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Introduction During embryonic craniofacial development, the facial primordium is composed of seven
prominences: the frontonasal process and two paired maxillary processes and mandibular processes.
These primordia are populated by cranial neural crest cells and covered by the facial ectoderm.
Adequate growth and fusion of each facial primordium are critical for normal craniofacial development
and any disturbance in these processes could result in a wide range of congenital craniofacial
deformities, including orofacial cleft. Orofacial cleft is a group of defects including isolated cleft
lip and/or cleft palate and sometimes accompanied by symptoms such as missing or extra teeth. In
humans, orofacial cleft would also be classified in different types according to where the clefts
exist. Lateral cleft lip and palate are the most frequent forms of orofacial cleft and therefore the
mechanisms are relatively well studied. In contrast, the etiology of midfacial cleft, which exhibits
the cleft at the middle of the face, is largely elusive. It is well known retinoic acid(RA) signaling
is involved in patterning and growth of the facial primordia by regulating cellular behaviors and gene
expression. In our previous study, embryonic elimination of Adhl0, a rate limiting enzyme for
synthesizing RA, resulted in severe midfacial defects, including midfacial cleft. However, the
cellular and molecular mechanisms underlying this midfacial cleft caused by RA deficiency are still
unknown. In the present study, we investigated the association of disturbed RA signaling and midfacial
cleft using tamoxifen—induced conditional RdAZ0 knock-out mice (Ert2Cre; Rdh107") as a model.

Methods and Results We [irst confirmed the efficiency of elimination of Rdhl0 and compared
spatiotemporal distribution of RA in the developing craniofacial region between control and E£rtZCre;
Rdh10°"" mice. By administrating tamoxifen at E7.0, substantial reduction of RdhI0 and Rare—LacZ
expression was seen in the developing frontonasal process. These data indicate RdhI0 plays a dominant
function in activating RA in the developing frontonasal process. The heads of the embryos were
dissected at different developmental stages followed by morphological assessment with whole—mount DAPI
staining. As a result, we detected midfacial cleft as early as E11.5. From histological analysis of
the same samples, arrested upper incisor development and ectopic nodules or chondrogenesis could also
be observed. Interestingly, most of the affected tissues were restricted to the derivatives of
frontonasal process, whereas structures in the maxillary processes, such as the upper molars, were
relatively intact. In order to assess the behaviors of cranial neural crest cells, expression of Sox9
and 7fapZa were analyzed by in situ hybridization in E9.5 embryos. The expression of both genes showed
no noticeable difference in the frontonasal process between mutant and control embryos at E9.5, which
indicates the production and migration of cranial neural crest cells are normal in the mutant mice. We
further assessed apoptosis as well as proliferation in the developing frontonasal process at E10.5 via
TUNEL staining and immunohistochemistry of pHH3. As a result, significant elevation of apoptosis in

the mesenchyme of developing frontonasal process could be seen in mutant embryos, while the number of




proliferating cells was comparable between control and mutant mice. These results indicate RA
signaling is essential for the survival of post-migratory cranial neural crest cells. Previous reports
showed that loss of A/x3 and A/x4 in mice would result in elevated apoptosis in the developing
frontonasal process and midfacial cleft. Furthermore, mutation of A/x/ and A/x3 is associated with
human frontonasal dysplasia, of which symptoms include midfacial cleft. Interestingly, we detected
substantial reduction of A/x/ and A/x3 in the developing frontonasal processes of E10.5 mutant
embryos. These results strongly indicate that RA signaling is required to activate craniofacial A/x/
and A/x3 expression, and its disturbance results in elevated apoptosis and midfacial cleft. We further
investigated the expression profiles of /gf& and B -catenin in the developing frontonasal process
which are known as crucial signaling molecules for craniofacial development. Ectopic Fgf& could result
in ectopic nodules and cartilage in the chick craniofacial region. Continuous activation of §—catenin
could result in midfacial cleft together with ectopic cartilage in the craniofacial region. Consistent
with previous reports, Fgf& and P -catenin showed noticeable upregulation in the mutant frontonasal
process at E10.5. Hedgehog(Hh) signaling is another well-known signaling pathway regulating
craniofacial development. Antagonism or enhancement of Hh signaling in ventral forebrain or
frontonasal process could correspondingly result in holoprosencephaly and hypertelorism, which could
both be associated with midfacial cleft and upper incisor patterning. Interestingly, Shh expression
was reduced in the oral ectoderm at E10.5 but showed persistently expanded expression in the ventral
forebrain in E11.5 mutant mice. Furthermore, G/i/ and Ptchl, readout genes of Hh signaling, were
ectopically expressed at the middle of the frontonasal process and also elevated in the ventral
forebrain at E11.5. Importantly, the severity and penetrance of midfacial cleft in the mutant was
significantly reduced by administrating cyclopamine, an inhibitor of Hh signaling. These results
strongly suggest that disturbed Hh signaling by reduced RA signaling underlies the etiology of
midfacial cleft in the mutant embryos

We also discovered upper incisor defects in the mutant embryos, such as missing and split tooth germ.
In order to identify which developmental stage is specifically influenced by RA during incisor
development, we assessed the expression of P21 and SOX2 to indicate dental lamina and dental placode
As a result, we detected lack of invagination with reduced cell proliferation in SOX2-expressing
dental lamina at E11.5 and noticeable reduction of P21 expression in dental placode at E13.5 in the
mutant embryos. These results clearly indicate upper incisor defects in the mutant embryos begin at
the initial stage. Next, we assessed a series of inductive signals which are essential for initiation
of tooth development. Combined with RNAseq data, we assessed Pax9 and Prtx2, of which mutations are
associated with missing teeth and arrestment of dental lamina. Additionally, downregulation of Bmp4 in
dental mesenchyme is suggested to result in splitting the Shh expression domain and incisor placode.
The results showed downregulation of all the above inductive signals in either dental epithelium or
mesenchyme, indicating that RA orchestrates the critical molecular interactions during odontogenesis
Finally, these results demonstrate that RA signaling is also required for the initiation and
patterning of the upper incisor development.

Conclusions Altogether, these data indicate that spatiotemporal ARdAI0 and RA signaling in the
embryonic frontonasal process are important for regulating genes which govern midface development.
These insights would shed light on the etiology of human midfacial cleft with novel molecular and

cellular mechanisms.
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