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Abstract

The transcription factor BCL11B plays essential roles during development of the immune,
nervous, and cutaneous systems. Here we show that BCL11B is expressed in both osteogenic and
sutural mesenchyme of the developing craniofacial complex. Bc/Z167~ mice exhibit increased
proliferation of osteoprogenitors, premature osteoblast differentiation, and enhanced skull
mineralization leading to synostoses of facial and calvarial sutures. Ectopic expression of FgfrZc, a
gene implicated in craniosynostosis in mice and humans, and that of Runx2was detected within
the affected sutures of Bc/1267'~ mice. These data suggest that ectopic expression of Fgfr2cin the
sutural mesenchyme, without concomitant changes in the expression of FGF ligands, appears to
induce the RUNX2-dependent osteogenic program and craniosynostosis in Bc/1167~ mice.
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Introduction

Flat bones of the mammalian skull and face develop by intramembranous ossification of
mesenchyme derived from the mesoderm and neural crest cells (NCCs) (Jiang et al., 2002).
In this process, mesenchymal cells condense, differentiate, and form ossification centers
(Opperman, 2000; Rice, 2008). Craniofacial sutures are formed within the margins between
developing bones. While human sutures remain patent through early life stages, these tissues
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harbor proliferating osteoprogenitors that give rise to osteoblasts at the osteogenic fronts of
skull bones. Craniofacial sutures serve as important sites of skull growth during fetal
development and into young adulthood, when sutures undergo ossification (Rice, 2008).

Suture development is precisely controlled and synchronized with brain growth. Premature
osteoblast differentiation and suture ossification underlie the condition known as
craniosynostosis, which occurs in 1 out of 2,200 live births. Craniosynostosis is associated
with restricted skull expansion, midfacial hypoplasia (MFH), increased intracranial pressure,
and craniofacial dysmorphologies, all of which may negatively impact respiration, vision,
hearing, and cognition (Nie, 2005; Purushothaman et al., 2011; Rosenberg et al., 1997).

Activating mutations within the fibroblast growth factor receptor 2 isoform Ilic (FGFRZ2c)
locus are the most common cause of syndromic craniosynostosis, of which the most
prevalent forms are Crouzon and Apert syndromes (Cunningham et al., 2007;
Purushothaman et al., 2011). FGFRs act through protein kinase C (PKC) and mitogen-
activated protein kinase (MAPK) pathways to stimulate or de-repress the function of
transcription factor RUNX2, a master regulator of osteogenesis (Fitzpatrick, 2013; Kim et
al., 2003a; Park et al., 2010). As a result, constitutive activation of FGFR2c leads to
induction of the RUNX2-dependent osteogenic program and premature ossification of
sutures. However, little is known about molecular control of FGFRZc expression during
craniofacial development or in craniosynostosis.

We demonstrated previously that the transcription factor BCL11B regulates expression of
components of the FGF signaling pathway during mouse incisor development (Kyrylkova et
al., 2012a). Our present analyses of NCC-specific and germline Bc/11b mutants
(Bcl11b™c!= and Bel1167!=, respectively) reveal that BCL11B also plays an essential role
in mouse craniofacial development and maintenance of sutural patency.

Materials and Methods

Mouse Lines

Mice carrying floxed allele of Bc/11b (Bcl11™. same as Bcl11-2/t2) and germ-specific
deletion of Bc/11b (Bcl11677) have been described previously (Golonzhka et al., 2009).
Neural crest-specific deletion of Bc/11b (Bcl116™C~; same as Bcl116™e5~/~) was achieved
by crossing Bc/11" mice with the Whti-cre deleter line (Danielian et al., 1998; Kyrylkova
et al., 2012a). Animal experiments were approved by the Oregon State University
Institutional Animal Care and Use Committee, protocol 4279.

Micro-CT Analysis

Mouse skulls were scanned using a Scanco HCT40 scanner (Scanco Medical AG,
Basserdorf, Switzerland) at a voxel size of 12x12x12 um (for E16.5-P5) or 16x16x16 um
(for P10-P21), 55 kVp X-ray voltage, 145 pA intensity, and 200 ms integration time.
Filtering parameters sigma and support were set to 0.8 and 1, respectively. For evaluation of
total skull bone volume (BV) and visualization of sutures, bone segmentation was conducted
at a threshold (scale, 0-1000) of 115 (for E16.5-P0), 135 (for P5-P14), or 145 (for P21).
Three to six skulls were scanned for each genotype within each age group. For evaluation of
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BV in frontal and parietal bones in E16.5, E18.5, and PO mice, whole skull scan data were
segmented at a threshold of 115 (scale, 0-1000) and the frontal and parietal bones were
selected and quantified. An unpaired, two-tailed Student's t-test was performed using
GraphPad Prism software to determine statistical significance.

Histological Analyses

Von Kossa staining was performed according to standard protocols. RNA /n situ
hybridization (ISH) and immunohistochemistry using anti-BCL11B (Abcam, 1:300) were
performed on 16 um-thick sagittal (for coronal suture) and horizontal (for facial sutures)
sections using anti-rat biotin and HRP-streptavidin conjugate (Jackson) as described
previously (Kyryachenko et al., 2012; Kyrylkova et al., 2012b). At least three mice were
used for each genotype and experiment. At least ten serial sections across the facial and
coronal sutures were analyzed for each experiment.

BrdU labeling and detection (2 hours after injection) was performed using anti-BrdU
antibody (Accurate Chemical, 1:100) on 16 um-thick horizontal sections as described
previously (Kyryachenko et al., 2012; Kyrylkova et al., 2012b). Images of serial sections
from both control and mutant heads were aligned across the entire face in order to compare
sections from the same sectioning plane. Images with the premaxillary osteogenic
mesenchyme (the tissue with the most striking difference) were used for the subsequent
analysis. In order to distinguish the premaxillary osteogenic mesenchyme on the sections
stained for BrdU, adjacent sections were stained using Runx2 probe and superimposed to
outline the borders of future premaxilla. At least five serial sections across the facial and
coronal sutures from three mice were quantified per each genotype and experiment. The
BrdU index was calculated as a mean relative amount of BrdU-positive cells as a fraction of
total, hematoxylin-positive cells. An unpaired, two-tailed Student's t-test was performed
using GraphPad Prism software to determine statistical significance.

Quantitative reverse transcription (QRT)-PCR analyses

Frontal and parietal bones of P21 mice and facial tissue of E14.5 embryos were dissected
and stored in RNAlater reagent (Qiagen) at 4°C until processed. Total RNA was extracted
using TRIzol reagent (Invitrogen) followed by purification using RNeasy spin columns
(Qiagen). Synthesis of cDNA was carried out using random hexamer primers and
SuperScript 1 kit (Invitrogen). The resulting cDNA was amplified with gene-specific
primers using QuantiTect SYBR Green PCR kit (Qiagen) on a 7500 Real-Time PCR System
(Applied Biosystems). Amplification of all targets was normalized to that of the
housekeeping gene Hprt. All reactions were performed in triplicate; at least three mice were
used for each genotype and experiment. An unpaired, two-tailed Student's t-test was
performed using GraphPad Prism software to determine statistical significance. Primer
sequences for amplification reactions are shown in Table 1.
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Results and Discussion

NCC and Germline Deletion of Bcl11lb Leads to Craniofacial Synostoses

We previously generated a mouse line conditionally null for Bc/11b expression in NCC-
derived mesenchyme (Bc/126°°'~ in current manuscript) using WhntI-cre deleter strain
(Danielian et al., 1998; Kyrylkova et al., 2012a). Within the skull, NCCs give rise to the
facial skeleton, frontal, and squamosal bones as well as contribute to the interparietal bone
and base of the skull (Jiang et al., 2002; Pietri et al., 2003).

Bcel116°¢= mice (unlike Bc/1167~ mice) survived after birth for approximately three
weeks (post-natal day 21; P21). At this age, Bc/116™¢~ mice exhibited abnormally small
and misshapen heads, severe MFH, and malocclusion (Fig. 1A-D). We observed fusion of
multiple craniofacial sutures, including the internasal, naso-premaxillary, interfrontal,
premaxillary-maxillary, and temporal sutures. In addition, the Bc/7147¢~/~ premaxillary-
frontal suture exhibited abnormal morphology and lacked its canonical, fractal
interdigitation (Fig. 1E, F, I, J). Some Bc/115"¢~= skulls at P21 were characterized by a
high degree of porosity, which was generalized and not limited to NCC-derived bones, (Fig.
1G, H, K, L, M, N). The bone porosity phenotype of Bc/1147°°~/~ mice was accompanied by
and possibly secondary to synostosis-induced inflammation, as expression of pro-
inflammatory cytokines //1b, /16, and Tnf; increased dramatically in both frontal and parietal
bones of the mutants at P21 (Fig. 10).

Postnatal Bc/116™¢~ mice exhibit severe MFH, a condition that often accompanies
syndromic craniosynostosis in humans. Until recently, the most common theory posited that
MFH arose from premature ossification of one or more sutures at the cranial base
(Rosenberg et al., 1997; Stewart et al., 1977). However, analyses of mice harboring
constitutively active mutations in Fgfrl and Fgfr2 genes, which underlie Pfeiffer and Apert
syndromes, respectively, revealed that MFH is a consequence of synostoses of facial sutures
(Purushothaman et al., 2011). Consistent with this, Bc/Z1™¢~ mice did not exhibit
premature ossification of the cranial base (Figs. 1M, N and S1), but did exhibit synostoses of
facial skeleton, including premaxillary-maxillary and naso-premaxillary sutures (Fig. 1E, F,
I, J), further supporting the role of facial skeletal pathology in etiology of MFH. In
comparison to the known biology of cranial sutures, development of facial sutures is poorly
understood. Growth at the osteogenic fronts of the facial bones is similar to that of the
cranial vault bones, but facial bones differ in that they overlie the cartilaginous elements of
the facial complex rather than the dura mater. Moreover, development of some facial sutures,
such as fronto-premaxillary, is characterized by complex interdigitation patterns (Fig. 1E)
that are not observed within any sutures of the cranial vault (Nelson and Williams, 2004).
Therefore, Bc/1167°°~/~ mice may serve as a valuable model to study pathogenesis of facial
synostoses and development of MFH.

We traced back the developmental dynamics of the conditional knockout phenotype by
conducting micro-CT analyses of multiple Bc/716™¢~ skulls at different postnatal stages.
We observed development of four major craniofacial phenotypes from P5 to P14 in
Bcl116™¢= skulls (see legend of Fig. S1): (1) synostoses of facial sutures, which were
completely fused throughout post-natal development, and progressive fusion of temporal,
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fronto-maxillary, internasal, and interfrontal sutures (middle row of Fig. S1); (2) expansions
of sagittal, lambdoid, and coronal sutures, which appeared to be of a compensatory nature
(see brackets in Fig. S1A, B, G, H); (3) complete obliteration of the interdigitated pattern of
the naso-premaxillary suture in the Bc/114™¢~ skulls (Fig. S1G, H, M, N); and (4) bone
porosity that began in the anterior region of frontal bones and at the base of Bc/116¢c-/=
skulls and progressively worsened throughout the postnatal period to affect nearly every
bone of the mutant head (Fig. S1). Cranial bone porosity in Bc/1147°°~/~ mice did not
appear to be the result of bone malformation because the morphologies of Bc/1146¢/=
mutant and wild-type bones were largely indistinguishable at birth (Fig. 2).

Premaxillary-maxillary and naso-premaxillary sutures in Bc/1147¢'~ mice were already
fused at birth, at which time mild MFH and a reduced sutural field between frontal and
maxillary bones were also evident (Fig. 2A, B, E, F). The early onset of the craniofacial
phenotype of Bc/116°c~/~ mice led us to examine Bc/1167'~ mice, which harbor a germline
deletion of Bc/11band die shortly after birth (Golonzhka et al., 2009). Bc/1167~ skulls
exhibited facial synostoses at PO that were indistinguishable from those of Bc/114¢¢/~
mice (Fig. 2B, F, D, H). However, premature fusion of the temporal and coronal sutures was
also evident in Bc/1167'~ mice at PO, a phenotype that has not been observed in Bc/11676¢=
mice (Fig. 2).

The coronal suture, a major growth center of the skull vault, is formed at the interface of the
NCC-derived frontal bone and mesoderm-derived parietal bone. However, the non-
osteogenic mesenchyme of the coronal suture is derived from the mesoderm (Yoshida et al.,
2008), and this likely explains our observation of coronal suture synostosis in Bc/Z157~, but
not in Bcl116™¢~, mice.

Bcl1167~ mice exhibited enhanced mineralization of the facial skeleton at PO, as
demonstrated by von Kossa staining (Fig. S2). Enhanced ossification was also noted within
the anterior fontanelle of Bc/1167/~ mice, affecting both frontal and parietal bones, and
selectively within frontal bones of Bc/116™¢~ mice (Fig. 1A-D). The latter was reflected
in a significantly increased ratio of frontal/parietal bone volume (BV) in Bc/1167°°~/~ mice
(2.04 +0.02; n=5) at PO relative to the Bc/12™ controls (1.76 + 0.03; n=5, P < 0.0001).

Collectively, these findings demonstrate that mice lacking BCL11B exhibit multiple facial
and cranial synostoses at birth, implying that the observed craniofacial pathology likely
initiated during embryonic development.

BCL11B Is Expressed in Osteogenic and Sutural Mesenchyme during Embryonic
Development

Expression of BCL11B within the osteogenic mesenchyme of the face was first detected at
embryonic day (E)13.5 (Fig. S3C). High levels of BCL11B expression persisted at E14.5
and E16.5 within the facial skeleton, osteogenic fronts of frontal and parietal bones, in the
coronal suture, and dura mater (Fig. 3A-F), consistent with previous report (Holmes et al.,
2015). BCL11B expression appeared somewhat down-regulated within the facial and cranial
skeleton by E18.5 (Fig. 3G-I) and remained so to at least P5 (Fig. S4), suggesting that this
transcription factor functions primarily during a finite window of embryogenesis.
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In Bcl116™¢!~ mice, expression of BCL11B was ablated specifically in NCC-derived facial
mesenchyme, including dermal and tooth mesenchyme at E12.5 and osteogenic
mesenchyme at E13.5 (Fig. S3). This suggests that the Bc/71blocus had likely been excised
before the onset of BCL11B expression within the osteogenic mesenchyme of the facial
skeleton. Levels of BCL11B protein were unaltered in all epithelial structures of
Bcl116™¢~ heads (Fig. S3).

Embryonic Skulls of Bcl11b™~ Mice Exhibit Premature Mineralization and Craniofacial

Synostoses

Expression of bone sialoprotein (Bsp), a marker of osteoblast maturation, was up-regulated
within the facial skeleton of Bc/1167/~ mice at E14.5 (Figs. 4A-D). Moreover, Bcl11b7~
mice exhibited increased mineralization within the facial skeleton relative to control mice at
this stage, as determined by von Kossa staining (Fig. 4E-H).

Micro-CT analyses of Bc/2167~ skulls at E16.5 and E18.5 also revealed increased
mineralization within the facial skeleton and calvaria of mutant skulls (Fig. 41-P). This was
confirmed by determination of BV in frontal and parietal bones, as well as of the entire head.
Bcl1167'~ mice exhibited a 32% and a 44% increase in frontal and parietal BVs,
respectively, at E16.5, and these differences were statistically significant (Table 2). Analysis
of the entire head also indicated that Bc/Z167/~ mice exhibited greater bone volume at E16.5
(30% higher). However, these differences in BVs between mutant and wild-type mice were
not maintained in older embryos (E18.5; Table 2).

The Bcl1167~ premaxillary-maxillary suture was already fused at E16.5 (Fig. 41-L);
however, initiation of coronal and temporal synostoses was not observed until E18.5 in the
Bcel1167 skulls (Fig. 4M-P). These data demonstrate that BCL11B normally limits
premature bone mineralization and suppresses ossification of facial and coronal sutures.

Increased Osteoblast Differentiation and Ectopic Expression of Runx2 and Fgfr2c in
Coronal and Facial Sutures of Bcl11b™~ Mice

The transcription factor RUNX2 is a master regulator of osteogenesis required for
determination of the osteoblast lineage (Komori, 2010; Komori et al., 1997; Otto et al.,
1997). Runx2was strongly expressed in differentiating osteoblasts of the facial and calvarial
osteogenic mesenchyme at E14.5 and E16.5, respectively, in control mice (Fig. 5A, C, E, G).
Low and undetectable levels of Runx2transcripts were observed in the premaxillary-
maxillary and coronal sutures, respectively, of control skulls (Figs. 5A, C, E, G). An
expansion of Runx2-positive cells, accompanied by an increase in Runx2 expression, was
observed in the osteogenic mesenchyme of the Bc/1167'~ facial skeleton at E14.5 (Figs. 5B,
D, H), and ectopic Runx2transcripts were detected within coronal suture of these mutants at
E16.5 (Fig. 5F). In addition, osteoblasts (defined by expression of Runx2) of Bcl1157~
premaxillary mesenchyme exhibited 60% increase in proliferation compared to the
osteoblasts of control mice at E14.5 (Figs. 51-K). This observation suggests that BCL11B
limits osteoblast expansion and represses Runx2 expression within sutural mesenchyme of
the facial skeleton.
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Runx2 expression, as well as the stability, DNA-binding, and transcriptional activity of this
transcription factor are induced by FGF signaling pathways, which play important roles in
regulation of craniofacial sutural patency (Kim et al., 2003a; Park et al., 2010; Twigg et al.,
2013; Xiao et al., 2002). Activating mutations within FGFR receptors are associated with
syndromic and non-syndromic craniosynostosis in mice and humans (Nie et al., 2006). The
FGF family is comprised of 22 genes encoding structurally related growth factors (Ornitz
and Itoh, 2001). Fgf2, Fgf9, FgfiOand Fgfi8are expressed in developing bones and/or
sutural mesenchyme and have been associated with enhanced ossification and skeletal
defects including craniosynostosis (Behr et al., 2010; Hajihosseini et al., 2009; Harada et al.,
2009; Kim et al., 1998; Liu et al., 2002; Montero et al., 2000; Ohbayashi et al., 2002; Rice et
al., 2000). Although Fgf4is not expressed in the developing facial or cranial skeleton, direct
application of FGF4 in the vicinity of sutures promotes osteoblast proliferation and/or
differentiation and subsequent sutural closure (Greenwald et al., 2001; Kim et al., 2003b;
Kim et al., 1998; Nagayama et al., 2013).

FGFs bind four high-affinity receptor tyrosine kinases (FGFR1 to FGFR4). Mutations in
genes encoding FGFR1-3, but not FGFR4, are associated with craniosynostosis in mice and
humans (Chim et al., 2011). In general, all of these mutations result in receptors with
enhanced and/or constitutive activity (Cunningham et al., 2007). Expression of FgfrZc, as
well as low levels of Fgfric, Fgfr2b, and Fgfr3c, has been reported in developing calvarial
bones and particularly at the osteogenic fronts of these bones (Rice et al., 2003).

We showed previously that BCL11B regulates FGF signaling during incisor development
(Kyrylkova et al., 2012a). Therefore, we analyzed Bc/1267/~ mice for expression of multiple
FGF ligands and receptors that play roles during craniofacial development. We did not detect
alterations in expression of genes encoding FGF or FGFR family members in Bc/1167/~
mice (Figs. S5, S6), with the exception of Fgfr2c (Figs. 6A-H). Fgfr2c expression was
detected widely within differentiating osteoblasts of the face and head of control mice but
was generally excluded from sutural mesenchyme (Fig. 6A, C, E, G), as reported previously
(Iseki et al., 1997; Rice et al., 2003). FgfrZctranscripts were ectopically expressed within
facial and coronal sutures of Bc/Z167~ mice at E14.5 and E16.5, respectively (Fig. 6B, D, F,
H). These results suggest that BCL11B normally represses Fgfr2c expression within
craniofacial sutures.

Fgfr2ctranscripts were generally excluded from the more differentiated mesenchyme within
the central osteoid of Bc/1167/~ facial bones (Fig. 6D, H). Fgfr2isoforms are expressed
early in the osteoblast lineage and are down-regulated as osteoprogenitors mature toward
terminal differentiation (Iseki et al., 1997). Therefore, decreased Fgfr2c expression in the
central osteoid of facial bones of the Bc/Z157~ mice is consistent with enhanced osteoblast
differentiation in these areas of the craniofacial skeleton.

Analysis of facial gene expression by qRT-PCR did not reveal significant, quantitative
changes in expression of Fgfr2c between Bc/1167'~ and control samples (Fig. 61), consistent
with the fact that Fgfr2c expression was decreased in the central osteoid and increased in the
facial sutures of Bc/1167/~ mice (Fig. 6A-D, G, H). However, expression of both Runx2and
Bsp was significantly up-regulated in the facial tissue of Bc/1167/~ mice by 1.6- and 2-fold,
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respectively (Fig. 61), supporting the findings of histological analyses (Fig 4A-D, 5A-D, G,
H).

We observed increased osteoprogenitor proliferation and Runx2expression in Bcl1157~
skulls, both of which phenocopy defects of mice harboring gain-of-function mutation of
Fofr2c (Fgfr2c342y/*) (Eswarakumar et al., 2004). Bc/1167/~ mice over- and ectopically-
express a wild-type form of Fgfr2c, yet exhibit a craniosynostosis phenotype that is much
more severe than that of mice heterozygously expressing a constitutive active form of the
receptor, e.g. Fgfr2cc3#2/* This may be explained by the fact that Fgf72 overexpression
results in ligand-independent activation of the receptor, as was shown in other cell systems
(Turner et al., 2010). Moreover, overexpression of Fgfr1, driven by transient transfection,
results in FGF2-mediated proliferation in neonatal cardiac myocyte cultures (Sheikh et al.,
1999). In the latter case, overexpressed FGFR1 would appear to be stimulated by an FGF
ligand(s) that is in the vicinity. Therefore, we suggest that overexpression of Fgfr2cin the
sutural mesenchyme, without concomitant changes in the expression of FGF ligands,
contributes to craniosynostosis in Bc/1157~ mice.

Finally, BCL11B may play an additional or alternative role in establishing and/or
maintaining the boundary between osteogenic and sutural mesenchyme, as previously
described for 7wist1*'~ mice (Yen et al., 2010), a model of Saethre-Chotzen syndrome (el
Ghouzzi et al., 1997; Paznekas et al., 1998). In this regard, it may be of interest that
expression of 7wistI was down-regulated in the coronal suture of Bc/1167~ mice (Fig. 7A-
B). These findings suggest that the 7wistI gene, like the genes encoding RUNX2 and
FGFR2, appears to be downstream of BCL11B in the craniofacial skeleton.

Conclusions

Data presented herein demonstrate that BCL11B plays an important role in maintaining
sutural patency from the earliest stages of mouse craniofacial development. BCL11B
appears to control a gene network that regulates timely proliferation and differentiation of
osteoprogenitors, limits premature bone mineralization, and suppresses ossification of facial
and coronal sutures. We speculate that the principal mechanistic basis of these actions of
BCL11B is the activation and/or maintenance of 7wistI expression, coupled with repression
of Fgfr2c expression and the RUNX2-dependent osteogenic program within osteogenic and
sutural mesenchyme. The model shown in Fig. 7C depicts placement of BCL11B in
osteogenic pathway within the coronal suture. This model is based on current data and our
previous demonstration that BCL11B and FGF signaling participate in a reciprocal,
inhibitory circuit during incisor development (Kyrylkova et al, 2012). Because BCL11B
appears to regulate expression of 7wist positively in the coronal suture but negatively
regulates expression of Fgfr2cand RunxZ, BCL11B is depicted upstream of all three
signaling pathways.

Craniosynostosis may be isolated (non-syndromic) or associated with other clinical signs as
part of a syndrome. Plausible causative mutations have been identified only in ~30% of the
cohort that comprised over 300 cases of craniosynostosis (Wilkie et al., 2010). Genes that
are predominantly affected in craniosynostosis are FGFRZ, FGFR3, TWIST1, EFNBI,
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TCF12 and ERF (Fitzpatrick, 2013; Sharma et al., 2013; Twigg et al., 2004; Twigg et al.,
2013; Wilkie et al., 2010). However, ~70% of craniosynostosis cases still have unknown
genetic etiology (Fitzpatrick, 2013). We do not presently know if mutations at the BCL11B
locus contribute to craniosynostosis in humans, as suboptimal exome coverage of this locus
hinders identification of possible mutations in humans (A. Wilkie, personal communication).
However, we have observed that disruption of a single Bc/11b allele in mice in some cases
results in synostoses within the facial skeleton at P20 (Fig. S7), indicating that heterozygous
mutation of the Bc/11b locus is sufficient to produce facial synostoses. Moreover, Potter and
colleagues recently reported that expression of BCL 118 was down-regulated 5-fold in the
ossified, compared to non-ossified, sutures of craniosynostosis patients (Potter et al., 2015).
The latter finding is consistent with /n vivo data from both mouse models described herein.
These findings, together with our data, establish plausibility that dysregulated expression of
BCL11B may be implicated in craniosynostosis in humans. Further understanding of the
underpinnings of BCL11B action in the non-osteogenic mesenchyme of craniofacial sutures
should provide insight into transcriptional mechanisms controlling maintenance of sutural
patency in embryonic and neonatal life.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Bcl116™c= and Bel1167'~ mice exhibit severe cranial and facial
synostoses.

BCL11B is expressed in developing craniofacial osteogenic and sutural
mesenchyme.

BCL11B restricts premature osteoblast differentiation and mineralization of
the skull.

BCL11B prevents ectopic expression of Fgfr2c and Runx2in sutures.

BCL11B maintains expression of 7w/stI in sutures.
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Fig. 1. Bcl 116"/~ mice exhibit craniosynostosis and variable degree of bone porosity at three
weeks of age

(A-D) Ventral and lateral views of mouse heads show abnormal shape, short snouts, and
severe malocclusion in Bc/116™¢~ mice at P21. (E-N) Dorsal, lateral, and ventral views of
the micro-CT images of control (Bc/126™2) and Bcl116™¢~ mouse skulls at P21. Red
lines indicate dental occlusion. Asterisks denote sutures affected by synostosis in
Bcl116°7!1= skulls and corresponding patent sutures in the control mice. Arrow points to
the lack of fractal interdigitation in Bc/116¢°~~ fronto-premaxillary suture. Arrowheads
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point to increased porosity in multiple Bc/126°c~/= skull bones. Bones affected by porosity:
BS, basisphenoid; F, frontal; IP, interparietal; M, maxillary; Md, mandible; N, nasal; O,
occipital; P, parietal; Pl, palatine; PC, periotic capsule; PM, premaxillary; PS, presphenoid;
S, squamosal; TB, tympanic bulla; Z, zygomatic. Sutures affected by synostosis: fp, fronto-
premaxillary; if, interfrontal; in, internasal; np, naso-premaxillary; pm, premaxillary-
maxillary; t, temporal. Scale bars: 1 mm. (O) qRT-PCR analysis indicates up-regulated
expression of pro-inflammatory cytokines in parietal and frontal bones of Bc/1147°¢~/
skulls. Error bars indicate standard deviation. ** denotes statistical significance at p < 0.01;
*** denotes statistical significance at p < 0.001 (n = 4 for each genotype).
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Fig. 2. Craniofacial defects of Bcl11b"°C™/~ and Bcl11b™/~ mice at birth
Dorsal and lateral views of the micro-CT images of control (Bc/116™"" and Bcl116),

Bcl11b™c71= and Bcl1167~ mouse skulls at PO. Red lines indicate dental occlusion.
Asterisks denote sutures affected by synostosis in Bc/116°c~/= and Bcl1167/~ skulls and
corresponding patent sutures in the control mice. Arrowheads indicate increased
mineralization and reduced anterior fontanelle (af) within Bc/716™¢~ and Bel1167~
calvaria. Affected sutures: c, coronal; fm, fronto-maxillary; np, naso-premaxillary; pm,
premaxillary-maxillary; t, temporal. Scale bars: 1 mm.
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Fig. 3. BCL11B expression in osteogenic and sutural mesenchyme
BCL11B immunostaining in sections of embryonic faces (two upper rows represent sections

from two different planes) and calvaria (lower row) at indicated stages. Osteogenic
mesenchyme (om) is denoted by asterisk in the facial sections and outlined by blue line in
the sections of calvaria. ¢, coronal suture; dm, dura mater; F, frontal bone; P, parietal bone.
Scale bars: (two upper rows) 500 pm; (C), (F,I) 200 um.
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Fig. 4. Increased osteoblast maturation, mineralization, and craniofacial synostoses in Bcl 1167/~
embryonic skulls

(A-D) RNA ISH using a Bsp probe and (E-H) von Kossa staining in sections of control and
Bcl1167 heads at two different planes in E14.5 embryos. Arrowheads point to enhanced
osteoblast maturation and increased mineralization, respectively, in Bc/1167 facial
mesenchyme. (I-P) Dorsal and lateral views of the micro-CT images of control and
Bcl1167'~ mouse skulls at indicated stages. Arrowheads point to increased mineralization in
craniofacial bones of Bc/1167~ skulls. Asterisks denote sutures affected by synostosis in
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Bcl1167= skulls and corresponding patent sutures in the control mice. Affected bones: F,
frontal; M, maxillary; N, nasal; P, parietal; PM, premaxillary. Affected sutures: ¢, coronal;
pm, premaxillary-maxillary; t, temporal. Scale bars: (A-H) 500 pm; (I-L), (M—P) 1 mm.
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Fig. 5. Increased Runx2 expression and proliferation in the Bcl 11b7~ embryonic faces and
ectopic Runx2 expression within the Bcl 11b~/~ coronal suture

(A-H) RNA ISH using a Runx2 probe in sections of embryonic faces at E14.5 at two
different planes (A-D) and at higher magnification (G, H) and in coronal suture at E16.5 (E,
F). Arrowheads denote up-regulation and expansion of Runx2 expression. Asterisks indicate
ectopic expression of Runx2in Bcl116™'~ sutures. (1, J) BrdU immunostaining in sections of
control and Bc/115~ heads at E14.5. Bones: F, frontal; M, maxillary; N, nasal; P,
parietal; PM, premaxillary. Sutures: ¢, coronal. Scale bars: (A-D) 500 um; (E, F) 200 ym;
(G, J) 100 pm. (K) Quantification of the BrdU index (BrdU™* cells as a fraction of
hematoxylin* cells). Error bars indicate standard deviation. *** denotes statistical
significance at p < 0.001 (n = 3).

Dev Biol. Author manuscript; available in PMC 2017 July 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuely Joyiny

Kyrylkova et al.

Page 21

Bcl11b* (|
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Fig. 6. Altered Fgfr2c expression in the Bcl 11b7~ embryonic faces and coronal suture
(A—H) RNA ISH using an FgfrZc probe in sections of embryonic faces at E14.5 at two

different planes (A-D) and at higher magnification (G, H) and in coronal suture at E16.5 (E,
F). Arrowheads denote up-regulation and expansion of Fgfr2c expression. Arrows point to
the lack of Fgfr2c expression within the central osteoid of facial bones in Bc/Z267/~ mice.
Asterisks indicate ectopic expression of Fgfr2cin Bcl11b7'~ sutures. Bones: F, frontal; M,
maxillary; N, nasal; P, parietal; PM, premaxillary. Sutures: ¢, coronal; np, naso-premaxillary;
pm, premaxillary-maxillary. Scale bars: (A-D) 500 um; (E, F) 200 um; (G, J) 100 um. (1)
gRT-PCR analysis indicates quantitatively non-significant change in FgfrZc expression and
an increase in Runx2and Bsp expression in Bcl116°°~!~ faces at E14.5. Error bars indicate
standard deviation. ns, not significant; ** denotes statistical significance at p < 0.01; ***
denotes statistical significance at p < 0.001 (n = 3).
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Fig. 7. Loss of expression of Twistl in coronal suture of Bcl 11b~/~ mice at E16.5 and model for
role of BCL11B in maintaining patency of the coronal suture

(A, B) RNA ISH using a 7wistI probe in sections of control and Bc/Z167~ embryonic heads
at E16.5. c, coronal suture; F, frontal bone; P, parietal bone. Scale bar: 200 um. (C) Working
model of BCL11B action in non-osteogenic mesenchyme of coronal suture. We propose that
BCL11B induces or maintains expression of 7wistI while repressing expression of both
FgfrZcand Runx2. TWIST1 may also repress expression of Runx2and FgfrZc. This model
posits that activation of the FGF pathways, via FGFR2c, leads to down-regulation of Bc/11b
expression or BCL11B protein levels, which attenuates BCL11B-mediated maintenance of
Twist1 expression and relieves BCL11B-mediated repression of expression of both Fgfr2c
and RunxZ, and facilitating osteogenesis.
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Table 1

Primer sequences used for quantitative PCR

Gene Forward primer (5'...3") Reverse primer (5'...3")
Bsp GGGAGGCAGTGACTCTTCAG CTGGTCTTCATTCCCCTCAG
Fofrze GTGCTTGGCGGGTAATTCTA GGAAGCCGTGATCTCCTTCT
Hprt GTTAAGCAGTACAGCCCC AGGGCATATCCAACAACA
111b AAGATGAAGGGCTGCTTCCAA TGAAGGAAAAGAAGGTGCTCATG
116 GAGGATACCACTCCCAACAGACC | AAGTGCATCATCGTTGTTCATACA
Runx2 CGGTAACCACAGTCCCATCT ACTGGCGGTGCAACAAGAC
Tnf CTGTAGCCCACGTCGTAGCA GTGTGGGTGAGGAGCACGTA
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Table 2

Bone volumes (in mm3) at E16.5 in wild-type and Bc/1167'~ mice

Embryonic age

E16.5 E18.5

Bcll1b** Bcll1b™~ Bcl11b** Bclllb™~

Frontal 0.34+005 (a54+002* 1144023 129%0.25
Parietal 0.14+001 gp4002** 058+013 071021

Total  226+018 9g944032% 88%23  89%22

*
p<0.05

Aok

p<0.01
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