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Abstract

Development of the skull bones requires the coordination of two stem progenitor populations, the
cranial neural crest cells (CNCC) and head paraxial mesoderm (PM), to ensure cell fate selection
and morphogenesis. The epigenetic methyltransferase, £z42, plays a role in skull bone formation,
but the spatiotemporal function of £2A2 between the CNCC- and PM-derived bone formation in
vivo remains undefined. Here, using a temporally-inducible conditional deletion of £zA2in both
the CNCC- and PM-derived cranial mesenchyme between E8.5-E9.5, we find a reduction of the
CNCC-derived calvarial bones and a near complete loss of the PM-derived calvarial bones due to
an arrest in calvarial bone fate commitment. In contrast, deletion of £z/2 after E9.5 permits PM-
derived skull bone development, suggesting that £z/2is required early to guide calvarial bone
progenitor commitment. Furthermore, exposure to all-trans Retinoic acid at E10.0 can mimic the
EzhZmutant calvarial phenotype, and administration of the pan retinoic acid receptor (RAR)
antagonist, BMS-453, to £zA2 mutants partially restores the commitment to the calvarial bone
lineage and PM-derived bone development /in vivo. Exogenous RA signaling activation in the £zh2
mutants leads to synergistic activation of the anti-osteogenic factors in the cranial mesenchyme /in
vivo. Thus, RA signaling and EZH2 can function in parallel to guide calvarial bone progenitor
commitment by balancing the suppression of anti-osteogenic factors.
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Introduction:

The cranial mesenchymal stem cells (CM) give rise to the bones of the head and face and
originate from two different cellular origins: the cranial neural crest cells (CNCC) and the
paraxial mesoderm (PM) (Jiang et al., 2002; Yoshida et al., 2008). The mammalian CNCC
gives rise to the frontal, medial portion of the interparietal, temporal, and some of the facial
bones. The PM primarily gives rise to the parietal, lateral portion of the interparietal, and
occipital bones (Jiang et al., 2002; Yoshida et al., 2008). The calvarial bone primordia
originates from a population of CM located directly above the eye in the supraorbital arch
(SOA) and consists of mesenchymal stem cells from both the CNCC and PM. From E12.5
onwards, the SOA-CM expands apically over the brain, and differentiates into the frontal
and parietal bones (Ishii et al., 2015; Jiang et al., 2002; Karsenty, 2008; Roybal et al., 2010;
Tran et al., 2010; Yoshida et al., 2008). The calvarial bones ossify through intramembranous
ossification, which is achieved through the “bone initiation program”. The bone initiation
program involves the sequential expression of multiple factors beginning with Msh
Homeobox 1 (Msx1)and 2(Msx2), then Runt-Related Transcription Factor 2 (RunxZ), and
finally Osterix (Osx/Sp7). Msx1 and 2expression in CM marks calvarial skeletal
mesenchyme, which includes dermal and bone precursors (Han et al., 2007; Satokata and
Maas, 1994; Satokata et al., 2000). Runx2 expression leads to cell fate selection into bone
progenitors, and Osx expression leads to a commitment of the bone progenitors to a
skeletogenic fate (Karsenty and Wagner, 2002; Komori et al., 1997; Nakashima et al., 2002;
Nishio et al., 2006). The developmental timing and mechanisms governing the bone
initiation program and lineage restriction of the CM /n vivo is not fully elucidated.

Multiple signaling pathways are required for the formation and differentiation of the
calvarial bone /n vivo, including Fibroblast Growth Factor (FGF), Bone Morphogenetic
Protein (BMP), Wnt/p-catenin, and Retinoic Acid (RA) signaling (Ishii et al., 2015; Liu et
al., 2016). For example, mutations in Wnt/p-catenin signaling lead to a loss of calvarial bone
and ectopic chondrogenesis (Goodnough et al., 2012). Disruptions in various BMP and FGF
signaling components can lead to numerous skull bone defects ranging from loss of
structures to fused bones (Graf et al., 2016; Moosa and Wollnik, 2016; Ornitz and Marie,
2002; Pfaff et al., 2016). Among these pathways, RA signaling is a critical regulator of skull
bone development. Modulation of RA signaling levels leads to an inhibition of bone growth,
and it is often associated with negatively regulating targets of the Wnt, BMP, and FGF
pathways. (Abe et al., 2008; Jiang et al., 2002; Kochhar et al., 1998; Lohnes et al., 1994;
Maclean et al., 2009; Morkmued et al., 2017; Savory et al., 2014). The specific mechanism
by which RA inhibits skull bone formation is unclear.

The Polycomb Repressive Complex 2 (PRC2) is an important epigenetic regulator in the
head and face and requires RA for recruitment to specific genes (Kumar and Duester, 2014).
PRC2 mediates the trimethylation of histone 3 on lysine 27 (H3K27me3) and provides
positional identity of facial structures by transcriptionally poising many genes required for
craniofacial development and cell fate (Lund and Van Lohuizen, 2004; Minoux et al., 2017a;
Schuettengruber et al., 2017; Simon and Kingston, 2009). Mutations in the human £EZH2
gene, the catalytic component of PRC2, leads to Weaver syndrome, which is characterized
by craniofacial defects including domed head and smaller mandible (Gibson et al., 2012;
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Tatton-Brown et al., 2011). In mice, conditional deletion of the £z42gene in embryos leads
to varying craniofacial bone defects depending on the timing and tissue of deletion,
demonstrating a developmental-stage specific role for PRC2 (Dudakovic et al., 2015;
Schwarz et al., 2014).

In order to understand the function of EZH2 in calvarial bone development at different
developmental stages, we conditionally deleted £zA42in a stage-specific manner /in vivo. We
found that £2zA2is required early and transiently to promote bone progenitor commitment.
Inhibition of RA signaling in £zA2 mutants /n vivo rescues calvarial bone development, and
RA signaling activation in an E8.5-CME&2Z hackground leads to synergistic activation of
anti-osteogenic factors. Our results suggest that RA signaling and £zA2 can function in
parallel to balance the suppression of anti-osteogenic factors to permit later differentiation
events in the calvarial bone lineage program.

Inducible deletion of Ezh2 in cranial mesenchyme stem cells leads to stage-specific skull
bone defects.

To address the stage-specific role of £z2/2during the CNCC- and PM-derived skull bone
development, we used the tamoxifen-inducible Pdgfra CreER to conditionally activate the
RosaZ6Reporter (R26R) and delete £zh2in the CM prior to skull bone cell fate selection
(Pdgfra CreER/+; R26R/+; Ezh2"f). We initiated deletion of £zA2in the CM by
administering tamoxifen by oral gavage at E8.5 and E9.5 (E8.5-CM£2%2) or E9.5 and E10.5
(E9.5-CME2M2) (Fig. 1A). Cre-recombination typically occurs within 24 hours after oral
administration of tamoxifen. Thus, we estimate that £2/2is deleted between E8.5-E9.5 in
the E8.5-CM&2"2 mutants and between E9.5-E10.5 in the E9.5-CM£2/2 mutants. -
galactosidase lineage-marked cells were present in the majority of the CNCC-derived (plane
1) and PM-derived (plane 11) CM by E10.5 and E13.5 (Fig. 1B,C). Both the E8.5-CM£2/2
and E9.5-CM&2"2 gavage regimens were sufficient to induce extensive p-galactosidase
expression in the entire cranial mesenchyme containing calvarial bone, dermal fibroblasts,
and meningeal progenitors at E13.5 resulting in a dramatic reduction in H3K27me3 positive
cells (Fig. SIA-C). In addition, lineage marked cells were also present throughout the facial
and dentary mesenchyme. By E13.5, a whole mount phenotype was apparent in the E8.5-
CME2M2 mutants in the form of a reduced mandible and frontonasal prominence leading to
severe craniofacial defects by E17.5 (Fig. S2A,B).

To quantify the extent of Ez421loss, we assayed for £2z72 mRNA and protein in E8.5-
CME2h2 mutants. We obtained manually-enriched CM by removal of the ectoderm and
isolation of the CM leaving the brain intact (Fig. 1D). E13.5 marks the earliest time point by
which a sufficiently pure CM population can be isolated by manual dissection for
subsequent analyses. Compared to E13.5 controls, we found an 80% reduction in relative
amounts of £z72 mRNA in E8.5-CM£2/Z and 90% reduction in E9.5-CM~&2%2 mutants (Fig.
1E). We obtained 94% reduction in EZH2 protein in E8.5-CM£2%2 mutants (n=4 from 2
litters) (Fig. 1F). To further confirm the loss of EZH2 methyltransferase function, we
examined the bulk level of H3K27me3, the repressive histone modification catalyzed by
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EZH2. Compared to E13.5 Cre-negative control CM, we found a near complete loss of bulk
H3K27me3 protein in the CM of E8.5-CM~£772 mutants (n=4 from 2 litters) (Fig. 1G).

At E17.5, the E8.5-CME£22 mutants maintained the reduced mandible and nasal region
along with a domed cranium compared to controls (Fig. 1H”). In addition, E8.5-CM£2/2
mutants exhibit shortened limbs, hemorrhaging of larger and smaller blood vessels, and
omphalocele of the ventral body wall (Fig. S2C). In order to verify absence of embryonic
lethality in our genetic cross, we calculated and obtained the expected ratio of mutants by
Mendelian genetics (data not shown, n=39). These results show that E8.5-CM~£%Z |eads to
pleiotropic effects on multiple structures and craniofacial deformities. Surprisingly, unlike
the E8.5-CME22 mutants, the PM-derived skull bones were not lost in the E9.5-CM£2%2
mutant (Fig. 1H””). We observed ossification in the region of the parietal and occipital bone,
suggesting that £zA2is not required for the ossification of the PM-derived bones after E10.5.
The coronal and lambdoidal suture were not readily visible in the E9.5-CM£27Z mutants;
therefore, we were unable to accurately identify and quantify the area of the frontal, parietal,
and interparietal bones individually. It is worth noting, the temporal bone and the tympanic
ring were still disrupted in the E9.5-CM£2%2 mutants (Fig. 1H). In addition, the facial bones
and mandible remained truncated and the maxilla and premaxilla bones remained fused as
previously observed in the E8.5-CM£2Z mutants.

Together, these phenotypes suggest a developmental stage-specific and transient role of
Ezh2Zin the formation of the skull bones. Furthermore, these results imply a temporal
window between E9.5-10.5 for which £zA2is required to promote the formation of PM-
derived skull bone formation.

E8.5-CMEZh2 mutants have decreased craniofacial bone volume and size.

To further characterize the skull bone defects following loss of £242, we performed micro-
computed tomography (microCT) and morphometric analysis on the skulls of E17.5 controls
and E8.5-CME2/Z mutants. Focusing our analysis on the bones of the calvaria and the
dentary bones of the face at E17.5, we found malformations and truncations in most of the -
craniofacial bones with a 65% decrease in overall relative bone volume in the mutants
(control: 1.0+0.09, mutant: 0.36+0.11; n=3 controls, 4 mutants) (Fig. 2A-C).

To quantify the craniofacial bone deformities in more detail, we used the recently described
embryonic craniofacial bones landmarks (Ho et al., 2015). The facial bones such as the
mandible, maxilla, pre-maxilla, and nasal bones were present, but their morphology was
compromised (Fig. 2B, Fig. S3A,B). Relative to the control, the overall length of the
mandible (mm) from the most posterior point of the condylar process to the most anterior
point of the mandible was decreased by 60% (control: 1.0+0.11, mutant: 0.42+0.05 p=0.04),
and bone volume (mm3) was reduced by 83% (control: 1.0+0.04, mutant: 0.17+0.12; n=3
controls, 4 mutants) (Fig. S3A). The combined relative length of maxilla and premaxilla
from the posterior-medial point of the palatine process of the maxilla to the most distal point
was decreased by 28% in the mutant (control: 1.04+0.08, mutant: 0.74+0.09; 5=0.04). The
combined relative volume of the nasal, premaxilla and maxilla region was reduced by 42%
in the E8.5-CM£2/2 mutant (control: 1.0 +0.28, mutant: 0.61+0.11; n=3 controls, 4 mutants)
(Fig. S3B). It is worth noting, we could not clearly identify a separate maxilla and
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premaxilla bone, and it was unclear whether the premaxilla was missing or if it was fused
with the maxilla.

Interestingly, in the calvaria, the some of the CNCC- and most of the PM-derived bones
were differentially reduced, indicating variable sensitivity to the deletion of £2A2. The
morphology of the CNCC-derived frontal bone was compromised, and the relative volume
was diminished by 39% (control: 0.94+0.43, mutant:0.57+0.17; n=3 controls, 4 mutants). In
contrast, the PM-derived parietal bone relative volume was decreased by 85% (control:
1.2+0.33, mutant: 0.16+0.14; n= 3 controls, 4 mutants) and the PM-derived occipital bone
was nearly absent in the mutant (Fig. 2B,D). The interparietal bone, which has contributions
from both the CNCC and PM, has similar morphology between the controls and mutants,
but the relative volume was decreased by 45% in the mutant (control: 1.1+0.66, mutant:
0.61+0.30; n=3 controls, 4 mutants) (Fig. 2D, Fig. S3C). In addition, CNCC-derived
temporal bone, inner ear bones, and the tympanic ring were absent in the E8.5-CM£2/2 and
E9.5-CM¥£212 (Fig. 2B, 1H). These results demonstrate a sensitivity of the posterior
structures, primarily PM-derived, to £z/2 expression between E9.5 and E10.5.

To further analyze the morphology of the CNCC-derived frontal bone and interparietal bone,
we performed morphometric measurements to quantify changes in the relative dimensions of
the frontal and interparietal bones (Fig. 2B,E). Relative to the controls, both the length (mm)
and height (mm) of the frontal bone were reduced by roughly 25% (length: control:
1.0+0.06, mutant: 0.76+0.10; p=0.0005; height: control: 1.1+0.16, mutant: 0.79+0.2;
£=0.03) in the E8.5-CM£2/2 mutants. In addition, the distance (width) between the most
posterior-superior points of the left and right frontal bones was increased by 1.5 fold
(control: 0.97+0.12, mutant: 1.5+0.08; p=0.04) in the mutants indicating a larger fontanelle.
The interparietal bone, despite a decrease in overall volume (Fig. 2D), did not exhibit major
changes in morphology with a 4% decrease in relative length in the mutant compared to the
control (control: 0.99+0.09, mutant: 0.96+0.05; p=n.s.) (Fig. 2E).

Varying levels of deformities in the mandible, the snout region, and the calvarial bones in the
E8.5-CM£2Z mutant demonstrates the differential effect of £242 deletion in bone formation
of different tissue origins. Considering the anterior skull is CNCC-derived and the
interparietal bone has contributions from both the CNCC and PM, the greater disruption of
the purely PM-derived parietal and occipital bones indicates a sensitivity of the PM to the
deletion of £zh2.

Cell survival and proliferation is not dramatically altered in E8.5-CMEZ"2 mutants at E10.5.

Conditional mutants lacking £zA2 exhibit an overall decrease in bone size and volume in
late fetal stages. To examine changes in cell survival and proliferation, we quantified
changes in active Caspase-3 and EdU in E8.5-CM£2/2 mutants. At E10.5, quantification of
the cells positive for activated Caspase-3 in the CM revealed a modest 2.6% significant
increase in plane I (frontal bone primordia) only and comparable numbers to control in plane
I (parietal bone primordia) in E8.5-CM£272 mutants without significant changes in total cell
number in all the examined regions (n=5 controls and 6-8 mutants, 2 litters) (Fig. S4A,B,D).
In the frontonasal process, quantification of activated Caspase-3 positive cells showed a
more dramatic 8% increase in E8.5-CM£27Z mutants which could account for the facial bone
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defects (n=5-7) (Fig. S4E). The cell proliferation index at E10.5, as detected by 5-ethynyl-2
“-deoxyuridine (EdU) incorporation, was comparable in all regions (n=5-7, 2-3 litters) (Fig.
S4C-E). Additionally, we did not find significant changes in cell survival, proliferation, and
total cell number in the CM and in the frontonasal mass at E11.5 and E13.5 (data not
shown). In the E9.5-CM£2/2 mutants at E11.5, the total number of cells expressing activated
Casapse-3 revealed a 2.6% significant increase in plane | and was comparable in plane 11
(Fig S4F). Considering both E8.5-CM£27Z and E9.5-CME2%2 exhibit small changes in cell
survival in the frontal and parietal bone primordia roughly 24 hours after deletion of Ez/2,
we deduce that changes in cell survival and proliferation do not fully account for the loss of
the parietal bone in the E8.5-CM£27Z mutants. These results indicate that the loss of calvarial
bones is not due to changes in cell survival and proliferation, and that the mechanism by
which EzhZregulates skull bone formation may differ between individual bones or
structures.

E8.5-CMEZh2 mutants exhibit defects in the differentiation of the calvarial bone progenitors.

To further investigate the role of £zA2in regulating bone formation in the CM, we next
wanted to determine if the defects in the frontal and parietal bones in the E8.5-CM£2%2
mutants result from an arrest in cell fate selection and commitment. Therefore, we examined
the expression of genes in the calvarial bone initiation program, which consists of the
expression of MSX1/2, RUNX2, and OSX, in the frontal (plane 1) and parietal bone (plane
I1) primordia (n=3-5, from 2 litters) (Fig. 3A) (Karsenty, 2008; Roybal 2010). At E11.5, the
cranial mesenchyme marker MSX1/2 which is required for cranial bone had comparable
expression domains in both plane I and plane Il with a similar number of cells expressing
MSX1/2 between controls and E8.5-CM~£27Z mutants (Fig. 3B) (Roybal 2010). At E13.5, the
morphology of the RUNX2 domain was shifted ventrally in the frontal bone and less
compacted in the parietal bone primordia in the E8.5-CM£27Z mutants. RUNX2 expression
is first step in lineage selection and the establishment of bone progenitors (Karsenty, 2008;
Komori et al., 1997). The number of RUNX2 positive cells in plane I and plane Il was
slightly diminished in the mutants but did not approach statistical significance (Fig. 3C). In
addition, the expression domain of bone progenitor markers, alkaline phosphatase (AP), was
comparable in both plane | and plane I1 in the controls and E8.5-CME£27Z mutants (S5A).
These results suggest the disruption in bone formation in E8.5-CM£2%Z mutants was not due
to failure to establish the bone progenitors. Next, we examined the expression domain of
OSX protein, which is downstream of RUNX2, and is required for cell fate commitment of
the bone progenitors to osteoblasts (Karsenty, 2008; Nakashima et al., 2002). In the E8.5-
CME2hZ mutants at E13.5, we found that the OSX-positive expression domain and the
number of OSX positive cells were diminished in plane I and nearly absent in plane Il (Fig.
3D). In comparison to the E8.5-CM&27Z mutants, the E9.5-CM£2Z mutants do not show a
noticeable disruption in the establishment of the AP and OSX-positive domains (Fig. S5B
and data not shown). Our studies show that £zA2is not required for the early specification of
the bone progenitors, but for the establishment of OSX positive osteoblasts. In addition,
these results further refine the previous models describing the role of EZH2 in skull bone
development by identifying a defined developmental window in which £z/A2is required
(Dudakovic et al., 2015; Ferguson et al., 2017; Schwarz et al., 2014).
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Retinoic acid inhibits skull bone formation and is required for Ezh2 expression in the
cranial mesenchyme

Since £zhZ2is required between E9.5 and E10.5 for the expression of OSX at E13.5, we next
sought to determine if intermediate signaling factors are required for the regulation of the
frontal and parietal bones by £2/42. We queried the literature and found that administration
of all-trans RA (at-RA) at E10.0 leads to craniofacial defects strikingly similar to the E8.5-
CME2h2 mutants (Jiang et al., 2002). In addition, mice lacking Cyp26b1, which is required
for breakdown of RA, leads to a severe reduction in the skull bones (Maclean et al., 2009).
To examine the effects of RA signaling on £zA2transcription and E8.5-CM£2/2 phenotype,
we took a pharmacological approach to generate conditions of increased RA-signaling /n
vivo. Consistent with previous studies, administration of all-trans retinoic acid (at-RA) by
oral gavage at E10.0 to Cre- control mice resulted in a reduction in the skull bones (Fig. 4A).
In E13.5 CM, relative mRNA expression level of HoxA1, a positively regulated
transcriptional target of RA signaling, was upregulated nearly 10 fold after oral gavage of at-
RA, demonstrating increased activation of RA-signaling (Williams et al., 2005) (Fig. 4B).
We found the relative mRNA levels of £zh#2were upregulated by 5 fold in response to at-RA
exposure. Relative to the other PRC2 components, changes in expression levels were
specific to £zh2, as the expression levels of Suz12and Eed exhibited a modest or no change
respectively following administration of at-RA (Fig. 4C). At E17.5, we found reduced area
of mineralized frontal and parietal bones. Quantification of the total area of each bone
revealed a 60% decrease in the frontal bone and 80% decrease in the parietal bone in the at-
RA treated embryos relative to untreated controls. In addition, the facial bones were
truncated and the embryos were overall smaller (Fig. 4D; S6A).

We next examined any changes in cell fate commitment following administration of at-RA.
Noting that sufficient Cre-recombination in the E8.5-CM£2%2 mutants occurs around E9.5,
we next administered at-RA by oral gavage to Cre- controls at E9.5. Administration of at-
RA at E9.5 resulted in higher protein expression by immunofluorescence of the RA-sensitive
gene, Retinoic Acid Receptor Gamma (RARy), demonstrating increased RA-signaling in
the CM (Fig. 4E) (Balmer and Blomhoff, 2002). Similar to the E8.5-CM£2Z mutants,
administration of at-RA lead to a reduction in OSX expression in the parietal bone (Fig. 4F).
This is noteworthy as the disruption of OSX expression is similar E8.5-CM£2%2 mutants, but
occurs in samples with increased £272 mRNA levels (Fig4C). Together, these results
demonstrate excess RA signaling at E9.5 and 10.0 can mimic the E8.5-CM£72 mutant
phenotypes, allowing us to test the hypothesis that RA signaling positively regulates and
EZH2 negatively regulates the expression of anti-osteogenic factors to promote skull bone
formation in a incoherent type-1 feedforward model (11-FFL) where two arms act in
opposition (Alon U, 2007)(Fig. 4G).

In vivo inhibition of retinoic acid signaling partially restores skull bones.

To generate a loss of RA-signaling model, we used a small molecule inhibitor to neutralize
RA-signaling at the receptor level. Because RAR-7 is the most abundantly expressed RAR
in the CM, and is unaffected by deletion of £242 (n=4), we administered the small molecule
inhibitor, BMS-453, by oral gavage to E8.5-CM~£2"2 mutants (Fig. 5A; S6B). BMS-453 is an
efficient bioavailable antagonist of Retinoic Acid Receptor Alpha (RAR-a)) and RAR-y /n
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vivowith a higher affinity to RAR-y (Chen et al., 1995; Chung et al., 2011; Matt et al.,
2003). At E13.5, in manually enriched CM following administration of BMS-453, we found
a dose-dependent decrease in the mMRNA levels of the RA signaling target gene, Cellular
retinoic acid binding protein2 (Crabp2), in both controls and E8.5-CM£22 mutants (n=3-5
from two litters) (Fig. S6C) (Williams et al., 2005). At the 3.5ug/g body weight dosing
regimen of BMS-453, the relative level of Crapb2 mRNA was diminished by 50% without
prominent drug induced defects as seen with 5ug/g body weight dose (Compare Fig. S6D
with S2B). In agreement with the up regulation of £zA42expression levels following at-RA
treatment (Fig. 4C), administration of 3.51g/g BMS-453 resulted in a 70% decrease in Ezh2
expression levels in E13.5 manually isolated CM (Fig. 5B). At E17.5, administration of
3.51g/g BMS-453 treated E8.5-CME272 mutants revealed a partial rescue of the parietal and
occipital bone relative to untreated E8.5-CM£27Z mutants (n=9 from two litters) (Fig. 5C
compared to Fig. 1H). Quantification of the relative area of alizarin red stained bone also
confirmed the recovery of the parietal bone (Fig. 5D, n=9). We also observed improvement
in the extension of the mandible and maxilla bones and partial recovery of the inner ear
bones in some treated mutants. In the three E17.5 litters analyzed, the E8.5-CM£27Z mutants
showed a range of rescue of parietal and occipital bone in E8.5-CM£27Z mutants (Fig. 5C*”,
C’’?). In addition, the quantification revealed a small, but statistically significant, decrease in
area of the frontal bone of the E8.5-CM£27Z mutant embryos treated with BMS-453.

To determine if BMS-453 treatment restored differentiation of the bone progenitors at E13.5,
we examined OSX expression in the parietal bone primordia. Compared to untreated E8.5-
CME2h2 muytants, which lack OSX expression in the parietal bone primordia (Fig. 3D), E8.5-
CME2M2 mutants treated with BMS-453 showed a partial restoration of OSX expression,
(Fig. 5E, n=6). The restoration of the posterior PM-derived calvaria bone formation in E8.5-
CME2h2 1py RA signaling inhibition, indicate that simultaneous inhibition of the positive and
negative arms of 11-FFL is able to partially rescue Osx expression and posterior calvarial
bone formation (Fig. 5F). Together, these results demonstrate that tight control of RA-
signaling levels is required to ensure skull bone formation, and that £z/42transcription is
sensitive to RA-signaling.

Deletion of Ezh2 or activation of RA-signaling leads to the up regulation of anti-osteogenic

factors.

To identify anti-osteogenic factors regulated by EZH2 and RA, we took a candidate
approach to identify changes in gene expression in E8.5-CM£2%2 mutants. (Balmer and
Blomhoff, 2002; Creuzet et al., 2002; Hunt et al., 1991; Krumlauf, 1994; Lee et al., 2014;
Savory et al., 2014) (Bracken et al., 2006; Mirzamohammadi et al., 2016; Schwarz et al.,
2014). In E13.5 manually enriched CM of E8.5-CM£2%2 mutants (Fig. S7A), we did not find
significant changes in mRNA levels of Sprouty2, Serpinel, 1d1, or Axin2which are readouts
for FGF, TGF-B, BMP, and Wnt signaling pathways, respectively (n=3-8 from two litters)
(Fig. S7B). In addition, we did not see changes in the expression of RA signaling pathway
components, such as Rar-y, Stra6, and Crabp2, between controls and E8.5-CME£272 mutants
at 13.5, suggesting the RA pathway components are not altered in the absence of £2A42 (Fig.
S6B; S7C) (Table S1) (Balmer and Blomhoff, 2002). Surprisingly, of all the other candidate
genes queried, only a subset exhibited considerable increase (>10 fold). These include the
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following: the regional identity Hox genes, the cell cycle requlator, Cyclin-dependent kinase
Inhibitor 2a (CdknZa), and Hedgehog signaling regulator and positional identity gene, Heart
and neural crest derivatives expressed 2 (Hand2) (Table S1). Among the Hox genes queried,
we identified HoxA1 and HoxC8 as the most upregulated Hox genes with a ~250-fold and
6-12-fold increase in mMRNA levels, respectively (Fig. 6A. S7D) (Table S1) (Dudakovic et
al., 2015; Minoux et al., 2017a; Schwarz et al., 2014). CdknZais a known cell cycle
regulator, and due to no significant changes in cell proliferation in the CM in E8.5-CM£2/2
mutants, we focused on the Hox genes and Hand2. Both the Hox genes and Hana2 have
been shown to be positively regulated by RA and inhibit osteogenesis, highlighting them as
potential anti-osteogenic factors responsible for the disruption in the skull bone in the E8.5-
CMEZ2 mutants (Fig6A) (Balmer and Blomhoff, 2002; Carroll and Capecchi, 2015; Firulli
et al., 2005; Funato et al., 2009; Krumlauf, 1994; Lee et al., 2014).

To test if the up regulation of Hox genes and Hand2 following deletion of £zA22works
independently or synergistically with RA-signaling activation in this context, we
administered 100ug/gm body weight of exogenous at-RA to pregnant females carrying wild-
type, Cre-control embryos, or E8.5-CM£2%2 at 10.0 (Jiang et al., 2002). At-RA exposure led
to significant up regulation of HoxA1, HoxC8, and HanaZ2, but at lower levels than E8.5-
CME22 mutants. Importantly, administration of at-RA to E8.5-CM~£27Z mutants consistently
compounded the increase of HoxA1, HoxC8, and Hand2, mRNA levels (Fig. 6A).

To further demonstrate that these anti-osteogenic factors were direct targets of PRC2 in the
CM, we analyzed the H3K27me3 enrichment on HoxA1, HoxC8, and Hanad?2 from our
previously published H3K27me3 chromatin immunoprecipitation followed by DNA
sequencing (ChlP-seq) dataset (GSE96872) (Ferguson et al., 2017). In E13.5 control CM,
the HoxA and HoxC clusters, and Hand2 genes had a blanket H3K27me3 modification
across the entire loci in E13.5 cranial mesenchyme (Fig. 6B), indicating they are directly
regulated by PRC2. Furthermore, the Osx locus had minimal enrichment of H3K27me3
further supporting the hypothesis that changes in OSX expression in the E8.5-CM£2/2
mutants is due to an indirect mechanism. These results suggest that EZH2 indirectly affects
OSX expression. These results also show that RA-signaling and EZH2 can work in parallel
to synergistically regulate the expression of specific anti-osteogenic factors /n vivo (Balmer
and Blomhoff, 2002; Carroll and Capecchi, 2015; Krumlauf, 1994; Lee et al., 2014).

In order to decipher the putative mechanism of the rescued mutants, we tested if ectopic
HoxC8 gene expression in E8.5-CM&2Z mutants was attenuated in the rescued BMS-453-
treated E8.5-CM£27Z mutants. As expected, at E13.5, HOXCS8 protein expression was below
the levels of detection in untreated and BMS-453-treated control embryos in the region of
parietal bone primordia (Fig. 6C’). In contrast, we detected ectopic HOXC8* cells in the
region of parietal bone primordia E8.5-CM&27Zand in the facial mesenchyme. (Fig. 6C”’
n=4, data not shown). In a comparable region, we observed a qualitatively diminished
number of HOXC8* cells in the rescued BMS-453-treated E8.5-CME&2Z mutants (Fig. 6C**”,
n=3). These results indicate that RA signaling inhibition can lead to decreased expression of
the anti-osteogenic factor, HoxC8, in the E8.5-CME£2/Z mutants and may contribute to
rescuing calvarial bone development.
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Taken together, these data suggest that EZH2 and RA-signaling must maintain strict balance
in activity to synergistically regulate anti-osteogenic factors in order to allow for the
commitment to the calvarial bone lineage. Thus, the overlapping phenotypes of E8.5-
CME2M2 mutants and RA pathway mutants suggest they share similar functions in calvarial
bone formation allowing us to build a proposed hypothetical model by which £zA2 promotes
skull bone formation (Fig. 6D).

Discussion:

In this study, we examined the basis of the anti-osteogenic effects of £2/2 deletion and RA
signaling activation during calvarial bone differentiation. We found a stage-specific
requirement of £zA2for OSX expression and directing osteoblast fate commitment in the
calvaria. Considering OSX is required for intramembranous ossification in the skull and in
the periosteum of long bones, our results highlight a specific role of £zA2in
intramembranous ossification (Nakashima et al., 2002). We show a restoration of PM-
derived skull bones in £zA22 mutants by inhibiting RA signaling, demonstrating that EZH2
functions to repress anti-osteogenic factors that are poised to be regulated by RA signaling
in an incoherent feedforward loop. The critical timing of repression ensures commitment
and differentiation of calvarial bone progenitors. We discuss the implications of our findings
in more detail below.

The transient role of Ezh2 in impacting the lineage-commitment of calvarial bone

progenitors.

The distinct phenotypes at different developmental stages in conditional £2A42 mutants reveal
a developmental stage-specific role of £zA2in skull bone formation. Three plausible
explanations of this effect are: First, the posterior skull bones develop at a later
developmental-stage than the anterior bones. In the SOA, MsxZ and 2 can first be detected in
the frontal bone primordia at E10.5 with ossification at E14.0. In comparison, in the parietal
bone region, expression of Msx2only can first be detected in the parietal bone primordia at
E11.5 with ossification at E14.5 (Han et al., 2007). Other published conditional mouse £zA42
mutants support its developmental-stage specific role in impacting the calvarial bone
lineage. Loss of £zA2in pre-migratory CNCC prior to E8.5 using Wnt1Creleads to a near
complete loss of the CNCC-derived facial and frontal bones (Schwarz et al., 2014). In
contrast, loss of £z/2in the CNCC and PM from E9.5 using DermolCre does not lead to
depletion of H3K27me3 modification and loss of the CNCC and PM-derived bones
(Ferguson et al., 2017).

The second possibility is that the anti-osteogenic factors exhibit varying levels of sensitivity
to RA-signaling. /n vitro, different genes have been demonstrated to have different levels of
sensitivity to RA-signaling (Balmer and Blomhoff, 2002; Williams et al., 2005). It is
possible the anti-osteogenic are sufficiently up-regulated after the establishment of the bone
progenitors and Runx2 expression. As a result, we do not observe changes in the bone
initiation program until the OSX expression is disrupted in the CM. Thus, deletion of £zh2
prior to E10.5 is required to enable sufficient up-regulation of the anti-osteogenic factors.
Alternatively, our result does not rule out the distant possibility of a temporal lag in
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depletion of H3K27me3 modifications and dysregulation of anti-osteogenic factors after the
onset of RUNX2 expression. However, the acute changes in cell survival of the frontonasal
process mesenchyme at E10.5 in the E8.5-CM£22 mutants suggest rapid changes in gene
expression following deletion of £zA2.

A third possibility is that lineage selection of calvarial bone precursors in the CM occurs
prior to lineage-specific marker expression. By comparing E8.5-CM£22 and E9.5-CME£2h2
mutants, the critical window of lineage-selection of parietal bone progenitors would occur
between E9.5 and E10.5, prior to Msx2expression at E11.5 in the parietal bone primordia.
The restricted timing of RA signaling activation and rescue lends evidence to support to this
critical temporal window. The concept of lineage selection and restriction before lineage-
specific marker expression has also been observed in the premigratory trunk NC in multiple
organisms (Dorsky et al., 2000; Krispin et al., 2010; Schilling and Kimmel, 1994).
Additional genetic studies with temporally-induced clonal lineage analysis will be required
to demonstrate if £z/2functions in lineage selection and restriction in the CM before the
onset of MsxZand 2.

Taken together, our results with temporally inducible conditional deletions of £zA2reveal a
defined temporal window for the commitment to the calvarial bone lineage and further
refines the previous model of £z/2in craniofacial bone differentiation (Schwarz et al.,
2014).

Loss of Ezh2 and increased in RA-signaling synergistically promotes expression of anti-
osteogenic factors in the CM in an incoherent feedforward loop.

Previous studies have demonstrated a wide range of craniofacial phenotypes that result from
positive and negative modulation of RA signaling. RARa,RARy compound null mouse
mutants have a range of phenotypes from exencephaly to underdeveloped skull bones
(Lohnes et al., 1994). Loss of Cyp26B1, a retinoic acid catabolic enzyme, results in
truncation of facial and frontal bones and a lack of ossification of the parietal and
interparietal bones at E17.5 (Maclean et al., 2009). In our study, at-RA exposure at E10.0 led
to a more diminished parietal than frontal bone, which is consistent with previous RA
signaling gain of function studies (Jiang et al., 2002; Maclean et al., 2009).

RA signaling activation in the E8.5-CM£27Z mutant background leads to a compounded
increase in target genes with known anti-osteogenic function; thereby, indicating that RA
signaling activation and £zA2have opposing functions in calvarial bone formation.
Interestingly, we also found that activation of RA-signaling increases £272 mRNA
expression levels. These results indicate that a balance of RA-signaling and £2A42 expression
is required to maintain skull bone lineage commitment. In agreement with this hypothesis,
RA has been shown to recruit PRC2 components and H3K27me3 modification to a Retinoic
Acid Responsive Element (RARE) near the promoter of Fgf8and HoxBI1 leading to
transcriptional repression (Kumar and Duester, 2014). The binding of RA to a RARE
element can mediate transcriptional repression by recruiting PRC2 to specific genes (Kumar
and Duester, 2014). In the context of the CM, RA signaling can function with EZH2 in an
I1-FFL, where the two arms of the loop can function in opposition (Alon, 2007). In one arm,
RA recruits PRC2 to anti-osteogenic factors, resulting in H3K27me3 enrichment and
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transcriptional repression. In the absence of EZH2, RA can function as a transcriptional
activator and induce the expression of anti-osteogenic factors on the other arm. Particularly,
I1FFL can generate a pulse effect which can be used to explain the transient and stage-
specific role of RA signaling and EZH2 in the commitment of calvarial bone progenitors
(Basu et al., 2006). Additional genetic studies with RAR mutants and chromatin
immunoprecipitation of CM will be required to tease apart the epistatic and mechanistic
relationships between these two major regulators.

The exact mechanism by which RAR antagonism partially rescues E8.5-CM~&272 mutants is
unclear and our results offer clues. We detected substantial increase in a class of known
targets genes which appear to be poised to respond dramatically to exogenous RA signaling
in the CM, such as HoxAI, HoxC8, and Hand2, in E8.5-CME2Z mutants (Balmer and
Blomhoff, 2002; Williams et al., 2005; Zhao et al., 2009). Our data suggest RAR signaling
inhibition in the E8.5-CM£27Z mutant can decrease the ectopic expression of well-
characterized anti-osteogenic factors such as HoxC8. Additional studies with RARE
reporters and Mass-spectroscopy will be required to visualize and quantify the changes in
RA signaling in the CM.

In order to determine the anti-osteogenic role of HoxA1, HoxC8, and HandZ, future studies
using functional mouse genetics and gene expression profiling in CNCC- and PM-specific
CM of E8.5-CM£22 mutants are required. The Hox genes are a well-established target of
PRC2 mediated transcriptional repression in multiple cell types /n vitroand in the CM in
vivo (Dudakovic et al., 2015; Ferguson et al., 2017; Minoux et al., 2017b; Schwarz et al.,
2014). In addition, numerous Hox genes are well known targets of RA-signaling (http://
www.uniprot.org/uniprot/Q15910) (Balmer and Blomhoff, 2002; Krumlauf, 1994). In our
E8.5-CM£2Z mutants, we identified an up regulation of multiple Hox genes in the E13.5
CM, which is Hox-negative in controls. It is possible that the ectopic expression of a specific
Hox gene or multiple Hox genes may lead to a change in regional identity and results in the
loss of skull bones. Out of the Hox genes queried, HoxC8 was the most significantly
increased Hox gene which may have an anti-osteogenic function in calvarial bone. /n vivo,
conditional misexpression of HoxC8in the head and face CM leads to a near complete loss
of skull bones and a truncation of the face resembling our E8.5-CM~£22 mutants (Carroll
and Capecchi, 2015). We also observed attenuated expression of HOXC8 protein expression
in the CM of the parietal bone region following inhibition of RA signaling. Future studies
that genetically alter HoxC8gene dosage in E8.5-CM£Z7Z mutants would be required to
demonstrate that up regulation of a single, regionally expressed Hox gene mediates the
phenotype in E8.5-CM£2"2 mutants. Follow up biochemical and proteomic studies will also
be required to reveal the anti-osteogenic mechanism of HOXC8. Alternatively, the
combinatorial effect of the ectopic expression of multiple Hox genes could lead to the bone
defects observed in our E8.5-CM~&27Z mutants. In addition to HoxC8, we also observed an up
regulation of multiple other Hox genes that could negatively affect skull bone development
in our E8.5-CM£2/Z mutants. For example, HoxA1 7~ mutants have craniofacial defects and
HoxA1 transcription is responsive to retinoic acid in CM (Fig. S7) (Balmer and Blomhoff,
2002; Boylan et al., 1993; Boylan et al., 1995). In zebrafish, HoxA1 overexpression or
exogenous administration of at-RA leads to an identity switch of the first branchial arch
(Alexandre et al., 1996; Hill et al., 1995). It is worth noting, HoxAZ, the Hox gene often
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associated with bone inhibition, was not significantly upregulated in our E8.5-CM£22
mutants (Fig. S7) (Grammatopoulos et al., 2000; Trainor and Krumlauf, 2001).

HAND? is a basic helix-loop-helix transcription factor that may function as a negative
regulator of intramembranous bone formation. HAND?2 protein has been shown to directly
bind to RUNX2 protein and prevent its transactivation function (Funato et al., 2009). Hand2
transcription is positively regulated by teratogenic doses of RA signaling, and HAND2
protein can function as an upstream regulator of Hedgehog signaling which can negatively
regulate bone (Abzhanov et al., 2007; Charité et al., 2000; Galli et al., 2010; Zhao et al.,
2009). Thus, future studies focusing on reducing the dosage of Hand?2in our E8.5-CM£2/2
mutants will be required to demonstrate if HAND?2 is a key component of an anti-osteogenic
network that is repressed by EZH2 during intramembranous bone differentiation. Along with
the Hox genes and Hana2, the dysregulation of additional unidentified anti-osteogenic
factors could result in a loss of skull bones in the £zA2 mutants. A systematic effort will be
required to identify new anti-osteogenic targets of £242in CNCC- and PM-derived CM
using developmental stage-specific mutants with new inducible lineage-specific genetic
tools.

In this study, we show that stage-specific conditional loss of £zA2in the CM can be
neutralized by small molecule antagonism of RAR, providing evidence that EZH2 in the CM
is required for repressing the expression of anti-osteogenic factors that are poised to respond
to RA signaling in a I1FFL. Our data provide new insights into the dynamic formation of
calvarial bones highlighting the spatial and temporal differences in successful progression of
osteogenesis during intramembranous bone formation.

PdgfraCreER (JAX stock #018280) (Rivers et al., 2008), Rosa26 Reporter (AX stock
#003309) (Soriano,1999), and Ezh2 floxed (Ezh2™) (JAX stock #022616) (Shen et al.,
2008). For timed matings, PdgfraCreER,Ezh2"" males were crossed with R26R/R26R;
Ezh2"f females overnight. Mice were checked for vaginal plugs and then separated in the
morning. Vaginal plug day was assigned as embryonic (E) 0.5. CreER recombination was
induced by oral gavage at 25ug Tamoxifen/g body weight (BW) (Sigma T5648) to pregnant
dams. Tamoxifen was dissolved in corn oil and administered at 5 p.m. of the designated day.
For each experiment, a minimum of five mutants with litter-matched Cre negative controls
from two to three litters were studied unless otherwise noted. Case Western Reserve
University Institutional Animal Care and Use Committee approved all animal procedures in
accordance with AVMA guidelines (Protocol 2013-0156, Animal Welfare Assurance No.
A3145-01).

Histology, B-Galactosidase, and Immunohistochemistry:

Heads of E10.5-13.5 embryos were drop-fixed in 4% paraformaldehyde (PFA) for 20-35
min, respectively, at 4°C and cryopreserved as previously described (Atit et al., 2006).
Embryos were cryosectioned at 10 microns in the coronal plane in the frontal and parietal
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bone primordia. B-galactosidase staining on cryosections was performed as previously
described (Rivera-Perez et al., 1999).

For immunofluorescence on cryosections, sections were dried at room temperature, washed
in 1x PBS and blocked in goat serum or donkey serum. For mouse raised antibodies, block
buffer from the Vector M.O.M Kit (BMK-2202) was used. Primary antibodies were
incubated overnight at 4°C, washed next day in 1x PBS, incubated with species- specific
secondary antibody (below) for one hour at room temperature, and then washed with DAPI
0.5pg/mL, and mounted with Fluoroshield (Sigma F6057).

For immunofluorescence, the following primary antibodies were used: rabbit anti-
H3K27me3 (1:1000; Cell Signaling 9733, Antibody registry: AB_26160629), Rabbit anti-
Caspase3 (1:250; Abcam13847, Antibody registry: AB_443014), Rabbit anti-OSX (1:1000
Abcam ab94744, Antibody registry: AB_10674971), mouse anti-MSX1/2 (DSHB 4G1,
Antibody registry: AB_531788 ), goat anti-RUNX2 (1:250 R&D AF2006, Antibody
registry: AB_2184528) rabbit anti-HOXC8 (1:500, Abcam ab86236, Antibody registry:
AB_1925078), rabbit anti-RARG (1:1000, Cell Signaling D3A4, Antibody registry:
AB_10998934). Appropriate species-specific Alexafluor secondary antibodies were used
(1:500; Invitrogen). Images were captured using the Olympus BX60 microscope and
Olympus DP70 digital camera using DC controller software. Confocal images were captured
on the Leica TCS SP8 (Leica Biosystems) using Application Suite X software (Leica
Biosystems). Images were processed in Adobe Photoshop and Fiji/lmageJ (Schindelin et al.,
2012; Schneider et al., 2012).

For alkaline phosphatase staining, sections were then washed in PBS-T (0.1% Tween-20 in
PBS) for 10 minutes, then TBS-T (0.1% Tween-20 in TBS) for 10 minutes, then washed in
NTMT (100mM Tris, pH 9.4, 100mM NaCl, 60mM NgCl,, and 0.02% Tween-20) for 10
minutes. Embryos were stained 20ul/mL NBT/BCIP (Roche 11681451001) in the dark for
20 min. at RT. Slides were then washed in PBS and mounted with aqueous mounting
medium.

At E13.5, the supraorbital cranial mesenchyme was isolated by manual dissection.
Following manual removal of the ectoderm, an incision was made around the circumference
of the neurocranium, and the tissue covering the brain was manually disassociated. The CM
isolated consists of the neural crest and mesoderm derived cranial mesenchyme. RNA was
isolated as previously described (Hamburg-Shields et al., 2015). Relative mMRNA expression
was quantified using 5 ng of cDNA on a StepOne Plus Real-Time PCR System (Life
Technologies) and the AACT method (Schmittgen and Livak, 2008). Commercially available
TagMan probes (Life Technologies) specific to each gene were used (Table S1). CT values
were normalized to B-actin (Invitrogen 4352663). AACT values were obtained by
normalizing the ACT values to the average ACT values of the controls. Relative mRNA fold
change was determined using the AACT values.

Dev Biol. Author manuscript; available in PMC 2019 November 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ferguson et al.

Page 15

Protein Isolation and immunoblotting

MicroCT:

E13.5 cranial mesenchyme was enriched and collected by manual dissection as described
above. Protein was isolated using RIPA buffer. Proteins were separated by SDS-PAGE using
Mini-PROTEAN TGC gels (BioRad #456-1084). Western Blots were performed with the
following primary antibodies: rabbit anti-H3K27me3 (1:1000, Cell Signaling 9733) and
rabbit anti-EZH2 (1:500, Cell Signaling #5246). Species-specific HRP-conjugated
secondary antibodies were used at 1:10,000. Immunoblots were probed with anti-$3-
TUBULIN (1:400, Santa Cruz 9104) as a loading control. Protein was detected using an
Amersham ECL Western Blotting Analysis System (GE Healthcare RPN2109), and imaged
using an Odyssey FC Imaging System (Li-Cor). Relative protein levels were quantified
using Image J/ Fiji.

E17.5 heads were fixed and stored in 95% ethanol for at least 24 hours. Heads were then re-
hydrated overnight in PBS for 24 hours prior to imaging. MicroCT images were acquired
using a Bruker SkyScan1172 (Bruker MicroCT, Kontich, Belgium) with an 11 MPix camera
at an isotropic voxel size of 20 pm3 employing an 0.5mm-thick aluminum filter. An applied
x-ray tube voltage of 50 kV with an x-ray intensity of 100 pA was applied over 180 degrees
of rotation with acquisition every 0.7 degrees. Camera pixel binning of 4x4 was applied.
Reconstruction was carried out with a modified Feldkamp algorithm using the SkyScan
NRecon software (Feldkamp et al., 1984; Yan et al., 2008). Ring artifact reduction of 5 and
beam hardening correction of 10 were applied. MicroCT 3D images were visualized using
CTvox (BrukerMicroCT). Images were pseudo-colored in Adobe Photoshop. Quantification
was performed using Amira 6.01 (Thermo Fisher Scientific) using the “Materials Statistics”
tool.

Whole mount skeletal preparation:

All steps were performed at room temperature. Embryos were fixed in 95 % ethanol
overnight. Samples were then placed in acetone overnight. Embryos were then placed in
alcian blue (Sigma A5268) dissolved in 80 % ethanol, 20 % (glacial) acetic acid at a
concentration of 0.03 % overnight. The embryos were then de-stained by two thirty minute
washes in 70 % ethanol and then incubated them in 95 % ethanol overnight. The embryos
were pre-cleared in a 1 % potassium hydroxide (KOH) (Fisher Scientific 1310-58-3)
solution for one hour. Embryos were then placed in a 0.005 % alizarin red (Sigma A5533)
dissolved in 1% KOH overnight. The embryos were then placed in a 50 % glycerol (Fisher
56-81-5): 50 % (1 %) KOH solution until clear. The average time was one week to become
fully cleared. Once cleared, the embryos were then placed in 100% glycerol for long-term
storage and imaging. Skeletal preparations were imaged Leica MZ16F stereoscope and
Leica DFC490 camera with Leica software.

Cell Proliferation/Death Assay:

Mice were administered 250ug EdU in PBS/10g mouse weight by intraperitoneal injection
one hour prior to sacrifice. Embryos were then collected and prepared for cryopreservation
as stated above. EdU was detected using Click-iTEdU Alexa Fluor 488 Imaging Kit
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(Invitrogen #C10337) according to manufacturer’s protocol. Images were captured using the
Olympus BX60 microscope and Olympus DP70 digital camera using DC controller
software. The percent of EAU positive cells was quantified using ImageJ/Fiji. Cell death was
detected using activated Caspase-3 (stated previously) by immunofluorescence. For
quantification, images were converted to 8-bit and background was removed with a 10 pixel
“rolling ball”. A signal threshold was auto set. Individual cells were determined using
“watershed” and cells were then counted using “count particles”.

Retinoic acid signaling activation and inhibition:

Statistics:

At-RA (Sigma R2625) was reconstituted in DMSO at 100mg/ml and diluted in peanut oil,
and administered at 100ug/gm of body weight by oral gavage on E9.5 or E10.0. BMS-453
(Cayman Chemical, #19076) was administered by oral gavage to pregnhant dams carrying
embryos at E8.5, E9.5, E11.5, E13.5, and E15.5. BMS-453 was reconstituted in DMSO at
10ug/pl, diluted in corn oil, and administered at 3.5ug/gm or 5ug/gm of body weight of
mouse. For oral gavage on day of tamoxifen administration, the corn oil used to dilute also
contained tamoxifen.

All graphs and statistical analysis were generated using Prism 6 (GraphPad Software). Data
are presented as mean + SEM in all graphs. All pairwise sample comparisons were
performed using a Mann-Whitney test. The p-values for statistical tests in all figures are
represented as: * = P <0.05, ** = P < 0.01, and *** = P < 0.001.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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. EzhZ2is required in a development stage-specific manner in the mouse cranial

. RA signaling inhibitors can partially rescue the loss of calvarial bones in
Ezh2 mutants
. EzhZis required to suppress the expression of anti-osteogenic factors which

Highlights:

mesenchyme to promote calvarial bone lineage commitment.

are poised to be induced by Retinoic acid signaling in an incoherent type-1
feedforward loop(11-FFL).
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Figure 1: Inducible and conditional deletion of Ezh2 at E8.5 in both the CNCC-derived and PM-
derived CM.

(A) Mating strategy and gavage regimen for conditional £zA2 deletion for E8.5-CM£2/2 and
E9.5-CME2/Z mutants. Tamoxifen was administered by oral gavage starting at E8.5 or E9.5
(purple shaded) at a concentration of 25ug/g mouse body weight. (B) Anatomy of mouse
embryo between E8.5 and E9.5. Pdgfra CreER is active in the CM, frontonasal prominence,
maxillary process, and BAL. Plane | corresponds to the future frontal bone, and plane 11
corresponds to the future parietal bone. (C) Pdgfra CreER/+:Ezh2™f Rosa 26 Reporter
lineage-marked CM in coronal sections. E8.5+E9.5 gavages is sufficient to induce Cre-ER



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Ferguson et al.

Page 23

recombination in cranial mesenchyme in frontal bone and parietal bone primordia in plane |
and plane 11, respectively (scale bar = 200um). (D) Schematic representing manual
enrichment of the cranial mesenchyme (CM). The ectoderm was manually removed and all
the CM above the eye was collected. (E) RT-gPCR for £zA42in the manually enriched CM at
E13.5. (F) Western blot for EZH2 in the manually enriched cranial mesenchyme. Band
intensities were quantified using ImageJ/Fiji. (G) Western blot for H3K27me3 in manually
enriched CM. (H) Whole mount skeletal staining of controls and E8.5-CM£2/Z and E9.5-
CME2h2 mutants at E17.5. All embryos were imaged at the same magnification. White
arrows mark the coronal suture and yellow arrow marks the lambdoid suture. F = frontal
bone; P = parietal bone; T= temporal; IP = interparietal bone; O = occipital bone; Fa = facial
bones; M = mandible, Tympanic ring = TR; TN = Trigeminal neurons.
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Figure 2: E8.5-CME?2 Jeads to truncation of CNCC-derived bones and a severe reduction in

PM-derived bones.

(A) Schematic and key representing the primary bones examined in E8.5-CM£22 embryos.
(B) Psuedo-colored 3D images from microCT at E17.5 of E8.5-CM~£2Z embryos. *
indicates ear bones which are lost in the mutants. Arrows point to the reduced/lost PM-
derived bones. Numbers represent landmarks used for morphometric measurements (scale
bar = 2mm). (C) Quantification of changes in combined bone volume of the calvaria,
mandible, maxilla, premaxilla, and nasal bones. (D) Quantification of changes in bone
volume in the bones of the calvaria. (E) Morphometric analysis of the frontal and
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interparietal bone. Both the left and right frontal bones were measured and plotted. Pairs of
colored dots correspond with each left-right pair. Definition of landmarks: (1,5,6) Most
posterior-superior point of the frontal bone (2) Most anterior-superior point of the frontal
bone (3) Most posterior-inferior point of the frontal bone (4) Most posterior-lateral
intersection of the frontal and parietal bone (7,8) Lateral points of the parietal bone.
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Figure 3: Arrest during bone differentiation in PM-derived parietal bone in E8.5-CME#2

mutants.

(A) Schematic of E13.5 mouse embryo and coronal sections. Plane | refers to future frontal
bone and plane |1 refers to future parietal bone. (B) Immunofluorescence of bone precursor

marker MSX1/2 in E11.5 coronal sections. Quantification of total number of cells positive
for MSX1/2 in plane I and plane I1. (C) Immunofluorescence for bone progenitor marker
RUNX2 in E13.5 coronal sections. Arrows indicate expanded domains. Quantification of

total number of cells positive for RUNX2 in plane | and plane II. (D) Immunofluorescence
for bone progenitor marker OSX in E13.5 coronal sections. Arrows indicate lost expression
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in plane Il. Quantification for total number of cells positive for OSX in plane I.
Quantification in plane 11 was not performed due to lost expression in the mutant. TN:
Trigeminal nerve. Scale bars = 200um.
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Figure 4: Activation of retinoic acid signaling inhibits skull bone formation and positively
regulates Ezh2.

(A) Gavage regimen for at-RA (yellow shaded) in cre- control embryos and schematic for
obtaining manually enriched E13.5 CM. At-RA was administered at E10.0. (B) Up
regulation of known RA-signaling target, HoxA1, in manually enriched E13.5 CM. (C)
Expression levels of PRC2 components in manually enriched CM. (D) Quantification of
total area of the frontal and parietal bones in E17.5 skeletal staining. (E)

Immunofluorescence for RARy in the frontal bone primordia of E10.5 at-RA treated cre-
control embryos. Embryos were administered at-RA at E9.5. (F) Immunofluorescence for
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OSX in the frontal and parietal bone primordia of at-RA treated embryos. At-RA was
administered at E9.5. White arrows mark OSX+ domain. (G) Summary of the regulation of
skull bone formation by £zh2and at-RA by which £z42 maintain a balance of activation and
suppression of anti-osteogenic genes. Following administration of at-RA, the balance is
shifted towards activation of anti-osteogenic genes.
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Figure 5: Pharmacological inhibition of RA signaling partially rescues the E8.5-CME?2 mytant
phenotype and restores the PM-derived bones.

(A) Gavage regimen for tamoxifen and RA-antagonist BMS-453 in E8.5-CM£272 mutants
and schematic of obtaining manually enriched CM without the ectoderm. (B) RT-qPCR for
Ezh2in Cre- control and BMS-453 treated embryos from E13.5 manually enriched CM. (C)
Skeletal staining of E17.5 3.5ug/gm BMS-453 treated £2/22 mutants. C' and C" represent
two different litters. Alcian blue marks cartilage and alizarin red marks bone (scale bar =
2mm). (D) Quantification of the Alizarin Red stained area outlined in (C) using ImageJ/Fiji.
(E) Immunofluorescence of OSX in the parietal bone at E13.5. Arrows indicate partial
restoration of OSX (scale bar = 200um). (F) Schematic with proposed model by which, in
the absence of £zA2, inhibition of RA-signaling prevents the activation of the anti-
osteogenic genes restoring OSX expression and skull bone formation.
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Figure 6: Ezh2 and RA-signaling maintain a balance of anti-osteogenic genes in the CM.
(A) Relative mRNA quantity for HoxA1, HoxC8and HandZ2 expression levels in E13.5

manually enriched CM in Cre- control, E8.5-CM£2/2 mutant, 100pg/gm body weight at-RA
exposure at E10.0 in Cre- control, and E8.5-CM£2%2 mutants treated with 100ug/gm at-RA.
(B) Integrated Genome Viewer representation of H3K27me3 ChiP-segencing of E13.5
cranial mesenchyme control. (C) Protein expression of HOXCS8 in in the parietal bone
primordia of E13.5 control, E8.5-CM£22, and 3.5ug/gm body weight treated BMS-453 at
E8.5, 9.5, and 11.5. embryo. Scale bars: 200um. (D) Hypothetical model explaining that
EZH2 and RA signaling balance the inhibition of anti-osteogenic factors to ensure calvarial
bone commitment and development.
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