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Abstract

Morphogenesis of mammalian facial processes requires coordination of cellular proliferation,
migration, and apoptosis to develop intricate features. Cleft lip and/or palate (CL/P), the most
frequent human craniofacial birth defect, can be caused by perturbation of any of these programs.
Mutations of WNT, P63, and IRF6 yield CL/P in humans and mice; however, how these genes are
regulated remains elusive. We generated mouse lines lacking Pbx genes in cephalic ectoderm and
demonstrated that they exhibit fully penetrant CL/P and perturbed Whnt signalling. We also
characterized a midfacial regulatory element that Pbx proteins bind in order to control the
expression of Wnt9b-Wnt3, which in turn regulate p63. Altogether, we establish a Pbx-dependent
Wnt-p63-1rf6 regulatory module in midfacial ectoderm that is conserved within mammals.
Dysregulation of this network leads to localized suppression of midfacial apoptosis and CL/P.
Ectopic Wnt ectodermal expression in Pbx mutants rescues the clefting, opening avenues for tissue
repair.

Keywords

Face; Ectoderm; Lambdoidal Junction; Pbx; Wnt; p63; Irf6; Wnt midfacial enhancer; CL/P;
Mouse

© 2011 Elsevier Inc. All rights reserved.

Correspondence to: Licia Selleri.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Page 2

Introduction

Facial appearance provides immediate cues that facilitate direct interpersonal
communication among humans. In mammals, morphogenesis of the face requires precise
coordination of cellular programs including proliferation, migration, growth, differentiation,
and apoptosis (Cox et al., 2004). As mice and humans share similar craniofacial morphology
during development (Gritli-Linde, 2008; Tamarine and Boyde, 1977), the mouse offers a
suitable model to study these processes. Murine facial morphogenesis is heralded by the
appearance of the frontonasal process (fnp) and paired maxillary processes (mxp), which
arise from branchial arch (BA) 1 at embryonic day E9.5 (4" week of gestation in humans).
By E10.5 (late 4t week in humans), the fnp divides into paired medial nasal process (mnp)
and lateral nasal process (Inp). Development of the midface, including the upper lip, primary
palate, alae of the nose, and nostrils involves adequate growth and fusion of the mxp, mnp,
and Inp (Depew and Compagnucci, 2008; Gritli-Linde, 2008).

With an incidence of 1 in 700 live births, clefting of the lip and palate is the most common
human craniofacial birth abnormality (Dixon et al., 2011). Cleft lip, with or without cleft
palate (CL/P), and isolated cleft palate (CPO) are regarded as being both developmentally
and genetically distinct. The majority of CL/P are nonsyndromic and their transmission is
non-mendelian. CL/P results from the failure of the mxp to fuse with the mnp, while CPO
from the lack of fusion of the two palatine shelves along the midline (Cox et al., 2004).
Mutations of members of the WNT, FGF, and FGFR families of signaling molecules and in
the genes encoding the transcription factors (TFs) IRF6, P63, and AP2A result in forms of
CL/P in humans (Kondo et al., 2002; Milunsky et al., 2008; Niemann et al., 2004; Riley et
al., 2007; Rinne et al., 2007).

In the mouse, the three-way seam at which the mxp, mnp, and Inp coalesce, named
lambdoidal junction () (Depew and Compagnucci, 2008; Tamarine and Boyde, 1977), is
characterized by marked expression of Wnt and Bmp genes, as well as Irf6 and p63.
Mutations of these genes lead to CL/P in mice as well as humans, thus providing animal
models to study human clefting (Brugmann et al., 2007; Carroll et al., 2005; Ingraham et al.,
2006; Lan et al., 2007; Liu et al., 2005; Reid et al., 2011; Song et al., 2009; Thomason et al.,
2008; Wang et al., 2011). Moreover, the spontaneous mouse mutant A/WySv, which exhibits
CL/P, is caused by mutations of the cfl1 locus, which maps to mouse chromosome 11 within
a region syntenic to human 17g21. The latter is associated with human orofacial clefting
(Juriloff et al., 2006). Mutations of cfl1, which encompasses Wnt3 and Wnt9b, do not
complement the CL/P phenotype of Wnt9b 7~ mice, indicating that cfl1 and Wnt9b are
within the same locus (Carroll et al., 2005; Juriloff et al., 2006). Notably, Wnt/B—catenin
signaling via TCF-dependent transcription (hereafter referred to as Wnt signaling) is strong
at the murine A (Lan et al., 2007).

Here, we report that Pbx genes (Pbx1-2-3), which encode TALE homeodomain-containing
TFs (Moens and Selleri, 2006), are highly expressed at the A during mouse facial
development. Pbx1-2-3 proteins, which are generally regarded as Hox ancillary factors that
increase Hox DNA-binding specificity (Tumpel et al., 2009), are required for mouse
organogenesis (Selleri et al., 2001; Vitobello et al., 2011) and skeletal development
(Capellini et al., 2006 and 2010). By generating mice deficient for multiple Pbx genes, we
demonstrated that compound Pbx loss in the surface cephalic ectoderm (SCE) results in
craniofacial abnormalities and fully penetrant CL/P. In this model for CL/P we established
that, by binding to a Wnt9b-Wnt3 midfacial regulatory element (RE), Pbx proteins directly
regulate Wnt signaling, which in turn controls p63 at A. We proved the essential requirement
of Pbx-directed Wnt signaling for midfacial morphogenesis by complete rescue of the CL
phenotype in Pbx mutants via Wnt ectopic expression in SCE. Altogether, we characterized
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a Pbx-dependent Wnt-p63-1rf6 regulatory module at A, which is conserved only within
mammals. Disruption of the delineated module leads to localized suppression of apoptosis at
A and yields midfacial clefting.

Results

Pbx1-2-3 homeoproteins are required for midface morphogenesis and their compound
loss causes fully penetrant CL/P

Pbx1-2-3 homeoproteins are required for organogenesis and skeletogenesis (Cappellini et
al., 2006 and 2010; Selleri et al., 2001; Vitobello et al., 2011). Although the products of
murine Pbx genes are traditionally considered as Hox cofactors, during development they
are present in domains broader than those of Hox proteins, particularly in the head. At E8.5-
9.0, Pbx transcripts were expressed within the fnp and BAL, as well as in E9.0 SCE and
mesenchyme. By E10.5, Pbx1-2-3 expression levels increased in the epithelium of the mxp,
mnp, and Inp (Figure 1A-1C). Use of antibodies (Abs) specific for Pbx1, Pbx2, Pbx3, and
for their dimerization partners Meis and Prepl (Ferretti el al., 2000; Moens and Selleri,
2006), confirmed higher TALE protein levels in the epithelium versus the mesenchyme
(Figure 1D-1G; Figure SIA-S1F). Notably, gqRT-PCR assays on RNA extracted from mxp,
mnp, and Inp revealed that, among Pbx genes, Pbx1 expression is highest (Figure S1G). To
uncover Pbx roles during morphogenesis of the face, a “Hox-less” domain in the early
embryo (Creuzet et al., 2005; Figure S2A-2B), we examined craniofacial phenotypes of Pbx
compound mutants, by intercrossing Pbx1*/~, Pbx2*/~, and Pbx3*/~ mice (Rhee et al.,
2004; Selleri et al., 2001 and 2004). We observed that, among the Pbx compound mutant
genotypes obtained (table S1), only Pbx1~~—;Pbx2*/~ (n=42; hereafter Pbx1/2 mutants) and
Pbx17~;Pbx3*/~ (n=23; hereafter Pbx1/3 mutants) embryos showed fully penetrant bilateral
or unilateral CL/P and jaw hypoplasia, while Pbx1*/~;Pbx2*/=;Pbx3*/~ mutants died at
birth with CPO (Figure 2A-2D; Figure S3A-S3D). These results highlighted the preeminent
role of Pbx1 in midfacial morphogenesis and the collaborative functions of Pbx2 and Pbx3
in domains of co-expression. Our findings revealed Hox-independent roles for Pbx
homeoproteins in midface morphogenesis.

Pbx1 SCE-specific inactivation on a Pbx2- or Pbx3-deficient background results in
midfacial clefting

To address tissue-specific Pbx requirements, we conditionally inactivated Pbx1 (Koss et al.,
under review), on a Pbx2- (Selleri et al., 2004) or Pbx3- (Rhee et al., 2004) deficient
background, in either SCE or cranial neural crest (CNC)-derived mesenchyme migrating
into the fnp (Noden and Trainor, 2005). We used Foxg1-Cre (Hebert and McConnell, 2000)
or Crect-Cre (Reid et al., 2011) deleter strains for SCE-specific inactivation, and the Wnt1-
Cre line (Rowitch et al., 1999) for mesenchyme-specific inactivation. Pbx1 loss from
Foxgl-positive (and Crect-positive) domains on a Pbx2- or Pbx3-deficient background
resulted in CL/P (Figure 2E-2F; also Figure 8J-8K below), recapitulating Pbx1/2 and
Pbx1/3 compound mutant phenotypes.

Skeletal preparations of Phx1/1oX/flox: phy2+/ = Foxg1Cre/* mutants, which die shortly after
birth, showed abnormalities in the nasal capsule (nc), maxillary palatal and palatine process,
and absence of pre-maxillary process (Figure 21 and 2J). In contrast, Pbx1 inactivation in
Wntl-positive CNC on a Pbx2-deficient background, which also resulted in postnatal
lethality, did not yield CL, but resulted in CPO (Figure 2G and 2H; 2K and 2L). Consistent
with previous findings, we detected Cre recombination by X-gal staining in midfacial SCE
of Foxg1Cre/*;R26R-LacZ embryos (Soriano, 1999) and in mesenchyme of
Wnt1Cre/+:R26R-LacZ embryos already at E9.5 (Figure S3E-S3F). We confirmed efficient
Pbx1 Cre-mediated excision in midfacial SCE and mesenchyme of Pbx1 conditional mutants
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versus littermates at E 13.5 (Figure 2M-2P). However, only SCE-specific deletion of Pbx1
on a Pbx2- or Pbx3-deficient background yielded CL/P.

Pbx genes control Wnt9b-Wnt3, which in turn act upstream of Fgf8 at A

Whnt, Lrp and Fzd family members, and their effectors Tcf4/Lefl, play major roles in head
formation and are expressed in midfacial SCE, resulting in active Wnt signaling at A
(Brugmann et al., 2007; Fossat et al., 2011; Lan et al., 2006; Reid et al 2011; Song et al.,
2009; Wang et al., 2011). Tcf4;Lefl compound deletions yield facial phenotypes, including
widened midface (Brugmann et al., 2007), which resembles that of Pbx mutants, albeit
lacking clefting (Figure 2A-2D; Figure S3A). Furthermore, the clfl spontaneous mouse
mutation maps to a region encompassing Wnt9b-Wnt3, and some Wnt9b ~ ~ embryos exhibit
CL/P (Carroll et al., 2005; Juriloff et al., 2006). Lastly, nonsense mutations in WNT3 yield
human CL/P (Niemann et al., 2004). Thus, we tested whether Wnt9b and Wnt3 expression is
perturbed in Pbx compound mutant midface. Both transcripts were present at low levels in
SCE of E9.25 controls, while they were absent from SCE of Pbx1/2 mutants (Figure S4A-
S4D). At later stages, while higher levels of Wnt9b and Wnt3 transcripts were present at A in
controls, they were absent from SCE and A of Pbx1/2 mutants (Figure 3A-3D; Figure S4).
Given previous findings that both Wnt9b and Wnt3 act through Wnt canonical signaling
(Carroll et al. 2005; van Amerongen and Nusse, 2009), we evaluated Wnt canonical activity
in the midface of Pbx compound mutants using Wnt reporter (BAT-gal) mice (Maretto et al.,
2003). We demonstrated that Wnt activity is detectable in SCE of E9.5 controls, while it is
markedly reduced in Pbx mutants (Figure S4E-S4F”). Similarly, at later stages, Wnt activity
was strong in SCE and X of controls, while it was absent from this connecting center in Pbx
mutants (Figure 3E-3H’; Figure S4).

Given the role of Fgf8 as a target of Wnt/B-catenin in head morphogenesis (Paek et al.,
2011; Reid et al., 2011; Wang et al., 2011), we analyzed Fgf8 expression in Pbx compound
and Wnt9b 7~ mutants. At E9.25-E9.5, Fgf8 showed similar expression in midfacial
epithelial domains of control and mutant embryos (Figure 31-3J’; 3Q-3R’). However, from
E10.5-E11.5, Fgf8 was absent at A of Pbx compound and Wnt9b 7~ mutants (Figure 3K—-3N;
3S and 3T). By E11.0, Fgf8 and Fgf9 were similarly expressed at A and in the oral
epithelium of controls (Figure 3S and 3U; Figure SS5A-S5E”). However, while Fgf8 was lost
from these domains in Pbx1/2, Pbx1/3, and Wnt9b 7~ mutants, Fgf9 expression was
maintained (Figure 30 and 3P; 3U and 3V; Figure S5), indicating that mutant X is not
devoid of gene expression and that select genetic pathways are similarly perturbed in Pbx
and Wnt9b mutants. Additionally, we found that Pbx1 was expressed at similar levels at the
A of Wnt9b 7~ and controls (Figure 3W and 3X). Furthermore, Wnt9b SCE-specific
inactivation, using Foxg1-Cre mice, resulted in CL/P that recapitulated that of Wnt9~~ and
Phx1floxflox-phy2+/ = Foxg1Cre/+ embryos (Figure 4A). These findings emphasized that CL/
P in both Pbx1/2 and Wnt9b mutants has a common genetic basis. To order Pbx1, Wnt9b,
and Fgf8 within a genetic cascade controlling midfacial morphogenesis, given the early
lethality of Fgf8 mutants, we examined Wnt9b expression in Fgf8 hypomorphic embryos
(Meyer et al., 1998). Wnt9b showed identical patterns at the A and oral epithelium of
controls and Fgf8 hypomorphs (Figure S5G-S5J). Moreover, we observed that loss of even
one Pbx1 allele on a Wnt9b 7~ background increased the incidence of CL compared to
Wnt9b 7~ single mutant embryos from 59% to 100% (Figure 4B), demonstrating a strong
genetic interaction between Pbx1 and Wnt9b in midfacial morphogenesis. Altogether, these
results suggested that Fgf8 does not act upstream of Wnt9b and that Wnt9b does not control
Pbx1 expression. In light of these findings and the observation that both Wnt9b and Fgf8 are
down-regulated or absent at the Pbx mutant A, we established a genetic cascade wherein Pbx
genes control Wnt9b-Wnt3 which, in turn, act upstream of Fgf8 in midface morphogenesis.
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Additionally, to assess whether abnormal migration of CNC (Noden and Trainor, 2005) into
the facial processes contributes to CL/P in Pbx mutants, we analyzed AP2a-expression in
Pbx1/2 mutant versus control embryos and found it unperturbed (Figure S5K and S5L).
Lastly, to verify the integrity of the olfactory placode and SCE in E9.5-10.5 Pbhx1/2
mutants, we demonstrated that the expression of Raldh3 and Foxg1, respectively, was
unchanged in Pbx1/2 mutants versus controls (Figure SSM—-S5P”). Altogether, these results
indicated that in Pbx1/2 mutants early CNC migration into the facial processes is generally
unperturbed and the olfactory placode and SCE are grossly unaffected.

Recruitment of Pbx-Prep(Meis) complexes to a Wnt9b-Wnt3 midfacial regulatory element
transactivates Wnt in mouse embryonic midface

Wnt9b and Wnt3 are oriented head-to-head on murine chromosome 11 and share a 24 kb
intergenic region (IR) (Katoh, 2005), which is evolutionarily conserved across vertebrates,
except for fish (Figure 5A and 5B). To test whether Pbx proteins control Wnt9b-Wnt3
expression via binding to the IR, we performed chromatin immunoprecipitation (ChIP)
analyses on the IR segments with the highest sequence conservation (W0-W5), containing
putative Pbx-Prep(Meis) binding sites. ChIP-gPCR on chromatin derived from midfacial
processes with Pbx, Meis/Prep, and Hox Abs showed Pbx-Prepl enrichment on W1 and W3,
but not on other elements (Figure 5C and 5D; Figure S6A and S6B). These findings
established that the Wnt9b-Wnt3 IR is a direct target of Pbx binding in vivo, containing
potential Pbx (TGAT) and Pbx1-Prep(Meis) (PM) binding sites (TGACAG) (Ferretti et al.,
2000), which are conserved within amniotes (Figure 5B).

Furthermore, EMSA with in vitro translated proteins and midfacial nuclear extracts (NE)
and the W3 oligonucleotide showed slower migrating bands comprising Pbx1a-Prepl, Pbx2-
Prepl, Pbx3-Prepl (upper complex; UC) and Pbx1b-Prepl (lower complex; LC), indicating
that W3-binding Pbx-Prepl and Pbx-Meis heterodimers were present in facial processes.
Additionally, competition of DNA-binding with specific Abs revealed that the formation of
both UC and LC was inhibited by Prepl Ab, and partially by PanPbx, Pbx2, Pbx1b, and
Pbx3 Abs, but not by 1gG (Figure 5E and S6E). Lastly, Pbx DNA-binding specificity was
confirmed by competition with unlabeled wild type (wt) oligonucleotides and lack of
competition by mutated oligonucleotides (Figure S6F). These data corroborated binding of
the Pbx-Prep(Meis) complexes to the Wnt9b-Wnt3 IR also in vitro via a typical PM motif
within the IR.

Subsequently, we generated transgenic mouse embryos containing concatamerized DNA
fragments spanning 1700 base pairs (bp) (Tgl) and 400 bp (Tg3) of W3 (Experimental
Procedures) to test the activity of the W3 RE for Wnt9b-Wnt3 expression at A (Figure 5F).
The majority of embryos carrying Tgl and Tg3 expressed LacZ in midfacial domains that
were superimposable on those exhibiting Wnt activity in BAT-gal embryos (Table S2). To
establish whether the PM motif was required for W3 RE activity in vivo, we introduced
point mutations within the binding site inside the 400bp fragment of the Tg3 transgene
(Tg3Mut) that were identical to those introduced in oligonucleotide W3m12 used in EMSA
(Figure S6C). Out of 17 PCR-positive Tg3Mut embryos, only 1 showed any, albeit very
weak, midfacial LacZ expression (Figure 5F). These findings established that the PM
binding element within the W3 midfacial RE is required for Wnt9b-Wnt3 transcriptional
activity in vivo.

Pbx1 SCE-specific inactivation on a Pbx2-deficient background causes abnormal cellular
morphology at A, perturbed p63 expression, and localized suppression of apoptosis

CL became evident in Pbx mutants by E11.5, when the Inp and mnp fused abnormally, with
persistence of an abnormal “bridge” connecting their posterior aspects to the anterior mxp
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(Figure 6A and 6B). To identify the cell type forming this “bridge” and to assess whether it
was SCE-derived, we performed fate mapping experiments crossing R26R-LacZ reporter
mice to the Phx1*/floX; phx2+/~;Foxg1C™/* line. We found that in control embryos LacZ-
positive SCE contributed to the epithelial seams, which fused to be progressively substituted
by LacZ-negative mesenchyme at the A (Figure 6C). In contrast, in

Phxfloxflox-phy2+/=: Foxg1Cre/+;R26R-LacZ mutants the epithelial seams did not fuse
leaving a “bridge” comprising LacZ-positive cells (Figure 6D). These findings indicated that
A epithelial seams in Pbx mutants retain epithelial characteristics. Additionally, we showed
that while in controls the epithelial seams fuse and cells therein exhibit barely detectable E-
cadherin levels, in Phx1floX/flox:phx2 =/ = Foxg1 €™+ mutants they do not fuse and cells
within the aberrant “bridge” are E-cadherin-positive (Figure 6E and 6F).

To understand the molecular mechanisms underlying epithelial removal at A, we analyzed
expression of the epithelial marker p63, since mutations in both human and murine P63
cause CL/P (Rinne et al., 2007; Thomason et al., 2008). We found down-regulation of p63 at
A of both Pbx1/2 and Wnt9b 7~ mutants (Figure 6G-6J), indicating an upstream genetic role
of Pbx genes on p63 via Wnt9b. At A, multiple cellular processes, including apoptosis,
mediate removal of epithelial cells at the seams (Cox, 2004; Jiang et al., 2006; Song et al.,
2009). Apoptosis ensures that adequate cell numbers are removed from the tips of the
epithelial seams to facilitate adhesion of the converging midfacial processes and occurs
before and during their fusion in control embryos (Figure 6K, 6M; Figure S7A and 7B). We
detected apoptotic cells at the tip of the epithelial seams in controls, but not in the
corresponding domains of Pbx and p63 mutant embryos (Yang et al. 1999) (Figure 6L—6N;
Figure S7TA and S7B), revealing localized suppression of apoptosis at A of both mutants.
These results indicated that the epithelial seams are removed by apoptosis in normal
morphogenesis of the upper lip.

To assess whether proliferation defects may concomitantly mediate the Pbx mutant CL/P
phenotype, we examined proliferation rates of both epithelial and mesenchymal cells in
control and Pbx compound mutant A at different gestational days. We did not find significant
differences in proliferation rates of epithelial and mesenchymal cells between Pbx
compound mutants and controls (Figure S7C and S7D), highlighting the importance of
localized loss of apoptosis in the genesis of CL/P in these mutants.

Interestingly, p63 expression and Wnt activity were superimposable at A in control embryos,
and similarly down-regulated in Pbx and Wnt9b 7~ mutants (compare Figure 6G-5J to
Figure 3E-3H’). Accordingly, we tested whether p63 was a target of Wnt, by searching for
potential Lef-Tcf binding sites within conserved regions of the p63 gene. Four putative Lef-
Tcf binding sites were found within regions named A to D, inside highly conserved p63
introns (Figure 7A, 7B). ChIP-qPCR using a Lef1 Ab on E10.5 facial process chromatin
showed p63 enrichment only on region A (p63A) relative to 1gG control (Figure 7C),
demonstrating specific binding in vivo. Within region A, we identified a Lef-Tcf binding site
(ATCAAAGQG) that is conserved within amniotes (Figure 7B). EMSA on NE from wt facial
processes with an oligonucleotide spanning the p63A region over the putative Lef-Tcf
binding site (Figure 7D), showed several complexes bound to the p63A oligonucleotide
(Figure 7E). However, only one complex was specifically competed by the addition of Lefl
Ab. Competition of Lefl DNA-binding specificity to the p63A oligonucleotide was
confirmed with molar excess of wt cold oligonucleotide, but not with a mutated
oligonucleotide (p63MutA) (Figure 7E). Furthermore, transient co-transfections of
HEK?293T cells with constructs carrying a p63A-luciferase reporter and p-catenin, resulted
in a 5.5 fold-increase of p63A luciferase activity relative to an empty vector. In contrast, a
construct carrying point mutations in the Lef1-Tcf motif within the p63A region (p63MutA)
did not transactivate luciferase after co-transfection with p-catenin (Figure 7F). These
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results demonstrated that Wnt effectors transactivate p63 through a p63A regulatory region.
Thus, p63 is a midfacial target of Wnt in this mouse model.

Pbx-dependent Wnt-p63-Irf6 regulatory module in midfacial morphogenesis

Among mediators of apoptosis, the p53 family member p63 is known for its
transcriptionally-regulated apoptotic activity (Pietsch et al., 2008; Rinne et al., 2007). P63
deficiency results in various abnormalities including CL/P both in human and mouse (Rinne
at al., 2007; Thomason et al., 2008). Notably, it was recently reported that the mouse Irfé
gene is expressed in the epithelial seams of the A (Rahimov et al., 2008) and is a target of
p63 in palatal tissues. Indeed, p63 directly binds to a characterized orofacial enhancer (229
motif) within the 1rf6 locus (Rahimov et al., 2008; Thomason et al., 2010) (Figure 8A and
8B). Given these findings, we assessed Irf6 expression in Pbx compound and Wnt9b ™/~
mutants and controls and found that Irf6 was similarly down-regulated at A in embryos from
both mutant lines (Figure 8C-8H), placing Irf6 within a regulatory module downstream of
Pbx and Wnt. We then analyzed whether p63 directly binds to the 229 motif within the Irfé
orofacial enhancer. ChIP-gPCR, on E11.0 facial process chromatin using two different Abs
(4A4 and H129), showed p63 enrichment at the Irf6 orofacial enhancer (Figure 81). Within
the 229 matif, the p63 binding site is conserved only within mammals (Figure 8B). These
results established an additional level of regulatory complexity within the described module
at A, whereby at the bottom of the cascade Irf6 is a target of p63 in midfacial morphogenesis.
The primary role of Pbx-directed Wnt signaling as a key determinant of midfacial
morphogenesis within the delineated regulatory module was further demonstrated by
complete rescue of the CL in five out of five Pbx compound mutants via ectopic expression
of Wntl in Crect-positive (Reid et al., 2011) SCE cells (Figure 8J-8L).

In summary, using our mouse model, we have established a Pbx-directed spatio-temporal
regulatory module at A, whereby Pbx directly controls midfacial Wnt through the W3 RE. In
turn, Wnt effectors transactivate p63, which directly regulates Irf6, the mouse ortholog of
IRF6, which is most commonly mutated in human CL/P (Dixon et al., 2011; Zucchero et al.,
2004). Loss of multiple Pbx genes at A disrupts the Wnt-p63-Irf6 regulatory module
resulting in localized suppression of apoptotic programs and CL/P (Figure 8M).

Discussion

The face and its features best identify human beings and facilitate direct interpersonal
communication and interaction. As a result, disfigured individuals often encounter severe
hardship, due to lack of social acceptance because of their abnormal appearance. Among
human craniofacial birth defects, CL/P and CPO are the most common anomalies. They
require multiple cycles of surgery, speech therapy, orthodontics, and cause high morbidity in
affected children; as such they have a significant social impact. Morphogenesis of the face
requires TFs, signaling molecules, and effector proteins that are essential for tight
coordination of cellular behaviors including migration, cells proliferation, differentiation,
and apoptosis (Cox, 2004; Jiang et al., 2006). Perturbation of any of these processes result in
facial abnormalities. As craniofacial development is similar in humans and mice (Gritli-
Linde, 2008; Tamarine and Boyde, 1977), the mouse represents an ideal system to model
craniofacial morphogenesis and its abnormalities.

Here we showed that Pbx genes (Pbx1-2-3) are highly expressed in the developing murine
head with broader expression domains than those of Hox genes, in particular in the “Hox-
less” face (Creuzet et al., 2005) and at the A of the early embryo. Pbx homeoproteins are
known as Hox cofactors for their interactions with 3’ Hox partners in target gene regulation
during development (Moens and Selleri, 2006; Tumpel et al., 2009). However, the finding of
fully penetrant CL/P in mice with compound Pbx loss in the Hox-less midfacial SCE

Dev Cell. Author manuscript; available in PMC 2012 October 18.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Ferretti et al.

Page 8

established Hox-independent functions of Pbx in facial morphogenesis. Additionally, the
presence of CL/P only in Pbx compound mutants that lack both copies of Pbx1 highlighted
the preeminent role of Pbx1 in midfacial morphogenesis and the collaborative, yet critical,
roles of Pbx2 and Pbx3 in domains of co-expression. These results are in agreement with the
primary requirement of Pbx1 in skeletogenesis (Capellini et al., 2006 and 2010). Notably, in
midfacial domains levels of Pbx1 were found to be highest in comparison with those of the
related family members. It was recently reported that PBX1, which is located on human
chromosome 1q24, is linked to SNP rs12047510, a risk variant for CL/P (Beaty et al., 2010)
and that the PBX dimerizing cofactor MEIS2 is deleted in a patient affected by midfacial
clefting (Crowley et al., 2010). In our mouse model, CL/P was present only when multiple
Pbx genes were lost simultaneously, suggesting that in humans multiple PBX genes or
cofactors have to be concomitantly mutated to yield CL/P, consistent with the multigenic
origin of human CL/P (Dixon et al., 2011).

Although they often occur together, CL/P and CPO differ in their etiology (Dixon et al.,
2011). While multiple murine models of CPO are available, those for CL/P are sparse
(Gritli-Linde, 2008); hence, our mouse lines offer unique reagents for modeling human CL/
P. Pbx1 SCE-specific inactivation, with either Foxg1Cre or Crect deleter mice, on a Pbx2-
or Pbx3-deficient background, was sufficient to yield CL/P. In contrast, Pbx1 inactivation in
Wntl-positive CNC-derived mesenchyme, on a Pbx2- or Pbx3-deficient background, did not
generate CL/P, but resulted in CPO. Overall, these findings demonstrated a different
etiology for murine CL/P and CPO, at least in regard to Pbx requirements in different
tissues.

Components of the Wnt/B—catenin pathway (van Amerogen and Nusse, 2009) are conserved
across species and are critical for multiple developmental processes, including face
morphogenesis (Fossat et al., 2011). Indeed, they are expressed in chick and mouse midface
(Brugmann et al., 2007; Lan et al., 2006; Reid et al 2011; Song et al., 2009) and Wnt
signaling has an important role in species-specific facial patterning. Furthermore, loss-of-
function of Wnt/p—catenin pathway components is associated with midfacial malformations
and clefting (Carroll et al., 2005; Juriloff et al., 2006). In this study, we established a strong
genetic interaction between Pbx and Wnt9b and demonstrated that Pbx homeoproteins
directly control Wnt signaling, by binding to a W3 RE that directs Wnt midfacial expression.
An additional level of complexity within this network resides in the observed genetic control
of Fgf8 by Pbx. While Fgf8 expression was diminished at Pbx mutant A, direct regulation of
Fgf8 by Pbx was not found (data not shown), supporting indirect control of Fgf8 by Pbx.
These findings are in agreement with reports showing that Fgf8 is a target of B—catenin in
the head (Paek et al., 2011; Wang et al., 2011). In addition, we revealed that Fgf8 does not
act upstream of Wnt9b, excluding a cross-regulatory loop between these two genes in
midface morphogenesis. Overall, this study established a genetic cascade wherein Pbx
proteins regulate Wnt9b-Wnt3, which, in turn, indirectly control Fgf8 in face morphogenesis
(Figure 8M).

While at the Pbx mutant A proliferation was not affected, apoptosis was absent. Indeed, wt
embryos exhibited extensive epithelial cell death at A, whereas the corresponding domains of
Pbx compound mutants were devoid of apoptotic cells. Thus, our findings established that,
in this mouse model, cellular epithelial removal from A is partly controlled by programmed
cell death via Pbx-dependent Whnt signaling. These results are consistent with loss of
apoptosis reported in palatal and upper lip formation (He et al., 2011; Jiang et al., 2006;
Song et al., 2009). Additionally, loss of apoptosis explained at least in part the persistence of
epithelium at A of Pbx compound mutants, whereby the epithelial seams are retained after
coalescence of the midfacial prominences. Notably, in Pbx compound mutants, the high
cellular levels of E-cadherin observed in the aberrant “bridge” at the A may result from
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altered Wnt signaling, since Lef1/B-catenin suppress E-cadherin expression in keratinocytes
(Jamora et al., 2003). The delineated abnormal morphogenetic events at the mutant A likely
mediate the CL/P phenotype of Pbx compound mutants. Absence of detectable apoptosis at
the Pbx mutant A indicated that Pbx proteins act as apoptotic inducers in midfacial
morphogenesis in this model. Interestingly, p63 and Irf6, mediators of apoptosis in a few
contexts (Ingraham et al., 2006; Pietsch, et al. 2007), are also expressed at A during face
development.

Analyses of p63 mutant mice revealed that p63 is required for the formation and
maintenance of a normal epidermal layer (Yang et al. 1999). Additionally, p63 loss results in
various abnormalities including CL/P (Thomason et al., 2010). The finding that p63 was
absent from Pbx mutant A and that therein Wnt controlled p63 expression via binding of Lef-
Tcf to a novel p63 regulatory element, established p63 as an in vivo target of Wnt. Absence
of apoptosis at the A of p63 mutants corroborated the molecular results, placing p63 as a
downstream effector within the Pbx-Wnt regulatory module. Furthermore, it was recently
reported that p63 and Irf6 interact epistatically in palatogenesis (Thomason et al., 2010). Our
observation that Irf6 was reduced at the A of both Pbx and Wnt9b mutants and that p63
regulated Irf6 expression via binding to an Irf6 orofacial enhancer (Rahimov et al., 2008;
Thomason et al., 2010), highlighted an additional level of regulatory complexity within the
delineated module. Indeed, Irf6 is a target of p63 in the midface and p63 acts as a cell-death
inducer at A preceding fusion of midfacial processes. In sum: dysregulation of the identified
Pbx-dependent Wnt-p63-1rf6 network, linking together multiple genes within a cascade at
murine A, is responsible for abnormal lip and primary palate formation in our mouse model
and is consistent with the multigenic origin of human CL/P (Dixon et al., 2011).

The W3 midfacial RE, which mediates Wnt regulation by Pbx, is evolutionarily conserved
not just among mammals but throughout the amniotes. The IR sequences are not conserved
in Xenopus, and are absent in stickleback and zebrafish, in which Wnt9b and Wnt3 map to
different chromosomes (Jezewski et al., 2008). Similarly, while the elements regulating p63
and Irf6 within the Pbx-controlled module are conserved in mammals, their conservation is
lost in other amniotes, Xenopus, and fish. Notably, A is absent in fish, but it is present in
birds, reptiles, and mammals. In mammals, A is developmentally and functionally more
complex and critical for the morphogenesis and positioning of choanae, upper lip, primary
and secondary palate (Compagnucci et al., 2011). Thus, it is conceivable that the Pbx-
directed regulatory module at A is an evolutionary innovation associated with the appearance
of elaborate choanae and palate in mammals, all of which can be affected by CL/P
(Mulvihill et al., 1980). Here, we showed that increased complexity of the regulatory
module itself correlates with the gradual increase in complexity of A and associated
structures (choanae and palate), through evolutionary transitions from fish to tetrapodes to
amniotes and to mammals. Overall, our findings clearly illustrate the importance of the
lamdoidal junction in mammals. They further explain the high frequency of clefting
phenotypes, due to the fact that mutations in any unit of the regulatory module at A can result
in CL/P.

In summary, we established a regulatory module at the midfacial A, which is fully conserved
within mammals, whereby Pbx direcly controls Wnt through an orofacial RE. The essential
requirement of Pbx-directed Wnt signaling as an effector of midfacial morphogenesis was
highlighted by complete rescue of the CL in Pbx mutants via ectopic expression of Wntl in
SCE, providing new approaches for tissue repair. Within the module, Wnt in turn
transactivates p63, which directly regulates Irf6, the mouse ortholog of IRF6, the gene most
commonly mutated in human non-syndromic CL/P. Overall, our study demonstrated that
loss of multiple Pbx genes from midfacial SCE disrupts a Wntp63-1rf6 regulatory network
(Figure 8M), resulting in localized suppression of apoptotic programs and CL/P in this
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mouse model. Identification of essential genes, midfacial enhancers, and mammalian
regulatory modules, whose disruption yields CL/P, is a critical advance towards early
diagnosis, prevention, and repair of this common birth defect.

Experimental Procedures

Scanning Electron Microscopy, Histological Analysis, Inmunohistochemistry,
Immunofluorescence, Whole-mount and Section in situ Hybridization, and Skeletal
Preparations

See Supplemental Experimental Procedures.

MRNA Isolation and gRT-PCR

To obtain total RNA for gene expression analysis, dissected wt fnp tissues were harvested
from E9.5 and E10.75 mouse embryos. Details in Supplemental Experimental Procedures.

Whole-Mount B-galactosidase Staining

Foxg1Cre/*:R26R-Lacz, Wnt1Cr®/+:R26R-LacZ, and BAT-gal embryos were collected from
E9.5 to E11.5 and stained for B-galactosidase as described (Rowitch et al., 1999).

Chromatin Immunoprecipitation (ChlP) Assay

150/200 wt fnp tissues were dissected in PBS/PMSF from E9.5-E11.5 embryos. Specimens
were maintained in PBS+PMSF+AP (Complete Mini Roche) and kept on ice during
dissection. After disrupting the tissues with a 20G syringe, crosslinking was performed with
1% formaldehyde at RT and stopped using glycine at a final concentration of 0.125 M.
Chromatin was prepared as described (Vitobello et al., 2011) and sheared by sonication until
DNA fragments reached an average length of 500-1000 bp. Samples were
immunoprecipitated ON at 4°C with the following Abs (Santa Cruz): Pbx1/2/3 (C20 sc
888X); Pbx2 (G20 sc890X); Pbx3 (D17 sc891X); Prepl (N15 sc6245X); Meis2 (N17
5c10600X); Hoxal (N20 sc17146X); Lefl (N17 sc8591X); and rabbit 19G (Sigma). The
immunopreciptated DNA was resuspended in 30 pl of TE. Regions within the Wnt9b-Wnt3
conserved region (W3) and within the p63 conserved intron (region A), containing the Pbx1
and Lef1 binding sites, respectively, were tested by PCR using primer pairs listed in
Supplementary Procedures. The fragments highlighted as Out not bound by Pbx or Lefl
proteins, were located in non-conserved, non-coding regions and thus were used as negative
controls. Chromatin precipitated with rabbit 1gG was used as a control of
immunoprecipitation specificity. For quantitative ChIP, enrichment of specific DNA
fragments was analyzed by real time PCR, using the ABI Prism 7000 thermocycler and
QuantiTect SYBR Green PCR master mix (Quiagen). Immunoprecipitated DNA amounts
were obtained from a standard curve of input DNA and normalized to rabbit 1gG
immunoprecipitations. Fold enrichment was calculated after normalization to rabbit 1gG.
Cut-off value for positive binding was set at 4. Primer sequences are described in
Supplementary Procedures.

Electrophoretic Mobility Shift Assay (EMSA)

EMSAs were performed as described (Ferretti el al., 2000) using in vitro translated proteins,
or nuclear extracts purified from fnp tissues. Sequences of the oligonucleotides spanning
putative Pbx binding sites within conserved regions of the Wnt9b-Wnt3 DNA intergenic
region (Katoh, 2005) used in EMSA are described in the text. Oligonucleotides spanning the
putative Lef-Tcf binding site within the first conserved intron of p63 (region A) are
illustrated in Figure 7. Primers sequences are described in Supplementary Procedures.
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Hsp68LacZ Transgenesis in Mice

1700 bp (Tg1) and 450 bp (Tg3) DNA fragments spanning the putative W3 RE within the
Wnt3-Wnt9b IR (Katoh, 2005) were PCR amplified from mouse C57BI/6 genomic DNA
using proof-reading TAQ (PCR Supermix High Fidelity, Invitrogen). See details in
Supplementary Procedures.

Proliferation and Cell Death Assays

For proliferation assays, cells in M phase were detected by IHC using the PhosphoHistone
H3 Ab (PHHS3, rabbit polyclonal, cat. 06-570, Upstate) (Song et al., 2009), followed by
treatments with biotin-SP-conjugated goat anti-rabbit 1gG secondary Ab and the ABC
staining kit, and visualized by 3,3-diaminobenzidine as a substrate. Epithelial and
mesenchymal cells were counted separately, as indicated in Figure S7. We drew a line of
fixed length perpendicular to the tip of the mnp and Inp on photographed sections. We then
drew a second line of fixed length perpendicular to the first and counted all the cells within
the enclosed space for all slides analyzed. Proliferation rates were calculated by counting
PHH3-positive cells over the total number of cells in 20 sections for each embryo. From 200
to 400 cells per section were counted. Data were calculated from three embryos per each
genotype. Bars represent mean +/— s.e.m. For cell death assays anti-Cleaved Caspapse3
(Promega G7481) Ab (1:200) was used. Paraffin-embedded sections were microwaved in
citrate buffer to permit antigen retrieval and treated as described for immunofluorescence in
Supplementary Procedures.

In vitro Transcriptional Assays

HEK 293T were cultured in D-MEM supplemented with 10% fetal calf serum, 2 mM L-
glutamine (Invitrogen), in humidified 5% CO». Transient transfections were performed
using Polyethyleneimine (Polysciencies) following the manufacturer’s protocol. The
constructs used in this assay are described in Supplemental Experimental Procedures. Cells
were transfected with different combinations of p63A-luciferase reporter, empty vector, and
vector carrying stable B-catenin to activate Wnt signaling. A plasmid encoding renilla was
used as a transfection control. Cells were lysed 48 hours after transfection and then assayed
for luciferase activity using the Dual-Luciferase Reporter Assay System (Promega). Values
were normalized for -gal activity. Data are mean = s.e.m. of three independent experiments
done in triplicate.

Statistical Methods

Results are expressed as mean + s.e.m. from triplicate gPCR reactions. Student’s “t” test was
used when appropriate.

Highlights

- Pbx genes promote midfacial morphogenesis via direct activation of Wnt9b-
Wnt3

- A Pbx-Wnt-p63-1rf6 module induces apoptosis at the embryonic lambdoidal
junction (1)

- Disruption of the Pbx-Wnt-p63-1rf6 module, conserved in mammals, causes
cleft lip

- Ectopic Wntl expression can rescue genetically cleft lip in Pbx mutants
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Pbx1, Pbx2, and Pbx3 exhibit dynamic expression patterns during craniofacial
development

(A-C) Whole-mount in situ hybridization (WISH) shows overlapping expression domains of
Pbx1 (A), Pbx2 (B) and Pbx3 (C) in E8.5 and E9.0 fnp. Insets: mMRNA levels in E9.0
epithelium (black arrowheads) and mesenchyme (azure arrowheads). Marked expression of
Pbx genes in E10.5 SCE and mesenchyme of mxp, Inp, and mnp. Lower panel: diagrams
depicting unique and overlapping expression domains of Pbx genes in E10.5 heads. Hue
saturation proportional to gene expression.

(D-G) Pbx proteins and their cofactor Prepl in wt E10.5 fnp. Immunohistochemistry (IHC;
coronal sections) reveals Pbx1 (D), Pbx2 (E), Pbx3 (F), and Prepl (G) in epithelium of Inp
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and mnp (black arrowheads) and in mesenchyme (azure arrowheads). Pbx1 is also detectable
in epithelium of mxp and mandibular processes (md) (black arrowheads) and their proximal
mesenchymal domains (azure arrows). Nasal Epithelium, ne; Optic Placode, op;
Telenchepalon, tel. See also Figure S1 and Figure S2.
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Figure 2. Pbx requirements in SCE for mifacial morphogenesis

(A-D) Pbx genes are required for midfacial and palate formation. Scanning Electron
Microscopy (SEM) of E13.5 mouse embryos (frontal views): wt (A), Pbx1 7~ (B) and
Pbx17~;Pbx2*/~ mutants (C,D). Pbx1/2 mutants exhibit broader face, mandibular
hypoplasia (pink arrowheads), CL (azure arrowheads), and CP (white arrowheads). (E-H)
SCE-specific Pbx1 inactivation (in Foxgl-positive cells) on a Pbx2-deficient background
causes CL (E, F), while CNC-derived mesenchyme-specific Pbx1 inactivation (in Wnt1-
positive cells) does not (G, H).

(1-L) Ventral view of E17.5 Pbx1"";Pbx2*/~;Foxg1©"e/* skeletal preparation (J) shows CP
(yellow arrowhead) and absence of premaxillae (green arrowhead) versus control (1).
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Pbx1f:Pbx2+/=;Wnt1Cre* newhorn mouse shows CPO (yellow arrowhead) (L) versus
control (K).

(M-P) Evaluation of Pbx1 loss by IHC of E13.5 Pbx1"f;Pbx2*/~;Foxg1¢re/* and
Pbx1f:Pbx2+/=;Wnt1Cre+ embryos reveals that in Pbx1;Pbx2+/~;Foxg1C"®+ embryos (N)
Cre-mediated Pbx1 loss occurs only in Foxgl-positive SCE (white arrowheads), while Pbx1
is maintained in tongue (tg) epithelium (red arrowhead), unlike in controls in which Pbx1 is
present in both midfacial epithelium and mesenchyme (M, O) (black arrowheads). In
Pbx1f:Pbx2+/=;Wnt1Cre* embryos (P) Pbx1 is lost only from Wnt1-positive CNC-derived
mesenchyme (white arrowheads), while it is maintained in SCE (black arrowheads). Lamina
Obturans, lo; Nasal Capsule, nc; Nasal Septum, ns; Neuroepithelium, nre; Processus Alaris
Inferioris, pai; Palatine, pal; Premaxilla, pmx; Palatal Process of Maxilla, ppmx; Palatal
Process of Palatine, pppl; Palatal Process of Premaxilla, pppx; Palatal Shelf, ps; Processus
Tranversus Anterior, ptaa; Pterygoid, ptg; Trabecular Plate-Nasal Septum, tb-ns; VVomer,
vm; Vomero Nasal Organ, vno. See also Figure S3.
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Figure 3. Pbx genes genetically regulate Wnt9b-Wnt3, which control Fgf8 at the A

(A-D) In controls Wnt9b (A) and Wnt3 (C) are expressed in midfacial SCE (black
arrowheads). In Pbx compound mutants, Wnt9b (B) and Wnt3 (D) are down-regulated at A
(empty arrowheads).

(E-H") X-gal staining reveals high Wnt activity in midfacial SCE and A of Wnt-reporter
controls (black arrowheads) versus reduced or absent activity in Pbx1/2 mutants (empty
arrowheads). Section X-gal staining shows strong Wnt signaling at A of E11 Wnt-reporter
control (G’) (black arrowhead), but not in Pbx1/2 mutant littermates (H’) (empty
arrowhead).

(I-N) WISH reveals that Fgf8 is unperturbed in E9.25 Pbx1/2 midfacial SCE versus controls
(1-J’; black arrowheads). Fgf8 is present in epithelium of mnp and A of E10.5 and E11.5
controls (K, M; respectively) (black arrowheads) and is reduced in Pbx1/2 mutants (L, N;
respectively) (empty arrowheads).

(O, P) Fgf9 at A is comparable in E11.5 control (O) and Pbx1/2 mutant (P) (black
arrowheads).

(Q-T) Fgf8 is unperturbed in midfacial SCE of E9.25 Wnt9b~~embryo (R, R’) versus
control (Q, Q’) (black arrowheads), while it is down-regulated at A of E11.5 Wnt9b 7~
embryo (T) (empty arrowheads) versus control (S) (black arrowheads).

(U-V) Fgf9 is unchanged at A of E11.5 control (U) and Wnt9b 7~ embryos (V) (black
arrowheads).

(W-X) Pbx1 is unperturbed at A of Wnt9b =~ embryo (X) versus control (W) (black
arrowheads). See also Figure S4 and Figure Sb.
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Figure 4. Genetic interaction between Pbx and Wnt9b

(A) Wnt9b SCE-specific inactivation with the Foxg1Cre deleter results in CL/P, similarly to
Pbx1 SCE-specific inactivation on Pbx2-deficient background (in Figure 2F).

Wnt9bf: Foxg1Cre/+ E13.5 embryos and PO newborn mutants, respectively, exhibit bilateral
CL (white arrowheads) and CP (not shown) versus their control littermates.

(B) Increase in frequency of CL in Wnt9b~ ~;Pbx1*/~ compound mutants versus Wnt9b -
single mutants. Distribution of CL in Wnt9b 7~ and Wnt9b 7 ~;Pbx1*/~ compound mutants,
respectively, is shown as a percentage of mutants that exhibit normal lip or bilateral CL over
the total number of mutants analyzed.
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Figure 5. Pbx homeoproteins regulate Wnt9b and Wnt3 by binding to a W3 RE in the midface
(A) Murine genomic organization of Wnt9b-Wnt3 on chromosome 11, separated by a 24kb
Intergenic Region (IR). Sequences conserved across vertebrates (Vertebrate El) indicated by
brown boxes (UCSC Browser, mm9). Conserved regions W0-W2, W4, and W5 shown
within purple boxes. Potential regulatory element W3 indicated within a pink box. All
regions WO-W5 contain putative Pbx-Prep(Meis) binding sites. Tgl and Tg3 highlight
sequences within W3 used for transgenic constructs. Vertical blue bars represent
discontinuity; green square brackets enclose short alignments that represent misalignment or
transposon insertion; pale yellow box represents a gap in the sequence.

(B) Within W3, Pbx-Prep(Meis) binding site (within pink box) is conserved only within
amniotes and not in amphibians and fish. Dots depict identical bases to reference; dashes
indicate non-conserved sequences; white spaces absence of sequence.

(C-D) ChlIP gPCR of immunoprecipitated chromatin from embryonic midfaces (shown in C,
upper panel) reveals Pbx-Prepl enrichment only at W1 and W3. Fold enrichment plotted
over 1gG. Specificity of Pbx and Prepl recruitment at W1 and W3 tested by using non-
specific primers (OUT1 and OUT2) located within non-conserved regions of the IR. Bars;
mean +/— s.e.m. *<0.05.

(E) Upper panel: W3 oligonucleotide sequence containing Pbx-Prep(Meis) binding site used
for EMSA. The Pbx-Prep(Meis) binding site is indicated in bold and highlighted by pink
box. Lower panel: EMSA with Nuclear Extracts (NE) from midfacial tissues and
oligonucleotide W3 reveals two DNA-binding complexes (UC, Upper Complex and LC,
Lower Complex) consisting of Pbx and Prep(Meis) on W3. UC and LC comigrate with
Pbxl1a/Prepl and Pbx1b-Prepl, respectively. Supershifted bands (SS) using Pbx Abs
indicate that Pbx proteins bind to W3. Prepl Ab inhibits complex formation.

(F) W3 drives LacZ expression in midfacial epithelium and A of transgenic embryos. Upper
panel: structures and concatamerization of W3 transgenic constructs. Lateral and frontal
views of E11.5 whole-mount X-gal stained Tg1.14, Tg3.1 and Tg3.2Mut embryos. High
expression of LacZ in Tg1.14 and Tg3.1 at A (red arrowheads) and midface contrasts with
lack of expression in Tg3.2Mut (white arrowhead). X-gal stained Wnt-reporter embryo
(BAT-gal; left panel) reveals endogenous Whnt activity recapitulating W3-LacZ transgene
expression in these domains. See also Figure S6.
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Figure 6. Pbx-dependent Wnt-p63 cascade leads to localized suppression of apoptosis at A of Pbx
compound mutants

(A-B) SEM of Pbx1/2 mutants (B) reveals enlarged and abnormal A and nasal pit (red
arrowheads) versus controls (A).

(C-D) SCE genetic fate mapping demonstrates that in controls midfacial epithelial seams
fuse at A, which is comprised of mesenchyme (white arrowhead), while in Pbx1/2 mutant
embryos they are maintained (red arrowheads).

(E-F) IF shows low E-cadherin in controls (E), indicating presence of mesenchyme (white
arrowhead); conversely, high E-cadherin at the mutant A (red arrowheads) points to
epithelial persistence (F).

(G-J) p63 is absent from both Pbx1/2 mutant and Wnt9b~/~ A (H, J; empty arrowheads)
versus respective controls (G, I; black arrowheads).

(K-N) Activated anti-caspase showing localized apoptosis, prior to epithelial seam fusion, at
control A (K) (pink arrowheads in inset) and absence of apoptosis at Pbx mutant A (L) (white
arrowheads in inset). Similarly, localized apoptosis is detected at control A (M) (green
arrowheads in inset), but not at p63~/~ A (N) (white arrowheads in inset). See also Figure S7.
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Figure 7. Recruitment of Lefl to the p63 locus in mouse embryonic midface

(A) Murine genomic organization of p63 on chromosome 16. Conserved sequences across
vertebrates (Vertebrate El) indicated by brown boxes (UCSC Browser, mm9). Potential
regulatory elements containing putative Lef-Tcf binding sites highlighted by pink boxes and
letters (A to D). Vertical blue bars represent discontinuity, and green square brackets enclose
short alignments that represent misalignment or transposon insertion.

(B) The Lefl/Tcf binding site (pink box) within the p63A element (pink asterisk in A) is
conserved within mammals and birds, but not in reptiles, amphibians, and fish. Dots:
identical bases to reference. Dashes: non-conserved sequences. White spaces: absence of
sequence.
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(C) ChIP gPCR with Lefl Abs and midfacial chromatin reveals Lefl enrichment at p63
element A (p63A), but at no other regions. Bars; mean + s.e.m., *p<0.05.

(D) Oligonucleotide sequence containing wt (upper case, bold) and mutated (lower case,
bold) Lefl/Tcf binding site.

(E) Retarded bands were detected by EMSA using nuclear extracts (NE) from E11.0 fnp and
mxp of wt embryos and oligonucleotides p63A (0-p63A) and p63A mutated in the Lefl
binding site (o-MutA). Lef1 binding specificity was assessed using specific Abs against
Lef1 ({Lef1), by which only one band was specifically competed (arrow). Competition
assays (100- and 500-fold excess wt and mutated p63A oligonucleotide) show only one
specific retarded band binding the Lef1 ATCAAAG site (arrow), which is competed
increasingly by wt 0-p63A, but not by o-MutA oligonucleotide. (—) above the lane indicates
absence of Ab and competitor oligonucleotides.

(F) p63A enhances luciferase activity in the presence of -catenin in transfected 293T cells.
Transactivation is lost after Lef binding site mutagenesis (p63MutA). Bars; mean + s.e.m.,
*p<0.05.
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Figure 8. Pbx-directed Wnt-p63-1rf6 regulatory module at A: a key determinant of midfacial
morphogenesis

(A) Murine Irf6 locus on chromosome 1 showing conserved sequences across vertebrates
(Vertebrate El) indicated by brown boxes (UCSC Browser, mm9). The Irf6 229 enhancer,
within a pink box with asterisk, is conserved within mammals. Vertical blue bars represent
discontinuity.

(B) Within the 229 enhancer, the p63 binding site (within pink box) is conserved only
throughout mammals, but not in birds, reptiles, amphibians, and fish.
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(C—H) Irf6 is down-regulated (empty arrowheads) at A of both Pbx1/2 mutant and
Pbx1f:Pbx2+/~;Foxg1Cre* embryos (D, F) versus controls (C, E) (black arrowheads). Irf6
is also lost at Wnt9b~/~ A (H) (empty arrowhead) versus control (G) (black arrowhead).

(I) ChIP-gPCR of p63 immunoprecipitated chromatin from mouse embryonic midface using
two p63 Abs (4A4 and H129) reveals p63 binding to Irf6 enhancer (Motif 229), but not to a
control locus (myoglobin; Myo). Two independent experiments shown using H129 Ab (2).
(J-L) Complete rescue of the CL phenotype in Pbx mutant embryos via ectopic expression
of Wntl in Crect-positive SCE cells. Control and rescued lip (J, L) (black arrowheads); CL
(K) (empty arrowheads).

(M) Model for Pbx essential role in midfacial morphogenesis. At A (dashed circle), a Pbx-
dependent Wnt-p63-1rf6 regulatory module mediates apoptotic programs. Dysregulation of
the module, which is fully conserved only within mammals, results in localized suppression
of apoptosis and orofacial clefting.
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