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Abstract

Palatogenesis is a complicated and precisely balanced process in which malfunctions induce congenital cleft palate, one of the most common embryonic developmental
anomalies seen in newborns. Multiple signaling pathways and transcription factors have been implicated in palatal shelves development. The purpose of this article is to
review one of the most important signaling pathways that plays a critical role in secondary palate development, namely Sonic hedgehog (Shh) signaling pathway. It includes
an overview of the expression patterns of members of the Hedgehog signaling pathway and the role of Shh signaling in the reciprocal epithelial-mesenchymal interactions

during secondary palate development.
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0z

Palatogenez, malfonksiyonlar: yeni doganda en sik goriilen embriyonik gelisimsel anomalilerden biri olan konjenital yarik damaga yol acan, karmasik ve kusursuz olarak dengelenmis bir
stirectir. Cok sayida sinyal yolaklar: ve transkripsiyon faktorleri palatal ¢ikintilarin gelisimi ile iliskilidir. Bu makalenin amact, sekonder damak gelisiminde kritik rol oynayan en 6nemli sinyal
yolaklarindan biri olan Sonic hedgehog (Shh) sinyal yolagi hakkinda derleme yapmaktir. Bu ¢alisma, sekonder damak gelisimi sirasinda olugan karsilikls epitelyal-mezenkimal etkilesimlerde

Hedgehog sinyal yolag: iiyelerinin ekspresyon modellerini ve Shh sinyalinin roliinii genel olarak degerlendirmektedir.

Anahtar

Kelimeler Sonic hedgehog (Shh); Hedgehog sinyal yolag; palatal ¢ikintilar; epitelyal-mezenkimal etkilesim; yarik damak; hiicre cogalmast
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INTRODUCTION
In mammals, the oral cavity and the nasal cavity are se-
parated by the palate which consists of a bony hard part
anteriorly and a muscular soft part posteriorly. The an-
terior hard palate is critical for a normal speech and fe-
eding, while the posterior movable muscular soft palate
plays an important role during swallowing by closing off
the nasal airway.! Cleft palate is one of the most common
congenital malformations that can be caused by genetic
or environmental perturbations during palatal develop-
ment.! Palatogenesis depends on complex spatio-temporal
networks of growth factors and transcription factors that
are crucial for normal palate development.'? The secon-
dary palate begins to develop in mice at embryonic day
11.5 (E11.5) by the outgrowth of the palatal shelves (PS)
from the oral side of the maxillary processes bilaterally. At
first, the palatal shelves grow downwards on either side of
the tongue (from E11.5 to E14.5), then they undergo a ra-
pid elevation to a horizontal position and become oriented
toward each other above the tongue (from E14.5 to E15).
The elevated palatal shelves grow toward each other and
adhere to form the median epithelial seam (MES) which
then disappears to allow the fusion of the palatal shelves.'?
The palatal shelves consist mainly of neural crest-deri-
ved ectomesenchymal tissue core that is covered on the
outside by stomodeum-derived epithelium.'” Multiple
signaling pathways and transcription factors regulate re-
ciprocal epithelial-mesenchymal interactions that control
the growth and patterning of the palatal shelves."* Sonic
hedgehog (Shh) is a member of the Hedgehog (Hh) family
of secreted proteins* and appears to be the key regulator of
palatal shelves development.*® The Hh signaling cascade is
regulated by numerous factors at various stages, from mo-
difying and releasing ligands to receiving and transducing
signals.®” Signaling is mediated by binding of Shh ligan-
ds to the twelve-pass transmembrane receptor patched 1
(Ptch1) in the recipient cells.” Cell Adhesion Molecule-Re-
lated/Downregulated by oncogenes (Cdo), Biregional
Cdo-binding protein (Boc), and Growth arrest-specific 1

(Gasl) are co-receptors that are required for proper signa-

ling.#! In the absence of the Shh ligand, Ptch1 inhibits the
pathway activity by acting as a ligand-independent inhi-
bitor for the transmembrane protein Smoothened (Smo),
which is required for the intracellular transduction of the
Shh signaling.”'*"* This inhibition leads to the formation of
the repressor forms of Glioma-associated oncogene (Gli)
family of transcription factors, Gli3*” However, binding
of Shh ligand to Ptchl leads to the activation of Smo that
translocates to the cilium and allows pathway activation.®”
Ptchl rapidly mediates sequestration and degradation of
Shh to re-establish quiescence in recipient cells.'*'* This
process impacts the concentration and duration of signal
activity in the determination of the cellular response.'*!¢
Activation of Smo activates the intracellular signaling cas-
cade through the modification of Gli protein transcriptio-
nal activity, where Gli2 functions as the principal activator
and Glil enhances the transcriptional output, but is not

essential for the development.®”

The expression patterns of members of the
Hh signaling pathway during palate development
A study conducted by Rice et al. to describe how members
of the Hh pathway are expressed during palate develop-
ment, demonstrated that prior to palatal shelf elevation,
Shh ligand is expressed in the thickened oral epithelium.
Ptchl and Ptch2 receptors are expressed in the palatal
mesenchyme adjacent to the palatal oral epithelium with
stronger expression for Ptchl. Ptch2 receptor is also exp-
ressed in the palatal oral epithelium. Smo receptor and
Gli transcriptional effectors are expressed widely in the
palatal mesenchyme. Gasl regulator is expressed in the
palatal mesenchyme with highest levels on the nasal side
and adjacent to the medial edge epithelium (MEE). Hhip1
regulator is expressed in the condensed palatal mesench-
yme surrounding the thickened palatal oral epithelium.
Disp1 regulator is expressed in the palatal nasal epithe-
lium. Rab23 regulator is expressed weakly in the palatal
mesenchyme."” After palatal shelf elevation, Shh ligand is
expressed in the developing palatal rugae in the oral epit-

helium. Ptchl and Ptch2 receptors are expressed in the

368




Sakarya Med ] 2022;12(2):367-374
TOWAITEE et al., : Role of Sonic Hedgehog in Palatogenesis

palatal mesenchyme adjacent to the palatal oral epitheli-
um. Smo receptor is expressed in the palatal mesenchy-
me surrounding the MEE. Gli transcriptional effectors are
expressed in palatal mesenchyme adjacent to the palatal
oral epithelium. Gasl is expressed in the palatal mesen-
chyme surrounding the palatal oral, MEE and nasal oral
epithelium. Hhip1 is expressed in the palatal mesenchyme
adjacent to the palatal oral epithelium and its expression is
almost identical to Ptch1 expression. Rab23 is expressed in
the palatal nasal epithelium and is expressed weakly in the
palatal mesenchyme adjacent to the palatal oral epitheli-
um. Displ is expressed weakly in the palatal mesenchyme
adjacent to both the palatal oral and nasal epithelium."” In
addition, Ptch1 receptor, Gli transcriptional effectors, and
Gasl, Hhip1 and Disp1 regulators are expressed in the de-

veloping palatine bone after palatal shelf elevation."”

Role of Shh signaling in the reciprocal
epithelial-mesenchymal interactions and secondary
palate development
Shh plays a crucial role in the development of the crani-
ofacial complex.'®? Shh is expressed in the epithelium of
facial primordia* and is one of most important molecules
involved in the patterning of the facial mesenchyme.?* Shh
is a mitogen that induces the cell proliferation in many
embryonic and adult tissues.> Dysfunction of Hh sig-
naling causes a number of severe birth defects including
holoprosencephaly (HPE), a defect characterized by the
failure of the division of the embryonic forebrain into two
cerebral hemispheres.'®?* On the other hand, aberrant ac-
tivation of the Hh signaling pathway has been implicated
in the initiation and progression of various types of can-

cer.>®

Several studies have been conducted to identify the role
of Shh in the development of the craniofacial complex.
One of those studies demonstrated that Hh signaling is
not required for neural crest cells (NCCs) generation and
migration, but is necessary for the later stages of cranio-

facial development.* Loss of Hh signaling in neural crest

cells causes loss of many of the NCC-derived skeletal and
non-skeletal components of the head except the NCC-de-
rived neuronal cell types.* The study also indicated that
Shh regulates facial development through Forkhead-box
(Fox) genes, which showed changes in expression pattern

in Wnt1-Cre;Smon/c embryos.?

The developing palatal shelves exhibit morphological and
molecular heterogeneity along both the anteroposterior
and mediolateral axes, with the medial side corresponding
to the nasal side and the lateral corresponding to the oral
side following palatal shelf elevation.! Initially, when the
palatal growth begins, Shh is expressed throughout the pa-
latal epithelium'” and then its expression becomes restric-
ted to small areas of thickened palatal oral epithelium that
are corresponded to the developing rugae.””*?% In mutant
mouse studies, Shh expression pattern is used as a molecu-
lar marker for analysis of palatal shelf growth or patterning

abnormalities. 2282

Shh is a critical player in the reciprocal epithelial-mesen-
chymal interactions that are essential during the palate
development.! Epithelium-specific inactivation of Shh or
mesenchyme-specific inactivation of Smo in mice results
in defects in palatal shelf growth. These studies in mutant
mice have demonstrated that Shh signals from the epithe-
lium to the underlying mesenchyme to promote cell proli-
feration and outgrowth of the palatal shelf.*>*' Whilst ina-
ctivation of Shh expression in the epithelium causes cleft
palate, inactivation of Smo expression in the epithelium
does not cause cleft palate, implying that Shh exerts its ef-
fect on the adjacent mesenchyme.*® However, Smo expres-
sion in the palatal mesenchyme affects the palatal epithe-
lial cell proliferation, indicating the indirect action of Shh
on the palatal epithelium via activating a mesenchymal
signal that regulates cell proliferation in the palatal epithe-
lium.** Administration of exogenous Shh protein induces
palatal mesenchyme proliferation in palatal explant cultu-
res.”** This palatal mesenchyme proliferation is regulated,

in part, by the cell cycle regulators cyclin D1 (Ccndl) and
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cyclin D2 (Cend2). In control embryos at E13.5, Cendl
expression is strong in the epithelium and mesenchyme of
the palatal shelf whereas Ccnd2 expression is strong in the
epithelium and weak throughout the mesenchyme of the
palatal shelf. Osr2-IresCre;Smoc/c mutant embryos show
downregulation in Cecndl and Ccend2 in the developing
palatal mesenchyme. These data indicated that Shh regu-
lates, in part, cell proliferation through the maintenance of

Ccendl and Cend2 expression.*

Shh signaling is required in the regulatory feedback loops
between the epithelium and mesenchyme during palatal
development.”? Shh interacts with bone morphogene-
tic protein 4 (Bmp4) and muscle segment homeobox 1
(Msx1) to induce proliferation in the palatal mesenchy-
me. Msx1 is expressed in the anterior palatal mesenchyme
of the developing palatal shelves.” The Msx1-/- mutant
mouse embryos display complete cleft palate with redu-
ced expression of both Bmp4 and Bmp2 in the anterior
palatal mesenchyme and Shh expression in the anterior
palatal epithelium.”? In these mutant embryos, Transge-
nic Bmp4 expression is sufficient to restore the expression
of Shh.*? In addition, exogenous Shh protein in cultured
palatal explants induces Bmp2 expression® and inactivati-
on of Smo in the palatal mesenchyme down-regulates the
expression of Bmp2 in the anterior palatal mesenchyme,’
implying that Bmp2 expression is maintained by Shh sig-
naling. Strikingly, Shh-soaked beads in palatal explant cul-
ture, do not induce cell proliferation after 8 hours in both
Msx1-/- and wild type palatal mesenchyme, but cell proli-
feration can be detected around the beads after 24 hours.
On the other hand, Bmp2 soaked beads induce a remar-
kable increase in the cell proliferation in the mesenchyme
after 8 hours.”” Furthermore, cell proliferation is repressed
in palatal tissue explants contain beads soaked with an
anti-Shh antibody. Interestingly, a bead soaked with both
an anti-Shh antibody and Bmp2 is sufficient to induce cell
proliferation, indicating that the mitogenic activity of Shh
is mediated by Bmp2. These data suggesting that in the

anterior palate Msx1 is required for Bmp4 expression in

the palatal mesenchyme which in turn is required for the
maintenance of Shh expression in the palatal epithelium
that signals back to the palatal mesenchyme to promote
cell proliferation by inducing the Bmp2 expression in the

palatal mesenchyme.*

Shh also regulates the outgrowth of the palatal shelves th-
rough interaction with fibroblast growth factor 10 (Fgf10)
signaling.***' Fgf10 and Shh function in a positive-feed-
back loop,**! mesenchymally expressed Fgf10 signals to
the fibroblast growth factor receptor 2 (Fgfr2b) in the
palatal epithelium to regulate the expression of Shh whi-
ch signals back to the mesenchyme and induces the cell
proliferation.® In the developing palatal shelves, Fgfr2b is
expressed in the oral epithelium and at a much lower level
in the mesenchyme of the nasal side at E13. Fgf10 is exp-
ressed in the palatal mesenchyme primarily underlying the
MEE and the oral epithelial surface and directly adjacent
to the epithelium in which Fgfr2b is expressed, suggesting
epithelial-mesenchymal interactions.”® Both Fgf10-/- and
Fgfr2b-/- mutants exhibit downregulated Shh expression
in the palatal epithelium and reduced cell proliferation in
both palatal epithelium and mesenchyme.*® On the other
hand, exogenous Fgf10 protein induces proliferation and
Shh expression in the palatal epithelium and it induces the
Ptchl in the adjacent mesenchyme.*® According to these
data, it is suggested that Shh acts downstream of Fgf10/
Fgfr2b signaling and induces proliferation in the palatal
mesenchyme, and indirectly induces the proliferation in

the palatal epithelium through activation of Fgf10.%

Whereas Fgf10 is mainly expressed on the oral side and
induces Shh expression in the palatal epithelium, fibrob-
last growth factor 7 (Fgf7) is mainly expressed on the na-
sal side and represses Shh expression in the palatal epit-
helium.**** Application of function neutralizing antibody
against Fgf7 induces the expression of Shh in the palatal
epithelium® whilst addition of exogenous Fgf7 protein in
palatal explant culture inhibits Shh expression.*** Interes-

tingly, exogenous Shh protein in cultured palatal explants
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inhibits Fgf7 expression in the palatal mesenchyme.*

Fgf10 and Fgf7, are both ligands for Fgfr2b.*® Fgf10 indu-
ces rapid phosphorylation of the tyrosine (Y)-734 residue
on Fgfr2b which causes receptor recycling and enhances
and prolongs the Fgfr signaling whereas Fgf7 causes ra-
pid degradation of the receptors.** As Fgfr2b function is
critical for maintaining Shh expression in the palatal epit-
helium, it is suggested that inhibition of Shh expression
by exogenous Fgf7 in the palatal explant could be due to
Fgf7-induced Fgfr2b degradation.® The expression patter-
ns of Fgf7 and Fgfl0 in developing palatal mesenchyme
complement each other and normally Fgf7 antagonizes
Fgf10 function to repress the expression of Shh in the nasal

side of the palatal epithelium.***

In Distal-less (DIx5) mutant palate shelves Shh expression
expands to more medial palatal epithelium as a result of
the loss of Fgf7 in these mutant palate shelves.”> Normally
both DIx5 and Fgf7 are expressed in the nasal mesench-
yme of the palatal shelves and it is suggested that DIx5-re-
gulated Fgf7 signaling is crucial for the negative regulation
of Shh signaling and Oro-nasal patterning of the palatal

shelves.®

As mentioned above, expression of multiple members of
the Forkhead-box (Fox) is regulated by Shh signaling, this
includes the expression of Foxfl and Foxf2 in the facial
primordia.**** A novel Shh-Foxf-Fgf18-Shh circuit medi-
ates reciprocal epithelial-mesenchymal signaling interac-
tions during palatogenesis.*® During palate development,
mesenchymally expressed Foxfl and Foxf2 maintain the
expression of Shh signaling by inhibiting the expression
of Fgf18 in the palatal mesenchyme.*® Shh expression in
the palatal epithelium is inhibited by Fgf18 expression in
the palatal mesenchyme.* In palatal explant culture assays,
exogenous fgf18 protein inhibits the expression of Shh in
the palatal epithelium.*® Furthermore, Foxf2-/- and Foxf-
1c/c Foxf2c/c Wntl-Cre mutant embryos exhibit ectopic

Fgf18 expression in the palatal mesenchyme and loss of

Shh expression in the palatal epithelium.* This reduction
in Shh expression is possibly due to rapid Fgfr2b degrada-
tion caused by the ectopically expressed Fgf18. In contrast,
vitro studies and crystal structure prediction claim that
Fgf18 lacks affinity for Fgfr2b.***” Whilst Foxfla-/- mutant
embryos die before craniofacial morphogenesis, Foxf2-/-

mutant embryos exhibit complete cleft palate.’®*

Osr2-IresCre;Smoc/c mutant embryos show downregu-
lation of Foxfla and Foxf2 expression in the palatal me-
senchyme and also show downregulation in Osr2 mRNA
expression in the palatal mesenchyme indicating that Shh
signaling regulates Osr2 expression in the palatal mesen-
chyme.* Along the mediolateral axis, Osrl and Osr2 exhi-
bit graded expression in palatal mesenchyme.* The exp-
ression of Osrl1 is restricted to the lateral side whilst Osr2
is expressed gradedly in palatal mesenchyme with the
strongest expression in the lateral side and the weaker exp-
ression in the medial side.*! Disruption of Osr2 causes cleft
palate that correlates with reduction in cell proliferation in
the medial side of the palatal shelves and with mediolateral
patterning defect. Osr2 is required for cell proliferation on
the medial but not the lateral side of the palatal shelves,
possibly due to partial functional redundancy between
Osr2 and Osr1.*!

Paired-box gene-9 (Pax9) plays a role in palatogenesis by
regulating a molecular network containing Bmp4, Fgf10,
Shh signaling and the Osr2 transcription factor.”” In Pax9-
/- mutant mice, expression of Bmp4, Fgf10, Msxland Osr2
genes in the palatal mesenchyme and expression of Shh in
the palatal epithelium is downregulated.” As mentioned
above, in the anterior region of the developing palate, me-
senchymally expressed Msx1 regulates the proliferation of
the anterior palatal mesenchyme by inducing the expres-
sion of Bmp4, which signals to the epithelium to maintain
the expression of Shh.*> Because the Msx1 expression is
restricted to the anterior region, Bmp4 expression in the
posterior region is maintained by Pax9.” Therefore, it can

be said that Shh expression in the anterior and in the pos-
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terior palatal epithelium depends on the functions of Msx1
and Pax9, respectively, in the palatal mesenchyme.”** Mice
lacking Pax9 function exhibit cleft palate and palatal shelf
growth defects, including palatal rugae malformation.” As
it is known, Shh is a critical player in palatal rugae patter-
ning and loss of shh signaling causes mispatterning of pa-
latal rugae.” In wild-type control embryos, Shh is strongly
expressed in the developing palatal rugae, which shows an
increase in number from two pairs at E12.0 to seven pairs
by E14.5 while in Pax9-/- mutant embryos, expression of
Shh is much weaker and palatal rugae patterning is disrup-
ted in a way that only five pairs of palatal rugae are formed
by E14.5.

Pax9 and Shh expression are altered in the transforming
growth factor-beta 3 (TGF-b3) null embryos.** TGF-b3 is
expressed in the MEE of the developing palatal shelves and
plays a critical role in the adhesion and disappearance of
the MEE during palatal shelf fusion. In the TGF-b3 null
embryos, alteration in Shh expression at E12.5 to E13.5 is
minimal while at E14.5 and E15.5 is remarkedly reduced.*
It is suggested that Shh and Pax9 might play a role in the

TGEF-b3 regulation of normal palatal fusion.*

Recent studies have shown that Shh signaling is also
downstream of Wnt signaling in the developing palate.
Mice lacking Wnt signaling in the palate epithelium ex-
hibit altered Shh expression and no palatal rugae forma-

tion.®

Prickle like 1 (Pricklel) also affects Shh expression in the
palatal epithelium during palate development.** Although
Pricklel mutant palates show no change in Bmp4, Fgf10,
and Wnt5a expression in the palatal mesenchyme, Shh
expression in the palatal epithelium is delayed.* Before the
palatal development, Pricklel is expressed in the internal
maxillary processes and then around E11.5, its expression
extends medially into palatal shelves. From E12.5 to E13.5
Pricklel is highly expressed in the posterior palate.** Pri-

cklel mutant embryos exhibit short unfused palatal shel-

ves with normal number of rugae. There is no disruption
in the development of the palatal rugae except for delay. It
is also noticed that the medial edges of the anterior palatal

shelves do not develop rugae.*

It is suggested that Pricklel mutation affects the palatal
development at an early stage, in part, by disrupting the
maxillary development causing short maxilla processes
which subsequently causes short palatal shelves.* The de-
lay in Shh up-regulation and rugae formation in the mu-
tant embryos might be a secondary effect from the short
palate*, as Shh up-regulation and rugae formation require

separation by a minimal distance.”

Some studies have demonstrated that coordinated functi-
ons of Shh and retinoic acid (RA) signaling pathways are
required for normal development.** Shh signaling enhan-
ces the expression of Cyp26 genes.*® CYP26 enzymes pro-
tect cells from physiological RA activity.***” Abrogation of
Shh signaling causes loss of the expression of Cyp26 genes
and subsequently, causes enhancement of RA signaling.*
The loss of Shh signaling and the enhancement of RA
signaling cause cleft palate and mispatterning of palatal
rugae.*® Rat fetuses exposed to excess RA exhibit palatal
malformation including cleft palate and supernumerary
rugae.® Since RA signaling promotes the formation of pa-
latal rugae, it is suggested that one mechanism by which
Shh inhibits rugae formation is through the attenuation of

RA signaling.*®

CONCLUSION
Shh signaling is believed to be the primary regulator of the
growth and modeling of palatal shelves. Shh signals from
the epithelium to the underlying mesenchyme which in-
duces cell proliferation during palate development. Shh
regulates the expression of several genes and coordinates
the reciprocal epithelial-mesenchymal interactions. Dis-
ruption in Shh expression causes a number of birth defects

including cleft palate.

372




Sakarya Med ] 2022;12(2):367-374
TOWAITEE et al., : Role of Sonic Hedgehog in Palatogenesis

Author contributions
RT conceptualized, design and coordinated the manusc-
ript. RT and E§ participated in writing and reading the

final article.

Acknowledgments
We thank Seving Yanar for carefully reading the manusc-

ript.

Conflict of interest
The Authors declare that they have no conflicts of interest

to disclose

373




Sakarya Med J 2022;12(2):367-374
TOWAITEE et al., : Role of Sonic Hedgehog in Palatogenesis

References

. Bush JO, Jiang R. Palatogenesis: morphogenetic and molecular mechanisms of secondary
palate development. Development. 2012; 139(2):231-243. doi: 10.1242/dev.067082.

. Gritli-Linde A. Molecular control of secondary palate development. Dev Biol. 2007;
301(2):309-326. doi: 10.1016/].ydbio.2006.07.042.

. Lan Y, Xu J, Jiang R. Cellular and molecular mechanisms of palatogenesis. Curr Top Dev
Biol. 2015; 115:59-84. doi: 10.1016/bs.ctdb.2015.07.002.

. McMahon AP, Ingham PW, Tabin CJ. Developmental roles and clinical significance of hed-
gehog signaling. Curr Top Dev Biol. 2003; 53:1-114. doi: 10.1016/50070-2153(03)53002-2.

. Cobourne MT, Green JBA. Hedgehog Signalling in Development of the Secondary Palate.
Front Oral Biol. 2012;16:52-59. doi: 10.1159/000337543.

. Briscoe ], Thérond PP. The mech of hedgehog signaling and its roles in development
and disease. Nat Rev Mol Cell Biol. 2013; 14(7):416-429. doi: 10.1038/nrm3598.

. Xavier MG, Seppala M, Barrell W, Birjandi AA, Geoghegan F, Cobourne M. Hedgehog
receptor function during craniofacial development. Dev Biol. 2016; 415(2):198-215. doi:
10.1016/j.ydbi0.2016.02.009.

. Allen BL, Tenzen T, McMahon AP. The Hedgehog- binding proteins Gasl and Cdo coo-
perate to positively regulate Shh signaling during mouse development. Genes Dev. 2007;
21(10):1244-1257. doi: 10.1101/gad.1543607.

. Martinelli DC, Fan CM. Gas1 extends the range of Hedgehog action by facilitating its signa-

ling. Genes Dev. 2007; 21(10):1231-1243. doi: 10.1101/gad.1546307.

Seppala M, Depew MJ, Martinelli DC, Fan CM, Sharpe PT, Cobourne MT. Gasl is a modi-

fier for holoprosencephaly and genetically interacts with Sonic hedgehog. ] Clin Invest. 2007;

117(6):1575-1584. doi: 10.1172/]JCI32032.

. Tenzen T, Allen BL, Cole F, Kang JS, Krauss RS, McMahon AP. The cell surface membrane

proteins Cdo and Boc are components and targets of the Hedgehog signaling pathway and fe-

edback network in mice. Dev Cell. 2006; 10(5):647-656. doi: 10.1016/j.devcel.2006.04.004.

Y

“w

“«

=N

N

o

©

10.

12. Lee RT, Zhao Z, Ingham PW. Hedgehog signalling. Develop . 2016;143(3):367-372. doi:
10.1242/dev.120154.
13. Cobourne MT, Sharpe PT. Sonic hedgehog signaling and the developing tooth. Curr Top Dev

Biol. 2005; 65:255-287. doi: 10.1016/S0070-2153(04)65010-1.

. Casali A, Struhl G. Reading the Hedgehog morphogen gradient by measuring the ratio of
bound to unbound Patched protein. Nature. 2004; 431(7004):76-80. doi: 10.1038/natu-
re02835.

. Chen Y, Struhl G. Dual roles for patched in seq ing and tran
1996; 87(3):553-563. doi: 10.1016/s0092-8674(00)81374-4.

. Dessaud E, Yang LL, Hill K, Cox B, Ulloa E Ribeiro A, et al. Interpretation of the Sonic

hedgehog morphogen gradient by a temporal adaptation mechanism. Nature. 2007;

450(7170):717-720. doi: 10.1038/nature06347.

Rice R, Connor E, Rice DPC. Expression patterns of Hedgehog signalling pathway members

during mouse palate development. Gene Expr Patterns. 2006; 6(2):206-212. doi: 10.1016/j.

modgep.2005.06.005.

. Hu D, Helms JA. The role of sonic hedgehog in normal and abnormal craniofacial morp-
hogenesis. Development. 1999; 126(21):4873-4884.

. Schachter KA , Krauss RS. Murine models of holoprosencephaly. Curr Top Dev Biol. 2008;
84:139-170. doi: 10.1016/S0070-2153(08)00603-0.

. Roessler E, Belloni E, Gaudenz K, Jay B, Berta B, Scherer SW, et al. Mutations in the hu-
man Sonic hedgehog gene cause holoprosencephaly. Nat Genet. 1996; 14(3): 357-360. doi:
10.1038/ng1196-357.

. Echelard Y, Epstein DJ, St-Jacques B, Shen L, Mohler J, McMahon JA, et al. Sonic Hedgehog,

a member of a family of putative signaling molecules, is implicated in the regulation of CNS

polarity. Cell. 1993; 75(7): 1417~ 1430. doi: 10.1016/0092-8674(93)90627-3.

Jiang J, Hui CC. Hedgeh ignaling in develop
15(6):801-812. doi: 10.1016/j.devcel.2008.11.010.

Hanna A, Shevde LA. Hedgehog signali dulation of cancer properies and tumor mirc-

roenvironment. Mol Cancer. 2016; 15:24. doi: 10.1186/512943-016-0509-3.

Jeong J, Mao J, Tenzen T, Kottmann AH, McMahon AP. Hedgehog signaling in the neu-

ral crest cells regulates the patterning and growth of facial primordia. Genes Dev. 2004;
18(8):937-951. doi: 10.1101/gad.1190304.

25. Pantalacci S, Prochazka J, Martin A, Rothova M, Lambert A, Bernard L, et al. Patterning of
palatal rugae through sequential addition reveals an anterior/ posterior boundary in palatal
development. BMC Dev Biol. 2008; 8:116. doi: 10.1186/1471-213X-8-116.

26. Welsh IC, O’Brien TP. Signaling integration in the rugae growth zone directs sequential

. Hedoel

ing I

. Cell.

22.

and cancer. Developmental cell. 2008;

23.

24.

SHH signaling center formation during the rostral outgrowth of the palate. Dev Biol. 2009;
336(1):53-67. doi: 10.1016/].ydbio.2009.09.028.
27. Economou AD, Ohazama A, Porntaveetus T, Sharpe PT, Kondo S, Basson MA, et al. Peri-

28.

29.

30.

3

=

32.

33.

3

S

35.

36.

37.

38.

39.

40.

4

42.

43.

44.

45.

46.

47.

48.

. Lan'Y, Jiang R. Sonic 1

odic stripe formation by a Turing mechanism operating at growth zones in the mammalian
palate. Nat Genet. 2012; 44(3):348-351. doi: 10.1038/ng.1090.

Baek JA, Lan Y, Liu H, Maltby KM, Mishina Y, Jiang R. Bmprla signaling plays critical
roles in palatal shelf growth and palatal bone formation. Developmental biology. 2011;
350(5):520-531. doi: 10.1016/j.ydbio.2010.12.028.

Zhou J, Gao Y, Lan Y, Jia S, Jiang R. Pax9 regulates a molecular network involving Bmp4,
Fgf10, Shh signaling and the Osr2 transcription factor to control palate morphogenesis. De-
velopment. 2013; 140(23):4709-4718. doi: 10.1242/dev.099028.

Rice R, Spencer-Dene B, Connor EC, Gritli-Linde A, McMahon AP, Dickson C, et al. Dis-
ruption of Fgf10/Fgfr2bcoordinated epithelial-mesenchymal interactions causes cleft palate.
J Clin Invest. 2004; 113(12):1692-1700. doi: 10.1172/JCI20384.

bedoel ionali 7, Tin]

reciprocal epith hymal intera-
ctions controlling palatal outgrowth. Development. 2009; 136(8):1387-1396. doi: 10.1242/
dev.028167.

Zhang Z, Song Y, Zhao X, Zhang X, Fermin C, Chen Y. Rescue of cleft palate in Msx1-defi-
cient mice by transgenic Bmp4 reveals a network of BMIP and Shh signaling in the regulation
of lian pal is. Devel - 2002; 129(17):4135-4146.

Han ], Mayo ], Xu X, Li ], Bringas P, Maas RL, et al. Indirect modulation of Shh signaling by
DIx5 affects the oral-nasal patterning of palate and rescues cleft palate in MsxI-null mice.
Development. 2009; 136(24):4225-4233. doi: 10.1242/dev.036723.

P

. Francavilla C, Rigbolt KT, Emdal KB, Carraro G, Vernet E, Bekker-Jensen DB, et al. Fun-

ctional proteomics defines the molecular switch underlying FGF receptor trafficking and
cellular outputs. Molecular cell. 2013; 51(6):707-722. doi: 10.1016/j.molcel.2013.08.002.
Xu ], Liu H, Lan Y, Aronow BJ, Kalinichenko V'V, Jiang R. A Shh-Foxf-Fgf18-Shh Molecular
Circuit Regulating Palate Development. PLoS Genet. 2016; 12(1): e1005769. doi: 10.1371/
Jjournal.pgen.1005769.

Olsen SK, Li Y, Bromleigh C, Eliseenkova AV, Ibrahimi OA, Lao Z, et al. Structural basis by
which alternative splicing modulates the organizer activity of FGF8 in the brain. Genes Dev.
2006; 20(2):185-198. doi: 10.1101/gad.1365406.

Brown A, Adam LE, Blundell TL. The crystal structure of fibroblast growth factor 18
(FGF18). Protein cell. 2014; 5(5):343-347. doi: 10.1007/513238-014-0033-4.

Mahlappu M, Ormestad M, Enerbiick S, Carlsson P. The forkhead transcription factor Foxf1
is required for differentiation of extraembryonic and lateral plate mesoderm. Development.
2001; 128(12):155-166.

Wang T, Tamakoshi T, Uezato T, Shu F, Kanzaki-Kato N, Fu Y, et al. Forkhead transcription
factor Foxf2 (LUN)-deficient mice exhibit abnormal development of secondary palate. Dev
Biol. 2003; 259(1):83-94. doi: 10.1016/50012-1606(03)00176-3.

Lan Y, Ovitt CE, Cho ES, Maltby KM, Wang Q, Jiang R. Odd-skipped related 2 (Osr2) enco-
des a key intrinsic regulator of secondary palate growth and morphogenesis. Development.
2004; 131(13):3207-3216. doi: 10.1242/dev.01175.

. Gao Y, Lan Y, Ovitt CE, Jiang R. Functional equivalence of the zinc finger transcription fac-

tors Osr1 and Osr2 in mouse development. Dev Biol. 2009; 328(2):200-209. doi: 10.1016/j.
ydbio.2009.01.008.

Sasaki Y, O’Kane S, Dixon ], Dixon MJ, Ferguson MW. Temporal and spatial expression of
Pax9 and Sonic hedgehog during development of normal mouse palates and cleft palates
in TGF-feta3 null embryos. Arch Oral Biol. 2007; 52(3):260-267. doi: 10.1016/j.archoral-
bi0.2006.09.012.

Lin C, Fisher AV, Yin Y, Maruyama T, Veith GM, Dhandha M, et al. The inductive role of
Wht- B-catenin signaling in the formation of oral apparatus. Dev Biol. 2011; 356(1):40-50.
doi: 10.1016/j.ydbio.2011.05.002.

Yang T, Jia Z, Bryant-Pike W, Chandrasekhar A, Murray JC, Fritzsch B, et al. Analysis of
PRICKLE1 in human cleft palate and mouse development demonstrates rare and common
variants involved in human malformations. Mol Genet Genomic Med. 2014; 2(2):138-151.
doi: 10.1002/mgg3.53.

El Shahawy M, Reibring CG, Hallberg K, Neben CL, Marangoni P, Harfe BD, et al .Sonic
hedgehog signaling is required for Cyp26 expression during embryonic development. Int ]
Mol Sci. 2019; 20(9):2275. doi: 10.3390/ijms20092275.

Duester G. Retinoic acid synthesis and signaling during early organogenesis. Cell. 2008;
134(6):921-931. doi: 10.1016/j.cell.2008.09.002.

Rhinn M, Dollé P. Retinoic acid signalling during development. Development. 2012;
139(5):843-858. doi: 10.1242/dev.065938.

Ikemi N, Kawata M, Yasuda M. All-trans-retinoic acid-induced variant patterns of palatal
rugae in CRJ: Sd rat fetuses and their potential as indicators for teratogenesis. Reprod Toxi-
col. 1995; 9(4):369-377. doi: 10.1016/0890-6238(95)00024-5.

374




