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Abstract

Mice lacking both Prx1 and Prx2 display severe abnormalities in the mandible. Our analysis
showed that complete loss of Prx gene products leads to growth abnormalities in the mandibular
processes evident as early as E10.5 associated with changes in the survival of the mesenchyme in
the medial region. Changes in the gene expression in the medial and lateral regions were related to
gradual loss of a subpopulation of mesenchyme in the medial region expressing eHand. Our
analysis also showed that Prx gene products are required for the initiation and maintenance of
chondrogenesis and terminal differentiation of the chondrocytes in the caudal and rostral ends of
Meckel’s cartilage. The fusion of the mandibular processes in the Prx1/Prx2 double mutants is
caused by accelerated ossification. These observations together show that during mandibular
morphogenesis Prx gene products play multiple roles including the cell survival, the region-
specific terminal differentiation of Meckelian chondrocytes and osteogenesis.

Keywords
Prx1; Prx2; Mandibular processes; Meckel’s cartilage; Osteogenesis

Introduction

The development of the lower arch is a multi-step process that starts with the formation of
mandibular processes from the first branchial arch. After its formation, the first branchial
arch is subdivided into the maxillary and mandibular processes that give rise to the upper
and lower jaws respectively. Initially, the mandibular processes consist of a mesenchymal
core encased by epithelium. The epithelium covering the mandibular processes is derived
from embryonic ectoderm and endoderm. The mesenchyme of the mandibular processes is
derived from mesoderm and cranial neural crest cells (CNCC) (reviewed by Knight and
Schilling, 2006; Noden and Schneider, 2006). CNCC that populate the mandibular processes
arise from the posterior mesencephalon and rhombomeres 1 and 2 and eventually
differentiate into bone, cartilage, cranial ganglia, and connective tissue (reviewed by Knight
and Schilling, 2006; Noden and Schneider, 2006). These cells do not express Hox genes and
carry some species-specific patterning information (reviewed by Brugmann et al., 2006a;
Brugmann et al., 2006b; Knight and Schilling, 2006; Noden and Schneider, 2006). However,
the fate and differentiation of CNCC into skeletal structures within the mandibular arch are
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determined by signaling interactions between CNCC and the surrounding tissues including
the endoderm of the foregut and the mandibular epithelium (reviewed by Knight and
Schilling, 2006; Noden and Schneider, 2006).

Several studies provided evidence that morphogenesis of mandibular processes is regulated
by two independent functional regions: two large lateral regions, and a small medial region
(reviewed by Mina, 2001b; Mina, 2001a). These regions are characterized by exclusive
patterns of expression of signaling molecules including Bmp4 and Fgf8 in the epithelium
and several transcription factors in the mandibular mesenchyme (Mina, 2001b; Mina,
2001a).

Lateral regions, where chondrogenesis and osteogenesis are initiated in vivo, give rise to the
portion of the mandibular arch containing molar teeth, to most of the rod of Meckel’s
cartilage and its associated bones, and, in mammals, to the middle ear structures. It has been
shown that Fgf8 expressed by the epithelium of the lateral region together with several
genes expressed in the underlying mesenchyme, including Lhx6, Barx1, Gsc, DIx, and Pitx1,
regulates cell proliferation, apoptosis and morphogenesis of the two lateral regions (Trumpp
etal., 1999; Abu-Issa et al., 2002; Frank et al., 2002; Macatee et al., 2003). The restricted
expression of the Fgf8 is the epithelium of the lateral regions is regulated by SHH expressed
by the endoderm (Haworth et al., 2007) and BMP4 expressed by epithelium of the medial
region (Liu et al., 2005).

The small region, where the two mandibular processes merge, gives rise to the medial region
of the mandibular arch containing incisor teeth, and the most medially located skeletal
elements including the symphysial portion of Meckel’s cartilage and its associated bones.
The medial region contains highly proliferative mesenchyme and makes a significant
contribution to the overall growth of the developing mandible (McGonnell et al., 1998; Mina
et al., 2002). Several studies have shown that morphogenesis of the medial region is
independent of FGF8 (Trumpp et al., 1999) and dependent on complex interactions of
multiple signaling pathways including Bone morphogenetic proteins (BMP) (reviewed by
Nie et al., 2006; Liu et al., 2005; Dudas et al., 2004; Ko et al., 2007), Endothelinl (ET1)
(reviewed by Clouthier and Schilling, 2004; Thomas et al., 1998; Clouthier et al., 2000;
Fukuhara et al., 2004 Sato et al., 2008b Fukuhara et al., 2004; Ozeki et al., 2004; Sato et al.,
2008a), and Hedgehog (HH)- mediated signaling (Jeong et al., 2004; Yamagishi et al.,
2006). Candidate transcription factors involved in morphogenesis of the medial region are
many including dHAND (Hand2), eHAND (Hand1), Fox genes, DIx5, DIx6, Msx1 and Msx2
(Satokata and Maas, 1994; Srivastava et al., 1995; Thomas et al., 1998; Sato et al., 2008b;
Fukuhara et al., 2004; Ozeki et al., 2004; Sato et al., 2008a; Jeong et al., 2004).

Prx1 and Prx2 are closely related members of the paired-related family of homeobox genes
co-expressed in variety of sites including craniofacial mesenchyme (reviewed by Meijlink et
al., 1999). In the mandibular processes, Prx genes are co-expressed at high levels in the
mesenchyme of the medial region (Meijlink et al., 1999; Doufexi and Mina, 2008). Prx2
null mice show no obvious craniofacial and skeletal abnormalities (ten Berge et al., 1998),
whereas Prx1 mutant mice show defects in skeletal elements derived from the maxillary
processes and the caudal part of the mandibular processes, including hypoplastic coronoid,
condylar and angular processes and malformed malleus (Martin et al., 1995). In contrast to
single mutants, Prx1/Prx2 double mutants die a few hours after birth, exhibit many novel
abnormalities, including the highly penetrant and noticeable abnormalities in the developing
mandible (ten Berge et al., 1998; Lu et al., 1999a; ten Berge et al., 2001). The mandibular
processes of the neonate Prx1/Prx2 double mutants are shortened, fused at the midline, lack
the midline symphysis, and have only a single or no incisor. These studies also showed that
abnormalities in the mandibular processes of Prx1/Prx2 double mutants were associated
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with changes in the expression of Fgf8, Bmp4 and Shh in the medial mandibular epithelium,
reduced proliferation in the mesenchyme underneath the oral epithelium, and small changes
in the domains of Alx3 and DIx2 expression in the mandibular mesenchyme (ten Berge et al.,
1998; ten Berge et al., 2001). Furthermore, it was shown the formation of a single
mandibular incisor was associated with the downregulation of Pax9 and Patched underneath
the medial domain of Fgf8 expression (ten Berge et al., 1998; Lu et al., 1999a; ten Berge et
al., 2001).

The phenotypic abnormalities in the various Prx mutants indicated that in addition to their
involvement in mandibular outgrowth, Prx might play roles in chondrogenesis in the
mandibular processes. Meckel’s cartilage in Prx1 mutants displayed abnormal sigmoidal
morphology (Martin et al., 1995) and for the most part was absent in the Prx1/Prx2 double
mutants (ten Berge et al., 1998; Lu et al., 1999a; Meijlink et al., 1999).

Abnormalities in the mandibular processes and Meckel’s cartilage in Prx1/Prx2 double
mutants provided direct evidence for the essential roles of Prx gene products in the
morphogenesis of the medial region and mandibular chondrogenesis. However, the
underlying mechanisms leading to these abnormalities and the genetic pathway(s) in the
medial region, which include Prx and gene products regulated by or dependent on Prx gene
products, are still not well identified.

In this study, to gain a better understanding of the underlying mechanisms of abnormalities
in growth and morphogenesis of the mandibular processes, we examined the patterns of
expression of additional transcription factors with essential roles in mandibular
morphogenesis including Msx1, Msx2, dHand, eHand, Barx1, DIx5 and Pitx1 in the Prx1/
Prx2 double mutants. We also re-examined the effects of the absence of Prx gene products
on cell proliferation and apoptosis in mandibular mesenchyme. Our analysis showed that
complete loss of Prx gene products leads to growth abnormalities in the mandibular
processes evident as early as E10.5 and is associated with changes in cell proliferation,
apoptosis, and expression of regulatory genes in the medial (where Prx genes are expressed)
and lateral (where Prx genes are not expressed) regions.

Furthermore, we also examined the underlying mechanisms for abnormlities in Meckel’s
cartilage in Prx1/Prx2 double mutants. Our analysis showed roles for Prx gene products in
terminal differentiation of chondrocytes in the caudal and rostral ends as well as osteogenic
differentiation by mandibular mesenchyme.

Skeletal preparations at E19 showed that the Prx1/Prx2 double mutants embryos developed
much smaller and malformed upper and lower jaws compared with the Prx1+/-;Prx2-/- and
Prx1+/+;Prx2-/- (supplemental Figure 1). The mandibular processes in the Prx1 +/+; Prx2
-/- and Prx1 +/-; Prx2 -/- contained bones, two molar tooth germs, two incisor tooth germs
and the symphysial cartilage between the mandibular processes (supplemental Figure 1B &
1D, data not shown). In contrast, Prx1/Prx2 double mutant embryos had significantly
smaller mandibles that were fused at the midline and lacked symphysial cartilage
(supplemental Figure 1F). The Prx1/Prx2 double mutant mandibles contained two molar
tooth germs and mostly no incisors and occasionally one incisor (data not shown). Prx1/
Prx2 double mutants also displayed wider mandibular processes and an increase in the angle
between the right and left mandibular processes compared with Prx1 +/-; Prx2 -/- and Prx1
+/+; Prx2 -/- (supplemental Figure 1B, 1D, 1F). The abnormalities in the Prx1/Prx2 double
mutants at E19 were similar to those reported for newborns (ten Berge et al., 1998; Lu et al.,
1999a; Lu et al., 1999b). The lack of noticeable abnormalities in Prx1+/+; Prx2-/- as
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compared to wild type, is consistent with the lack of abnormalities in Prx2-/- mutants (ten
Berge et al., 1998). In the experiments described in this paper Prx1+/+; Prx2-/- embryos
were used as the control.

The formation of significantly smaller mandibles in the Prx1/Prx2 double mutants at E19
(supplemental Figure 1) suggests that Prx gene products are involved in proper outgrowth of
the mandibular processes. To determine the onset of growth abnormalities in the mandibular
processes, the size of the mandibular processes were compared between the Prx1/Prx2
double mutants and controls (Prx1+/+;Prx2-/-) at early stages of development. These
studies showed that at E10.5 (soon after the fusion of the mandibular processes) and at
E13.5 mandibular processes in the Prx1/Prx2 double mutants were 56% and 65% smaller
than controls respectively (Table 1).

There are multiple possible mechanisms that could cause defects in the outgrowth of the
mandibular processes of Prx1/Prx2 double mutants. One possibility is that the defects are
due to lack of migration of the CNCC into the mandibular processes. However, Prx genes
are not expressed in premigratory neural crest and cells expressing Prx1 and Prx2 are
initially normally distributed in the mandibular processes of the mutants but disappear later
(Luetal., 1999; ten Berge et al., 2001). This suggests that the abnormalities in the
outgrowth in Prx1/Prx2 double mutants may be due to disturbances in the signaling
pathways regulating mandibular morphogenesis and/or negative effects of Prx in
maintenance and survival of the of mandibular mesenchyme.

Loss of Prx genes affected the patterns of expression of genes in the medial (rostral)
region of the mandibular processes

Next we examined the effects of absence of Prx gene products on the expression of the
components of the signaling pathways implicated in proper growth and morphogenesis of
the mandibular processes by in situ hybridization using E10.5 and E11.5 embryos. Since
Prx1 and Prx2 are expressed in mesenchyme of the medial region, we first focused on
components of other signaling pathways expressed in the medial region of the mandibular
processes including Bmp4, Msx1, Msx2, dHand, and eHand (Figures 1-3).

eHand (Hand 1) and dHand (Hand 2) are members of the class 1| bHLH proteins expressed
in partially overlapping domains in the neural crest derived mesenchyme in the branchial
arches (reviewed by Firulli, 2003). eHand -/ —embryos die at E8.5 due to abnormalities in
the yolk sac (Firulli et al., 1998) and mice with deletion of eHand in neural crest derived
mesenchyme did not display abnormalities in the mandibular processes nor in embryonic
development (Barbosa et al., 2007). dHand -/ —embryos die at E10.5 due to heart
abnormalities and display hypoplastic mandibular processes secondary to programmed cell
death (reviewed by Firulli et al., 1998). The compound Hand mutants with neural crest
specific deletion of the eHand combined with various mutant alleles of dHand displayed
hypoplastic mandibular processes due to severe defect in the medial region of the
mandibular processes including defects in the development of lower incisors and the
symphysis of Meckel’s cartilage (Barbosa et al., 2007).

The shared subset of abnormalities in the medial region of Prx and Hand compound mutants
provide evidence for their essential roles in morphogenesis of the medial region of
mandibular processes and suggest that products of these genes may directly or indirectly
interact and function in the same pathway. To test this possibility we examined expression
of eHand and dHand in Prx1/Prx2 double mutant embryos. At E10.5 and E11.5, in control
embryos, dHand and eHand were expressed in overlapping domains in the mesenchyme in
the medial region of the mandibular process (Figures 1A, 1B, 2A, 2B). In the medial region,
eHand expression was within the domain of dHand expression and more restricted to the
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midline (Figures 1A, 1B, 2A, 2B). In the Prx1/Prx2 double mutants there were no
significant changes in the domain of expression of dHand in the medial region of the
mandibular processes (Figures 11 & 2I) as compared to controls (Figures 1A & 2A) and
Prx1+/-; Prx2-/- (Figures 1E & 2E). On the other hand, the domain of expression of eHand
in the Prx1/Prx2 double mutants was reduced at E10.5 (Figure 1J) and absent at E11.5
(Figure 2J). At both stages of development, the domain of eHand in Prx1+/-; Prx2-/- was
intermediate between the Prx1/Prx2 double mutants and control (Figures 1F & 2F). These
observations suggest that in the medial region of the mandibular processes, expression of
eHand (but not dHand) is regulated by Prx gene products.

Msx1 and Msx2 are two transcription factors with restricted expression in the mesenchyme
of the medial region and are well-known targets of BMP signaling. The abnormalities in the
medial region of the Msx1, Msx2 and Msx1;Msx2 (Satokata and Maas, 1994; Satokata et al.,
2000) mutants as well as in mice with targeted deletion of Bmp4 in the mandibular process
(Liu et al., 2005), in Alk2/Wnt1-Cre mutants (Dudas et al., 2004) and in Wnt1-Cre;Smad4fl/
fl mutants (Ko et al., 2007) indicated their essential functions in morphogenesis of the
medial region. Further analysis of various mutants indicated that ET-1-dHAND-Msx1
constitutes one of the genetic pathways regulating morphogenesis of the mandibular process
and that the expression of Msx1 in the medial mandibular mesenchyme is dependent on
dHand (Thomas et al., 1998.) As the next step we examined the effects of loss of Prx on the
expression of Bmp4, Msx1 and Msx2.

In the control embryos, Bmp4 was expressed in the epithelium of the medial region and the
underlying mesenchyme at E10.5 and E11.5 (Figures 3A, 3C). In situ hybridization to whole
mounts and tissue sections showed little or no changes in the Bmp4 expression in the
epithelium of the medial region in Prx1/Prx2 double mutants (Figures 3B, 3D). However, at
both stages, expression of the Bmp4 in the mesenchyme of the medial region was
downregulated (Figures 3B, 3D).

At E10.5, in the control embryos, Msx1 and Msx2 were expressed in partially overlapping
domains in the mesenchyme of the medial region of the mandibular processes (Figures 1C,
1D). At E11.5, in the controls, Msx1 expression was restricted to the oral side and the
expression of Msx2 in the medial region extended from oral to aboral side (Figure 2C, 2D).
Compared to controls, in the Prx1/Prx2 double mutants the expression of Msx1 was more
restricted to the oral side of the mandibular processes at E10.5 (Figure 1K) and extended
into the aboral side in the midline region at E11.5 (Figure 2K). The pattern of expression of
Msx1 in Prx1+/-; Prx2-/- was intermediate between the Prx1/Prx2 double mutants and
control (Figures 1G & 2G). As compared to controls, in Prx1/Prx2 double mutants Msx2
expression appeared unaffected at E10.5 (Figures 1D, 1H, 1L) and at E11.5 (Figure 2D, 2H,
2L). These observations suggest that in the medial region of the mandibular processes,
expression of Bmp4 and Msx1 in the mesenchyme may be directly or indirectly regulated by
Prx gene products.

The unchanged pattern of the expression of Bmp4 in the mandibular epithelium of the Prx1/
Prx2 double mutants in our study is different from the absence of Bmp4 in the medial
mandibular epithelium reported by ten Berge et al, (1998) but consistent with the expression
of Msx genes in the mandibular mesenchyme shown to be regulated by BMP signaling.
Taken together, these observation suggest that Prx gene products may function upstream of
eHand, Msx1 and Bmp4 in the medial mandibular mesenchyme.
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Loss of Prx genes affected the patterns of expression of genes in the lateral (Caudal)
regions of the mandibular processes

We next examined the patterns of expression of selected factors that are expressed
complementarily to Prx1 and Prx2 and primarily in the lateral regions of the mandible
including Fgf8, DIx5, Barx1 and Pitx1 (Figures 3E, 3F & 4).

At E10.5, Pitx1 was expressed in the mandibular epithelium of the medial and lateral region
and the mesenchyme of the lateral regions (Figure 3E). In the control embryos at E10.5,
Fgf8 was expressed in the epithelium of the lateral region and Barx1 and DIx5 in the
mesenchyme of lateral regions (Figures 4A-C). Compared to their patterns of expression in
the control, in the Prx1/Prx2 double mutants, the expression of Fgf8 in the mandibular
epithelium, as well as expression of DIx5, Barx1 and Pitx1 in the mandibular mesenchyme
extended into the medial region (Figures 3F, 4G-1). The pattern of expression of Fgf8 in the
Prx1/Prx2 double mutants at E10.5 in our study is consistent with the results reported by ten
Berge et al., (2001).

At E11.5, in control embryos, the expression of Fgf8 was restricted to presumptive molar
and incisor forming regions (Figure 4J). The mandibular processes of the Prx1/Prx2 double
mutants contained the two domains of Fgf8 in the lateral regions (presumptive molars) but
not the domains of Fgf8 in the medial region (presumptive incisors) (Figure 4P). The
absence of Fgf8 in the mandibular epithelium of the medial region in Prx1/Prx2 double
mutants at E11.5 in our study is different from the results reported by ten Berge et al.,
(2001). We speculated that the difference was related to abnormalities in the developing
mandibular incisors (presence of only a single or no incisor) in the Prx1/Prx2 double
mutants (ten Berge et al., 1998; Lu et al., 19993; ten Berge et al., 2001). To test this
possibility, we analyzed the expression of Pax9, a transcription factor with essential roles in
tooth formation and morphogenesis (Neubuser et al., 1997) by whole mount and radioactive
in situ hybridization in sections from E12.5 embryos (Figure 3). In the control embryos,
Pax9 expression was detected in the molars and incisors dental mesenchyme (Figures 3G,
31). In the Prx1/Prx2 double mutants Pax9 expression was detected in the dental
mesenchyme of the developing molars (Figure 3 J) but was not detected in the incisors
regions (Figure 3H). Thus, the lack of expression of Fgf8 and Pax9 in our study is related to
the absence of the mandibular incisors in Prx1/Prx2 double mutants.

Similar to their patterns of expression at E10.5, at E11.5 the domains of expression of

Barx1, DIx5 and Pitx1 in the Prx1/Prx2 double mutants were extended into the medial
region as compared to controls (Figures 4Q, 4R and data not shown). The non-overlapping
domains of expression of Prx1 and Prx2 in the medial mandibular mesenchyme with the
regulatory factors expressed in the lateral regions of the mandibular processes does not
support the direct interactions between the Prx gene products and these regulatory factors.
These observations suggest that Prx gene products may be necessary for the establishment of
the boundaries of the expression domains of regulatory genes in the lateral regions of the
mandibular processes.

Loss of Prx genes affected the cell proliferation and apoptosis of the mesenchyme of the
medial region

We then examined the effects of absence of Prx gene products on proliferation and survival
of mandibular mesenchyme. These studies were limited to the Prx1/Prx2 double mutants
and controls. Cell proliferation was examined by immunohistochemistry using H3-p
antibody that marks cells in M phase in tissue sections of E10.5 embryo mandibular
processes. Apoptosis was examined by TUNEL assay. We found significant differences in
the numbers of apoptotic and proliferative cells in the mandibular processes in the Prx1/
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Prx2 double mutants compared to controls (Table 1 and data not shown). At E10.5, there
was approximately 46% reduction in the number of proliferative cells and a 5-fold increase
in the number of apoptotic cells in the mandibular mesenchyme of the Prx1/Prx2 double
mutants compared to controls (Table 1 and supplemental Figure 2A and 2B and data not
shown). In the Prx1/Prx2 double mutants, apoptotic cells were detected primarily in the
mesenchyme of the medial (rostral) and most caudal regions of the mandibular processes
(data not shown). The number of proliferative cells in mesenchyme of the medial region in
the Prx1/Prx2 double mutants was approximately one third of that in the controls (Table 1
and supplemental Figure 2A and 2B).

The changes in the cell proliferation and apoptosis in the mandibular mesenchyme and the
mesenchyme of the medial region observed in the Prx1/Prx2 double mutants in our studies
are different from results reported by ten Berge et al., 2001) and most likely related to the
sensitivity of the different assays (immunohistochemistry vs. immunofluorescence) used in
these studies. This previous study did not detect significant differences between the number
of apoptotic cells in the mandibular processes in the Prx1/Prx2 double mutants and wild
type at E10.5 and E11.5 (ten Berge et al., 2001). In vivo BrdU labeling showed reduction in
the number of labeled cells only in the mesenchyme underneath the oral epithelium of
Prx1-/-Prx2-/- mutants as compared to Wild-type (ten Berge et al., 2001).

The significant changes in the number of proliferative and apoptotic cells in the
mesenchyme in the medial region of the mandibular processes in the Prx1/Prx2 double
mutants compared to controls suggest a role for the Prx gene products in the proliferation
and survival of specific population of the CNC mesenchyme in the medial region of the
developing mandible.

Effects of absence of Prx gene products on the Meckel’s cartilage

Previous studies showed that one of the most noticeable abnormalities in the Prx1/Prx2
double mutants is reduction in the size of Meckel’s cartilage (MC) (ten Berge et al., 1998;
Lu et al., 1999b). Skeletal staining of embryos at E14.5 showed that, in contrast to the rod-
shaped cartilage in the wild-type, most of MC was absent in the Prx1/Prx2 double mutants
(ten Berge et al., 1998; Lu et al., 1999b). To gain insight into the underlying mechanism
leading to abnormalities in MC, we compared the development of MC in the mandibular
processes in the Prx1/Prx2 double mutants and control embryos using bone and cartilage
staining, histological evaluations and in situ hybridization analysis between E11.5 and
E14.5.

The formation of MC in the mouse mandibular processes begins at E11.5 with the formation
of chondrogenic condensations. One day later, at E12.5 chondrogenic differentiation is
initiated and the primordium of MC becomes apparent as rods within each mandibular
processes and a short rostral process (Ishizeki et al., 2003; Ramaesh and Bard, 2003). As
development proceeds, the two rods lengthens by appositional growth at both ends and fuse
with the small rostral process at E13.5. At E14.5 mandibular processes contain the fully
differentiated Meckel’s cartilage that becomes surrounded by mandibular bones. During
later stages of embryonic development, chondrocytes located in the most rostral (symphysial
portion of MC) and caudal ends of MC (giving rise to the incus and the malleus of the
middle ear) undergo endochondral ossification, whereas chondrocytes in the main body of
MC are either resorbed or transformed into fibroblasts that give rise to the
sphenomandibular ligament (Richman and Diewert, 1988; Ishizeki et al., 2003; Ramaesh
and Bard, 2003).

Skeletal staining and histological evaluation of control embryos at E12.5, showed the
presence of rods of precartilage primordia (identified by light staining with Alcian Blue)
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within each mandibular process (Figures 5A & 5B) and the condensations for the rostral
processes in (Figure 5B). During the next two days (E13.5 and E14.5) the rods of MC
elongated, thickened, stained more intensely with Alcian Blue, and fused with the rostral
processes (Figure 5D, 5E, 5G, 51). In contrast, in the Prx1/Prx2 double mutants the
precartilage primordia for the MC rods and the rods of MC were absent (Figure 5C, 5F, 5H,
5J). However, despite the absence of the main rod of MC, Prx1/Prx2 double mutants
contained a very small rostral processes and a small cartilaginous structure in the most
caudal ends revealing the region-specific abnormalities in the MC in the Prx1/Prx2 double
mutants (Figure 5F, 5H, data not shown).

To determine the mechanisms leading to the region-specific abnormalities in MC in the
Prx1/Prx2 double mutants, the expression of Sox9 and Col2al, markers for chondrogenic
condensation and immature and proliferating chondrocytes respectively, were examined by
radioactive in situ hybridization to sections (supplemental Figure 2C and 2D and Figure 6).
In situ hybridization on sections of the mandibular processes at E11.5 showed similar
patterns of expression of Sox9 in the control and Prx1/Prx2 double mutants (supplemental
Figure 2C and 2D) and is consistent with whole mount in situ hybridization reported by (Lu
et al., 1999a) indicating that the initial specification of the chondrogenic mesenchyme in the
mandibular processes in the Prx1/Prx2 double mutants was unaffected.

At E12.5, in the control embryos, Sox9 and Col2al expression was detected in the
precartilage primordium in the most caudal (Figures 6A-C), middle (Figures 6E-G) and
rostral (Figures 61-K) regions of the developing mandible. In the Prx1/Prx2 double mutants,
expression of Sox9 and Col2al, was detected in the most caudal (Figures 6M-O) and rostral
(Figures 6U-W) ends but not in the middle (Figures 6Q-S) region that corresponds to the
main body of MC. The expression of Sox9 and Col2al in the rostral ends in the Prx1/Prx2
double mutants (Figures 6U-W) was reduced as compared to the control (Figures 61-K).

The absence of the expression of Sox9 in the main body of MC in the Prx1/Prx2 double
mutants indicates that the loss of the major portion of MC in the Prx1/Prx2 double mutants
may be related to defects in the maintenance of chondrogenic mesenchyme and/or
appositional growth of chondrogenic mesenchyme.

Effects of absence of Prx gene products on the mandibular bones

Skeletal staining at E14.5 showed increased intense Alizarin Red staining in the hypoplastic
mandibular processes of Prx1/Prx2 double mutant embryos compared to controls (Figures
51, 5J).

The bones in the mandibular processes are formed by intramembranous ossification. During
this process CNCC derived mesenchyme forms osteogenic condensations composed of
osteoprogenitor cells, which proliferate and directly differentiate into pre-osteoblasts and
then into mature osteoblasts secreting bone matrix. In the mandibular processes, the
osteogenic condensations are formed first in the caudal region at around E13.5 and later in
more rostral regions (Ramaesh and Bard, 2003; Mina et al., 2007).

To determine the onset of skeletal abnormalities and to gain further insight into underlying
mechanisms of increased bone formation, we examined the expression of Runx2, a master
regulator of osteoblast differentiation and a crucial early determinant of the osteoblast
lineage (reviewed by Karsenty, 2008). In situ hybridization analysis at E12.5 showed that in
control embryos, Runx2 was barely detectable in the caudal, medial and rostral regions of
the mandibular processes (Figures 6D, 6H, 6L). By contrast, the Prx1/Prx2 double mutants
contained large populations of Runx2 expressing cells in the middle and rostral regions
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(Figures 6T & 6X) indicating early/accelerated initiation of osteogenesis in the mandibular
processes of the Prx1/Prx2 double mutants.

In situ hybridization and histomorphometric analysis at E13.5 showed expanded/larger
domains of expression of Runx2 and Mason trichrome staining in the mandibular processes
of the Prx1/Prx2 double mutants as compared to control (Tablel and Supplemental Figure
3). In the Prx1/Prx2 double mutants the domains of Runx2 expression in the rostral region of
the mandibular processes were expanded and fused together in the midline (supplemental
Figure 3H) and clusters of cells stained with Mason trichrome were detected in the rostral
region (supplemental Figure 3D). By contrast, in the controls, domains of Runx2 expression
in the rostral region were separated (supplemental Figure 3G) and the rostral region did mot
contain many Mason trichrome stained cells (supplemental Figure 3C and Table 1). These
observations suggest that fusion of the mandibular processes in the midline was related to a
larger population of the osteogenic cells that undergo accelerated ossification.

Micro CT analysis of the mandible at P1 showed that the mineralized volumes of mandibles
from Prx1/Prx2 double mutants (0.73 + 0.08 mm3, n=3) were significantly decreased in
comparison to controls (1.56 + 0.08 mm3, n=3), attributable to the decreased size of the
mandibles in the Prx1/Prx2 double mutants (supplemental Figure 4). However, despite the
changes in the rate and timing of osteogenesis there were no significant differences in
mineral density of the mandibles between the Prx1/Prx2 double mutants (496 + 36 mg/cm3
HA) and controls (503 + 6 mg/cm3 HA) indicating that the absence of the Prx gene did not
affect the mineralization and matrix synthesis by osteoblasts. The architectural appearance
and the porosity of the mandibular bones in the Prx1/Prx2 double mutants appeared to be
similar to those in the control (supplemental Figure 4).

DISSCUSION

In the mandibular processes, Prx1 and Prx2 are expressed in overlapping domains with Prx2
domain entirely within the domain of Prx1. Deletion of Prx2 did not lead to any
developmental defects in the mandibular processes suggesting that Prx1 compensates for
loss of Prx2. This possibility was supported by severe abnormalities in the Prx1/Prx2 double
mutants including abnormalities in the outgrowth of the mandibular processes,
morphogenesis of the medial region, development of the incisors, formation of MC and, as
reported in this paper, mandibular osteogenesis.

In the present paper we have examined the underlying mechanisms of abnormalities in
growth and morphogenesis of the mandibular processes and Meckel’s cartilage in Prx1/Prx2
double mutants. Our analysis showed that growth abnormalities in the mandibular processes
are evident as early as E10.5 and are associated with reduced proliferation and increased
apoptosis in the mesenchyme of the medial region of the mandibular processes which in
return results in changes in the patterns and domains of expression of the components of
signaling pathways involved in proper morphogenesis of the mandibular processes.

We have also examined the underlying mechanisms that lead to the absence of the main
body of Meckel’s cartilage in Prx1/Prx2 double mutants. Our analysis suggests roles for Prx
gene products in the endochondral ossification at the two ends of MC and suggests that the
absence of the main body of MC may be indirect and related to changes in the fate of
precursors from chondrogenic to osteogenic mesenchyme. Our results show that fusion of
the mandibular process is caused by accelerated osteogenesis.
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Loss of Prx genes affected morphogenesis of the medial region of the developing

mandible

Our observations showed changes in the domain and intensity of the expression of a number
of regulatory factors in the medial mandibular mesenchyme of the Prx1/Prx2 double
mutants compared to controls. The most striking change in the Prx1/Prx2 double mutant
mandible was the reduction and subsequent elimination of eHand expression from the
medial mandibular mesenchyme at E10.5 and E11.5 respectively suggesting that eHand
expression may be directly or indirectly regulated by Prx gene products. This epistatic
relationship predicts unchanged patterns of expression of Prx genes in the medial
mesenchyme of the various Hand mutants. The early embryonic lethality in eHand null
mutants complicated detailed analysis of the effects of loss of eHand in mandibular
morphogenesis. The unchanged expression of Prx1 in E9.5 dHAND-/- (Thomas et al., 1998)
and in E12.5 Hand compound mutants (Barbosa et al., 2007) provides evidence that at least
Prx1 acts upstream of dHAND. However, the down-regulated expression of Prx2 in the
compound Hand mutants (Barbosa et al., 2007) suggests that Hand genes act upstream of
Prx2. The expression of Hand genes in the medial mandibular mesenchyme is regulated by
ET1 signaling (reviewed by Firulli, 2003) whereas expression of Prx is dependent on
members of the fibroblast growth factor and hedgehog families of signaling molecules and
not on ET1 (Doufexi and Mina, 2008; Clouthier et al., 2000) indicating that Hand and Prx
genes belong to different pathways.

Our study also showed changes in the expression of Msx1 and Bmp4 in the mesenchyme of
the medial region in the Prx1/Prx2 double mutants as compared to controls suggesting direct
or indirect interactions between the Prx and Msx genes which in turn, as suggested by
studies in developing teeth, regulate the expression of Bmp4 in the mesenchyme (Chen et al.,
1996). The expanded expression of a Msx2 transgene, containing a multimerized 52-bp core
element shown to be Bmp4-responsive (Brugger et al., 2004) and capable of binding Prx1
(Liu et al., 2005) provides evidence for direct roles of at least Prx1 in regulation of Msx2
(but not Msx1) transcription in the mandibular mesenchyme (Liu et al., 2005).

Our results showed essential roles for Prx gene products in proliferation and survival of the
mesenchymal cells in the medial region and suggest that changes in the expression of the
genes expressed in the medial and lateral regions of the mandibular processes in the Prx1/
Prx2 double mutants are indirect and related to changes in the shape of the mandible
resulting from loss of a subpopulation of the mesenchyme in the medial region (See model
in Figure 7). We suggest that the reduction and/or absence of expression of eHand and
Bmp4 from the mesenchyme of the medial region of the Prx1/Prx2 double mutant mandible
are caused by loss of a subpopulation of cells from the medial mandibular mesenchyme.
Similarly, the reduced number and/or absence of the lower incisors in the Prx1/Prx2 double
mutants are related to loss of cells and not to direct roles of Prx gene products in
odontogenesis. This model also suggest that extension of expression of Fgf8, and its target
genes (Barx1, DIx5 and Pitx1) into the medial region in the Prx1/Prx2 double mutants is due
to the loss of a subpopulation of cells from the medial mandibular mesenchyme resulting in
closer proximity of their domains of expression.

This model shares both similarities and differences with the model proposed by ten Berge et
al., 2001) who also suggested that changes in the patterns of expression of various
regulatory factors in the Prx1/Prx2 double mutants are related to changes in the shape of the
mandibular processes. Based on the changes in the patterns of expression of Fgf8, Bmp4 and
Shh in the mandibular epithelium, and Alx3 and DIx2 in the mandibular mesenchyme
between the Prx1/Prx2 double mutants and wildtype, these authors suggested that reduced
cell proliferation in the mesenchyme underneath the oral epithelium resulted in a rotation in
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the mandibular process in which the oral region develops in a more medial position and the
aboral region in a more lateral position.

The mechanism by which Prx genes regulate the cell proliferation and cell death in the
mandibular mesenchyme is not fully understood. However, previous studies have implicated
Prx1 as an activator of c-Fos, a member of AP1 family of transcription factors involved in
controlling cell proliferation and apoptosis through interactions with Cyclin D1 proteins
(Grueneberg et al., 1992; Cserjesi et al., 1994; Martin et al., 1997; Shaulian and Karin,
2001). This activation is by binding of Prx1 to the serum responsive element (SRE), or
CARG motif (Grueneberg et al., 1992; Martin et al., 1997). This implies that reduced cell
proliferation and increased apoptosis in the mandibular mesenchyme of Prx1/Prx2 double
mutants may be related to decreased levels of activated c-Fos.

It remains possible that the mechanisms by which Prx genes regulate the cell proliferation
and cell death may be indirect. ten Berge et al., 2001 showed downregulation of Shh in the
medial mandibular epithelium and suggested that Prx gene products regulate the high levels
of expression of Shh in the overlying epithelium which in turn promotes cell proliferation in
part of the underlying mesenchyme (ten Berge et al., 2001). Our previous observations
showed that Hh signaling is a positive regulator of Prx expression in the medial mandibular
mesenchyme (Doufexi and Mina, 2008). These observations suggest a reciprocal signaling
interactions between Hh signaling and Prx in the mandibular process in which a member of
Hh family is involved in the expression of Prx genes in the mandibular mesenchyme. Prx
gene products in turn regulate a signal required for maintaining the high levels of expression
of a member of Hh family (i.e., Shh) in mandibular epithelium.

Our data showed that, despite the increased cell death and reduced size of the mandibular
processes in the Prx1/Prx2 double mutants, the domain of the expression of dHand, the oral
domain of expression of Msx1 and Msx2 in the mesenchyme of the medial region as well as
Bmp4 expression in the epithelium of the medial region were similar to those in the control
embryos. These observations suggest that, in addition to their roles in cell survival and
proliferation, Prx gene products have roles in restricting the expression of these regulatory
genes to the medial region of the mandibular processes and in establishing the boundaries
between Fgf8 and Bmp4 and, consequently, their downstream targets. This possibility is
partially supported by previous studies that suggested that Prx gene products function in the
mandibular processes as repressors of Msx2 transcription (Liu et al., 2005).

Role of Prx genes in development of Meckel’s cartilage and mandibular bones

Our analyses of the developing MC in the Prx1/Prx2 double mutants suggest that Prx gene
products are not required for the initial specification of chondrogenic mesenchyme but may
be required for the initiation and maintenance of condensation giving rise to MC. However,
lack of expression of Prx1 and Prx2 in prechondrogenic condensation at many sites
including the developing MC (Meijlink et al., 1999; Doufexi and Mina, 2008) does not
support a direct role for the Prx gene products in the initiation of chondrogenesis. We
propose that the absence of the main body of MC in the Prx1/Prx2 double mutant most
likely is related to the indirect effects of Prx on other processes including cell survival, cell
proliferation and the expression of CAMs (cell adhesion molecules) and Tenascin-C, shown
to be regulated by Prx1 in a variety of cell types including limb mesenchyme (Norris and
Kern, 2001; Ihida-Stansbury et al., 2004).

The remnant of the MC in the most rostral and caudal ends in the Prx1/Prx2 double mutants
suggest roles of Prx gene products in endochondral ossification. The abnormalities in the
chondrocytes in the rostral ends of mandibular processes in the Prx1/Prx2 double mutants
are similar to those in the Hand compound mutants that also exhibited a fused mandible,
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absence of symphysial cartilage with a single incisor present (Barbosa et al., 2007). It was
shown that, unlike in wild type, in the Hand compound mutants chondrocytes in the
symphysis of Meckel’s cartilage did not express Ihh and collagen X (Barbosa et al., 2007).
These similarities suggest cooperative roles of Prx and Hand transcription factors in terminal
differentiation and hypertrophy of chondrocytes in the mandibular symphysis.

Interestingly our observations unraveled a previously uncharacterized phenotype involving
accelerated and expanded osteoblast differentiation in the middle and rostral regions of the
mandibular processes in the Prx1/Prx2 double mutants. The negative roles of Prx gene
products in osteogenesis are further supported by studies that showed the negative effects of
Prx1 on osteocalcin and collagenlal promoter-CAT constructs (Hu et al., 1995; Jiang and
Stefanovic, 2008).

Thus, it appears the decreased cell proliferation and increased apoptosis in the mesenchyme
of the medial region did not affect the proliferation and differentiation of the osteogenic
mesenchyme. The accelerated osteogenesis in the Prx1/Prx2 double mutants results in
similar abnormalities as those in the Hand compound mutants (Barbosa et al., 2007) and
abnormalities in mice with branchial arch-specific deletion of dHand (Funato et al., 2009)
which also exhibited accelerated osteoblasts differentiation. The mandibles in mice with
branchial arch-specific deletion of dHand contained the symphysial portion of MC
surrounded by porotic mandibular bones, which exhibited multiple holes due to insufficient
mineralization (Funato et al., 2009). This study indicated that dHand acts as an inhibitor of
the Runx2-DNA interaction and thereby regulates osteoblasts differentiation in branchial
arch development (Funato et al., 2009).

However, we did not detect bony defects in Prx1/Prx2 double mutants at P1. Thus, the
accelerated and expanded domain of Runx2 expression in the Prx1/Prx2 double mutants
may be related to increased proliferation or/decreased apoptosis of osteogenic mesenchyme
and/or recruitment of additional osteo-progenitor cells. It is possible that the increase in
osteogenesis in the Prx1/Prx2 double mutants occurs as a compensation for the lack of MC
or due to conversion of the chondrogenic mesenchyme to osteogenic mesenchyme.
Alternatively, it is also possible that the expanded domain of expression of Runx2 may
reflect fusion of a number of osteogenic condensations in a significantly smaller mandible.

EXPERIMENTAL PRODUCERS

Transgenic animals and genotyping

Prx1/Prx2 double mutants were established by crossing Prx1+/-;Prx2-/- mice on a 129 SV/J
x C57BI/6 background (a kind gift from Dr. JF. Martin). This cross resulted in generation of
three genotypes. Genotyping was done by PCR on DNA isolated from tail tip of neonates
and embryos. Four primer pairs were used to amplify the Prx1 wild-type allele
(ccctcagtggatagtagtatatcgaacacaatata/gaccagttgaactctgaggagaagaagaagagaaa; ~500 bp
product), Prx1 mutant allele (ctctcactatagatggcagtaaatc/gccactcccactgtccttte; ~300 bp
product), Prx2 wild-type allele (ccgttggcaccaaacgaaag/atctgggctcatcgtggtag; ~1.3kb
product) and Prx2 mutant allele (tgactaggggaggagtagaa/atctgggctcatcgtggtag; ~1.0 kb
product).

Tissue fixation, processing and staining

Mandibular processes from various embryonic stages were fixed in freshly prepared 4%
paraformaldehyde in Phosphate Buffered Saline (PBS) at 4°C overnight. All fixed tissues
were dehydrated and processed for paraffin embedding. Seven um sections were mounted
on Probe-On Plus slides and processed for various analyses. Sections were stained with
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hematoxylin/eosin (H&E), Mason’s trichrome (to detect collagenous matrix) and Alcian
Blue (to detect sulfated proteoglycans in cartilage).

In situ hybridization to whole-mounts and sections

Whole-mount hybridization using digoxigenin-labeled RNA probes and hybridization to
tissue sections using 33P-labeled antisense RNA probes were performed as previously
described (Mina et al., 2002). The patterns of expression of each probe were analyzed in at
least four embryos per genotype. The cDNAs for this study included dHand and eHand
(Srivastava et al., 1995), Msx1 (Mackenzie et al., 1991), Msx2 (MacKenzie et al., 1992),
Bmp4 (Wozney et al., 1988), Barx1 (Tissier-Seta et al., 1995), DIx5 (Qiu et al., 1995), Fgf8
(Trumpp et al., 1999), Pitx1 (Lu et al., 1999c), Sox9 (Wright et al., 1995), Runx2 (Ducy et
al., 1997), Col2al (Metsaranta et al., 1991) and Pax9 (Neubuser et al., 1997). Individuals
who kindly provided these cDNAs include Drs. Olson, Ferguson, Wozney, Neubuser,
Rubenstein and Martin. Following whole-mount in situ hybridization, embryos were
photographed using a Nikon stereomicroscope with an attached SPOT digital camera. The
pseudo-coloring of the silver grains in the dark-field image on tissue section were done as
previously described (Havens et al., 2008).

Skeletal whole-mount staining and analysis

Embryos were processed for staining with Alcian Blue and Alizarin Red as previously
described, with some modifications (Wang et al., 1999). Embryos were fixed and stained
with Alcian Blue (0.015% Alcian Blue in 95% Ethanol/Glacial Acetic Acid) overnight, then
destained with 95% Ethanol for at least 2 days and treated with 1% KOH until most of the
background was cleared. A subset of embryos was also stained overnight with 0.1% Alizarin
Red in 1%KOH. All stained embryos were cleared through the graded glycerol/1% KOH
series and stored in 100% glycerol. The patterns of cartilage and bone at each developmental
stage were analyzed in at least four embryos per genotype.

Cell proliferation and apoptosis assays

Mandibular processes isolated from E10.5 were fixed and subjected to
immunohistochemistry with anti-phosphorylated histone 3 (H3-p) antibody for analysis of
cell proliferation as described before (Havens et al., 2008). An in situ Cell Death Detection
Kit (Roche) using Fast Red as a substrate solution for Alkaline Phosphatase was used to
detect apoptotic cells in sections from E10.5 and E11.5. Cell proliferation and apoptosis
were analyzed in four embryos per genotype.

Quantitative analysis

For quantitative analysis of cell proliferation and apoptosis, equivalently defined areas were
outlined and measured in controls and Prx1; Prx2 double mutant mandibles using ImageJ
software. These areas included the entire area of the mandibular mesenchyme and medial
region corresponding to the region expressing Msx2 (400 x 600 pixel? area outlined in 10x
images). In each defined area, H3-p positive and TUNEL-positive cells were individually
counted in 8-13 sections. Values for cell proliferation and apoptosis represent the mean + SE
of positively stained cells/fmm2 that were determined in 8-13 sections from four different
embryos at each stage of development from each genotype.

Avreas of osteogenic mesenchyme expressing Runx2, the newly formed bone stained with
Mason trichrome, and entire area of the mandibular mesenchyme at E13.5 were quantified in
adjacent section using ImageJ software in total of 6-9 sections from at least three different
embryos from each genotype.
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The size of the mandibular processes were quantified from images captured from freshly
dissected mandibles using ImageJ software in total of 4-6 mandibles from each genotype.

Micro-Computed Tomography Imaging (MicroCT)

Mandibles were isolated from Prx1-/-, Prx2-/- and control newborns (P1). Following
fixation in 70% ethanol, the mandibles were imaged at 6 um resolution using cone beam
micro-focus X-ray computed tomography (uCT40, Scanco Medical AG, Briittisellen,
Switzerland). Serial tomographic images were acquired at 45kV and 177uA, collecting 2000
projections per rotation at 300 msec integration time. Three-dimensional 16-bit grayscale
images were reconstructed using standard convolution back-projection algorithms with
Shepp and Logan filtering, and rendered within a 12.3 mm field of view at a discrete density
of 4,629,630 voxels/mm3 (isometric 6-um voxels). Mineral density (mg/cm3) was measured
by calibrating X-ray attenuation to mineral content using a graded hydroxyapatite phantom
and voltage-specific beam hardening correction. Segmentation of mineralized bone from
marrow and soft tissue was performed in conjunction with a constrained Gaussian filter to
reduce noise, applying a hydroxyapatite-equivalent density threshold of 160 mg/cm3. Total
mineralized volume (mm3) and average mineral density (mg/cm3) were measured directly.
Values represent the mean + SE determined from at least three different embryos for each
genotype.

Statistical analysis

Unpaired, two-tailed t-tests were performed to determine statistically significance
differences and p < 0.05 was considered statistically significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Effects of absence of Prx on the expression of regulatory factors in the medial region of
the developing mandibles at E10.5

Frontal views on whole mount in situ hybridization analysis of control (A-D),
Prx1+/-;Prx2-/- (E-H) and Prx1;Prx2 double mutant (I-L) embryos at E10.5. A, E, | show
that dHand is expressed in a similar domain in the medial region of the mandibular
processes of all three genotypes. The expression of eHand in the medial region of the
mandibular processes in control (B) is wider than those in the Prx1+/-;Prx2-/- (F) and
Prx1;Prx2 double mutant (J). Expression of the Msx1 in the medial region of the mandibular
processes of the Prx1;Prx2 double mutant (K) is more restricted to the oral side as compared
to those in Prx1+/-;Prx2-/- (G) and controls (C). D, H, L show that Msx2 is expressed in a
similar domain in all three genotypes. Scale bar in all pictures=1mm.
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E11.5

Figure 2. Effects of absence of Prx on the expression of regulatory factors in the medial region of
the developing mandibles at E11.5

Frontal views on whole mount in situ hybridization analysis of control (A-D),
Prx1+/-;Prx2-/- (E-H) and Prx1;Prx2 double mutant (I-L) embryos at E11.5. A, E, | show
that the expression of dHand in the medial region of the mandibular processes is similar in
all three genotypes. eHand is expressed in a restricted domain in the midline of the
mandibular processes in the control (B). Note the reduced domain of expression of eHand in
Prx1+/-;Prx2-/- (F) and the absence of expression of eHand in the Prx1;Prx2 double mutant
(J). C, G, K show that the expression of Msx1 in the mandibular processes of the
Prx1+/-;Prx2-/- (G) and Prx1;Prx2 double mutant (K) is extended into the aboral side in the
midline region as compared to control (C). D, H, L show that the expression of Msx2 in the
mandibular processes is similar in all three genotypes. Scale bars =1 mm.
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Figure 3. Effects of absence of Prx on the expression of Bmp4, Pitx1 and Pax9

A-D are pseudo colored images of in situ hybridization analysis with Bmp4 on transverse
sections of mandibular processes of control (A, C) and Prx1-/-;Prx2-/- (B, D) embryos at
E10.5 (A, B) and E11.5 (C, D). The expression of the Bmp4 in the mesenchyme of the
medial region is reduced in the Prx1/Prx2 double mutants as compared to control. There are
no significant changes in the expression of Bmp4 in the mandibular epithelium between the
two genotypes.

E, F are pseudo colored images of in situ hybridization analysis with Pitx1 on transverse
sections of mandibular processes of control (E) and Prx1-/-;Prx2-/- (F) embryos at E10.5.
The expression of Pitx1 in the mandibular epithelium is similar between the control and
Prx1/Prx2 double mutants. The expression of the Pitx1 in the mandibular mesenchyme in
extended into the medial region in the Prx1/Prx2 double mutants as compared to control.
G-J are pseudo colored images of in situ hybridization analysis of Pax9 expression in the
dental papillae of the mandibular incisors (G, H) and molars (1, J) in transverse sections of
control (G, I) and Prx1/Prx2 double mutant (H, J) mandibles at E12.5. Note Pax9 expressed
in the dental papillae of the mandibular incisors in the control (G), but not in the Prx1/Prx2
double mutants (H). Whole-mount in situ hybridization analysis with Pax9 is shown in the
insets. Note that Pax9 is expressed in the rostral region of the control mandible but not in
Prx1;Prx2 double mutants. Also note Pax9 is expressed in similar domain and intensity in
the dental papillae of the mandibular molars in the control (1) and the Prx1/Prx2 double
mutants (J). Scale bars =100 um.
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Figure 4. Effects of absence of Prx gene products on the expression of regulatory factors in the
lateral region of the developing mandibles

Whole mount in situ hybridization analysis with Fgf8 (A, D, G, J, M, P), Barx1 (B, E, H, K,
N, Q) and DIx5 (C, F, I, L, O, R) probes on E10.5 (A-l) and E11.5 (J-R) of control (A-C and
J-L), Prx1+/-;Prx2-/- (D-F and M-O) and Prx1;Prx2 double mutant (G-1 and P-R) heads.

A is a frontal view of E10.5 head showing expression of Fgf8 in the mandibular epithelium
of the lateral region (A). The medial boundary of the expression of Fgf8 in the mandibular
epithelium (indicated by arrows) in the Prx1/Prx2 double mutants (G) is extended into the
medial region as compared to control (A). The medial boundary of the expression of Fgf8 in
the mandibular epithelium of Prx1+/-;Prx2-/- (D) is intermediate between those in the
control and Prx1/Prx2 double mutants.

Expression of Barx1 and DIX5 in the mandibular processes is restricted to the lateral
mesenchyme in the controls (B, C) and extended more into the mesenchyme of the medial
region in the Prx1+/-;Prx2-/- (E, F) and Prx1/Prx2 double mutants (H, I).

J, M and P are top views of mandibular processes showing Fgf8 expression in E11.5
embryos. Note that in control embryos Fgf8 is expressed in presumptive incisors (circles)
and molars (J). M and P are views of mandibular processes from Prx1+/-;Prx2-/- and
Prx1;Prx2 double mutant showing that the expression of Fgf8 is detected in the molars but
not in the incisors. Note that the expressions of Barx1 and DIx5 in the Prx1;Prx2 double
mutant (Q, R) are extended into the medial region as compared to controls (K, L). Scale bars
=1 mm.
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Figure 5. Effect of absence of Prx genes on development of Meckel’s Cartilage

Whole mount staining (A, D, I, J) and histological analysis (B, C, E, F, G, H) of longitudinal
sections of mandibular processes from control (A, B, D, E, G, 1) and Prx1;Prx2 double
mutant (C, F, H, J) embryos at E12.5 (A-C), E13.5 (D-F) and E14.5 (G-J). In all images the
symphyseal portion of the Meckel’s cartilage and the medial region of the developing
mandible is on the right.

Side view (A) and longitudinal section (B) of the mandibular processes from control
embryos, showing the presence of two rods of Meckel’s cartilage at E12.5. The dashed
white line oulines the forming Meckel’s cartilage. C is a longitudinal section of a
mandibular process from Prx1;Prx2 double mutant embryo at E12.5 showing the absence of
rods of Meckel’s cartilage. The dashed white circles outlines the areas of condensation for
the most rostral and caudal ends of Meckel’s cartilge.

Side view (D) and longitudinal section (E) of the mandibular processes from control
embryos showing the presence of the two rods of Meckel’s cartilage (outlined by dashed
white line) at E13.5. F is a longitudinal section of a mandibular process from Prx1;Prx2
double mutant embryo at E13.5 showing the absence of rods of Meckel’s cartilage. Note the
small remnants of Meckel’s cartilage (indicated by dashed white circle) in the rostral region
of the mandibular processes of Prx1;Prx2 double mutant at E13.5.

(G) Longitudinal section through the mandibular process isolated from E14.5 control
embryo showing the fully formed rod of Meckel’s cartilage (outlined by dashed white line).
(H) Longitudinal section through the mandibular process from Prx1;Prx2 double mutant
embryo at E14.5 showing the absence of the fully formed rod of Meckel’s cartilage. Note
the remnant of Meckel’s cartilage (indicated by dashed white circle) in the rostral region of
the mutant mandibular process.

I and J are side views of stained head from control (1) and Prx1;Prx2 double mutant (J)
embryos at E14.5 showing the formation of mandibular bones stained with Alizarin Red
(indicated by b). Note the increased bones stained with Alizarin Red in the mandibular
processes of Prx1;Prx2 double mutant. The soft tissue of the face is highlighted by dashed
black lines. Abbreviations: b, mandibular bones; h, hyoid; mc, Meckel’s cartilage; mx,
maxilla; tr, tympanic ring; v, vertebrate column.Scale bars =100 um.
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Figure 6. Effect of absence of Prx on the expression of Sox9, Col2al and Runx2 at E12.5
Stained and pseudo colored images of in situ hybridization for Sox9, Col2al, and Runx2 on
transverse sections from the mandibular processes of control (Prx1+/-;Prx2-/-) (A-L) and
Prx1;Prx2 double mutant (M-X) embryos at E12.5.

(A-D) are adjacent transverse sections through the caudal region of the mandibular
processes from a control embryo showing that Sox9 and Col2al are expressed in the
Meckel’s cartilage. Runx2 is not expressed in the Meckel’s cartilage (indicated by black
circle) and is expressed in the mandibular bones.

(E-H) are adjacent transverse sections through the middle region of the mandibular
processes from a control embryo showing that Sox9 and Col2al are expressed in the
Meckel’s cartilage. Runx2 is not expressed in the Meckel’s cartilage but is expressed in the
developing bone adjacent to Meckel’s’ cartilage (H).

(I-L) are adjacent transverse sections through the rostral region of the mandibular processes
from a control embryo showing the Sox9 and Col2al are expressed in the Meckel’s cartilage
in the rostral tip. Runx2 is not expressed in the rostral region.

(M-P) are adjacent transverse sections through the caudal region of the mandibular
processes from a Prx1;Prx2 double mutant embryo showing the expression of Sox9 and
Col2al in the Meckel’s cartilage. Runx2 is not expressed in the Meckel’s cartilage but is
expressed at slightly higher levels and in a larger domain as compared to control (D).

(Q-T) are adjacent transverse sections through the middle region of the mandibular
processes from a Prx1;Prx2 double mutant embryo and lack of expression Sox9 and Col2al
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in the medial region of the mandibular processes. Note the robust expression of Runx2 in
mandibular processes of the Prx1;Prx2 double mutant embryo as compared to control (H).
(U-X) are adjacent cross sections through the rostral region of the mandibular processes
from a Prx1;Prx2 double mutant embryo showing reduced domains and levels of expression
of Sox9 and Col2al as compared to controls (J, K). Note the high levels of Runx2 in
mandibular processes of the Prx1;Prx2 double mutant embryo as compared to control (L).
Abbreviations: mc, Meckel’s cartilage; ns, nasal septum; asterisk, tongue. Scale bars =100
um.
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Figure 7. A model representing the role for Prx genes during the development of the medial
region of the mandible

Schematic diagram summarizing the changes in gene expression in the Prx1/Prx2 double
mutants compared to control and a model for the role of the Prx gene products in
morphogenesis of the mandibular processes. We propose that changes in the pattern of
expression of eHand and Bmp4 in the mesenchyme of the medial region and extension of the
expression of factors expressed in lateral regions (Fgf8, Barxl, DIx5 and Pitx1) into the
medial region in Prx1/Prx2 double mutants embryos are due to the apoptosis and the
absence of the mesenchyme expressing eHand in the most medial region of the mandibular
processes (represented by the red arrowhead shaped domain between the two mandibles).

Dev Dyn. Author manuscript; available in PMC 2010 October 1.



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

wduosnue Joyiny vd-HIN

Balic et al.

Quantitative analysis of the effects of loss of Prx on the size, proliferation, apoptosis and

Table 1

osteogenesis of the mandibular processes

Determination of the size, quantification of H3-p positive cells and TUNEL positive cells, as well as the
analysis of osteogenesis were performed as described in Materials and Methods. The areas for quantitative
analysis included the entire area of the mandibular mesenchyme and the mesenchyme of the medial region.
All parameters were measured using ImageJ and values represent means + S.E. Asterisk indicates statistically

significant difference (p< 0.05).

Stage of development

Prx1+/+; Prx2-/- (control)

Prx1-/-; Prx2-/-

Size (mm?) E10.5 n=4 0.75+0.01 0.44 £ 0.02*

E13.5n=3 2.62 +£0.04 1.71 £ 0.09*

TUNEL positive cells (cells/mm?) E10.5 n=4 59+21 290 + 145*
E11.5n=4 30+18 76 £ 32*
H3-P positive cells (cellssmm?) E10.5 (whole mandible) n=4 444 + 105 206 + 85*
E10.5 (medial region) n=4 297 £ 97 101 + 62*

Osteogenesis (mm2) Runx2 expression n=3 0.36 +0.01 0.47 £0.02*

Mason Tricrome n=3 0.06 +0.004 0.12+0.01*
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