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Sutures, where neighboring craniofacial bones are separated by undifferentiated mesenchyme, are major
growth sites during craniofacial development. Pathologic fusion of bones within sutures occurs in a wide
variety of craniosynostosis conditions and can result in dysmorphic craniofacial growth and secondary
neurologic deficits. Our knowledge of the genes involved in suture formation is poor. Here we describe
the novel expression pattern of the BCL11B transcription factor protein during murine embryonic cra-
niofacial bone formation. We examined BCL11B protein expression at E14.5, E16.5, and E18.5 in 14 major
craniofacial sutures of C57BL/6] mice. We found BCL11B expression to be associated with all intramem-
branous craniofacial bones examined. The most striking aspects of BCL11B expression were its high levels
in suture mesenchyme and increasingly complementary expression with RUNX2 in differentiating os-
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Bone teoblasts during development. BCL11B was also expressed in mesenchyme at the non-sutural edges of
Skull intramembranous bones. No expression was seen in osteoblasts involved in endochondral ossification
Calvaria of the cartilaginous cranial base. BCL11B is expressed to potentially regulate the transition of mesen-

Ctip2 chymal differentiation and suture formation within craniofacial intramembranous bone.

© 2014 Elsevier B.V. All rights reserved.

Proper growth of the skull requires the correct differentiation
and coordinated growth of many individual bones. During devel-
opment, the growing borders of neighboring bones are separated
by undifferentiated mesenchyme in complexes called sutures. Pre-
mature obliteration of these sutures by the inappropriate fusion of
adjacent bones and loss of the intervening mesenchyme occurs in
craniosynostosis, involving calvarial sutures (Morriss-Kay and Wilkie,
2005). Facial sutures may also be affected, causing midface retru-
sion, which can occur with craniosynostosis or independently
(Kreiborg, 2000). The list of genes in which mutations result in suture
fusion in both humans and mice is growing, particularly for
syndromic craniosynostosis, but the genetic basis for the majority
of human craniosynostosis, which is non-syndromic, is still largely
unknown (Heuzé et al., 2014; Holmes, 2012; Jabs and Lewanda, 2013;
Wilkie et al., 2010). A complete knowledge of gene expression within
the osteogenic fronts and suture mesenchyme will aid the discov-
ery of such genes, and enhance our understanding of suture biology
and craniofacial growth.
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BCL11B (also known as COUP-TF interacting protein 2 or CTIP2)
is a Kruppel-like C2H2 transcription factor (Avram et al., 2000). BCL11B
can interact with COUP-TF or HDACs and other chromatin-associated
proteins to repress transcription (Avram et al., 2000; Marban et al.,
2007). Transcriptional targets of BCL11B include cell cycle regula-
tors (Cherrier et al., 2009; Topark-Ngarm et al., 2006) and signaling
pathways affected include those of FGF, SHH, EGF, and NOTCH
(Kyrylkova et al., 2012; Zhang et al., 2012). During embryonic de-
velopment, BCL11B is expressed in the brain, thymus, skin epidermis,
dermis, and hair follicles, oral and gut epithelia, and teeth (Arlotta
et al., 2005; Golonzhka et al., 2007, 2009b; Leid et al., 2004). Total
and conditional mouse knockouts of Bcl11b have revealed its crit-
ical role in the development of thymocytes (Wakabayashi et al., 2003),
neurons (Arlotta et al., 2005), skin (Golonzhka et al., 2009a) and teeth
(Golonzhka et al., 2009b). While BCL11B expression in early facial
mesenchyme has also previously been shown (Chan et al., 2007; Leid
etal., 2004), an observation of midfacial hypoplasia in Bcl11b knock-
out mice has only recently been described (Golonzhka et al., 2009b;
Katsuragi et al., 2013), and an understanding of how the known
BCL11B expression domains could relate to this phenotype is lacking.
Here, we show that BCL11B is widely expressed during suture de-
velopment in murine embryos, and describe its expression patterns
across a comprehensive range of craniofacial sutures that have not
previously been shown to express BCL11B. Its ubiquitous presence
at these sites suggests an important role for BCL11B in the regu-
lation of osteogenic differentiation and suture formation.
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1. Results

It is known that Bcl11b is diffusely expressed in the distal man-
dibular and facial mesenchyme during early embryogenesis,
including murine embryonic day (E) 12.5 (Chan et al., 2007; Leid
et al., 2004). We used an established antibody to BCL11B (Arlotta
et al.,, 2005; Kyrylkova et al., 2012; Senawong et al., 2003;
Topark-Ngarm et al., 2006) to determine the relationship between
BCL11B expression and craniofacial bone formation during embry-
onic mouse development, starting at E14.5, when most craniofacial
bones have begun to form. Embryonic heads were sectioned in the
sagittal, coronal and transverse planes to study 14 different sutures
and their associated bones. To better define when BCL11B is ex-
pressed during osteogenesis, sections were co-immunostained with
a RUNX2 antibody that identifies committed osteoprogenitors and
mature osteoblasts.

1.1. Craniofacial expression of BCL11B at E14.5

At E14.5, the BCL11B protein was widely detected throughout
the facial mesenchyme, and co-expressed with RUNX2 in osteo-
genic regions, with the exception of more differentiated osteoblasts
(Table 1). Specifically, BCL11B expression overlapped with RUNX2
in osteogenic mesenchyme encompassing the premaxillary, max-
illary and palatine bones, and the presumptive suture mesenchyme.
However, BCL11B was absent in the more mature osteoblasts at the
core of these elements, indicated by areas of matrix deposition or
increased intensity of RUNX2 expression (Fig. 1A-D).

In the vomer bones of the nasal septum BCL11B was expressed
within the domain of RUNX2 expression, particularly ventrally and
in the outer domain of RUNX2 (Fig. 2A, B). BCL11B was expressed
in the lateral and medial peripheries of the maxillary bone, and in
the RUNX2-positive condensing mesenchyme adjacent to the medial
epithelial seam of the fusing palatal shelves (Fig. 2C, D). BCL11B was
co-expressed with RUNX2 throughout both the nasal bone anlagen
and presumptive internasal suture mesenchyme (Fig. 2F). In the cal-
varial interparietal bone, BCL11B expression overlapped with RUNX2
expression, but the highest expression was confined to the periph-
ery of the bone anlagen (Fig. 1F). At the ventral edge of the calvarial
frontal bone, BCL11B expression was restricted to the peripheral area
of lower RUNX2 expression (Fig. 2G).

The areas where BCL11B expression was present in the absence
of RUNX2 include the facial mesenchyme anterior to the premax-
illary and mandibular bones (Fig. 1A, B, E). The anterior palatal
shelf mesenchyme lacked BCL11B and RUNX2 expression,

Table 1
Relative BCL11B expression in major craniofacial sutures during embryonic murine
development?.

Suture E14.5 E16.5 E18.5
Frontonasal ++ ++ ++
Nasopremaxillary ++ ++ .
Premaxillary/maxillary ++ ++ +
Maxillary/palatine ++ it —
Internasal ++ T+ e
Interpremaxillary na + +
Intermaxillary na + +
Interpalatine na + +
Macxillary/zygomatic na +H ++
Squamoparietal na + ++
Interfrontal na ++ +
Sagittal na ++ +
Coronal + ++ T+
Lambdoid na T+t +

3 Expression key: +, weak; ++ medium; +++, strong; na, not applicable (suture absent
or not obvious). See text for distribution of expression within sutures.

apart from a few BCL11B-positive cells adjacent to the medial palatal
epithelium (Fig. 2E). In contrast to the facial bones, RUNX2-
positive cells of the mandibular bone and the adjacent BCL11B-
positive mesenchyme showed only a narrow area of overlap (Fig. 1E).
BCL11B was absent from the cartilage of the nasal septum and
turbinates (Figs. 1B, 2B, F), cranial base, and inner ear (not
shown).

1.2. Craniofacial expression of BCL11B at E16.5

At E16.5 BCL11B expression was still present in the distal facial
mesenchyme (Fig. 3A, B). Compared to E14.5 the relationship
between BCL11B expression and osteogenesis was more sharply
defined and overlapped less with RUNX2, as exemplified by ex-
pression associated with the nasal bone and adjacent frontal and
premaxillary bones. Mesenchymal BCL11B expression surrounded
the RUNX2-positive nasal bone, partially overlapping with less in-
tensely RUNX2-positive cells in a layer of only a few cells thickness
(Fig. 3A, C). Expression continued posteriorly throughout the mes-
enchyme of the presumptive frontonasal suture, which expressed
low levels of RUNX2, and anteriorly into the mesenchyme of the
nasopremaxillary suture, which lacked RUNX2. Unlike the broad
co-expression seen in this suture at E14.5, the overlap between
sutural BCL11B and premaxillary RUNX2 expression typically con-
sisted of a single cell layer. BCL11B was distinctly expressed in the
mesenchyme of the premaxillary/maxillary and maxillary/palatine
sutures, and in the mesenchyme surrounding the posterior edge
of the palatine bone. BCL11B expression extended along the bone
surfaces away from suture mesenchyme but was typically con-
fined to one or two cell layers, or not detectable (Fig. 3D-F). High
BCL11B expression extended anteroposteriorly and mediolaterally
throughout the overlapping maxillary/palatine suture (Figs. 3E, 4A,
B). In contrast, expression in the midline interpalatine (Fig. 4C) and
intermaxillary (not shown) sutures was low, with increased ex-
pression confined to the mesenchyme at the medial periphery of
the palatine and maxillary bones, while RUNX2 expression ex-
tended across the midline suture mesenchyme. Peripheral
mesenchyme surrounding the vertical extensions of the palatine
bones also expressed BCL11B (Fig. 4D). In calvarial bones such as
the frontal bone, BCL11B continued to be expressed along their
outer margins (Fig. 4E). Another distinctive site of high BCL11B ex-
pression could now be found in the RUNX2-negative suture
mesenchyme between the zygoma (jugal bone) and zygomatic
process of the maxillary bone in the maxillary/zygomatic suture,
and showed some overlap with the outer layers of RUNX2-
positive osteoblasts (Fig. 4F). Expression was also seen in the molar
epithelium and restricted regions of the adjacent mesenchyme, as
previously reported (Fig. 4G) (Golonzhka et al., 2009b). BCL11B ex-
pression was not detected in association with mandibular bone
(not shown). Within the cranial base, BCL11B expression was absent
from cartilage and sites of endochondral ossification where RUNX2-
positive osteoblasts were present in the perichondrium and on
trabeculae (not shown).

BCL11B expression was also examined in the calvarial sutures
at E16.5. In both the sagittal and interfrontal sutures the parietal
and frontal bone edges, respectively, are widely separated by mes-
enchyme. BCL11B was co-expressed with RUNX2 in the less mature
osteogenic mesenchyme at their peripheries but excluded from more
differentiated osteoblasts adjacent to osteoid (Fig. 5A, B). In the
coronal suture, the frontal and parietal bone edges are typically over-
lapping and RUNX2 expression is more tightly confined to the bone
edges. BCL11B expression was strongest in RUNX2-negative cells
of the suture mesenchyme and only overlapped narrowly with
RUNX2-positive cells (Fig. 5C). In the squamoparietal suture, BCL11B
was expressed most strongly in the suture mesenchyme, where
RUNX2 expression was low (Fig. 5D).
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Fig. 1. Craniofacial BCL11B expression at E14.5 compared with RUNX2 (sagittal plane). (A) Hematoxylin and eosin (HE) staining of a parasagittal section indicating boxed
areas immunostained in B-E. The location of the section is shown on the inset schematic. (B-F) Co-immunostaining results for BCL11B (B1-F1) and RUNX2 (B2-F2) are
shown separately as gray channel images, or merged (B3-F3; red, BCL11B; green, RUNX2). (B) Premaxillary bone. Asterisk indicates BCL11B-positive/RUNX2-negative facial
mesenchyme. (C) Premaxillary/maxillary suture. (D) Maxillary/palatine suture. (E) Mandible and adjacent anterior mesenchyme. Brackets indicate narrow overlap of BCL11B
and RUNX2 expression. Asterisk indicates BCL11B-positive/RUNX2-negative mesenchyme. (F) Interparietal bone. Scale bars: 500 um for A and 100 um for B-F. Abbrevia-
tions: e, tangential section of nasal epithelium; ip, interparietal bone; mn, mandible; mx, maxillary bone; nc, nasal cartilage; pl, palatine bone; pmx, premaxillary bone.

1.3. Craniofacial expression of BCL11B at E18.5

Craniofacial expression of BCL11B at E18.5 was similar to that
at E16.5 (Table 1). In the facial sutures the strongest expression re-
mained within the maxillary/palatine suture mesenchyme, and was
also distinct within the suture mesenchyme between frontal, nasal
and premaxillary bones (Fig. 6A-D). In contrast to the sparse BCL11B
expression generally seen along bone surfaces away from the suture,
the premaxillary bones were surrounded by a two-to-three cell layer
of BCL11B-positive/RUNX2-negative cells (Fig. 6A, B). Interpalatine

and intermaxillary BCL11B suture expression remained confined
along the bone edges within the suture, except where the suture
was narrowest and expression was in the central mesenchyme (not
shown). In the cranium BCL11B was most strongly expressed in the
coronal and squamoparietal suture mesenchyme (Fig. 6E; Table 1).
In the posterior interfrontal, sagittal and lambdoid sutures, where
adjacent bone edges were more widely separated, BCL11B expres-
sion extended from the peripheral edges of interfrontal, parietal and
interparietal bones, overlapping with low RUNX2 expression as at
E16.5. In the anterior interfrontal suture low levels of BCL11B and
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Fig. 2. Craniofacial BCL11B expression at E14.5 compared with RUNX2 (coronal plane). (A) HE staining of a coronal section indicating boxed areas immunostained in B, C,
D, G. The location of this section and that of E and F is shown on the inset schematic. (B-G) Co-immunostaining results for BCL11B (B1-G1) and RUNX2 (B2-G2) are shown
separately as gray channel images, or merged (B3-G3; red, BCL11B; green, RUNX2). (B) Vomer bones. (C) Lateral edge of the maxillary bone. (D) Medial edge of the max-
illary bone and mid-palatal mesenchyme. Arrow indicates medial epithelial seam. (E) Medial edge of the maxillary bone and palatal mesenchyme anterior to plane of section
in A (see inset schematic). Arrowhead indicates BCL11B-positive palatal mesenchyme cells. (F) Nasal bone anlagen and internasal suture mesenchyme anterior to plane of
section in A (see inset schematic). (G) Ventral edge of frontal bone. Scale bars: 500 um for A and 100 um for B-G. Abbreviations: fr, frontal bone; mx, maxillary bone; nc,

nasal cartilage; sc, septal cartilage; vm, vomer bone.

RUNX2 could now be seen throughout the suture mesenchyme
(Fig. 6F).

1.4. Co-expression of BCL11B and other osteoblast markers

We further delineated the relationship between BCL11B and os-
teogenesis by comparing its expression to that of alkaline
phosphatase (ALP) activity, which is upregulated in preosteoblasts
(Candeliere et al., 2001). Typically, BCL11B expression was ex-
cluded from regions of increased ALP activity, coinciding with

increased RUNX2 expression, as seen in the coronal, maxillary/
palatine and maxillary/zygomatic sutures at E16.5 (Fig. 7A-F).
Overlap of BCL11B expression and high ALP activity, as shown in
the sutural surface of the zygomatic process of the maxillary bone
within the maxillary/zygomatic suture, was rarely seen (Fig. 7E).
The DNA-binding protein SATB2 is expressed in the cerebral
cortex, early craniofacial mesenchyme, and differentiated bone
(Dobreva et al., 2006; Szemes et al., 2006). In differentiating neurons
of the cortex, SATB2 directly downregulates Bcl11b expression
(Alcamo et al., 2008). To determine whether a similar relationship
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Fig. 3. Craniofacial BCL11B expression at E16.5 compared with RUNX2 (sagittal plane). (A) HE staining of a parasagittal section indicating boxed areas immunostained in
B-F. The location of the section is shown on the inset schematic. (B-F) Co-immunostaining results for BCL11B (B1-F1) and RUNX2 (B2-F2) are shown separately as gray
channel images, or merged (B3-F3; red, BCL11B; green, RUNX2). (B) Facial mesenchyme and whisker follicles. (C) Nasal bone, adjacent frontal and premaxillary bones, and
intervening sutures. (D) Premaxillary/maxillary suture. (E) Maxillary/palatine suture. (F) Posterior edge of palatine bone. Scale bars: 1 mm for A and 100 um for B-F. Ab-
breviations: f, whisker follicles; fr, frontal bone; mx, maxillary bone; na, nasal bone; nc, nasal cartilage; pl, palatine bone; pmx, premaxillary bone.

may be possible during bone formation, we co-immunostained sec-
tions as before at E14.5, E16.5 and E18.5 for BCL11B and SATB2
expression. SATB2 expression was confined to mature osteoblasts
adjacent to secreted osteoid, and was typically not adjacent to cells
expressing BCL11B, suggesting that SATB2 may not be involved in
Bcl11b downregulation in osteoblasts (Fig. 8).

In the neural cortex the major population of BCL11B-positive cells
is post-mitotic, but BCL11B is expressed in proliferating oral epi-
thelial cells (Arlotta et al., 2005; Golonzhka et al., 2007). We co-
immunostained sections at E14.5 and E16.5 for BCL11B and Ki67,
a marker for proliferating cells, and found no specific exclusion of
BCL11B from proliferating cells within areas of suture or bone for-
mation (not shown).

1.5. Expression of Bcl11b and other genes in the coronal suture
at E16.5

We confirmed mRNA expression of Bcl11b in the coronal suture
and compared its level of expression to that of Runx2 and other genes
of the suture complex. By using RNA-Seq analysis of mRNA derived
from four independent microdissected coronal suture prepara-

tions, we observed that Bcl11b was clearly expressed above
background levels of gene expression, though lower than other
known sutural genes, such as Twist1, Fgfr2, Runx2, and Sp7 (Osterix)
(Fig. 9).

2. Discussion

While the existence of Bcl11b expression in the early facial mes-
enchyme was previously known (Chan et al., 2007; Leid et al., 2004),
the recent demonstrations of midfacial hypoplasia in Bcl11b7- mice
suggest a later role for this transcription factor in craniofacial de-
velopment (Golonzhka et al., 2009b; Katsuragi et al., 2013). Indeed,
we have found BCL11B expression to be intimately associated with
suture formation and osteoblast differentiation during intramem-
branous craniofacial bone development.

By E14.5 formation of all major craniofacial bone anlagen has
begun. BCL11B expression is extensive in both anterior facial and
mandibular non-osteogenic mesenchyme, and in the mesen-
chyme surrounding and separating the premaxillary, maxillary and
palatine bones. These bones form within a broad region of RUNX2
expression that includes the presumptive suture mesenchyme, and
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Fig. 4. Craniofacial BCL11B expression at E16.5 compared with RUNX2 (coronal plane). (A) HE staining of a coronal section indicating boxed areas immunostained in B-G.
The location of the section is shown on the inset schematic. (B-G) Co-immunostaining results for BCL11B (B1-G1) and RUNX2 (B2-G2) are shown separately as gray channel
images, or merged (B3-G3; red, BCL11B; green, RUNX2). (B) Maxillary/palatine suture. (C) Interpalatine suture. Arrowheads and arrow in C1 indicate domains of relatively
higher BCL11B expression peripheral to the palatine bones and strong expression in the palatal epithelium, respectively. (D) Dorsal edge of palatine bone. (E) Ventral edge
of frontal bone. (F) Zygomatic/maxillary suture. (G) Molar. Scale bars: 500 um for A and 100 um for B-G. Abbreviations: fr, frontal bone; mo, molar; mx, maxillary bone; pl,
palatine bone; np, nasopharynx; zpmx, zygomatic process of maxillary bone; zy, zygoma.

so BCL11B and RUNX2 expression overlap extensively. Co-expression
in the calvarial bone anlagen was also seen at E14.5. However,
BCL11B expression is clearly downregulated in more differenti-
ated osteoblasts. As development proceeds, the expression of BCL11B
becomes more sharply defined. By E16.5 the most distinct BCL11B
expression is seen in suture mesenchyme where RUNX2 expres-
sion is low or absent, especially within the maxillary/palatine and
maxillary/zygomatic sutures. A notable exception to this pattern is
seen in the interpalatine and intermaxillary sutures at E16.5, where
higher BCL11B expression is confined to the medial perimeters of
the palatine and maxillary bones and is low in the intervening
RUNX2-positive suture mesenchyme. These trends continue at E18.5.
While BCL11B expression can coincide with low levels of RUNX2,
it generally becomes sharply attenuated with increased RUNX2 ex-
pression within differentiating osteoblasts. This exclusion of BCL11B
from differentiating osteoblasts is also evident in the mutually ex-
clusive expression of BCL11B and ALP generally seen during bone

formation. BCL11B expression can also extend along the flat bone
surfaces within one or two cell layers, where expression includes
RUNX2-negative cells, and can be significantly expressed at the non-
sutural edges of bone. Interestingly, BCL11B expression was not
detected in osteoblasts involved in endochondral ossification in the
skull.

Skeletal elements initiate as mesenchymal condensations whose
cells differentiate to chondrogenic or osteoblastic fates (Hall and
Miyake, 2000). Through ill-defined mechanisms these condensa-
tions eventually end mesenchymal cell recruitment and expand by
autonomous growth as discreet skeletal elements. Similarly, the mo-
lecular mechanisms governing the formation and maintenance of
the sutures separating the intramembranous bones of the skull are
poorly understood. Most of our knowledge comes from the more
intensively studied calvarial sutures such as the coronal, sagittal and
interfrontal, with little known about these processes in facial sutures
(Depew et al., 2008; Di leva et al., 2013; Holmes, 2012; Morriss-Kay
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Fig. 5. Calvarial suture expression of BCL11B at E16.5 compared with RUNX2. (A-D) Co-immunostaining results for BCL11B (A1-D1) and RUNX2 (A2-D2) are shown sep-
arately as gray channel images, or merged (A3-B3; red, BCL11B; green, RUNX2). (A) Coronal section of sagittal suture adjacent to parietal bone. Arrow indicates the parietal
osteoid edge. (B) Coronal section of interfrontal suture adjacent to frontal bone. Arrow indicates the frontal osteoid edge. (C) Transverse section of coronal suture. (D) Coronal
section of squamoparietal suture. Scale bars: 100 um for A, B and 50 pm for C, D. Abbreviations: fr, frontal bone; pr, parietal bone; sq, squamosal bone.

Fig. 6. Craniofacial BCL11B expression at E18.5 compared with RUNX2. (A) HE staining of an anterior coronal section indicating boxed areas immunostained in B-D. The
location of the section is shown on the inset schematic. (B-F) Co-immunostaining results for BCL11B (B1-F1) and RUNX2 (B2-F2) are shown separately as gray channel
images, or merged (B3-F3; red, BCL11B; green, RUNX2). (B) Nasopremaxillary suture. (C) Interpremaxillary suture. (D) Internasal suture. Compare to Fig. 2F. (E) Transverse
section of the coronal suture (inferior level; see inset schematic). Note expression of BCL11B in suture mesenchyme between the frontal and parietal bones (arrowhead)
and additional expression at the inner table edge of the frontal bone at this level (asterisk). (F) Coronal section of the interfrontal suture (see inset schematic). Arrowheads
indicate medial edges of frontal bones; asterisk indicates epithelial BCL11B expression. Scale bars: 500 um for A and 100 um for B-F. Abbreviations: fr, frontal bone; na,
nasal bone; pmx, premaxillary bone; pr, parietal bone.
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Fig. 7. Comparison of BCL11B and RUNX2 protein expression with ALP activity within
craniofacial sutures at E16.5. Histochemical staining for ALP (red) was combined with
immunostaining for BCL11B (A, C, E) or RUNX2 (B, D, F) (green) in (A, B) transverse
sections of the coronal suture. (C, D) Coronal sections of the maxillary/palatine suture
(lateral edge shown). (E, F) Coronal sections of the zygomatic/maxillary suture. Scale
bars: 100 um. Abbreviations: fr, frontal bone; mx, maxillary bone; pl, palatine bone;
pr, parietal bone; zpmx, zygomatic process of maxillary bone; zy, zygoma.

and Wilkie, 2005; Opperman, 2000). Impediments to this under-
standing are our general ignorance of gene expression across all
sutures and of the origins of suture mesenchyme. In the calvaria,
the coronal suture originates from a specific population of apically-
migrating mesoderm cells between E11 and E13 (Deckelbaum et al.,
2012). The sagittal suture is composed of mesoderm-derived cells
posteriorly and neural crest-derived cells anteriorly, while the in-
terfrontal suture is neural crest-derived, but the more immediate
origins of these populations are not known (Jiang et al., 2002; Yoshida
et al., 2008). A major question in calvarial bone growth is the extent
to which the bones enlarge by autonomous growth or by incorpo-
ration of adjacent cells from the presumptive sutural mesenchyme.
Current evidence suggests that growth is largely autonomous, with
minor incorporation of adjacent presumptive suture mesenchyme
but exclusion of the cells from the definitive suture mesenchyme
(Lana-Elola et al., 2007; Ting et al., 2009; Yoshida et al., 2008). TWIST1
and its interacting proteins provide a major mechanism maintain-
ing suture mesenchyme and regulating osteogenesis at the osteogenic

fronts (Connerney et al., 2006, 2008; Merrill et al., 2006; Sharma
et al., 2013; Ting et al., 2009; Yen et al., 2010). We found that BCL11B
was expressed within the calvarial bone anlagen at E14.5, but also
extended into RUNX2-negative peripheral mesenchyme, raising the
possibility that BCL11B may be involved in defining the mesenchy-
mal condensation.

The origin of facial suture mesenchyme, derived from the neural
crest like the facial bones, is also unclear. That the premaxillary, max-
illary and interpalatine bones and their intervening suture
mesenchymes initially form within a common domain of RUNX2
expression suggests mechanisms to repress RUNX2-mediated os-
teogenesis within the presumptive suture mesenchyme in addition
to suture formation. BCL11B expression is localized to potentially
be involved in this function, or at least to regulate or shape the tran-
sition of mesenchymal cells to osteoblasts. HDAC activity and cell
cycle regulation are important determinants of craniofacial bone de-
velopment (Bradley et al., 2011; Hall et al., 2014; Miller et al., 2010),
and are potential avenues of BCL11B function (Cherrier et al., 2009;
Marban et al., 2007; Topark-Ngarm et al., 2006). These potential roles
are compatible with its expression along bone surfaces and at the

Fig. 8. Comparison of BCL11B and SATB2 protein expression within craniofacial
sutures at E16.5 (coronal plane). A, B: Co-immunostaining results for BCL11B (A1,
B1), SATB2 (A2, B2), and Hoechst 33258 (nuclei; A3, B3) are shown separately as
gray channel images, or merged (A4, B4; red, BCL11B; green, SATB2; blue, Hoechst
33258). A: One edge of the interpalatine suture. B: Maxillary/palatine suture. Dotted
lines overlayed in each panel delineate the edges of BCL11B and SATB2 expression.
Asterisks indicate sutural cells negative for both BCL11B and SATB2 expression. Scale
bars: 50 pm for A and 100 um for B. Abbreviations: mx, maxillary bone; pl, pala-
tine bone; sm, suture mesenchyme.
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Fig. 9. Relative expression of Bcl11b and other osteogenic markers in the coronal
suture at E16.5. Gene expression in four independent, wild-type (WT1-4) coronal
suture preparations is shown as log2 FPKM (Fragments Per Kb of transcript per Million
reads). The background distribution of expression levels for all other expressed genes
is shown as a violin plot (gray) for comparison, in which the relative width of the
shape corresponds to the density of genes at any given FPKM level. The dashed line
corresponds to the average gene expression level across all 4 samples.

non-sutural edges of bones such as the palatine and maxillary bones.
The creation of a mouse expressing Cre-ERT under control of the
Bcl11b promoter (or the promoters of other genes expressed in suture
mesenchyme) would provide an invaluable tool for investigating the
dynamics of mesenchymal recruitment into skeletal condensations.

The exact relationship between RUNX2 and BCL11B expression
is currently unclear, but bone formation in Bcl11b7- mice shows that
RUNX2 expression is not dependent on BCL11B. In the anterior-
most facial mesenchyme BCL11B is expressed independently of
RUNX2. In the facial mesenchyme giving rise to the premaxillary,
maxillary and palatine bones, early and late phases of BCL11B ex-
pression could be continuous, with downregulation in regions of
strong RUNX2 expression, either directly by high levels of RUNX2
or by other factors. In the palatal shelf mesenchyme at E14.5, BCL11B
expression is largely absent, occurring principally in RUNX2-
positive cells forming the nascent palatal extension of the maxillary
bones, suggesting co-regulation or RUNX2-dependence of BCL11B
expression.

BCL11B has functional significance in the formation of cranio-
facial bone. We have shown that BCL11B expression is compatible
with potential roles in the shaping of osteogenic mesenchymal con-
densations and/or suture formation during intramembranous
ossification. Our data also suggest the potential for involvement of
mutations affecting the BCL11B gene in human complex craniosyn-
ostosis or other craniofacial dysplasias.

3. Experimental procedures
3.1. Animals

Animal experiments were in compliance with animal welfare
guidelines mandated by the Institutional Animal Care and Use Com-
mittee of the Icahn School of Medicine at Mount Sinai. Timed
matings of wild-type C57BL/6] mice (Stock # 000664, The Jackson

Laboratory) were made to obtain the appropriate embryonic ages
for histology and immunohistochemistry.

3.2. Histology and immunohistochemistry

Heads were fixed in 4% PFA in 1x PBS overnight at 4 °C, washed
in 1x PBS, and embedded in paraffin. Three sections per slide were
cut at 5 um. Every tenth slide was stained with hematoxylin and
eosin (H&E). Antibodies used were rat anti-BCL11B (1:600; Abcam,
ab18465) and rabbit anti-RUNX2 (1:200; Sigma, HPA022040). An-
tibodies were detected by the application of Alexa Fluor 488 donkey
anti-rabbit IgG (1:200; Invitrogen, A20216) or Alexa Fluor 594 goat
anti-rat IgG (1:200; Invitrogen, A11007). Nuclei were stained with
Hoechst 33258 (1:50,000 of a 100 mg/ml stock; Invitrogen, H1398).
Alkaline phosphatase (ALP) staining was performed as described
(Miao and Scutt, 2002). For each staining and structure reported,
at least three mice were examined. Brightfield and fluorescent mi-
crographs were taken on a Nikon Eclipse E600 microscope with a
Nikon DXM1200 digital camera, using the NIS-Elements software
program. Images were processed in Photoshop.

3.3. RNA isolation and RNA-Seq analysis

Coronal sutures, including the osteogenic fronts and interven-
ing suture mesenchyme, were dissected by hand from E16.5 mouse
embryos under a stereomicroscope, immediately frozen on dry ice,
and stored at —80 °C. RNA was prepared by first homogenizing tissue
in 0.5 ml of Trizol in a 1.5 ml Eppendorf tube using a Kontes Pellet
Motor Pestle, adding another 0.5 ml of Trizol after homogeniza-
tion, and continuing as described by the manufacturer. Resuspended
RNA was DNase-digested and repurified using the RNeasy MinElute
Cleanup Kit (Qiagen). Four biological replicates were prepared for
RNA-Seq analysis. Each replicate consisted of the combined dis-
sected sutures from 3 to 6 WT embryos from an individual litter.

RNA-Seq was performed by the Genetic Resources Core Facility
(GRCF) at Johns Hopkins School of Medicine. Following library prep-
aration according to the TruSeq RNA v2 Library Preparation protocol,
samples were sequenced as paired-end 100 bp reads on the Illumina
HiSeq 2500 platform. After adapter trimming and quality filtering,
reads were mapped to the murine reference genome (NCBIM37)
using Tophat (Trapnell et al., 2009). Gene expression levels were nor-
malized and quantified using the Cufflinks package (Trapnell et al.,
2010) and expressed as the number of Fragments Per Kilobase of
transcript per Million mapped reads (FPKM).
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