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— Abstract

The aim of this study was to understand the roles of Sonic Hedgehog (SHH) signaling during tooth root and
periodontium formation. In this study, we generated the dental mesenchyme-specific Smoothened (Smo) activated/
inactivated mice with the activity of Cre recombinase under the control of osteocalcin promoter.

In the Smo activated mutant molar sections at the postnatal 28 days, we found extremely thin root dentin and
widened pulp chamber. Picrosirius red staining showed loosely arranged fibers in the periodontal space and decreased
cellular cementum with some root resorption. Immunohistochemical staining showed less localization of matrix proteins
such as Bsp, Dmp1, Pstn, and Ank in the cementum, periodontal ligament, and/or cementoblast.

In the Smo inactivated mutant mouse, there was not any remarkable differences in the localization of these matrix
proteins compared with the wild type. These findings suggest that adequate suppressing regulation of SHH signaling is
required in the development of tooth root and periodontium.
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Fig. 1. A brief illustration of SHH signaling pathway. In the absence of Shh, Patched (Ptch), a 12-pass transmembrane protein
and a putative receptor for SHH, represses the signaling activity of a seven-pass transmembrane protein, Smoothened (Smo).
Binding of Shh to Ptch relieves this inhibitory effect and allows a zinc-finger-type transcription factor Gli to enter the nucleus,

where it regulates transcription.
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Fig. 2. Gross appearance and tooth morphology of WT and Smo activated MT mouse at P35. (A) The MT looks much smaller
than WT. (B, C) Both maxillary and mandibular incisors are thinner and shorter than WT. (D, E) However, molars show no dif-

ferences in size and morphology of crown between MT and WT mouse.

OC-Cre:SmoM_2

Fig. 3. Craniofacial skeleton and tooth root for-
mation of WT and OC-Cre:SmoMZ2 MT mouse at
P35. (A, B) In microradiography, general dimen-
sions of craniofacial skeleton in MT mouse are
smaller than those in WT littermates. Particularly,
mandible of MT is severely retarded and resulted
in malocclusion. (C - F) Micro-computed tomo-
graphic views in the frontal and mid-sagittal
sections of the mandibles obtained from WT
and OC-Cre:SmoMZ2 mouse at P35. Molars of MT
mouse show thin and short tooth root than WT
mouse. Particularly interseptal and interradicular
bone formation are severely impaired in the MT
mouse.
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OC-Cre:SmoM?2

Fig. 4. Histological features of the mandibular first molar
of WT and OC-Cre:SmoM2 MT mouse at P28. (A, B) In the
sagittal sections of the mandibular first molars, crown of
mutant molar was similar in appearance and dimension
with those of wild type littermates. However, root formation
is severely impaired and resulted in thin and short roots
and pulp chamber is widened in MT mouse (Scale bar =
250 um).

Fig. 5. H-E stained sections of
WT and OC-Cre:SmoMZ MT
from 14 to 28 days of age. (A
- F) In H-E-stained sections
of mutant molars, root dentin
width is clearly thin with im-
paired periodontium. Defects
in cementum (black arrows) are
observed particularly in cervical
thirds of the roots of MT mouse.
Periodontal ligaments (*) are
poorly differentiated and less
organized structure (Scale bar =
50 pm).
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Fig. 6. Molecular changes in the root dentin and periodontium of WT and OC-Cre:SmoM2 MT at P28. (A, B) In the cervical
thirds of the roots in the mandibular first molar, dentin and cementum formation is severely disturbed in MT mouse. (C, D)
In Picrosirius red-stained sections, differentiation of periodontal ligament fiber is also affected and loosely arranged fibers in
MT mouse. (E - H) Bsp and Dmpl marked cementum in WT mouse, but discontinuity of Bsp and Dmpl is observed in ce-
mentum of MT mouse. (I, J) Pstn is specifically localized in the periodontal ligaments of WT mouse, which is decreased in the
periodontal ligament fibers of MT mouse. (K, L) Ank is decreased in the cementoblast of MT mouse (Scale bar = 50 um).

149



J Korean Acad Pediatr Dent 45(2) 2018

K 20 0/ R oo R M4 oRUGW ur 2 o 8% ol B ELCLQ2ETYTRLE
— 3 X0 R o~ RO 2y = W o= 3 U n S 2T 2835+ =2
~ ol 2= 320 2 N = K of T < c = o = =
I B B TR R O 553588 BETD
I = _- % 5 o = & oz . F=R — ] o »
i O,u._m__m_uP_HEoH.kl RL o & u %OOFm.mOWm
—= Kol ©f . op M F o o oo K w E 8, © c < 0O
_L._m_ll_.An_lJl = ._.J_._._._ - o > [
5B O o LW W i X & m._ru.l_nLA_=+I2 d..&mJ,Aa“mwse
= mo Kk S H 1N = =z O £ g = © <
el BTN S T L =N cE8T35509%
— Ko T K o o 2w O 2 o W= SE5T78TE =28
nAl_A_.ol.__A.r.r__._._.__l_u_.._H = o 21 o2E SICSCrloa
o oK 5 a0 > o A 3 > Y
xn Bl o _ T % — Bl = S o 2 = w2 Qo o T S
o HQOO_A_._N_iﬂo_mHoM .mJ_.TMww._.A H_ddstemW
G B R R i S moH oo . & c g2 2 DE*
m._A an@HE7O+OﬁoH._Af:_AT W._umw_imJ 7mammkheq|a
0 75 o 2 o & U T OBl o & o v - =25 £ 2
ey M TS e mHS W <o o g cEx2%82£58§
Al o or s R HpyH X Xgdbs e Eee
Ko mﬁﬂxﬁmoh__%a_1mo e T a2
- _A.+UIU__H__Hm._.I_|rN_ﬂ_HH.__.A1._|W._ WTWQLWXH
> 81 3 = R B 1 K W = = S A
S = T (T = N L S
- - .- <
WS VWA g g WD E R
K - H #ﬂE_oa_._._oH_liﬂ_O_n_SoJ
I U T A A o L L
WWOMEWFIQH_MEuxo_m___oOymMo
o — K o 0 K ™ g @ oF =
0" o T H W X = = L T N
N 20 MO m x T Ko W0 ol .._MW o2 B W g 3 M”
ok 5 5 M X o 20 O % m ool Ik Ko
o © = R0 O & M JO of ™ ur K o
H o K ] S I o ur & F uo T
ﬁ__.__._.n__/._n_._ H nE.HMoutd&W@WlNo
gl o o K = B g B E o ol
g g0 £ A e ol o B X E m %
A X T or B o wR =T
— o] =T = 5 80 oy o T gy I o1
& ol & D © o @ T s ok :
T W Ho © Xr EHm g i o K vy .
TR o X = 1H W 1K B 0o X 3 PN kﬂwﬁwﬂﬁx«m% 3
K @) o i o 20 = <. D THE GRSV
8l S 10 = = 5 Ty m.____ w_w um = 2 m.wnnw\..ﬁ.&y
s ¥oa Ew PIzwg Yol - o wngemncmpe
T oo R RworDog T B _Z S s
w7y O K 2 ok g KoToop OF B —
oF KU = 3 Fa o oon T o stol Wog
u_.mﬂﬂuMo o T0 ﬂ&.umo_eo%@ueﬁ
wHM_A_o_M £ wmmm_.mmwmwm
s X0 g < H 3 M or = 9 o oo
© H oz b RCpl B ompwr MOS0 Dol ol g
=< XTg o ook WOy kKD
= M = ~ K = o .3 &% = K K _
R g o W C AWK L R
MWE.mm munx w_w%m.ﬂﬂlﬂwom
RE 2 A._ﬂm. & ol o w & &% w1 - B H
T u — k=) - © ] = 10 w oK o
AW_ATF 0 K Z.U_.oaom_._._.__._.l KM
T = - = M= H >
ROg Sy Kot g <o Il KS
ol T 5 8% o 20 T oo owogroJp NV K
n = RO X0 XX T S of W o &

mouse (Scale bar = 50 pm).

P56
150

P28



OC-Cre:Smo”°

J Korean Acad Pediatr Dent 45(2) 2018

OC' Cre: Smow/ o

N e

LRt X

T ]

N
2
‘4
.

Fig. 8. Radiological and histological features of WT and OC-Gre:5mo™“° MT at P28. Micro- tomographlc features (A - D) and

histological features (E - H) of the mandibular first molar of OC-Cre:Smo

co/co

show normally formed tooth and its sorrounding

tissues including dentin, cementum and bone (Scale bar = 50 um).

SmoE X8 ZHEMREUM SO|H22 FHA SR,
S5 x| ZHEMZO| Al SHH signaling0| EHis}
VEROIAM X[OF &

X|OFZ9IZE 0| HAO| H2tEl
FCH8-10].

Smo
SOHE
M =ZQ|
s A 2o
oF HorE YoM ofr
£ SHH signaling®| K|
FHOM Bo| ZazH 2y
THollM M7 el QCH= Kh
2otRS M, Aot= A= HF
Mot e £=F2| SHH signaling0|  LEICH=
Cf &= 01[13._ ZH7|H0f 2/80f SHH signalingO|

ZRIX|of CHeHM= =74 @l A7t

;O 0> I'|J|HJ
it
Mg
2
T _|_
m

el

S 29| SHH signaling0| X|Z Atof
t= Huang S[4]9| HLZLE XX
Smo Xt E2 A0t MZO| 23

o Hote HO[X| ALY O|2fet
g4
_I

X220 g2 Motet X2

ogt
0X ox
lo o
2 H
Ot
rir

P
nz

3

A
ot
i
rot
|_|

R

F=

e

P
f

—_

rh
n kK

r

AFOIRtZ B2 Gli37t K|
xt 23l Gli27}t
an S[3]2| AFZAtet B

8 23t % HotE

HArRIAtZ

= >
Borh

-1

ogt

Hu ox
0=
XN

r
o

=)

=
9

=]

ro
+

151

Q
®

I
>
rot
o
oln

BMP signaling2 &3
(18]e] A Zutet S
o 0| SHH signalingO|
el
WNT signaling X3} &2

af 23 s Chefet

e}
- Jz
oot o rr
mo nt oo

ogt

0x

<
o

10
=

UL} ot Eol 3y

jo+

>
09
0x
rlo

o >t

w T

10

B og

20M

AT

i
d

nxz ox
N
ox

o
N
> I
10
roox
0 o
>

N
o
Hu
I

of EHOHHL FHHQ APt EHAY

Aol K'Y HEMZOA SmoE
fEOF Osteocalcin-Cre= Y& X|FOIC|
0|8t Smo &R M EO0|=
7t X|F=2l
kLK Off THBH M =

Rl
0
=
L

e

tI

40
ofy
OF

o

i=)
0x
Jo
2

ro oy nn
B>

m\l
I-_I

NS

A ox
r 2%

iy

|
fr

>+
-4
o)
To
R lPas

rd
U]

S o 1 re
1o

og
30 0%

r_
[l i
s el -
= o
Hl 3@ rr
ox % Mo
10
N

=]

OF
=
J
—

N
-

Mo o ofr m

= o1x ox
2 ©
N

HO
62 or

signaling0| x|
*Eré Martinez S[22]9| &9} eHol
Sl X|20|M K[FQlte] Bz

=3 X FlhM = ol =3t

OF
0%k
Ot
Rl

r

i
=

Py
mit,—_'0>
=2

Mo

e
o

10

=
=

b

&|= SHH signaling0| &



J Korean Acad Pediatr Dent 45(2) 2018

=
&M SOt SHH signaling2|
2I510 SHH signaling®| MZ Ljf AlSHMErA
2 geH 2
ZUSH M FEXHFO0| LOjLt= conditional

AXE0|H2Z SHH signalingO|

& OH7HA|

83t £8
m

U= SmoE Cre-LoxP systemE Of

Al SHH signaling& &
o| HAIXIQI BspQt Dmpl, X|F

T BAIXIOI Anko| Ets10| S K

o

ol %t
XZZEH 0| B4t

|

signaling0| =8

References

1.Cohen MM Jr : The hedgehog signaling network. Am /
Med Genet, 123:5-28, 2003.

2.Ingham PW, McMahon AP : Hedgehog signaling in ani-
mal development: paradigms and principles. Gene Dey,
15:3059-3087, 2001.

3.Khan M, Seppala M, Cobourne MT, et a/. : Hedgehog path-
way gene expression during early development of the mo-
lar tooth root in the mouse. Gene Expr Patterns, 7:239-243,
2007.

4.Huang XF, Xu X, Chai Y, et a/. : Smad4-Shh-Nfic signal-
ing cascade-mediated epithelial- mesenchymal interaction
is crucial in regulationg tooth root development. / Bone
Miner Res, 25:1167-1178, 2010.

5. Nakatomi M, Morita I, Ota MS, et a/. : Sonic Hedgehog sig-
naling is important in tooth root development. / Dent Res,
85:427-431, 2006.

6.Kim TH, Bae CH, Cho ES, et a/. : Nfic regulates tooth root
patterning and growth. Anat Cell Bio/, 48:188-194, 2015.

7.Zhang XM, Ramalho-Santos M, McMahon AP : Smooth-
ened mutants reveal redundant roles for Shh and Ihh sig-
naling including regulation of L/R asymmetry by the mouse
node. Ce//, 105:781-792, 2001.

8.Jeong J, Mao J, McMahon AP, et a/. : Hedgehog signaling in
the neural crest cells regulates the patterning and growth

152

of facial primordia. Genes Dey; 18:937-951, 2004.
9.Long F, Zhang XM, McMahon AP, ef a/. : Genetic maniula-
tion of hedgehog signaling in the endochondral skeleton
reveals a direct role in the regulation of chondrocyte prolif-
eration. Development, 128:5099-5108, 2001.
10. Tan X, Weng T, Yang X, et a/. : Smad4 is required for main-
taining normal murine postnatal bone homeostasis. / Ce//
Sci; 120:2162-2170, 2007.
Hardcastle Z, Mo R, Sharpe PT, et a/. : The SHH signalling
pathway in tooth development: defects in Gli2 and Gli3
mutants. Development 125:2803-2811, 1998.
Thesleff I : The genetic basis of tooth development and
dental defects. Am J Med Genet, 140:2530-2535, 2006.
Slavkin HC, Boyde A : Cementum: an epithelial secretory
product? (abstract). / Dent Res, 53:157, 1975.
Hammarstrom L : Enamel matrix, cementum development
and regeneration. / (lin Periodontol, 24:658-668, 1997.
Aukhil I, Nishimura K, Fernyhough W : Experimental regen-
eration of the periodontium. Crit Rev Oral Biol Med, 1:101-
115, 1990.
Huang X, Bringas P Jr, Chai Y, ef a/. : Fate of HERS during
tooth root development. Dev Bio/ 334:22-30, 2009.
Gritli-Linde A, Bei M, McMahon AP, et a/. : Shh signaling
within the dental epithelium is necessary for cell prolifera-

11.

12.

13.

14.

15.

16.

17.

tion, growth and polarization. Development 129:5323-
5337, 2002.

Bae WJ, Auh QS, Lim HC, ef a/. : Sonic Hedgehog Promotes
Cementoblastic Differentiation via Activating the BMP Path-
ways. Calcif Tissue Int, 99:396-407, 2016.

Lim WH, Liu B, Cheng D, et a/. : Down regulation of Wnt
causes root resorption. Am J Orthod Dentofacial Orthop,
146:337-45, 2014.

Kim TH, Lee JY, Cho ES, et a/. : Constitutive stabilization
of B-catenin in the dental mesenchyme leads to excessive

18.

19.

20.

dentin and cementum formation. Biochem Biophys Res
Commun, 412:549-555, 2011.

Kim TH, Bae CH, Cho ES, et a/. : B-catenin is required in
odontoblasts for tooth root formation. / Dent Res, 92:215-
221, 2013.

Martinez C, Smith PC, Palma V, et a/. : Sonic Hedgehog
stimulates proliferation of human periodontal ligament
stem cells. / Dent Res, 90:483-488, 2011.

21.

22.



J Korean Acad Pediatr Dent 45(2) 2018

X2 9 X|F=ZXE YA S0 Sonic Hedgehog signaling2| st

SR - A"

02

¢of?

| YS D XIS T EET Y Y YYD L
PRI LYS A IYS £OH Y Y YA L

2 d3= X2 % K o| g 1tH &2t Sonic Hedgehog (SHH) signaling®] A2t0f| CHs Lot DAt X[ HZHEOAM EEEQ|
MO 2 Smoothened (Smo)7| 243} EE= KIEHE|= mouseE K| &S0 EMSIACEH MS 282 A Smo SHSITHO| A= H-E GAH A
e ol A TAOLE, HOIF K|42, AIFOIHRZH L3 HYE|0Ue MBS0 BEE|QICH MAX SIS IM A| Smo 2
Mtz e wild type mouse®@} H|m3}0] HHQHE! X|Z=QICH 12| 11/E = BHOtT || HAIX}Ql Bsp, Dmpl, Periostin, Ank Z+2 7| &
CHEH A S0| 2t50| SiX S| ZAASHGLE d2{Lt Smo AHEH2 E2 wild type mouse®t H|wStO] O|2{$t 7| & T A S0 W0 k0|7t
HO|X| @ACH

2 978 Sotof A2 Y KFEAC| HAHO WYY ¥ +F02 AE|E SHH signaling0] TRICH: S Ol 4
u91ct

153



