips2has been suggested to inhibit
EC proliferation through caspase dependent meamarasid deletion of gene expression
results in increased microvasculature (Armstronalet2002). The fold decrease in
Thbs2was 2.3 and 4.5 for wild type E9.5 and PDGfRrespectively. Interestingly,
there was also an 8.3 fold decreasS&aadexpression and 2.3 fold decreas@ hbs2in
PDGFR"™* mutant yolk sacs suggesting they may play an imaporrole in vessel
structure and stability but not necessarily inyeathges of vascular remodeling.

Additional genes differentially regulated in @vitype E9.5 and mutant yolk sacs
include ADAMS, MMP’s, Serpina, Lars, CamK, Pnp, DapK, 8ldh, Tpmt, Lrsland
Nxn ADAMS family members includdisintegrinsandMMP’s (Table 4-7). They have
been shown to play a role in cell to cell signaliogll adhesion and cellular motility
(Goldsmith et al. 2004; Kurohara et al. 2004; Kinak 2006; Wildeboer et al. 2006). In
the yolk sac gene expression profiles, it was shtvat Adam23and Adamts2were
downregulated. Adam23was decreased by 3.3, 2.13, and 3.8 fold in PDGER
PDGFR™®, and PDGFR® respectively, suggesting a VSMC specific role situly

linked to the PI3 kinase signaling pathwafdamts2decreased by 3.3 and 2.3 fold in
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PDGFR"® and PDGFR®, respectively. Interestinglydam19was upregulated by 2.9

fold in wild type E9.5 yolk sacs and reduced 2 fioldPDGFR"® yolk sacs.

CONCLUSION

These studies have identified key gene regulassential for cell differentiation
and vascular development. Our mutant combinataimved analysis of specific cell
populations including mesothelial cells, VSMC, aaden more specifically the PI3
kinase pathways downstream of the PDGFR. Grougamgs according to their cellular
functions allowed closer analysis of potential n@tibms and function of the PDGFR in
vascular remodeling.

Extracellular matrix is an important component @iseular development and
overall cell to cell interactions. It was inteliagtto see in this analysis the multitude of
matrix molecules that were downregulated in theamutolk sacs. In the previous
chapter different matrix molecules were analyzed thfferences in levels by
immunohistochemistry identifying decreases in g@ta It will be important to further
explore the exact role of collagen as a matrix ke essential for vessel development
as well as other matrix and adhesion components aswitronectin, Saa4, Hspgand
ItgsS Additionally, the function of the matrix comparis can be further investigated to
determine if their key role is purely structural brthere is an additional signaling
activation component. Many matrix molecules sighabugh integrins who have been
suggested to work cooperatively with PDGFR for algig activation. On the other

hand, there was a decrease in expression of Adamityfaroteins as well as several
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MMP’s. These results suggest that the delicatartoa of expression needs to be
analyzed alongside the actual activity in the ygdk to fully understand the role of each
protein.  Altogether the changes in expression nikgly be associated to the
developmental stage of vasculogenesis in the yatk ©uring earlier stages matrix will
be broken down to allow migration of cells for #lengation of vessels. At later stages,
it is important to express proper ECM for vessab#ity. Further research into the
timing of expression and the site of expression ld/quovide insight to the role of the
many ECM components.

While cellular matrix and motility can be closeBssociated, analysis of
expression of motility or migration genes couldegiusight to specific cellular pathways
essential for yolk sac growth at E9.5 and E10.5hil&\Nudel pendingandKifcl stand
out for their roles specific interactions and rolesthe mechanics of cell motility,
additional factors were identified that may be mgpecific to remodeling, such &enl
andNgfr. Further research to understand the functiohede proteins, their interactions,
and the associations to PDGFR signaling will beartgmt.

It has been a longstanding question whether theabigy pathways downstream
of the PDGFR function cooperatively or separat@yattivate cellular mechanisms.
Using the information gathered thus far in yolk sascular development, the F series
mutant mice described previously could be usedhatyae deletion of specific pathways
in the PDGFR° background. Genes essential for vascular devedoprand VSMC
could then be analyzed downstream of the spec#ithveay mutants, similar to the
PDGFR"" analysis done in this chapter. The yolk sac ptygmoand high number of

matrix molecules, mainly collagen genes, identifiedhe PDGFR* mutant strongly
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suggest that collagen production is regulated doeas of the PISK pathway and that
this expression is essential for cell to cell agdamn between VSMC and EC.
Understanding vascular development and the key oapms involved could
identify mechanisms for regulating vessel growtl atructure at later stages and during
disease states. Mutation of or misregulation afegehas been shown to contribute to
abnormal cell growth and tumorigenesis, in partica@lterations in transcription factors
can lead to misregulation of multiple genes. lis #malysis, members of several genes
are identified for their up or downregulation, imgk Peg3and members of th8erpina
family, that have been previously implicated in tuigenesis. Finally, vascular
development of the yolk sac strongly resemblesdh#te cardiovasculature surrounding
the heart. These similarities include the honeywatructure remodeling to mature
vasculature and the derivation of VSMC from a mieskl cell population that are
important for vessel growth. Taking these simiiasi into consideration it is possible to
hypothesize that during vasculogenesis in the galk there could be an epithelial to
mesenchymal transition (EMT) that takes places &palds to proper vascular
development. The microarray data supporting thisothesis includes the changes in
regulation of EMT related genes including membérghe Cldn andTeadfamilies. The
downregulation of th€ldn gene family and upregulation of thieadfamily upregulated
in wild type E9.5 and PDGFK® yolk sacs suggests developmental similaritiehase
two yolk sac genotypes and the possible occurr@deMT prior to the remodeling
events. While the hypothesis of EMT in the yolk sequires exploration, the microarray

results from these experiments provides a gootrgggroint for genes of interest.



92

Future experiments analyzing expression of gextedifferent developmental
stages and in mutant yolk sacs to confirm the chsmg gene regulation at the protein
and functional level will provide greater supparthe molecular changes associated with
vascular remodeling. However, the genes identifiedthis study have definitely
identified key gene families and cellular proces$dacus on. Overall, these microarray
studies have identified changes in gene reguldtiahmay play direct roles in vascular
remodeling that can be similar to development heptissues/organs and possibly some

disease states.



FIGURES AND LEGENDS

Table 4-1. Vascular development stages and cell types prresen

Mouse Type at E9.5 Cells Present Phenotype
Wild type Mesothelium Honeycomb
PDGFR"® Mesothelium Honeycomb
PDGFR™® Mesothelium Honeycomb

Mouse Type at E10.5

Wild type Mesothelium and SMC Remodeled and defined
PDGFR"® Mesothelium Honeycomb

PDGFR™® Mesothelium Remodeled but undefined
PDGFR"™¥ Mesothelium and SMC Remodeled but loog

defined
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E10.5 E10.5
E10.5 PDGFRa** PDGFRGFZF2
Wild Type PDGFRpF2/F2 PDGFRpF2/F2

Figure 4-1. Vascular development in yolk sacs lacking PDGHReth PI3 kinase

signaling. Endothelial cell (PECAM) and VSM@§MA) yolk sac staining at E10.5 in
wild type, PDGFR™** (PDGFR™™), and PDGFR* (PDGFR?™).

PECAM

oSMA
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SMABE9.5

WT E9.5

MYOAB

F2

SMAB3

WT

0.0‘200 0.0‘175 0.0‘150 O.OII 25 O.OII 00 0.0:)75 0.0:)SO 0.01)25 0

Figure 4-2. Cluster diagram analysis of gene profiles. All ggpes and ages analyzed
grouped according to similarities in gene expraspimfiles.
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Figure 4-3. Overlapping gene expression profiles for PD&FRE10.5, PDGFR©
E9.5, and PDGFRE9.5. (Genes compared were identified as 2 falfitrdnce in
expression from E10.5 PDGFR



97

Table 4-2. Genes differentially expressed in PDGFR9.5, PDGFR® E9.5, and

PDGFR*° E10.5.

PDGFR*°E10.5and| PDGFR"°E10.5 | PDGFR E9.5 and
PDGFR*° E9.5 and PDGFRE9.5 PDGFR"° E9.5 ALL

Atpl0d Hrb Sgk 1110018K11Rik
Gnb4 Cda Sox18 Idb3

Shoc2 3110023B02Rik Prss19 Adora2b

Nxt2 Slc2a2 1110025G12Rik 2310069P03Rik
8430426K15Rik Trappc3 Agp8 Ldb2
E130112E08RIik 3110023B02Rik A430104N18Rik Emb
5730409G07Rik Calmi4 Plcg2 9430073N08Rik
Amd?2 Sfrs10 Prkar2b LOC384525
4933428A15Rik Trappc3 Rasgrp3 2400003B06RIk|
LOC381801 Sfrs10 Nfe2 Carl2
LOC245676 Pip5klb Firt3 LOC381850
Acad9 Trappc3 Pdgfra C730026E21Rik
BC034507 Tarbp2 6230425C21Rik Tulp2

Galgt2 Slc2a2 Dnmt3b Rps19
1810017F10Rik Slc39al13 Admr S100al

Hempl Hspg2 Ppat Adam19

Twistnb Etohd2 Snurf 5830467P10Rik
LOC241051 Krtl-14 Agtrll 2600013N14Rik
0610010F05Rik Epor Csda Tdh
LOC383131 Mfap2 Admr Dhrs8
2510048K03Rik Atbfl Fxyd6 Kifcl

Usmg5 2210008I11Rik Paf53 Eif3s6

Rpl30 Mfap?2 Leprell Gypc

Atp5k KIf7 Snrpn Gfpt2

S100al3 Leprel2 A230098A12Rik Vapb

Polr2k Trb Rab25 2610042G18Rik
C330008K14Rik 0610009J05Rik Pls3 6230427J02Rik
Pdlim4 2610001E17Rik Rangnrf 4930553M18Rik
Ndufa5 Nope 2410008B13Rik 1700081H05Rik
LOC214738 Heph Hoxb?2 l12rg

Slc25a4 Hspg2 1810009K13Rik 3732412D22Rik
E030006K04Rik C430014K11Rik Igfbp2 1810022C23Rik
Mest Heph Eraf Ncf4
3110078MO1Rik Cebpa Snrpn Abcg5

Mmrn2 Atbfl Cldn5 Deadcl

Plk1 1110004P15Rik Flil Chbinl

Vwi Bclol Hspa4 LOC271041
2310014H01Rik Gp5 Rangnrf Hk2
1110014020Rik Susd2 Hoxb5 Abi3
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PDGFR"°E10.5and| PDGFR"°E10.5 | PDGFR E9.5 and

PDGFR*°E9.5 and PDGFRE9.5 PDGFR"° E9.5 ALL
Kif23 AW046396 Csda Bcap29
Socs3 9130213B05Rik C130078N17Rik C730026E21Ri
4933439C20Rik Adamts9 Egfl7 Car7
Rasa3 Mfhasl Tek Plvap
Dguok 9330186A19Rik Acn9 2810417H13Rik
Luc7I2 Axl Bopl Targl
Vegfc Sema3b 2810046C01Rik Arpc3
A130092J06Rik Col5al Ripk3 G431001109Rik
Hspal2b Col4a6 Hipk2 Upk3b
Tro Gm22 1110001A12Rik Nsdhl
C920013G19Rik 2610001E17Rik Spire2 Nsdhl
Btgl Serpinala Dnajc2 Tgfbi
LOC382215 Srpx LOC381760 Emp3
9230112005Rik Serpinala Ccndl Faah
Wasfl Nudel-pending Casp7 2810403A07Rik
Popdc2 A230020G22Rik Vamp5 9330107J05Rik
BC013481 9130213B05Rik Ccndl Itgh5
Flt1 Magmas Foxal
2700031B12Rik C330023M02Rik Anxa6
Puml Lyll Gtpbp2
6030411F23Rik Tead2 Thbs2
Ecel Hmgn3 Hbb-b1
Ghr Fgd5 Fdps
Bbs7 HnrpaO Biklk
Gjad Xlkd1 Dhcr7
Tssc8 1110032E23Rik Mvd
Txnl4 2310037P21Rik Aacs
Insig2 Pthrl Hmgcsl
6230415M23Rik Timm8a E030038D23Rik
Actg? Enah Hbb-b1
Tdrkh BC034054 Anxa3
Foxqgl Bxdcl Scd2
Erdrl Ythdf2 Cyp51
Cdh5 Adcy4 A430106D13Rik
2810423A18Rik Egfl7 Hbb-b1
Erdrl Twist2 8430408G22Rik
Copsb 1110007MO04Rik Haao
Tnnil Elk3 Faah
Mthfdl Pip5k2a Sc4dmol
C530043K16Rik Psmb10 Cyp51
A130010C12Rik Klhl6 Hbb-b1
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PDGFR¥°E10.5 and

PDGFRX°E10.5

PDGFR E9.5 and

PDGFR*°E9.5 and PDGFRE9.5 PDGFR"° E9.5 ALL

Tgfblil Exosc6 BC046404

Rgll Zfp68 Itgh5

E230012J19Rik Scfd2 Hbb-b1

Hsd11b2 Rdh10 Lrp4

Uapl Psmb10 Hbb-b1

Wdfyl Dtymk Rafl

Olfml3 Bckdhb Haao

Hsd11b2 1810058I24Rik Hbb-b1

Arrdc3 F2ri3 Hbb-bl

Snai2 3110001N18Rik 9030625A04Rik

Apoa2 6330419J24Rik Tcea3

Fcerlg 2310040A07Rik Pnp
Prpsl 0610006F02Rik
LOC232680 Per2
BC018399 2610009E16Rik
Hipl Peg3
Reln Peg3
Gstkl C730046C01RIk
6720458F09Rik Sqle
1110002B0O5Rik Serpinalb
Recql4 Cldnl
LOC381932 Hbb-b1
Ftsj3 Col6al
3000003F02Rik LdlIr
Arnt Serpinalb
Ccndl D630038D15Rik
Rpl14 Serpinald
Tm4sfl2 Serpinalb
5730438N18Rik Hé6pd
Wdt3-pending Ceecaml
Esaml Lox
Cfi Tnc
2210409B01RIk Lss
Acsll Col6a3
Cyp2s1 Chd3
Nedd4l Collal
Litaf Coll6al
Rps6ki1 1810007E14Rik
Cry2 Arhgef6
Sardh

Mucdhl
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PDGFR¥°E10.5 and
PDGFRX°E9.5

PDGFRX°E10.5
and PDGFRE9.5

PDGFR E9.5 and
PDGFR*°EQ.5

ALL

Irak2

Prodh2

Dcn

6330534C20Rik

2900008M13Rik

9630015D15Rik

Csf2ra

Dhcr24

Tmc4

Lcat

Cpnl

1110067M19Rik

Hist2h2aa2

Snfllk

MGC18837

Aldh4al

Serpinf2

2810441C07Rik

tih3

Hiplr

Atp7a

D930048N14Rik

A930002F06Rik

Scotin

MGC18837

Ttyh2

Pappa2

1300013F15Rik

2900008M13Rik

Gkapl

LOC56628

2310047115Rik

Akp2

Liph

F2

Rsn

Mucl

Tob2

D19Ertd144e

Cxadr

C730026J16
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PDGFR¥°E10.5 and
PDGFRX°E9.5

PDGFRX°E10.5
and PDGFRE9.5

PDGFR E9.5 and
PDGFR*°EQ.5

ALL

Glyat

Mocos

Pip5kla

Apocl

Sdsl

Gliprl

Stard5

Siat7c

4933425L03Rik

Ethel

6330505N24Rik

D930008G03Rik

1810009MO1Rik

D630014A15Rik

Gucala

LOC380720

Mt2

1110rb

Myold

Arhgap22

1300019J08Rik

0610012D14Rik

BC057022

Acas2|

F2ri1

Myadm

Prodh2

Nr1h3

Hsd17b2

C030022K24Rik

Mfge8

Hspbl

Dcn

Fga

Fga

Eps8I3

Elovl6

Zcchcl4

0610010D20Rik

Apocl

Arrdc4
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PDGFR¥°E10.5 and
PDGFRX°E9.5

PDGFRX°E10.5
and PDGFRE9.5

PDGFR E9.5 and

PDGFR*°EQ.5

ALL

4833438J18Rik

4930402H24Rik

2310016A09Rik

Dio3

Ggtl

Raplgal

Rsn

Fcgrt

Aldhlb1

9130017N09Rik

BC031353

G630016D24Rik

Ssbh4

Bcas3

1110069007Rik

1700013L23Rik

LOC245440

Tnnt3

Serpinal0

Gm2a

Selenbpl

Gsn

A230106J09Rik

Selenbp?2

Dmrta2

2210404007Rik

Mocsl

Clca3

Lamb2

Prosapipl

2410012C07Rik

Clmn

Rec8L1

Hs6stl

Maob

Nrlh4

4930402H24Rik

Cc2

6330408J11Rik

Slc28al

1110028F11Rik
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PDGFR¥°E10.5 and
PDGFRX°E9.5

PDGFRX°E10.5
and PDGFRE9.5

PDGFR E9.5 and
PDGFR*°EQ.5

ALL

Adck4

Tst

LOC245892

Trf

Pygl

Nrnl

Serpinfl

BC034834

4930569K13Rik

Dcn

Proz

Plg

Entpd2

Slc21a2

1810006K23Rik

Chdh

Serpindl

Krt1-23

2310043N10Rik

Adhl

Mfi2

Slc22a6

Al649392

Slc26al

1810054013Rik

LOC385643

Rbp2

Mgst2

Snai3

Slc6al3

Fcgr3

Dio3as

LOC238463

Slc27a2

Hgd

Slc27a2

Entpd3

Cldn4

Dnajc6

Itih2

Soatl
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PDGFR¥°E10.5 and
PDGFRX°E9.5

PDGFRX°E10.5
and PDGFRE9.5

PDGFR E9.5 and
PDGFR*°EQ.5

ALL

Kngl

3830431G21Rik

Gsta3

Mmd2
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228

PI3k
E10.5

Figure 4-4. Overlapping gene expression profiles for PDEFR PDGFR™®, and
PDGFR™"™*. (Genes compared were identified as 2 fold diffiee in expression from
E10.5 PDGFR.
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Table 4-3. Genes differentially expressed in PDGERE10.5, PDGFH¥° E10.5, and

PDGFR"“E10.5.
PDGFR"° and PDGFR"° and PDGFR™® and

PDGFR'® PDGFR"* PDGFR"* ALL
Targl Gnb4 Lgals3 Atp10d
E130112E08Rik Gprl28 H2afz Dhrs8
Stk4 S100al LOC380983 Shoc?2
Hmgcs2 8430426K15Rik LOC381292 Deadcl
4933428A15Rik 9430073N08Rik Drbpl Nxt2
3110023B02Rik Emb Bspry 2310069P03Rik
LOC245676 Kifcl Scfd2 5730409G07Rik
4930553M18Rik Mpst Gngl0 Idb3
3110023B02Rik Rps19 Acyl Adora2b
Hempl LOC381850 LOC211970 Hrb
Abhd3 Tpmt Dnajc2 Cda
1110018K11Rik Tulp2 Shmt2 2610009102Rik
0610010F05Rik 5830467P10Rik Acyl Car7
Usmg5 LOC381801 1810058I24Rik 2400003B06Rik
Abcg5 l12rg A230098A12Rik Vapb
Rpl30 Gfpt2 D130083G05Rik 2610042G18Rik
Atp5k Idb2 LOC244710 1110018J18Rik
BC039632 Slc2a2 Al313915 Dhrs8
Ndufab 5730408I121Rik 3010031K01Rik Arpc3
Lgals9 4930471016Rik 2310043N10Rik 1110018J18Rik
2810403A07Rik Acad9 Cxcl7 LOC271041
Adcy6 Trappc3 D930048N14Rik Rnase4
B230378H13Rik Pmm2 6030458C11Rik LOC384525
Trb 1810017F10Rik Cldn4 Tdh
C920013G19Rik B4galt6 G0s2 1700081H05Rik
A430106D13Rik Ivnslabp A530030G15Rik BC022765
Itih4 Sfrs10 E030007N04Rik Atbfl
Slp Trappc3 Helz Peg3
Anxa6 Cwf19I2 2010010MO04Rik KIf7
BC044804 Sfrs10 Chd4 Chd3
C530043K16Rik 2510048K03Rik lap 1810007E14Rik
P2ryl4 Mbp lap C730046CO01Rik
E230012J19Rik Pmm?2 Slc26al Luc712
D5Ertd593e Trappc3 Nisch Cldnl
Wdfyl BC016495 1300019J08Rik 9030625A04Rik
C3 S100al13 Arhgefl0 1700045119Rik
Bglap-rs1 G431001109Rik Rbp2 Anxa3
Srpx C330008K14Rik Pxmp?2 Ghr




PDGFR"°and PDGFR"° and PDGFR™ and
PDGFR'® PDGFR"* PDGFR"* ALL

Mrc2 2600013N14Rik GIrx1 6720456H20Rik

Nudel-pending Tpmt Rpl29 Esrrb

Col9a2 Tarbp2 Cebpa

Sycn Slc2a2 D630038D15Rik
Hspb8 Cyp26b1
Sicla4 C230075M21Rik
Etohd2 Arhgef6
Nsdhl Atbfl
Ldb2 E030038D23Rik
2210417C17Rik Tssc8
2810417H13Rik Foxqgl
Zcchc3 Erdrl
H6pd Erdrl
Col9al Pnp
Foxal Serpinald
9530006C21Rik Mfhas1
Lrp4 Vtn
Haao Serpinalb
Hdac5 Serpinalb
0610006F02Rik Serpinalb
Per2 Ndrgl
Gtpbp2 A130010C12Rik
Igsfll Lox
4430402011Rik Oxrl
Cda7 2210415K03Rik
Lengl Serpinala
Nsdhl Collal
Slc6a9 Serpinala
C030019I05Rik ALL
Nope
Tcea3
Zcchc3
Hbb-b1
Heph
Dactl
Hbb-b1
Usp48
Heph
Dhcr7
LOC381140

Hoxc6




PDGFRX° and
PDGFR'K®

PDGFRX° and
PDGFR™"K

PDGFR® and
PDGFR™"™K

ALL

Scd2

BC021608

Hbb-b1

Scarf2

Sc4mol

Coll6al

Zip39

5830420C15Rik

Hbb-b1

Hbb-bl

Hoxc8

1600023A02Rik

Widcl

2310075G12Rik

5730538E15Rik

Smoc2

Nnat

Hmgcsl

1110004P15Rik

Bclol

Hrbl

Hbb-b1

Txnl4

Hbb-b1

Lss

Nnat

Pgam2

Actg2

Aacs

Zcchce3

Fxr2h

Irsl

AW046396

9130213B0O5Rik

Fkbp10

1600023A02Rik

Ntn3

Upk3b

Hbb-bl

Sqle

Hbb-b1
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PDGFRX° and
PDGFR'K®

PDGFRX° and
PDGFR™"K

PDGFR® and
PDGFR™"™K

ALL

Fbnl

Tnc

Thbs2

Col6a3

Efnab

9030224M15Rik

B130017P16Rik

9330186A19Rik

Col6al

Mvd

Sema3b

1110055E19Rik

Col5al

Col4ab
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Rgl1

Hsd11b2

Col4ab

Gm22

Nnat

Ldlr

6720469N11Rik

Gm644

Colbal

OlfmI3

Ndrl

Hsd11b2

Arrdc3

9130213B0O5Rik

Pcsk9

Sqle

Fcerlg
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Table 4-4. Changes in gene regulation of matrix and cell atign genes. (Compared to
wild type E10.5 yolk sacs)

E9.5 PDGFK' E10.5 PDGFR® E10.5 PDGFK° | E10.5 PDGFR*
Fold | Symbol Fold| Symbol Fold Symbol Fold Symbol
2.58| PIs3 2.51 Vapb 2.83| Ipp 2.28| Arpc3
2.54| Kifcl 2.20| Arpc3 2.09| Arpc3 2.11| Mbp
2.51| Cldn5 2.1 Mbp 2.04| Vapb 2.07| Tmod3
2.48| Vapb 0.49 Hspg2 0.49| Edfl5 2.03| PIs3
2.46| Gp5 0.49 Coll8al 0.48| Ap2Zal 2.01| Vapb
4933406C08 | 0.47| Cldn4
2.26| Msn 0.48 Rik 0.50| Emilinl
2.08| Reln 0.48 Col9al 0.46 | Catnb 0.50 | Actg2
2.06| Arpc3 0.47 ltgb5 0.45| Gp5 0.43| Col3al
2.05| Krtl-14 0.47| Epb4.9 0.43| Mrc2 0.43| Col9al
2.01| Esamil 0.46 Myh10 0.40| Cldn1 0.43| Thbs2
0.40| C730046C01
0.49| Plecl 0.48 Stab2 Rik 0.42| Col4ab5
0.36| Collal A530030G15
0.49| Mucdhl 0.45 App 0.42 | Rik
0.35| Notchl 1200012P04
0.48 | Hspg2 0.44 Sdc3 0.40 | Rik
C730046C01| 0.34| Col9a2
0.47 | Tgfbi 0.44| Rik 0.39| Ncaml
0.46 | Hipilr 0.43 Cldn1 0.33| Tgfbi 0.36| Col6al
0.46| Itgb5 0.42 Sdc2 0.30| Vin 0.35| Col6al
0.46 | Pvrll 0.41 Tro 0.30| Dst 0.35| Mrc2
0.45| Egfl5 0.40, Hspg2 0.29| Col2al 0.34| Cigb
0.45| Mucl 0.40 Nrp 0.22| Col2al 0.33| Col5a1
0.44| Catnb 0.40 Wasfl 0.05| Colla2 0.29| Col6a3
0.44| Epb4.111 0.39 Tgfbi 0.28| Col4ab
0.43| Thbs2 0.39 Tmsb10 0.26 | Diapl
0.42| Dst 0.38 Anxa3 0.25| Cldn4
0.40| Hspg2 0.3§ Tpstl 0.24| Coll6al
0.40 | Mfge8 0.38 Ptprb 0.20| Collal
0.39| Ushilc 0.38 Nrp 0.15| Spon2
0.38| Itgh5 0.38) Saa4d 0.13| Colla2
0.38| Mrc2 0.37] Col3al 0.12| Saa4
0.34| Tnnt3 0.37 Scarf2 0.06| Col9a2
0.34| Gsn 0.3§ Coll6al 0.02| Col2al
0.34| Col5al 0.34 Ppplr9b 0.02| Col2al
0.33| Col4ab 0.34 Cdh3 0.00| Tnnil
0.33| Lamb2 0.33 Egfl5
0.31| Clmn 0.3 Gp5
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E9.5 PDGFR* E10.5 PDGF&© E10.5 PDGFM© E10.5 PDGFR
Fold | Symbol Fold| Symbol Fold Symbol Fold Symbol
C730046C01
0.31| Rik 0.34| Wispl
0.31| Cldnl 0.28 Actg2
0.30| Col6al 0.28 Diapl
0.29| Col6al 0.27 Myhl0
1200012P04
0.28 | Rik 0.26| Cdh5
A530030G15
0.28 | Rik 0.24| Tnnil
0.27| Colla2 0.23 Punc
0.26 | Col6a3 0.23 Ncaml
0.25| Col3al 0.23 Thbs2
0.19| Collal 0.23 Col6a3
0.16 | Cldn4 0.22 Vin
0.15| Coll6al 0.21 Col6al
0.07 | Col9a2 0.21 Alcam
0.06| Vin 0.21| Cdh3
0.05| Saa4 0.20 Col5a2
0.05| Col2al 0.19 Col5al
0.05| Wnt9a 0.19 Col4as
0.04| Col2al 0.1 Col4ab
0.17| Col4ab
0.16| Colla2
0.11| Col6al
0.09| Collal
0.08| Mrc2
0.08| Wnt9a
0.06| Col9a2
0.04| Col3al
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Table 4-5. Changes in gene regulation of genes involved linlae growth and survival.
(Compared to wild type E10.5 yolk sacs)

E9.5 PDGFR' E10.5 PDGFR© E10.5 PDGFM° E10.5 PDGFR*
Fold | Symbol Fold| Symbol Fold | Symbol Fold | Symbol
2.58| Pls3 2.89 Kifcl 0.48| Polh 2.73| Kifcl
2.54 | Kifcl 0.46| Myh10 0.46| Ank2 2.31| Casp7
2.30| Casp7 0.48 MkI1 0.42| Nudel-pending 0.28 | Prdx2
2.09 | Hipl 0.40, Ccnd?2 0.41| Bmf

4930403J22 0.39| Ngfr
0.49| Rik 0.40| Wasfl
0.46 | Scotin 0.2q Biklk 0.25| Cecnl

Nudel-
0.50 | pending 0.07] Nudel-pending
0.48 | lrak2
0.44| Cecnl
0.43| Biklk
0.35| Rafl
0.45| Rsn
0.10| Ngfr




Table 4-6. Changes in gene regulation of genes involvedansicription. (Compared to

wild type E10.5 yolk sac)

113

E9.5 PDGFR* E10.5 PDGFE® | E10.5 PDGFK© E10.5 PDGFR*
Fold | Symbol Fold| Symbol Fold Symbol Fold Symbol
1110018K11 4.14| H2afz
5.6 | Rik 2.66 | Rps19 6.28 | H2afz
4.31| Sox18 2.46 Idb2 2.64| Drbpl 3.24| Drbpl
2210039017 | 2.37| 1110018K11
3.84| Ldb2 2.29 Rik Rik 2.69| Rnase4
C730026E21 2.21| Mistl
3.11 | Rik 2.27| Hnrpk 2.52| Zfp64
3.04| Nfe2 2.25 Sfrs10 2.20 | Dnajc2 2.28| Rps19
3.02| Rps19 2.22 Zfp202 2.17 | Histlh2ab 2.23| Nr5a2
1110018K11 | 2.01| Rpl30
2.81| Dnmt3b 2.19 Rik 2.21| Sfrs5
2.78| Csda 2.18 Sfrs10 2.01| Mrpsl5 2.16 | Dnajc2
2.00| 2310001H12
2.59| Slc29al 213 Tead4 Rik 2.15| Sfrs10
2.58 | Sfrs10 2.12 Rnase4 0.49| Zfp276 2.14| Sfrs10
2.54| Hoxb2 2.12 Rpl30 0.49| Peg3 2.12| Lgtn
C730026E21| 0.49| Pou2fl
2.51| Eif3s6 2.1 Rik 2.12| Sfrsb
2.51| Fli1 2.1| Eif3s6 0.48 | Kif2 2.11| Npm3
2.48 | Hoxb5 2.08 Angl 0.48| Peg3 2.05| Ldb2
2.47| Csda 2.07 Polr2k 0.47 | Nfat5 2.04| Skbl
2.39| Rpol-2 2.02 G22pl 0.47| Cebpa 2.04| Rfc3
2.34| Hipk2 2.01| Tarbp2 0.46 | Atbfl 2.03| Rpa2
2.32| Tarbp2 2.01 Orc4 0.46 | Ank2 2 | Tarbp2
2.31| Dnajc2 2| Slc25a4 0.45| Handl 0.5| Ashil
E030006K04 | 0.45| Foxo3
2.3 | Sfrs10 0.5 Rik 0.49 | Hoxc8
2310001H12 0.44| 2610020C11
2.28 | Rik 0.5| Ddx19 Rik 0.49| Hoxc6
2.27| Lyll 0.5| E2f2 0.44| Adnp 0.49| Gtpbp2
2.27 | Tead2 0.5 Rbbp2 0.43| Esrrb 0.48| IIf2
0.42] Anki A930002F06
2.27 | Hmgn3 0.5 Abca? 0.48 | Rik
0.41| D130059018
2.21| Twist2 0.49 Rbm9 Rik 0.48| Hdac5
2.21| EIK3 0.49 Msh3 0.41| Chd4 0.47 | Trpvé
C730026E21 0.40] lap
2.17 | Rik 0.49| Ldb2 0.47 | Ssa2
2.16 | Skbl 0.44 Mkl 0.38| Atbfl 0.47 | Ugp2
0.37] lap 2610016F04
2.13| Zfp68 0.48 Atbfl 0.47 | Rik
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E9.5 PDGFR' E10.5 PDGFE° | E10.5 PDGFK©° E10.5 PDGFR*
Fold | Symbol Fold| Symbol Fold Symbol Fold Symbol
3110001N18 2210008I111R| 0.37| Creb3l1
2.1 | Rik 0.48] ik 0.46 | Rbm5
2.09| C79407 0.48 Foxal 0.37 | KIf7 0.46 | Chd4
2.04 | Eif4g2 0.47| Hdach 0.33| Zfhxlb 0.45| Atbfl
2.04| Gatal 0.46 Peg3 0.31| Msi2h 0.45| Hmgcsl
2.03| Arnt 0.46| KIf7 0.30| Foxql 0.45| Idb2
2610016F04 | 0.30| Rora
2.02| Rpll4 0.4 Rik 0.44 | Ppargcla
0.25| Nr5a2 5730494J16R
2.01| Sfrsb 0.45 Ndn 0.42] ik
1200002N14 0.15| C130022E19
0.5 | Rik 0.44| Notch4 Rik 0.42| Polh
0.49| Igf2bp3 0.44 Rabl 0.01| Lars2 0.42| Fign
0.49 | Nrfl 0.44| KIf2 0.41| Foxal
0.49| Cry2 0.43 Wdr9 0.4 | Hkr3
0.49| Ncoal 0.43 KiIf5 0.4 lap
D030014N22
0.49 | Rik 0.42| Hkr3 0.4 | Rabl
2610020C11
0.49 | Rik 0.41| Tcea3 0.39| Peg3
0.49 | Mucdhl 0.41] Ddefl 0.38| Atbfl
0.48| Atbfl 0.4/ Ankrd25 0.37| lap
9230112005
0.46| Rabl 0.4 Rik 0.37| Esrrb
C130022E19 A430091022
0.46 | Rik 0.39| Rik 0.35| Rbbp2
A930002F06
0.46 | Rik 0.38 0.35| Peg3
4833412N02
0.46 | Msi2h 0.38 Fign 0.34 | Rik
0.46 | Foxal 0.37 Msi2h 0.33| Zfhxlb
0.45| Wdr9 0.37| Esrrb 0.32| Txnl4
0.43| KIf7 0.37| Hoxc6 0.31| Ercch
4933425103
0.43| Rik 0.37| Cebpa 0.31| KIf7
0.43| Fign 0.36] Zfp39 0.3| Srpr
0.43| Brcal 0.3 Atbfl 0.3 | Whbscri4
0.43| Aes 0.39 Hoxc9 0.29| Fxr2h
0.42| Nr5a2 0.35 H2afy 0.29| Snai3
0.42| Ssa2? 0.3%5 Baspl 0.28 | Foxqgl
2610305J24 4831437C03 2610020C11
0.42 | Rik 0.34| Rik 0.26 | Rik
0.42| Bclllb 0.33 Hoxc8 0.25| E2f2
0.41| 0610012D14| 0.33 Hdac7a 0.23| Cebpa
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E9.5 PDGFR' E10.5 PDGFE° | E10.5 PDGFK©° E10.5 PDGFR*
Fold | Symbol Fold| Symbol Fold Symbol Fold Symbol
0.4 | Atbfl 0.3| Txnl4 0.2 | Nrld2
0.39| Sox4 0.29 Nkx2-3 0.19| Zfp39
2210008I11R C130022E19
0.37| ik 0.29 | Rik 0.19| Copsb
0.36| Pou2fl 0.27 Fxr2h 0.18| Tcea3
2610305J24R
0.35| Chd4 0.27 Sox5 0.17 ] ik
6720406L13
0.34 | Hkr3 0.26] Foxql 0.11 | Rik
0.34| Tcea3 0.24 Cops5 0.09| Ankl
0.32| Peg3 0.23 Pcolce 0.05| Rpl29
0.32| Peg3 0.22 Creb3I1 0.03| Foxo3
0.31| Nrlh4 0.22 Ankl
4833412N02 2610524A10
0.29| Rik 0.22| Rik
0.28| Atbfl 0.21| Zfhxlb
0.28| Msi2h 0.21] Handl
0.26 | H2afy 0.19 Sox4
2610305J24R
0.25| Scal 0.18 ik
0.23| Rora 0.17 Foxo3
0.22| Bhlhb2 0.07 Tial
0.21| Snai3 0.02 Snai2
0.2 | ENPP3 0.02 Lars2
0.16| Foxql
0.14 | Wbscrl4
0.06| Esrrb
0.06 | Cebpa
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Table 4-7. Complete list of changes in gene regulation. (Camg to wild type E10.5
yolk sacs)

E9.5 PDGFK' E10.5 PDGFR® | E10.5 PDGFR® | E10.5 PDGFR*
Fold | Symbol Fold| Symbol Fold Symbol Fold Symbol
4.92| Adora2b 6.82 Atpl0od 6.99| Atplod 7.29| Atplod
4.33| Sgk 4,22 Gnb4 2.66 | Stk4 4.35| Adora2b
2.63| E130112E08
3.76 | Prssl19 4.1 Dhrs8 Rik 4.27| Dhrs8
3.3| Plcg2 3.99 Gprl2s 2.57 | Dhrs8 4.15| Gprl2s
3.21| Carl2 3.24  Pnliprpl 2.37| Gngl0 2.96| Acyl
3.14| Prkar2b 3.02 Adora2b 2.33| Acyl 2.94| Gnb4
C730026E21 3110043J09R| 2.29 | Ndufb4
3.11| Rik 3| ik 2.86| Gfpt2
3.05| Tulp2 2.93 Stk4 2.23| Abhd3 2.82| Mpo
2.94| Adam19 2.87 Amd2 2.19| Dusp6 2.73| Kifcl
2.85| Pdgfra 2.8 Kifcl 2.17| Shmt2 2.69| Rnase4
2.81| Dnmt3b 2.84 Mpst 212| Acyl 2.69| Gngl0
2.81| Admr 2.76/ Cdkn2a 2.10 | Ndufab 2.62| Tulp2
2.8 | Ppat 2.67 Hmgcs2 2.10| AtpSk 2.58| Dhrs8
2.79| Agtrll 2.65| Car7 2.08| Car7 2.49| Mpst
2.76 | Admr 2.61] Tpmt 2.07| Tdh 2.44| Clec2
2.69| Asns 2.61 Tulp2 2.02| Ube2l6 2.43| Car7
2400003B06 | 2.01| Ube2el
2.68| Tdh 2.55 Rik 2.39| B4galt6
2.01| 1110068E08
2.58 | Rab25 251 ll2rg Rik 2.37| Pmmil
2.56 | Dhrs8 2.49 Gfpt2 0.49| Ercc2 2.32| Prssl19
1810009K13 2900006B13 | 0.48| Cyp2al2
2.53| Rik 2.49 | Rik 2.31| Casp7
2.51| Igfbp2 2.41 Acad9 0.48 | Phka2 2.31| Uppl
0.48 | 4833438J18H
2.49| Gfpt2 2.38 Ehhadh ik 2.31| Dlat
2.48| Rangnrf 2.35 Pmm?2 0.48| Acas2 2.3 | Tpmt
2.45| Crlf3 2.33| Dhrs8 0.48| H13 2.26 | Blmh
2.42| ll2rg 2.32| Galgt2 0.48 | Polh 2.25| Gngl0
2.41| Tek 2.29 B4galt6 0.47 | Adam23 2.24| Sgk
2.39| Rpol-2 2.29 Serpinbla | 0.47| Man2al 2.23| Tdh
2.36| Ripk3 2.28 Soat2 0.47 | Bboxl 2.2| Acyl
2.34 | Hipk2 2.24| Cypl7al 0.46 | Large 2.14| Acad9
2.3 | Ccndl 2.23 Abhd3 0.46 | BC027088 2.12]| ll2rg
2.3 | Casp7? 2.23 Bcmol 0.44| Lox 2.12| Rangnrf
2.29| Ccndl 2.15 Rhebll 0.44 | Hmgcs2 2.12| Ppat
2.27 | Gstmé 2.15 Pmm2 0.43| Anxa6 2.1| Rdh10
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E9.5 PDGFR' E10.5 PDGFE° | E10.5 PDGFK©° E10.5 PDGFR*
Fold | Symbol Fold| Symbol Fold Symbol Fold Symbol
2.25| Xlkd1l 2.14| Abcg5 0.43| Mmp23 2.1| Ptk9
0.43] 9030612M13
2.24 | Hk2 2.12 Rnase4 Rik 2.07| D5Ertd33e
2.24| Pthrl 2.11 Pip5kib 0.42| Gdil 2.07| Plcg2
C730026E21| 0.42| Gstm6
2.23| Timm8a 2.1 Rik 2.05| Pmm2
2.23| Enah 2.1 BC016495 | 0.42| Adcy6 2.04| Skbl
2.22| Osgepll 2.09 Mat2a 0.42| Galgtl 2.04| Rfc3
0.41| 5730405I09R
2.22| Adcy4 2.08 Tdh ik 2.04| Shmt2
2.21| Pip5k2a 2.08 Angl 0.41| Papin 2.02| Rnf25
2.2 | Bcap29 2.08 Atp5k 0.41| Chd4 2.02 | Hsd17b12
0.41| ENPP3 0610012D14
2.19 | Ube2l6 2.08 Fhl 0.5 | Rik
2.18 | Psmb10 2.0 Akricl2 0.40| Ptprf 0.5 | Prkgl
C730026E21 0.40 | Mknk2
2.17 | Rik 2.07| Polr2k 0.5| Rps6kil
0.39| Ppplr3c E030007N04
2.16 | AA407809 2.08 Fhit 0.49 | Rik
2.16 | Skbl 2.04 Guca2b 0.37 | Ulkl 0.49 | Nktr
2.16 | Gstm6 2.04 Ndufa5 0.37| Aldh8al 0.49 | Pspn
2.16| Car7 2.04 Cyp3al3 0.36| Collal 0.49 | Gtpbp2
0.36 | 4732458005 2810405J23R
2.13| Tfrc 2.03| Frapl Rik 0.48| ik
2.12| Rdh10 2.03 Carl2 0.35| Mmpll 0.48| IIf2
2.12| Dctd 2.02| Tpmt 0.35| Fdps 0.48| Slc27a2
2.12| Psmbl0 2.02 Cdkn2a 0.34 | Hilcs 0.48| Nsdhl
2.11| Dtymk 2.02] G22pl 0.33| Zfhxlb 0.48 | Hgd
2.11| Bckdhb 2.01 Rwdd2 0.33| Smpd3 0.48| Stk25
2.1| Pip5kib 2| Slc25a4 0.32| Dapkl 0.48| Masl
2.1| F2ri3 0.5| Mest 0.32| Arhgefl0 0.48| Gpr85
2.09| Prpsl 0.5 Abca7 0.29| Pnp 0.48 | Hmox1
2.09| BC018399 0.49 PIk1 0.29| B4galt2 0.47| Cpnl
0.28 | E430033B07
2.08| Arl2bp 0.49] Nsdhl Rik 0.47| Mmd2
6330406L22 | 0.27| Cyp2al2 5730405I09R
2.08| Reln 0.49 Rik 0.47 | ik
4732458005 | 0.26| Gnas
2.07 | Gstkl 0.49 Rik 0.47 | Ugp2
6720458F09 0.23| Serpinalb
2.06 | Rik 0.49| Rafl 0.47 | Slc27a2
2.06 | Recqld 0.49 Gnagq 0.22| Serpinald 0.47| Chstl12
2.02| Ccndl 0.48 Mmpl4 0.22| Ccng2 0.47 | 2610016F04
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E9.5 PDGFK' E10.5 PDGFR® | E10.5 PDGFR® | E10.5 PDGFR*
Fold | Symbol Fold| Symbol Fold Symbol Fold Symbol
2.02| Psmd13 0.48 Epor 0.22| Serpinalb 0.47 | Irsl
2.01| Epor 0.48 Pemt 0.21| Faah 0.46| Lcn7
0.5| Cfi 0.48| Hépd 0.20 | Bckdhb 0.46 | Rdh5
0.5| Acsll 0.48 Gpsml 0.15| Camk4 0.46 | Slc22a6

0.15| 8030402P03

0.5| Cyp2sl 0.48 DB8Ertd319e Rik 0.46 | Scarf2
0.5 | Nedd4l 0.48 8-Sep 0.14| Mgstl 0.46 | Ppap2a

0.14 | A930030J18
0.49| Ak4 0.47| Kif23 Rik 0.46| Chd4
0.09| Slcolb2 0610008A10
0.49| Mapkl13 0.47 Hdach 0.46 | Rik
9430043010 0610006F02 | 0.05| GIrx1
0.49 | Rik 0.46 | Rik 0.46 | Alcam
0.49| Grit 0.46| Rasa3 0.05| Colla2 0.46 | Smpd3
0.49 | Rps6kil 0.46 Pdgfa 0.02| Atp2cl 0.46 | Arhgefl0
0.49| Cry2 0.46 Plod2 0.01| Lars2 0.46 | Serpinalb
0.49| Sardh 0.46 Fstll 0.45| Cask
0.49| BC027088 0.46 Adaml9 0.45| Atp7a
0.49| Nrk 0.45| Gtpbp2 0.45| Galgtl
0.49 | Mucdhl 0.45 Rps6ka4 0.45| Rab6
0.48| Irak2 0.45 Smpd3 0.45| Hmgcsl
0.48 | Prodh2 0.4% Adcy6 0.44| Nxn
0.48 | Nsdhl 0.45 App 0.44| BC022133
6030413G23
0.48| Csf2ra 0.44 B3galt6 0.44 | Rik
4631426J05R
0.47 | Asgr2 0.44 ik 0.44 | Fkbpl0
0.47 | Dhcr24 0.44 Notch4 0.43| Adamts2
0.47 | Nsdhl 0.44 Ptpn21 0.43| Dhcr7
0.47| Lcat 0.44f Dguok 0.43| Scd2
0.47| Cpnl 0.44 Rabl 0.43| Sc4mol
0.47 | Pinkl 0.44 Cdkl2 0.43| Prkar2b
5730494J16R
0.47 | Hsd17b12 0.44 Map4k5 0.42] ik
0.47 | Snfllk 0.44 Rab32 0.42| Pnp
C730046C01
0.47 | Senp8 0.44 Rik 0.42| Polh
0.47 | Gckr 0.43 Hspal2a 0.42| Hépd
0.47 | Aldh4al 0.43 Mod1l 0.42] ltih2
0.47 | Faah 0.43 Virhl 0.42| Ndstl
0.46 | Rabl 0.43 Vegfc 0.42| F13b
0.46 | Serpinf2 0.43 Nsdhl 0.41| Fcgrt
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E9.5 PDGFK' E10.5 PDGFR® | E10.5 PDGFR® | E10.5 PDGFR*
Fold | Symbol Fold| Symbol Fold Symbol Fold Symbol
2810441C07
0.46 | Rik 0.43| Slc35a2 0.41| Serpinald
0.46 | Itih3 0.43| Hspal2b 0.41| Serpinalb
0.46 | Atp7a 0.42 Gucyla3 0.41| Gckr
0.46 | Nktr 0.42] Semadg 0.41| Nsdhl
C230081A13
0.45| Rik 0.42| Fgfrll 0.41| Ghr
0.45| Akp2 0.42] Sortl 0.41| Serpinalb
0.45| Liph 0.42| Gnas 0.4 | Trappch
0.45| F2 0.41 Cxcl12 0.4 | Pygl
0.45| Acadl 0.41 Slic3al 0.4 | Rabl
0.44 | B4galt2 0.41 Ddefl 0.39| Atp2a3
0.44 | Cxadr 0.41 P4ha2 0.39| Serpinfl
0.44| Anxab 0.41 Efnal 0.39| Epor
0.44| Glyat 0.4 Nrp 0.39| Ncaml
9230112005
0.44| Ccnl 0.4| Rik 0.39| Siclal
0.43| Pip5kla 0.4 Ccnd2 0.39| Hspb8
0.43| Fdps 0.4 Ptp4a3 0.39| Bckdhb
0.43| Biklk 0.39| Flt1 0.38| Rab22a
0.43| Sdsl 0.39 Tgfbi 0.37| Futl0
0.43| Dhcr7 0.39 Chstl2 0.37| Sqle
0.43| Mmp23 0.39 Acox2 0.37| Pgm2
0.43| Mvd 0.39] St6gall 0.37| Esrrb
0.42| Nr5a2 0.39 Fads2 0.37| Pgam2
9630032J03
0.42 | Rik 0.39| Fdps 0.36| Fcerlg
0.42| Aacs 0.39 Slcla3 0.35| Nudt7
1110001A05
0.42| Hmgcsl 0.38 Anxa3 0.35| Rik
0.42| Gnb5 0.3§ Tpstl 0.35| Sqle
0.41| 1110rb 0.38| Ptprb 0.35| Mmp11
0.41| Anxa3 0.3§ Hk2 0.34| SmpdI3b
0.41| Cxcl16 0.3§ Mbc2 0.34| Clca3
0.41| Dapkl 0.3§ Fign 0.34| Tgfh2
0.41| Scd2 0.3§ Dhcr7 0.33| Fads2
0.41| D8Ertd319e 0.3y Ghr 0.33| Serpinala
0.41| Cyp51 0.37 Bbox1 0.33| Hsd11b2
0610012D14
0.41| Rik 0.37 | Scd2 0.32| Lgals9
0.41| Fgfl 0.37] Cebpa 0.32| B4galt2
0.4 | Acas?| 0.37 Siat9 0.31]| Mvd
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E9.5 PDGFK' E10.5 PDGFR® | E10.5 PDGFR® | E10.5 PDGFR*
Fold | Symbol Fold| Symbol Fold Symbol Fold Symbol
0.4 | F2ri1 0.37| Scarf2 0.31] Folr2
0.4 | Prodh2 0.36 Sc4mol 0.31| Mmp23
0.4 | ltpka 0.36] Prkgl 0.31| Ercch
0.4 | Nr1h3 0.35 Hkl 0.31| Ldir
0.4 | Hsd17b2 0.35 Mmp2 0.31| AI838661
8430419L09
0.4 | Faah 0.35 Rik 0.3 | Hsd11b2
0.4 | Fads2 0.35 H13 0.3 | Ftcd
0.4 | Sc4mol 0.34 Wispl 0.29| Serpinala
0.39| Ushic 0.33 Tgfb2 0.29| Eya3
0.39| Slc13a3 0.33 Adam23 0.29| Adl
0.39| Axl 0.33| Cyp51 0.28 | Prdx2
0.39| Eps8I3 0.33 Widcl 0.28| Rhag
0.39| Cyp51 0.33 Hdac7a 0.28| Gnb5
0.38| Elovl6 0.32] Bmp4 0.28| Ppplr3c
0.38| Bdh 0.32 Cyp51 0.27 | Slc3al
4833438J18
0.38 | Rik 0.31| Hmgcsl 0.27 | Anxab
0610038K03
0.38 | Rik 0.31| Dpysl2 0.27| Atp7a
2310016A09
0.37 | Rik 0.29| Pgam?2 0.26| Adgl
0.37| Dio3 0.29] Sbk 0.26 | Adam23
4732458005
0.37| Ggtl 0.29 Adamts2 0.26 | Rik
0.37| Rps6ka4d 0.28 Syngrl 0.25| Pla2gl2a
0.36| Ppplr3c 0.28 Nxn 0.24| Cxadr
0610006F02
0.36| Aldhlbl 0.2§ Ahsg 0.24 | Rik
9130227N12
0.36 | Rik 0.28| Ppplr3c 0.23| Rgll
0.36| Fbp2 0.279 Irsl 0.22| Lox
0.36| Bmpl 0.2 Fkbpl0 0.22| Gsta3
1600023A02
0.35| Rafl 0.26 Rik 0.21| Fxyd2
0.35| Cyp2d22 0.26 Rab22a 0.2 | Nrl1d2
0.35| Senpl 0.26 Anxab 0.2 | Fdps
0.35| Chd4 0.25 Ntn3 0.2 | Pakl
0.35| Fdxr 0.25 Ak5 0.2 | Adhl
0.34| Serpinal0 0.25 Cerk 0.2 | Cdkn2b
0.34| Syngrl 0.24 Mmpll 0.19| D8Ertd319e
0.34| Gsn 0.24 Sqle 0.19| Pcsk9
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E9.5 PDGFK' E10.5 PDGFR® | E10.5 PDGFK? | E10.5 PDGFR*
Fold | Symbol Fold| Symbol Fold Symbol Fold Symbol
0.33| Clca3 0.24 Hbb-b1 0.19| Fkbp6
0.33| Lamb2 0.24 Pnp 0.18| Cecnl
0.33| Pnp 0.24 Fbnl 0.18| Atp2cl

0610006F02
0.33| Rik 0.24| Copsb 0.18| Hmbs
A930030J18
0.33| Cyp27al 0.24 Tnnil 0.18 | Rik
0610038K03
0.32 | Rik 0.24| Mmp23 0.17| Camk4
0.31| Sqle 0.23 Serpinald 0.16| Hlcs
0.31| Hs6stl 0.23 Faah 0.15| Paplin
0.31| Maob 0.22 Serpinalb 0.14| Ahsg
0.31| Serpinalb 0.21 Axl 0.14| Cyp2al2
0.31| Nri1h4 0.2 Mwd 0.13| Cyp2al2
9430065F12

0.3 | Mgat3 0.21] Alcam 0.12 | Rik
0.3]| C2 0.21] Serpinalb 0.12| Man2bl
0.3| Mmp11 0.21 Aldh8al 0.12| Ccng2

6720406L13

0.3 | Nri1h3 0.2 Ehd3 0.11 | Rik
0.29| Serpinala 0.2 Biklk 0.11| Gstm6

E430033B07
0.29| Tst 0.2| Serpinalb 0.11 | Rik
0.29| Pygl 0.2| Mthfdl 0.11| Gstm6
0.29| LdIr 0.19] Ccnd2 0.1| C3
0.29| Serpinalb 0.18 Rgll 0.09| Esml

A930030J18
0.29| Masl 0.17 Rik 0.07 | Faah
0.28 | Serpinald 0.1 Hsdl11b2 0.07 | Aldh8al
0.28| Proz 0.17 LoxI1 0.07 | Ngfr
0.28 | Serpinalb 0.1 Uapl 0.06 | Pnrc2
0.27| Plg 0.15 Camk4 0.04| GIrx1
0.27 | Hépd 0.1§ C3 0.04| Pnp
0.27| Lox 0.14] Lox 0.03| Pdgfra
0.26 | Serpinala 0.14 LdlIr 0.02| PIk1
0.26 | Entpd2 0.12 Serpinala
0.26| Gnas 0.12 Reck
0.26 | Dhrs9 0.1 Mgstl
0.25| Ghr 0.1 Mknk2
0.25| Serpindl 0.08 Serpinala

8030402P03
0.24| Cxcl7 0.08 Rik
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E9.5 PDGFR* E10.5 PDGFE© E10.5 PDGFR<° E10.5 PDGFRK

Fold | Symbol Fold| Symbol Fold Symbol Fold Symbol

0.24| Hdc 0.08 Hsdllb2

0.24| Adhl 0.03 Pcsk9

0.23| Trpv6 0.03] Sqle

0.23| Rora 0.02 Lars2

0.22| VidIr 0.02| Fdps

0.22| Mgst2 0| Fcerlg

0.22 | Rab22a

0.21| Fcgr3

0.21| Sqle

0.2 | Bbox1

0.2 | Ahsg

0.2| ENPP3

0.2 | Abcdl

4732458005
0.2 | Rik

0.2 | Slc27a2

0.19| Hgd

0.19| Slc27a2

0.19| Slclal

0.19| Ftcd

0.18| Abhd3

0.18| Cyp2al2

0.17 | Papin

0.16 | Entpd3

0.16 | Itih2

8030402P03
0.16 | Rik

0.15| Gdf15

0.15| Hgfac

0.15| Camk4

0.14| Cyp2al2

0.14| Soatl

0.13| Mgstl

0.13| BC022133

0.12| Wifdcl

0.12| Fdps

0.11| Gsta3

0.11| Acox2

0.11| C3

0.08] Itihl

0.08| Hlcs
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E9.5 PDGFR*

E10.5 PDGFE©

E10.5 PDGFR<°

E10.5 PDGFRK

Fold

Symbol

Fold

Symbol

Folg

Symbol

Fold Symbol

0.08

Mmd2

0.07

Psmcl

0.06

Esrrb

0.04

Aldh8al

0.03

Pnp

0.03

A930030J18
Rik

0.02

Smpd3




CHAPTER FIVE
Conclusions and Recommendations

Regulation of vascular development involves spectémporal and spatial
expression of multiple signaling molecules for iatibn, maturation, and stability of
vessels. Hematopoietic and endothelial cells appady in vascular development and
have been shown to be essential for initiation exjghnsion of vasculature. Mural cells
are also an important component of blood vessdlshieir function has not been clearly
defined. This research demonstrated mural cels ot essential for vascular
development but do play a role in vessel structukdditionally, mesothelial cells were
discovered to play an essential role in vascularodeling through regulation of matrix

composition by PDGFR signaling.

PDGFRgB signaling is essential for mural cell development

It has been suggested that vascular remodelingtdefesult from a lack of SMC
recruitment to developing endothelial cells (La&t1999; Carvalho et al. 2004; Carvalho
et al. 2007). For the first time this study anelyzin vivo model systems that
demonstrated PDGHRspecific deletion leads to dramatic if not a costpldecrease in
SMC during vascular development without disruptamglothelial cells directly. Absence
of VSMC results in remodeled but unstable vascuatletermined by tortuous vessel
walls. These results were not only observed irPB&FRS null embryos but also in the
PDGFR3 VSMC specific deletion at early and late stages waisculogenesis.
Additionally, the specific signaling pathways leaglito the SMC deletion were analyzed

in signaling point mutants of PDGBRnd determined to have a cumulative effect on the
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presence of VSMC. While the tyrosine to phenyladanpoint mutations on the
cytoplasmic tail of the PDGHReliminated activation of specific pathways therasva
progressive decrease in the number VSMC that aelto the number of signaling
pathways disrupted. These results suggest thealgignpathways downstream of
PDGFR3 converge to regulate specific cellular functions tbe cellular functions
cooperatively lead to increases in VSMC. Previsuglies analyzing changes in gene
expression in response to PDGFR stimulation suggigstling pathways may converge
and activate similar genes that may be translatethtilar cellular functions (Fambrough
et al. 1999). While these studies have contribtaegtie understanding of vasculogenesis,
further analysis in the adult model would help defthe role of VSMC in vessel stability

during disease and injury.

PDGFR signaling in mesothelial cells is essentaiascular remodeling

Previous studies have demonstrated PD@&GBRys a significant role in mural
cell development. PDGFRS null embryos demonstrate a dramatic decrease in
VSMC/pericytes (Soriano 1994). However a few pgdas/VSMC are still present in
PDGFRG null embryos particularly surrounding larger vésssuggesting additional
signaling pathways leading to differentiation oolfferation of these cells. Because of
their similarities in downstream signaling, a caaieé molecule for functional
redundancy or compensation could be PD@FRThese studies used VSMC specific
gene deletion of botRDGFRa and PDGFRS addressed this possibility and determined

that the receptors function cooperatively in a preor cell population, specifically the
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mesothelium. The receptors were found to play @ irolvascular remodeling prior to the
recruitment of VSMC. Additionally, expression ofsangle receptor was sufficient to
prevent lethality suggesting pathways common td beteptors are regulating vascular
remodeling. Analysis of endothelial cell markersdl&VEGF expression was slightly
upregulated in mutant yolk sacs suggesting the thekal cells do not inhibit
proliferation or differentiation of endothelial &=l This was further supported by total
yolk sac analysis of proliferation and cell sur¥ithat demonstrated no differences.
Instead the mesothelial cells appear to be spattifisignaling for remodeling potentially
through activation of migration or cytoskeletal meagements. During the remodeling
process, endothelial cells must migrate toward edbbr to redefine vessel boundaries
establishing larger vessels. Endothelial cell$ al#o become more extended to provide
vessel flexibility. Mesothelial cells may aid ineise processes either providing the direct
signaling components for activation or indirectly bstablishing the environment to
facilitate these processes. The timing of PDGFRction in vasculogenesis can be
analyzed by temporal and spatial specific rescuthePDGFR"® mutants. PDGFR
affects vascular remodeling but it is not clear tke the receptors actively function

during the remodeling stages or earlier settinghegproper environment for remodeling.

SM22 expression in mesothelial cells

While the goal of this research was to analyzeetimy deletion of the PDGFR
using myocardiri® and late stage, possibly injury stage, analysi®BfGFR deletion
using SM22-Cré?, the mutant mice demonstrated unpredicted yegliniil results.

SM22 is a cytoskeletal protein expressed in cardikeletal, and smooth muscle cells
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during embryogenesis and specifically in viscerad sascular smooth muscle cells into
adulthood (Zhang et al. 2001). By cell tracing emments usingSM22-Cré? and
Rosa26Reporter LacZ it was demonstrated that the2Slromoter is active in
mesothelial cell populations prior to the diffeiation of mural cells. Additional
experiments not presented here using SM2%“* mouse line confirmed the early
expression in mesothelial cells. Finally antibodpecific immunohistochemistry
confirmed the expression SM22 expression pattebsgerved by lacZ staining. It was
important to use the antibody to determine that 3Mgas actively expressed in
mesothelial cell lines since the lacZ may not mithie SM22 half-life and the reporter
experiments additionally tag cells derived from SMe@xpressing cells and do not
necessarily represent active expression of SM22ale SM22 is a cytoskeletal protein,
its expression in mesothelial cells could demotstséructural requirements essential for
mesothelial function. It has been demonstratedipusly that structural instability of the
yolk sac is a characteristic found in mutants exinidp vascular disruption resulting in
dissociated cell layers (Dickson et al. 1995; Goomsnat al. 1999; Dominguez et al.
2007).

The early mesothelial cell expression of SM22 cosddigest a predetermined
cell fate characteristic of precursor cells, diier functions for SM22 in different cell
types or developmental environments, or simply aotteelial specific expression pattern
previously uncharacterized in the yolk sac. Thessults suggest it is important to
characterize gene expression patterns in all tsgoedetermine if similar cells in

different environments vary in function or gene megsion. Expression analysis of key
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cellular markers and signaling molecules will aiddetermining how which mechanisms
are conserved in different tissues.

Vasculogenesis occurs throughout development ferdifit tissues and many of
the same signaling molecules involved are preseatlicases. It will be interesting to
see if the same holds true for the role of PDGFRthmer precursor cell populations.
Initial analysis to determine if other tissues/argandergo similar vascular development
would involve identification of mesothelial cell palations in tissues/organs undergoing
vasculogenesis. A useful tool for this analysisuldobe SM22 expression to identify
potential precursor or mesothelial cells. Howelaek of SM22 expression should not
dismiss the possibility for similar mechanism besalgene expression may not be
identical. The mesothelium has been describedherdissues such as the gut (Wilm et
al. 2005; Kawaguchi et al. 2007). AnalysisRBBGFR*° did not allow for exploration
of vascular development in other tissue and orgaesto the early lethality. To identify
a role for the PDGFR in vasculogenesis of othesugs additional conditional deletion
analysis can be performed using specific cre liseash as heat inducible or tamoxifen
inducible cre. In addition to analyzing the roletié PDGFR in vasculogenesis it would
be interesting to compare the requirement for PD@F&hgiogenic remodeling. Retinal
vasculature would be ideal for this analysis beearggiogenesis occurs after birth and
can be targeted directly using Adenovirus Cre. aBse angiogenesis involves the
dissociation of matrix to enhance vascular devekprsimilar requirements for PDGFR
signaling and matrix deposition in angiogenesis ldoprovide great insight to the

specific temporal and spatial function of speanficlecules.
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PDGFR signaling is essential for proper extraceiuiatrix composition

PDGFR signaling in mesothelial cells is essentialgfroper matrix composition
and disruption leads to reduced EC signaling emdefdr vascular remodeling.
Specifically collagen 1 and collagen 4 are dranaditicreduced in thePDGFR"®
mutants. Furthermore PDGFR deletion/inhibition vitro also leads to vascular
development defects that can be rescued by thé@udf collagen 4. These in vitro and
in vivo studies demonstrate matrix molecules prevassential signaling for vascular
development that is regulated by PDGFR signaliBgevious studies have demonstrated
temporal specificity for matrix molecule expressisanggesting functional specificity.
Furthermore, the matrix molecule receptors havenbémplicated in vascular
development. Analysis of integriBl phosphorylation demonstrated a decrease in
activation inPDGFR*® consistant with the decrease in collagen matfikese PDGFR
studies suggest a specific and essential role dlagen and integrif3l in vascular
remodeling. To further understand the role of agdins and integriBl signaling in
vascular remodelingin vitro stimulation experiments on endothelial cells cobld
analyzed for migration and cytoskeletal changesedsas changes in gene expression.

It would be interesting to explore the potentisdaa@ar remodeling rescue by collagen
expression. To perform this analysis a transgewiase would be generated to express
collagens using the SM22 promoter and crossingpiice to thePDGFR . These
experiments would also identify additional rolesttte PDGFR in vascular remodeling if

complete rescue did not occur. One caveat to tgseriments is that the effects of
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overexpression of collagens in vascular remoddiange not been explored and could in

itself cause a phenotype.

PDGFRa and PDGFEB cooperative function in vasculogenesis

In addition to identifying a role for PDGFR in vagar remodeling, it was
interesting to determine a cooperative functiontf@r receptors. Because both receptors
are expressed in mesothelial cells in wild typekysacs, it can be concluded that they
function cooperatively and single receptor rescaiendt a compensatory role in the
mutants. Pathways common to both receptors indRi8&inase, Src, PGA-Shp-2, and
Grb2. However preliminary analysis demonstratiagnodeled yolk sac vasculature in
PDGFR™P* mutants would suggest either multiple pathways @layple in vascular
remodeling or at least PI3 kinase does not fundiione (Data not shown). ldentifying
overlapping roles for the PDGF receptors is impurta fully understand the roles of the
receptors in development. Similar studies founopeoative function between PDG&R
and PDGFIR specific to neural crest cells (Richarte et aD20 However in this system
the phenotype was not rescued by expression objustof the receptors but rather the
additional loss of PDGHR in the PDGFR deleted background exacerbated the
phenotype.

Because only one functional allele is required RAGFR function in vascular
remodeling, it would be useful to cross tABGFR*C to the F series point mutants to
rescue the phenotype. These experiments woulddeav vivo evidence for specific

pathways functions in vascular remodeling and nspexifically in matrix formation. In
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addition single pathway analysis can potential iidgmadditional roles for the PDGFR in
vascular remodeling. For example if matrix phepetyis rescued but remodeling
remains disrupted it can be concluded that additi@ignaling factors are essential in

vasculogenesis.

In summary, SMC are not essential for vascularodgsting but do play
an essential role in vessel structure and stabilitfhe signaling pathways
downstream of the PDGHReach contribute to VSMC cellular function but how
each pathway contributes to VSMC is still unknowime PDGFR signaling
point mutants are an ideal model system to analygery models and
angiogenesis in the absence of VSMC. In contrBRRGFR function in
mesothelial cells occurs earlier in vascular dewelent during vascular
remodeling. This system not only demonstrated thesal cells play a role in

remodeling but also identified PDGFR in regulatadrthis function.



APPENDIX A
Gene List for E9.5 Yolk Sac Samples

PDGFR E9.5 PDGFR°E9.5
Fold Symbol Fold Symbol
5.597| 1110018K11Rik | 14.01 Abhdl
5.492| Idb3 3.388§ LOC380764
4.923| Adora2b 3.1% 8430426K15Rik
4.331| Sgk 3.129 Eif2s3y
4.307| Sox18 3.086 Dysf
4.298| 2310069P03Rik 2.909 5730409G07RJk
3.837| Ldb2 2.888 2010309L07Rik
3.757| Prssl19 2.66f Slit2
3.739| 1110025G12Rik 2.6 Shoc2
3.703| Emb 2.598 Mpo
3.678| 9430073N08Rik | 2.493 Cdkall
3.661| Aqp8 2.447 Capl
3.621| LOC384525 2.438 9630025H16Rik
3.42| A430104N18Rik| 2.36f 3110043J09RIK
3.301| 2400003BO6Rik | 2.307 A630034I12RiK
3.299| Plcg2 2.294 H2afz
3.211| Carl2 2.27% 1110014020Ri
3.19| LOC381850 2.269 Abch7
3.138| Prkar2b 2.251 2310037P21Ril
3.129| Rasgrp3 2.246 Ptigl
3.113| C730026E21Rik| 2.242 Ncaml
3.046| Tulp2 2.242 4732462B05RiK
3.042| Nfe2 2.235 (C920004CO08Ri}
3.016| Rpsl9 2.283 Mpo
2.971| S100al 2.2l 0610009J05RiK
2.94| Adam19 2.2
2.908| Firt3 2.176 Neurl
2.867| 5830467P10Rik | 2.162 4832420M10
2.847| Pdgfra 2.159 Fkbp6
2.837| A230020G22Rik| 2.154 E130112E08Rik
2.823| 2600013N14Rik| 2.151 6430559E15Rik
2.818| 6230425C21Rik 2.16 Fxyd6
2.81| Dnmt3b 2.1 Mina
2.806| Admr 2.124 C330008K14RiK
2.805| Tmc7 2.11% BC055368
2.798| Ppat 2.101 6030440P17Ri}
2.796| Snurf 2.1 Hempl
2.786| Agtrll 2.098 DO030063E12
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PDGFR E9.5 PDGFR°E9.5
Fold Symbol Fold Symbol
2.783| Csda 2.095 Navl
2.772| Trib3 2.09 Col3al
2.761| Admr 2.08 BC060615
2.745| Fxyd6 2.067 Hspg2
2.744| Paf53 2.064 Adamtsl2
2.732| Leprell 2.058 Gnb4
2.719| 2610019N19Rik | 2.055 2210008I11RikK
2.694| Asns 2.044 Zip68
2.678| Tdh 2.04 Punc
2.623| Snrpn 2.031 AU042671
2.6 | A230098A12Rik | 2.018 BC035291
2.589| Slc29al 2.016 Bcat2
2.58| Rab25 2.005 Vegfc
2.579| Sfrs10 2.004 Ddefl
2.577| PIs3 2 A930008A22RIK
2.566| Rangnrf 0.5 Ythdf2
2.56| Dhrs8 0.5 Acad9
2.558| 2410008B13Rik | 0.499 Pygl
2.553| LOC380836 0.499 Rac3
2.539| Hoxb2 0.499 6820428D13
2.537| Kifcl 0.499 2410042D21Rik
2.529| 1810009K13Rik | 0.498B Hrb2
2.523| Hrb 0.498 Nudt7
2.514| Eif3s6 0.498 Ung
2.514| Igfbp2 0.497 Zcchc3
2.511| Eraf 0.497 Mapl7
2.508| Snrpn 0.497 Itm2a
2.506| Cldn5 0.496 Sipl
2.505| Flil1 0.493 Farp2
2.496| Gypc 0.493 Pts
2.494| Gfpt2 0.493 OIfr1371
2.488| Hspa4 0.492 Tcea3
2.485| Vapb 0.491 Hnrpk
2.484| Rangnrf 0.49 Ccne2
2.476| 2610042G18Rik 0.49 1300013J15Rik
2.476| Hoxb5 0.488 Spon2
2.47| Csda 0.488 Hes6
2.456| Gpb5 0.488 LOC384281
2.449| Crlf3 0.487, Rad51
2.443| 6230427J02Rik 0.486 Fragl
2.44| 4930553M18Rik| 0.486 Rdh12
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PDGFR E9.5 PDGFR°E9.5
Fold Symbol Fold Symbol
2.439| C130078N17Rik| 0.486 4930538D17RIi
2.426| Egfl7 0.485 LOC381691
2.424| 1700081HO5Rik| 0.485 BC016495
2.423| ll2rg 0.485 AA175286
2.422| Gypa 0.484 Eif4g2
2.412| LOC380665 0.4883 Rrm2
2.41| 3732412D22Rik | 0.4838 Tpil
2.406| Tek 0.483 2400010D15RiK
2.403| Acn9 0.483 2310061A22Rik
2.399| MIIt3 0.482| Htfoc
2.385| Rpol-2 0.482 1700017111Rik
2.377| Bopl 0.481 LOC224732
2.368| 2810046CO01Rik| 0.481 Rgll
2.364| Ripk3 0.481 Serhl
2.362| 1190007107Rik 0.48 Mé6pr
2.342| Hipk2 0.48 Plaur
2.333| 2700083B06Rik 0.4B AA960436
2.33| Polr3g 0.479 Pgab5
2.324| 1110001A12Rik | 0.479 LOC209281
2.324| 1810022C23Rik| 0.479 Snx2
2.316| Tarbp2 0.478 Cdc2I2
2.311| Spire2 0.477 4930553CO5Ril
2.311| Dnajc2 0.47% Btgl
2.306| LOC381760 0.475 Hnrpk
2.305| Ccndl 0.474 2410014A08RIik
2.305| Sfrs10 0.473 Hemgn
2.304| Ncf4 0.473 Tmem8
2.301| Phemx 0.473 Nudel-pending
2.297| LOC211970 0.472 Skbl
2.297| Casp7 0.472 Polh
2.293| Vamp5 0.472 LOC224276
2.29| Ccndl 0.47 Bfar
2.288| Vangll 0.469 Acad8
2.28 | Magmas 0.469 Icmt
2.277| C330023MO2Rik| 0.46B Gp5
2.276| 2310001H12Rik| 0.468 Melk
2.273| Abcg5 0.467 Galns
2.272| Lyll 0.467| Ppp2r5d
2.27| Tead2 0.466 BC025462
2.269| Deadcl 0.46p Kars
2.269| Gstm6 0.466 Decr2
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PDGFR E9.5 PDGFR°E9.5

Fold Symbol Fold Symbol
2.268| Hmgn3 0.46%
2.267| Fgd5 0.46% Lin28
2.265| Hnrpa0 0.465 2810012L14RiK
2.263| Chinl 0.464 Agpat2
2.259| Zfp277 0.464 1810017F10Rik
2.255| Msn 0.464 Uros
2.255| Eif5a 0.462 Ubginl
2.254| Xlkd1l 0.462 AI553587
2.254| 1110032E23Rik | 0.461 2410003P15Rik
2.254| Adamts9 0.46
2.252| Trappc3 0.46 Slc43al
2.252| 4631434019Rik| 0.459 2010300G19R
2.249| LOC271041 0.45p Haao
2.246| 2010005013Rik| 0.459 LOC384538
2.245| Hk2 0.459 9430076G02Rik
2.242| 5330411L03Rik | 0.458 2310061I09Rik

2.24| 2310037P21Rik | 0.458 Sic6a4
2.239| Pthrl 0.458 Acat3
2.235| A030007L17Rik | 0.458 E030030I06Rik
2.227| Timm8a 0.458 Crygn
2.226| Enah 0.457 Ube2l6
2.224| 4930563C06Rik| 0.456 Rab6
2.224| Abi3 0.454 Hbb-bl
2.222| Osgepll 0.45P A230021118Rik
2.222| BC034054 0.451 6030458C11Rik
2.221| Bxdcl 0.451 Ddx5

2.22| Ythdf2 0.451 9230112005RIik
2.218| Adcy4 0.45 mt-Nd5
2.215| Egdfl7 0.449 Cars
2.214| Twist2 0.449 EA30007C11Rik
2.211| 1110007MO4Rik| 0.449 Glipr2

2.21| EIk3 0.448 1110008H02Rik
2.207| Pip5k2a 0.448 Serpinf2

2.2 | Bcap29 0.448 Rdh5

2.195| Nupl2 0.446 2810423A18RIK
2.192| Ube2l6 0.44% LOC381820
2.184| Psmbl0 0.444 Al461788
2.182| KIlhl6 0.443 2310003C23Rik
2.179| Stoml2 0.442 Slc39a8
2.177| Cknl 0.441 Ftcd

2.17| Exosc6 0.44 C2
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PDGFR E9.5 PDGFR°E9.5

Fold Symbol Fold Symbol
2.169| C730026E21Rik| 0.438 5230400G24Rik
2.163| AA407809 0.43% Mapk3
2.162| Skbil 0.434

2.16| Lgals3 0.434 1700095N21Rik
2.159| Gstm6 0.434 Acad8
2.156| Car7 0.433 Sgk
2.146| Gtf3ca 0.433 Wwdr4

2.14| Plvap 0.432 A730098P15
2.132| Zfp68 0.4372
2.129| Tifrc 0.429 Vcaml
2.127| Scfd2 0.429 Cdkn2b
2.126| Lin28 0.429 Tubdl
2.123| Rdh10 0.428 0610009122Rik
2.123| Dctd 0.426 Ncoa4
2.123| C78339 0.425 Cttn
2.123| Psmb10 0.424 3830431G21Rik
2.119| Mé6pr 0.424 Histlh4i
2.118| BC003236 0.424 Vasp
2.111| Dtymk 0.423
2.107| Bckdhb 0.423 5830415F09RikK
2.107| 3110023B02Rik | 0.4283 Rnf34
2.103| Pip5kilb 0.423 Histlh4m
2.102| 1810058124Rik 0.42Pp Tssc4
2.101| F2ri3 0.42 Ipo9

2.1| 3110001N18Rik 0.42

2.096| 2810417H13Rik | 0.418 Sec23ip
2.096| 6330419J24Rik 0.418 8430408G22Rjk
2.095| 1200015F23Rik 0.41)8 BC034507
2.095| Targl 0.417 Aplgl
2.095| 2310040A07Rik | 0.41p Mat2b
2.093| Prpsl 0.416 EO030024MO5RIik
2.092| LOC383227 0.418B D930038J03Ri
2.092| LOC232680 0.411 Habp2
2.091| BC018399 0.411 Ginl
2.091| C79407 0.409 Srcasm
2.087| Hipl 0.407 Alg8
2.084| Arl2bp 0.404 Psmd5
2.083| Appbpl 0.403 Pdcd8
2.076| Reln 0.403 P2rx4
2.074| Cda 0.402 Cyp20al
2.071| Sitpec 0.402 Rusc2
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PDGFR E9.5 PDGFR°E9.5
Fold Symbol Fold Symbol
2.071| Gstkl 0.401 Mcoln3
2.064| Arpc3 0.4 Sfxn2
2.064| LOC380691 0.4 1110001A23Rik
2.06 | 2410080P20Rik 0.399
2.059| 6720458F09Rik 0.399 5730537DO05Rik
2.058| 1110002B0O5Rik | 0.398 Sec6la?
2.057| Recqld 0.398 Camp
2.055| Krtl-14 0.395 Cbx3
2.054| 2610019103Rik 0.394 Slc25a30
2.051| Trappc3 0.392 Statl
2.047| Clec2 0.391 Hbb-bl
2.046 0.389 Tmem25
2.046| 3110082117Rik 0.388 Nt5c3
2.044| LOC381932 0.388 A930033M14R|k
2.043| Ftsj3 0.385 Arl3
2.04| Eif4g2 0.384 Apoa2
2.04| Slc2a2 0.384 Prphl
2.038| Gatal 0.384 2310042P20Ril
2.037| 3000003F02Rik 0.383 Akric19
2.033| Blvrb 0.383 Phlda3
2.031| Arnt 0.38/ Dars
2.029| Cdc45l 0.378 Histlh4i
2.026| BC011248 0.375 4930429A08Ri
2.025| Tssc4 0.375 Pmml
2.024| Ccndl 0.374 Arrdc3
2.024| Rpll4 0.373 4930527B16Rik
2.023| Psmd13 0.3783 1810015P03Rik
2.019| Tm4sfl2 0.372 Sgk3
2.012| Epor 0.371 Erdrl
2.01| Sfrsb 0.37 Nfe2l2
2.008| 5730438N18Rik 0.3f Ckap2
2.007| Wdt3-pending 0.3 Insig2
2.005| Esaml 0.368 E030022H21
2.005| G431001I09Rik 0.368 Lrrfip2
2.003| LOC244710 0.364 Neu2
0.5| Srbl 0.364 4930503L19Rik
0.5| C430041B13Rik| 0.362 4930429F11Rik
0.5 | Hist2h2aal 0.36]L. 2010004N17Rik
0.499| Cfi 0.36| Rab6
0.499| Zfyve26 0.36§ BC021785
0.497| Sfmbt2 0.358 Gstm6




PDGFR E9.5 PDGFR°E9.5

Fold Symbol Fold Symbol
0.497| 5630401DO06Rik| 0.358 9530090G24RIi
0.497| 1200002N14Rik| 0.358 Spag7
0.497| 2210409B01Rik | 0.357 AI929863
0.496| Grina 0.357 Ddb2
0.496| Acsll 0.356 Tera-pending
0.496| Cyp2sl 0.353 Tnnil
0.496| Nedd4l 0.351 Histlh4a
0.496| Smad5 0.34F Hmg20a
0.496| A430070A22Rik| 0.345 GIrxl
0.495| Nudel-pending 0.344 Srpr
0.495| Igf2bp3 0.343 LOC232400
0.494| 4930403J22Rik 0.342 2010005E20Rij
0.494| Litaf 0.341] C920013G19RiK
0.494| Ak4 0.341 Fxyd2
0.493| Mapkl3 0.338 Atf4
0.493| Abccl0 0.336 1110030E23RIik
0.493| Upk3b 0.334 Trib3
0.493| 9130422H11Rik| 0.3383 Uapl
0.492| 9430043010Rik| 0.333 Slc25a19
0.492| Mustnl 0.332 2610024N24Rik
0.492| 6430567E01Rik | 0.332 Plg
0.492| Leprel2 0.328 Nup54
0.491| Synpo 0.327 Nrld2

0.49| Grit 0.326| Pnrc2

0.49| Rps6kil 0.324 Lancl2
0.489| 4832404P21Rik 0.316 Atpévicl
0.489| Cry2 0.315 Actcl
0.489| C030004MO5Rik| 0.314 Sucla2
0.489| Sardh 0.314 Wdr37
0.488| Rgpr 0.313 Fgfrlop2
0.488| Trim6 0.313 6330414G02RiK
0.488| Thsd6 0.309 Plekhf2
0.488| AsxI2 0.306§ Hbb-bhl
0.487| BC027088 0.298 Olfr887
0.487| AI314180 0.297 4930427A07RiK
0.486| Nrk 0.294 Ddx58
0.485| Sema3b 0.291 Dct
0.485| Plecl 0.291 1110034A24RIil
0.485| Mucdhl 0.29 2700046G0O9RIK
0.485]| Irak2 0.289 0610038F15Rik
0.485| A430107N12Rik| 0.28p 1110039B18Ri

=

=
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PDGFR E9.5 PDGFR°E9.5
Fold Symbol Fold Symbol
0.484| 1110004P15Rik 0.288 Adhil
0.483| Slci12a7 0.285 Etohd2
0.481| Prodh2 0.278 Hbb-bl
0.481| 2610001E17Rik 0.278 Scamp5
0.48| Oxctl 0.276 Dguok
0.48| Dcn 0.273 C1irl
0.48| 6330534C20Rik | 0.266 4933402B14Rik
0.48| 3222402P14Rik 0.263 LOC269859
0.479| Gm22 0.261 CdklI2
0.479| Nsdhl 0.254 Txnl4
0.479| 1300010F03Rik 0.254 2400003C14Rik
0.479| Atbfl 0.252 2310010B21Rik
0.479| EO030007NO4Rik| 0.251 2310020P08Rik
0.478| 2900008M13Rik| 0.246 Pakl
0.478| Cyb561 0.246 3110021A11Rik
0.477| Hspg2 0.242 Kif23
0.477| 9630015D15Rik 0.23)7 Oxrl
0.477| E430030L01Rik 0.238 8030462N17Rik
0.476| Rhobtb1l 0.231 BC024806
0.476| Csf2ra 0.229 BCO033915
0.475| Fbsl 0.228 Bbs7
0.475| 9430047F21Rik 0.224 Armc8
0.475| Dhcr24 0.221 G430005B15Rik
0.474| Al428936 0.219 Hmbs
0.474| Nsdhl 0.216 2810410P22RiK
0.473| Calml4 0.208 LOC?243823
0.473| B2m 0.204 Srpx
0.473| BC023892 0.204 6330562C20Rik
0.473| Tmc4 0.203 Kmo
0.473| Tgfbi 0.2| Mthfdl
0.473| 9330186A19Rik | 0.198 Fcerlg
0.472| 5830454D03Rik 0.195 PIk1
0.471| Lcat 0.185 Dct
0.471| Cpnl 0.179 Srd5a2l
0.471| 1110067M19Rik| 0.1683 Widfyl
0.471| Hist2h2aa2 0.162 3830402107RikK
0.47| Chd2 0.158 C330017I15Rik
0.469| Pinkl 0.151 Gjb2
0.468| 2310007GO5Rik| 0.127 Serpinalb
0.467| Tensl 0.125 2810417H13RIi
0.467| Snfllk 0.121 Fmol
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PDGFR E9.5

PDGFRC E9.5

Fold

Symbol

Fold

Symbol

0.467

D14Ertd449e

0.119

Nudt6

0.466

MGC18837

0.108

Serpinald

0.466

Cxxc6

0.103

Serpinalb

0.465

Emp3

0.098

Serpinalb

0.465

Aldh4al

0.087

LOC280487

0.465

A230067E15Rik

0.06

Mad

0.465

Faah

0.06

Picalm

0.465

Slc39al13

oo

0.05

2610025M23Ri

=

0.465

Serpinf2

0.0%

Serpinala

0.464

2810441C07Rik

0.035

A230020G22R

ik

0.464

2810403A07Rik

0.034

Fbxw5

0.464

9330107J05Rik

0.027

Serpinala

0.463

AA175286

0.011

Zip367

0.463

Itih3

0.007

Serhl

0.463

Hiplr

0.007

Ctsc

0.462

Etohd2

0.00%

Rps13

0.461

Atp7a

0.004

2210021J22Rik

0.46

D930048N14Rik

0.46

A930002F06Rik

0.46

Scotin

0.459

Itgh5

0.458

MGC18837

0.457

Ttyh?

0.457

MblI2

0.456

Pappa2

0.456

5730409F24Rik

0.456

1300013F15Rik

0.456

Foxal

0.455

2900008M13Rik

0.454

Nope

0.453

Gkapl

0.452

B230386D16Rik

0.451

LOC56628

0.449

2310047115Rik

0.449

6030440P17Rik

0.449

Akp2

0.448

Liph

0.448

F2

0.447

Rsn

0.447

A130070G01Rik

0.447

Mucl
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PDGFR E9.5

PDGFRC E9.5

Fold

Symbol

Fold Symbol

0.446

C430014K11Rik

0.445

Tob2

0.444

Catnb

0.444

Gtl2

0.443

D19Ertd144e

0.443

Epb4.111

0.443

C730036N12Rik

0.442

Grcc9

0.442

Cxadr

0.442

Anxab

0.442

C730026J16

0.44

Gtpbp2

0.439

4930420011Rik

0.439

Glyat

0.439

Susd?2

0.438

C030027H14Rik

0.436

E130013N09RIk

0.435

Rassf4

0.433

Mocos

0.433

Pip5kla

0.433

Thbs2

0.432

Hist1lh4h

0.431

Apocl

0.431

Psap

0.431

Abat

0.431

Hbb-b1

0.431

KIf7

0.431

Fdps

0.43

Biklk

0.43

Sdsl

0.43

Gliprl

0.43

Trb

0.43

Stard5

0.43

2900026A02Rik

0.429

Acy3

0.429

Dhcr7

0.428

Siat7c

0.428

4933425L03Rik

0.426

Ethel

0.425

Mvd

0.425

Bclol
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PDGFR E9.5

PDGFRC E9.5

Fold

Symbol

Fold

Symbol

0.423

Plekha7

0.423

6330505N24Rik

0.422

Aacs

0.422

D930008G03Rik

0.422

1810009MO1Rik

0.42

D630014A15Rik

0.419

Gucala

0.419

2700024H10Rik

0.419

BC035947

0.419

LOC380720

0.418

Hmgcsl

0.418

2900001GO8Rik

0.417

E030038D23Rik

0.416

Mt2

0.416

Zfp318

0.414

1110rb

0.414

Hbb-bl

0.414

Anxa3

0.413

6430559E15Rik

0.412

Myold

0.412

Scd2

0.411

0610009J05Rik

0.411

Srpx

0.411

Arhgap22

0.41

1300019J08Rik

0.41

Cyp51

0.41

0610012D14Rik

0.41

LOC381621

0.406

BC057022

0.406

Fgfl

0.406

A430106D13Rik

0.405

9130213B05Rik

0.405

Hbb-bl

0.405

Acas?|

0.405

F2ri1

0.405

8430408G22Rik

0.404

Hspg?2

0.404

Myadm

0.404

Mfap2

0.403

Abcd3

0.401

Haao
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PDGFR E9.5

PDGFRC E9.5

Fold

Symbol

Fold Symbol

0.4

Prodh2

0.4

Nr1h3

0.399

Hsd17b2

0.399

Atbfl

0.399

Faah

0.398

C030022K24Rik

0.397

Sc4mol

0.397

Mfge8

0.396

9130020K20Rik

0.395

2010309L07Rik

0.394

Ushlc

0.394

2900054P12Rik

0.393

Slc13a3

0.392

AxI

0.391

Hspbl

0.391

Dcn

0.39

Fga

0.389

Fga

0.388

Eps8I3

0.386

Cyp51

0.382

Elovl6

0.382

9430093I07Rik

0.381

Zcchcl4

0.381

0610010D20Rik

0.381

Apocl

0.38

Hbb-b1

0.38

Arrdc4

0.378

BC046404

0.378

Itgh5

0.377

4833438J18Rik

0.376

Hrpt2

0.376

AW046396

0.373

Lama5b

0.373

Hbb-b1

0.373

4930402H24Rik

0.372

2310016A09RIk

0.372

Dio3

0.371

4933407C0O3Rik

0.371

Ggtl

0.37

Raplgal

0.37

Lrp4

143



PDGFR E9.5

PDGFRC E9.5

Fold

Symbol

Fold Symbol

0.37

Hbb-b1

0.369

Ppplr9a

0.367

2210008I11Rik

0.365

0.364

Rsn

0.364

Fcgrt

0.364

2010010M04Rik

0.363

Aldhlbl

0.362

9130017N0O9Rik

0.362

BC031353

0.361

G630016D24Rik

0.358

6.72E+09

0.356

Mbl1

0.356

Fbp2

0.355

Ssbh4

0.355

Rafl

0.353

Bcas3

0.352

Cyp2d22

0.35

1110069007Rik

0.35

Chd4

0.346

1700013L23Rik

0.346

Haao

0.345

LOC245440

0.345

Hbb-bl

0.344

Tnnt3

0.344

Serpinal0

0.344

Gm2a

0.342

Hbb-bl

0.341

Selenbpl

0.341

9030625A04Rik

0.339

Tcea3

0.339

Gsn

0.338

A230106J09Rik

0.337

Col5al

0.337

Selenbp2

0.336

Dmrta2

0.335

2210404007Rik

0.335

Col4a6

0.335

Mocsl

0.332

Clca3

0.332

Lamb2
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PDGFRC E9.5

Fold

Symbol

Fold

Symbol

0.331

Pnp

0.328

0610006F02Rik

0.328

Heph

0.326

Prosapipl

0.325

2410012C07Rik

0.324

0.32

Per2

0.319

2610009E16Rik

0.319

C430014K22Rik

0.319

Peg3

0.316

Peg3

0.315

Clmn

0.315

Rec8L1

0.314

C730046C01Rik

0.314

Sqle

0.314

Hsb6stl

0.313

Maob

0.313

Helz

0.311

Serpinalb

0.311

Mfhasl

0.31

Nrih4

0.306

Cldni

0.305

4930402H24Rik

0.302

Cc2

0.301

0.3

6330408J11Rik

0.298

Slc28al

0.298

Lrp2

0.295

1110028F11Rik

0.294

Serpinala

0.294

Adck4

0.293

Tst

0.292

LOC245892

0.289

Trf

0.288

Hbb-b1

0.287

Pygl

0.287

Col6al

0.287

LdlIr

0.286

Nrnl

0.286

Serpinalb

0.286

1110059G02Rik
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PDGFR E9.5

PDGFRC E9.5

Fold

Symbol

Fold

Symbol

0.284

Serpinfl

0.283

BC034834

0.282

4930569K13Rik

0.282

D630038D15Rik

0.281

Serpinald

0.28

Dcn

0.278

Proz

0.276

Serpinalb

0.275

Plg

0.273

H6pd

0.27

Ceecaml

0.268

Lox

0.264

Serpinala

0.264

Tnc

0.263

Lss

0.263

Entpd2

0.263

Slc21a2

0.261

Col6a3

0.259

Tmem25

0.254

1810006K23Rik

0.251

Chdh

0.249

Serpindl

0.245

Krt1-23

0.245

2310043N10Rik

0.241

Adhl

0.236

Mfi2

0.233

Slc22a6

0.233

Al649392

0.232

Slc26al

0.231

1810054013Rik

0.226

LOC385643

0.226

Rbp2

0.22

Mgst2

0.215

Snai3

0.212

Slc6al3

0.211

Fcgr3

0.208

Dio3as

0.208

Chd3

0.2

LOC238463

0.195

Slc27a2

0.194

Hgd
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PDGFR E9.5

PDGFRC E9.5

Fold

Symbol

Fold Symbol

0.191

Slc27a2

0.19

Collal

0.189

Ftcd

0.165

Entpd3

0.159

Cldn4

0.158

Dnajc6

0.157

Itih2

0.153

Coll6al

0.151

1810007E14Rik

0.141

Soatl

0.137

Kngl

0.121

3830431G21Rik

0.112

Gsta3

0.081

Mmd2

0.059

Cebpa

0.049

Arhgef6
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APPENDIX B
Gene List for E10.5 Yolk Sac Samples

PDGFR*° E10.5 PDGFK ° E10.5 PDGFR* E10.5
Fold Symbol Fold Symbol Fold Symbol
6.822| Atplod 40.351 LOC268393 7.287 Atplod
4.218| Gnb4 6.9879 Atpl0d 6.349 Lgals3
4.103| Dhrs8 5.9949 Lgals3 6.276 H2afz
4.09| Targl 4.1442 H2afz 5.139 Nxt2
4.007| Shoc2 3.4247 5730409G07Rik  4.865 5730409G07Ri
3.989| Gpri28 3.1409 Shoc2 4.363 Shoc2
3.981| Deadcl 2.9911 2310069P03Rik 4.355 Adorazb
3.908| Nxt2 2.8654 2400003B0O6RIk 4.2y2 Dhrs8
3.327| 2310069P03Rik 2.8293 Ipp 4.18 LOC380983
3.244| Pnliprpl 2.789%5 LOC380983 4.151 Gprl28
3.15| S100al 2.7854 Nxt2 3.72 2400003B06Rjk
3.13| 8430426K15Rik 2.780f LOC381292 3.63 Fxyd6
3.105| E130112E08Rik 2.7597 LOC271041 3.389 D130083kK
3.088| 5730409G07Rik 2.7154 Deadcl 3.387 2310069R03R
3.077| 1db3 2.6604 Stk4 3.347 1db3
3.019| Adora2b 2.6412 Drbpl 3.266 LOC381750
3| 9430073N08Rik 2.6301 E130112E08Rik 3.244 Drbpl
3| 3110043J09Rik 2.5728 Dhrs8 3.243 Ciapinl
2.976| Hrb 2.5561 Hempl 3.201 Emb
2.965| Emb 2.5524 C330019L16 3.043 Cdkall
2.94| Cda 2.5204 Bspry 3.037 8430426K15R[k
2.938| 2610009I02Rik 2.4759 Adora2b 2.989 L0OC381850
2.931| Stk4 2.4603 B930085B11Ril 2.955 Acyl
2.871| Amd2 2.4171 Hdhd3 2.944 Gnb4
2.853| Kifcl 2.39759 LOC384525 2.931
2.838| Mpst 2.381 Cda 2.908 2510048K03Rik
2.807| LOC380764 2.374p Scfd2 2.905 A230098A12Rik
2.756| Cdkn2a 2.3741 1110018K11Ri 2.866 Cdvl
2.718| Tff3 2.3703 Gngl0 2.865 4930471016R|k
2.665| Hmgcs2 2.335 Acyl 2.864 Gfpt2
2.659| Rps19 2.3215 Cd68 2.881 Ivnslabp
2.655| Car7 2.2959 Rnase4 2.829 2610009102R|k
2.643| LOC381850 2.288[7 Ndufb4 2.823 Mpo
2.634| 1810022C23Rik 2.2635 2610042G18Rjk  2.805 Cda
2.634| 4933428A15Rik 2.2397 LOC211970 2.782 LOC32129
2.621| Mapbpip-pending| 2.2382 Abcg5 2.745 Paipl
2.609| Tpmt 2.2381 2410131K14RikK 2.7833 Kifcl
2.609| Tulp2 2.225% Abhd3 2.725 Sumf2
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PDGFR*° E10.5 PDGFK ° E10.5 PDGFR®* E10.5

Fold Symbol Fold Symbol Fold Symbol
2.601| 5830467P10Rik 2.2222 Targl 2169 Rnase4
2.582| 3110023B02Rik 2.2135 2610019103Rik 2.687 @ngl
2.582| 2310040A13Rik 2.2076 Mistl 2.616 Trappc3
2.554| 2400003B06Rik 2.2032 Dnajc2 2.616 Tulp2
2.541| Secl5ll 2.185[7 Dusp6 2.6D4 C230080120Rjk
2.513| LOC381801 2.184p Cdsl 2.585 Dhrs8
2.513]| ll2rg 2.1841 BC039632 2.567 1810058I24Ril
2.509| Vapb 2.1759 2310037P21Rik 2.521 LOC244710
2.497| LOC245676 21744 Tm7sfl 2.519 Zfp64d
2.489| Gfpt2 2.1738 Shmt2 2.518 Clnsla
2.485| 2900006B13Rik 2.1717 4933428A15Rik  2.494 Mpst
2.485| 2610042G18Rik 2.1699 Histlh2ab 2.488 2610B5BMik
2.476| Cidec 2.1694 1110018J18Rik 2.469 1700081HO5RI
2.461| 2010309E21Rik 2.166 LOC381760 2.444 Clec2
2.458| Idb2 2.1642 Usmg5 2.438 L0OC381801
2.431| Slc2a2 2.1583 3110023BO0O2Ri 2.438 2600013WKL4AR
2.424| 5730408I21Rik 2.1505 LOC245676 2.436 A930QDERIk
2.413| 4930471016Rik 2.1491 2010323F13Rik 2.433 Car7
2.412| 4930553M18Rik 2.1188 Acyl 2.431 Apob

2.41| Acad9 2.110% 2410008B13RiK 2.4P6 9430073NO08Rik
2.407| Trappc3 2.1081 1810058I124Rik 2.416 383040&43
2.379| Ehhadh 2.1036 Taf6 2.41 2810046C01Rik
2.359| Bcap29 2.0964 LOC215678 2.406 Bspry
2.345| Pmm2 2.0956 Ndufab 2.388 B4galt6
2.345| 1110018J18Rik 2.0954 Atp5k 2.367 Pmml
2.342| BC034507 2.0888 A230098A12Rik 2.361 26100834
2.332| Dhrs8 2.085% Arpc3 2.344 Hemkl

2.33| Zmynd10 2.077% Car7 2.334 LOC384525
2.319| Galgt2 2.0758 D130083GO05Rik 2.319 Prssl19
2.306| 3110023B02Rik 2.072 Tdh 2.314 S100al
2.303| 5033406009Rik 2.0651 0610010F05Rik 2.31 Casp7
2.303| 1810017F10Rik 2.0639 Idb3 2.306 Uppl
2.296| 2510004L01Rik 2.0596 Hrb 2.305 Dlat
2.295| 2210039017Rik 2.045 Vapb 2.304 Tpmt
2.289| B4galt6 2.0447 4930553M18Ri 2.284 C330008%ik4
2.285| Serpinbla 2.0288 BC038311 2.284 Deadcl
2.283| Soat2 2.0288 1700081HO5Rik 2.282 Trappc3
2.282| lvnslabp 2.026p Zfp277 2.282 Rpsl19
2.274| Hnrpk 2.0192 Ube2l6 2.279 Arpc3
2.271| Calml4 2.0144 LOC244710 2.263 Bimh

2.257| Hempl 2.013 Rpl30 2.262  Appbpl
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PDGFR*° E10.5 PDGFK ° E10.5 PDGFR®* E10.5
Fold Symbol Fold Symbol Fold Symbol
2.246| Sfrs10 2.0124 Pthrl 2.252 Gngl0
2.244| Trappc3 2.0123 Ube2el 2.245 Prss35
2.242| Cypl7al 2.0117 Mrpsl5 2.241 Sgk
2.235| Cwf19I2 2.0081 1110068E08RIk 2.289 Slc2a2
2.227| Abhd3 2.0059 2610009102Rik 2.2B4 Slc25al12
2.227| Bcmol 2.0028 2310001H12Rik 2.23 2010005013Rik
2.225| Twistnb 0.499 BC035947 2.227 Nr5a2
2.217| Zfp202 0.4978 BC044804 2.227 Tdh
2.203 0.497¢§ Tulp4 2.213 1810015C11Rik
2.197| Arpc3 0.4971 AI313915 2.212 1110018J18Rik
2.192| 1110018K11Rik 0.497 1700020114Rik 221 Sfrsb
2.191| LOC241051 0.495F¢ D230050J18Rik  2.209 Dafl
2.183| 0610010F05Rik 0.4936 4921518A06Rik 2.201 8160
2.182| Sfrs10 0.4934 Ercc2 2.197 6330419J24R|k
2.178| LOC383131 0.498 Chd3 2.197 Acyl
2.165| 2510048K03Rik 0.4923 D930008GO3Rjk 2.189 Capl
2.162| 1110018J18Rik 0.4915 Rhobtbl 2.186 AI480653
2.16| Usmg5 0.4909 LOC386192 217 Scfd2
2.151| Rhebll 0.4906 3010031KO1Rik 207 Emd
2.15| Mbp 0.4904 2310043N10Rik 2.162 Dnajc2
2.148| Pmm2 0.4895 Peg3 2.162 Achd4
2.142| 1700019N12Rik 0.4891 Pou2fl 2.153 Sfrs10
2.14| LOC271041 0.4876 Itih4 2.153 Gadd45gipl
2.136| Abcg5 0.485 Zcchcld 2.152 BC016495
2.135| Tead4 0.4835 Cxcl7 2.143 LOC271041
2.127| 2410004F06Rik 0.4831 Imap38 2.142 5730408R1R
2.122| Rnase4 0.4831 4930527B16Rik 2(14 Acad9
2.122| Rpl30 0.4827 2.139 Cdc45l
2.114| Ncf4 0.4815 4833438J18Rik 2.139 LOC211970
2.11| 2610024E20Rik 0.4814 Acas? 2.139 2310035C23Rik
2.11| Pip5kilb 0.4796 Gs2na-pending 2.136 Sfrs10
2.109| LOC381066 0.4798 Npcl 2.129 Ciapinl
2.102| Trappc3 0.4787 Peg3 2.18 1L0C382162
2.1 | C730026E21Rik 0.4784 Gkapl 2.126 Hnrpa0
2.099| BC016495 0.4788 D930048N14Rik 2.124 Lgtn
2.097| Eif3s6 0.475% D5Ertd593e 2.1p3 ll2rg
2.092| Rnf34 0.4742 6030458C11Rik 2.121 Sfrsb
2.09| Sh3bgrl2 0.474 Ndrgl 2.119 Rangnrf
2.089| LOC384525 0.474 2210404007Rik  2.119 Ppat
2.087| Mat2a 0.4738 AI316807 2.115 Mbp
2.08| Tdh 0.4721 Nfatb 2.109 C330027I104RiK




PDGFRK°E10.5

PDGFEK® E10.5

PDGFR®*fE10.5
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ik

Za)

Fold Symbol Fold Symbol Fold Symbol
2.08| Angl 0.4688 Cldn4 2.109 Npm3
2.077| Atp5k 0.4686 Man2al 2.101 Rdh10
2.076| Fhi 0.4681 EO030038D23Ri 2.009 D4Ertd765e
2.075| S100a13 0.4678 9030625A04Rik  2.097 2810468kL1
2.072| Gpr39 0.467% 3632413BO7Rik 2.097 Ptk9
2.07 | Akrlcl2 0.4669 Cyp26bl 2.093 L259
2.069| Zdhhcl3 0.4662 Cebpa 2.083 LOC381681
2.068| Polr2k 0.4657 GO0s2 2.079 1110017010R
2.067| G431001109Rik 0.4653 Bglap-rs1 2.077 Hrb
2.067| 3300005D01Rik 0.4652 Srpx 2.076 Magmas
2.064| C330008K14Rik 0.4649 Oxrl 2.0y6 Rohn
2.054| BC039632 0.464p BC022765 2.075 Tmod3
2.048| 1600014K23Rik 0.4608 A530030G15Rjk 2.073 D&E3e
2.047| Fhit 0.4607 Atbfl 2.06D Plcg2
2.044| Pdlim4 0.4583 BC027088 2.068 LOC226135
2.043| D330023Al14Rik 0.458P 2210415KO03Ri 2.067 Sbc2
2.042| Guca2b 0.458 Catnb 2.0b7 Snapc3
2.04| SlIc39a8 0.458 EO030007NO4Rik  2.055 Gprl24
2.039| Ndufa5 0.457% 2310047L21RiK 2.049 TmA4sfl2
2.037| Cyp3al3 0.4574 Helz 2.049 S100a13
2.032| Frapl 0.4555 C530043K16Rik 2.046 Ldb2
2.029| 1700081HO05Rik 0.4516 A130070GO1Rik 2.045 Pmm2
2.028| Carl2 0.4504 B230378H13Rik 2.045 Skbl
2.024| C630041L24Rik 0.4492 Akrlcl9 2.042 Rfc3
2.019| Rbm4 0.4487 C430041B13Rik 2.039 Slc30a2
2.019| Mtch2 0.4436 LOC237436 2.086 LOC218805
2.018| LOC214738 0.440Pp C730036N12Rik  2.036 Shmt2
2.017| 2600013N14Rik 0.4403 Mfhasl 2.034 Rpa2
2.017| Tpmt 0.4402 Lox 2.038 5830467P10Ri
2.017| Cdkn2a 0.44 2810403A07Rik 2.0P9 PIs3
2.015| G22p1 0.4399 6720456H20Ri 2.027 1110018X.8K
2.015| Zfyvel6 0.4393 Itgh4 2.023 0610009I22RikK
2.014| Tarbp2 0.4392 Hmgcs2 2.019 Rnf25
2.014| Rwdd2 0.436 Adnp 2.019 Hsd17bl2
2.011| Orc4 0.435 Anxa6 2.017 Cwfl19I12
2.003| Slc25a4 0.4346 Mrc2 2.012 Vapb
2.002| 1110034G24Rik 0.4324 Esrrb 2.012 G431001K9K
2.002| Slc2a2 0.4281l Trb 2.01 C330027I04Ri
2.001| 4930405D11Rik 0.4236 2010010MO4Rlk 2.009 Le1EB3
2 | Laspl 0.4196 Nudel-pending 2.007 Stoml2
0.5| D14Abble 0.4188 2010300G19Ri 2.003 Tarbp2
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Fold Symbol Fold Symbol Fold Symbol
0.5 | E030006K04Rik 0.4162 Adcy6 0|5 Ashll

0.499| A930004J17Rik 0.4156 C230075M21Rik 0.499 Berl
0.499| Hspb8 0.4152 A430106D13Rik 0.499 5330401H8Ri
0.499| Sepnl 0.4106 Papin 0.409 0610012D14Rik
0.499| Ddx19 0.4071 Chd4 0.499 6720456H20Rjk
0.498| 1110062MO6Rik 0.4065 2010309L0O7Ri 0.499 20MK12Rik
0.498| 9530053J19Rik 0.4038 Cldnl 0.498 Lrp4
0.498| Mest 0.4027 D630038D15RIi 0.497 Sema3b
0.498| Slc39al3 0.3984 Anxa3 0.4D7 Stomll
0.497| Ppfial 0.3969 lap 0.497 Emilinl
0.497]| Ifitm2 0.3953 C730046CO01RiK 0.497 Rps6kil
0.497| Al173486 0.3886 Lgals9 0.496 Actg2
0.497| 3110078MO1Rik 0.3815 Arhgef6 0.4D6 44324048007
0.496| E2f2 0.3809 9130020K20RiK  0.495 Gliprl
0.495| Rbbp2 0.3732 lap 0.495 Abcd3
0.495| Abca7 0.3718 Slc26al 0.465 EO030007NO4Rik
0.495| 1810045K06Rik 0.3709 Ulkl 0.494 Gtl2
0.494| Myl9 0.3676 Nisch 0.494 Zcchc3
0.494| Hspg2 0.3652 KIf7 0.494 Hoxc8
0.494| Rbm9 0.3641 C920013G19Rik 0.493 Nope
0.494| Slicla4 0.3618 1300019J08RIK 0.493 4430402@11R
0.494| 9130229H14Rik 0.36 Sycn 0.4D1 2510042H12Rik
0.493| Msh3 0.3562 Collal 0.491 Ntn3
0.493| Etohd2 0.35483 E230012J19RiK 0{49 Hoxc6
0.493| Mmrn2 0.3525 Luc7I2 0.49 Rgpr
0.492 0.3511 Tssc8 0.49 2210417C17R}k
0.491| PIk1 0.3509 1700045119Rik 0.49 2410001C21Rik

0.49| Nsdhl 0.3438 P2ryl4 0.488 Cyp26bl

0.49| Stxbpl 0.338%5 Col9a2 0.488 1110059G02Rik
0.489| D930010J01Rik 0.336 Ghr 0.485 Gtpbp2
0.489| Ldb2 0.3333 Hpxn 0.485 2810405J23Ri
0.489| 2810046M22Rik 0.328 Plekhf2 0.4B5 Nisch
0.487| BC022765 0.3265 Erdrl 0.484 Trp53bp2
0.487| 6330406L22Rik 0.321L Arhgefl0 0.4B4 Slc27a2
0.486| Dockl1l 0.3081 Krtl-23 0.484 A930002F06RJk
0.486| 4732458005Rik 0.2995 Foxql 0.484 Nsdhl
0.486| Antxr2 0.2973 Vin 0.484 9430093I07Rik
0.486| Coll8al 0.2945 Pnp 0.482 Hgd
0.486| Rafl 0.293% Slip 0.482 Stk25
0.486| Gnaq 0.2889 Col2al 0.482 2010002H18Rik
0.486| Vwf 0.2862] A130010C12Rik 0.482 1700034P13R|k
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Fold Symbol Fold Symbol Fold Symbol
0.486| Krtl1-14 0.284 E430033BO7Rik  0.481 Aacs
0.486| Lgals9 0.276% Erdrl 0.481 LOC268350
0.485| 2210417C17Rik 0.2719 1810007E14Rik 0.48 Gpr85
0.485| 2310014HO1Rik 0.2398 Serpinalb 0.479 27000R&kk
0.485| 2810403A07Rik 0.2344 C3 0.4Y8 Hdac5h
0.484| Top2b 0.2279 Serpinalb 0.477 Dio3as
0.484| 2810417H13Rik 0.2225 Serpinald 0.477 Alg8
0.483| Mmp14 0.2168 Serpinalb 0.4f7 Hmox1
0.483| Epor 0.1901 Rbp2 0.476 Lengl
0.483| Zcchc3 0.1528 Serpinala 0.476 Slc6a9
0.483| Stab2 0.1284 Wdfyl 0.475 Slc6ad
0.482| 4933406CO08Rik 0.1129 Pxmp2 0.474 Tremll
0.482| Mfap2 0.0518 Girx1 0.474 9430002A10Rik
0.482| MKkI1 0.0309 Rpl29 0.473 Cpnl
0.482| Pemt 0.472 Slc4al
0.481| 1110014020Rik 0.472 Mmd2
0.48 | Hépd 0.472 5830407P18RIik
0.48| Col9al 0.472 Mustnl
0.48 | Atbfl 0.472 Ugp2
0.479| 2310047C04Rik 0.47 Smoc2
0.479| 2210008I11Rik 0.4f7 Selenbpl
0.478| A330081F11Rik 0.469 Mrps27
0.478| D930001122Rik 0.468 B930044G13Rjk
0.478| 2210417D09Rik 0.467 Slc27a2
0.477| Gpsml 0.46)f Tssc8
0.477]| Ifitm2 0.466 BC017643
0.477| Icam4 0.466 Helz
0.477| Foxal 0.466 9330186A19Ri
0.476| D8Ertd319e 0.465 (C230043G09Rjik
0.476 9-Sep 0.46p Irsl
0.475| 9530006C21Rik 0.465 Lcn7
0.475| 5730406F04Rik 0.464 Rdh5
0.475| A130022F02Rik 0.464 Slc22a6
0.474| Kif23 0.463 Scarf2
0.473| Itgb5 0.463 Ppap2a
0.473| Lrp4d 0.462 Rbmb5
0.473| Mfap2 0.462 Chd4
0.472| B130052G07Rik 0.461 0610008A10Rik
0.472| 4930545L23Rik 0.459 GO0s2
0.472| Epb4.9 0.45f D930048N14Rik
0.471| Haao 0.456 Arhgefl0
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PDGFEK® E10.5

PDGFR®*fE10.5

Fold Symbol Fold Symbol Fold Symbol
0.471| Xylb 0.455 Serpinalb
0.469| F730017E11Rik 0.455 Efnab
0.468| Prnp 0.45%5 Usp48
0.467| 9130415E20Rik 0.454 Atbfl
0.466| PIxnbl 0.454 5830420C15Ri
0.466| Socs3 0.453 5830407P18Ri
0.466| Gigl 0.453 1600023A02RiK
0.466| Hdach 0.452 1600023A02Ri
0.465| 4933439C20Rik 0.452 Dactl
0.464| 0610006F02Rik 0.451 A730008H23
0.464| AI839920 0.45 1110004P15RiK
0.463| Nrp 0.449 LOC385643
0.463| Rasl12 0.449 Ccrndl
0.463| Rasa3 0.449 Rab6
0.462| Whscll1 0.44y Hrbl
0.462| Peg3 0.44f Hmgcsl
0.462| C030025P15Rik 0.446 1190028F09
0.462| Myh10 0.446 6430544H17RiK
0.462| Rnfl25 0.445 1db2
0.462| 2700049H19Rik 0.445 Pfc
0.462| Pdgfa 0.444 Ntn3
0.461| D15Mit260 0.441 Villp
0.461| KIf7 0.441] Glt25d1
0.461| Plod2 0.44 1190012CO08Rik
0.461| Per2 0.439 BC022133
0.461 0.43§ Gm644
0.459| Fstll 0.438 Selenbp2
0.456| LOC382050 0.436 Fkbpl0
0.456| Adami19 0.436 Bcas3
0.455| 2610016F04Rik 0.436 Scoc
0.454| Pitpnml 0.43p 0610009B14Ri
0.453| BC046404 0.434 Fbnl
0.453 0.434 Cxcl7
0.453| B230104P22Rik 0.431 Col9al
0.453| 2700033B16Rik 0.43 Dhcr7
0.452| B930075F07 0.43 BC022765
0.452| Kcnn4 0.428 2010010MO4Ri
0.452| Lims2 0.428 Ubc
0.452| Gtpbp2 0.428 Scd2
0.451| 5730421K10Rik 0.428 2210415KO03Ri
0.451| Chd3 0.42Y Haao
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Fold Symbol Fold Symbol Fold Symbol
0.45| Tm9sf2 0.426
0.45| Igsfll 0.426 Sc4mol
0.45 0.426§ Thbs2
0.45| Phida3 0.426 Nnat
0.449| Leprel2 0.425 Apocl
0.449| 1110003A17Rik 0.425 Prkar2b
0.449| Ndn 0.42% 6030458C11Rik
0.449| A530083M17Rik 0.424 LOC238463
0.449| A430073A17Rik 0.428 5730494J16Rik
0.448| Rps6ka4d 0.423 Erdrl
0.448| BC019731 0.421 Pnp
0.448| LOC381138 0.4p Coldab
0.448| Smpd3 0.41p Heépd
0.448| B130066H02Rik 0.419 1700013L23Rik
0.448| D6Ertd253e 0.418 1810023B24Rik
0.448| Adcy6 0.418 Itih2
0.447| App 0.417 E030038D23Ril
0.446| 4430402011Rik 0.417 A530030G15Rik
0.445| Dpf3 0.416 F13b
0.445| Emp3 0.416 Haao
0.444| 6230427J02Rik 0.415 Nrnl
0.444| B130020A07Rik 0.415 Ttcl7
0.443| E130206E21Rik 0.415 Gm22
0.443| Sdc3 0.418 Fcgrt
0.443| B3galt6 0.418 Slcla4d
0.442| Midlipl 0.413 Serpinald
0.442| C030005121Rik 0.412 Alg8
0.442| 4631426J05Rik 0.412 BC057022
0.441| Notch4 0.412 Serpinalb
0.441| B230378H13Rik 0.412 Ndrl
0.44| Ptpn21 0.411 1810045K07RIi
0.44 | 4933407L23Rik 0.411 Mfhasl
0.439| Dguok 0.409 Foxal
0.439| Rabl 0.408 Nsdhl
0.438| 9530029F08Rik 0.408 Igsfll
0.438| CdkI2 0.408 3010031K01RIK
0.437| 1810007E14Rik 0.408 Ghr
0.437| Cd47 0.407 Serpinalb
0.437| KIf2 0.405
0.436| Map4ks 0.404 Acas?|
0.436| Rab32 0.408 LOC381591
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Fold Symbol Fold Symbol Fold Symbol
0.436| C730046CO01RIk 0.403 Erdrl
0.435| 6720407G21Rik 0.402 Widcl
0.435| Pop4 0.402 B130017P16Rik
0.434| Trb 0.401 B130008017Ri
0.434| Luc7I2 0.4 Bclol
0.433| LOC215996 0.399 Anxa3
0.433| Cldnl 0.399 (C030019I105RikK|
0.433| 9430065F12Rik 0.398 lap
0.433| 9930104M19Rik 0.397 1190002F15Rik
0.432| Hspal2a 0.397 Etohd2
0.431| Wdr9 0.396 Pydl
0.431| Mod1l 0.39% C730046C01Rik
0.43| V1rhl 0.393 Dhrsx
0.429| Lengl 0.398 Per2
0.429| Vegfc 0.392 Lss
0.429| Kif5 0.391] Serpinfl
0.428| A130092J06Rik 0.391 Oxrl
0.427| Nsdhl 0.39 Siclal
0.427| Criml 0.388 1110055E19RIik
0.426| Slc35a2 0.388 Hsph8
0.425| D7Ertd791e 0.387 C230075M21Rik
0.425| Hspal2b 0.386 9030224M15R|k
0.425| 0610009J05Rik 0.386 Luc7I2
0.423| D230021E06Rik 0.385 Peg3
0.423| A930034L06Rik 0.384 1810054013Rik
0.423| Colecll 0.384 9130213B05Rik
0.423| Slc35d1 0.38p Fabp3
0.422| Slc6a9 0.382 2310043N10Rik
0.422| D630004K10Rik 0.381 LOC381140
0.421| B130020M22Rik 0.381 Upk3b
0.421| Gucyla3 0.379 Apocl
0.421| Amotll 0.377 LOC245440
0.42 | C030019I05Rik 0.377 Gas7
0.42| Sema4dg 0.375 Mapl7
0.42| Abi3 0.375 6330415F13Rik
0.419| Fgfrll 0.374 5830454D03RIK
0.419| Sortl 0.378 lap
0.418| AW124722 0.371 Siat7c
0.418| Zfp236 0.371 Sqle
0.418| 2610001E17Rik 0.371 Heph
0.418| Sdc2 0.3 Pgm2
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Fold Symbol Fold Symbol Fold Symbol
0.418| Nope 0.369 BC031407
0.417| 2610312F20Rik 0.369 Esrrb
0.416| Gnas 0.368 Pgam?2
0.416| Ceecaml 0.36§7 1810007E14Rik
0.416| Usp54 0.364 Fcerlg
0.416| Hkr3 0.361
0.416| D14Ertd231le 0.359 Trib3
0.415| Pdcd6ip 0.35Pp 9530006C21Rik
0.415| Tmc6 0.357 Col6al
0.415| E530020K13Rik 0.357 D630038D15Rjk
0.414| Tcea3 0.356 Srd5a2l
0.414| 4933411D12Rik 0.356 1300006C19R|k
0.413| Cxcl12 0.355 Slc6al3
0.412| Zcchc3 0.354 Ndrgl
0.411| 2600011CO06Rik 0.353 Col6al
0.411| Slc3al 0.35 Peg3

0.41| 9030625A04Rik 0.3b Sqle
0.41] Tro 0.348 FInb
0.41| Hbb-bl 0.346 Kngl

0.409| Heph 0.342 SmpdI3b
0.409| C920013G19Rik 0.34 Clca3
0.409| Ddefl 0.338 OIfmi3
0.408| 2610009E16Rik 0.336 1300019J08Rik
0.408| 9030607L20Rik 0.335 Col5al
0.408| L3mbtl3 0.334 9030625A04RIiK
0.407| A230050P20Rik 0.334 2610002D18Rik
0.406| P4ha2 0.338 Sgcd
0.406| Btgl 0.33 Cd47
0.405| LOC98434 0.32f7 Serpinala
0.405| Efnal 0.326 1810017F10Rik
0.405| A830083H19Rik 0.326 Hsd11b2
0.404 | Hspg2 0.3283 Txnl4
0.404| LOC382215 0.314 Mvd
0.404| Braf 0.313 6720469N11RiK
0.404| Ankrd25 0.3183 AWO046396
0.404| Fnbpl 0.31 LdlIr
0.403| A830085I22Rik 0.31 2310075G12Rik
0.403| Nrp 0.31 AI838661
0.402| 9230112005Rik 0.309 KiIf7
0.402| Ccnd2 0.308 Srpr
0.401| Hemgn 0.302 Hsd11b2
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Fold Symbol Fold Symbol Fold Symbol
0.401| 9430029L20Rik 0.302 2700046G0O9R
0.401| Sytll 0.298 Drctnnbla

0.4 | Wasfl 0.296 Tex19
0.399| 2310047A01Rik 0.295 Ftcd
0.399| 2410146L05Rik 0.293 2610018I03Rik
0.399| C430014K11Rik 0.293 Serpinala
0.398| Ptp4a3 0.2p A130010C12Ri
0.398| Plvap 0.29 Eya3
0.398| A430106D13Rik 0.289 Agl
0.398| Awpl-pending 0.286 Fxr2h
0.397| 1700045I19Rik 0.286 Snai3
0.396| Popdc2 0.286 Bst2
0.395| Mxd3 0.285 Gtpbp2
0.395| BC013481 0.285 Col6a3
0.395| FIt1 0.284 1110028F11Rik
0.395| Tgfhi 0.283 Tnc
0.394| Chstl2 0.28 Foxql
0.394| 5830406C17Rik 0.28 Prdx2
0.394| Dactl 0.279 Chd3
0.394| Acox2 0.277 Eval
0.393| St6gall 0.2y Timd2
0.391| A130067E09Rik 0.267 Atp7a
0.391| Fads2 0.26]7 AI313915
0.39| Etnk2 0.266 BC021608
0.389| 4832408C21Rik 0.264 Agl
0.389| 2700031B12Rik 0.258 2810417H13R
0.389| Gypc 0.257 5730538E15RikK
0.389| Hbb-bl 0.254 Pla2gl2a
0.388| BC014699 0.249 Rbp2
0.388| A430091022Rik 0.246 Cldn4
0.388| SIc39a9 0.242 Cldnl
0.388| Nol3 0.242 Coll6al
0.387| Fdps 0.241 Cxadr
0.386| Tmsbl0 0.24 1110063F24Ril
0.386| OIfr887 0.239 2410012CO7Rik
0.385| Slicla3 0.238 0610006F02Ri
0.384| 1810073H04Rik 0.235 BC034834
0.384| Puml 0.229 Rgll
0.384| Usp48 0.229 Slc26al
0.384| Kcnkl 0.227 Cebpa
0.383| A630076E03Rik 0.225 Hbb-bl
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Fold Symbol Fold Symbol Fold Symbol
0.383| Anxa3 0.22]1 Lox
0.383| 5830427D02Rik 0.221 Rhoe
0.382| Tpstl 0.22 Gsta3
0.382| 4930572L20Rik 0.218 Thap4
0.382| Ptprb 0.216 4833421E05RI}
0.382| Heph 0.218 Fxyd2
0.382| C130080N23Rik 0.211 Vin
0.381| Nrp 0.209 2210012GO0O2RIiK
0.381| Hmgcr 0.198 Adhl
0.381| LOC218877 0.197 Hbb-bl
0.381| 6030411F23Rik 0.196 Collal
0.381| ltih4 0.195 Hbb-bl

0.38| Hk2 0.194 Zfp39
0.379| AI850995 0.19 Pcsk9
0.379| BC021381 0.185 Hbb-bl
0.378| Ecel 0.184 Hbb-bl
0.378| Mbc2 0.181 Arhgef6
0.377| AW536289 0.179 Tceal3
0.376| E030003011Rik 0.179 Hmbs
0.376| Msi2h 0.17% Hbb-bl
0.376| Hhip 0.1 1110067L22Rik
0.375| 2310075E07Rik 0.159 Hbb-bl
0.375| Fign 0.154 Spon2
0.375| Saa4 0.14P 1700045I19Rik
0.375| Lpin2 0.132 Hbb-bl
0.375| Islr 0.131 Ipo9
0.375| Dhcr7 0.123 Man2bl
0.374| Ghr 0.117 Arrdc3
0.374| Bbox1 0.104 Pxmp2
0.374| 6330562C20Rik 0.05 Rpl29
0.374| Msi2h 0.049 Cops8
0.374| 6720456H20Rik 0.044 GIrxl
0.373| LOC381140 0.028 Apoc2
0.373| Esrrb
0.373| DA4Ertd681e
0.372| E330018DO03Rik
0.372| Chrd
0.372| Lgi2
0.371| Stiml
0.371| B230373P09Rik

0.37| Copz2
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0.37| Hoxc6

0.37| MAp19

0.369| Scd2

0.369| Col3al

0.369| E030026I10Rik

0.369| 5430432M24Rik

0.369| 3732412D22Rik

0.369| Cebpa

0.368| Siat9

0.367| D630038D15Rik

0.367| Cyp26b1

0.367| Pex13

0.366| LOC240261

0.366| BC021608

0.366| Hbb-bl

0.365| BC025872

0.365| Scarf2

0.365| Itpkb

0.365| 3110038B19Rik

0.365| Sc4mol

0.364| Coll6al

0.364| Kif27

0.364| Prkgl

0.363| Zfp39

0.361| 6430537121Rik

0.361] Slitl2

0.36 | C230084018Rik

0.359| 5830420C15Rik

0.359| 5830411120

0.359| BC042423

0.359| Armcx2

0.358| 6530411B15Rik

0.358| Copz2

0.355| Slc9a3r2

0.354| Hk1

0.354| Ttyh3

0.353| C230075M21Rik

0.353| Aard

0.353| Arhgef6

0.353| 4921505C17Rik

0.352| Atbfl
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0.352

Angptl6

0.352

D1Bwg0491e

0.352

1810027120Rik

0.352

E030030I06Rik

0.351

Mmp2

0.35

Al875142

0.35

8430419L09Rik

0.349

Hbb-b1

0.349

Hoxc9

0.349

H2afy

0.348

Baspl

0.348

Lrgl

0.346

Yipm1

0.346

8430408G22Rik

0.345

H13

0.345

Clics

0.345

Stabl

0.344

E230011G24Rik

0.344

BC060615

0.342

Clgb

0.342

Ifi35

0.341

E130307J07Rik

0.341

Bbs7

0.341

Wispl

0.341

Ppplr9b

0.339

Esmil

0.336

D5Ertd689e

0.336

Cdh3

0.336

Hbb-b1

0.336

Cryab

0.336

4831437C03Rik

0.335

Rcn3

0.335

1110060I01Rik

0.334

4930427A07Rik

0.333

Egfl5

0.333

Agpl

0.333

Gja4

0.332

A130052D22

0.332

Tgfb2

0.331

Gli2

0.33

AU020939
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0.33| Hoxc8

0.33| Adam23

0.329| Cyp51

0.328| BC043114

0.327| 1600023A02Rik

0.327| Slc43al

0.327| Widcl

0.326

0.326| D230017CO5Rik

0.326| 2310075G12Rik

0.326| Hdac7a

0.325| 5730538E15Rik

0.323| E030038D23Rik

0.321] Cpeb3

0.321| Smoc?2

0.321| Bmp4

0.321]| Cyp51

0.32| LOC381132

0.319| Six5

0.319| Axot

0.317| C230029D21Rik

0.316| Fadsl

0.316

0.316| 2510009E07Rik

0.315]| D130059P03Rik

0.315| Nnat

0.315| Hmgcsl

0.315| 1110004P15Rik

0.314| Smyd4

0.313] Bcl9l

0.313| Tnpol

0.313] Lgi2

0.312| Hrbl

0.312| Dpysl2

0.312] Ly6e

0.309| Gjas

0.309] Glipr2

0.309| Hbb-b1

0.308| Fabp5

0.308| Gp5

0.308| A830030H10Rik
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0.306| Trpv6

0.306| Amotll

0.305| Tssc8

0.304| 1110067B18Rik

0.304| Txnl4

0.303| E130203B14Rik

0.303| Insig2

0.3 | 6030446I19Rik

0.299

0.298| Polydom

0.298| Jaridlb

0.294| A030001L21Rik

0.294| Hbb-bl

0.293| Cdc42ep5

0.293]| Lss

0.293| D730035F11Rik

0.293| 4931440L10Rik

0.293| Nnat

0.292| Nkx2-3

0.291| 9130229N11

0.29| Pgam?2

0.29| Rusc?2

0.289| LOC239102

0.287| A130086G11Rik

0.287| 6230415M23Rik

0.287| Sbk

0.286| Adamts2

0.285| C130022E19Rik

0.284| Syngrl

0.282| Nxn

0.282| Ahsg

0.281| 5730406018Rik

0.28 | Actg2

0.279| Sfxn3

0.278| Emid2

0.277| Aacs

0.277| Diapl

0.276| Cblb

0.276| 9830143E02Rik

0.275| Ppplr3c

0.275| 5830471E12Rik
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PDGFRK°E10.5

PDGFEK® E10.5

PDGFR®*fE10.5

Fold

Symbol

Fold

Symbol

Folg

Symbol

0.275

Zcche3

0.275

Fxr2h

0.274

2310058A03Rik

0.272

Myh10

0.271

Tdrkh

0.27

Islr

0.268

9030024J15Rik

0.267

Ddhd1

0.267

Sox5

0.267

Susd?

0.266

C730009D12

0.266

Irsl

0.265

AWO046396

0.264

Foxql

0.263

D930024H10Rik

0.263

B930095G15Rik

0.262

Erdrl

0.262

9130213B05Rik

0.262

C730049P21

0.259

4632401N01Rik

0.258

Cdh5

0.258

Fkbp10

0.257

3110021A11Rik

0.256

Slp

0.256

2010011120Rik

0.256

1600023A02Rik

0.256

Rab22a

0.255

Anxab

0.255

2310008B10Rik

0.254

Slc15a2

0.251

6230400G14Rik

0.251

Ntn3

0.25

Upk3b

0.249

Ak5

0.249

Tspyll

0.248

Hbb-b1

0.248

Dusp23

0.248

Lphnl

0.247

Cerk

0.245

A630012P03Rik

0.245

Golph4
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PDGFRK°E10.5

PDGFEK® E10.5

PDGFR®*fE10.5

Fold Symbol

Fold Symbol

Fold Symbol

0.245| Adamts9

0.245| 2810423A18Rik

0.244| A530020H22Rik

0.243| Mmpll

0.243| Erdrl

0.242| Sqle

0.242| Hbb-b1

0.242| Pnp

0.242| 1700030EO05Rik

0.24| Fbnl

0.239| 2610030P0O5Rik

0.239| Cops5

0.236| Tnc

0.235| Tnnil

0.235| Mmp23

0.235| A530017D24Rik

0.234| D330001F19Rik

0.234| Serpinald

0.234| Faah

0.234| Punc

0.233| BC044804

0.233| Ncaml

0.232| Pcolce

0.231] LOC233529

0.231| Sema3f

0.23| Zip367

0.227| Thbs2

0.227| Col6a3

0.227| 9330107J05Rik

0.227| Efnab

0.226| LOC381691

0.224| 9030224M15Rik

0.223| B130017P16Rik

0.223| Mfhasl

0.222| Creb3l1

0.221| Vin

0.22| Ankl

0.22 | Mapbpip

0.219| 6430407L02Rik

0.218| Serpinalb

0.217| LOC270599
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PDGFRK°E10.5

PDGFEK® E10.5

PDGFR®*fE10.5

Fold

Symbol

Fold

Symbol

Folg

Symbol

0.216

6720403M19Rik

0.215

2610524A10Rik

0.214

Ddx26

0.212

Zfhx1b

0.212

1110001A05Rik

0.212

4930422J18Rik

0.212

9330186A19Rik

0.211

Col6éal

0.21

AxI

0.21

D130027M0O4Rik

0.21

Mvd

0.209

Sema3b

0.209

Alcam

0.208

Serpinalb

0.207

9930108006Rik

0.207

Hand1

0.207

2010204013Rik

0.206

Cdh3

0.206

Aldh8al

0.205

1110055E19Rik

0.205

Ehd3

0.204

Biklk

0.203

Col5a2

0.202

Serpinalb

0.201

Mthfd1

0.201

C530043K16Rik

0.201

Ndrgl

0.2

Apof

0.195

1110008H0O2RIk

0.194

Pga5

0.194

0610037B23Rik

0.189

Ccnd2

0.188

Sox4

0.187

BC023741

0.187

A130010C12Rik

0.186

Col5al

0.186

Col4a5

0.183

Tgfblil

0.182

9030625A11Rik

0.179

Rgll

0.179

LOC385780
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PDGFEK® E10.5

PDGFR®*fE10.5

Fold

Symbol

Fold

Symbol

Folg

Symbol

0.178

2610305J24Rik

0.178

Gasb

0.177

Mt3

0.177

P2ry14

0.175

Col4ab

0.175

E230012J19Rik

0.173

G430005B15Rik

0.172

Foxo3

0.172

2900045G02Rik

0.169

A930030J18Rik

0.169

Hsd11b2

0.168

LoxI1

0.167

Uapl

0.167

Creldl

0.166

Col4ab

0.163

6820427D17Rik

0.162

Trim10

0.162

Gm22

0.16

0.159

1110017F19Rik

0.159

D5Ertd593e

0.159

Colla2

0.158

C130092E12

0.156

Bglap2

0.155

Camk4

0.151

Wdfyl

0.147

6330414G02Rik

0.147

F830002E14Rik

0.147

6030432P03Rik

0.146

Nnat

0.146

C3

0.139

Lox

0.139

Ldlr

0.135

4933427D14Rik

0.134

6720469N11Rik

0.129

Oxrl

0.127

2210415K03Rik

0.126

Gm644

0.121

0610005C13Rik

0.121

2610001E17Rik

0.12

Serpinala
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PDGFRK°E10.5

PDGFEK® E10.5

PDGFR®*fE10.5

Fold

Symbol

Fold

Symbol

Folg

Symbol

0.12

B230114H0O5Rik

0.118

Reck

0.111

Col6éal

0.111

3110040M04Rik

0.11

OlfmI3

0.106

B230369L08Rik

0.101

Mgstl

0.099

Mknk2

0.096

Ndrl

0.096

Bglap-rsl

0.094

Srpx

0.092

Collal

0.085

Serpinala

0.085

8030402P03Rik

0.084

Mrc2

0.083

8030481K01Rik

0.081

Insigl

0.08

2210021J22Rik

0.079

Wnt9a

0.078

Hsd11b2

0.075

Al115600

0.074

Nudel-pending

0.072

Tial

0.069

B930036M14Rik

0.066

Arrdc3

0.066

C130098C10Rik

0.062

Col9a2

0.061

1700009P17Rik

0.054

1810018P12Rik

0.053

4931426K16Rik

0.052

A230020G22Rik

0.051

Ctgf

0.05

Cbin1

0.045

9130213B0O5Rik

0.044

Sparc

0.041

Col3al

0.028

Pcsk9

0.026

D430030C18Rik

0.025

Sqle

0.024

Sycn

0.023

Snai2
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PDGFEK® E10.5

PDGFR®*fE10.5

Fold

Symbol

Fold

Symbol

Fold Symbol

0.019

Nudt6

0.019

Slcl7al

0.018

Lars2

0.017

Apoa?2

0.016

Fdps

0.003

BC021614

0.002

Fcerlg
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