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ABSTRACT

A critical role of Wnt5a during murine tooth
development

Dae-Woon Kang

Department of Dentistry
The Graduate School, Yonsei University

( Directed by Professor Han-Sung Jung )

Murine tooth development involves a series of abish-
mesenchymal interactions that are mediated by gplemmolecular
network. We have previously suggested that to@# isi determined by

the dental mesenchymal factors. Numerous genesasifimp2, Bmp4,

Fof3, Fgfl0, and Lefl are expressed in the dental mesenchyme.
However, it has been reported that exogenous BN GIN, FGF3
and FGF10 has no effect on the alterations in teath at the cap stage
tooth germ. AmongWhts genes in tooth development, onhynt5a is
expressed in the dental mesenchyme. In the presemy, we
investigated the expression patternAgft5a in developing tooth germs

and the role ofAht5a in the regulation of tooth size by treatment of

viil



exogenous WNT5A on tooth germs at cap stage. Astse¥intba was
expressed in both dental epithelium and dental noégene from E14
to E17 overlapping partly with botthh andBmp4 expressions in tooth
germs. Moreover, WNT5A retarded the developmenboth germs by
inducing cell death severely in the epithelium amesenchyme of non-
dental regions, but not severely in the dentalomgin this dental
region, the epithelial mesenchymal gene interastiamongWnt5a,
Fgf10, Bmp4, andShh may partly rescue the cell death in the WNT5A-
treated tooth germ Taken together, WNT5A-induced cell death
inhibited overall development of tooth germ, whigfight result in
smaller teeth with blunter cusps after 3 weekss Isuggested that
Wht5a is involved in regulating cell death in non-dentgdjions, while
Wht5a in the dental region acts as a regulator of ofjeges concerning

cell proliferation, cusp formation and determintogth size.

Key words: WNT5A, tooth sizeshh, Bmp4, cell proliferation, cell

death
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A critical role of Wnt5a during murine tooth devploent

Dae-Woon Kang

Department of Dentistry
The Graduate School, Yonsei University

(Directed by Professor Han-Sung Jung)

[.INTRODUCTION

Tooth development is governed by the epithelial-enelymal
interactions. Numerous signaling molecules locdliza the epithelium,
mesenchyme, or both with distinct patterns of esgian interact with each
other to mediate tissue interactiotfs The molecular details of signaling
networks have been dissected in great detail, quéatly in four signal
families, BMP, FGF, HH and WN*°.

Various members of the BMP family exhibit a complexpression
pattern throughout odontogenesié®. Members of the FGF family are
necessary for tooth initiation and for tooth morgéiesis to proceed beyond
the bud stage'. Especially,Fgf10 stimulates cell proliferation in the dental
epithelium, but is expressed only in the dental enekyme during active
morphogenesis at the cap stdfi&. Shh, another secreted signaling factor,
influences the growth and patterning of the todibletion of Shh causes a
cap-stage tooth rudiment and a smaller tooth derint signaling is also
important in organogeneﬁ% Six Wnt genes such &snt3, -4, -6, -7b, -10a,
and-10b and one Wnt receptdvFz6 are observed in or around the dental

epithelium®# while Wnt5a and agonists/antagonidfrzbl andMfrp2 are



expressed in a graded proximodistal manner in tem&senchyme®.
Especially, Wnt5a and Mfrzbl are strongly expressed in the dental papilla
mesenchyme at the cap stdgje

We have recently reported that tooth size is deterdhby the dental
mesenchyme, suggesting that this is regulated bynsic mesenchymal
factors 2 Numerous genes such Bsp2, Bmp4, Fgf3, Fgf1l0, Lefl, and
Wht5a are expressed in the dental mesenchyme. Howewagerous
treatment with BMP4, NOGGIN, FGF3, and FGF10 haseffect on the
alterations in tooth siz& although retarded development and smaller molar
teeth have been detected following the additioklfsEbl at E10.5 and E11.5
2L The expressions of\nt5a and Mfrzbl were highly coincident in the
mesenchyme from the dental lamina to the cap $tagased on this overlap
between the expressions of a ligand and possiltégganist in mesenchyme,

it was suggested that Mfrzbl acts as a continusink™ for Wnt proteins. On
the other hand, targeted mutation \@ht5a in mice has been shown to
produce craniofacial defects (specifically, reduced outgrowth of the facial
processes), but the role ¥fht5a as a mesenchymal factor in the tooth
remains unknown.

This study investigated the expression pattermefit5a and the effect
of additional WNT5A protein on tooth germs at thep stage. The possible
interactions between WNT5A and key signaling fagtére., Bmp4, Fgfil0,
andShh) were examined in explants after WNT5A treatm¥&Yi. carried out
further in vitro analyses to demonstrate the role \Wht5a in dental

epithelium and mesenchyme respectively.



[I.MATERIALSAND METHODS

Animals

Adult ICR mice were housed in a temperature-colgdofoom (22C)
under artificial illumination (lights on from 05:0b 17:00) and at 55%
relative humidity with assess to food and waigtibitum. The embryos were
obtained from time-mated pregnant mice. Embryonay @ (EO) was
designated as the day on which a vaginal plug wadirmmed. Embryos at
E11 to E17 were used in this study.

Preparation of tissues aimlvitro organ culture

The molar tooth germs of E14 mice were dissectat inoubated in
Dispase Il (Roche, Germany) at 1.2 U/ml in PBSZ@min. The tooth germs
were washed in DMEM with 10% FBS, and dental eitine was separated
from the dental mesenchyme. The molar tooth gedastal epithelium and
dental mesenchyme were cultured with Trowell-typgaa culture method
using 10% FBS contained DMEM respectively.

Bead implantation

Affigel-blue beads (BioRad) were washed with PBf #ren incubated
in WNT5A (500pug/ml) and PBS control. All beads were incubatedoaim
temperature (RT) for at least 1 h. Three experialegroups were carried out
as follows: 1) Beads were implanted into the melsgme of both sides (Fig.
1) or the buccal side (Fig. 3) of E14 tooth germsimg fine forceps; 2) Beads
were placed on the top of the dental mesenchynys.(BiA, B, D and E); 3)
Beads were placed on the top of the dental epitime(Figs. 4C, F). The bead
implanted explants were cultured at 87  for 48 h.



Immunohistochemistry

The tooth germs implanted protein soaked beads Vigesl after
culture for 48 h in 4% paraformaldehyde (PFA) in$Bvernight at £
embedded in Optimal Cutting Temperature (O.C.Teglie-Tek, Cat. NO
4583, USA) compound using conventional methods #reh cut to a
thickness of 7um. Sections were incubated overnight & 4  with aiseo
monoclonal antibody against proliferating cell real antigen (PCNA, Neo
Markers, USA), as the primary antibody. After beimgshed with PBS, the
sections were reacted with a goat anti-mouse imiglobalin secondary
antibody and the streptavidin-peroxidase at RTifdomin each. Finally, the
antibody binding to the sections was visualizechgish Diaminobenzodine
tetrahydrochloride (DAB) reagent kit (Zymed, Cat N®-2014, USA).
Terminal deoxynucleotidyl transferase-mediated dUTiEk end labeling
(TUNEL, In Situ Cell Death Detection Kit, POD, USAyas used for cell
death detection in individual cells of the histotay sections of bead
implanted explants. The TUNEL procedures were edrout as described
previously (Yamamoto et al., 2004).

Transplantation of bead implanted explants intorémal subcapsular
layer

To calcify the bead implanted tooth germs, theyeaarltured for 48 h
in vitro and transplanted into the renal subcapsular la@dult ICR male
mice. After 3 weeks, the host mice were sacrifitebtain the calcified
teeth.

Isolation ofwnt5a

cDNA fragments ofWnt5a of mouse were amplified by reverse
transcriptase-PCR from the ICR mouse, using spegfimers were 5'-
CCACTACGGGATTAAGCCTGA-3 (forward) and 5'-



CTAGCGTCCACGAACTCCT-3' (reverse). Primers were desd
according to the published sequence®¥of5a genes (NM_009524). Product
size was 546 bp and inserted into #mRI sites of pGEM-T easy vector
(Promega, USA).

Whole-mounin situ hybridization

Bead implanted cultured tooth germs, mandibles &t #® E13, and
tooth germs at E14 to E17 were fixed overnight ¥ #FA. In situ
hybridization was carried out by treating the spwsis with 20ug/mi
proteinase K for 3 to 6 min at RT. The anti-send&ARprobes were labeled
with digoxygenin (BMS, Korea). Aftein situ hybridization, the specimens

were cryosectioned at a thickness ofub@

Quantitative real-time PCR (RT-qPCR)

RNA was extracted from the bead implanted explasisg total RNA
isolation following the manufacturer's recommenaiadi and further purified
using the Total RNA Mini Kit (RBC, Korea). For cDN#ynthesis, reverse
transcription of RNA was performed using the Redit” M-MLV Reverse
Transcriptase (Fermentas, Canada). Real-time PGRpedormed using a
Thermal Cycler DicB" Real Time System and SYBR Premix EX Tq
(Takara, Japan) according to the manufacturertsuict®ons. For RT-qPCR,
the protocol included an initial incubation of tteaction mixture for 1 min at
95°C. The amplification program consisted of 40 legcwith a 95°C
denaturation for 20 secs and a 55-60°C annealidgeatension for 45 secs.
The RT-gPCR for each sample was performed in tapdi and the amount of
the RT-qPCR products were normalized using GAPDHrasiternal control.
Detection of the fluorescent product was carrietiether at the end of the
extension period or after an additional 2 secs atep’C below the melting
temperature of the product. The data were analyaédthe Thermal Cycler



Dice™ Real Time System analysis software. To deterrtieerélative level
of gene expression, we used the comparativéCt method, previously
described by Livak and Schmittgen. The test wasleyeg to determine
significant changes at the 99% confidence level (p01).



1. RESULTS

Effect of exogenous WNT5A during tooth development

Beads soaked in PBS and in WNTS5A protein were intglé into E14
tooth germs, respectively (Figs. 1A, C). After 48irhculture, WNT5A-
treated tooth germs showed abnormal shape (Fig. wbirh was different
from that of PBS-treated tooth germs (Fig. 1B). Bime of WNT5A-treated
tooth germs N=98/126) were smaller than that of PBS-treatedhtaypgrms
(N=115/115) (Figs. 1B, D). PBS-treated tooth germd Haveloped to the
bell stage (Fig. 1E), whereas WNT5A-treated toothnts showed retarded
growth, being at the cap stage (Fig. 1F). Furtheemibie oral epithelium was
absent around WNT5A-treated beads (Fig.1F). Wihilsé¢w apoptotic cells
were detected in both the epithelium and mesenchyiniBS-treated tooth
germs (Fig. 1G), WNT5A-treated tooth germs showedaty increased
numbers of apoptotic cells in the mesenchyme ardbadmplanted beads
(Fig. 1H), but only a few apoptotic mesenchymalscbking in contact with
the dental epithelium (Fig. 1H). This result shawat WNT5A induces the
epithelial and mesenchymal cell death. The levetaf proliferation was
also compared between two groups. Few positive ticeec for cell
proliferation were detected around WNT5A-treatedadse (Figs. 11, J).
However, the level of cell proliferation was notchudifference between two
groups. In addition, the specimens in which bead® weplanted only on the
buccal side showed the same morphology, cellulafiferation, and cell
death during tooth development as those of theimess with beads on both
sides (data not shown).

Bead-implanted tooth germs were also transplanted & kidney
capsule and incubated for 3 weeks. Calcified teethe formed from both
WNT5A-treated tooth germsNE10/10) and PBS-treated tooth germs

(N=11/11) (Figs. 1k~ N). Most of WNT5A-treated tooth germbl£8/10) as



well as PBS-treated tooth germs$=(11/11) formed two teeth (the first and
second molars), the larger of which, was comparitd the tooth size from
PBS-treated tooth germs. One tooth geNm1(8) formed calcified tooth that
was as large as the first molars from PBS-treaiethtgerms, while the other
seven WNT5A-treated tooth germbl<7/8) formed calcified teeth whose
mesiodistal and buccolingual lengths were two-thittbse from PBS-treated
tooth germs (Figs. 1K, M). Another two WNT5A-tredtéooth germs
(N=2/10), which formed only one tooth each, showed tmoth as large as
the first molars from PBS-treated tooth germs amal dther one was two-
thirds those from PBS-treated tooth germs in thesiodéstal and
buccolingual lengths. This result shows that thegexous WNT5A resulted
in smaller teeth by inducing cell death in both theithelium and

mesenchyme.



+ 3 weeks : + 3 weeks

Figure 1. Tooth development from E14 tooth germaté&@ with
exogenous WNT5A protein. (A, B) Upper view of EBbth germs
implanted affigel-blue beads soaked in PBS (coptoefore culture
(A) and after culture for 48 h (B). (C, D) E14 tbogerms with
WNT5A-treated beads (5Q@/ml) before culture (C) and cultured for



48 h (D). (E, F) Hematoxylin and Eosin stainingroital sections of
(B, D). (E) PBS-treated tooth germs develop tolbk stage after 48
h. (F) Retarded growth of WNT5A-treated tooth gears still at the
cap stage, Oral epithelia of which were absent ratoOWNT5A-
treated beads (arrows). (G, H) TUNEL studies omtibsections of
(B, D), which indicated apoptotic cells locate ihet place as
visualized by dark brown. (G) A few TUNEL positigpots locate in
the epithelium and mesenchyme of control explaitd). Great
increased TUNEL labeled mesenchymal cells are gbddn the area
around the beads in WNT5A-treated tooth germs. Hewefew
TUNEL labeled cells are detected in the dentalaedarrowheads).
(I, J) Cell proliferation assay on frontal sectioofs (B, D), which
indicated the proliferating cells locate in theqaaas visualized by
brown. (I) PCNA positive cells locate in both egiliim and
mesenchyme of control explants. (J) No much diffeeeis detected
on the number of PCNA-positive cells in WNT5A-treditooth germs.
(K, L) Teeth are formed from the tooth germs cuwtumith control
beads in the kidney capsule after 3 weeks. (M, Malfer teeth are
detected from the explants treated with WNT5A gdrotBlack dotted
lines bb’ and dd’ in panels B and D indicate thetisa line in panels
E-J. Blue dotted circles in panels E-J indicate dseaDental
epithelium is outlined by black dotted line in pen&-J. Scale bar:
250pum.

-10 -



Expression ofAht5a in the developing molar tooth germs

Wht5a expression was detected by whole-moumsitu hybridization in
developing tooth germs from E11 to E17 (Fig. 2).riBy the initiation of
tooth development (E11-E12) and mesenchymal celteosation (E13),
Wnt5a was expressed strongly in the mesenchyme (FigC2AAt the cap
stage (E14)Wht5a expression was strongly localized to the primargneel
knot (PEK), and also detected in the stellate wétim (SR), dental follicle,
and dental papilla (Fig. 2D). At the late cap aadyebell stage (E15), the
expression ofWMnt5a was intense in the stratum intermedium (SI) cefid
dental papilla, and weak in other parts of the alentgan and the dental
follicle mesenchyme (Fig. 2E). At the bell stagd g Wht5a was observed
strongly at the tips of dental papillae, secondamamel knots (SEKSs), SI
cells, and surrounding dental mesenchyme, and weakpart of the inner
dental epithelium (IDE) and SR cells (Fig. 2F). Hmer, Wht5a showed
similar weaker expression in the IDE and SI cdltha late bell stage (E17),
but it continued to be strongly expressed in thepal areas of the dental
papilla (Fig. 2G).

-11 -



Ell (A
B

El4
E12 = E
C
E13 — EI5

Figure 2. Expression diht5a in developing tooth germs. (A-
C) Wnt5a is expressed in the mesenchyme from E11-E13. ((H14,
Wht5a is expressed strongly in the primary enamel kiREK, *),
weakly in the dental organ and surrounding dentakenchyme
(black arrows). (E) At E13Mnt5a is detected strongly in the stratum
intermedium (SI) cells and dental papilla, weakly dental
mesenchyme around dental follicle. (F) At EY&jt5a is intense at
the tips of dental papilla, secondary enamel kg8&Ks, **) and S
cells, weakly in the inner dental epithelium (IDBnhd stellate
reticulum (SR) cells. (G) At E1R&\nt5a is specially detected in the
cuspal areas of dental papilla and shows weakerespigad
expression in the dental organ, especially in theeSs. TheWnt5a
expressions in the SI and SR cells were indicatgd black
arrowheads and white arrowheads respectively irlpah, G and F.

-12 -



The dental epithelium was outlined by black dotteds and the IDE
expressed withWht5a was pointed out by white arrows in panels F
and G. Scale bar: 50m.

Expression ofMht5a and the key factors of tooth patterning in
WNT5A-treated tooth germs

To understand the mechanisms underlying the effettexogenous
WNT5A protein on tooth size, we used whole-moumsitu hybridization to
investigate the expression patterns of three keyofa Ghh, Bmp4, and
Fgf10) during tooth development after treatment with \BXTprotein for 48
h. StrongBmp4 expression was detected at the enamel knots &nduttpal
area of the dental papilla in both WNT5A-treated! &BS-treated tooth
germs (Figs. 3E, M). The expression levelBofip4 mRNA was stronger in
WNT5A-treated than that in PBS-treated tooth geffigs. 3A, E, I, and M).
The expression dfgfl0 showed a similar spatial distribution and exp@ssi
level in WNT5A-treated tooth germs and PBS-tredtedh germs (Figs. 3C,
G, K, and O). Interestingly, dramatic alteratiorfstaoth germs in term of
both the spatial distribution and expression leskelShh expression were
found after WNT5A treatmenghh expression was found in the SEKs, and
had spread to the rest of the IDE, Sl cells, ancc8R of PBS-treated tooth
germs (Figs. 3B, F). However, in WNT5A-treated togerms,Shh was
expressed as a long strip mesiodistally, and tipeession level obhh was
markedly increased (Figs. 3J, N). The expressionWot5a was also
investigated in both tooth germ groups. It was ighér in WNT5A-treated
tooth germs (Figs. 3L, P), and actually a littlevés than that in PBS-treated
tooth germs (Figs. 3D, H). The expression pattdriMotba in PBS-treated
tooth germs was similar to that of E16 tooth genwlse it was expressed in
the PEK and at the tip of dental papillain WNT&Aated tooth germs (Fig.
3P).

-13 -



The relative abundances &mp4, Fgfl0, Shh, and Wnt5a transcripts
were also examined. As shown in Fig. Bmp4, Fgf10 andShh mRNA was
more abundant in WNT5A-treated tooth germs tharsehof PBS-treated
tooth germs. Especialhghh was 143% higher, anBmp4 and Fgfl0 were
increased by nearly 66% and 26%, respectively. Hew&ht5a mRNA was
decreased by nearly 42% in WNT5A-treated tooth gerl these results

were consistent with the results from whole-mduarsitu hybridizations.

-14 -



PBS

WNT5A

i
Relative mRNA abundance |

GAPDH  Bmp4  Fgfl0 Shh Watsa

Figure. 3 Expression dmp4, Shh and Fgf10 in PBS-treated and
WNT5A-treated tooth germs by whole-moumt situ hybridization
and relative abundance by RT-gPCR. (A-H) PBS-tcc&deth germs
(control) and (I-P) WNT5A-treated tooth germs anétured for 48 h.
Panels (E-H and M-P) show frontal sections of paufatD and I-L)
respectively. (A, EBmMp4 is expressed in the SEKs (black arrows)
and dental mesenchyme in controls. (I, M) Expresséwvel of Bmp4
is increased in WNT5A-treated tooth germs. (B) Feecondary

enamel knots are distinguished in the first motaoth germ by the

-15-



diffused Shh expression (white arrowheads). (J) In WNT5A-trdate
tooth germs, stronger expressionSbh is detected as a strip, which
might indicate the PEK. A distance is detected ¢o rhaintained
between the beads ath expression (between red dotted lines). (C,
G, K and O)Fgf10 is expressed in the dental mesenchyme in both
groups. (D, H)Wht5a is expressed in SEKs and the tips of dental
papilla in controls. (L, P)Wht5a is detected in the PEK (black arrow)
and the tip of dental papilla in WNT5A-treated toajerms. The
intensity of expression is not increased but wealdgreased. (Q)
After bead implantation for 48 h, the ratios of thedative mRNA
abundance in WNT5A-treated tooth germs were caledland shown
as the black bars. White bars represent the relaiRNA abundance

in controls and were arbitrarily set as 1. Eachiltés the mean of at
least 9 independent experiments. P& 0.001. Black dotted lines in
panels A-D and I-L indicate the section line in @anE-H and M-P
respectively. Blue dotted circles in panels I, Kla indicate beads.
Dental epithelium is outlined by black dotted limepanels E-H and
M-P. Scale bar: 250m.

Expression of the key factors of tooth developmeM/NT5A-treated

dental tissues

To determine the relationship between WNT5A andkiee molecules

in the dental mesenchyme suchBagp4 andFgfl0, the dental mesenchyme

was isolated from the dental epithelium and treat&ti WNTS5A protein,

then was examined by whole-mountsitu hybridization after for 48 h ah
vitro culture.Bmp4 mRNA was detected in both WNT5A-treated and PBS-
treated dental mesenchyme (Figs. 4A, D), with iingpepresent as a

pronounced halo around WNT5A-treated beads (Fig). 4No clear

expression oFgfl0 mRNA was evident in either WNT5A-treated or PBS-

-16 -



treated dental mesenchyme (Figs. 4B, E). The eénitthe epithelium-free
mesenchymal explants were also consistent wittlRihgPCR resultsBmp4
was increased by nearly 73%, whereas the expresdidfgfl0 was not
altered (Fig. 4G). This result means that WNT5Auices the expression of
Bmp4 directly, but not induce that &fgf10 directly.

To determine whether exogenous WNT5A contributedhe increased
expression ofhh, WNT5A was treated on the dental epithelia, whigre
separated from dental mesenchyme, and Sibnexpression was examined
by whole-mouniin situ hybridization after for 48 h ah vitro culture. After
48 hin vitro culture, WNT5A-treated beads on the center of deatal
epithelium were displaced out of the dental epitime] while PBS-treated
beads were remained on the center of the dentdéhedpim. WeakShh
expression was detected throughout PBS-treatedaldepithelia (Fig. 4C),
whereasShh expression was markedly increased in WNT5A-treatedtal
epithelia (Fig. 4F).

-17 -
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15

1.0

0.5

Relative mRNA abundance

0.0

73%

*EE

1%
| ha O PBS

GAPDH Bmp4 Fgfio

Figured. Expression oBmp4 and Fgf10 in the epithelium-free

mesenchymal explants arfghh in the mesenchyme-free epithelial

explants after bead implantation and relative abood by RT-qPCR.

(A) The expression dBmp4 can be still observed in the PBS-treated

epithelium-free mesenchymal explants after for 4&fhin vitro

culture. (D) The expression level Bfnp4 is increased markedly in a

halo surrounding WNT5A-treated beads. (B, E) Theression of

Fgf10 is lost in the epithelium-free mesenchymal exmaint both
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groups. (C) Diffused and we#&kh expression is remained throughout
the mesenchyme-free epithelial explants after f@rhdof in vitro
culture. (F) Stronger expression #fh is detected in the WNT5A-
treated mesenchyme-free epithelial explants. (G)erAfbead
implantation for 48 h, the ratios of the relativ&R WA abundance in
WNT5A-treated dental mesenchyme were calculated slrmvn as
the black bars. White bars represent the relatiRd abundance in
PBS-treated dental mesenchyme and were arbitrsgiiyas 1. Each
result is the mean of at least 6 independent exearts. ***P < 0.001.
Blue dotted circles in panels A and C indicate lsedthe two-way
arrow in panel B indicates the orientation of thentdl tissues
(epithelium or mesenchyme). Ant: anterior; Poststpgdor; epi:

epithelium; mes: mesenchyme. Scale bar: 250
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V. DISCUSSION

Wht5a is expressed in both the dental epithelium andatdlen

mesenchyme during tooth development

Gene targeting has been used to analyze the fuattioles of Wnt
pathway in many mammalian organs, such V&stl in midbrain and
cerebellum,Wnt4 in kidney, Wht5a in lung, andWht7a in limb 3172
Sarkar and Sharpe suggested a role for Wnt signatiriooth development
by showing that the addition of Mfrzbl (a Wnt artaigt) at the dental
lamina stage leads to retarded development andesmadlar teett?’ It was
also suggested that the expressioMéfzbl is consistent with that aint5a
during early tooth developmefft We previously suggested that tooth size is
determined by mesenchymal factérdvifrzbl and Wht5a are known to be
expressed in the dental mesenchyme, with the Idttémg the only one
among 19 Wnt genes to be expressed théefeiflowever, in the present
study, we found thatVnt5a is expressed not only in the dental mesenchyme
but also in the dental epithelium during tooth depment (Fig. 2).
Interestingly Wht5a is also expressed in the PEK and dental orgameatadp
stage.Wnt5a continued to be strongly expressed in the cuspsdsaof the
dental papilla and Sl cells. It has been reportedt WWht5a was also
expressed in a distinct cluster of epithelial calighe tip of the cusp next to
the IDE cells, dental mesenchyme, dental follidiental pulp, and some parts
of ameloblasts at PN3. These results indicate thaht5a is first expressed
in the mesenchyme, and then also appears in thaldmithelium at the cap
stage, especially in the PEK. Its expression isnta@ed in both the dental
epithelial and dental mesenchymal tissues at theesjuent stages. Therefore,
it is suggested thatWwntba plays a role in ensuring correct epithelial—
mesenchymal interactions during tooth developmAdditionally, the fact

that Wnt5a expression on the Sl cells which are known to esgprikigh

-20 -



alkaline-phosphatase activity suggests tWait5a is involved in enamel

formation.

WNT5A inhibits tooth development and produces sendteth by
inducing cell death at the cap stage

Our results after treatment with exogenous WNT5A % tooth germs
are consistent with the results of additional Mirzh the early stage tooth
germs®! from the viewpoint of (1) inhibition of tooth deepment and (2)
calcified teeth being smaller after incubation Ire tkidney capsule for 3
weeks. We investigated the mechanisms underlyingsethresults by
examining cellular proliferation and cell death. NEL analysis showed
significant differences in the mesenchyme around TWAireated beads
compared with PBS-treated beads. Moreover, the epithelia were absent
around WNT5A-treated beads. These results inditae WNT5A induces
cell death in both the epithelium and mesenchynmé@ehon-dental regionss.
However, only a few apoptotic cells was found ie ttental region, which
suggests that certain signaling pathways protectiémtal region from severe
cell death (Fig. 5A). On the other hand, it hasnbesported thatWht5a is
required for the proliferation of the limb bud aitgl progenitor cell$® and
thatWnt5a regulates cell proliferation in the developingeaternal genitalia
It was also suggested that the roleWtit5a signaling varies between
tissues, such as cell proliferation being decreasddnb but increased in
lung in Wht5a mutant mice*>*** However, in the present study, the cell
proliferation in tooth germs was not changed by gexmus WNT5A
treatment. It indicates that exogenous WNT5A cagtexl predetermined
balance between cell death and cell proliferatiaring) tooth development.
Together with these results on cell death andpreliferation, it is suggested
that WNT5A induces cell death, inhibiting the degrhent and growth of
tooth germs and resulting in smaller teeth (Fig). 3Boreover, the cusps of
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WNT5A-treated teeth were smaller and much bluntemtthose of PBS-
treated teeth. Sind&ht5a showed strong expression in the IDE and the tip of
dental papilla at the bell stage, it is also sutgkshat\Wht5a is related to

cusp formation.

Cross-talk of WNT5ABmMp4, Fgf10, andShh between the
mesenchyme and epithelium might regulate tooth Idpweent

Bmp4 is expressed in the epithelium at the initiatitege® and shifts
to the dental mesenchyme thereafter at the early biage® The
mesenchymally expresseBmp4 mimics its effect on the early dental
epithelium by inducing morphological changes aral éxpression oMsx1,
Msx2, Lefl, and Bmp4 itself ****° In the present study, the PBS-treated
dental mesenchyme showBdp4 expression after 48 h oh vitro culture.
This result means th&mp4 expression can be maintained without dental
epithelium and still stimulated by the mesenchygetes. MoreoveiBmp4
expression was not detected around beads in ndatdegions of WNT5A-
treated tooth germs, while the level Bfmp4 expression was higher in
WNT5A-treated dental mesenchyme than that of PB&t&d mesenchyme.
Additionally, it has been reported that the expms®f Bmp4 in the PEK
acts as an inducer of cell death in the dentahepitm °. However, in our
study, a number of TUNEL-positive reactions wereseied in the non-
dental mesenchyme, which was not dete®eg4 expression. These data
suggest thaBmp4 is not related to cell death in the mesenchymaarf-
dental regions.

Shh was reported to be involved in pattern formatidérseveral organs
including teeth ®. Moreover, Shh is believed to be involved in cell
proliferation of the early dental epithelium byigating the expression of its
receptorPtc and a transcription fact@lil in teeth®*°. Shh was suggested to
stimulate epithelium and mesenchyme proliferation & paracrine and
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autocrine signaling pathway at the cap stdgé&hh may exert a direct
mitogenic effect in regulating proliferation withiskental epithelium at the
bell stage, especially on preameloblast and Siscelt least in part, by
promotingcyclin D1 transcription to control the G1-to-S transitibrin the
present study, diffused and weak expressioghbfwas detected in the PBS-
treated mesenchyme-free epithelial explants, WAINT5A induced strong
expression ofhh in the mesenchyme-free epithelial explants. Theselts
suggest thatShh expression in the dental epithelium is governed by
mesenchymal factors and th&tht5a functions as an inducer aghh
expression.Bmp4 was reported to function upstream 8hh in tooth
development=®. Therefore, it is possible to think that the esgien level of
Shh might be increased not only by WNT5A directly bilgo byBmp4 which
was activated by exogenous WNT5A (Fig.5A). The etbgelationship
betweenShh and Wht5a has been reported in hair follicle morphogenesis,
suggesting thaiwht5a is a target of SHH is supported by both WNT5A and
SHH being capable of regulating proliferatiof?*?® In the present study,
the expression patterns @t5a and Shh also show overlapped and closed
spatial distributions in the dental epithelium dgritooth development. This
expression correlation indicates the presence dht@maction betweeghh
andWht5a. Therefore, it is suggested thaht5a as well asshh is an effector

in cell proliferation within dental epithelium amdesenchymé’.

FGF10 was suggested to have redundant functiodg\rloping tooth
by regulating tooth morphogenesis at the cap dbggstimulating epithelial
cell proliferation in the cervical loopS. However, locally applied FGF10
does not influenc&nh expression; nor does SHH afféf10 expressiort™.
Meanwhile, the slight increase Fgfl0 expression was not related to the
increased expression 8fih in this study. The expression B§f10 somehow
depends on epithelial mediators, as evidenced bye#pression ofgfl0
being lost in the epithelium-free mesenchyme inpghesent study (Fig.5A).

Therefore, it is suggested th&gfl0 is induced by epithelial molecules
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affected by WNT5A and would function to partly migim the dental
epithelial proliferation in WNT5A-treated tooth ges.

In addition, Wht5a mRNA expression was decreased after WNT5A
treatment, suggesting a negative feedback loop BIT®A was occurred
(Fig.5A). This negative feedback loop may be imaottfor regulating the
survival and activity of dental region to preventrfi cell death. However,
this feedback loop regulated by WNT5A itself or lbgrtain negative
feedback regulator has to be further elucidated.

During organ development, interactions between hepitm and
mesenchyme, communications between neighboring oélthe same tissue
are crucial for growth and differentiation. Thessential and reciprocal
tissue interactions are mediated by diffusible grofactors'® which has
been confirmed or remains to be elucidated by the data present here on

tooth development.
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Figure 5. WNT5A induces cell death and breaks thince
between cell proliferation and cell death, whiclpastly rescued by a
Wnt5a-involved epithelial-mesenchymal interations on thosize
determination. (A) WNT5A induces cell death in lbdhe dental
and non-dental regions. The WNT5A-induced cell kieigt partly
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rescued by the epithelial-mesenchymal interactionghe dental
region. In the epithelial-mesenchymal interactiarighe expressions
of Shh in the epithelium, an8mp4 andFgf10 in the mesenchymare
induced by exogenous WNT5A directly or indirectispecially,Shh
is suggested to be possibly induced by WNT5A diyeatr through
Bmp4 (dotted arrow, Chen et al., 1996310 expression is mediated
by certain epithelial factor. However, it can not bescued by
exogenous WNT5A. Moreover, a negative feedback o/ NT5A
is occurred. These epithelial-mesenchymal interastimay be
involved in maintenance of cell proliferation faroth formation in
the dental region. Thus, WNT5A-induced cell deatlhie dental and
non-dental regions might result in small teethisltsuggested that
Wht5a acts as a regulator concerning tooth size detatinim (B)
Normal tooth size is maintained by a balance betwesdl death and
cell proliferation. The balance is altered by exumes WNT5A with
increased apoptotic reactions, resulting in a degrdarrow) on tooth

size.
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V. CONCLUSION

In conclusion, exogenous WNT5A induces the celltlldeahich leads
to retarded growth of tooth germs and forms smadleth with blunter cusps
(Fig. 5B). However, WNT5A-induced cell death wastlyarescued by the
epithelial-mesenchymal interaction in the dentglae. The rescue from cell
death and the maintenance of cell proliferationhie dental region may be
mediated through the induction Bfif 10, Bmp4, andShh by WNT5A directly
or indirectly (Fig.5A). Taken together, it is sugted thatht5a evokes cell
death in non-dental regions, whil&ht5a in the dental region acts as a
regulator of other genes concerning cell prolifierat cusp formation and
tooth size determination.
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ABSTRACT (in Korean)
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