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ABSTRACT

Shhsignalinginvolved in Pitchfork regulated primary

cilia disassemblyduring mouse palate development

Chengri Jin

Department oDental Science
The Graduate School, Yonsei Universtiy

(Directed byProfessor loungSeon Bailk

Pitchfork, a mouse embryonic node gelieassociated witleiliary targeting complexes
located at the basal body during primary cilia disassem¥yious developmental
disorders,such as cleft palatgnd disorders of thtung, kidney and hearhave been
known as arassocition with ciliary defectsMammalian p&ate development is regulated
by complex procegs Many cellular andmolecular eventssuch as cell proliferation,
apoptosis, cell migration antle epithelial mesenchymalansition regulate proper palate
development, and surely, some abnormalitiepalate developmenread to cleft palate.
To determinehe function ofPitchforkduring palate development, we examigtthfork
expression pattesmand morphological changeis the developingsecondary palatafter
Pitchfork overexpresion During periods E12.5 and E13.51 mice, Pitchforkwas highly

expressedn the developingmousesecondarypalate. Morphological differences were



observedn vitro in cultured palatein the Pitchfork overexpression group compared to
the control group. Pitchfork ovesxpression induced primary cilidisassemblyduring
palate developmentShh and Ptchl expression leveland palatine rugae morphology
were altered in thever-expressedPitchfork groupduring palate developmentherefore,
the proper expression levebf Pitchfork may play a pivotal role imormal secondary

palate morphogenesis

Key words: Palate development, Primary cilia,Pitchfork, Cell proliferation, Apoptosis



Shhsignalinginvolved in Pitchfork regulated primary

cilia disassemblyduring mouse palate development

Chengri Jin

Department oDental Science
The Graduate School, Yonsei Universtiy

(Directed byProfessor foungSeon Bailk

l. Introduction

1. Mouse secondary palate development

Palate development isne of the critical eventi craniofacial morphogenesis
Outgrowth of maxillary processesitiates the development of mouse palatal sheates
E125, and at E13.5 palatal shelves are vertically positioned at each side of the tongue.
The palatal shelves are elevataove the tongri(Fig. 1A) and make contact for palatal

fusion between E14 and E14(big. 1B) (Ferguson 1988. At E14.5, the radial edge
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epithelium (MEE) transforms into the midline epithelial seam (MES) which will be
removed later(Fig. 1C) (Jomstonet al, 1995. The palatal shelves are completely fused
at E15.5with disappearing midline epithelial seafdixon et al., 2011,Gritli-Linde.,
2007 Rotet al, 2013.

On the mouse secondary palate, nine palatine rugae are found (sakamqto et al.
1989).Three transversedges which just behind the incisor teeth are formed spanning the
midline of the secondary palatés opposedo theanterior three rugae, a further six rugae
are observed around the molar tooth areas, which have an oblique arrangement and do not
span themidline (Pantalacci et al2008).In the palatine rugaes, many nerve fibers that
respond to touch and pressure on the palate are located atkigenet al, 2003; Nunzi
et al, 2004;Porntaveetust al, 2010.

In palate development, various cellulandamolecular eventssuch as cell
proliferation, apoptosjscell migration and the epithelial mesenchymal transitioare
involved (Parada et gl.2010; Shin et al.2012). A number of complex networks of
growth factors and transcription factors regulaie development of the secondary palate
during mammalian embryogenesis. Previous studies haxealed thatnumerous
transcription factors and signaling pathways, suctsoméc hedgehog(Shh) Wnt and
fibroblast growth factorFgf), play a pivotal role in armal palate developmernicluding
palatine rugae formatio¢rig. 2 (Cobourneet al, 2012; Kemler et al, 2004;Lee et al.,
2011; Lee et al., 2008&;ipinski et al, 2010; Rice et al.2006) In addition,Alteration of
primary ciliarelated genes, suck aratfaciatdigital syndrome typé (OFD1) andKif3a,

lead to primary cilia defectand various craniofacial disorders, including laterefft



palate;lobed, lipomas or hamartomas$ the tongue; and hypodonti8rlugmann et a).

201Q SukarovaAngelovskaet al, 2012;Toriello et al, 1993.

Elevation of palatal shelves Horizontal growth of palatal shelves

Contact of
palatal shelves

Formation of MEE Degeneration of the MES Fusion of palate

Figure 1. Morphological stages during mouse palate developmentA, B) At E13.5,
the palatal shelves are vertically located on each side of the tpagueat E14, the
palatal shelves elevate to a horizontal positibove the tongu€C) The palatal shelves
aremake contact for palatal fusion between E14 and EBh& thatompletely fused at
E15.5 with disappearinflES. E embryoni¢c MEE medial edge epitheliumMESmidline

epithelial seanfTakigawa et a].2004).



A Anterior palatal shelf patterning and growth B Posterior palatal shelf patteming and growth
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Figure 2. Molecular control of palatal shelf growth and patterning (A) Signaling
interactions controlling anterior palatal growth. Shh is expressed in the oral epithelium
and binds to its receprot Ptchl in the undrlying mesenchyme to permit Smdai@ctofa
palatal cell proliferation. (B) Genes involved in development of the posterior palate. (C)
Pathways responsible for mediolateral patterning of the palatal shelves during vertical

outgrowth(BushandJiang, 2012).



2. Primary cilia structure and function

In mammals, large numbers of motile 9+2 cilia normally concentrate on the cell
surface with an orchestrated wavelike fashion, and they are believed to involve in fluid and
cell movemen{Bisgroveet al, 2006). Compared with motile cilia, primamghilia is single
immotile organelles from the apical surface of cells. Primary cilia are found on nearly all
cell types in mammals, artde basal body, thexoneme and the ciliary membreaare three
main component®f primary cilia (Fig. 3 (Wheatleyet d., 1996; Zaghloul et al.2011).

The basal body acts as the nucleation point when ciliogenesis occurred, and also mediates
the cargo transport from the cytoplasm to the ciliary memtiidaeshall et al.2008).The

shuttle along the axoneme in which piasetransported to the cilium are a specialized
system of transport known as intraflagellar transport ((EBrdeset al, 2009) Except the

basal body and axoneme, the ciliary membrane is also very important for ciliary function,
particularly in the regation and transduction of extracellular signaling chdadhivanaret

al., 2012). Previous study have reported that primary cilia play crucial role in palate
developmentsuch as oralacialdigital syndrome type (Toriello & Franco, 1993). A

various devdopmental disordersuch as lung, kidney and hebheve been associated with
ciliary defects(Lancaster. 2009; Patel et al.2009). Moreover, mutations in proteins
localized to cilia and ciliary basal bodies can cause rare recessive human disorders known
as ciliopathiesi complex syndromes that can involve cystic kidneys, obesity, mental
retardation, blindness and various developmental malformati®adafoet al, 2006;

Bakeret al, 2009;Gerde<t al, 2009;Tobin et al, 2009.
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Figure 3. Schematicdiagram of an extendedprimary cilium. (Zaghloul et al.2011)



3. The role of Shhsignaling pathway in primary cilia

The Sonic hedgehogShh signaling pathway is implicated in a number of
craniofacial disorders, and playmportantrole in tissue patteing and homeostasis in
diverse speciedrighamet al, 2011; Metzis et al, 2013. The secreted protein Shh binds
and inactivates Ptchl, allowing activation cdexondransmembrane protein, smoothened
(Smo). Smothen triggers target gene transcriptibimnotigh theGli family of transcription
factors. In the absence of signal, the transmembrane protein Patchedl (Ptchl) keeps the
pathway turned off by inhibiting the function of Sn@hanges in both the phosphorylation
and conformation ofmoare associatedith the activation ofShhsignaling Chenet al,
2011). The mechanism by whicBhhinhibits PtchlandPtchlinhibits Smois still unkown
in mammals Du et al, 2013;Rohatgi et al.2007 Zhanget al, 2011). The developmental
genetic analyses and human gensticiesrevealed the functions of mammalian primary
cilia (Goetzet al, 2010) Primary cilia are microtubulbased organelleahich serve as
hubs for the transduction of various developmentaladiigg pathways includinghh Wnt,
Fgf, and PDGF Berbariet al, 2009;Dorn et al, 2012;Hsiao et al.2012 Nozawaet al,
2013 Oishi et al, 2006. It is intereshg that embryos harboring mutations in genes
necessary for ciliformationwere defectie in Shhsignaling Huangfuet al, 2003) Loss of
primary cilia induce Shh Ptch and Glil activity during craniofacial morphogenesis
(Brugmann et al. 201Q Zaghloul et al. 2011). Upon Shh pathway activation the
composition of the cilia changeSmomoves in to the cilia from thadjacenimembrane in
the place wheré@tchl disappears from ciliaSasaiet al, 2012. Molecular mechanisms

responsible for the removal Bfchland the accumulation &moare not known yet.



4. The function of primary ciliary r elatedgenePitchfork in mammals

A mouse embryonic node gengamed Pitchfork which is localized on
chromosome 3, has two transcript variant. The lengtitihfork mRNA is 925bp,
including six exons (@H466608.2: 6693507..6693575 6694648..6694765
669594..6696034 6696748..6696846 6697475..6697620 6697704..6697764
Pitchforkaccumulatest the basal body and ciliary necklapecifically during the early
phase of cilia assembly and disassemidinzel et al, 2010). Pitchfork appears with
chordates rad is expressed specifically the organizer regionsf embryonic organizing
activities (EOA), which are important for embryonic patterning and are a source of
differentiation and proliferation signaldor example,the mouse nodethe apical
ectodermalidge, the vertebratef the nairal tube,and the growth zone of the embryonic
limb bud (Kinzel et al, 2010) Therefore, Pitchfork may play important role during
mammalian embryonic organogenedtsevous study have reportethat thePitchfork

lacZ/+

haploinsuffciency in Pifo mouselead to a unique node cilia duplication phenotype,
heat failure andeft-right asymmetry defect§ his cilia duplication phenotypleighlights
the fact that Pitchforks a cilia disassembly protein which play a very importaié o
organizer regions of EOA by specifically controlibgsal body detachment as wali
centrasome duplication and ciliary traction (Kinzel et al, 2010. Basel on previous
study Pitchfork plays pivotal role in cilia formation. Furthermore,cilia deficiency is

associated with variodsuman diseases, such as ciliay dysfunction syndromes, polycystic

kidney, male infertility, craniofacial abnormalitieBgdanoet al, 2006; Brugmann et aJ.
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2010 Michaudet al, 2006. Pitchfork potentiallyparticipatein human congenital disease
and ciliary dysfunction syndromesherefore it is important to understand the function
of Pitchfork on primary cilia disassemblyPitchfork was localized from apical to the
adherens junction of thperimary cilium base,andis co-localizes withKif3a in mouse
ventral node pit cell§Kinzel et al, 2010) Loss of the intraflagellar transport protein
(IFT), Kif3a, can induceprimary cilia disassembly and secondary lateral cleft palate
accompanying thavidenedfrontonasal prominencén vertebrateKif3a loss of function
leads toaltered Shhand Wntsignalingexpression levs] and cell proliferatiorduring
cranidacial developmen{Brugmann et al.2010) Therefore Pitchfork may be involved
in regulating a variety of gene signalipgthwayduring craniofacial development

To confirm the relationship between palate development Ritchfork we
firstly examinedPitchfork expression pattesnat E12.5, E13.5 and E14.5 by situ
hybridization clearlyln addition Pitchfork overexpression wasusedto understand the
function of Pitchfork during mouse palate development. OggpressedPitchfork
induced abnormal secondary palate structure and regulategeties $hhand Ptchl)
related to palate development by primary cilia disasser@hly findings reveaéd thatthe
proper expression level oPitchfork is necessary for normal secondary palate

development.
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Table 1. Introduction of Pitchfork gene

Function

During primary cilia disassembly, involved in cil
disassembly. Required speciily to control cilia
retraction as well as the liberation and duplicat
of the basal body/centrosome. May act
stimulating AURKA activity at the basal body in
cell cycledependent manner.

Subunit structure

Interacts with proteins involved in @liy transport,
including ARL13B, CETN1, KIF3A, RABG6A,
RAB8A, TUBB1 and TUBGI1. Interacts wit
AURKA.

Subcellular location

Isoform 1. Golgi appartus U Golgi stack Golgi
apparatusitransGolgi network

Isoform 2: Nucleus Cytoplasm Cytoplasmic
vesicle

Note: Accumulates specifically at the basal bc
and ciliary necklace during the early steps of ¢
assembly and disassembly, when structy
functional and regulatory proteins are deliverec
cilia. At S phase, accumulates in vesicles |
declines during mitosis. In node pit cells, fou
close to the ciliary membrane along the axone|
In spermatocytes, localizes to particles along
stabilized microtubules of tails.

Tissue specificity

Expressedn tissues rich in ciliated cells, such
lung, kidney, vas deferens and tedfisth isoforms
1 and 2 are expressed in testis.

Developmental stage

At 7.75 dpc, expression restricted to the ven
node monociliated pit cells. Not expressed in ot
tissues at detectable levels until 9.5 dpc. At ]
dpc, expressed in motor neurons in the ver
neural tube and in the apical ectodermal ridge
lim buds.

www.uniprot.org(Kinzel et al, 2010)
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http://www.uniprot.org/uniprot/Q9D9W1
http://www.uniprot.org/locations/SL-0132
http://www.uniprot.org/locations/SL-0135
http://www.uniprot.org/locations/SL-0132
http://www.uniprot.org/locations/SL-0132
http://www.uniprot.org/locations/SL-0266
http://www.uniprot.org/uniprot/Q9D9W1
http://www.uniprot.org/locations/SL-0191
http://www.uniprot.org/locations/SL-0086
http://www.uniprot.org/locations/SL-0088
http://www.uniprot.org/locations/SL-0088
http://www.uniprot.org/

II. MATERIALS AND M ETHODS

All experiments complied with the guidelines of the Intramural Animal Use and

Care Committee, Yonsei University Collegel#ntistry.

1. Animals

Institute of Cancer Resear¢tCR) mice Koatech Co, Pyeongtaek, Kojeaas
used in this studyAdult ICR mice were housed in a temperatcoatrolled room (22°C)
under artificial illumination (Lights on from 05:00 to 17:00) and at 55% relative humidity
with access to food and water ad libituithe embryonic day 0 (EO) was designhated as
the day on which aaginal plug was detected. Mouse ewds ateach developmental

stages E2.5 E135, E145 were used in this study.

2. Immunohistochemistry and TUNEL assays

Histochemical and immunohistochemical tissue analysis was performed as
described previously.The specimens were embedded in wax compound using
conventional methods. Sections|{th thickness) of the specimens were incubated with

1st antibody at 4C overnight. The specific priany antibodies were usexh enhanced
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green fluorescent protie®EGFP (dilution, 1:100; cat.No. NB 11075115; Novus
Biologicals Canada)and Ki67 (dilution, 1:100; cat. NoM 306Q Spring Bioscience

Corp, USA). After washing with PBS, the specimens were allowed to react with
biotinylated goat antimouse immunoglobulins and strept@in peroxidase at room
temperature for two consecutive 10 min incubations. Finally, the specimens were
visualized using a 3, Bdiaminobenzidine (DAB) reagent kit (Zymed). A terminal
deoxynucleotidyltransferasedUTP nick endlabeling (TUNEL) assay was germed

using an in sitwcell apoptosis detection kit (Trevigen) according tomea nuf act ur er 6
instructions. The d@m thick sections were treated with @@/ml proteinase K [in 10mM

Trisi Hel (pH 8.0)] for 15 min at room temperature. The samples were atedhwith the
labeling reaction mixture at 3¢ for 1 hr andhorseradish peroxidagelRP)-streptavidin
solution for 10 min at room temperature. DAB was used as a substrate solution to detect
the sites oin situ apoptosisTissue sectionsd(um thick) wee stained with hematoxylin

and eosin (H&E) and observed.

3. Whole-mount in situ hybridization (WISH)

Specimens were fixed overnight in 4% paraformaldehyde in phosphate
buffered saline (PBS). Fdn situ hybridization, the specimens were treatedhw2i0
pg/ml proteinase K for énin at room temperature. Antisense RNA probes were labeled
with digoxigenin (Roche). Afterin situ hybridization, the specimens wefeozen

sectioned at a thickness of fith. At least 30specimens from each stage were examined
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The primer sequences of the genes afelksvs:
Pitchfork 5-CCCTGGGTGTTATGCAGCAG3’
5-CTGGACACGAAATGGGCAGA?Z,

Shh 5-TCCAAAGCTCACATCCACTG3’
5-AGCGTCTCGATCACGTAGAAS;

Ptchl 5-CCACCTGGACTCTGGCTCCTIW

5-CCTCCACCTTTGAGTCCCTCCT3".

4. Pitchfork lentiviral vector infection and in vitro organ culture

To construct lentivirus transfer plasmid pCHitchfork the sequences
expressingPitchfork plus kozak sequence are generated by PCR using E13 ICR mice
palatescDNA as template. The primers are adiofw: Pitchfork forward primer(5'-
CTAGCTAGCATGAACACGGAGGAAATACGT), Pitchfork reverse primer (5-
CGCGGATCCTCACTGGTAATATAGGCTAAAGYT).

Two micrograms of the resulting lentivirus transfer plasmids p@&hehfork and
pCDH together with 1.5 g psPAX2 vectand 0.5 g pMD2.G vectorespectively, were co
transfected intblEK-293T cells (Invitrogen) in 16m plate. After 72 of incubation at 37°C
and 5% CO2, the supernatant was collected and virus particles were concentrated with
Amicon® Ultral5 CentrifugaFilter Devices by centrifugation at 3068m for 30mins.

Palatal shelves were isolated from E13.5 mouse maxilla and cultured in a

medium without FBS at 37°C and in 5&0, for 48 Ir using a slightly modied culture

-15-



methodreported by Trowell (Taya et all999). A 0.0dnm gapbetween the palatal
shelves was created in the in vitro orgatture such that the shelves could proliferate to
achievefusion. The culture medium, spécially, DMEM/F12 (Gibco) supplemented
with 20 pg/ml ascorbic acid (Sigmand1% penicillin/streptomycin, was replaced every
24 hr. To increase the infection effciency of lentiviral vector, dg@ml of polybrene
(Sigma) is added into the culture medium. Next, 100of concentrated Pitchfork

expressing lentivirus was added in 1 mitare medium(Fig. 4).

B .
>
D Paired palatal shelves  Filter paper
Culture dis
Metal grid e—
Media(DMEM/F12

i ’ 5%CO, 2

37°C |

48hrs }o.04mm

Figure 4. In vitro culture method for dissected mouse palatdA, B) Palatal shelves

were harvested from E13.5 mouse embryos. (C) Two palatal shelves were then placed on
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filter paper. Previous reports showed that the fusion dftglashelves could be brought
about even from transgenic mice with a cleft palate, by simply placing the shelves
togetherin vitro (Zhanget al, 2002). To avoid this kind of fusion, a 0.04 mm gap
between the palatal shelves was created innthvetro culture so that the shelves needed

to proliferate in order to achieve fusion. (D) Paired palatal shelves were incubated for 48

hr with DMEM/F12 under 5% C@and 37C conditions(Dr. JongMin Lee provided this

diagram) R anterior;® posterior.

5. Realtime guantitative polymerase chain reaction (RTqPCR)

Total RNA was isolated from the cultured palates using Trizol according to
manufacturer és instruction. For cDNA synt he
using MMuULV reverse transcriptase (New England BiolLabs). Reaé quantitative
PCR (RFqPCR) was performed using Thermal Cycler DYcReal Time System TP800
(Takara) with SYBR Premix EX Tal (Takara). Theamplification program consisted of
40 cycles of denaturatiaat %°C for 5 £¢ annealing at 5% for 20 ¢ andextension at
72°C for 20 ®c The results of RGPCR foreach sample were normalized BgM
(Beta2-Microglobulin). RT-gPCR alsovas used to detect the Pitchfork. The data were
analyzed withthe Thermal Cydr Dicd" Real Time System analysi®ftware (Takara).

The results were expressed as normaliza¢éids. The primer sequences of the genes are as

follows:
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B2M, 5-GGGAAGCCGAACATACTGAA-Z’
5-TCACATGTCTCGATCCCAGTS3;
Pitchfork 5-GAGTGCAGCAAAGGGTGAJZ’
5-ACACGGCTACGATGCTTTCTS;

Shh 5-CGGACCTTCAAGAGCCTTACG3
5-GCATAGCAGGAGAGGAATGGS;
Ptchl, 5-TCCAGACATCAGCCTCCCTTG3’

5-GCCTCTCCTCACATTCCACGTES'.

6.5E1 drug delivery

Drug delivery was preformed as previously descrilfede et al. 2011). A
monoclonalantibody (mAb) 5E1 (an IgG1 monoclonal antibabainstShh protein) was
obtained from hybridoma cells at the Developmental Studies Hybridoma Bank. Cultured
E13.5 ICR mice palates were treated with 5E1 [{@&0nl) or PBS (10Qul/ml) in culture

medium for 8hr.
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I1l. Results

1. Expression pattern ofPitchfork during mouse palate development

In detailed analysis ofPitchfork expressionwas examined in the mouse
secondary palateising wholemountin situ hybridizationat E12.5, E13.5 and E14.5 (Fig.
5). At E125, Pitchfork was expressedrom the anterior to the idle regions of the
palatal shelvesbut not expresseid the posterior regior(Fig. 5a). Pitchfork was strongly
expressedn the underlyingmesenchyme just beneath palaplthelium but notin the
palatal epithelium(Fig. 5d, g). At E13.5, Pitchfork was strongly expresseftiom the
anteriorto the mddleregionsin the vertially shaped developing palate shelves. However,
Pitchfork was not expressedn the posterior region(Fig. 5b). At high magnificdion,
Pitchforkwas strongly expressed in the palatal mesenchgsil underlying thepalatal
epithelium, but not expresséu the palatal epithelium (Fige, H. Pitchfork expression
was observed throughout the antetiorposteriorregion of the fusedsecondary palate
(Fig. 5¢). Faint expressionof Pitchfork was detectedn the palatal mesenchyme
Interestingly strong expression dfitchfork was observed at thepitheliumin the lateral

side ofthedevelopingnasal cavity (Fig5f, i).
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E12.5 E13.5 E14.5

Figure 5. Expression pattern of Pitchfork in developing palatal shelvesa-i The
expression pattern dPitchfork is detected by wholenount in situ hybridization and
subsequent sectioning, d, g, Pitchfork is expressed anterido the mddle side of the
palatal shelgs.Pitchforkwasstrongly expresseith the mesenchyme along the epithelium
of the palaal shelfat E12.5.b, e, h, Pitchforkis strongly expressefiom the anterior to
the middle region ofthe palatal shelves anih the palatal mesenchymespeciallythe
underlyingmesenchyme just beneathe epithelium at E13.%, f, i, After the palatal
shelves make contad®jtchforkis fainly expressed ipalatalmesenchyme at E14.5, but

not in the oral side epitheliunblack dotted linesection planeplack bilateral arrow

-20-



anteriorposterior axis;black arrows strong expression regioof Pitchfork black
arrowheadsposterior region;green boxhigh magnification region oPitchfork red
dotted linemidline epithelial seam (MES) regioned dotted cicle molar regions;Ant
anterior;m molar; n nasal sidep oral side;Postposterior;PSpalatal shd| scalebarsa,

b, c500um;d, e, f 200 um;g, h, 1 50 um
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2. Morphological changes after pitchfork over-expression during palate

development

To determine the functionfdPitchfork during secondary palate development,
Pitchfork was overexpressed in the palatal shelves at E13.5 and then examined after
culturing for 48hr(Fig. 6). Morphologicaldifferencesbetweenthe control (Fig.6a) and
the Pitchfork overexpressed pales (Fig. 6b) were observed a@-vitro culture system
for 48 hr.The \ertical length (fusion region of nasal to oral cavity palatal epithelium) of
the developingpalate was increased (98%) the Pitchfork overexpression group
compared to the control gip (N=25) (Fig. 6¢).To confirm successful transfection of the
control (lentiviral empty vectepCDH) (Fig. 2d) andhe Pitchfork lentiviral vector (Fig.
6e), immunohistochemistrwas performedising theEGFP antibody. EGFP was detected
in both epithelium ad mesenchyme of the lentiviraifected palateRT-qPCR resuls
showed thatthe Pitchfork expression level was significantly increased after Pitchfork
overexpression (N=17) (Figf). Scanning electron microscpgonfirmed primary cilia
formation after Rchfork overexpression (Fig6g, h). Large numberof primary cilia
weredetected in the control group (Figg). Howeverthe number of primary cilia was
dramatically reduced ithe Pitchfork overexpression group compared tioe control
group strikingy (Fig. 6h). The horizontal length (lateral edge d&velopingdfirst molars)
of the developingpalate was increased (56.3%)thre Pitchfork overexpression group
(Fig. 6], I) compared to the control groumeasurethe horizontal length of palate at

E13.540hrandE13.5+48hrin thesamespecimen)Fig. 6i, k), but the anterior to posterior
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length was nosignificantly change. Statistical analysis revealed that cultured palate was
expanded irthe Pitchfork overexpression groupompared to theontrol group (N=16)

(Fig. 6m).
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Figure 6. Morphological changes in the developing palate after Pitchforkover-
expression a, b The \ertical length ofthe developingpalate was increased itne
Pitchfork overexpression group compared to the control graustatistich analysis
revealed thathe cultured palate is thickened ime Pitchfork overexpression group

compared to thecontrol group d, e Immunohistochemistryis performed using an
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enhanced green fluorescent protein (EGFP) antibody to determine transfedtiem&jff
EGFPis detected in both the epithelium and mesenchyme of lentiniietted palated.
Gene expression analysis @fitchfork by RT-gPCR. The levels of Pitchfork is
significantly increased after its ovekpressionn palates aE13.5and then eamined
after culturing for 48 hrg, h Scanning electron microscopy (SEM) confirm twadition
of the primary ciliai-m Thewidth (E13.5+0hrandE13.5+48hiorgan culturen thesame
specimen) of developing palate is increasedthea Pitchfork overexpresion group
compared to the control grouplack bilateral arrows palate tissue thicknessyhite
bilateral arrows palate tissue widthred arrowheadsprimary cilia; red dotted cicle
molar regionsm molar; N number ofspecimens examined in each stagnasal cavity;o
oral cavity; Scalebars a, b, d, € 200 um; g, h 2 unt i, j, k, | 500 um; *P<0.05 as

determined by ANOVA.
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3. The effect of Pitchfork on cell proliferation and apoptosis during

palate development

To examinethe effect of overexpressedPitchfork on cell proliferation and
apoptosis during palate development, we performedunohistochemistrysingthe Ki-
67 antibody and TUNEL assay after Pitchfork eegpression (Fig7). In the control
group, proliferating cells were randomly scattered inrttesenchyme of the secondary
palate (Fig.7a). However, in the Pitchfork ovexpression group, proliferating cells were
observed in the mesenchyme arouth@ midline epithelial seam region (Figib).
Statistical analysis showed tha&i-67 positive cellsincreased (37.2%) inthe
mesenchymal cells of thHeitchfork overexpression group compared to the control group
(N=22) (Fig. 7c). TUNEL positive cells were observad the mesenchyme of the
secondary palate itme control group (Fig7d). Howeverthere wee fewerapoptotic cells
in the mesenchyma the Pitchfork overexpression group. l&ost noapoptoticcells
were detectedn the developingpalate mesenchymim the Pitchfork overexpression
group (Fig.7e). Statistical analysis showed thithe number oTUNEL positive cellsvas
reduced (80.5%) inthe mesenchymal cells of theitchfork overexpression group

compared to the control groN=22) (Fig. 7f).
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Figure 7. Alteration of cell proliferation and apoptosis after Pitchfork over-

expression in culturedpalates (at E13.5+ 48 hr). a, b, d, e To determine the effect of

Pitchfork on

cell

proliferation

and

apoptosis

during palate development,

immunohistochemistrysing the Ki-67 antibodyand TUNEL assay are examined after

Pitchfork overexpressiona, b, ¢ The number of K67 proliferating positive cells is

higher in themesenchymal cells of theitchfork overexpression group thahe contol.

d, e f After Pitchfork overexpression, the number of apoptotic cells is lower in the

mesenchymal cells of theitchfork overexpression group thahe control N Number of

specimens examined in each stageale bars, b, d, e 200 um; *P<0.05 as determined

by ANOVA.
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4. Alteration of Shh and Ptchlexpression by Pitchfork overexpression

during palate rugae formation

To identify the relationship betwed?ttchfork and Shh as well asPitchfork and
Ptchlduring palate developmentie performedn situ hybridization ofShhand Ptchl
after Pitchfork oveexpression (Fig8). In the control group,Shhwas expressed along
the rugae lines (Figga). In sagittal sectionsShhwasstronglyexpressed at the epithelial
tip of the palatine rugae (Fig8c). The Shhexpression pattern was not changed after
Pitchfork overexpression (Fig8b). However, Pitchfork oveexpression indwed up
regulatedShhexpression in the developing rugae compareati@aontrol group (Fig8d).
Moreover,the thickness otthe palatine rugaéncreasedafter Pitchfork oveexpression.
RT-gPCR showed thaBhhexpression level was significantly increasetemaPitchfork
overexpression (N=15) (Figi). Ptchlwas expressed along the rugae lines (&&jyand
wasstrongly expressed in the palatal mesenchyme just beneath palatinepithakum
in the control group (Fig.8g). The Ptchl expression pattern wasot changedafter
Pitchfork overexpression (Fig8f). However,Ptchl expression was upegulated in the
developing palatine rugae compared to controls @hg. Compared tdhe controk, the
expressionlevel of Ptchl was significantly increasedn the Pitchfork overexpression
group (N=15) (Fig.8j). Theseresults indicate that owaxpressedPitchfork lead to
thickened rugae (Fig8d, h) compared to theontrol group (Fig8c, g). To investigate
relationships betweeShhsignaling andPitchfork we treéed 5E1, antibody againshh

(Cho et al.2011) in E13.5 palate then for 48hr cultured. Compared to the control group,
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Ptchlexpression level was reduced in 5E1 treated group (N=15)8BigandPitchfork
expression level was significantly increasediil treated group (N=15) (Figl). These
results indicate thaPitchfork may related toShhand Ptchl during mouse secondary
palate developmentWe performed mmunohistochemistryusing Ki67 antibody and
TUNEL assay after Pitchfork ov@xpression duringalatine rugae formation. Compared
to the control group, hte number of K67 positive proliferating cellsvas higher in the
palatine rugae aftePitchfork overexpression(Fig. 8m, n). Statistical analysis showed
that Ki-67 positive cellancreased (43.2%n the palatine rugae of th®itchfork over
expression group compared to the control gr@upl5) (Fig. 80). In the control group,
large number of the TUNEL positive cells were obserivethe palatine rugae (FigBp).
However, apoptotic cells were markedy reducedin the developingpalatine rugadn
Pitchfork overexpression group (Figq). Statistical analysis showed ththe number of
TUNEL positive cellswas reduced (78.5%) itlhe palatine rugae of thBitchfork over

expression groupompared to theantrol group(N=15) (Fig. 8r).
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