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Summary

Craniofacial development is a complex process involving diverse cell populations. Various
transgenic Cre lines have been developed to facilitate studying gene function in specific tissues. In
this study, we have characterized the expression pattern of Six2Cre mice at multiple stages during
craniofacial development. Our data revealed that Six2Cre lineage cells are predominantly present
in frontal bone, mandible, and secondary palate. Using immunostaining method, we found that
Six2Cretriggered reporter is co-expressed with Runx2. In summary, our data showed Six2Cre can
be used to study gene function during palate development and osteogenesis in mouse models.
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1| INTRODUCTION

Craniofacial development is an intricate process involving diverse cell populations. These
cells are mainly derived from two origins: neural crest and mesoderm. Neural crest

cells give rise to majority of bone, cartilage, and connective tissues in facial skeleton
(Chai et al., 2000; Jiang, Rowitch, Soriano, McMahon, & Sucov, 2000; McBratney-Owen,
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Iseki, Bamforth, Olsen, & Morriss-Kay, 2008; Yoshida, Vivatbutsiri, Morriss-Kay, Saga,

& Iseki, 2008). The mesoderm mainly contributes to muscle but also to bone, cartilage,

and connective tissues in cranial base and calvarium (Gage, Rhoades, Prucka, & Hjalt,

2005; McBratney-Owen et al., 2008; Trainor & Tam, 1995; Yoshida et al., 2008). Genetic
engineering technique using Cre and loxP provides a valuable tool to study role of genes in
specific tissues. Multiple Cre lines have been generated for this purpose. Of these, Wnt1Cre
(Danielian, Muccino, Rowitch, Michael, & McMahon, 1998), Wnt1Cre2 (Lewis, Vasudevan,
O’Neill, Soriano, & Bush, 2013), POCre (Yamauchi et al., 1999), SoxI0Cre (Matsuoka et
al., 2005), and Mef2c-F10NCre (Aoto et al., 2015) are used to analyze neural crest cells.
Mesp1Cre (Saga et al., 1999) and PrxIcre (Logan et al., 2002) target mesoderm derived
cells. However, since both neural crest and mesoderm give rise to a wide range of tissues and
these Cre lines are expressed early in development, optimized Cre tools are needed to study
gene function in specific tissues.

Six2encodes a transcription factor with restricted expression pattern in developing embryos
(He et al., 2010; Liu et al., 2019; Ohto et al., 1998; Okello et al., 2017; Oliver et al., 1995).
Six2Cre transgenic mouse line was first generated to study nephron progenitor cells, but
Six2Cre lineage cells are also found in post-migratory neural crest derivatives (Kobayashi
et al., 2008), suggesting it a potential tool to study tissue-specific function of genes in
craniofacial development. We thus employed R26R reporter mice in combination with
Six2Creto assess the spatiotemporal expression of this transgene in the head (Madisen

et al., 2010). Our data revealed that Six2Cre lineage cells are detected in the secondary
palate, frontal bone, and mandible. In the bony tissues, we confirmed co-localization of
Six2Cretriggered reporter with Runx2, suggesting that Six2Cre mice can be used to study
osteogenesis in a tissue-specific manner.

2| MATERIALS AND METHODS
21| Mice

All animal studies were in compliance with the protocol approved by the Institutional
Animal Care and Use Committee of Tulane University. The following mice strains

were used in the study: 7g(Six2-EGFP/cre)!Am (Kobayashi et al., 2008) (JAX stock
#009606), referred to as Six2Cre, was maintained on C57BL/6 J;1295vJaeSor mixed genetic
background; and Gf{(ROSA)26 SormI(CAG-tdTomato)Hze (Madisen et al., 2010), referred to as
R26RT was maintained on C57BL/6Jbackground. For embryo collection, vaginal plug
was checked daily, and the midday when vaginal plug was observed was considered as
embryonic day (E) 0.5. For postnatal animals, the day on which pups were born was counted
as postnatal day 0 (PO0).

2.2| Histology

Timed embryos and postnatal pups were collected at designated day. The head samples
were dissected in ice-cold phosphate buffer saline (PBS) and fixed in 4% paraformaldehyde
(PFA)/PBS overnight at 4°C. Samples were then dehydrated in gradient sucrose/PBS washes
and embedded in OCT. Frozen samples were sectioned in 8 pm. Alkaline phosphatase-
Alcian blue (AP-AB) staining was performed as described previously (Dong et al., 2019). In
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short, sections were incubated with 0.03% nitro-blue tetrazolium chloride (NBT) (Roche,
11383213001) and 0.02% 5-bromo-4-chloro-3-indolyphosphate p-toluidine salt (BCIP)
(Roche, 11383221001) in NTMT solution (100 mM NaCl, 100 mM Tris pH 9.5, 50 mM
MgCl, and 0.1% Tween-20 in distilled water). When AP signal was fully developed, slides
were rinsed with distilled water then were immersed in 1% alcian blue 8GX (Sigma,
A5268) in 0.1 N HCI, and then counterstained with 0.1% nuclear fast red (Acros Organics,
211980050) in 0.08 M aluminum sulfate (Al>(SO4)3-18H50).

2.3| Wholemount fluorescent imaging

Staged embryos and postnatal pups were dissected in ice-cold PBS. Six2Cre;R26R™T mice
heads were imaged from lateral, dorsal and ventral sides with or without mandible using
Nikon SMZ18 stereomicroscope.

2.4] Immunofluorescence staining

The immunofluorescence staining was performed using standard protocol as described
previously (Bartoletti, Dong, Umar, & He, 2020). Briefly, slides were blocked with 5%
donkey serum for 1 hr and then incubated in primary antibody solution overnight at 4°C.
Following washes in PBS with 0.1% Tween-20, sections were incubated with secondary
antibody for 1 hr at room temperature. Sections were later mounted with VECTASHIELD
antifade mounting media with DAPI (Mector laboratories, H-1200). Following primary and
secondary antibodies were used in the study: anti-Runx2 (Cell Signaling Technology, 12556,
1:200), anti-Six2 (Proteintech, 11562-1-AP, 1:200) and Alexa fluor-488 (Thermo Fisher
Scientific, A21206, 1:400).

3.| RESULTS

To trace Six2Cre lineage cells in craniofacial tissues, we have generated Six2Cre;R26RT
mice and examined the expression pattern of tdTomato reporter at multiple stages.
Wholemount examination of E13.5 Six2Cre;R26R“T embryonic head shows the presence
of tdTomato+ cells in regions around supra orbital arch (soa), mandible (md), maxilla (mx),
pinna, pituitary gland, and palatal shelf (ps) (Figure 1a—d). Similar expression pattern of
tdTomato was observed in E16.5 and PO samples (Figure le-l).

To identify detailed expression pattern of Six2Cre, we have examined tdTomato expression
in coronal sections of Six2Cre;R26RT at both anterior and posterior level. At anterior
level, tdTomato expression is observed in cartilage of nasal septum (ns), olfactory epithelium
(oe), ps, mx, and md (Figure 2a). AP-AB staining at same level reveals location of ns
chondrocytes and osteoblasts (Figure 2b). Similar expression pattern between tdTomato and
staining confirms Six2Cre lineage cells in ns chondrocytes and osteoblasts in maxilla and
distal mandibular mesenchyme (Figure 2a,b). At posterior level, tdTomato expression is
observed in region around frontal bone (fb), ps, and md (Figure 2c). AP-AB staining shows
the pattern of chondrocytes and osteoblasts (Figure 2d) at the same level as indicated in
Figure 2e. We have further compared expression pattern of tdTomato and endogenous Six2.
At E13.5, tdTomato expression in Six2Cre;R26R™T is mostly overlapped with endogenous
Six2 protein in ns cartilage, oe, fb, ala orbitalis (ao), md, and ps (Figure Sla—c).
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At E16.5, Six2Cretriggered tdTomato expression exhibits a pattern resembling that in E13.5
embryo. At anterior level, Six2Cre lineage cells are detected in oe, ns cartilage, premaxilla
(pmx), mx, md, and the tongue mesenchyme (Figure 3a,a”). AP-AB staining at same

level revealed location of chondrocytes of ns and osteoblasts (Figure 3b,b”), in a pattern
overlapped with tdTomato (Figure 3a,a’,b,b"). At posterior level, tdTomato expression is
detected in fb, ao, ps, and md, in a pattern overlapped with AP or AB staining signal (Figure
3c,d). Section levels of E16.5 head in Figure 3a—d are indicated in Figure 3e. Similar to
tdTomato reporter expression, endogenous Six2 expression is observed in ns cartilage, oe,
fb, ao, mx, ps, and md in Six2Cre lineage cells (Figure S2a—d).

At PO, tdTomato expression is still detected in oe, ns cartilage, and mx at anterior level
(Figure 4a,b). At posterior level, tdTomato expression is found in the fb and AP-positive
cells next to ao (Figure 4c,d). It is also detected in the fused palatal shelf in a pattern
overlapped with AP signals around molars and md (Figure 4e,f). The section levels of PO
head in Figure 4a—f are indicated in Figure 4g. Endogenous Six2 expression is observed in
ns cartilage, oe, fb, mx, ps and md in Six2Cre descendants at PO (Figure S3a—d).

The overlapped expression pattern of tdTomato with AP signal (Figures 2, 3, and 4) suggests
that many Six2Cre descendants are osteoblasts. To test this hypothesis, we have examined
Runx2 expression in Six2Cre;R26R™ using immunostaining method. Our data show that

at E16.5, tdTomato expression is overlapped with Runx2 in fb (Figure 5a,c,d). In upper
molar, Runx2 expression is weak in dental epithelium (de) and strong in surrounding dental
mesenchyme (dm), mx and ps (Figure 5e,g). Extensive overlapping of Runx2 with tdTomato
is detected in dm, mx, and ps (Figure 5e,g,h). Similar expression pattern is also detected in
the lower molar. Runx2 exhibits overlapped expression pattern with tdTomato in the dm and
md (Figure 5i,k,I).

We have further examined Runx2 expression pattern in Six2Cre;R26R" mice at P0. Similar
to that in E16.5, Runx2 expression is overlapped with tdTomato in fb (Figure 6a,c,d). Runx2
is barely detected in ameloblast (am) in upper and lower molar and strongly expressed in
ps, mx, and md (Figure 6e,9,i,k). Runx2 expression remains overlapped with tdTomato in
mx, ps, and md (Figure 6e,g—i,k,I). These results are in line with our observation in E16.5
embryos, and support the notion that SixCre descendants are predominant in preosteoblasts.

DISCUSSION

Genetic engineering technique using Cre-loxP provides valuable tool to study genes’
function in specific tissues, which is usually impeded by early embryonic lethality of
null mutant. Generation and identification of tissue-specific Cre lines thus are critical in
these studies. Here, we traced Six2Cre lineage in developing embryos, with a focus on
craniofacial tissues. Previous report showed that Six2Cre triggered reporter is expressed
in post-migratory neural crest cells in craniofacial mesenchyme after E10.5 (Kobayashi
et al., 2008). In this study, our data revealed that Six2Cre descendants predominantly
contribute to the secondary palate, mandible and frontal bone. In addition, we identified
that Six2Cre triggered reporter is co-expressed with Runx2, suggesting that Six2Cre can

Genesis. Author manuscript; available in PMC 2023 September 27.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Umar et al.

Page 5

be used to analyze gene function in palate mesenchyme and osteoblasts during craniofacial
development.

Several Cre lines have been utilized in studies of palate development. Of these, Nestin-Cre
shows activity in epithelium and mesenchyme of palate (Liu et al., 2005). KZ4Cre and
Pitx2Cre have been used to examine gene function in palate epithelium (He et al., 2010;
Xiong et al., 2009). Osr2Creis expressed in the palate mesenchyme (He, Popkie, et al.,
2010; Lan, Wang, Ovitt, & Jiang, 2007; Song et al., 2013). However, a subset of Osr2Cre
mice exhibits ubiquitous expression pattern (Lan et al., 2007). Compared to Osr2Cre,
Six2Cre mice exhibit restricted expression pattern in palate mesenchyme consistently, and
does not have such a caveat. In addition, our study revealed that Six2Cre triggered reporter is
co-expressed with Runx2 in palate at E16.5 and PO (Figures 5 and 6). Taken together, these
results suggest Six2Creis a useful tool to study gene function in palate mesenchyme.

Calvarial bones are formed through intramembranous ossification, in which mesenchymal
cells differentiate directly into osteoblasts (Hall & Miyake, 2000). Previous study reported
that Six2Cre lineage cells contribute to osteoblast and osteocytes in frontal bones (Farmer
etal., 2021). In line to this, we observed Six2Cre lineage cells expressed Runx2 in frontal
bone, palate and mandible (Figures 5 and 6). These results suggest that Six2Cre descendants
contribute to calvarial osteoblasts.

Mouse tooth development is a multi-step process marked by distinct gene expression.
Previous studies have shown that at E12—-E16, dental mesenchymal cells, ameloblasts and
odontoblasts show strong Runx2 expression (Chen et al., 2009; Yamashiro, Aberg, Levanon,
Groner, & Thesleff, 2002). At E18 and postnatal stages, Runx2 expression is barely detected
in dental pulp cells, ameloblasts and odontoblasts (Chen et al., 2009; Yamashiro et al.,
2002). In present study, we also observed strong expression of Runx2 in dental mesenchyme
cells but no expression in ameloblasts (Figures 5 and 6). In line with previous reports,

our findings support that Runx2 is involved in distinct stages of tooth development, and

that Six2Cre can be used to study gene function in dental mesenchyme in a tissue-specific
manner.

Six2is expressed in cranial base, and plays an important role in its development (He,
Tavella, et al., 2010; Liu et al., 2019). We thus examined tdTomato reporter expression

in cranial base of Six2Cre;R26R™T embryo. Surprisingly, sagittal sections of E16.5
Six2Cre;R26RT head and AP-AB staining in parallel sections fail to identify tdTomato+
cells in cranial base cartilages (Figure S4a,b). These data show that Six2Cre lineage cells
do not contribute to cranial base cartilages. Since Six2Creis a BAC transgenic allele, the
discrepancy in expression between endogenous Six2 mRNA and Six2Cre could reflect the
general technical limitation of transgenes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1.
Wholemount views of Six2Cre;R26R™T head at (a—d) E13.5, (e-h) E16.5 and at (i—I) PO.

Embryonic (E13.5 and E16.5) and PO heads of Six2Cre;R26R™T were imaged at different
angles to show lateral views (a, e, i), dorsal views (b, f, j), ventral views with mandible (c, g,
k) and without mandible (d, h, I). fb, frontal bone; md, mandible; mx, maxilla; p, pinna; pg,
pituitary gland; ps, palatal shelf; soa, supraorbital arch. Scale bar, 1 mm.
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FIGURE 2.
Expression pattern of tdTomato reporter in Six2Cre;R26R™" head at E13.5. (a, b) Coronal

sections of E13.5 Six2Cre;R26R™T head at anterior level show (a) tdTomato reporter
expression and DAPI staining and (b) AP-AB staining. (c, d) Coronal sections of E13.5
Six2Cre;R26RT head at posterior level show (c) tdTomato reporter expression and DAPI
staining and (d) AP-AB staining. (e) lllustration of E13.5 head shows section levels in A-D.
ao, ala orbitalis; fb, frontal bone; mc, Meckel’s cartilage; md, mandible; mx: maxilla; ns,
nasal septum; oe, olfactory epithelium; ps, palatal shelf. Scale bar, 500 um.
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FIGURE 3.
Expression pattern of tdTomato reporter in Six2Cre;R26R™7 head at E16.5. (a, a’) tdTomato

expression on coronal section of E16.5 Six2Cre;R26R™T head at anterior level. Sections
were counterstained with DAPI. (a") is inset of (a). (b, b”) AP-AB staining on coronal
section at the same level. (b’) is inset of (b). (c) tdTomato expression on coronal section of
E16.5 Six2Cre;R26R™T head at posterior level. Sections were counterstained with DAPI. (d)
AP-AB staining on coronal section at the comparable level to (c). (e) Hllustration of E16.5
head shows section levels in (a—d). ao, ala orbitalis; fb, frontal bone; md, mandible; mx,
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maxilla; ns, nasal septum; oe, olfactory epithelium; pmx, premaxilla; ps, palatal shelf; t,
tongue. Scale bar, 500 pm.

Genesis. Author manuscript; available in PMC 2023 September 27.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Umar et al. Page 13

Six2Cre;R26R"T
(B). ™ g

Anterior

'

O Posterior €—» Anterior

Posterior

Posterior

FIGURE 4.
Expression pattern of tdTomato reporter in Six2Cre;R26R™T head at PO. (a, b) Coronal

sections of PO Six2Cre;R26R™T head at anterior level show (a) tdTomato expression and
DAPI staining and (b) AP-AB staining. (c—f) Coronal sections of PO Six2Cre;R26R“T head
at posterior level show (c,e) tdTomato expression and DAPI staining and (d, f) AP-AB
staining. (g) Hlustration of PO head shows section levels in (a—f). ao, ala orbitalis; fb,
frontal bone; Im, lower molar; md, mandible; mx, maxilla; ns, nasal septum; oe, olfactory
epithelium; ps, palatal shelf; um, upper molar. Scale bar, 500 pum.
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FIGURE 5.
Co-expression of tdTomato reporter and Runx2 in coronal sections of Six2Cre;R26R™“T head

at E16.5. (a-1) Immunofluorescence staining on coronal sections of E16.5 Six2Cre;R26R"T
head show tdTomato expression (d, h, I) with anti-Runx2 antibody (c, g, k). Sections were
counterstained with DAPI (b, f, j) and merged images are shown in (a, e, and i). de, dental
epithelium; dm, dental mesenchyme; fb, frontal bone; Im, lower molar; md, mandible; mx,
maxilla, ps, palatal shelf; um, upper molar. Scale bar, 100 pm.
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FIGURE 6.
Co-localization of tdTomato reporter and Runx2 in Six2Cre;R26R™ at PO. (a-I)

Immunofluorescence staining on coronal sections of PO Six2Cre;R26R™T head show
tdTomato expression (d, h, I) with anti-Runx2 antibody (c, g, k). Sections were
counterstained with DAPI (b, f, j) and merged images are shown in (a, e, and i). am,
ameloblast, fb, frontal bone; Im, lower molar; md, mandible; mx, maxilla; ps, palatal shelf;
um, upper molar. Scale bar, 100 pum.
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