PDGFR regulates craniotacial
development through homodimers
and tunctional heterodimers with PDGFRa
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Craniofacial development is a complex morphogenetic process, disruptions in which result in highly prevalent
human birth defects. While platelet-derived growth factor (PDGF) receptor a (PDGFRa) has well-documented
functions in this process, the role of PDGFR in murine craniofacial development is not well established. We
demonstrate that PDGFRa and PDGFRp are coexpressed in the craniofacial mesenchyme of mid-gestation mouse
embryos and that ablation of Pdgfrb in the neural crest lineage results in increased nasal septum width, delayed
palatal shelf development, and subepidermal blebbing. Furthermore, we show that the two receptors genetically
interact in this lineage, as double-homozygous mutant embryos exhibit an overt facial clefting phenotype more
severe than that observed in either single-mutant embryo. We reveal a physical interaction between PDGFRa and
PDGFRS in the craniofacial mesenchyme and demonstrate that the receptors form functional heterodimers with
distinct signaling properties. Our studies thus uncover a novel mode of signaling for the PDGF family during ver-

tebrate development.
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The platelet-derived growth factor (PDGEF) receptors
(PDGFRs) are receptor tyrosine kinases (RTKs) that bind
to a subset of growth factors on the surface of cells and
elicit responses with broad roles in developmental cellular
processes. The mammalian PDGF family consists of four
ligands, PDGF-A-D, which variously signal through two
RTKs: PDGFRa and PDGFRp. Receptors in this family
consist of an extracellular ligand-binding domain contain-
ing five immunoglobulin-like loops, a single transmem-
brane domain, and an intracellular domain harboring a
split catalytic tyrosine kinase (Williams 1989). The two
receptors share the highest amino acid homology in the
N-terminal (85% identity) and C-terminal (75% identity)
kinase domains, with considerably reduced homology in
the extracellular (31% identity) and interkinase (27%
identity) domains (Matsui et al. 1989). PDGFRs are acti-
vated by ligand binding that induces receptor dimeriza-
tion and promotes tyrosine kinase activity, resulting in
the autophosphorylation of intracellular tyrosine resi-
dues. Signaling molecules containing Src homology 2
(SH2) phosphotyrosine recognition motifs bind to specific
phosphorylated residues in the cytoplasmic domains of
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the receptors and mediate downstream cellular responses
through various intracellular signaling pathways (Heldin
and Westermark 1999). These signaling molecules in-
clude a subset with intrinsic enzymatic activity, includ-
ing Src family tyrosine kinases, phosphatidylinositol 3-
kinase (PI3K), the tyrosine phosphatase SHP-2, phospholi-
pase Cy (PLCy), and Ras GTPase-activating protein (GAP)
as well as adaptor proteins such as Crk, Grb2, and Nck
(Heldin and Westermark 1999). While both PDGFRa and
PDGERP are capable of interacting with Src, PI3K, SHP-
2, and PLCy, PDGFRa is additionally able to bind Crk,
and PDGFR@ is further capable of interacting with GAP,
Grb2, and Nck (Heldin and Westermark 1999).

Although numerous ligand and receptor interac-
tions have been demonstrated in vitro, the homodimers
PDGF-AA and PDGEF-CC have been shown to exclusively
activate PDGFRa signaling in vivo during mammalian de-
velopment (Bostrom et al. 1996; Soriano 1997; Ding et al.
2004), while PDGF-BB solely activates PDGFR} signaling
(Levéen et al. 1994; Soriano 1994). Targeted disruption of
Pdgfra in mice results in embryonic lethality during mid-
gestation, with homozygous null embryos exhibiting a
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wide range of phenotypes, including facial clefting, bleb-
bing, edema, hemorrhaging, cardiac outflow tract defects,
abnormalities in neural tube development, abnormally
patterned somites, and extensive skeletal defects affecting
cranial neural crest cell (NCC) derivatives in the fronto-
nasal skeleton as well as non-NCC-derived skeletal ele-
ments such as the shoulder girdle, sternum, ribs, and
vertebrae (Soriano 1997). These phenotypes are recapitu-
lated in embryos lacking both Pdgfa and Pdgfc (Ding
et al. 2004). Alternatively, both Pdgfrb- and Pdgfb-defi-
cient mice die perinatally and exhibit edema, hemorrhag-
ing, cardiac ventricular septal defects, thrombocytopenia,
anemia, and kidney defects (Levéen et al. 1994; Soriano
1994). Recently, a Pdgfd-deficient mouse model has
been reported with a mild vascular phenotype in adult an-
imals, indicating that this ligand is not essential for em-
bryonic development or postnatal life (Gladh et al. 2016).

Both PDGFRa signaling and PDGFR} signaling have
been shown to contribute to cranial and cardiac NCC de-
velopment. Within the craniofacial region, Pdgfra is ex-
pressed in the cranial NCC-derived mesenchyme of the
facial processes during mid-gestation, while its ligands,
Pdgfa and Pdgfc, are reciprocally expressed in the overly-
ing epithelium (Morrison-Graham et al. 1992; Orr-
Urtreger and Lonai 1992; Ding et al. 2000; Hamilton
et al. 2003; He and Soriano 2013). Conditional ablation
of Pdgfra in the neural crest lineage using the Wnt1-Cre
driver (Danielian et al. 1998) results in a subset of the
null phenotypes, including facial clefting, midline hemor-
rhaging, aortic arch defects, and thymus hypoplasia (Tall-
quist and Soriano 2003; He and Soriano 2013). Pdgfra™";
Wnt1-Cre*/™ embryos exhibit a delay in the migration
of NCCs into the frontonasal prominence and decreased
proliferation in this structure (He and Soriano 2013). Fur-
thermore, PDGFRa signaling has been shown to regulate
survival and proliferation of the cranial NCC-derived
mesenchyme contributing to the palatal shelves (Fan-
tauzzo and Soriano 2014). Pdgfrb is also expressed in the
embryonic mesenchyme, with high expression levels in
the heart and diffuse expression in the cephalic mesen-
chyme, among other sites (Soriano 1994; McCarthy
et al. 2016). Its ligand, Pdgfb, is expressed in the palatal
shelves of mid-gestation embryos (Rahimov et al. 2008),
with increased expression in the palatal epithelium as
compared with the mesenchyme (P Mazot and P Soriano,
unpubl.). Intriguingly, the expression patterns of PDGFRa
and PDGFRp are nonoverlapping in the mesenchyme of
the developing murine frontonasal region. While PDGFRa
is localized to the cartilage primordia of the nasal septum
and the medial sides of the vomeronasal organs during
mid-gestation, PDGFRp is expressed laterally throughout
the nasal septum (McCarthy et al. 2016). The PDGFRs
have been demonstrated previously to genetically interact
during craniofacial and heart development. Conditional
ablation of both Pdgfra and Pdgfrb in the neural crest lin-
eage leads to malformations in the basisphenoid, alisphe-
noid, and hyoid bones and defects in multiple cardiac
NCC derivatives that are more severe than those observed
in either single conditional homozygous mutant alone
(Richarte et al. 2007; McCarthy et al. 2016).
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Previous work by our laboratory identified PI3K as the
main downstream effector of PDGFRa signaling during
embryonic development in mice. Embryos homozygous
for an autophosphorylation mutant knock-in allele
(Pdgfra®™X) in which PDGFRa is unable to bind PI3K
due to two tyrosine-to-phenylalanine mutations at resi-
dues Y731 and Y742 (Yu et al. 1991) die perinatally and
display a cleft palate, among other defects (Klinghoffer
et al. 2002; Fantauzzo and Soriano 2014). However, these
embryos do not display a subset of skeletal defects found
in Pdgfra-null embryos, such as incomplete fusion of the
anterior facial bones that results in complete facial cleft-
ing (Soriano 1997). Intriguingly, embryos homozygous or
hemizygous for an allele (Pdgfra™) containing five addi-
tional mutations at residues (Y572, Y574, Y720, Y988,
and Y1018) required for association of PDGFRa with
Src, SHP-2, and PLCy (Rosenkranz et al. 1999) do not ex-
hibit more severe abnormalities than those detected in
PdgfraPPK/PIK embryos (Klinghoffer et al. 2002). One in-
terpretation of these findings is that PDGFRP may be
able to compensate for the loss of PI3K signaling through
PDGFRa if the two receptors form functional hetero-
dimers in which PDGFRa is able to transphosphory-
late PI3K-binding sites on PDGFRp. In support of
this hypothesis, whereas Pdgfrb"**"5K mice do not dis-
play overt craniofacial defects (Heuchel et al. 1999),
Pdgfra”K/PIK, pgfrhPISK/PISK double-homozygous mu-
tant embryos in which PI3K signaling cannot be engaged
through PDGFRa/p heterodimers indeed exhibit com-
plete facial clefting, thus phenocopying Pdgfra-null em-
bryos (Klinghoffer et al. 2002).

Two main possibilities arise from these studies. The
first is that PDGFRa and PDGFR( independently regulate
cell activity and are able to compensate for one another in
the neural crest lineage. The second is that the two recep-
tors form functional heterodimers. In addition to the in
vivo findings described above, a handful of in vitro studies
performed in porcine aortic endothelial cells using an
exogenous expression model suggest that PDGFRa/p het-
erodimers have properties distinct from those of homodi-
meric receptor complexes in terms of signal molecule
binding and mitogenic response (Rupp et al. 1994; Ekman
et al. 1999). Currently, the prevalence of these hetero-
dimers and their effect on cellular behavior during devel-
opment are unknown.

In this work, we combined expression, genetic, and bio-
chemical studies to demonstrate that PDGFRa and
PDGFRB genetically and physically interact to form func-
tional heterodimers during murine embryogenesis, thus
highlighting a novel mode of signaling for the PDGF fam-
ily. Furthermore, we uncovered roles for PDGFR in nasal
septum and palatal shelf development as well as basement
membrane integrity and provide evidence that the subepi-
dermal blebbing phenotype observed in Pdgfr mutants
stems from mislocalization of various extracellular ma-
trix proteins. Our findings thus reveal that previously ob-
served requirements for PDGFRp in human skeletal and
skin development are evolutionarily conserved in mice
and are cell-autonomous to the murine neural crest
lineage.



Results

The PDGERs are coexpressed in the craniofacial
mesenchyme

Consistent with its critical role in craniofacial develop-
ment, Pdgfra is expressed in the mesenchyme of the facial
processes of embryonic day 10.5 (E10.5) heterozygous re-
porter embryos in which an H2B-GFP construct had
been knocked into the Pdgfra locus (Fig. 1A,A’; Hamilton
et al. 2003; He and Soriano 2013). To determine the ex-
pression of PDGFRp in these same structures, we per-
formed whole-mount immunohistochemistry on wild-
type E10.5 embryos using an anti-PDGFRp antibody, re-
vealing expression in the medial and lateral nasal process-
es, in the maxillary processes from which the palatal
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PDGFRs form functional heterodimers

shelves will extend, and in the mandibular processes
(Fig. 1B,B’). Outside of the craniofacial region, expression
of both receptors was additionally detected in the heart,
neural tube, somites, and limb buds at E10.5 (Fig. 1A-B/).

Primary mouse embryonic palatal mesenchyme cells
(MEPMs) and primary mouse embryonic fibroblasts
(MEFs) have been shown previously to independently ex-
press both PDGFRa and PDGFRp (Klinghoffer et al.
2001, 2002; He and Soriano 2013; Vasudevan et al.
2015), with the former cell type demonstrating respon-
siveness to stimulation with PDGF-AA (He and Soriano
2013; Fantauzzo and Soriano 2014; Vasudevan and Sor-
iano 2014; Vasudevan et al. 2015), and the latter demon-
strating responsiveness to stimulation with PDGF-AA
and PDGF-BB (Klinghoffer et al. 2001, 2002). Quantitative
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The PDGFRs are coexpressed in the craniofacial mesenchyme. (A,A’) Expression of Pdgfra as assessed by GFP fluorescence in

E10.5 Pdgfra*/“"" embryos viewed laterally (A) and frontally (A’). (B,B') Expression of PDGER as assessed by whole-mount immunohis-
tochemistry with an anti-PDGFR antibody in E10.5 wild-type embryos viewed laterally (B) and frontally (B’). No signal was detected in a
secondary antibody control embryo at E10.5 (data not shown). Expression of both receptors was detected in the facial process mesen-
chyme, heart, neural tube, somites, and limb bud mesenchyme. (MxP) Maxillary process; (MdP) mandibular process; (LNP) lateral nasal
process; (MNP) medial nasal process; (Hrt) heart; (FL) forelimb; (NT) neural tube; (Som) somite. (C) Bar graph depicting quantitative RT—
PCR (qQRT-PCR|) values revealing reduced expression of Pdgfra in mouse embryonic palatal mesenchyme cells (MEPMs) as compared with
mouse embryonic fibroblasts (MEFs) and similar expression of Pdgfrb across the two cell types. Data are presented as mean = SEM. (D-G'")
Expression of PDGFRa (red; D”,F’) and PDGFR (red; E”,G") as assessed by immunofluorescence analyses in E13.5 Pdgfra*/“*’-derived
MEPMs (D-E'"") and MEFs (F-G'’). Expression of both receptors was detected in virtually every cell. (D’,E',F,G’) Pdgfra-expressing cells
are additionally indicated by GFP fluorescence (green). (D,E,F,G) Nuclei were stained with 4’,6-diamidino-2-phenylindole (DAPL blue).
Bars, 100 pm.
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RT-PCR (qQRT-PCR) analyses comparing expression of
the transcripts encoding the two receptors in primary
MEPMs and primary MEFs revealed greater expression
of Pdgfra in MEFs (2.087% +0.3069% and 12.00% =
0.7276% of mB2m expression, respectively) and similar
expression of Pdgfrb across the two cell types (18.22% =
2.623% and 18.25% +1.078% of mB2m expression, re-
spectively) (Fig. 1C). To assess coexpression of the two re-
ceptors in these cell types, low-passage primary MEPMs
and primary MEFs were derived from E13.5 Pdgfra*/¢"
embryos and subjected to immunofluorescence analyses
with both anti-PDGFRa and anti-PDGFRp antibodies.
Our analyses revealed expression of both receptors in vir-
tually every cell (Fig. 1D-G"”).

Craniofacial skeletal defects in a subset of embryos
lacking Pdgfrb in the neural crest lineage

As PDGEFRp does not have an established role in murine
craniofacial development beyond a genetic interaction
with Pdgfra, we performed a series of experiments exam-
ining the effect of conditionally ablating Pdgfrb in the
NCC lineage using the Wnt1-Cre driver. These analyses
and all further experiments in this study were performed
using mice maintained on a 129S4 coisogenic genetic
background to prevent the effects of potential second
site modifiers. We began by assessing the timing and ex-
tent of NCC migration in this context using the
ROSA26™T/mC gllele (Muzumdar et al. 2007), which ex-
presses a double-fluorescent Cre reporter throughout the
embryo, resulting in the expression of membrane-targeted
tdTomato before Cre excision and membrane-targeted
EGFP after Cre excision. This analysis revealed no obvi-
ous defects in the extent or pattern of NCC migration
into the facial processes and pharyngeal arches of embryos
lacking Pdgfrb in the NCC lineage at E8.5 (n = 3) (data not
shown) or E10.5 (n=4) (Fig. 2A-B'”"). Moreover, whole-
mount 4/,6-diamidino-2-phenylindole (DAPI) staining of
these same embryos revealed no morphological differenc-
es in the shape or size of neural crest-derived craniofacial
structures in experimental versus control embryos at
E10.5 (Fig. 2A,B).

We next explored the effect of ablating Pdgfrb in the
NCC lineage on development of the craniofacial skeleton.
The majority of E15.5 homozygous mutant embryos has
an increased width of the nasal septum compared with
heterozygous control littermates (521.8 pm +9.818 um
vs. 497.7 um = 4.582 um; P =0.0781) (Fig. 2C-E). Examina-
tion of perinatal mice confirmed that this is a transient
phenotype, as the nasal septum and associated structures
of Pdgfrb conditional knockout mice (Fig. 2G-G”') are in-
distinguishable from those of heterozygous littermates
at E18.5 (Fig. 2F-F"). Furthermore, while E15.5 heterozy-
gous control embryos have palatal shelves that are in the
process of fusing along the anterior—posterior axis (Fig.
2C-C"), the palatal shelves of a subset (10%, n = 10) of ho-
mozygous mutant embryos had not yet begun to elevate
at this time point (Fig. 2D-D"). This likely reflects a delay
in Pdgfrb conditional knockout palatal shelf develop-
ment, as these mice are ultimately born at Mendelian ra-
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tios (44 pups vs. 49.5 expected pups out of 198 total; x*
P=0.3667) and are viable. Skeletal preparations of perina-
tal mice confirmed that palatal shelf development may be
only temporarily delayed in Pdgfrb™";Wnt1-Cre*/™ em-
bryos, as all Pdgfrb conditional knockout mice examined
to date (n=17) (Fig. 2G-G”’) have a secondary palate iden-
tical to that of their heterozygous littermates (Fig. 2F-F").

Pdgfra and Pdgfrb genetically interact during craniofacial
development

A previous skeletal analysis in which both Pdgfra and
Pdgfrb were conditionally ablated in the NCC lineage
did not detect additional frontonasal midline defects in
double conditional mutant embryos beyond those ob-
served in Pdgfra™;Wnt1-Cre*/™ embryos (McCarthy
et al. 2016). As Pdgfra”* "'k embryos have a cleft palate
phenotype (Klinghoffer et al. 2002; Fantauzzo and Soriano
2014) less severe than the complete facial clefting pheno-
type observed in Pdgfra™;Wnt1-Cre*/™ embryos (Tall-
quist and Soriano 2003; He and Soriano 2013), we chose
to use the Pdgfra”™X allele in our in vivo studies as a
sensitized background in the hopes of uncovering a genet-
ic interaction between the two receptors in frontonasal
midline development. We thus used the constitutive
Pdgfra™3X allele together with the conditional Pdgfrb’
allele and the Wnt1-Cre driver to ablate various allele
combinations in the NCC lineage. We intercrossed
Pdgfra*’"PK,pdgfrb™" mice with Pdgfra*/"'K;Pdgfrb*/";
Wnt1-Cre*/™ mice and harvested the resulting progeny
at E13.5 for gross morphological examination (Fig. 3A-
G”). As observed previously (Fantauzzo and Soriano
2014), all embryos homozygous for the Pdgfra’™K allele
were smaller than their littermates (Fig. 3B,B/,D,D',G,
G'). Double-homozygous mutant embryos were recovered
at Mendelian frequencies at E13.5 (four embryos vs. six
expected embryos out of 97 total; y* P = 0.3870) and exhib-
ited an overt facial clefting phenotype (100%; n = 4) (Fig.
3G-G"; Table 1) not observed among embryos possessing
any of the other 11 allele combinations from the inter-
crosses (n =93) (Table 1), indicating that the two receptors
genetically interact in the NCC lineage.

Moreover, blebbing of the surface ectoderm in the facial
region was detected in approximately half of the embryos
heterozygous for the Pdgfra*/"°K allele (53 %; n = 36) (Fig.
3C,C’; Table 1) and was fully penetrant among embryos
homozygous for the Pdgfra”¥ allele (100%; n = 24) (Fig.
3B,B,D,DV,G,G; Table 1) and among Pdgfra*/"K;
Pdgfrb" . Wnt1-Cre*'™ embryos (100%; n=15) (Fig. 3F,
F; Table 1). Interestingly, this phenotype was also
observed among a subset of embryos heterozygous (14 %;
n=7) or homozygous (20%; n=5) for the Pdgfrb" allele
in combination with the Wntl1-Cre transgene in the
absence of Pdgfra mutation (Fig. 3E,E’; Table 1). Finally,
facial hemorrhaging was frequently detected in embryos
homozygous for the Pdgfra’K allele (58%; n=24)
(Fig. 3B-B”,D-D”,G-G”; Table 1) and occasionally in
Pdgfra*"PK. Pdgfrb™" . Wnt1-Cre*™ embryos (13%; n = 15)
(Fig. 3F-F”; Table 1), revealing that while hemorrhaging
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Figure 2. Conditional ablation of Pdgfrb in the neural crest lineage. (A-B”’) Whole-mount fluorescence analysis of Pdgfrb*/™,Wnt1-
Cre*"$,ROSA267™T/mG (A_A"") and Pdgfrb™;Wnt1-Cre*/"$;ROSA26*/™T/ME (B_B"") embryos at E10.5. DAPI staining revealed no
morphological differences in the shape or size of neural crest-derived craniofacial structures in homozygous mutant (B) versus hetero-
zygous control (A) embryos. (B') GFP fluorescence analysis revealed no defects in the extent or pattern of NCC migration into the
facial processes and pharyngeal arches of embryos lacking Pdgfrb in the NCC lineage. (C-D”) Safranin O staining of coronal
Pdgfrb*".Wnt1-Cre*'™ (C-C") and Pdgfrb™";Wnt1-Cre*/™ (D-D") anterior (C,D), middle (C’,D’), and posterior (C”,D") palatal shelf
sections at E15.5. While the palatal shelves of heterozygous control embryos are in the process of fusing along the anterior-posterior
axis, the palatal shelves of a subset of homozygous mutant embryos have not yet begun to elevate at this time point. (NS) Nasal
septum; (PS) palatal shelves; (T) tongue. Bars, 100 um. (E) Line graph depicting width of the nasal septum between E15.5 heterozygous
control and homozygous mutant littermates. The majority of homozygous mutant embryos has an increased width of the nasal sep-
tum (blue) compared with heterozygous control littermates. (F~G"’) Lateral (F,G) and ventral (F,F’,G’,G") views of craniofacial skeletal
preparations generated from Pdgfrb*;Wnt1-Cre*/¢ (F-F") and Pdgfrb™".Wnt1-Cre*/™® (G-G"| littermate pups at 18.5. Pdgfrb condi-
tional knockout mice have a secondary palate identical to that of their heterozygous littermates. Black arrowheads indicate medial
edges of palatal shelves.

was always accompanied by blebbing, the latter pheno- er time points, we generated skeletal preparations of E16.5
type also arose independently (Table 1). embryos obtained from the same intercrosses. While dou-

To assess the genetic interaction of Pdgfra and Pdgfrb in ble-heterozygous (Fig. 3],J) and Pdgfra*/""*K,pdgfrb™1;
craniofacial cartilage and bone development in vivo at lat- Wnt1-Cre*/™ (Fig. 3L\L) skeletons were virtually
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Figure 3. Pdgfra and Pdgfrb genetically interact during craniofacial development. (A-G"’) Gross morphology of E13.5 embryos resulting
from intercrosses of Pdgfra*/"*K,Pdgfrb" mice with Pdgfra*/"°K,Pdgfrb*/";Wnt1-Cre*/™ mice as viewed laterally (A-G) and frontally
before (A’~G’) and after (A”-G") whole-mount DAPI staining. (G-G"') The two receptors genetically interact in the NCC lineage, as dou-
ble-homozygous mutant embryos have an overt facial cleft (red arrow) not observed among embryos possessing any of the other allele com-
binations from the intercrosses. Facial blebbing (green arrowheads) and facial hemorrhaging (red arrowheads) were also detected among
embryos possessing a variety of allele combinations. While hemorrhaging was always accompanied by blebbing, the latter phenotype
also arose independently. (H-L') Lateral (H-L) and ventral (H'-L’) views of craniofacial skeletal preparations generated from E16.5 embryos
obtained from intercrosses of Pdgfra*/"'*K; Pdgfrb™ mice with Pdgfra*/"*%,Pdgfrb*™;Wnt1-Cre*'™8 mice. (I,I') The vomer and palatal pro-
cesses of the maxilla of Pdgfra”%/1°K skeletons were markedly reduced, and the palatal processes of the palatine had not elevated or
grown toward the midline (black arrowhead). (K,K’) Midline defects were exacerbated in Pdgfra”*¥/"*X. pdgfrb*™;Wnt1-Cre*'™® skeletons,
which additionally exhibited upturned and clefted nasal cartilage (black asterisks), a widening of the gap between the premaxilla bones,

and generalized broadening of the skull. (pmx) Premaxilla.

indistinguishable from control skeletons (Fig. 3H,H’),
the vomer and palatal processes of the maxilla of
Pdgfra”K/PI3K skeletons were markedly reduced, and
the palatal processes of the palatine had not elevated
or grown toward the midline (Fig. 3L,I'). Introduction of a
single Pdgfrb™ allele exacerbated the midline defects
observed in Pdgfra”®¥/PPK  skeletons such that
Pdgfra” K PIK. pdgfrb* . Wnt1-Cre*/™  skeletons addi-
tionally exhibited upturned and clefted nasal cartilage, a
widening of the gap between the premaxilla bones, and
generalized broadening of the skull (Fig. 3K,K’) reminis-
cent of the craniofacial skeletal defects observed upon
conditional ablation of Pdgfra in the NCC lineage (Tall-
quist and Soriano 2003; He and Soriano 2013).
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Mislocalization of extracellular matrix proteins in Pdgfra
mutant facial blebs

As discussed above, blebbing in the facial region was de-
tected in a subset of embryos possessing at least one
Pdgfra”3* or Pdgfrb™ allele, suggesting that each receptor
contributes to this phenotype. While such fluid-filled
blebs have been described as early as 1960 in patch (Ph)
mutant mice (Grineberg and Truslove 1960), which har-
bor a deletion of Pdgfra (Smith et al. 1991), this phenotype
has not been described previously in Pdgfrb models or
been examined in detail. To determine the time of onset
of the blebbing phenotype, we performed histological
analysis on earlier Pdgfra”®®"K embryos, revealing
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Table 1. Pdgfra and Pdgfrb genetically interact during craniofacial development

Genotype Expected Observed Normal Dead Facial cleft Facial blebbing Facial hemorrhage

o prwict 0.0625 0.0400 4/4 0 0/4 0/4 0/4
oK g w1 ot 0.1250 0.1500 6/15 0 0/15 9/15 0/15
”’SK/”’SK HwicH 0.0625 0.0600 0/6 0 0/6 6/6 4/6
+/+ B wi1cH 0.0625 0.0700 6/6 1 0/6 0/6 0/6
+/P’3K pwicH 0.1250 0.1000 6/10 0 0/10 4/10 0/10
”’SK/”’SK Aw1cH 0.0625 0.0800 0/8 0 0/8 8/8 5/8
*f* +ifl wzc*”‘»’ 0.0625 0.0700 6/7 0 0/7 1/7 0/7
*“’BK Wf wicHTe 0.1250 0.1200 5/11 1 0/11 6/11 0/11

anSK/”SK HwicHTe 0.0625 0.0600 0/6 0 0/6 6/6 3/6
a*l* g, W1G+/Te 0.0625 0.0500 4/5 0 0/5 1/5 0/5
*“’BK pwicHTs 0.1250 0.1500 0/15 0 0/15 15/15 2/15
PBK/PISK,;sﬂ/ﬁ, wicHTe 0.0625 0.0500 0/4 1 4/4 4/4 2/4

blebs as early as E11.5 (Fig. 4A,B). We next used transmis-
sion electron microscopy to analyze this phenotype in
more detail in E13.5 Pdgfra”’®¥/"°K embryos. Outside of
the bleb, a two-layered epithelium was observed overlying
dermal fibroblasts (Fig. 4C). Moving toward the bleb, the
epidermis was completely detached from the underlying
mesenchyme (Fig. 4C’). Higher-magnification images re-
vealed an intact basement membrane and what appeared

to be loose collagen fibrils at the bleb interface (Fig. 4C”,
C'"), consistent with previous findings in Pdgfc™/~ (Ding
et al. 2004) and Ph/Ph mutant (Erickson and Weston
1983) embryos, respectively. Immunofluorescence analy-
ses of E13.5 Pdgfra-null craniofacial surface tissue using
antibodies specific to the basal epidermis (keratin 14)
(Supplemental Fig. SIA-B’) and the basement membrane
(integrin a6) (Fig. 4D-E') verified that these cell layers

Pdgfra** Pdgfra** PdgfracFPee Pdgfracer

Pdgfra™* Pdgfra**

Pdgfra®rrse

Pdgfra™ Pdgfra** Pdgfra®Frerr

Pdgfra™ Pdgfra"* Pdgfracrcr

Figure 4. Mislocalization of extracellular matrix proteins in Pdgfra mutant facial blebs. (A, B) Hematoxylin and eosin staining of coronal
Pdgfra*’* (A) versus Pdgfra”"**/"I3K (B| craniofacial sections at E11.5 revealing separation of the epidermis from the dermis (black arrow-
heads) in the mutant samples. Bars, 100 um. (C-C'’) Transmission electron micrographs of E13.5 Pdgfra”'**/"1K facial sections outside (C )
and within (C'-C"”) the bleb. The epidermis was completely detached from the underlying mesenchyme within the bleb. An intact base-
ment membrane (black arrowheads) and what appeared to be loose collagen fibrils (asterisk) were detected at the bleb interface. (Fib) Fi-
broblast; (Epi) epidermis. Dashed rectangles indicate the frame of the following panel. Bars, 1 nm. (D-K’) Expression of integrin a6 (red; D—
E'), laminin 5 (red; F-G'), collagen type IV (red; H-I'), and Frem1 (Fras1/FRAS]1-related extracellular matrix protein 1) (red; ]-K') as assessed
by immunofluorescence analyses of E13.5 wild-type (D,D',F,F,H,H',J,J') versus Pdgfra“""/**" (E F' .G,G',II'K,K') craniofacial surface tis-
sue. Expression of integrin a6, collagen type IV, and Frem1 was increased throughout the mutant epidermis (white arrowheads), while
expression of laminin 5 was slightly decreased. (D',E',F,G’,H,I',],K’) Nuclei were stained with DAPI (blue). Bars, 100 pm.
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were completely detached from the underlying mesen-
chyme within the mutant blebs.

Interestingly, we observed that integrin a6 expression
was increased throughout the mutant epidermis (Fig. 4E,
E') as compared with that of wild-type littermates (Fig.
4D,D’'). Similar immunofluorescence analyses revealed
that expression of the extracellular matrix proteins colla-
gen type IV (Fig. 4H-T') and Frem1 (Frasl/FRAS1-related
extracellular matrix protein 1) (Fig. 4J-K’) was also in-
creased throughout the Pdgfra-null epidermis, suggesting
that these proteins may not be properly localizing to the
basement membrane in this setting. Expression of laminin
5 was slightly decreased throughout the Pdgfra-null
epidermis (Fig. 4F-G’), while localization of collagen
type II (Supplemental Fig. S1C-D’), collagen type VII
(Supplemental Fig. SIE-F'), and Hspg2 (also known as per-
lecan) (Supplemental Fig. S1G-H’) was unchanged be-
tween wild-type and mutant tissues. qRT-PCR analyses
comparing expression of the transcripts encoding these ex-
tracellular matrix proteins in RNA derived from E13.5
wild-type versus Pdgfra®™/<™ whole cranial skin re-
vealed no significant changes in transcript expression in
the mutant samples, with the exception of a modest
decrease in Lamb3 expression (22.10% + 4.211% decrease;
P=0.0344) (Supplemental Fig. S2A). Moreover, Western
blotting demonstrated similar levels of integrin a6
(Supplemental Fig. S2B), collagen type IV (Supplemental
Fig. S2C), and Frem1 (Supplemental Fig. S2D) protein in
E13.5 wild-type and Pdgfra®™/“f whole cranial skin
lysates, further suggesting that the blebbing defect is asso-
ciated primarily with mislocalization, and not misexpres-
sion, of these extracellular matrix proteins.

PDGFRa and PDGEFR form functional heterodimers
with properties distinct from those of homodimeric
receptor complexes

Having characterized a genetic interaction between
Pdgfra and Pdgfrb during craniofacial development, we

next explored whether PDGFRa and PDGFR heterodi-
merize in the craniofacial mesenchyme. We initially
used the proximity ligation assay (PLA) (Soderberg et al.
2006) to examine the interaction of the proteins at sin-
gle-molecule resolution. We chose antibodies for each re-
ceptor that generated minimal background staining in the
craniofacial mesenchyme of embryos in which the recep-
tor had been conditionally ablated in the NCC lineage
(Supplemental Fig. S3B,B’,D,D’) as compared with control
embryos (Supplemental Fig. S3A,A’,C,C’). Applying the
PLA technique to E13.5 craniofacial tissue, PDGFRa/p in-
teractions were detected in the craniofacial mesenchyme
(Fig. 5A,A’). Quantification of these puncta revealed
that these interactions were significantly increased in
the mesenchyme (8.450 + 1.027 per 50-um? area) as com-
pared with the epithelia (1.200 + 0.2494 per 50-um? area;
P <0.0001), consistent with the expression patterns of
the PDGEFRs, as well as compared with a technical nega-
tive control without the addition of primary antibodies
(0.0 + 0.0 per 50-um? area; P < 0.0001) (Fig. 5B,B’) and con-
ditional knockout tissues in which Pdgfra (0.8000 =+
0.2575 per 50-pm? area; P <0.0001) (Fig. 5C,C') or Pdgfrb
(2.800+0.5361 per 50-um?* area; P <0.0001) (Fig. 5D,D')
had been ablated in the NCC lineage (Fig. 5E).

We next performed a series of in vitro biochemical ex-
periments to assess whether PDGFRa and PDGFR are ca-
pable of forming functional heterodimers with the
capacity to activate downstream signaling pathways. We
chose to perform these experiments in primary MEFs, as
the levels of Pdgfra and Pdgfrb expression are more simi-
lar in this cell type than in primary MEPMs (Fig. 1C). In
view of the demonstrated roles of Akt, Erk1/2, and PLCy
signaling downstream from PDGFR activation during cra-
niofacial development (Klinghoffer et al. 2002; Moenning
et al. 2009; Fantauzzo and Soriano 2014; Vasudevan et al.
2015), we first assayed the ability of PDGF-AA, PDGF-BB,
and PDGF-DD ligands to stimulate phosphorylation of
these signaling proteins. To induce receptor signaling, pri-
mary MEFs were starved in medium containing 0.1% calf
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Figure 5. PDGFRa and PDGFRp physically interact in the craniofacial mesenchyme. (A-D’) Interaction of PDGFRa and PDGFRp in
E13.5 craniofacial tissue as assessed by fluorescence analysis following application of the PLA. PDGFRa/p interactions were significantly
increased in the mesenchyme (A,A’) as compared with the epithelia of experimental sections as well as compared with a technical neg-
ative control without the addition of primary antibodies (B,B’) and conditional knockout tissues in which Pdgfra (C,C’) or Pdgfrb (D,D’)
had been ablated in the NCC lineage. Puncta are indicated in inverse grayscale (A,B,C,D) and by Cy3 fluorescence (red; A’,B',C’,D’). Nuclei
were stained with DAPI (blue; A’,B’,C’,[)). Bars, 100 pm. (E) Scatter dot plot depicting the number of puncta per 50-um? area detected in
the mesenchyme (red) or epithelia (blue) for each condition. Data are presented as mean + SEM. (***) P =0.001; (****) P <0.0001.
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serum for 24 h followed by stimulation with 10 ng/mL
PDGF-AA, PDGF-BB, or PDGF-DD ligand for up to 4
h. Western blot analysis of whole-cell lysates revealed
that, while PDGF-AA treatment induced a modest in-
crease in phospho-Akt levels by 5 min (1.521-fold =
0.760-fold over baseline), PDGF-BB and PDGF-DD treat-
ments generated sustained phospho-Akt responses that
peaked at comparable levels by 30 min (4.451-fold =
1.691-fold and 4.302-fold +0.513-fold over baseline, re-
spectively) (Fig. 6A). A similar examination of the time
course of Erkl/2 phosphorylation revealed peaks at 15
minutes for all three ligands, with PDGF-BB treatment
generating a more robust response (4.568-fold +0.564-
fold over baseline) than PDGF-AA (2.894-fold +0.964-
fold over baseline) and PDGF-DD (2.571-fold + 0.174-fold
over baseline) (Fig. 6B). Finally, PDGF-AA treatment re-
sulted in negligible increases in phospho-PLCy levels,
while PDGF-BB and PDGF-DD treatments induced peaks
of PLCy phosphorylation at 15 min, with PDGF-BB again
generating a stronger response (2.805-fold +0.246-fold
over baseline) than PDGF-DD (2.159-fold +0.078-fold
over baseline) (Fig. 6C).

Having determined a general peak of intracellular sig-
naling 15 min after PDGF ligand treatment, we used this
time point to assay the ability of each PDGFR to bind
the other as well as interact with known signaling
molecules upon stimulation of primary MEFs with
PDGF-AA, PDGF-BB, or PDGF-DD ligand. PDGFRa and
PDGFRp heterodimers were detected following treatment
with PDGF-BB, a ligand that has been shown previously to
bind both receptors in vitro (Andrae et al. 2008), and, to a
lesser extent, upon stimulation with PDGF-DD (Fig. 7A).
PDGFRa/p heterodimers were similarly observed in pri-

A PDGF-AA 0 2 5 15 30 60 120 240 B PDGF-AA 0 2 5

15 30 60 120 240
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mary MEPMs predominantly in response to PDGF-BB
treatment (data not shown). As expected, PDGF-AA stim-
ulation of primary MEFs resulted in autophosphorylation
of PDGFRa exclusively, while PDGF-BB and PDGF-DD
treatments induced autophosphorylation of both recep-
tors (Fig. 7A), consistent with the formation of functional
heterodimers. GAP binding to PDGFRp was noticeably in-
creased upon PDGF-BB treatment and minimally in-
creased upon PDGF-DD stimulation (Fig. 7A). PLCy
binding to PDGFRa, although increased over baseline lev-
els, was unchanged between PDGF-AA and PDGF-BB
treatments, while binding of this signaling molecule to
PDGFRp was increased upon PDGF-BB treatment over
PDGF-DD treatment (Fig. 7A). Finally, stimulation with
PDGEF-BB led to decreased binding of SHP-2 to PDGFRa
as compared with treatment with PDGF-AA (Fig. 7A).
We were never able to detect SHP-2 binding to PDGFRp
under any conditions within our system (data not shown).

We next derived primary MEFs from embryos in which
Pdgfrb had been ablated throughout the embryo using the
Meox2-Cre driver (Tallquist and Soriano 2000) and thus
could not engage in heterodimer formation. We confirmed
near-complete knockdown of PDGFRB in these cells (Fig.
7B) and further revealed that the extent of PDGFRa auto-
phosphorylation upon PDGF-BB and PDGF-DD treat-
ments was reduced in this setting as compared with
levels in control cells (Fig. 7B). Consistent with the West-
ern blotting results (Fig. 7B), qRT-PCR analysis revealed a
modest reduction in Pdgfra transcript levels in the facial
processes of E11.5 Pdgfrb™.Meox2-Cre*/™ embryos
compared with control littermates (27.26% =7.652%
decrease; P =0.0705) (Fig. 7D). To distinguish the binding
properties of PDGFRa/p heterodimers from PDGFRp

C PDGF-AA 0 2 5 15 30 60 120 240

WCLl _.--——-—-—-..lwa.p-.qm

wel \ I-H-i—i—.-a‘WB:p-Ersz weL |

| WB: p-PLCy

WCLl—-——-——-———-lWB:Akl

PDGF-BB 0 2 5 15 30 60 120 240

weL ‘tgg-‘-—'———‘ WB: Erk1/2

PDGF-BB 0 2 5 15 30 60 120 240

weL ]—-—-—-——-—--—--|WB:PLC«;

PDGF-BB 0 2 5 15 30 60 120 240

wCL | ——— ——— — | WB: p-Akt wcL [ L= - -;_.j WE: p-Erk1/2 wcL I - | WB: p-PLCy
WCLl———-——--—-_—lWB:Akl WCL‘-P""“--—‘WE:ErkVZ WCLI..._--——--—-——-—'WB‘PLCy
PDGFDD 0 2 5 15 30 60 120 240 PDGF-DD 0 2 5 15 30 60 120 240 PDGF-DD 0 2 5 15 30 60 120 240
WCL | — D . —| WB: p-Akt wcL ‘ A ———— —‘ WB: p-Erk1/2 WL | - | WB: p-PLCy
WCLl_--———.._lwa:Akl wel h”-—————-‘WB:Erkﬂz WCLI——— —--———lWB‘PLCy
= POGEAA - PDGF-AA 3- = PDGF-AA
-- PDGF-BB -+ PDGF-BB 3 -+ PDGF-BB
g - PDGF-DD .E - PDGF-DD g 2. -+ PDGF-DD
E ] 22
H F 21
£ £ 5. =
] ] ]
& 4  p.
1 T 17T T T T =TT — T
0 10 20 30 40 50 60 100 110 120 0 10 20 30 40 50 60 100 110 120 0 10 20 30 40 50 60 100 110 120

Duration of Ligand Stimulation (min)

Duration of Ligand Stimulation (min)

Duration of Ligand Stimulation (min)

Figure 6. PDGF-BB treatment induces robust phosphorylation of Akt, Erk1/2, and PLCy. ([A-C) Phosphorylation time courses of Akt (A),
Erk1/2(B), and PLCy (C)in E13.5 primary MEFs following treatment with PDGF-AA (green), PDGF-BB (red), or PDGF-DD (blue) for up to 4
h. (A) Western blot analysis of whole-cell lysates revealed that, while PDGF-AA treatment induced a modest increase in phospho-Akt lev-
els by 5 min, PDGF-BB and PDGF-DD treatments generated sustained phospho-Akt responses that peaked at comparable levels by 30 min.
(B) An examination of the time course of Erk1/2 phosphorylation revealed peaks at 15 min for all three ligands, with PDGF-BB treatment
generating a more robust response than PDGF-AA and PDGF-DD. (C) PDGF-AA treatment resulted in negligible increases in phospho-
PLCy levels, while PDGF-BB and PDGF-DD treatments induced peaks of PLCy phosphorylation at 15 min, with PDGF-BB again gener-
ating a stronger response than PDGF-DD. (WCL) Whole-cell lysate; (WB) Western blot. Graph data are presented as mean + SEM.
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Figure 7. PDGFRa/B heterodimers have properties distinct from those of homodimeric receptor complexes. (A) Biochemical analysis of
signal molecule binding to PDGFRa and PDGFRp in wild-type E13.5 primary MEFs following treatment with PDGF-AA, PDGEF-BB, or
PDGE-DD for 15 min. PDGFRa/p heterodimers were detected following treatment with PDGF-BB and, to a lesser extent, upon stimula-
tion with PDGF-DD. PDGF-AA stimulation resulted in autophosphorylation of PDGFRa exclusively, while PDGF-BB and PDGF-DD
treatments induced autophosphorylation of both receptors. GAP binding to PDGFRp was noticeably increased upon PDGF-BB treatment
and minimally increased upon PDGF-DD stimulation. PLCy binding to PDGFRa, although increased over baseline levels, was unchanged
between PDGF-AA and PDGF-BB treatments, while binding of this signaling molecule to PDGFRP was increased upon PDGF-BB treat-
ment over PDGF-DD treatment. Stimulation with PDGF-BB led to decreased binding of SHP-2 to PDGFRa as compared with treatment
with PDGF-AA. (B) Biochemical analysis of control versus Pdgfrb"; Meox2-Cre*/ "¢ E13.5 primary MEFs following treatment with PDGEF-
AA, PDGF-BB, or PDGF-DD for 15 min. The extent of PDGFRa autophosphorylation upon PDGF-BB and PDGF-DD treatments was re-
duced in this setting as compared with levels in control cells. (C) Biochemical analysis of signal molecule binding to PDGFR in control
versus Pdgfra™; Meox2-Cre*/™ E13.5 primary MEFs following treatment with PDGF-AA, PDGF-BB, or PDGF-DD for 15 min. Ablation of
PDGFRa had no effect on PDGFR protein levels or the autophosphorylation of PDGFRp upon treatment with PDGF-BB and PDGF-DD
ligands. The extent of GAP and PLCy binding to PDGFR{ in response to the various PDGF ligands was consistent between control and
Pdgfra™". Meox2-Cre*/™ MEFs. Western blotting for a particular PDGER served as a loading control for each immunoprecipitation of that
receptor. (IP) Immunoprecipitation; (WB) Western blot; (WCL) whole-cell lysate. (D) Bar graph depicting qRT-PCR values revealing a mod-
est reduction in Pdgfra transcript levels in the facial processes of E11.5 Pdgfrb™";Meox2-Cre*'™® embryos compared with control litter-
mates. Data are presented as mean + SEM. (E) The amplitude of Akt, Erk1/2, and PLCy phosphorylation following PDGF-BB stimulation
was reduced in Pdgfra™; Meox2-Cre*/"¢ MEFs as compared with levels in control MEFs. Data are presented as mean + SEM, normalized to
unstimulated samples for each genotype.

homodimers upon PDGF-BB stimulation, we repeated the expression in these cells (Fig. 7C) and an inability of
above experiments in primary MEFs derived from embry- PDGFRp to coimmunoprecipitate with PDGFRa (data
os in which Pdgfra had been ablated throughout the not shown). Importantly, ablation of Pdgfra had no effect
embryo. We confirmed knockdown of PDGFRa protein on PDGFRp protein levels or the autophosphorylation of
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PDGFRB upon treatment with PDGF-BB and PDGF-DD li-
gands (Fig. 7C). These findings confirm that PDGF-AA
treatment results in the exclusive autophosphorylation of
PDGFRa and that PDGF-BB and PDGF-DD treatments re-
sult in the preferential autophosphorylation of PDGFRp.
The extent of GAP and PLCy binding to PDGFRP in re-
sponse to the various PDGF ligands was consistent be-
tween control and Pdgfra™;Meox2-Cre*/™® MEFs (Fig.
7C), while the amplitude of Akt, Erk1/2, and PLCy phos-
phorylation following PDGF-BB stimulation was reduced
in Pdgfra™; Meox2-Cre*/™ MEFs as compared with levels
in control MEFs (Fig. 7E). These results reveal that the pri-
mary difference in signal molecule binding between
PDGFR homodimers and heterodimers in primary MEFs
is decreased binding of SHP-2 to PDGFRa upon hetero-
dimer formation (Fig. 7A). As SHP-2 binding results in
dephosphorylation of autophosphorylated PDGFRs
(Klinghoffer and Kazlauskas 1995), decreased SHP-2 bind-
ing upon heterodimer formation may explain the robust,
sustained intracellular signaling observed upon PDGEF-
BB treatment (Fig. 6) and the opposite trend detected in
the absence of heterodimer formation (Fig. 7E).

Discussion

Our results indicate that the developmental roles of both
PDGFRa and PDGFR( in craniofacial development are
conserved between humans and mice. Missense muta-
tions in the PDGFRA-coding region that alter amino acids
within the fourth immunoglobulin domain of the extra-
cellular portion of the receptor, the transmembrane
domain, or the cytoplasmic domain C-terminal to the ty-
rosine kinase domains as well as single base-pair substitu-
tions in the 3’ untranslated region (UTR) are associated
with nonsyndromic cleft palate (Rattanasopha et al.
2012). Moreover, single-nucleotide polymorphisms in
the PDGFC regulatory region that repress transcriptional
activity of the promoter are associated with cleft lip and
palate (Choi et al. 2009). In the case of PDGFRB, heterozy-
gous missense mutations that modify amino acids in the
juxtamembrane and tyrosine kinase domains cause
Kosaki overgrowth syndrome (OMIM 616592) and Pentti-
nen syndrome (OMIM 601812), respectively, both of
which are characterized by facial dysmorphism and fragile
skin, among other defects (Johnston et al. 2015; Takenou-
chi et al. 2015). We now show that PDGFRp also plays a
role during craniofacial development in mice and that ab-
lation of the gene encoding this RTK in the NCC lineage
can lead to cartilage, bone, and skin phenotypes in mice
that emulate those found in human patients with
PDGFRB mutations.

Of note, no craniofacial abnormalities were observed in
a previous study of late gestation embryos homozygous
for a Pdgfrb-null allele or in adult mice homozygous for
a Pdgfrb hypomorphic allele (McCarthy et al. 2016). The
most likely explanation for this discrepancy is a difference
in genetic background, as the mice in our study were
maintained on a 129S4 coisogenic background, while
those in the previous study were maintained on a mixed
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C57BL/6] x 129/Sv background (McCarthy et al. 2016).
In support of this theory, mutant models of alternate
RTKs such as Fgfr1 have been shown to have more severe
developmental phenotypes on a 129S4 coisogenic back-
ground than on mixed genetic backgrounds (Brewer
et al. 2015).

Several lines of evidence support a role for disrupted
PI3K signaling in the manifestation of the blebbing pheno-
type in Pdgfra and Pdgfrb mutants. Ablation of all class Ia
PI3K p85 regulatory subunit isoforms leads to subepider-
mal blebbing in the craniofacial and trunk regions (Brach-
mann et al. 2005). These p85a~'";p55a~=;p50a~"'-;
p85b~/~ mutant embryos die during mid-gestation and ad-
ditionally exhibit facial clefting, hemorrhaging, and a
wavy neural tube (Brachmann et al. 2005), conspicuously
similar to Pdgfra-null embryos (Soriano 1997). Subepider-
mal blebbing in the craniofacial region is commonly ob-
served in Pdgfra”®*/PPK  embryos (Fantauzzo and
Soriano 2014) as well as Pdgfra”**/= and Pdgfra”"®</"13K,
Pdgfrb"PK/PISK embryos (Klinghoffer et al. 2002). Interest-
ingly, Pdgfrb"*¥/P13K mice develop normally but, when
challenged with a mast cell degranulating agent, are un-
able to normalize interstitial fluid pressure or resolve
the resulting edema. Moreover, Pdgfrb"®K/PIK derived
MEFs exhibit defects in migration concomitant with an
absence of circular actin ruffles and impaired collagen
gel contraction (Heuchel et al. 1999). These deficiencies
point to a role for PI3K-mediated PDGFR signaling in reg-
ulating the mechanical forces between fibroblasts and the
extracellular matrix (Heuchel et al. 1999).

Among the extracellular matrix proteins with mislocal-
ized expression in Pdgfra-null epidermis, Freml stands
out as a particularly appealing potential mediator of
PDGEF signaling due to its expression pattern and null
mouse model phenotypes. Frem1 is a member of the larger
Frasl/Frem family of extracellular matrix proteins and is
the only member of the family that is initially expressed
in mesenchymal cells before stabilization in the epithelial
basement membrane (Smyth et al. 2004), thus overlapping
with PDGFRa and PDGFRp expression in the mesen-
chyme. Frasl, Freml, and Frem2 have been shown to
form a physical complex that is essential for the basement
membrane stabilization of each protein (Kiyozumi et al.
2006). As such, null mouse models of each of these family
members share a subset of phenotypes that includes sub-
epidermal blebbing, cryptophthalmos, syndactyly, and re-
nal dysgenesis (Petrou et al. 2008). Individual mutants
exhibit additional phenotypes that are also observed in
Pdgfra-null embryos, such as craniofacial skeletal defects
(Fras1l, Freml, and Frem?2), hemorrhaging (Frasl and
Frem?2), cardiac septal malformations (Frem2), abnormali-
ties in neural tube development (Frem?2), abnormal ster-
num and rib morphology (Frasl), and pigmentation
defects (Frem2) (Vrontou et al. 2003; Jadeja et al. 2005;
Timmer et al. 2005; Slavotinek et al. 2011; Vissers et al.
2011; Miller et al. 2013). Importantly, the timing of the
blebbing in Frasl/Frem family mutant models coincides
with that of Pdgfra mutants, as does the nature of the bleb-
bing, which occurs between the lamina densa of the base-
ment membrane and the underlying dermis (McGregor
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et al. 2003; Vrontou et al. 2003; Smyth et al. 2004; Jadeja
et al. 2005; Kiyozumi et al. 2006). In humans, FREM1 is
mutated in Manitoba oculotrichoanal syndrome
(MOTA; OMIM 248450) (Slavotinek et al. 2011), which
is characterized by a combination of eye malformations,
an aberrant scalp hairline, a bifid or broad nasal tip, and
gastrointestinal anomalies, as well as in bifid nose with
or without anorectal and renal anomalies syndrome
(BNAR; OMIM 608980) (Alazami et al. 2009).

Frasl/Frem family proteins possess chondroitin sul-
phate proteoglycan (CSPG) core repeats, among several
other domains. In proteoglycan NG2, these same repeats
have been shown to bind PDGF-AA (Goretzki et al. 1999).
Intriguingly, Frem1 has been shown previously to physi-
cally interact with PDGF-C in mid-gestation mouse em-
bryo lysates (Wiradjaja et al. 2013). Furthermore, PDGF-
CC stimulation of MEFs derived from Frem1%/P® em-
bryos, which harbor a chemically induced mutation
that introduces a premature stop codon in the C terminus
of the CSPG repeat domain (Smyth et al. 2004), results in
decreased phosphorylation of PDGFRa as compared with
wild-type cells and reduced amplitude and duration of
downstream Akt and Erkl/2 phosphorylation (Wiradjaja
et al. 2013). These changes are accompanied by decreased
secretion of the metalloproteinase inhibitor Timpl fol-
lowing PDGF-CC stimulation of Frem12/" MEFs and
reduced collagen 1 localization in the Frem1?%/%* embry-
onic basement membrane (Wiradjaja et al. 2013). Wheth-
er these defects stem from structural alterations in the
basement membrane and/or aberrant growth factor activ-
ity remains to be determined. Our current findings
cannot distinguish whether the mislocalization of extra-
cellular matrix proteins observed in Pdgfra mutant epi-
dermis results from direct loss of the receptor or is a
secondary effect of the blebbing phenotype. As PDGF li-
gands have been shown to interact with numerous base-
ment membrane proteoglycans (lozzo 2005) and as
PDGFRs are known to associate with integrins (Schneller
et al. 1997), which function as transmembrane receptors
for extracellular matrix ligands, future studies will ex-
plore how disruption of the interactions between these
proteins may underlie the blebbing phenotype in Pdgfr
mutant mice.

While PDGFRa predominantly signals through PI3K
during mouse embryonic development (Klinghoffer et al.
2002), PDGFRp has been shown to additively signal
through multiple intracellular pathways in at least one
developmental context: formation of vascular smooth
muscle cells and pericytes (Tallquist et al. 2003). Despite
these apparent differences in signaling, knock-in mice in
which the intracellular domain of one PDGFR has been re-
placed with that of the other exhibit remarkably normal
development, with the exception of a particular require-
ment for normal PDGFRp signaling in the vasculature
(Klinghoffer et al. 2001). This result indicates that the
divergent functions of the two PDGFRs during develop-
ment likely stems from distinct patterns of receptor ex-
pression and/or ligand affinities and not from inherent
differences in signal transduction capabilities (Klinghoffer
et al. 2001).
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Our results demonstrate that both PDGFRa and
PDGEFRB are robustly expressed in the craniofacial mesen-
chyme and that each independently regulates develop-
ment of the facial skeleton through cell-autonomous
activity in the cranial neural crest. However, binding to
a particular ligand, PDGF-BB, induces the formation of
both PDGFRB homodimers and PDGFRa/p heterodimers
in this context, each with distinct signal molecule-bind-
ing properties. We reveal that binding of the tyrosine phos-
phatase SHP-2 to PDGFRa is decreased upon heterodimer
formation, suggesting that PDGFRa/p heterodimers have
the unique ability to generate a more robust intracellular
signaling response (in terms of both amplitude and dura-
tion) than those generated by homodimeric receptor com-
plexes. Interestingly, heterozygous missense mutations in
the gene encoding SHP-2, PTPN11, underlie Noonan syn-
drome 1 (NS1; OMIM 163950) in humans (Tartaglia et al.
2001). NS1 is characterized by facial dysmorphism, cardi-
ac defects, and short stature and is frequently associated
with additional features such as bleeding diathesis and de-
fects in non-NCC-derived skeletal elements, among oth-
ers (Noonan 1968). The most prevalent of these PTPN11
mutations are found in the amino SH2 and phosphotyro-
sine phosphatase domains, and structural analysis has in-
dicated that they result in a shift toward the active
conformation of the protein and thus excessive SHP-2 ac-
tivity (Tartaglia et al. 2001). Modeling of one such gain-of-
function mutation in mice results in NS1-like pheno-
types, including craniofacial abnormalities (Araki et al.
2004), further emphasizing the critical role of balanced
SHP-2 signaling in this setting.

While the ErbB and VEGF receptors have been shown to
form functional heterodimers that play roles in multiple
lineages during embryogenesis (Klapper et al. 1999; Citri
et al. 2003; Koch and Claesson-Welsh 2012), our results
now demonstrate the presence of PDGFRa/f hetero-
dimers during vertebrate craniofacial development and
raise the possibility of context-specific heterodimer for-
mation among further RTK families. Future studies will
address whether PDGFRa/B heterodimers are present at
other sites throughout the embryo (in particular the heart,
neural tube, somites, and limb buds) and will explore the
effect of heterodimer signaling on cell behavior during de-
velopment as well as in disease settings such as cancer,
vascular disorders, and fibrosis.

Materials and methods

Mouse strains

All animal experimentation was approved by the Institutional
Animal Care and Use Committee of Icahn School of Medicine
at Mount Sinai. Pdgfra'™!(EGFP)Sor mice (Hamilton et al. 2003),
referred to here as Pdgfra®™’ mice; Pdgfrb™!15°" mice (Schmahl
et al. 2008), referred to here as Pdgfrb mice; Tg(Wntl-Cre)
11Rth mice (Danielian et al. 1998), referred to here as Wnt1-Cre™®
mice; Gt(ROSA)26SormHACTEtdTomato, EGFP)Lu0 ypice (Muzum-
dar et al. 2007), referred to here as ROSA26™7/%C mice;
Pdgfra®™%5°" mice (Klinghoffer et al. 2002), referred to here as
Pdgfra®®X mice; Pdgfra™85°" mice (Tallquist and Soriano 2003),
referred to here as Pdgfra mice; and Meox2'™!(€*¢)5or mice



(Tallquist and Soriano 2000), referred to here as Meox2-Cre™®

mice were maintained on a 12954 coisogenic genetic background.

Whole-mount immunohistochemistry

Whole-mount immunohistochemistry was performed according
to a previously published protocol (Joyner and Wall 2008) using
PDGFRp primary antibody (1:200; 958; Santa Cruz Biotechnol-
ogy, Inc.) and goat anti-rabbit IgG peroxidase-conjugated second-
ary antibody (1:500; Jackson ImmunoResearch Laboratories, Inc.).
Stained embryos were photographed using a ProgRes C5 digital
camera (Jenoptik Optical Systems GmbH) fitted onto a Nikon
SMZ-U stereomicroscope (Nikon, Inc.).

Cell culture

Primary MEPMs were isolated from the palatal shelves of embry-
os dissected at E13.5 (day of plug considered 0.5 d) in 1x phos-
phate-buffered saline (PBS) and cultured in medium (Dulbecco’s
modified Eagle’s medium [Gibco, Invitrogen| supplemented
with 50 U/mL penicillin [Gibco], 50 ng/mL streptomycin [Gibco],
2 mM L-glutamine [Gibco]) containing 10% fetal bovine serum
(FBS) (HyClone Laboratories, Inc.) as described previously (Bush
and Soriano 2010). Primary MEFs were isolated from embryos dis-
sected at E13.5 in PBS. Eviscerated trunks were transferred to
0.25% Trypsin/1 mM EDTA, manually homogenized, and incu-
bated for 30 min at 37°C. Following manual dissociation, cells
were cultured in medium containing 10% calf serum (HyClone
Laboratories, Inc.).

gRT-PCR

For analysis of Pdgfra*’* versus Pdgfra®""/“*" whole cranial skin

samples and Pdgfrb*'™;Meox2-Cre** versus Pdgfrb™";Meox2-
Cre*!™ facial process samples, three independent sets of litter-
mates were harvested. Total RNA was isolated from cultured
cells and tissues using the RNeasy minikit (Qiagen, Inc.) accord-
ing to the manufacturer’s instructions. First strand cDNA was
synthesized using a ratio of 2:1 random primers: oligo (dT) primer
and SuperScript II RT (Invitrogen) according to the manufactur-
er’s instructions. qRT-PCR was performed on a Bio-Rad iQ5 Mul-
ticolor real-time PCR detection system and analyzed with iQ5
optical system software (version 2.0; Bio-Rad Laboratories, Inc.).
All reactions were performed with PerfeCTa SYBR Green Fast-
Mix for iQ (Quanta Biosciences, Inc.), 300 nM primers (Integrated
DNA Technologies, Inc.), and 100 ng of cDNA in a 20-uL reaction
volume. The following PCR protocol was used: step 1, 3 min at
95°C; step 2, 10 sec at 95°C; step 3, 30 sec at 60°C; repeat steps
2 and 3 for 40 cycles; step 4 (melting curve), 30 sec at 55°C; and
repeat step 4 for 81 cycles. All samples were run in triplicate
and normalized against an endogenous internal control, B2m.
Statistical analyses were performed with Prism 6 (GraphPad Soft-
ware, Inc.) using a two-tailed unpaired ¢t-test. The qRT-PCR prim-
ers used are in Supplemental Table S1.

Immunofluorescence analysis

Cells were seeded onto glass coverslips. Alternatively, embryos
were fixed in 4% paraformaldehyde (PFA) in PBS and infiltrated
with 30% sucrose in PBS before being mounted in OCT com-
pound (Sakura Finetek USA, Inc.). Sections (8 um) were deposited
on glass slides. Cells/sections were fixed in 4% PFA in PBS with
0.1% Triton X-100 for 10 min and washed in PBS with 0.1% Tri-
ton X-100. Cells/sections were blocked for 1 h in 5% normal se-
rum (donkey or goat) in PBS and incubated overnight at 4°C in
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primary antibody diluted in 1% normal serum in PBS. After wash-
ing in PBS, cells/sections were incubated in Alexa fluor 546-con-
jugated secondary antibody (1:1000; Molecular Probes,
Invitrogen) diluted in 1% normal serum in PBS with 2 pug/mL
DAPI (Sigma-Aldrich Corp.) for 1 h. Cells/sections were mounted
in Aqua Poly/Mount mounting medium (Polysciences, Inc.) and
photographed using an Orca-Flash4.0 LT digital camera (Hama-
matsu Photonics K.K.) fitted onto an AxioObserver.Z1 fluores-
cence microscope (Carl Zeiss, Inc.). The following antibodies
were used for immunofluorescence analysis: PDGFRa (1:100;
Thermo Fisher Scientific), PDGFR (1:25; 28; Becton Dickinson),
integrin a6 (1:200; H-87; Santa Cruz Biotechnology, Inc.), laminin
5 (1:200; Abcam Plc), collagen IV (1:100; Bio-Rad Laboratories,
Inc.), Freml1 (1:50; Thermo Fisher Scientific), keratin 14 (1:1000;
Poly19053; BioLegend), collagen III (1:100; Abcam Plc), collagen
VII (1:100; EMD Millipore Corporation), and Hspg2 (1:100;
A7L6; Thermo Fisher Scientific).

Whole-mount DAPI staining

Whole-mount DAPI staining was performed according to a previ-
ously published protocol (Sandell et al. 2012), with the exception
that staining was performed with 10 ng/mL DAPI (Sigma-Aldrich
Corp.) for 1 h at room temperature. Embryos were photographed
using an ORCA-Flash4.0 LT digital camera (Hamamatsu Photon-
ics K.K.) fitted onto an AxioObserver.Z1 fluorescence microscope
(Carl Zeiss, Inc.). Extended depth of focus was applied to z-stacks
using Zen software (Carl Zeiss, Inc.) to generate images with the
maximum depth of field.

Histology

Embryos were dissected at multiple time points in PBS, fixed in
Bouin’s fixative, dehydrated through a graded ethanol series,
and embedded in paraffin. After deparaffinization and rehydra-
tion, 8-um sections deposited on glass slides were stained with
Weigert’s iron hematoxylin, 0.05% Fast Green, and 0.1 % Safranin
O or Harris modified hematoxylin and eosin and permanently
mounted with Permount (Thermo Fisher Scientific). Sections
were photographed using a ProgRes CT3 digital camera (Jenoptik
Optical Systems GmbH) fitted onto an Axioplan microscope
(Carl Zeiss, Inc.). Statistical analyses of morphometric measure-
ments were performed with Prism 6 (GraphPad Software, Inc.) us-
ing a Wilcoxon matched-pairs signed rank test.

Skeletal preparations

Perinatal pups were skinned and eviscerated. Perinatal pups and
E16.5 embryos were fixed in 95% ethanol and stained in
0.015% Alcian blue, 0.005% Alizarin red, and 5% glacial acetic
acid in 70% ethanol at 37°C. Pups and embryos were then cleared
in 1% KOH and transferred to solutions of decreasing KOH con-
centration and increasing glycerol concentration. Skeletons were
photographed using a ProgRes C5 digital camera (Jenoptik Opti-
cal Systems GmbH) fitted onto a Nikon SMZ-U stereomicro-
scope (Nikon, Inc.).

Transmission electron microscopy

E13.5 embryos were dissected in PBS, fixed in 3% glutaraldehyde
in PBS overnight at 4°C, dehydrated in a graded ethanol series
through propylene oxide, and embedded in Epon. Serial sections
were cut at 1-um thickness and stained with methylene blue
and azure II for observation by light microscopy. Ultrathin sec-
tions were then cut from representative areas and stained with
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4% uranyl acetate and Reynold’s lead citrate. Electron micro-
graphs were taken at 2500x-25,000x magnification using a Hita-
chi H-7650 transmission electron microscope (Hitachi High-
Technologies).

Immunoprecipitation and Western blotting

To induce receptor signaling, low-passage (P1-P3) MEFs or
MEPMs at ~70% confluence were serum-starved for 24 h in me-
dium containing 0.1% serum and stimulated with 10 ng/mL
PDGF-AA, PDGF-BB, or PDGF-DD ligand (R&D Systems) for
the indicated length of time at 37°C. This concentration results
in a similar molarity within a twofold range across the three li-
gands. The above cells or whole cranial skin dissected from
E13.5 embryos were harvested in ice-cold lysis buffer (20 mM
Tris-HCI at pH 8, 150 mM NacCl, 10% glycerol, 1% nonidet P-
40, 2 mM EDTA, 1x complete mini protease inhibitor cocktail
[Roche Applied Science], 1 mM PMSF, 10 mM NaF, ] mM Na,_
VO, 25 mM B-glycerophosphate), and lysates were collected by
centrifugation at 12,000 rpm for 20 min at 4°C. For immunopre-
cipitations, cell lysates were incubated with PDGFRa (1 pg per
500 ng of lysate; C-20; Santa Cruz Biotechnology, Inc.) or
PDGFRP (1 ng per 500 pg of lysate; 958; Santa Cruz Biotechnol-
ogy, Inc.) primary antibody overnight at 4°C followed by incuba-
tion with 20 pL of Protein A/G Plus-agarose beads (Santa Cruz
Biotechnology, Inc.) for 2 h at 4°C the following day. Beads were
washed with lysis buffer five times, and the precipitated proteins
were eluted with Laemmli buffer containing 10% B-mercaptoe-
thanol, heated for 5 min at 95°C, and separated by SDS-polyacryl-
amide gel electrophoresis (SDS-PAGE). Western blot analysis was
performed according to standard protocols using horseradish per-
oxidase-conjugated secondary antibodies (1:10,000; Jackson
ImmunoResearch Laboratories, Inc.). Blots were photographed
on a ChemiDoc MP system (Bio-Rad Laboratories, Inc.), and
quantifications of signal intensity were performed using volume
tools in Image Lab software (version 5.1 build 8, Bio-Rad Labora-
tories, Inc.). The following antibodies were used for Western blot-
ting: integrin a6 (1:200; H-87; Santa Cruz Biotechnology, Inc.),
collagen IV (1:2000; Bio-Rad Laboratories, Inc.), Frem1 (1:1,000;
Thermo Fisher Scientific), p-tubulin (1:1,000; E7; Developmental
Studies Hybridoma Bank), phospho-Akt (1:1,000; Ser473;
Cell Signaling Technology, Inc.), Akt (1:1000; Cell Signaling
Technology, Inc.), phospho-p44/42 MAPK (1:1000; Erk1/2;
Thr202/Tyr204; Cell Signaling Technology, Inc.), p44/42 MAPK
(1:1000; Erk1/2; Cell Signaling Technology, Inc.), phospho-
PLCyl1 (1:1000; Tyr783; Cell Signaling Technology, Inc.), PLCyl
(1:1,000; Cell Signaling Technology, Inc.), PDGFR (1:200; 958;
Santa Cruz Biotechnology, Inc.), phosphotyrosine (1:1000;
4G10; EMD Millipore Corporation), PDGFRa (1:200; C-20; Santa
Cruz Biotechnology, Inc.), GAP (1:5000; 70.3; gift of Andrius
Kazlauskas), and SHP-2 (1:1000; 34.3; gift of Andrius Kazlauskas).

PLA

PLA was performed with the Duolink in situ orange starter kit
mouse/rabbit (Sigma-Aldrich Corp.) according to the manufac-
turer’s instructions for custom solutions. Briefly, E13.5 embryos
were fixed in 4% PFA in PBS and infiltrated with 30% sucrose
in PBS before being mounted in OCT compound (Sakura Finetek
USA, Inc.). Sections (8 pm) deposited on glass slides were fixed in
4% PFA in PBS with 0.1% Triton X-100 for 10 min and washed in
PBS with 0.1% Triton X-100. Sections were blocked for 1 h in 5%
normal donkey serum in PBS and incubated overnight at 4°C in
primary antibodies diluted in 1% normal donkey serum in PBS.
The following antibodies were used for PLA: PDGFRa (1:100;
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Thermo Fisher Scientific) and PDGFR (1:25; 28; Becton Dickin-
son). Sections were washed in PBS prior to incubation in PLA
probes diluted in 1% normal donkey serum in PBS. Sections
were photographed using an ORCA-Flash4.0 LT digital camera
(Hamamatsu Photonics K.K.) fitted onto an AxioObserver.Z1
fluorescence microscope (Carl Zeiss, Inc.). Extended depth of fo-
cus was applied to z-stacks using Zen software (Carl Zeiss, Inc.)
to generate images with the maximum depth of field. The num-
ber of puncta per 10 (mesenchyme) and five (epithelium) 50-
nm? areas were counted in two independent experiments, and
statistical analyses were performed with Prism 6 (GraphPad Soft-
ware, Inc.) using a two-tailed unpaired t-test.
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