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Abstract

Background—Neural crest cells play an important role in craniofacial morphogenesis and many
other developmental processes. The formation of neural crest cells (NCCs) invivo is a highly
dynamic process and remains to be fully understood.

Results—To investigate the spatiotemporal patterning of NCCs in vivo, we have generated
Sox10ERT2CreER™2 (SECE) mice, a transgenic line driving inducible Cre expression in NCCs.
Inducing Cre activity at different stages triggered reporter expression in distinct NCC populations
in SECE; R26R mice. By optimizing the timing and dosage of tamoxifen administration, we
controlled Cre expression specifically in cranial NCCs. Using this approach, we demonstrate an
important role for PDGFR« in cranial NCCs mitosis within the mandibular processes. Further
reducing Cre activity within the cranial NCCs of SECE; R26R embryos revealed that SECE labels
preferentially progenitors of medial nasal process (MNP) rather than the lateral nasal process
(LNP), before their formation from the frontonasal prominence (FNP).

Conclusions—Our results indicate that NCCs are formed sequentially from rostral to caudal
regions along the neural tube. These findings also suggest that NCCs within the FNP become
specified regionally and genetically before they divide into MNP and LNP.
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Introduction

Neural crest cells (NCCs) are a transient cell population unique to vertebrates characterized
by their extensive migration and multipotent properties (Le Douarin and Kalcheim, 1999;
Hall, 2009). In developing embryos, NCCs arise at the boundary of the neural plate and the
non-neural ectoderm. Subsequently, these ectodermal cells delaminate and undergo an
epithelial to mesenchymal transition. Following extensive migration through the embryo,
they give rise to a broad spectrum of cell types, including neurons, smooth muscle cells,
adipocytes, melanocytes, fibroblasts, chondrocytes, osteoblasts and osteocytes (Bronner and
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LeDouarin, 2012). Abnormalities of neural crest derived cells are implicated in a variety of
diseases ranging from birth defects to cancer (Etchevers et al., 2006).

NCCs arise at different axial levels, and can be divided into cranial, cardiac, trunk or enteric
subgroups. These subtypes exhibit both unifying and distinct properties. For example, they
share similar guidance cues during migration, and migrate in segmental patterns (Gammill
and Roffers-Agarwal, 2010; Kulesa et al., 2010; Kulesa and Gammill, 2010; Theveneau and
Mayor, 2012). They also show transient expression of a number of genetic markers
including Twistl, Snail, Tcfap2a, FoxD3, Wht1 and Sox10 (Simoes-Costa and Bronner,
2015). Generation of Cre-based lineage tracers, such as Wnt1Cre, Wht1Cre2, Mef2cCre and
Sox10Cre, allows fate mapping of NCCs and has significantly advanced our understanding
of NCC development (Danielian et al., 1998; Chai et al., 2000; Jiang et al., 2000; Matsuoka
et al., 2005; Stine et al., 2009; Simon et al., 2012; Lewis et al., 2013; McKenzie et al., 2014;
Aoto et al., 2015). On the other hand, NCCs at different axial levels have distinct potencies
during embryo development. For instance, only the cranial NCCs, but not cardiac or trunk
NCCs, are capable of developing into cartilage, bone and connective tissues (Noden, 1978;
Noden, 1988; Le Douarin and Kalcheim, 1999).

The spatiotemporal distribution of NCCs in the developing embryos has been a long-
standing interest of developmental biologists, previous efforts have relied on focal Dil
labeling in combination with ex-vivo or ex-utero embryo culture (Serbedzija et al., 1992;
Osumi-Yamashita et al., 1994). These studies have shown that in mouse embryos, the
destination and timing of NCC migration depend on their origins along the axial level.

During mouse craniofacial morphogenesis, the primitive face is composed of five primordia:
the frontonasal prominence (FNP), two paired maxillary processes and two paired
mandibular processes (Helms et al., 2005; Dixon et al., 2011). These primordia are
populated predominantly by cranial NCCs, which surround a mesodermal core and are
covered by an epithelium. By E10.5, thickening of the FNP ectoderm occurs bilaterally at
the ventrolateral level to form the nasal placodes. The FNP is then further divided into the
medial nasal process (MNP) and lateral nasal processes (LNP) around the nasal placodes
(Jiang et al., 2006). It is unclear if the FNP cells are regionally specified or randomly
distributed before this division.

Here we present a genetic tool that enables visualization of NCC formation and patterning in
vivo. Sox10ER'2CreER'2 (SECE) transgenic mice drive inducible Cre recombinase
expression under the control of the Sox10 MC$A distal enhancer (Matsuda and Cepko, 2007;
Stine et al., 2009). The spatiotemporal formation of NCCs was examined in mouse embryos
by using this strain in combination with the R26R Cre reporter (Soriano, 1999). By
optimizing the dosage and timing of tamoxifen administration, only cranial NCCs could be
labeled in SECE; R26R embryos, indicating that this line can be used to study gene function
in cranial NCCs. Platelet growth factor receptor alpha (PDGFRa) is essential for
craniofacial morphogenesis (Soriano, 1997; Tallquist and Soriano, 2003; He and Soriano,
2013). Our results with SECE mediated inactivation of PDGFRa specifically in cranial
NCCs revealed that PDGFRa is not only critical for midfacial morphogenesis, but is also
required for mandible development. Further reduction of tamoxifen dosage in SECE; R26R
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embryos preferentially labels MNP cells, suggesting that the progenitors of the MNP and
LNP are specified early, before FNP division.

Results

Generation of SECE transgenic mice

To examine the tempo-spatial pattern of NCCs and trace their destination in mouse embryos,
we generated SoxIOERT2CreERT2 (SECE) transgenic mice. The DNA fragment used for
pronuclear injection includes the Sox10 MC$4 enhancer/c-Fos minimal promoter, the Cre
coding sequences flanked by two ERT2 domains, and the rabbit globin polyA (pA) sequences
(Fig 1A) (Matsuda and Cepko, 2007; Antonellis et al., 2008; Stine et al., 2009). Nine
founders carrying the transgene were identified by PCR genotyping. To examine Cre
activity, the transgenic mice were crossed to R26R Cre reporter mice (Soriano, 1999), which
received one-time tamoxifen administration (100 pg/g body weight by I.P.) at 7.5 days post
coitum (dpc). X-Gal staining of E11.5 embryos showed that two transgenic lines exhibited
similar Cre activity in NCCs and their derivatives (Fig 1), consistent with fate mapping of
NCCs using AF:Cre mice (Stine et al., 2009). All subsequent studies were carried out using
one of these lines (SECE17).

SECE enables tracing distinct cell populations of Sox10 progeny

Previous studies have documented the dynamic expression pattern of Sox10 mRNA in
multiple NCC derivatives and glial cells of mouse embryos (Kuhlbrodt et al., 1998; Pusch et
al., 1998; Southard-Smith et al., 1998). To fate map these distinct NCC populations, Cre
expression was induced in SECE; R26R embryos at 6.5, 7.5, 8.5 or 10.5 dpc, using a single
I.P. injection of tamoxifen (100 ug/g body weight) (Fig 1 and 2). Tamoxifen administration
at 6.5 dpc did not label any cells in E11.5 SECE; R26R embryos (data not shown, n=12).
When tamoxifen was administered at 7.5 dpc, lacZ expression was detected in cells in the
facial mesenchyme, neural cranium, roof of the midbrain and fourth ventricle and foregut
(Fig 1B, and B’) (n=7). These tissues represent typical NCC derivatives, which have been
characterized using Wnt1Cre, Wnt1Cre2 and SAF:Cre lineage tracing (Chai et al., 2000;
Jiang et al., 2000; Stine et al., 2009; Lewis et al., 2013). Notably, the LacZ expression
pattern in SECE; R26R embryos was identical to that in SAF:Cre; R26R at the cranial level,
and few cells were labeled in cranial NCC derivatives when Cre expression was induced at
later stages (Fig 1B-D’; Fig 2A-C). These results confirmed that induction of SECE activity
following tamoxifen administration at 7.5 dpc labeled most cranial NCCs. In contrast,
neuronal cells at the midbrain roof were labeled in all embryos receiving tamoxifen
administration at 7.5, 8.5 or 10.5 dpc, and the reporter expression domain expanded to a
more rostral region following the timing of Cre induction, indicating that Sox10 expression
persisted in this region (Fig 1B-D’). At the trunk level, tamoxifen administration at 7.5 dpc
resulted in labeling of the sciatic nerve, dorsal root ganglia (DRG) and the sympathetic
chain, while LacZ expression was reduced rostral to caudal along the neural tube (Fig 1B-B
7. Fig 2A’-A"). From E7.5 through E10.5, following the timing of tamoxifen administration,
labeled DRG domains gradually shifted to a more caudal region (Fig 2A’, B/, B” and C”),
recapitulating the gradient formation of peripheral neural system. In line with endogenous
Sox10 mRNA expression pattern, we detected LacZ expression in the cells within the ventral
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neural tube (Fig 2A’, B/, B” and C”), which likely represent oligodendrocyte precursors.
Additionally, cells surrounding the neural tube were also labeled in SECE; R26R embryos
(Fig 2C’ and C”), indicating the progenitors of these cells were formed within this time
frame later than cranial NCCs and DRGs.

Tracing cranial NCCs in SECE; R26R embryos

One advantage of the CreFRT2 system is that recombination efficiency depends on the
dosage of tamoxifen (Hayashi et al., 2002). Interestingly, we found that adjusting the
tamoxifen dose not only controlled reporter expression levels, but also affected its pattern.
When pregnant mice were administered with tamoxifen at 25 pug/g body weight at 7.5 dpc,
SECE; R26R embryos expressed reporter gene specifically in the cranial NCC derivatives
(Fig 3). This feature facilitates tracing cranial NCCs in the developing embryos. To this end,
SECE; R26R embryos were dissected at twenty-four hour intervals following tamoxifen
injection at 7.5 dpc. At E8.5, only few NCCs were labeled in the first branchial arch (n=12)
(Fig 3A). Immunostaining however shows that Sox10 is expressed extensively in the
emigrating cranial NCCs (Fig 3E). The disparity of these results suggests a delay between
the timing of tamoxifen injection and detectable recombination at the R26R locus. In E9.5
SECE; R26R embryos, LacZ expression was detected in multiple cells in the branchial
arches and neurocranium progenitor cells covering the forebrain (Fig 3B and F). LacZ
expressing cells became increasingly abundant in the facial mesenchyme and neurocranium
covering the forebrain by E10.5 (Fig 3E and G) and E11.5 (Fig 3D and H). We also found
that administration of 25 ug/g tamoxifen led to lethality of around 20% embryos at E16.5 (8
out of 41 embryos from 6 litters were pale or arrested at an earlier stage when dissected at
E16.5), while injection of tamoxifen at 10 ug/g did not cause embryo lethality at this stage
(n=32 from 4 litters).

The restricted expression pattern of Cre enabled us to analyze gene function specifically in
cranial NCCs. PDGFRa is essential for NCC development (Soriano, 1997; Tallquist and
Soriano, 2003; He and Soriano, 2013). To gain further insight into its role specifically in
cranial NCCs, we generated SECE; PDGFRd/M mice, and controlled Cre activity
specifically in the cranial NCCs. The resulting SECE; PDGFRd/M embryos exhibited a
frontonasal dysplasia phenotype and hypoplastic mandible (Fig 4A, B, C and D). Lineage
tracing results showed fewer NCCs labeled in the craniofacial tissues of the conditional
knockout embryos at E10.5 (Fig 4E, E’, F and F’). We traced the craniofacial phenotypes in
SECE; PDGFRa!/M mice back to E11.5. At this stage, the MNP had met in the midline in
wild type embryos. In mutant embryos, however, a distinguishable gap still existed (Fig 4G
and H). BrdU assay revealed that fewer MNP mesenchymal cells were undergoing
proliferation in mutant embryos than in littermate controls (data not shown). This was
consistent with our previous observations that PDGFR« is required to maintain normal
proliferation of MNP mesenchymal cells (He and Soriano, 2013). In addition, inactivating
PDGFRa also led to decreased numbers of BrdU-labeled cells in the developing mandibular
mesenchyme (Fig 41 and J). In the lateral mandibular mesenchyme, 64.2% + 4.3% cells
were labeled in control embryos (n=9), whereas only 49.9% =* 3.7% cells were labeled in
mutant embryos (n=9, p<0.01) (Fig 4K). This result was in line with previous findings that
PDGFRa is expressed in the mesenchyme and is important to maintain the mitosis of cranial
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NCCs (He and Soriano, 2013; Fantauzzo and Soriano, 2014). Interestingly, proliferation of
mutant epithelial cells was also decreased (Fig 4J), suggesting that PDGFRa has a role in
the epithelial-mesenchymal interaction during craniofacial morphogenesis.

When the dose of administered tamoxifen was further reduced to 10 ug/g body weight at 7.5
dpc, significantly fewer cells were labeled. In the E11.5 SECE; R26R embryos, reporter
expression was detected only in a small group of cells in the mesenchyme of the frontal
cranium, maxilla, mandible and MNP (Fig 5). Although both the MNP and LNP originate
from the FNP, LacZ-expressing cells were distributed predominantly in the MNP (Fig 5A)
(n=14). Lineage tracing in E10.5 SECE; R26R embryos reveals a similar expression pattern
(Fig 5B, B’) (n=12). To our surprise, no LacZ expression was detected in the FNP region at
E9.5 (Fig 5C, C’)(n=10). In proximity to the FNP, only a few cells in the mesenchyme
beneath the developing retina were labeled, indicating these are the MNP progenitors
identified at E10.5 and E11.5. Such an expression pattern of MNP progenitors has been
identified in chicken embryos (Lee et al., 2004). Together these results suggest an active
remodeling of MNP at early stages during facial morphogenesis, and a conservation of this
mechanism from avians to mammals.

Discussion

SECE is a useful tool to study gene function in distinct NCC populations

NCCs comprise transient and multipotent cells formed at different stages and of distinct
origins. A number of genetic tools, such as Wnt1Cre (Danielian et al., 1998), Wnt1Cre2
(Lewis et al., 2013), Sox10Cre (Matsuoka et al., 2005), SAF:Cre (Stine et al., 2009), Sox10-
CreER™(McKenzie et al., 2014), Sox10-iCreER' (Simon et al., 2012), Mef2cCre (Aoto et
al., 2015), and Ht-PA-Cre (Pietri et al., 2003) have been generated to drive Cre expression
in pre-migratory and post-migratory neural crest cells, facilitating examination of gene
function in multiple processes. Of the transgenic lines generated with Sox10 locus,
Sox10Cre (Matsuoka et al., 2005) and Sox10-CreER2 (McKenzie et al., 2014) utilized the
same PAC clone spanning 170kb around Sox10 locus, and Sox10-iCreER™2 (Simon et al.,
2012) used a ~140kb BAC clone. Lineage tracing showed that all three lines label
oligodendrocytes, peripheral nervous system, pericytes, melanocytes and other neural crest
cells derivatives in adult and embryos. SAF:Cre (Stine et al., 2009) was generated using a
conserved distal Sox10 enhancer MCS4, which drives Cre expression specifically in
oligodendrocytes and neural crest derivatives in embryos. In the present study, we generated
SECE mice using the same MC$4 enhancer to analyze neural crest cell formation in
developing mouse embryos. We show that SECE mice are able to drive Cre expression in
distinct populations of NCCs along the rostral-caudal axis (Fig 1 and Fig 2). We have
further characterized the dosage and timing for tamoxifen administration required to induce
Creexpression in specific group of NCCs. ERT-Cre-ER'2 exhibits virtually no background
activity in the absence of tamoxifen stimulation, as observed in the present study and the
original report (Matsuda and Cepko 2007). The tighter regulation of Cre activity by ERT2-
Cre-ERT?2 could be attributed to increased association with Hsp90 preventing the
translocation of the fusion protein to the nucleus and recombination, or reduced activity of
ERT2-Cre-ERT2 (Matsuda and Cepko 2007).
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Spatiotemporal patterning of pre-migratory NCCs in mouse embryos

NCCs give rise to the vast majority of craniofacial mesenchymal cells, which further
develop into multiple craniofacial tissues and organs (Chai et al., 2000). A long-standing
question has been how pre-migratory NCCs are patterned and how they migrate to different
destinations. In previous studies, NCCs were labeled with vital dyes or Dil and the
destination of the marked cells was traced in cultured embryos (Serbedzija et al., 1992;
Osumi-Yamashita et al., 1994). These studies provided a fate map for NCCs originating
from different regions. NCCs from the forebrain and rostral midbrain region migrate
towards the frontonasal prominence while those from the caudal midbrain and hindbrain
regions migrate into the pharyngeal arches. Experimental results from these studies also
indicated that migration into the frontonasal prominences ceases earlier than that towards
pharyngeal arches (Serbedzija et al., 1992; Osumi-Yamashita et al., 1994). While these
results provided valuable information, two major limitations have hindered further
exploration of NCCs patterning in mouse embryos. First, vital dye or Dil labeling cannot be
restricted to only NCCs. The lineage tracing result might therefore be hard to interpret,
considering the intensive mixing of other cell populations such as mesoderm during
craniofacial morphogenesis. Interpreting the results becomes further problematic
considering that non-NCCs also undergo active migration trailing the NCCs (Breau et al.,
2008). The second caveat lies in the limitation of mouse embryo culture, which cannot
exceed twenty-four hours. Application of ex utero surgery can extend the development of
labeled embryos to a certain extent, but cannot completely circumvent this limitation
(Serbedzija et al., 1992; Ngo-Muller and Muneoka, 2010). Neural crest Cre transgenic mice,
such as Wnt1Cre (Danielian et al., 1998), enable permanent labeling of neural crest derived
cells invivo. The use of SECE mice enables permanent labeling of specific NCC populations
in vivo, once Cre expression is induced in embryos. Using this tool, we have been able to
validate previous findings in vivo, showing that NCCs are sequentially formed in a rostral to
caudal direction along the neural tube (Fig 1).

Specification of MNP and LNP progenitors

During mouse embryogenesis, the FNP divides into the MNP and LNP at E10.5, but it
remains unclear when the progenitors of the MNP and LNP become specified. In this study,
we show that administration of a minimal dose of tamoxifen (10 ug/g body weight) allows
labeling of MNP progenitors in mouse embryos (Fig 5), and a higher dose of tamoxifen (25
ng/g body weight) labels both MNP and LNP cells (Fig 3). These results suggest that these
progenitor cells are pre-patterned instead of mixed within the cranial mesenchyme before
division of the FNP occurs. We have further analyzed gene expression profiles from the
MNP and LNP using the microarray data from the Facebase consortium (https://
www.facebase.org/) (Hochheiser et al., 2011). Data analysis reveals that 31 genes were
enriched in the MNP and 17 genes were enriched in the LNP (Table 1). Transcripts of two
close related homeobox transcription factors, Alx1 and Alx3, are distributed in each group:
Alx1 expression is enriched in the LNP, while Alx3 expression is restricted to the MNP.
Recently whole mount in situ hybridization data have been published, showing that at E9.5,
Alx1 and Alx3 are expressed in different compartments in the cranial mesenchyme before
FNP division (Brunskill et al., 2014). These results, together with our lineage tracing data,
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indicate that the MNP and LNP are specified regionally before FNP division. Interestingly,
Dil labeling studies using chicken embryos indicate that the progenitors of LNP and
frontonasal mass fusion zone (the avian counterpart of the MNP) originate from different
regions, suggesting this mechanism is conserved across different phila (Lee et al., 2004).

Experimental Procedures

Animals

Sox10ERT2CreER'? (SECE) transgenic mice—The ERT2CreER' fragment was
digested directly from pCAG-ERT2CreER™ (Addgene plasmid# 13777) (Matsuda and
Cepko, 2007) and was inserted between the Sox10 MC$A enhancer/c-Fos minimal promoter
(Antonellis et al., 2008; Stine et al., 2009) and rabbit globin poly-adenylation sequence
(PA). A 4.9 kb Spel - Avrll fragment containing the promoter, ERT2CreER™ and polyA
sequences was used for pronuclear injection into C57BL6/C3H zygotes. Generated
transgenic lines were backcrossed to several generations to 12954 mice and crossed to R26R
reporter mice (Soriano, 1999) to analyze Cre activity. The transgenic allele was genotyped
by PCR using Cre primers (5- GTTCGCAAGAACCTGATGGACA-3 and 5'-
CTAGAGCCTGTTTTGCACGTTC -3) yielding a diagnostic 310 bp band.

PDGFRa!M mice have been described previously (Tallquist and Soriano, 2003) and were
maintained on a 129S4 background. R26R Cre reporter mice were maintained on a
C57BL/6J background (Soriano, 1999).

Tamoxifen administration and X-gal staining

Tamoxifen (T-5648, Sigma) stock solution (20 mg/ml) was prepared by dissolving the
powder in corn oil (C-8267, Sigma), and injected intraperitoneally (IP) to pregnant mice
using 10-100 ug/g body weight doses between 11:00 AM and 1:00 PM. The embryos were
collected at designated stages and subjected to X-gal staining (Friedrich and Soriano, 1991).

Immunostaining and BrdU labeling

Wild type embryos were dissected at E8.5 in ice cold PBS. Following fixation in 4%
PFA/PBS overnight, they were dehydrated by increasing concentrations of sucrose in PBS,
and embedded in O.C.T medium. Frontal cryosections were obtained at 5 pm and subjected
to standard immunofluorescence staining protocol. Anti-Sox10 antibody (AF2864, R&D)
was used at a 1:200 dilution. For BrdU labeling, pregnant mice were administered with
BrdU solution (10 mg/ml in saline) at a dosage of 50 pg/g body weight. Staged embryos
were collected 1 hour later, fixed in 4% PFA/PBS overnight, processed for dehydration and
embedded in O.C.T medium. BrdU labeled cells were detected using an anti-BrdU primary
antibody (1:50 dilution, G3G4, DSHB) and Cy3 conjugated affinipure donkey anti-mouse
IgG (H+L) secondary antibody (1:300 dilution, 715-165-150, Jackson ImmunoResearch
Laboratories).
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Figure 1. SECE labels distinct NCC populationsin the developing mouse embryos
(A) Design of SECE transgenic mice. The construct used for pronuclei injection includes the

Sox10 MC$A enhancer, c-fos minimal promoter and Cre coding sequence flanked by two
ERT2 domains followed by the rabbit globin poly-adenylation sequence (pA). (B-D”) Lateral
view (B, C, D), ventral view (B’, C’, D’) and dorsal view (B”, C”, D”) of E11.5 embryos
showing LacZ reporter expression detected in tissues derived from distinct NCC
populations. (B-B”) Administering tamoxifen at E7.5 induces Cre expression in tissues
derived from some trunk NCCs and most cranial NCCs in E11.5 embryos. These include
neural cranium and facial mesenchyme (B, blank arrow), outflow tract (B, pink arrow),
sympathetic chains (B, black arrow) and DRG (B, black arrow head). (C-C”) When
tamoxifen is administered at E8.5, LacZ reporter expression persists in the midbrain and
DRG. (D-D”) Administering tamoxifen at E10.5 labels the anterior ventricle of the
forebrain, midbrain and hindbrain. At the trunk level, LacZ expression is restricted to the
neural tube and shifts to the caudal region.
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Figure 2. LacZ reporter expression isdetected in the section of SECE; R26R embryos labeled
with differential NCC populations

E11.5 embryos were stained and sectioned after receiving tamoxifen administration at E7.5
(A- A”), E8.5 (B- B”) or E10.5 (C- C”). (A- A”) Administering tamoxifen at E7.5 triggers
intensive reporter expression in the cranial mesenchymal cells (blank arrow in A) and
meningeal cells (arrow in A), and DRG (arrow in A”) and ventral region of rostral neural
tube (pink arrow in A”). Only few cells are labeled in the caudal DRG cells and no reporter
expression is detected in the caudal neural tube. (B- B”) When tamoxifen is administered at
E8.5, LacZ reporter expression is induced in the DRG cells along neural tube in the rostral
and more caudal level (arrows in B and B”), as well as in the neural tube of these regions (B
and B”), but not at the most caudal level (B”). (C- C”) Administering tamoxifen at E10.5
leads to reporter expression in the cells surrounding the neural tube in the rostral region (red
arrows in C’ and C”). At a more caudal level, reporter expression is detected within the
neural tube (green arrow in C”).
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Figure 3. SECE specifically labels cranial NCCswith adjusted tamoxifen dosage
(A-D) Lateral view of SECE; R26R embryos from E8.5 through E11.5, using 25 ug/g body

weight tamoxifen administration at E7.5. LacZ reporter expression is restricted to the cranial
mesenchyme of the embryos at different stages. (E) Section immunofluorescence staining
reveals intensive expression of Sox10 protein in cranial mesenchyme at E8.5. (F-H) Frontal
view of SECE; R26R embryos from E9.5 through E11.5. Scale bar= 500 pm.
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Figure4. PDGFRa is essential to maintain cell mitosisin the mandibular process
(A-D) Frontal and lateral view of SECE; PDGFRa"*(A, C) and SECE; PDGFRd/f (B, D)

embryos at E16.5. SECE; PDGFRd/ embryo exhibits medial nasal hypoplasia (black
arrows in B and D) and hypoplastic mandible (red arrow in D). (E, F) Expression of LacZ
reporter in SECE; PDGFRd/'*; R26R*'" (E), SECE; PDGFRAM; R26R*" (F) embryos at
E10.5. (E/, F’) Frontal views of PDGFRa*; R26R*~ and SECE; PDGFRa/; R26R*-
embryos at E10.5 (G, H) Frontal view of SECE; PDGFRc!"* (G) and SECE; PDGFRc!/M
(H) embryo at E11.5. Black arrow head refers to the medial nasal clefting (H). (I-K) Frontal
section of BrdU labeled SECE; PDGFRd//*; R26R*" (1), SECE; PDGFRA!/; R26RY- (J)
embryos at E11.5. BrdU labeled cells are stained with red fluorescence, and nuclei are
stained with DAPI (blue). Blank arrows refer to the oral epithelia cells in mutant embryo.
(K) Scatter plots show that cell proliferation in the defined mandible mesenchyme is
significantly decreased in mutant embryos (n=9, p<0.01). All embryos received tamoxifen
administration at 25 ug/g body weight at E7.5. Scale bar= 500 um. L, lateral; M, medial,
Md, mandible; Mx, maxilla.
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Figure5. SECE preferably labels MNP progenitorswith administration of minimal dosage of
tamoxifen

(A-C) LacZ reporter expression in SECE; R26R*- embryos when tamoxifen is administered
at 10 pg/g body weight by I.P. injection at E7.5. (A) In E11.5 embryos, reporter expression
is detected in the neural cranium (black arrow), the mandible (blank arrow) and the medial
nasal process (red arrow). (B) At E10.5, LacZ reporter is expressed in the neural cranium
(black arrow), the mandible (blank arrow) and the medial nasal process (red arrow). (B’)
Magnification of the craniofacial region defined in B. (C) E9.5 embryo expresses LacZ in
progenitors of the neural cranium (black arrow), the mandible (blank arrow) and cells
beneath the developing retina (red arrow). (C”) Magnification of craniofacial region defined
inC.

’
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Table 1
Genes exhibiting differential expression level in the developing MNP or LNP

Symbols and description of geneswith enriched expression in MNP and L NP. Microarray data were
obtained from Facebase consortium, in the category of gene expression microarray - mouse E10.5 medial-
nasal process (accession humber FB00000103) and mouse E10.5 lateral-nasal process (accession number
FBO00000105). The tissues used for RNA preparation and Affymetrix microarray assay were obtained using
laser capture microdissection from MNP or LNP of E10.5 mouse embryos. Gene expression was analyzed
using Affymetrix Mouse gene 1.0 ST array. Expression data was compared between LNP and MNP. Genes
were selected in the enriched list when their expression fold change > 2 and p<0.05.

MNP enriched genes

gene symbol genedescription

4930412013Rik RIKEN cDNA 4930412013 gene

Alx3 aristaless-like homeobox 3

Ap4bl adaptor-related protein complex AP-4, beta 1
Apbb3 amyloid beta (A4) precursor protein-binding, family B, member 3
Ccl21a chemokine (C-C motif) ligand 21A (serine)
Cdk3-ps cyclin-dependent kinase 3, pseudogene

Cnn2 calponin 2

Crtacl cartilage acidic protein 1

Crym 21rystalline, mu

D10Ertd610e DNA segment, Chr 10, ERATO Doi 610, expressed
Dtx3 deltex 3 homolog (Drosophila)

Foxfla forkhead box Fla

G530011006Rik RIKEN cDNA G530011006 gene

Gata2 GATA binding protein 2

Ghrl ghrelin

Haghl hydroxyacylglutathione hydrolase-like

Htr3b 5-hydroxytryptamine (serotonin) receptor 3B
1s12 insulin related protein 2 (islet 2)

Lum lumican

Mmaa methylmalonic aciduria (cobalamin deficiency) type A
Mmp23 matrix metallopeptidase 23

Nup210I nucleoporin 210-like

Pax9 paired box gene 9

Rgs5 regulator of G-protein signaling 5

Ripk3 receptor-interacting serine-threonine kinase 3
Rps6kb2 ribosomal protein S6 kinase, polypeptide 2
Sfpil SFFV proviral integration 1

Snail snail homolog 1 (Drosophila)

Snordl4c small nucleolar RNA, C/D box 14C

Traf3ip2 TRAF3 interacting protein 2

Vsig2 V-set and immunoglobulin domain containing 2
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gene symbol
4933409K07Rik|Gm10590
Biccl
Gm10561
Gsc

Hpgd

Iqcfl
Mirlet7d
Nfe2

Npw
S100a13
Slc4a3
Snhgl
Snora69
Snord33
Tyrobp
Vps13d
Wdr65

LNP enriched genes
genedescription
RIKEN cDNA 4933409K07 gene | predicted gene 10590
bicaudal C homolog 1 (Drosophila)
predicted gene 10561
goosecoid homeobox
hydroxyprostaglandin dehydrogenase 15 (NAD)
1Q motif containing F1
microRNA let7d
nuclear factor, erythroid derived 2
neuropeptide W
S100 calcium binding protein A13
solute carrier family 4 (anion exchanger), member 3
small nucleolar RNA host gene (non-protein coding) 1
small nucleolar RNA, H/ACA box 69
small nucleolar RNA, C/D box 33
TYRO protein tyrosine kinase binding protein
vacuolar protein sorting 13 D (yeast)

WD repeat domain 65
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