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ABSTRACT

Formation of highly unique and complex facial structures is controlled
by genetic programs that are responsible for the precise coordination
of three-dimensional tissue morphogenesis. However, the underlying
mechanisms governing these processes remain poorly understood.
We combined mouse genetic and genomic approaches to define
the mechanisms underlying normal and defective midfacial
morphogenesis. Conditional inactivation of the Wnt secretion protein
Wis in Pax3-expressing lineage cells disrupted frontonasal primordial
patterning, cell survival and directional outgrowth, resulting in altered
facial structures, including midfacial hypoplasia and midline facial
clefts. Single-cell RNA sequencing revealed unique transcriptomic
atlases of mesenchymal subpopulations in the midfacial primordia,
which are disrupted in the conditional WIs mutants. Differentially
expressed genes and cis-regulatory sequence analyses uncovered
that WIs modulates and integrates a core gene regulatory network,
consisting of key midfacial regulatory transcription factors (including
Msx1, Pax3 and Pax7) and their downstream targets (including Wnt,
Shh, Tgff and retinoic acid signaling components), in a mesenchymal
subpopulation of the medial nasal prominences that is responsible for
midline facial formation and fusion. These results reveal fundamental
mechanisms underlying mammalian midfacial morphogenesis and
related defects at single-cell resolution.

KEY WORDS: Wnt, Pax, Frontonasal hypoplasia, Midline facial clefts,
Single-cell RNA-seq, Gene regulatory network (GRN)

INTRODUCTION

Mammalian midfacial development is a complex and dynamic
process, involving precisely controlled three-dimensional tissue
growth and fusion of three paired midfacial primordia: the lateral
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nasal prominence (LNP), the medial nasal prominence (MNP) and the
maxillary prominence (MxP) (Chai and Maxson, 2006; Cox, 2004;
Helms et al., 2005; Ji et al., 2020; Jiang et al., 2006; Song et al., 2009;
Suzuki et al., 2016; Szabo-Rogers et al., 2010). These midfacial
primordia generate the upper jaw (maxilla), upper lip, palate, nose and
associated structures. Defective midfacial morphogenesis can cause
various malformations, such as orofacial clefts, which are among the
most common structural birth defects in humans (Ji et al., 2020;
Jugessur and Murray, 2005; Reynolds et al., 2019; Schutte and
Murray, 1999). Many studies have examined upper lip and primary
palate formation at the bilateral junction zones where the LNP, MNP
and MxP merge and fuse (Abramyan and Richman, 2015; Ji et al.,
2020). The fusion process involves a rapid expansion of neural crest-
derived mesenchymal cells within the midfacial primordia and
epithelial seam formation and apoptosis at the fusion site. Defective
primordial growth and/or fusion at the junction zones may cause
bilateral or unilateral cleft lip with or without cleft palate (CL/P) (Ji
etal., 2020; Mossey et al., 2009). In contrast, the two adjacent MNPs
merge at the midline (which does not involve epithelial fusion) to
form the philtrum, nasal septum and associated structures (Abramyan
and Richman, 2015). Although it is relatively rare, midline orofacial
clefts, including median cleft lip and bifid nose, also occur in human
newborns with unknown pathogenesis (Eppley et al., 2005).
Midfacial morphogenesis is regulated by several developmentally
essential signaling pathways, including Wnt, Fgf, TgfB/Bmp, Shh,
retinoic acid pathways, and Pdgf families and related transcription
factors (Dudas and Kaartinen, 2005; Grafet al., 2016; He and Chen,
2012; Parada and Chai, 2012; Reynolds et al., 2019; Reynolds et al.,
2020; Stanier and Pauws, 2012; Suzuki et al., 2016; Xavier et al.,
2016). The Wnt family comprises 19 secreted glycoproteins that
play crucial roles in development and disease (Nusse and Clevers,
2017). In particular, Wnt signaling interacts with other signaling
pathways and is required for neural crest cell and midfacial
development (Ji et al., 2019; Reynolds et al., 2019). Multiple Wnt
signaling genes are associated with orofacial clefts in both human
patients and mutant mouse models (Reynolds et al., 2019). For
example, homozygous nonsense mutation in WNT3 is associated
with CL/P and tetra-amelia in a large consanguineous family
(Niemann et al., 2004); Wnt9b and its putative co-receptor Lrp6 in
the canonical Wnt/B-catenin signaling pathway have been
demonstrated to play a crucial role in the formation and fusion of
the upper lip and primary palate at the midfacial primordial junction
zones (Jin et al., 2012; Song et al., 2009). Wnt5a is required for
outgrowth of craniofacial and other distal structures (Yamaguchi
et al., 1999), and Wnt5a/Ror2 signaling in the non-canonical Wnt
pathway is required for secondary palatogenesis (He et al., 2008).
Wnt proteins are post-translationally modified by lipidation or
fatty acylation by Porcn (porcupine O-acyltransferase) in the
endoplasmic reticulum (ER) (Berthiaume, 2014; Herr and Basler,
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2012), and they are transported by Wls (Wntless or Gprl77) from
the ER to the Golgi body and plasma membrane for their secretion
to the extracellular space (Béanziger et al., 2006). Wis is required for
body axis formation and early embryonic survival, which is
identical to Wnt3 functions during early embryogenesis (Fu et al.,
2011,2009; Liu etal., 1999). Wis has been demonstrated to play cell
lineage-specific roles during craniofacial development. Conditional
ablation of either Wis or B-catenin with Foxgl/-Cre in facial
ectodermal and neuroepithelial cells arrests the formation of
orofacial primordia (Wang et al., 2011; Zhu et al., 2016). This
suggests a key role of Wis upstream of the canonical Wnt signaling
pathway during early facial patterning. In contrast, conditional
knockout of Wis with Wnt1-Cre in dorsal neuroepithelial cells and
neural crest cells results in mid-hindbrain patterning defects and
cleft palate, which is similar to the phenotypes of Wntl/Wnt3a
double knockouts or conditional ablation of B-catenin with Wntl-
Cre, respectively (Fu et al., 2011; Ikeya et al., 1997; Brault et al.,
2001). Moreover, cranial ectodermal and mesenchymal Wis play
distinct roles in osteoblast and dermal fibroblast formation
(Goodnough et al., 2014). Nevertheless, the role of Wis in the
fusion or merging process of the midline facial primordia remains
undetermined. The present study employs conditional gene
targeting of Wis in Pax3-expressing midfacial mesenchymal cells
derived from both neural crest and mesoderm (Kasberg et al., 2013)
in combination with single-cell RNA sequencing (scRNA-seq) and
related bioinformatics approaches to define the transcriptomic
atlases and gene regulatory mechanisms governing normal and
defective midfacial primordia. Our results demonstrate a crucial role
of Wis in modulating genetic programs and a gene regulatory
network (GRN) required for the dorsal nasal primordial patterning,
survival, directional outgrowth, and the midline merging of the
medial nasal prominences during midfacial development.

RESULTS

Genetic fate-mapping and conditional gene-targeting
analyses of Pax3°re;Wisf°* during midfacial morphogenesis
To extend our understanding of midfacial morphogenesis and its
regulation by W1ls, we combined genetic fate-mapping and Cre/loxP
conditional gene-targeting approaches through serial mating of
Pax3°"" knock-in mice (Engleka et al., 2005), Wis™/1°* mice
(Carpenter et al., 2010), and the Cre reporter Rosa26mT/mG mice
(Muzumdar et al., 2007). At embryonic day (E) 10.5, the enhanced
green fluorescent protein (EGFP)-positive Pax3-expressing lineage
cells were widely distributed in the midfacial primordia, including
LNP, MNP and MxP, in the littermate heterozygous control of
E10.5 Pax3<*;Wis"**"* :Rosa26mT/mG (abbreviated as Wls-het)
embryos (Fig. SIA). There were no obvious morphological or fate-
mapping alterations in the E10.5 Pax3<"*; Wis"*/': Rosa26mT/
mG conditional knockout (abbreviated as WIs-cKO) embryos
(Fig. S1B). By E11.0-11.25, EGFP-positive cells occupied the
midfacial mesenchyme and were also found in the distal portion of
the non-neural nasal epithelium and adjacent surface ectoderm in
the dorsal nasal primordia (Fig. 1A,C,E), which were not apparently
altered in the W1s-cKOs (Fig. 1B,D,F), in line with published fate
mapping results of Pax3" during midfacial development (Kasberg
et al,, 2013). By El11.5, the dorsal components of the paired
MNPs grew toward each other and initiated midline merging
(Fig. 1G,I), a process that was completed before E12.5 (Fig. 1K) in
the heterozygous control embryos. These conformational
rearrangements were severely disrupted in E11.0-11.5 Wls-cKO
embryos, as evidenced by wider midline gaps between the paired
MNPs (distance I in Fig. SIC-E and arrows in Fig. 1H,J) and

between the borders of the dorsal nasal primordia and the forebrain
vesicles (Fig. 1H,J, dashed double-arrow), and the midline facial
clefts in E12.5 mutant embryos (Fig. 1L, arrow). It is important to
note that the epithelial cells in the bilateral junction zones were
EGFP negative (indicating no Pax3-Cre recombination activities) in
both heterozygous control and conditional knockout (cKO)
embryos (arrowheads in Fig. 1A,B,E,F), and that the fusion of the
upper lip and primary palate around the MNP, LNP and MxP was
not affected in Wls-cKO embryos (Fig. 1H,J) as a consequence
of conserved Wis in the bilateral junction zone epithelial cells.
The distances between the dorsal nasal pits (II), the bilateral
junction zones (IIT) or the lateral edges of the LNPs (IV) were
slightly increased in the Wls-cKOs but this was not statistically
significant (Fig. S1C-E). Together, these results demonstrate
that Wls is required in Pax3-expressing lineage cells (including all
facial mesenchymal cells and a subpopulation of non-neural
epithelial cells) for midfacial formation and merging at the
midline, but not at the bilateral junction zones during midfacial
morphogenesis.

Ectopic apoptosis in forehead regions of Wis mutants
Apoptosis plays important roles during lip and palatal fusion (Jiet al.,
2020). To test whether apoptosis also plays a role in the defective
conformational changes of the Wls-deficient midfacial primordia, we
conducted whole-mount terminal deoxynucleotidyl transferase
dUTP nick end labeling (TUNEL) assays and found a cluster of
apoptotic cells around the dorsal junction zone between the LNP and
MNP in the normal control, which was not significantly altered in the
Wis-cKO at E10.5 and E11.0-11.25 (Fig. IM-P, arrowheads;
Fig. S2C,F). We also found apoptotic cells scattered in the
forehead region next to the dorsal nasal primordia of the normal
control, but these apoptotic cells were significantly increased by
2.93-fold in the forehead region of the Wls-cKOs at E10.5 and
increased by 7.42-fold in the mutant forchead at E11.0-11.25 before
the paired MNPs merged at the midline (Fig. I M-P, arrows; Fig. S2C,
F). This ectopic apoptosis may contribute to the severe frontonasal
hypoplasia and midline facial clefts observed in Wls-cKOs at later
gestational ages (Fig. 2), which include a large open gap between the
paired maxillary structures (Fig. 2E), shortened and split nasal
septum (Fig. 2F,G), and lack of orofacial bone formation (Fig. 2H).
These results demonstrate that Wls is required in Pax3-expressing
lineage cells to prevent ectopic apoptosis during midfacial formation
and midline merging, which provides a cellular basis for the severe
frontonasal hypoplasia of the Wls mutants.

Single-cell RNA-seq analyses of the midfacial primordia of
normal and Wis-cKO mouse embryos

To explore the molecular mechanisms underlying normal and
defective midfacial morphogenesis as described above, we
performed scRNA-seq of microdissected bilaterally paired
midfacial primordia (MNPs, LNPs and MxPs) at E11.5 (Fig. 3).
Following tissue dissociation, genotyping and fluorescence-
activated cell sorting, isolated live cells were pooled from three
wild-type (WT) littermates and two Wls-cKO embryos. RNA
sequencing generated approximately 37,778 reads per cell and 350
million reads per lane. In total 378.9 million trimmed reads (161.8
million WT and 217.1 million Wls-cKO) were obtained, of which
91.50% of WT and 92.50% of cKO reads were mapped to the mouse
genome, with 88.20% of WT and 89.3% of Wls-cKO exhibiting
unique alignments. After quality control checks (Fig. S3) and
filtering, 4284 and 3441 cells, 15,122 and 15,156 genes were
retained from the raw results (Table S1) of WT and cKO samples,
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Fig. 1. Genetic fate mapping and apoptosis
of Pax3°"e;Wis-cKO midfacial primordia.
(A-L) EGFP expression, representing Pax3°"®
recombination patterns in the midfacial
primordia of E11-E12.5 Wis-het (A,C,E,G,|,K)
and WIs-cKO (B,D,F,H,J,L) embryos. Dashed
lines in A,B indicate respective section
regions shown in C-F. Arrows indicate the
facial midline between the paired MNPs
during or after merging. Dashed arrows and
arrowheads in C,D indicate EGFP-positive
nasal epithelial cells and adjacent surface
ectodermal cells around the dorsal nasal tips.
Arrowheads in E,F indicate EGFP-negative
surface ectodermal cells. Double-headed
arrows in H,J show an enlarged midline gap in
Wis-cKO embryos. Asterisks indicate the
bilateral junction zone. (M-P) Whole-mount
TUNEL assays for normal controls and
Pax3°:Wis-cKOs at E10.5 and E11.0-
E11.25. Arrows indicate apoptotic cells in the
forehead region adjacent to the dorsal nasal
prominences. Arrowheads indicate apoptotic
cells in the dorsal junction zone between the
LNP and LMP. Asterisks in O,P indicate
apoptotic cells at the junction zone during
bilateral upper lip fusion. fb, forebrain
neuroepithelia; Inp, lateral nasal prominence;
man, mandibular prominence; mnp, medial
300um nasal prominence; mxp, maxillary
prominence; n, nasal pit; oe, olfactory
epithelia.
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respectively, for subsequent analyses. Additional sequencing one cluster of facial ectodermal cells, one cluster of erythrocytes,
information is summarized in Table S1. one cluster of myeloid cells, one cluster of endothelial cells, one

We used a recently developed algorithm named uniform cluster of peripheral glia, one cluster of cranial ganglia neurons and
manifold approximation and projection (UMAP) to generate one cluster of myoblasts. The UMAP plot revealed highly organized
graph-based cell clustering plots (Becht et al., 2018). Based on mesenchymal subpopulations that resemble in vivo anatomical
multiple conserved marker genes in WT control embryos, we were  relationships among the three paired midfacial primordia: MNPs
able to identify 18 unique cell populations, as demonstrated by (m1/m5/m8/m9), LNPs (m2/m7) and MxP (m0/m3/m4/m6)
UMAP (Fig. 3) and heatmaps with top 5 marker genes in each (Fig. 3A,C), which were validated by feature plots and the
cluster (Figs S4 and S5). These include ten major subpopulations of ~ expression patterns of multiple marker genes by whole-mount
mesenchymal cells (m0-m9), one cluster of nasal epithelial cells, in situ hybridization (Fig. 3B). For instance, Alx3 was highly

Fig. 2. Midfacial clefts and frontonasal hypoplasia in Wis-deficient mice. (A,E) Front facial views of control (A) and WIs-cKO (E) embryos at E16.5. The
double-headed arrow shows the gap between MNPs in the Wis-deficient embryo. (B,C,F,G) Histological transverse sections of control (B,C) and WIs-cKO (F,G)
embryos at E16.5. The WIs-cKO embryo exhibits a split nasal septum (double-headed arrow in G). (D,H) Lateral views of skeletal preparation of control (D) and
Wis-cKO (H) embryos at E18.5, showing the short and defective craniofacial bones and cartilages. fr, frontal bone; ip, interparietal bone; man, mandibular
prominence; md, mandible; mxp, maxillary prominence; n, nasal pit; ns, nasal septum; oe, olfactory epithelium; op, occipital bone; pr, parietal bone; pmx,
premaxilla; t, tongue; ul, upper lip; v, vomeronasal organ.
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A o mO: ventral MxP (Pantr1, DIx5)
16 @13 m1: dorsal MNP (Alx3, Tfap2b)
m2: LNP (Pax7, Pitx2)
m3: medial MxP (Asb4, Barx1)
m4: lateral MxP (Lef1, Pax3)
10 mb5: dorsal MNP (Pantr1, Alx3)
mé: lateral MxP (Lef1, Pax3)
m7: LNP (Pax7, Nbl1)
m8: ventral MNP (DIx5, Msx2)
m9: dorsal MNP (Alx3, Foxd1)

MNP

10: nasal epithelia (Stmn3, Igfbpl1)
11: facial ectoderm (Krt8, Cldné)
12: erythroid (Gypa)

13: endothelia (Cldn5)

14: peripheral glia (Sox10, Foxd3)
15: (low quality)

16: myeloid (Lyz2)

17: cranial ganglia (TIx3, Pou4f1)
18: myoblasts (Myod1, Fgf5)

Fig. 3. scRNA-seq identifies major cell types at the
facial primordia in control samples. (A) UMAP plot of
4284 cells from WT samples showing 18 unique cell
populations. Cluster-specific marker genes used for
mapping the cluster onto the midfacial primordia are
listed at the top right. (B) Identification of the
mesenchymal clusters by whole-mount in situ
hybridization. Left: Feature plots for marker genes.
Right: Whole-mount in situ hybridization for the
indicated genes at E11.5. (C) Schematic showing the
identified anatomical locations of midfacial
mesenchymal subpopulations at E11.5.

m4/6

expressed in m1/m5/m8/m9 clusters, suggesting that these cells are
from the MNPs. Clusters of m1/m5/m9 denote the dorsal MNPs and
predominately express Tfap2b, with m5 expressing Pantrl, m9
expressing Shox2, and m8, which demarcates the ventral MNPs,
expressing DIx5. Clusters of m2/m7 demarcate the LNPs and
express Pax7. Cluster m0 defines the ventral MxP and expresses
Pantrl and Barx1, whereas m3 from medial MxP expresses Asb4,
and m4/m6 from the lateral MxP express Lefl (Fig. 3B). These
results provide a transcriptome atlas of unique cell populations in the
midfacial primordia and also reveal an unexpected positional
correlation between the UMAP and anatomical organization of the
mesenchymal subpopulations. The latter suggests that the physical
localizations of mesenchymal subpopulations are intrinsically
determined by their unique transcriptome profiles.

Cell numbers and developmental processes are altered in
Wis-deficient midfacial primordia

The UMAP for Wls-cKO samples indicated that cell number in the
MNP, particularly in the m5 mesenchymal subpopulation, is
significantly reduced compared with that in the WT control
(Fig. 4A,B). In WT samples, cluster m5 contributed 37.58% of all

MNP mesenchymal cells, but it only contributed 15.82% of all
MNP cells in WIs-cKO samples, suggesting that m5 cells are
preferentially affected by ectopic apoptosis in Wls-deficient MNPs.
Cell numbers in mutant m2 and m7 of LNPs were also reduced
(Fig. 4B). The reduced cell numbers in m2, m5 and m7 may be
responsible for the increase in the proportion of other clusters, such
as m3, m8 and cluster 10 (nasal epithelia) in the cKO. To explore
additional reasons for the notably increased proportion of cells in
the mutant cluster 10, we re-clustered it and found no significant
alterations of cell cycle status but significantly fewer cells in the WT
compared with the cKO (Fig. S6). This unusual phenomenon is
likely caused by technical limitations during microdissections of
midfacial primordia and scRNA-seq preparations due to altered
anatomical structures and significantly reduced cell numbers in the
cKO embryos.

To address systematically the impact of Wls deficiency on gene
expression profiles within the midfacial primordia, we compared
control and WIs-cKO samples to identify differentially expressed
genes (DEGs). Gene ontology analyses of the developmentally
relevant DEGs revealed that m5 and m9 mesenchymal
subpopulations in the MNP have the greatest number of altered
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Fig. 4. scRNA-seq reveals the two most altered mesenchymal subpopulations in WIs-cKO midfacial primordia. (A) UMAP comparison of WT and Wis-cKO
mesenchyme showing a drastically reduced m5 subpopulation (red arrows) and relatively conserved m9 subpopulation (black arrows) in the mutant MNP.

(B) Comparisons of cell fractions (percentage) between WT and WIis-cKO clusters. Red asterisks indicate significant reduction (P<0.001; two-proportion Z-test,
two-sided). Black asterisks indicate the clusters with a relatively increased ratio in the cKOs, which would be impacted by the ratio reductions in other clusters.
(C) Gene ontology enrichment analysis of DEGs relevant to midfacial development revealed m5 (with mostly upregulated pathways) and m9 (with mostly

downregulated pathways) as the two most affected mesenchymal subpopulations in the mutant midfacial primordia. The bottom two terms in C are not directly
relevant to midfacial development and were used for visualizing all mesenchymal clusters (m0-m9) in the gene ontology chart. Nasal epithelia (ne, cluster 10) and

surface ectoderm (se, cluster 11) are also included for reference.

developmental processes, including cell fate commitment, pattern
specification, mesenchymal cell development, and face, nose and
roof of mouth development, with mostly downregulated processes
in m9 and mostly upregulated in mS of the mutants (Fig. 4C,
Table S2). Regulation of Wnt signaling was also altered in m5 and
m9 clusters, and regulation of apoptotic signaling involved in
development was upregulated in m5, which had the greatest
reduction in cell numbers in the mutants.

Whnt signaling alterations in Wis-deficient midfacial

primordia

To investigate the molecular mechanisms underlying the severe
frontonasal hypoplasia and midline facial clefts in Wls-cKO
embryos, we analyzed the expression patterns of selected DEGs
and related genes that are crucial for midfacial development. We
validated significant candidates using whole-mount in situ
hybridization and real-time reverse-transcription PCR (RT-qPCR)
and through comparison with their single-cell transcriptomic
profiles for cell cluster-specific alterations. Because Wls is
required for the transportation and secretion of Wnt proteins that
play vital roles in craniofacial development, we focused on several
representative Wnt signaling genes and compared them with their
violin plots generated from scRNA-seq analyses. Wis was widely
expressed in mesenchymal cells in the orofacial primordia (Fig. 5A).
Whole-mount in situ hybridization clearly demonstrated that Wis is
abolished in orofacial mesenchymal cells, but it is relatively
conserved in facial ectodermal cells in the E11.5 Wls-cKO embryo
(Fig. 5B). The overall reduction of Wis in the mutant midfacial
primordia is supported by RT-qPCR results (Fig. 5I) and cell

type-specific reductions of Wis were further demonstrated by
scRNA-seq, which identified #Is as a DEG in most mesenchymal
subpopulations of the mutant midfacial primordia (Fig. 5J). These
results demonstrate the effective ablation of Wis by Pax3° in
midfacial mesenchymal cells.

Our scRNA-seq detected 13 out of 19 Wnt genes in the
midfacial primordia (Fig. S7). Among these, Wnt5a, a key orofacial
developmental gene, was shown by whole-mount in situ
hybridization to be significantly diminished in the dorsal parts of
the mutant MNPs (Fig. 5C,D) and this overall change was supported
by RT-qPCR (Fig. 5K). scRNA-seq identified Wnt5a as a DEG
in cluster m9 (Fig. SL). In contrast, the cleft lip gene Wnt9b,
which is exclusively expressed in the facial ectoderm, was slightly
upregulated in the W1s-cKO mutants (Fig. SE,F,M,N). Furthermore,
the canonical Wnt signaling transcription factor Lefl was
predominantly expressed in the WT MxPs and also moderately
expressed in the LNPs and MNPs and was clearly diminished in the
mutant MNPs particularly in m5 and m9, but was not a DEG
determined by scRNA-seq or RT-qPCR (Fig. 5G,H,0,P). Together,
these results indicate that mesenchymal WIs ablation may block
both canonical and noncanonical Wnt signaling pathways,
especially Wnt5a in dorsal MNP mesenchymal cells, which could
contribute to midfacial malformation.

Region-specific downregulation of facial cleft-associated
genes in Wis-deficient midfacial mesenchyme

The muscle segment homeobox Msx genes play crucial roles in
craniofacial development (Alappat et al., 2003). Whole-mount
in situ hybridization demonstrated that Msx/ and Msx2 are clearly
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Wis-cKO ]  Fig. 5. Alterations of Wnt signaling genes in

I Wnt5a

Lef1

Wis-cKO midfacial primordia at E11.5. (A-H)
Front views of whole-mount in situ hybridization of
control and WIs-cKO facial primordia showing
altered and conserved expression patterns of Wis
(A,B), Wnt5a (C,D), Wnt9b (E,F) and Lef1 (G,H).
Arrows indicate diminished expression in the
dorsal MNPs of the mutants (B,D,H), and
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****P<0.0001; ns, no statistical significance
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seq showing cell cluster-specific alterations of
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diminished in the dorsal MNPs and LNPs of Wls-cKO embryos at
E10.5 and E11.5 (Fig. 6A-H), which is further supported by RT-
gPCR results at E11.5 (Fig. 61,K). Single-cell transcriptomics
indicated that Msx/ is a significant DEG that is diminished
primarily in mesenchymal clusters m2 in LNPs and m9 in MNPs at
E11.5 (Fig. 6J), which matches well with their expression in the
dorsal LNPs and MNPs. Msx2 was expressed at a lower level in the
dorsal MNPs of E11.5 WT embryos and it was altered similarly, but
to a lesser extent than, Msx/ in Wls-cKO mutants (Fig. 6G,H,K,L).

The paired box genes Pax3 and Pax7 play a synergetic role in
midline facial formation and clefts (Zalc et al., 2015). Pax3 was
widely expressed in midfacial primordia of E11.5 WT embryos,
including the LNP, MxP, and the dorsal and ventral MNP flanking a
lower expression domain (Fig. 7A). It was significantly diminished
in the dorsal MNP as demonstrated by whole-mount in situ
hybridization and RT-qPCR (Fig. 7B,C), and was differentially
expressed in m5 and m9 clusters of Wls-cKO MNPs as determined
by single-cell transcriptomics (Fig. 7D). In contrast, Pax7 was
predominately expressed in the LNPs and moderately expressed in
the dorsal MNPs of E11.5 WT embryos (Fig. 7E), but it was
downregulated in both regions of Wis-cKO embryos (Fig. 7F,G) and

was differentially expressed in cluster m9 of the mutant MNPs
(Fig. 7H).

Other than the aforementioned Msx and Pax transcription factors,
platelet-derived growth factor receptor A (Pdgfra) signaling also
plays an indispensable role in MNP development as conditional
ablation of Pdgfra with Wntl-Cre in neural crest lineage cells has
been shown to result in midline facial clefts (He and Soriano, 2013).
‘Whole-mount in situ hybridization and RT-qPCR demonstrated that
Pdgfra is significantly downregulated in the midfacial primordia,
particularly in the dorsal MNPs, of E11.5 Wls-cKOs (Fig. 71-K), but
single-cell transcriptomics showed no significant change in Pdgfra
expression in mutant mesenchymal subpopulations (Fig. 7L).

Together, these results suggest that downregulation of Msx1/Msx2
and Pax3/Pax7 as well as Pdgfra in the dorsal nasal prominences is a
primary contributor, at the molecular level, to the frontonasal
hypoplasia and midline facial clefts in Wls-deficient mutants.

Complex alteration patterns of homeobox Alx genes in
Wis-deficient midfacial mesenchyme

Mutations in the aristaless-like homeobox Alx genes are associated
with midfacial clefts and frontonasal dysplasia in humans (Uz et al.,
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Fig. 6. Alterations of Msx7 and Msx2 in WiIs-cKO

midfacial primordia. (A-H) Front views of whole-
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mount in situ hybridization of control and WIis-cKO
facial primordia at E10.5 (A-D) and E11.5 (E-H)
showing altered and conserved expression patterns
of Msx1 and Msx2. Arrows indicate diminished
expression in the dorsal MNPs and LNPs of the
mutants. (I,K) RT-qPCR validation of the indicated
genes in WT and WIs-cKO embryos (n=6 per group).
*P<0.05; **P<0.01 (t-test). (J,L) Violin plots of
scRNA-seq showing cell cluster-specific alterations
of Msx1 and Msx2. Dashed boxes indicate cell
clusters with diminished expression in m2 (LNP) and
m9 (MNP) subpopulations, and asterisks indicate
statistical significance (P_adj<0.05; bimod test).
Inp, lateral nasal prominence; man, mandibular
prominence; mnp, medial nasal prominence;

mxp, maxillary prominence.
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2010). An AlxI mutation is associated with midline facial defects in
cats (Lyons et al., 2016), and Alx3;AIx4 double mutants exhibit
incomplete penetrant midline facial clefts in mice (Beverdam et al.,
2001). AlxI was diminished in cluster m9, but upregulated in m5 of
Wls-cKO MNPs (Fig. 8A,B,G,H). AIx3 was diminished in MNPs,
but was also upregulated in the LNPs of Wls-cKOs, as demonstrated
by whole-mount in situ hybridization (Fig. 8C,D). However, the
overall change in A/x3 in the mutant midfacial primordia was not
detectable by RT-qPCR (Fig. 81). 4/x3 upregulation in m2 and m7
clusters of the mutant LNPs was supported by single-cell
transcriptomics  (Fig. 8J). Moreover, Alx4 expression was
significantly diminished in dorsal MNPs and LNPs of Wls-cKOs,
as demonstrated by whole-mount in sifu hybridization and RT-
gPCR (Fig. 8E,F,K), but not by single-cell transcriptomics
(Fig. 8L). Some of these inconsistent results generated by
different approaches may reflect the complex alteration patterns of
Alx genes in Wls-deficient midfacial primordia. Nevertheless, these
results suggest that altered Alx gene activity may also contribute to
midline facial clefts in Wls-cKO mutants.

Alterations of other crucial midfacial developmental genes

in Wis-deficient midfacial primordia

Tfap2a, which encodes a transcription factor required for
craniofacial development and midline facial closure (Schorle
et al., 1996), was significantly downregulated in the dorsal MNPs
and LNPs, as demonstrated by whole-mount in sifu hybridization
and RT-qPCR (Fig. 9A,B,G). Tfap2a was also downregulated in the
mutant MNP mesenchymal cluster m5 but was not identified as a
DEG in any cell clusters by single-cell transcriptomics (Fig. 9H).
Tfap2b was also significantly downregulated, as demonstrated by
in situ hybridization and PCR approaches, and was identified as a
DEG in multiple mesenchymal clusters, including m1, m2, m5 and

.&

m9 of Wils-deficient midfacial primordia (Fig. 9C,D,LJ). TwistI,
which encodes a basic helix-loop-helix (bHLH)-containing
transcription factor required for cranial closure (Chen and
Behringer, 1995), was predominantly expressed in the lateral
regions of LNPs and MxPs, and moderately expressed in the dorsal
nasal primordia of E11.5 WT embryos. The latter expression
domains were clearly diminished in Wlis-cKOs and Twist/ was
identified as a DEG in cluster m9 of MNPs, but RT-qPCR detected
no significant change between WT and cKO midfacial samples at
E11.5 (Fig. 9E,FK,L).

Moreover, Id1, which encodes a bHLH-containing inhibitor of
DNA binding and cell differentiation, was downregulated in dorsal
MNPs and identified as a DEG in m9 of Wls-cKOs at E11.5
(Fig. 10A,B,1J). In contrast, /d2 was downregulated in m9 and
upregulated in several other mesenchymal clusters in Wls-cKOs
(Fig. 10C,D,K,L). The distal-less gene DIx5 is required for
craniofacial development (Acampora et al., 1999) and it was
identified as a DEG being upregulated in m5 but downregulated
in nasal epithelia (cluster 10) of the mutants (Fig. 10E,F,M,N).
DIx6 was predominantly expressed in the nasal epithelia of the
WT midfacial primordia and showed no significant changes
by in situ hybridization and RT-qPCR, but was identified as a
DEG in the mutant nasal epithelia by single-cell transcriptomics
(Fig. 10G,H,0,P).

Together, these results suggest that Wls systematically modulates
various transcription factors required for midfacial morphogenesis.

Alterations of Fgf8 and non-neural epithelial marker genes in
Wis-deficient midfacial primordia

Because Pax3<"¢ is also activated in a subset of non-neural epithelia
in the distal nasal pit and adjacent surface ectoderm (Fig. 1A-D), we
examined several genes in the region by whole-mount in situ
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Fig. 7. Alterations of Pax3, Pax7 and Pdgfra in Wils-cKO midfacial
primordia at E11.5. (A,B,E,F,|,J) Front views of whole-mount in situ
hybridization of control and Wis-cKO facial primordia showing altered
expression patterns. Arrows indicate diminished expression in the dorsal
MNPs of the mutants. (C,G,K) RT-gPCR validation of the indicated genes in
WT and WIs-cKO embryos (n=6 per group). ***P<0.001; ****P<0.0001 (t-test).
(D,H,L) Violin plots of scRNA-seq showing consistently diminished expression
of Pax3in mutant m5 and m9, and Pax7 in mutant m9. Pdgfra alterations in the
mutants were not detected by scRNA-seq. Dashed boxes indicate cell clusters
with diminished gene expression in the mutants. Asterisks indicate statistical
significance (P_adj<0.05; bimod test). Inp, lateral nasal prominence; mnp,
medial nasal prominence; mxp, maxillary prominence.
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hybridization and scRNA-seq. The cell survival factor Fgf8 was
predominantly expressed in the distal nasal epithelia at E10.5 and
E11.5 in WT control embryos (Fig. S8A,C). This expression was
diminished specifically in the dorsal domains of the distal nasal
epithelia, but conserved in the ventral domains adjacent to LNPs
and/or MNPs and in other facial ectodermal regions in the Wls-
cKOs at E10.5 and E11.5 (Fig. S8B,D). The region-specific loss of
Fgf8 in the mutant nasal epithelia was not confirmed by scRNA-seq
(Fig. S9). Fgfir2 and Sp8 were not altered in Wis-cKO nasal epithelia
at E11.5 by either approach (Figs SS8E-H and S9). In contrast, no

alteration in expression of Cldn6 and Krt8 was detected by in situ
hybridization (Fig. S8I-L), but both were identified as DEGs in Wls-
cKO cluster 10 by scRNA-seq (Fig. S9). These results suggest that
Fgf8 and related epithelial genes are regulated by Wls in a subset of
nasal epithelial cells with Pax3<7 activities.

Functional interaction and GRNs in an MNP mesenchymal
subpopulation responsible for midline facial formation and
clefts

Our results indicate that among multiple mesenchymal
subpopulations ml and m9 are uniquely located in the dorsal
regions of the paired MNPs, which start to merge at the midline from
E11.5 of WT embryos (Fig. 3) and that m9, but not m1, has the
greatest number of downregulated and functionally relevant DEGs
in Wls-deficient midfacial primordia (Fig. 4). Notably, these
downregulated DEGs, which have been validated by at least two
experimental approaches (whole-mount in situ hybridization, RT-
qPCR or scRNA-seq) form an interactive network, which also
involves Fgf8 (secreted by adjacent nasal epithelia) at the protein
level (Fig. 11A), suggesting their coherent function in midline facial
formation and clefts.

To investigate further the regulatory mechanisms within m9,
we performed single-cell regulatory network inference and
clustering (SCENIC) analyses (Aibar et al., 2017) to map the
GRN activities in WT and W1s-cKO cells. A regulatory transcription
factor co-expressed with its target genes in the same cells is
defined as a regulon. SCENIC analysis revealed that a subcluster of
WT m9 is strongly driven by Msx1, Pax3 and Pax7, which are
inactivated in Wls-cKO m9 (Fig. S10). Based on co-expression and
cis-regulatory motif analyses, SCENIC predicted 34 Msx1 targets,
24 Pax3 targets and 13 Pax7 target genes (Fig. 11B). Msx1 and Pax3
have eight common targets, including Lefl (canonical Wnt
signaling pathway), Gas! (a Shh co-receptor), Gli2 (a Shh
transcription factor) and Prrx/ (a paired related homeobox gene).
Other notable Msx!1 targets include its own family members (Msx/
and Msx2), Wnt signaling genes (Dkkl, Wnt5a and Kif26b), the
TgfB signaling transcription factor Smad7, the retinoic acid
signaling gene Cyp26b1, the mesenchymal transcription factors
1d2, Irx5, Prrx2 and Runx2, and the cell cycle regulator K/f4. Other
notable Pax3 targets include its own family members (Pax3 and
Pax7), Wnt signaling genes (Rspo2 and Daam?2), the dynin-2
complex member Dync2hl and the Shh transcription factor Gli3.
Nine of the predicted Msx1 targets (Bcll1b, Gasl, Id2, Irx5, Prxx1,
Prxx2, Smad7, Tbx2 and Wnt5a) and three of the predicted Pax3
targets (Gasl, Irx3 and Prrx1) were downregulated in mutant m9,
indicating robust regulon activities of Msx1 and Pax3 modulated
by Wils.

To demonstrate, partially, the direct regulation of candidate
downstream target genes by upstream transcription factors in this
GRN module, we searched the presumptive upstream promotor
regions of Wnt5a, Kif26b and Smad7, and found multiple Msx1-
binding sites in the respective genes (Fig. 11C). Chromatin
immunoprecipitation (ChIP) assays using WT midfacial
primordial cells at E11.5 demonstrated that antibodies against
Msx1 can pull down the binding site 2 (BS2) in Wnt5a, BS3 in
Kif26b and BS2 in Smad7 promoter regions (Fig. 11D), suggesting
a direct regulation by Msx1 of these candidate downstream target
genes.

Together, these results provide an exemplary regulatory network
mechanism underlying MNP mesenchymal morphogenesis in
which Wls modulates a core GRN consisting of crucial regulons
that further integrate Wnt, TgfB, Shh and retinoic acid signaling
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Fig. 8. Alterations of Alx family genes in Wls-cKO midfacial primordia at E11.5. (A-F) Front views of whole-mount in situ hybridization of control and Wlis-cKO
facial primordia showing altered expression patterns of Alx7, Alx3 and Alx4. Arrows indicate diminished expression, and arrowheads indicate upregulated
expression in the mutant primordia. (G,I,K) RT-qPCR validation of the indicated genes in WT and WIs-cKO embryos (n=6 per group). *P<0.05; ***P<0.001; ns, no
statistical significance (t-test). (H,J,L) Violin plots of scRNA-seq showing downregulated expression of Alx7in m9 and concurrent upregulation in m5 of the mutant
MNPs and Alx3 upregulation in m2 and m7 of the mutant LNPs. Alx4 alterations were not detected by scRNA-seq. Dashed boxes indicate cell clusters with altered
gene expression in the mutants (black, upregulated; red, downregulated). Asterisks indicate statistical significance (P_adj<0.05; bimod test). Inp, lateral nasal
prominence; man, mandibular prominence; mnp, medial nasal prominence; mxp, maxillary prominence.

pathways and relevant components participating in midline facial
formation and merging.

DISCUSSION

Cellular mechanisms of midline facial formation and clefts
During craniofacial development, midfacial primordia undergo
dynamic morphological changes involving precisely regulated
three-dimensional tissue growth, apoptosis, and fusion processes
in a short period of time (Abramyan and Richman, 2015; Chai and
Maxson, 2006; Ji etal., 2020; Jiang et al., 2006; Suzuki et al., 2016).
Our study shows that E11 to E12 is a critical time window for
midfacial morphogenesis in mice. During this time, mesenchymal
cells from paired MNPs merge to the midline. The merging of
mesenchyme occurs at the dorsal MNPs around E11.5 and finishes
completely in less a day. The cellular and molecular mechanisms
underlying midline merging remain poorly understood. Our
results demonstrate that mesenchymal Wis deficiency disrupts
mesenchymal convergence in the midline, which prevents normal
development of the nasal septum, philtrum and associated orofacial
structures, and results in midline facial clefts.

Excessive apoptosis was detected in bilateral forehead regions
adjacent to the dorsal nasal primordia in Wls-deficient mutants,
which clearly contributes to frontonasal hypoplasia as demonstrated
by missing forehead tissues in the mutants. However, it is unclear
whether apoptosis directly contributes to the midline clefts.
Although the mutant primordia were much shorter and failed to
fuse in the anterior midline, the nasal septum and its associated
vomeronasal organs are still formed, suggesting that no excessive
cell death occurs in the mutant midline mesenchyme, which
generates the nasal septum and associated structures. Pax3<" elicits
recombination activities in both mesoderm- and neural crest-derived
mesenchymal cells (Engleka et al., 2005). The missing bone and

cartilage elements in Pax3"¢; Wis-cKO mutants further confirmed a
crucial role for Wis in skeletal development and homeostasis (Fu
et al., 2011; Goodnough et al., 2014; Maruyama et al., 2013; Wan
et al., 2013; Zhong et al., 2012, 2015). Pax3°¢ is also active in the
surface ectodermal lineage cells of the dorsal nasal pit, which is
considered a regional signaling center regulated by Fgf8 during
nasal development (Kawauchi et al., 2005). Our results demonstrate
that Fgf8 is specifically diminished in this regional signaling center,
which may contribute to the excessive apoptosis observed in the
adjacent tissues in Wls-cKO mutants. It has also been shown that
cranial ectodermal WIs is required for specification and
differentiation of osteoblast and dermal progenitors and surface
ectoderm WIls mutants display severe craniofacial malformations
(Goodnough et al., 2014). Nevertheless, it remains unclear whether
surface ectodermal Wls also contributes to midline facial fusion and
clefts.

Single-cell transcriptomics of midline facial formation

and clefts

In addition to genetic fate mapping, conditional gene targeting and
phenotypic analyses, the current study employed scRNA-seq to
study transcriptomic mechanisms underlying normal and defective
midline facial formation and fusion at the single-cell level.
Transcriptomic profiles faithfully revealed nine unique cell types,
including eight relatively small populations consisting of facial
ectodermal cells, nasal epithelial cells, peripheral glia, cranial
ganglion neurons, myoblasts, endothelial cells, erythrocytes and
myeloid cells, and a large mesenchymal population (more than 87%
of WT cells and 82% of cKO cells), which is consistent with the
fact that the midfacial primordia mainly consist of neural crest-
derived mesenchymal cells (Chai and Maxson, 2006; Helms et al.,
2005).
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Fig. 9. Alterations of Tfap2a, Tfap2b and Twist1 in Wis-cKO midfacial primordia at E11.5. (A-F) Front views of whole-mount in situ hybridization of control and
Wis-cKO facial primordia showing altered expression patterns of the indicated genes. Arrows indicate diminished expression, and arrowheads indicate no obvious
changes in the mutant primordia. (G,|,K) RT-qPCR validation of the indicated genes in WT and WIs-cKO embryos (n=6 per group). ****P<0.0001; ns, no statistical
significance (t-test). (H,J,L) Violin plots of scRNA-seq showing downregulated expression of Tfap2a in m5, Tfap2b in m1, m2, m5 and m9, and Twist? in m9

mesenchymal subpopulations of the mutants. Dashed boxes indicate cell clusters with diminished gene expression in the mutants. Asterisks indicate statistical
significance (P_adj<0.05; bimod test). Inp, lateral nasal prominence; man, mandibular prominence; mnp, medial nasal prominence; mxp, maxillary prominence.

The midfacial mesenchymal cells isolated from the whole
structures of MNPs, LNPs and MxPs can be further divided into
ten subpopulations based on enriched markers in both WT and Wls-
cKO at E11.5, which is different from a published scRNA-seq study
that revealed nine mesenchymal subclusters in the bilateral junction
zones by excluding the dorsal MNPs and LNPs and ventral MxPs
(Lietal., 2019). Based on marker gene expression patterns, we were
able to locate the anatomical positions of these mesenchymal
subpopulations, including ml, m5, m8 and m9, which are
represented by strong A/x3 expression and are located in the
MNP. The m2 and m7 clusters, represented by strong Pax7
expression, were located in the LNP, and m0, m3, m4 and m6 were
located in the MxP based on marker gene expression patterns. The
positional relationships among these mesenchymal subpopulations,
visualized by UMAP, were highly correlated with their anatomical
structures but with undefined mechanisms. One possible
explanation is that the patterning of cranial neural crest cells can
be influenced by the microenvironment, for example signal cues
from the cranial mesoderm, ectoderm or endoderm during or post-
migration (Trainor and Krumlauf, 2000; Trainor et al., 2003).
Recent scRNA-seq studies have revealed unique properties of pre-
migratory cranial neural crest cells by reactivation of the pluripotent
gene Oct4 (Zalc et al., 2021) or prerequisite activation of the bHLH
transcription factor Twist! (Soldatov et al., 2019). However, it
remains unclear when and how the cranial neural crest-derived
mesenchymal cells gained the unique transcriptomic profiles that

define their anatomical locations and related functional properties
during midfacial development.

Notably, the number of cells of the m5 cluster, located in the
dorsal MNP adjacent to the nasal pit, was drastically decreased from
12.18% in WT to 4.27% in cKO, suggesting that many apoptotic
cells were removed from Wis-cKO m5 subpopulation during sample
preparation by fluorescence-activated cell sorting for scRNA-seq,
which used live cells only for the 10x pipeline. As a potential
consequence, we detected predominantly upregulated DEGs in the
mutant m5 mesenchymal cells, including genes involved in
orofacial development, but there was no evidence for these
upregulated genes in the pathogenesis of midline facial clefts in
the mutants. However, a few downregulated DEGs in the m5 cluster,
including Pax3, which is also downregulated in the m9 cluster, may
play a role in MNP morphogenesis and midline fusion.

By contrast, ml and m9, the other two mesenchymal
subpopulations located in the dorsal MNPs adjacent to the
midline, exhibited no major changes in the cell numbers between
WT and WIs-cKO samples, suggesting that they are less impacted
by the ectopic apoptosis occurring in the mutants. The ml
subpopulation had no significant DEGs relevant to midfacial
formation, but m9 exhibited the greatest number of downregulated
DEGs that are highly relevant to midline facial formation and fusion
(which will be discussed in detail below), suggesting that m9 is a
key mesenchymal subpopulation with unique transcriptomics
regulated by Wls for midline facial formation and merging. It is
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worth mentioning that our scRNA-seq results did not detect all
crucial DEGs, such as A/Ix3 and Alx4, which were clearly
diminished in dorsal MNPs of the mutants detected by whole-
mount in situ hybridization and RT-qPCR, implying a technical
limitation of scRNA-seq that we cannot explain.

Molecular mechanisms and GRNs underlying midline facial
formation and clefts

At the molecular level, our combined approaches using in situ
hybridization, RT-qPCR and scRNA-seq revealed a panel of
significant DEGs in a mesenchymal subpopulation of Wls-deficient
MNPs, which encode crucial proteins that are interactively
connected within the same network required for midfacial
development (Fig. 11A). Among these functionally relevant
DEGs, WntSa is required for outgrowth of craniofacial and other
distal structures and Wnt5a-null embryos display a flattened face
(Yamaguchi et al., 1999) that is similar to the significantly
shortened snout and slightly widened face in the Wls-cKO
embryos with diminished Wnt5a expression in the dorsal nasal
primordia. These unique facial deformations can be a result of
disrupted non-canonical Wnt/planar cell polarity signaling and
convergent extension, which are required for directional tissue
morphogenesis (Gao, 2012), but which have not been clearly
addressed in midfacial morphogenesis. In contrast, Lefl is a key
transcription factor regulating downstream target genes in the

canonical

Whnt/B-catenin signaling pathway (Eastman and
Grosschedl, 1999). Msx1 and Msx2 are downstream target genes
of Lrp6-mediated canonical Wnt/B-catenin signaling during
midfacial formation and fusion (Song et al., 2009), and Msx1/
Msx2 double null mutants display severely disrupted craniofacial
structures with orofacial clefts (Ishii et al., 2005). Pax3 is a direct
target of Wnt/B-catenin signaling during neural tube closure (Zhao
et al., 2014). Dominant-negative Pax3 knock-in mutants or double-
knockout mutants of Pax3 and Pax7 exhibit severe frontonasal
dysplasia, including midline facial clefts (Zalc et al., 2015). These
results suggest that Msxl, Msx2 and Pax3 are key downstream
effectors of Wls-modulated canonical Wnt signaling in midline
facial formation and fusion. It remains unknown whether other
genes, including Alx4, Pdgfra, Tfap2a and Twistl, which encode
interactive proteins in the same network, are directly regulated by
canonical Wnt/B-catenin signaling. The current study demonstrates
that these molecules form a functionally interactive network
regulated by Wls in midline facial formation and fusion.

The current study also demonstrates that the dorsal regions
(which can be defined as the posterior regions of the body axis) of
the medial and lateral nasal primordia are mostly affected, and the
ventral (or anterior) regions of these primordia are less impacted by
Wis deficiency, which may reflect an evolutionarily conserved role
of Wnt signaling in body axis specification (Hikasa and Sokol,
2013). It may be also linked with the defective Fgf8 expression in
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Fig. 11. Functional interaction and GRN modulated by Wis in a MNP mesenchymal subpopulation during midline facial formation and fusion. (A) A

string interaction network consists of crucial proteins encoded by Wis and downregulated DEGs in m9 that are validated in the current study. Fgf8 in the dorsal
nasal tip (a regional signaling center) is also included for its functional relevance. Edges represent protein-protein associations and colors represent the following:
light blue, from curated databases; purple, experimentally determined; red, gene fusions; green, gene neighborhood; blue, gene co-occurrence; yellow, from text
mining, black, co-expression. (B) A significant GRN modular structure revealed by SCENIC consisting of three core regulons (Msx1, Pax3 and Pax7) and their
predicated downstream target genes in m9. Cis-regulatory elements are shown in the respective regulons that are required for midfacial formation and fusion. The
downstream target genes include components in multiple morphogenetic signaling pathways and many others with undefined functions in midfacial development.
The genes in red are also DEGs downregulated in Wis-deficient m9. (C) Predicted Msx1-binding sites in the respective promoter regions of Wntba, Kif26b and
Smad7. TSS, transcription start site. (D) ChIP demonstrates recruitment of the transcription factor Msx1 to a specific binding site of each of the selected

downstream target genes. BS, binding site.

the dorsal regions of the distal nasal pits in the Wis-cKO mutants.
Fgf8 is a downstream target gene of Wnt/B-catenin signaling pathway
during facial development, as demonstrated in our previous study
(Wang et al., 2011). Intriguingly, Sp8 and Fgf8 induce one another in
cortical patterning (Sahara et al., 2007), and conditional inactivation
of Sp8 with Pax3“" also causes midline facial clefts (Kasberg et al.,
2013). However, we did not detect significant alterations of Sp8 in
Pax3°"¢; Wis-cKO mutants, suggesting that Sps§ is not a downstream
effector of Wls in midline facial formation and fusion. Three-
dimensional tissue growth is regulated by complex gene expression
patterns that can be coordinated through GRNs that consist of
transcription factors and cis-regulatory elements in modular structures
for specific transcriptional outputs (Martin et al., 2016; Materna and
Davidson, 2007). Our SCENIC analysis revealed a specific GRN
modular structure in the mesenchymal subpopulation m9 regulated
by three core transcription factors, Msx 1, Pax3 and Pax7, which are
all downregulated in Wls-deficient MNP mesenchymal cells and are
required for midline facial formation and fusion, further
demonstrating their functional relevance and molecular regulatory

mechanisms in the same developmental process. Their downstream
target genes include components in Wnt, TgfB, hedgehog and retinoic
acid signaling pathways. These morphogenetic signaling pathways
play interactive roles in midfacial development and related disorders,
particularly in lip/palate formation and orofacial clefts (Reynolds
et al., 2019; Reynolds et al., 2020; Suzuki et al., 2016). For instance,
disrupting hedgehog and Wnt signaling interactions promotes cleft
lip pathogenesis (Kurosaka et al., 2014). The effects and mechanisms
underlying signaling interactions between Wnt pathway and other
morphogenetic pathways in midfacial formation and clefts warrant
further investigations.

Several signaling genes including WntSa, Lefl and Smad7 are
downregulated in the Wls-deficient MNP mesenchymal cells.
Interestingly, Wnt5a/Ror signaling regulates Kif26b at the protein
level by inducing its degradation by the ubiquitin-proteasome
system (Susman et al., 2017). Kif26b is required for kidney
development (Uchiyama et al., 2010), but its role in craniofacial
development has not been defined. Also, the roles of many other
target genes in midfacial development have not been defined. Our

12

DEVELOPMENT



RESEARCH ARTICLE

Development (2022) 149, dev200533. doi:10.1242/dev.200533

GRN analysis revealed that Kif26b, along with many others are
predicted downstream target genes of Msx1. We demonstrate that
Msx1 can directly bind to specific motifs in the promoter regions of
Wnt5a, Smad7 and Kif26b in the midfacial primordial cells.
Together, these results provide another layer of mechanistic insights
into the modulation and integration of multiple signaling pathways
by WIs through a core GRN in the MNP. This GRN module does not
include several significantly altered genes in Wls-deficient mutants,
such as Alx4, Pdgfra, Tfap2a and Twist1, suggesting that they may
act in parallel or independently of this active GRN in the same
region at the same age or they may act in different GRN modules at
different ages during midfacial development. This study also
provides future directions for investigations into the roles of new
GRNSs and downstream target genes in midfacial development and
related disorders.

MATERIALS AND METHODS

Mouse lines

All animal studies were approved by UC Davis Animal Care and Use
Committee and conformed to NIH guidelines. Pax3"¢ knock-in (Engleka
et al., 2005), Wis"** (Carpenter et al., 2010) and Rosa26mT/mG reporter
(Muzumdar et al., 2007) mouse lines were acquired from The Jackson
Laboratory. Pregnant, timed-mated mice were euthanized prior to cesarean
section. Noon of the day of conception was designated as E0.5.

Genetic fate-mapping and conditional gene-targeting analyses
Pax3°7¢ " Wis"** mice were mated with Rosa26-mT/mG; Wis"*¥/1ox mice
for genetic fate mapping of the Pax3<" lineage cells and conditional gene-
targeting analyses of Wis in facial mesenchymal cells. Heterozygous
Pax3°* :Wis"** and cKO Pax3<"¢"*; Wis™/1* embryos containing a
Rosa26-mT/mG reporter were sampled at E10.5-E12.5 for genetic fate
mapping and morphological analyses by confocal microscopy using a
Nikon A1 confocal laser microscope. The three-dimensional frontal views
of embryonic heads were reconstructed from z-stacks and large images using
NIS-Elements C software.

Skeletal preparation

The whole-mount skeletal staining was carried out as previously described
(Rigueur and Lyons, 2014). Briefly, E18.5 cKO embryos and littermate
controls were dissected out and fixed in 80% ethanol overnight, followed by
removal of the skin and internal organs. The samples were then dehydrated
in 95% ethanol for 24 h, followed by acetone wash for 2-3 days. The
embryos were then stained with 0.03% Alcian Blue (prepared in ethanol/
glacial acetic acid) for 2 days, followed by dehydration in 70-95% ethanol
overnight. The embryos were then cleared with 1% KOH and stained with
0.1% Alizarin Red for 6 h. The stained embryos were cleared in 50%
glycerol with 1% KOH solution for several weeks until ready for brightfield
stereo imaging using a Lumar V12 stereomicroscope (Zeiss).

Whole-mount in situ hybridization and TUNEL assays

Whole-mount in situ hybridization was performed as previously described
(Song et al., 2009). Briefly, embryos fixed in 4% paraformaldehyde
overnight at 4°C were processed for whole-mount in situ hybridization using
digoxigenin-labeled antisense RNA probes. Primers for all probes were
referenced to Allen Brain Atlas (https://mouse.brain-map.org/). At least
two mutants and two littermate control embryos were used for each in situ
experiment for consistent results. Whole-mount TUNEL assays were carried
out as previously described (Kanzler et al., 2000) with minor modifications.
The DeadEnd Fluorometric TUNEL system (Promega) was used for
labeling apoptotic cells, and embryos were counterstained with DAPI. A
series of z-stacks generated using a Nikon Al confocal microscope were
used for reconstruction of whole-mount images using NIS Elements
software (Nikon). Three mutant embryos and three littermate controls were
examined at each age. The automatic cell counting function of Imagel
(Schneider et al., 2012) was used to count numbers of TUNEL-positive cells

in equal areas of the left and right nasal junction zones or forehead regions
for statistical analyses. Two-tailed, unpaired Student’s s-test was used for
statistical comparisons when appropriate and differences were considered
significant at P<0.05.

Total RNA isolation and RT-qPCR

Mouse embryonic midfacial primordia consisting of the maxillary, lateral
and medial nasal prominences at E11.5 were microdissected in RNase-free
PBS for total RNA extraction using a RNeasy kit (QIAGEN). Samples from
six Wls-cKOs and six littermate control embryos were collected. RNA
concentrations were measured using a NanoDrop One spectrophotometer
(Thermo Fisher Scientific). RT-qPCR was performed as previously
described (Song et al., 2009) with minor modifications. The iScript
cDNA synthesis kit (Bio-Rad) was used to synthesize cDNAs from 400 ng
of total RNA per sample for subsequent qPCR analysis. qPCR reactions
were duplicated using TB Green Advantage qPCR Premix (Takara Bio)
with the AriaMx real-time PCR system (Agilent Technologies). The relative
expression level of target genes was calculated using the ACT method. The
housekeeping gene Gapdh was used to normalize qPCR results, which are
shown as meants.d. The calculation of mean+s.d. and statistical analysis
(two-tailed, unpaired Student’s #-test adjusted with Welch’s correlation) was
performed using GraphPad Prism V9.1 software. A P-value less than 0.05
was considered significant. The primers used in this study are included in
Table S3.

Single-cell preparation and scRNA-seq analyses

E11.5 mouse midfacial primordia were microdissected in cold PBS and
dissociated in cold protease solution modified from a published protocol
(Adam et al., 2017). The freshly prepared single-cell suspensions were
filtered and processed for fluorescent-activated cell sorting to remove the
dead cells labeled by DAPI. After PCR genotyping, two cKOs and three
littermate controls were respectively pooled for subsequent sequencing
preparation. Barcoded 3’ single cell libraries were prepared from single-cell
suspensions using the Chromium Single Cell 3" Library and Gel Bead kit
(10x Genomics) for sequencing according to the recommendations of the
manufacturer. The cDNA and library fragment size distributions were
verified by micro-capillary gel electrophoresis on a Bioanalyzer 2100
(Agilent Technologies). Libraries were quantified by fluorometry on a Qubit
instrument (Life Technologies) and by qPCR with a Kapa Library Quant kit
(Kapa Biosystems-Roche) prior to sequencing. Libraries were sequenced on
the HiSeq 4000 sequencer (Illumina) with paired-end 100 bp reads.

Mapping

FASTQ files for all samples were generated by the DNA Technologies and
Expression Analysis Core Lab of the UC Davis Genome Center. The Cell
Ranger Single Cell software suite from 10x Genomics was used to align
reads and generate feature-barcode matrices. Raw reads were processed
using the Cell Ranger count program using default parameters. This
program uses STAR to map cDNA reads to the transcriptome using mouse
reference package (mm10).

Quality control and pre-processing

Seurat_3.0.3 (Butler et al., 2018) was used for all following analyses. All
genes that were not detected in at least three single cells were excluded. Cells
in which fewer than 300 unique genes were detected and for which the
unique molecular identifier was greater than 60,000 were excluded to
remove possible low-quality cells, doublets and multiplets. Mitochondrial
quality control metrics were calculated using the ‘PercentageFeatureSet’
function to filter out cells with >20% mitochondrial counts, avoiding low-
quality and dying cells. After filtering, 15,610 genes in total across 7725
cells (4284 from WT samples and 3441 from cKO samples) in the midfacial
dataset remained for downstream analysis. Normalization was performed by
the global-scaling normalization method ‘LogNormalize’ in Seurat, then the
results were log-transformed for downstream analysis. Then the
‘FindVariableFeatures’ function was used to calculate a subset of highly
variable features (default: 2000 genes) for each sample to help highlight
biological signals in future analyses.
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Integration analysis

The ‘FindIntegrationAnchors’ and ‘IntegrateData’ functions in Seurat_3.0.3
were employed to integrate the two datasets, WT and cKO (Stuart et al.,
2019). Then a linear transformation as a standard pre-processing step was
performed on the combined dataset and the effects of cell cycle
heterogeneity in this combined dataset was regressed out during data
scaling. Principal component analysis (a dimensional reduction technique)
was conducted to determine the dimensionality of the dataset and UMAP
(Mclnnes et al., 2018 preprint) was chosen to visualize the combined
dataset. The ‘FindNeighbors’ and ‘FindClusters” functions were applied to
cluster cells, cluster-specific markers conserved across conditions were
identified with the ‘FindConservedMarkers’ function and clusters were
assigned to known cell types based on their specific markers. After all the
cells were aligned, comparative analysis was performed to identify DEGs
induced by gene knockout. Differential expression was assessed with
‘Bimod’ (likelihood-ratio test) and genes for which P_adj <0.05 and |logFC|
>().2 were defined as significant DEGs. All marker genes and DEGs were
visualized with ‘FeaturePlot’, ‘DotPlot” and ‘VInPlot’ functions in Seurat
and the R package ‘ggplot2’ (https:/ggplot2.tidyverse.org). Specifically, for
DEGs selected for pathway analysis, two R packages, ‘clusterProfiler’ and
‘GOplot’ (Walter et al., 2015; Yu et al., 2012), were used for gene set
enrichment analysis and visualization. Only functional categories related to
midfacial development functions were chosen.

SCENIC analysis

SCENIC analysis was run as described (Aibar et al., 2017) (SCENIC
version 1.1.2.2, which corresponds to GENIE3 1.4.3, RcisTarget 1.2.1
and AUCell 1.4.1) using the 24,453 motifs database for RcisTarget
(mm9-500bp-upstream-7species.mc9nr.feather; mm9-tss-centered-10kb-
Tspecies.mc9nr.feather). The input matrix was the raw/non-normalized
expression counts matrix (including WT and cKO) from which 9651 genes
passed the default filtering. From these genes, only the genes that were
available in RcisTarget databases were kept (8787 genes) in the co-
expression modules from GENIE3 and analyzed for motif enrichment with
RcisTarget. Regulators (‘Regulon’ defined by SCENIC) for different cell
types in two different conditions (WT and cKO) were selected based on the
‘RelativeActivity’ score.

ChIP assay

ChIP assays were carried out using a ChIP assay kit (Sigma-Aldrich, 17-295)
according to the manufacturer’s instruction as previously described (Wang
et al., 2011). Briefly, midfacial primordia were microdissected from E11.5
WT embryos and homogenized in ice-cold PBS then incubated with 1%
formaldehyde at 37°C for 10 min to allow crosslinking to occur. Following
centrifugation (425 g for 4 min at 4°C), the pellet was re-suspended in
lysis buffer and sonicated. Salmon sperm DNA/Protein A-agarose was
then used to preclear the fragmented chromatin. The precleared protein-
DNA complexes were incubated with a monoclonal anti-Msx1 antibody
(Thermo Fisher Scientific, H00004487-M11) or a control mouse [gG2a (Cell
Signaling Technology, 61656S). After washing, samples were reverse cross-
linked. To determine Msx1-binding sites (TAATTG or CAATTA) on gene
promoter regions, we retrieved promoter sequences of Wntda, Kif26b and
Smad7 (—5000 to +100 bp) from the Eukaryotic Promoter Database (https:/
epd.epfl.ch/index.php). For protein-DNA interaction validation, we used
GoTaq® G2 DNA Polymerase (Promega) for PCR amplification (35-40
cycles) and electrophoresed the product on 2% agarose gels. The separated
bands in agarose gels were then observed under ultraviolet light. Primer sets
used for ChIP assays are shown in Table S4.
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Fig. S1. Genetic fate mapping and midline gap quantification of Pax3°"; WIs™* midfacial
primordia. (A,B) Front facial views of genetic fate mapping of the heterozygous and cKO embryos at
E10.5. (C,D) Measurements and comparisons of facial distances of (I) the midline gap between MNPs,
(II) between dorsal nasal tips, (lll) between bilateral junction zones, and (IV) between the lateral edges
of LNPs in the cKOs (n = 3) and littermate heterozygous controls (n = 3) at E11.0-E11.25. (E) Only the
midline gap (l) is significantly increased in the cKOs (P = 0.0005, t-test). Other distances (lI-IV) are
also slightly increased in cKOs without statistical significance (P > 0.05).
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Fig. S2. Quantifications of apoptotic cells in the dorsal nasal primordial junction zones
and forehead regions of the littermate control and Pax3Cre;WIs-cKO embryos during
midfacial development. (A,B) TUNEL positive cells were automatically counted by ImageJ in
the equally dashed-line squared areas covering the dorsal nasal primordial junction zones and
forehead regions in the littermate control and cKO embryos at E10.5 (only right facial primordia
were shown). (C) Bar graphs show no significant changes of TUNLE positive cells around the
junction zones (P > 0.05), and they are increased 2.93 folds in the forehead regions (P < 0.01)
of the cKOs (n = 4 in 2 cKOs) compared with the littermate wild-type (WT) controls (n =6 in 3
embryos) at E10.5 (unpaired two-tailed Student’s t-test). (D,E). TUNEL positive cells were
counted in the equally dashed-line squared areas at E11.5. (F) Bar graphs show no significant
changes of TUNLE positive cells around the junction zones (P > 0.05), and they are increased
7.42 folds in the forehead regions (P = 0.000018) of the cKOs (n = 6 in 3 mutants) compared
with the littermate wild-type (WT) controls (n = 6 in 3 WT embryos) at E11.5 (two-tailed unpaired
Student’s t-test). P < 0.05 is considered statistically significant.
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Fig. S3. Quality control (QC) for scRNA-seq data. (A-C) Violin plots show three quality
control metrics, including the number of genes (nFeature_ RNA) (A), number of unique
molecular identifiers (UMIs or nCount_RNA) (B), and percentage of mitochondrial genes
(percent.mt) (C) in individual clusters. (D) Violin plots of ribosomal genes in each cluster.
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in E11.5 midfacial primordia.
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Fig. S5. Gene markers for non-mesenchymal cells. Heatmap shows expression of top five
marker genes for 8 non-mesenchymal lineage cells of E11.5 midfacial primordia.
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Fig. S$6. Cell cycle analyses of cluster 10 (nasal epithelial cells). (A) Bar graphs show no
significant (NS; Z-test) changes of G1, G2/M, and S phases of cluster 10 cells in WIs-cKOs. (B)
UMAP shows significantly lower cell numbers in the wild-type (WT) control embryos compared
to the cKO embryos, which is caused by a technical limitation of sScRNA-seq preparation when
individual cells were incorporated to liquid droplets from the WT midfacial primordia that contain
much higher percentiles of mesenchymal cells than that in the cKO embryos, which reduces the
chance of the much lower percentile of the WT nasal epithelial cells to be sequenced.
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Fig. S8. Non-neural nasal epithelial and surface ectodermal cell markers in WT and
WIs-cKO midfacial primordia. (A-D) Altered Fgf8 expression patterns in the distal
nasal epithelia of WiIs-cKOs at E10.5 and E11.5. Arrows indicate the diminished and
arrowheads indicate the conserved expression domains of Fgf8 in the cKOs. (E,F) Fgfr2
expression (arrowheads) is not altered in the nasal epithelia adjacent to mutant MNPs.
(G,H) Sp8 expression is not altered in the mutant nasal pit. (1,J) Cldn6 expression is
relatively conserved in the mutant nasal epithelia and surface ectoderm. (K,L) Krt8
expression is relatively conserved in the mutant.
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Fig. S9. Violin plots of Fgf8 and related non-neural epithelial genes in WT and Wis-
cKO midfacial primordia at E11.5. Fgf8 is mainly expressed clusters 10, 11, and 15, but it
is not determined as a DEG by scRNA-seq analysis. Fgfr2 is widely detected in both
mesenchymal and epithelial cells. Sp8 is detected predominately in epithelial clusters 10
and 11. Cldn6 and Krt8 are high in 10 and 11, and both diminished in cluster 10. *,
P_adjust value < 0.05, bimod test.
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Fig. $S10. Heatmap of regulon activities in WT and Wis-deficient m9 mesenchymal
cells. A subcluster (dashed square) with high regulon activities consists of Msx1, Pax3,
and Pax7 in the WT, but they show little activities in the mutant. The number of predicted
target genes is labeled after each regulon. For instance, Msx1 (34g) means that Msx1
regulates 34 target genes (see details in Fig. 11B).
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Table S1. Sequencing information.

Samples (E11.5 mouse midfacial primordia) Littermate control Pax3°r;Wis-cKO

Estimated Number of Cells 4,284 3,441
Mean Reads per Cell 37,778 63,081
Median Genes per Cell 2,241 2,489
Number of Reads 161,841,670 217,063,706
Sequencing Saturation 65.80% 78.40%
Reads Mapped to Genome 91.50% 92.50%
Reads Mapped Confidently to Intronic Regions 15.10% 15.80%
Reads Mapped Confidently to Exonic Regions 70.20% 70.60%
Total Genes Detected 17,903 17,981
Median UMI Counts per Cell 6,685 7,475
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Table S2. Gene ontology relevant to midfacial development. m0~m9, mesenchymal clusters

se, surface ectoderm (cluster 11). *, The bottom two rows

thelia (cluster 10);

are not specifically relevant to midfacial development.

ne, nasal ep
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Table S3. List of primers used for quantification of specific gene expression in this study.

Genes Forward Primer Reverse Primer

Alx1 TTACCAAGGACGGACAGCTA CATGCATGACGTAACCACAG

Alx3 CGTACTGCCCAGAACTGACA ATGCCCTCTGGAGACATGAG

Alx4 ACACATGGGCAGCCTGTTTG TGCTTGAGGTCTTGCGGTCT

Dix5 CTGGTGACTGTGGCGAGTTA CAGAAGAGTCCCAAGCATCC

DIx6 CTCAATACCTGGCCCTTCC AGAGCGCTTATTCTGAAACCAT
Gapdh CAACGACCCCTTCATTGACC GGTCTCGCTCCTGGAAGATG

ld1 TTCTCAGGATCATGAAGGTCGCCA TTTGCTCCGACAGACCAAGTACCA
ld2 TGCCCAATGTAAGCAGACTTTGCC ACAGCATTCAGTAGGCTCGTGTCA
Lef1 TCACTGTCAGGCGACACTTC TGAGGCTTCACGTGCATTAG

Msx1 AAGATGCTCTGGTGAAGGCCGAAA CTTGCGGTTGGTCTTGTGCTT

Msx2 ATACAGGAGCCCGGCAGATACT AACTTGCGCTCCAAGGCTAGAA
Pax3 TGCCCTCAGTGAGTTCTATCAGC GCTAAACCAGACCTGCACTCGGGC
Pax7 CCGTGTTTCCCATGGTTGTG GAGCACTCGGCTAATCGAAC

Pdgfra GAGGATAAGCTGAAGGACTGGGAAGG TACTGGAACCTGTCTCGATGGCACT
Tfap2a CGCTCCTGGGCGGAGTA CCTATCTTGTCCAGTTTTTCTCTTAAAGA
Tfap2b GGCTTCTTGGGAGGAATGTCAG CCTTCTACCAGTGAGGTGAGTAACG
Twist1 AGTCTGAACACTCGTTTGTGTCCC ATGCCTTTCCTGTCAGTGGCTGAT
Wis TTTCCAAATCGTTGCCTTTCTG TGGTTCTTACGGACATCCAC

Whntba AGGAGTTCGTGGACGCTAGA ACTTCTCCTTGAGGGCATCG

Whnt9b AAGTACAGCACCAAGTTCCTC CACTTGCAGGTTGTTCTCAG
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Table S4. List of primers used for ChIP PCR assays in this study.

Gene Forward primer (5°>3’) Reverse primer (5’'>3’) Size (bp)
Wnt5a_BS1  GGGAGTGAACCGATCTTTGA CTTCGGCTCTTTTCCTAAGC 152
Wnt5a_BS2  GCGGGGGTTAGTTTGTGAAC CCGAAGGAAAAGTTGTTTGG 159
Kif26b_BS1 GTATTCTGCCCCCTCCTTTC CGGGGTGTCATTTTTCATTT 259
Kif26b_BS2 CGGATTCTCTAGACCAAAAATAAA TCCCCAAATTAAGGTGTAAATTC 179
Kif26b_BS3  CAGCCCAGGCTAAGTCAAAG GTTTGCATGGGTCTGTTTCC 154
Smad7_BS1 GTGCACAGAATTCGAGGAGA CTACAGTGGCTCCCGAGTGT 254
Smad7_BS2 CTGAATCCAGGGTCTCTAAGGA AGGACAGTCATGAAACTTACGG 220
Smad7_BS3 CTTCCCGGGTTGCTTTAGA CCATTCCCCTTCCACACTAA 240
Smad7_BS4 CACCTACTTGCCCCATCTGT GCCACCACTGCTCTGCTAGT 256
Smad7_BS5 ACCATAAAGCACCAGCCATT CAGATGGGGCAAGTAGGTGT 243
Smad7_BS6 CTGCACCGTGATTAGGGTTT GGCTCTTCTTTCGCCTCAC 237
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