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FIGURE 7. Effects of culture conditions on ameloblast induction of iPS cells. A, iPS cells were co-cultured with SF2-24 cells, MMC-treated (MMC) MEFs,
MMC-treated SF2-24 cells or PFA-treated SF2-24 cells. B, Ambn expression in mouse iPS (upper panel) and rat-derived SF2-24 (bottom panel) cells in different
co-culture conditions for 10 days. C, time course analysis of gene expressions of stem cell (blue), endo/mesoderm (black), and ameloblast (red) markers in iPS
cells co-cultured with SF2-24 cells for 7 (7Day) and 10 days (10Day).
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FIGURE 8. Expression of Ambn, an ameloblast specific protein, in iPS cells co-cultured with SF2-24 cells. A, phase micrographs of iPS cell colonies cultured
with mitomycin C-treated SF2-24 cells. Hoechst staining (blue), Ambn staining (red), and merged images. B, high magnifications of phase and merged images
in A. Bottom panel, relative expression levels of Ambn protein in SF2-24 and iPS cells cultured in ameloblast induction system. *, p < 0.05; Bar, 100 mm.

proteins (AB1, -2, or -3) were added to cultures of iPS cells. (Fig. 9D), indicating that Ambn may be necessary for differen-
Conditioned media from SF2-24 cells and full-length AMBN- tiation of iPS cells into dental epithelium. Previously, we
expressing cells, but not from other transfectants or recombi-  showed that neurotrophic factor NT-4 is important for the dif-
nant Ambn proteins, induced Ambn expression in iPS cells ferentiation of ameloblasts (29). To examine the effect of NT-4
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FIGURE 9. Promotion of ameloblast induction of iPS cells using conditioned SF2-24 cells. A, iPS cells were cultured on mitomycin C-treated MEFs in iPS cell
culture medium supplemented with (CM) or without (M) conditioned medium from SF2-24 cells. B, expression of mouse Ambn gene in iPS cells cultured in iPS
cell culture medium supplemented with (CM) or without (M) conditioned medium from SF2-24 cells. C, creation of Ambn deletions. All recombinant Ambn
proteins have V5 and His tags at the C terminus. D, expression of mouse Ambn gene in iPS cells cultured in iPS cell culture medium supplemented with (CM) or
without (M) condition medium from SF2-24 cells, recombinant Ambn-expressing SF2-7 cells or recombinant Ambn proteins. *, p < 0.05 (compared with
non-transfected SF2-7 cells). E, expression of mouse Ambn and CK14 genes in iPS cells cultured in SF2-24 conditioned medium supplemented with K252a,

PD98059, anti-NT-4, or Noggin. ¥, p < 0.05 (compared with CM only).

on dental epithelial cell differentiation by iPS cells, we analyzed
the expressions of Ambn and CK14 in iPS cells cultured with
SF2-24-conditioned medium in the presence of K252a (inhibi-
tor of neurotrophic receptor Trk), PD98059 (MEK inhibitor),
anti-NT-4 neutralizing antibody, or Noggin (BMP antagonist).
K252a, PD98059, anti-NT-4, and Noggin each inhibited the
expression of Ambn in iPS cells. Furthermore, CK14 expression
in iPS cells was not inhibited by K252a, anti-NT-4, or Noggin
(Fig. 9E). These results indicate that NT-4 and BMP signaling
are important for differentiation into dental epithelial cells, but
not CK14-positive epithelial cells.

DISCUSSION

Tooth development progresses through a number of stages,
and the differentiation of dentin matrix-secreting odontoblasts
and enamel matrix-producing ameloblasts results in formation
of the crown. Ameloblasts and odontoblasts are central cell
types involved in tooth development. In developing molars,
restricted dental mesenchymal cells interact with the inner
dental epithelium through the matrix and differentiate into
odontoblasts. In the present study, we established an SP cell line
from dental papilla mDP cells using cell sorting with Hoechst
staining, SP cells are known to retain multipotency character-
istics and can differentiate into various cell types, such as odon-
toblasts, osteoblasts, adipocytes, and neural cells. Our method
for obtaining multipotent SP cells from a single cell line may be
useful for development of novel therapeutic strategies that aim
at regeneration of oral tissues.

Our co-culture assay of SP cells with dental epithelial cells
showed that dental epithelial cells promote SP cell differentia-
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tion into DSPP-expressing cells via BMP2 and BMP4, which are
secreted from dental epithelial cells (Fig. 5B, 5D, and 104).
Because BMP2 is not highly expressed in dental epithelium,
BMP4 may be the dominant signaling regulator during odon-
toblast differentiation. In the early stages of tooth development,
BMP4 is expressed in dental epithelium and induces the tran-
scription factor Msx1 (30). The expression of DSPP is induced
via the BMP signaling pathway in cooperation with Runx2,
DIx5, and Msx1 in undifferentiated mesenchymal cells (31).
Previously, a bead soak assay of mandibular organ culture
showed that BMP4 induced dental mesenchymal cell differen-
tiation (32). Also, a transgenic approach revealed that inhibi-
tion of BMP4 by Noggin overexpression, driven by a keratin 14
promoter (K14-Noggin), resulted in the absence of all molars in
the mandible. This indicates that BMP4 is essential for tooth
bud formation by inducing dental mesenchymal cells (33). As
demonstrated, in the present study odontoblastic differentia-
tion of SP cells is completely disturbed by the blocking of BMP
signaling. Thus, our finding strongly support the notion that
BMP4 signaling is a key factor in induction of dental mesenchy-
mal cells and their differentiation.

Differential synchronization between dental epithelial and
mesenchymal cells has been observed during tooth develop-
ment. Dental epithelial and mesenchymal cells are separated by
a basement membrane, which is an essential regulator for epi-
thelial-mesenchymal interaction (34). Both crown and root
odontoblasts are induced by interactions with epithelial cells,
such as those of the inner dental epithelium, epithelial rest, and
epithelial diaphragm (35). Similar to in vivo situations, physical
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FIGURE 10. Proposed models of odontogenic induction from dental mes-
enchymal stem cells and iPS cells by co-culturing with dental epithelial
cells. A, dental epithelial cells induce DSPP-expressing odontoblasts from SP
cells. B, no odontogenic induction was observed in differentiated (MP) cells
co-cultured with dental epithelial cells. C, dental epithelial cells induce Ambn-
expressing ameloblasts from iPS cells.

cell attachment of dental epithelial cells was not required for
odontogenic induction of SP cells in our experiments, indicat-
ing that soluble factors including BMPs are important for odon-
togenic induction by dental epithelial cells in culture. We also
found that MP cells from dental papilla did not differentiate
into DSPP-expressing cells, indicating that epithelial-mesen-
chymal interactions are important for cell fate determination of
dental pulp stem cells, but not for differentiated dental pulp
cells (Fig. 10, A and B). It was recently reported that Ambn
protein, or a synthetic peptide based on the N-terminal region
of the Ambn protein, induced osteoblastic cell differentiation
(36). In addition to BMPs, Ambn may also be one of the factors
involved in the odontogenic induction process, because the
sharing of signaling pathways underlies the mechanism of
odontoblastic and osteoblastic induction.

Ameloblasts secrete enamel-specific extracellular matrices
including Ambn, which are lost upon tooth eruption. This
makes it impossible to repair or replace damaged enamel in an
erupted tooth. Therefore, identifying alternative sources of
these cells becomes important. Bone marrow-derived cells
can give rise to different types of epithelial cells. In mixed
cultures with c-Kit+-enriched bone marrow cells, embryonic
dental epithelial cells, and dental mesenchyme, bone marrow
cells might be reprogrammed to give rise to ameloblast-like
cells (37). Our strategy to create ameloblasts from mouse
iPS cells may have direct application in tooth regeneration. We
succeeded in establishing a co-culture system using cells
derived from two different species, mouse iPS cells and rat
derived enamel matrix secreting ameloblasts. This is the first
demonstration of differentiation of iPS cells into ameloblasts
through interactions with dental epithelium (Fig. 10C). How-
ever, a set of stem cell markers was continuously expressed in
iPS cells after 7 days of co-culturing (Fig. 7C), indicating that a
portion of the iPS cells had differentiated into enamel-secreting
ameloblasts and some still retained stem cell potential. Thus,
the efficacy of iPS cell differentiation into ameloblasts by enam-
el-secreting ameloblasts feeder cells must to be improved prior
to for clinical application.
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A number of factors are thought to give iPS cells the capacity
for direct or indirect differentiation into ameloblasts. Possible
direct effectors include gap junctions, intercellular binding
molecules, adhesion factors, and extracellular matrices
secreted by dental epithelium. Growth factors might also be
involved, because conditioned medium from SF2-24 cells
induced Ambn expression in iPS cells. Ambn is also a candidate
factor for dental cell differentiation of iPS cells, as SF2 cells
expressing low levels of Ambn did not induce differentiation of
iPS cells. Furthermore, overexpression of full-length Ambn in
cells expressing low levels of Ambn induced iPS cells into
ameloblast-like differentiation (Fig. 9D). Ambn has diverse
functions in various cellular physiologies, such as cell growth,
differentiation, cell polarization, and attachment, though the
detailed mechanisms of Ambn signaling require additional
investigation. Ambn-null mice display severe enamel hypopla-
sia due to impaired dental epithelial cell proliferation, polariza-
tion, and differentiation into ameloblasts, as well as loss of cell
attachment activity with immature enamel matrix (2). These
results suggest that Ambn, especially full-length, is necessary
for both in vivo and in vitro ameloblast differentiation.

There were differences in cell lineage determination of the
dental pulp stem cells and iPS cells when co-cultured with den-
tal epithelial cells. RT-PCR analysis showed that co-culturing
induced SP cells to form odontoblastic cells, whereas iPS cells
were induced to form ameloblastic cells. In addition, the
expression of Brachyury, a mesodermal marker, in iPS cells was
down-regulated by co-culturing with SF2-24 cells (Fig. 7C).
Conversely, expressions of the epithelial markers p63 and
CK14, as well as the dental epithelial marker epiprofin/Sp6
were up-regulated (Fig. 7C, supplemental Fig. S5) (28). These
results suggest that the cell lineage of the iPS cells in our co-cul-
turing system was effectively guided into an epithelial cell line-
age. It has been reported that the default cell lineage of ES cells
is the ectodermal cells, except when cultured in the presence of
BMP antagonists (38, 39). Because BMPs promote ectodermal
differentiation of ES cells, the expression of BMP observed in
SF2 cells (Fig. 5D) may also contribute to dental epithelial cell
differentiation of iPS cells. A previous our reported that NT-4
induced Ambn expression in dental epithelium, while NT-4
knock-out mice showed delayed expression of enamel matrices
in the early stage of ameloblast differentiation (29). In the pres-
ent study, the presence of the anti-NT-4 neutralizing antibody
or Noggin in conditioned medium from SF2-24 cells inhibited
Ambn expression, but not that of CK14 (Fig. 9E). On the other
hand, SP.cells strongly expressed the endogenous Sox2 protein,
one of the reprogramming factors involved in generation of iPS
cells (data not shown). Recently, iPS cells were generated from
human dental pulp cells with a high level of efficiency in com-
parison to dermal fibroblasts, possibly due to a high expression
level of Sox2 in dental pulp stem cells. However, additional
reprogramming factors are required for creation of iPS cells
from dental pulp cells. Thus, SP cells themselves did not have
the same degree of multipotency as seen with ES and iPS cells.
SP cells are considered to be mesenchymal stem cells that orig-
inate from dental pulp cells, which are derived from cranial
neural crest cells. Neural crest cells can differentiate into sev-
eral different cell lineages, such as neuron, glia, melanocyte,
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osteoblast, chondrocyte, and odontoblast cells (40, 41). We
believe that SP cells are not able to gain multipotency beyond
the potential of neural crest cells. Thus, SP cells preserve some
degree of multipotency that is different in an undifferentiated
state as compared with ES and iPS cells. In co-cultures with
SF2-24 cells, SP cells did not differentiate into ameloblasts,
whereas iPS cells did (Fig. 10). Comparative analysis between
SP and iPS cells is essential to clarify the mechanisms involved
in directional cell fate determination.

In this study, we sought to clarify the role of dental epithe-
lium and stem cell interactions by culturing rat dental epithe-
lium with mouse iPS cells and SP cells. Rodent incisors grow
throughout the lifespan of the animal by maintaining stem cells
in the cervical loop, located at the end of incisor. A dental epi-
thelial cell niche also exists in the cervical loop of the incisor.
Analysis of gene knock-out mice for epiprofin/Sp6, an essential
transcription factor for dental epithelial cell differentiation and
enamel formation, has revealed that supernumerary teeth are
formed by interactions between dental mesenchyme and undif-
ferentiated dental epithelium (4, 42). In addition, those studies
showed continuous signals from dental epithelial cells of
mutant mice induced the continued differentiation of dental
mesenchymal cells into odontoblasts (4, 42). Together these
findings suggest that dental epithelial cells can induce dental
mesenchymal cells to differentiate into odontoblasts. There-
fore, rat dental epithelial cells may provide an in vitro niche
environment for surrounding mouse iPS cells and SP cells. Elu-
cidation of the mechanism of cell fate determination by dental
epithelial cells may facilitate development of novel therapeutic
approaches for regenerative dentistry.
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Extracellular matrix
administration as a potential
therapeutic strategy for
periodontal ligament
regeneration
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Introduction: The current strategies employed for the treatment of connective
tissue disease include the application of stem cells, the use of functional mole-
cules that can reorganize tissue integrity and cellular activities to recover con-
nective tissue function. Approaches to the regeneration of periodontal tissue,
which s the tooth-supporting connective tissue, have made some progress
recently and provide a useful experimental model for the evaluation of future
strategies to treat connective tissue diseases such as periodontal disease.
Areas covered: The ultimate goal of peraodontai tissue regeneranon is to
reconstruct the ligament structure that will sustain the required mechanical force
to connect with mineralized tissues such as cementum and alveolar bone. In this
review, we discuss the proposed use of extracellular matrix (ECM) administration
therapy as an additional therapeutic strategy to stem cell transplanta-
tion and cytokine administration in the current field of periodontal tissue
regeneration therapy.

Expert opinion: Although various available tissue engineering technologies
can now achieve periodontal tissue regeneration, ECM administration ther-
apy is likely to play an essential future role in the development and regener-
ation of per:odontal tissue ‘and attenuate the s;gnahng events that mediate
tissue degradation. Hence, ECM administration could serve as a novel technol-
ogy in periodontal tissue regeneration and also as a viable approach to
alleviating connective tissue disorders such as Marfan’s syndrome.

Keywords: connective tssue, microfibell, PDL, segenerative therdpy
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1. Introduction

Periodontal tissue is a tooth-supporting tissue comprising pumdamai ligamenit
(PDL), cemenmum and alveolar bone. This tissue thereby plavs an ungmrtam rale
in the main tenance of the occlusion system, Among the compornents of f periodontal
tissue, the PDL consists mainly of an extracellular matrix (ECM) thar provides the
physical propeities to withstand mechanical seress in cooperation with the cemen-
mm an ivm}ar bcm:z D}rsfum.ima {;? x:h:: Pi}i i:»c»::zm as & rcsuir of pgrm(immi

iaf tissties 'md mqmrmg t}m mgammmm oi‘ i’!}L as a treatment for recovering.
“occlusion function (1), Periodontal disease is caused by pathogenic microflora
mdu{%mg f’mplgymmamzs ngsg:wéu, I ﬂmszx'&z Jorahia maﬁ Treponema denticola,

, ALON CXTENK into wrmdmml tissue and causes.
ciw E{)s,:» of PDL, cementum and alveolar bone 131, Chronic periodontal disease is the
niost common form of this disorder, s showing a prevalence rate of > 90% in adults
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Article hlgﬁhght&

« Periodontal tissug regmeramn &ims to !emnstrucsi the

ligament structures in the togth-supporting connective

tissue,

Peri {){?ema igamertt (PDL) stem celis tan be used to
ture, aﬂcis}dmg

-

g}?’aemw@e to dental follicle stem celis ﬂ}ﬁSCs}

+ PDL cell shieats may | induce periodontal reg;emeragm
nigluding sefamﬁg the PDLand cementurm, and toutd
provige an i vivo teatment for penadontal disease.

» Tne local application of human recombinant cyiokines
such as fibroblast growth factor (FGF)-2, platelet-
derived growth factor (PDGF), bone morphogenetic
proteint (BMP)-2 and TGF-B stmulates and ﬁmmx}ms the
régéﬂé!&tf{m of periodontal tissues in animal motlels,

-1 microfibrl network is also imgortant for ?E}L

funcirrm and ma m:am f;-;; mnnec‘t»sé tissue integrity.

E{M and fibedlin

g}er ci}anta; mﬁ%%

Tris b Susanides Key puinly comtainad i e artic

over 60 years of age ). Furthermore, this disorder is the
major duus of toc }:i loss in 'zduiw ver 40 years ané its
miore severe forms has a worldwide pr&mknm of up o 20
according to the World Health Qrgunmrmw 5. Bl
the progression of ‘periodantal disease hias been ach
mechanically cemoving bactedal biohlm with conventional
periodontal amlz‘ox surgical treatments. These treatments can
reduce the destruction of periodonal dssue and diminish
inflammation in the affected region. However, achieving ade-
quare ;}érm&nmﬁ} tissue regencration remains a problem; par-
dcularly in cases where the disease has caused large defects in
the periodontal tissue.

The current advances in future regencrative therapies have
been influenced by many pr@m}m studies of embryonic develop-
ment, stem cell bmiagy and tissue engineering technologies .91
To restore the partial loss of organ functions and to repair
;e;%amagcd tissues, attractive concepts that have emerged in regen-
erative therapy is stem cell transplantation into various tissues
and organs 1o and cytokine therapy, which has the potential
toinduce the actvation and differentiation of dssue stem/
progenitor cells 1111, “Tooth tissue stem cells and the cyrokine nee-
work that regulates tooth developmient, and dental tissue cell
growth and ch?{ermmﬁon, have been well characterized at the
molecular level (12,131, The regeneration of pfrm&onmi tissues is
being made clinically pmsxhﬁg by the transplantation of mesen-
chymal stem cells which can. d&fﬁf&nn‘im into PDL cells, cemen-

toblasts and osteoblasts, or through the local application of

cytokines to stimulate the proliferadon and differentiation of
thése stem cells 11417, Alchough these therapies are effective and
contribute to periodontal tissue repair, thesé Tntervetidons will
likely be improved by an enhanced undersanding of the

intetaction of fibillin-1 to promote microfibr

iwciapmf:m of periodontal tissues, particularly thése involved
ation of PDL, cementimand alvéolar bone,
\{ isa i)m%mvsz v active moiecufa mmpmnd ofa mmw

2

pam\:ms' mzcim ing type caﬁ'mm t}fpn m ¢<)i sery,. L

i £ sy{mdm, tenascin-N and PLAP1/ pirin are
highlv expressed during PDL. formation (19,205 Since the ECM
is regulated in a dssue-specific mantier, these strucnires could
enhance per micmmi regencration. by prc&nm{m@ the differentia-
‘ : d {:z:mvcn-

mm °>2,.%2§g

rity m& eimmw }m bem shiowrs t mmmhua@ w© rli ;
,md maintenance of this Exgamena An abnormal PDLseructinein
sociation wuﬁh xha pmarcmvc cie&mmscm 0? mzcmﬁbnis ha.s

bl %;mmml cim}ugﬁ ﬁhf&fiiﬁ*[ a*‘ﬁ"nbi&* g}i‘z}’ an important
tole in PDL formation and fusction, However, the molecular
mechanisms of fibrillin-1 microfibril assembly remain unclear as
tﬁﬁ_m}aaﬁbrii»mociakd molecule chac regulates or stabilizes
fibrillin:1 mxcmbni formation has not yer been identfied.
Recent findings have revealed tfm ADAMSLG is essential for
thé development and regencrationc of the PDL through the direct
assembly 3z,
These findings have also suggested tha the administration of
fbrillin-1 microfibrils provides a novel therapéutic stategy for
the treatment of per‘z)‘ddrtmi discise,

We here review the present status of the periodontal
rissue regeneration technologies that focus on the molecu-
Ea: mechanisms xmécsiymg cie:ve opment, regeneration and
tissue engineering of periodontal dssue, ami also discuss.
the p(}te:m;ai of ECM aémmzstrmaﬂ therapy through
the. pmmamn of microfibril mrsembiy as a novel zhar:&pm‘

tic sategy for the essencial Funetional recovery of

perwciomai tissue.

2. Development processes in periodontal tissue

The PDL has essential roles in tooth support, homcostasis and
mpur, and is involved in the regulation of p&nmisma{ cellular
activities such as cell proliferation, agmgtzasm. the seeretion of extra-
cellular matrices, resorption and. Tepair of the root cementum and
remodeling of the alveolar bone 25 develop Future methods

‘to regenierate damaged PDLs, it will be important to underscand
- the molecular basis of PDL development.

2.1 Molecular mechanisms underlying periodontal
tissue cievefopment

“The PDL is derived from the dental follicle (DF), which is

located within the outer mesenchymal cells of the tooth
germ and can generate  range of periodontal tissues including:
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the PDL, cementum and alveolar bo
during the cap stage of wooth germ gde:xe opt
mesench
the ‘cranial neural
that the progenitor

m: bv an g

cells Given the erfical role
cell population in the DF appears to

play in the development of periodontal tssue, the develop-.
mental processes in this dissue are of considerable interest
ia terms QF {'1; rt%m‘ tmx;iustamimg :fu: bzeitw‘f of zfzws celly

fmgmeﬂm& into xhc &izhssez p’ hielium resting on the tooth
root surface; ii} the DF migrates to the surface of the tooth

ﬁ&tii%tcx into the |
wifagm ‘zbus fﬁ’l

W uch s*esam%;;

im- ?DL t0 fﬂrm the zmctmééiar&:pfi_axus;f
rendinots tissue 3133
I{}& %}ié §m long i;mm «,mmcic:reci o be a source QF s

,a%tc:é Ei}'ze i)i cciﬁs ¢an f{amtf ?E)L"ilkﬁ fissties and cementtm/
bone-like strucaires afrer implantation into immunodeficient
mice 138:39), supporting the notion that stem cells which can
differentiate into PDL, ccmmwb ast, ostcoblast | mwgcs are
present in the DF 3435, To regenerate. periodontal dssue,
functional molecules wiu;h promaote the differentiation of
DFSCs into PDL need o be elucidated to enable a proper

understanding of the mechanisms under ving periodontal tis-

sue formation, zmin&mgz the pathwayy pertaining wo PDL cell,

cementum and alvestar bom% ?.;fﬂfe:nt,mig‘s_s}.,

%
2.2 Functional molecules involved in DF
differentiation
Although the molecular mechanisms of DF development and
differentiation remain to be determined, previous gene expres-
&1;;&}&;3(1&&'3 of mouse zmﬁax 00t &Lvdapmt'm Evm, Sug,gﬁ:%tcé

ferentiacion of the ff)i*f . Transcriptional factors such as Seloras,
Gl M, M2 and Ruroé2 have also been shown to be involved
in the differentiation of i;iw DF into w:mnmb asts and inthe.
mineralization of cementum 3943, %4?;‘ Aswug these {:{L{(}ﬁ,
(ai}is mci ﬁd{:r SH are tii:. MOst \\eﬁ

dcx“lapmcm shsm szmxﬁa 'mimﬁﬂ mechar

s of tendonfligament  morphogenesis. With regard 1o

vinal progenitor cell populadon originating from

roorand ézf?erenmees inte cemmwbh&m m f‘(}m} {iw wmem'

v;xw m extracelly

§mmct<,zxzcd :i}'i{ are

Saito & Tsuji

0 maintaih 2 iszamcm st fz:_:;zre r';i st&tizm f tissue,
including the "«ix’m ar bone and cemenmum, dmmg ?D{
development 15052, These observations  strongly suggest tha

: mignf Ei‘?‘m}‘}{fi}{‘;‘@ia{id cymkmcs, iiu: 5‘&’{?& :zn{i mhsiumrs

&rmmr& 0? zhzz ?{X, I'hs: mct&amsms szais ing {i"f(:::t f‘aaam

S0 have 3 role in preventing anky imi ;:af the PDL.

3. Regeneration therapies for PDL defects

A pardial restoration of periadontal tissue bas been achieved:
yrevmusix' using 2 guided tissue regencration (GTR) wech-

nique which provides an adequate space.and favorable niche
for the repair of periodontal &&ftg?; using i::amc:f mems

the: connection %}cmem 3’2:’: éementum on tizs oot @uziafxf
and the alveolar bone,
To regenerate ;)’ez‘?adm’mi tissue -that has been destroved by

_periodontal disease requires the recruitment of PDL stem cells

(PDLSCs) o properly reconstitute the PDL suuctuse includ-
ar components such as the collagen and *‘i&sw
: tag Vprogenitor
ium: g}:m’zéc{i considerable new insights that have furchered
our zzﬁéirst‘mﬁimg of PDLSCs, sm;ch can differentiate into
;nf*rzaa’mnmi tissue &ai Emea ‘0; maix‘ :‘4';’ i’ {‘}i c:(:mz:;rrxs‘m‘ z’mé

&icvda;;zmnt ()f stetn. uéi tzaz;mi*&zmtmn the r&?*{,s ;md Ssue
engineering applications (o restore periodontal organ function

as they replace: d*umg&(i arcas wtéz czaz‘xciwd axz(i pzszmm stem
cells and ti"xerz,bv (;c‘ . {§ 1e bios

§:mrz<><§ma{a§ tisst
of human recombinane eyrokines.

an now ix rea mcd bv tiw §<3a:a§ a;;g%zaa::m‘:

3.1 Stem cell therapies

PDLSCs have been isolared from human PDL dissue by single-
colony selection and magnetic activated cell sordng, I’i}ib(,s
express the mesenchymal stem cell markers STRO-1 and
(;}M(’ 52\5{}{, 8 md czn <§zf¥'{.mmaw o s.z.mmmiﬁa,

and »::m's;r:bute ] pgrsfaiionmi i r&mzr on immgimmrmn
into immunocompromised rodents. Clonal PDELSC analysis
has further revealed that these cells show a similar phenatype o
DESCs since- z?wv 'ﬁsa ::xpms 13&3‘*{?(2’ Col 1, ALP, OPN,
OUN, RANKI, w Col XH and alpha-
%Mfi mi{ Xs *~“~«§;. im?omn: v? i’i)i tigsue cc;ii;:czeé ?mszz ane

tr’ansp%anmwn of '*mmig}gcma i’i)i SCs {)i;zmimi §mm ::%m

Expliy Civn, il Thee §
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Dental
papilla

figure 1. Developmental processes in the PDL {upper pami} Pm éeve!ogmem originates fronr the OF located on the
periphery of the tooth germ (arfows). The DF is generated from the ‘dental mesenchy yme. ﬁurmg the €ap siage of: zoo%h
germ development in the embryo. Development of the DF progresses during the early~ and late-bell stages of the
tooth germ, but no marphc?ogsm changes are observed. Differentiation o he DF begins dwmg the tooth rogt-
farmmg stage and the mature PDL is subsequently formed gawer paﬂe) DF differéntiation commences after the
tooth root dentm is §ormed by reciprocal interaction between thé HERS and dental papilla. wurmg 'toath rom: dentm
formation, the HERS is fragmented into the Malassez epithélial rest'and the DF 13 then capa '

mg‘gb root ami ;aw baae

foot dentin to be differentiated into cementoblasts, PDL and alveolar bone to connect th e
{acuit 1 oi“‘rs)

exsracted teeth of miniacure pigs can regenerate and repairasur- 3.2 Cytokine. therapies
j gxcaily created periodontal defece (553 This finding suggests that  Some new treatments that accelerate the regeneration of peri-
PDLSCs mbraux{i from an easily accessible dssue resource and  odontal dissue by local applicarion of human recombinant
expanded e pivs using wisdom teeth ngh: representa feasible  eytokines have now been established. This approach stimu-
therapetitic approach to dhie reconstruction of tissues destroyed  laces the pmhﬁ,mmn zmd x:iiﬁemnmrmn af:’ stem. cells/
by periodontal discase. 08 f
TIn addition to the clinical application of stém ¢ell trans-  Th fescal agpixc& ior i

plangation, cell sheet engineering therapies for perfodonital tis- - as placeles-derived grmﬁii factor (PDGF) i
sue regeneration are now being developed for clinical  BMP-2 fezex, TGE-B w641, osteogenic ;mm.m (OP)1 51
;Appizmwm 56,575 In chis technology, temperaturc-responsive and brain-derived. neurotrophic factor (BDNF) 1 stimiulaces
dlshzs are used (o ixawcs: the I slme:x ;Ixrcmgh a simple  and promotes the regencration of regional permdc}m'd tigsue

: in i : in anin ,ai mmkis, ﬁw potency GF P%J‘&F BB g us ;3 mmb

shcf::ﬂ w0 i‘m ea%;iy harvﬁswé 'm(i tmaspiameé e pm(zdmx{ai
defects i vive 156575960}, PDL cell sheets have the potential
induce periodontal regeneration; including the teformation of :
the PDL and cementum. The available data also suggese thar  eration a? ;ﬁrm@it)nﬂ! tissue icﬁsc iiw. to perw{im | di
this techmqm, has the appropriate. efficacy f’or pc:rwdmmai and dnmonstmr«s&f:%-x:/mfzry of this treatmient 134, The results

regeneration in patienes with periodontal disease. of this trial were clinically interpreted as 4 demonstration of
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Wisdom
1ooth

Dentat foflicle cells

Scaffold

Saito & Tsuji

Pariodontiis

$

Implant therapy

Figure 2. Potential approach to regeneration therapy for periodontal disease, By using cell sheet-engingering, stem cells
obtained from the periodontal ligament (PDL) or dental follicle (DF) of wisdom tooth germ are harvested as temperature
sensitive sheets for transplantation into periodontal tissue damaged by periodontal disease (upper panel). Stem cell sheets
are aiso appized to dental implants accompanied by a bxcesgmeered PDL that can recover the foss of Qef;oéertaf tissue

including the PDL, cementum and alveolar bone {lower panel).

the efficacy of FGF-Z in simulating the regeneration of peri-
odonal tssue, These findings collectively suggest that cyro-
kine them;}v has grear clinical potendial for achieving the
partial regeneration of periodontal tissue.

4. Novel approaches to periodontal tissue.
regeneration using ECM administration
therapy

k3

ECM components organized in the PDL not only reflect the
functional requirements of this maerix such as mm}mma:ﬁ
seress and storage {aﬁsxgm ing molecules, but also regulate
the tissue framework during developmenc and..f regeneras
tion 1213, Diseases affecting ECM function such as MES have
been shown to increase &é'su;séép{ihiiiry to severe pfm@donml
disease due to a dysfunction of the PDL thi a ]
insufficiency, suggesting that fibrillin-1 :n;uof;isrii fommtama
plays a central role in PDL formation j6374, In addition, a

ey :imrapz,m ‘mncagzt has ?mpf)sed chata f:m;iimwl mzcm«

4.1 Periodontal disease and MFS

MFES 15 a severe, systémic disorder of confiective tissue
formation and can lead to aortic aneurysms, ocular lens dislo-
cation, emphysema, bone overgrowth imci severe periodontal

disease 657576 MES has an estimared prevalénge of 1 in
5000 ~ 10, OQO individuals (77, Fibeillin-1 comprises one of
the major insoluble ECM components in connective tissue
mmmﬁbmb whxs.h gmwdm hmmd elasticity to. tissues and
¢ 34), Various
d vitgene ar
g«tmg or missense 1?1&33;&(1(3!1& i w hmix g,mnim_g miations in
ﬁé:rifij;;s}; fead ‘t'i“} pmgs{;ssive mﬂacaiw tiissi;:: dzs:z;;cdm

%ir*mte itis
h:w:{y accepted that MFS is caused by mmfﬁmfmz fibrilline-
I microfibril formation in various connective tissues 76

ciency ef %:imi :n»i m:amf}%rgi f‘erma;;m; e &

The smiﬁf of Pl prmzcies a useful expmmenmi model not
only for investigacing the molecular pathogenesis of MES,
but also for evaluating novel therapeutic strategies for the
improvement of m:cmf biil disorders. This is bcc;;u.;zgc the
mmcgpﬂ elastic fiber system of the PDI ‘,
is composed of fibtillin-1 microfibrils and does not contain
significant amounts of elastin 5082 Indeed, an abnormal
PDL in association with progressive destruction of microfi-
brils is an obvious phenotype in the MFS mouse model 1251
Hence, PDLs will likely be more susceptible to breakdown
in MFS wmpfzrnd with other clastic dissues composed of
both elastin and fibrillin-1 {Fxgure 3B).

A suructural zmuﬂmenc} of fibrillin-1 microfibrils arises in
MES and leads to activation of TGE-B and its regulatory targets

Exzert Opins Bk
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A, Meﬂmﬁms
Maintenance of fissue

s

S R———

e

Figure 3, Schematm representation z;f the pathogenic
mechanisms of MFs A. Fihnflm«i compr ises insoluble extra-
cellular matrix wmponenﬁ in connective tissue microfibrils
and provzdea fimited e!ammy 1o tissues through fibrillin-
1 mzcmﬁbni formation. B. Missense mutations in the fibrillin-
7 gene lead to fibrillin-1 fragmenmtmn in association with an
insufficie of fxi:sr;iim! ‘microfibril ‘fc:rmst;on and the
pathogenic agtivation o§ ?E?«g% “ﬁues : normaistaes cause
progresswgmmnec’ew tissue destruction including aortic root
apeurysms that are life-threatening and severe
periodontal di,sea_se.

(Figure 3B} (731, Recendly, deregulation of TGF-B activaton has
been shown m;mumbuw 10 pa{hmmmsss and. ws:emxcmmg,o«

i;v €§°§a ? bniim msuﬁ’mwcy tiaat avisesin MES. However, irolec-
uhr mechanisms governing fibrillin-1 assembly during organe-
genesis have bee hampered,v because of ummm’:rcd issue of
theacnual facror thac drives microfibril assembly.

4.2 Administration of ADAMTSL6B serves as a
microfibril therapy for repair of the PDL in an MFS
mouse model

A disincegrin-like metalloprotease domain ; ,
din type I motifs (ADAMTS)-like, ADAM SL, isasu bgroup
of the ADAMTS superfamily and irs members share particular

m ADA;\&S @Sa&,

Another study b
‘ wmg;oncm dm‘mg x‘

protein dt‘)mqms wzrh the ADAMTS protease, including
epeats, a cysteine-rich domain and
i:-ur *zcit iiw a,:mima and iiisiﬁ‘{{.f?ﬂﬁ*'

ske dcmmm Amon g

q“xf}&\‘iT‘iLéﬁ was a:m:;xs} f{muci w &swcmm‘
wsth ézhnﬁm»‘é microfibeils chrough its direct interaction with
the N-terminal - ‘region of fibrillin-1, and cherciw promote
fibrillin-1 macrix assembly bozh in vitro am% in vivo 124

dz{: gmtezmai i"c;xr zmg}mw:é mgcwfxbni asscm%ai} {brm&g&
efm matda{mn of hbﬁi§m~ ~mamsmi pmm:xs umiudmg

Léﬁ cx}){esm@n can rescue Sbrillin-
1 m;cmﬁ&afti fatmx:xmx through the promotion of fibsillin-
1 zmcmhbml assembl o fm} More m)pmszmiv the local
68 was founid o be high iv effec-
tive in zmcif:ramw chc wmms:i hvaimg of periodontal tissues
iumwh dxe: restoration of microfibrils {I‘xgum 4B} Further evi-
c impact of ADAMTSLGR on microfibril assembly

is. its suppfeeswn 0? f G% §} asgmimg, a pf{:%;\sfw which is

i)iy induced by %E)A; viSE 6 {3 is essen 'ai m;t s:miv for
fibrillin-1 microfibril restoration but also for the inhibition
of the pathological activation of TGE-B. Thus, ECM admin-
istration therapy such as microfibril assembly could form thie
basis of a novel therapeutic approach o PDL regénieration
and the treatment of periodontal disease in MES padients.

5. Conclusions

Regenerative r}au\pms for periodontal disease thar use the cells
of thea pmmt 0 chmr d’z@ maé@nﬁi éf:%ﬂf:t i}m& i}em pm«

mgcﬁ {izat &nmbzzm to mii turnover in e &m&v tate. ,,zmi

would thus be useful cell sources for f»:,g,mcrmm therapies to
ceear petiodonital disease iailmwmg dssue m;my 18991}, §fmt~~
tizza: arcially regencriee ‘

' ;i;i’c‘i’x’xes Ew& :

m‘:sm: E\aa i}f&m %&xiﬁzsﬁzéh rae t’g’?ti}{fa w0 aa.%zsesm :hc
regene cration i}i ;af\&ajémm mwé by severe pﬁ:m«

peszadmm! iumz& ,
23 ionsof ﬁ%ﬁéﬁxﬁ?éaﬁwtmﬁs

odonal tissue 51321 Inve ot
of Abrillin-1 microfibeil assembly via ADAMTSLGB during
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A, .
Microfibril degradationin = 2
marfan syndrome
Administration of microfibril
by ADAMTSLES
Fibrilin-1 ADAMTSLES
0 TGFR i'w Active TGF-B 4
& Coliagen gel N ,
) : POL injury Promotion of
: model wound healing

onxmsze;

Local administration  Restoration of PDL

Figure 4, Microfibril administration by administration of ADAMTSLES. A. Administration of microfibrils by AD&M?SLG& An
ECM administration therapy that induces ;‘estcsratmn of properly fcrmed m;csm‘sbnis via AQ}XMTS%.SS Is essential not onl y for
improvement of the microfibril disorder, which is a predominant symptom of MFS, but also for the wgpress:on “of excessive
TGF-§ signaling induced by microfibril disassembly. B. ADAMTSLEB promotes wound healing of the PDL. A ccitage;‘s ge«%
containing recombinant ADAMTSLES is prepared and locaily administrated to the injured PDL of Marfan's syndrome mice
established via the gene targeting of #ibrillin-1. In this modsl, recombinant ADAMTSLER restores fibrillin-1 microfibril

assembly and enhances wound healing.

PDL formation will make substantial contriburions o this
endeavor 235 In addition, since microfibrils play an important
rolein mainein gsé:':()mzectii?e st iix,zﬁirriz}r; Eri‘::ia&ihzg the
aore, lung and ; 2M administragon
therapy will in the future encourage the development of PDL
regeneration for the treatment of periodontal disease as well as
connective tissue disorders such as MES 17571,

6. Expert opinion

As deseribed above, the pardal regeneration of connective
tissue damaged by patholegical microflora has been
achieved by regeneration tile;“zgzy using stem eell tmzxspiam
tatton ‘and the kma{ application of cvwixzm;s. Identification
of the stem cells in the PDL or DF has enabled the devel-
opment of protocols to regencrare the PDL and these
brave g}mv&d to be uscful model systems for the éewi{}?«
ment of connective dssue regencration therapies
One of the major rescarch obstacles in PDL regeneration
studies s the identificati

tion of all of the key funcrional mol-
ecules char tirm., ?QL :‘Eweiapm' Thc estab isshmem of
ECM aénat;xi5tra_raa_;} therapy such as fibrillin-1 microfibril

are _igfug:”iﬁmgze‘mz%

deregulation of

assembly s ultmately critical for the developmen
new ﬁxt::’a;;cum approaches for periodonral ii;'sr:.afsc :z;aé
MES e MES fibril iiil()pﬁt%ﬂ& have been explained by
the seructural insufficiency of fibrillin-1 microfibrils k*adzng
1o the activation of T¢ E-B and its mgxsiamr}f rargess. (93
A variety of MES therapies have %;ur; developed o date,
mcinciuw surgical therapy for aortic root ancurysms that
tradivional meédical therapies such
as Bradrenergic receptor blockade for slow aortic growth
and to decrease. the risk of aortic disseetion, and novel
approaches based on new insights such as the pathogenesis
of insufficient fibrillin-1 z;mw?;%;s:é formation and the
IGE-B activation 771, In the case of gcw
odontal disease in MES, surgical therapy or regeneration
therapy is per §¢)r=m,d asing stem cells or c:vts%meﬂ W
recover damaged ggzz{;é&nmi tissue (Figare 5, left panel).
In conuast 1o these approdchics, the administration of
ADAMTSLGR w0 fibrillin-1 microfibrils may represent a new

s

ECM adminisuasion therapy which is viable for the treaument

of the periodonmal disease of MES 251, The evidence indicates
thar ADAMTSLGB is cagrzbk of ::nim:xcmg microfibdls even
in the case of a fbrillin-1 §m§3§{§;mzsﬁmmm Hence, FCM

Exgert Opin. Bl Ther, (2012) 1203} 303

289



Extracellular matrix administration as a potential therapeutic strategy

/7 Treament t)f -\ [ Peripdontal disease
;}{:rzo:ﬁama dissass S v

« Bamoel ransgl amamn
?mﬁﬂ

« Cytokine tnerapy
«FOiFs, PDGFs el

\» IGFs, BONF .

) , [hortic ang
/" Treatment of aoric E
angursym
» Surgical freatment
» Drug therapy

, aneurysmﬁk tr‘a&qtsomai modscai
vamn a:}d ; mreby dezrease zhe r;sk of aortic dissection. In the ¢asé of
s including stem cell transplantation and cytok'ne therapy are being petformed for
zhe treaimem of penmomai disease, Rrgh‘t panel: ECM administration therapy such as ADAMTSLE( administration which
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I

tissues.

ADAMTSL6S.

improving Marfan syndrome.

Background: The pathology of Marfan syndrome is caused by insufficient fibrillin-1 microfibril formation in connective
Results: Successful improvement of Marfan syndrome manifestations are induced by the direct administration of recombinant

Conclusion: This study demonstrated critical importance of microfibril regeneration in preventing Marfan syndrome.
Significance: Our current data support a new concept that the regeneration of microfibrils using ADAMTSL6 is essential for

~N

J

Marfan syndrome (MFS) is a systemic disorder of the connec-
tive tissues caused by insufficient fibrillin-1 microfibril forma-
tion and can cause cardiac complications, emphysema, ocular
lens dislocation, and severe periodontal disease. ADAMTSL6S
(A disintegrin-like metalloprotease domain with thrombospon-
din type I motifs-like 68) is a microfibril-associated extracellu-
lar matrix protein expressed in various connective tissues that
has been implicated in fibrillin-1 microfibril assembly. We here
report that ADAMTSL6 plays an essential role in the develop-
ment and regeneration of connective tissues. ADAMTSL6f
expression rescues microfibril disorder after periodontal liga-
ment injury in an MFS mouse model through the promotion of
fibrillin-1 microfibril assembly. In addition, improved fibril-
lin-1 assembly in MFS mice following the administration of
ADAMTSL6 attenuates the overactivation of TGF- signals
associated with the increased release of active TGF-f from dis-
rupted fibrillin-1 microfibrils within periodontal ligaments.
Our current data thus demonstrate the essential contribution of
ADAMTSL6S to fibrillin-1 microfibril formation. These find-
ings also suggest a new therapeutic strategy for the treatment of

* This work was supported by Health and Labour Sciences Research Grants
from the Ministry of Health, Labour, and Welfare (No. 23164001) (to M. S.),
a Grant-in-aid for Scientific Research (B) (No. 23659980) (to M. S.), and Pro-
gram for Development of Strategic Research Center in Private Universities
supported by MEXT(2010) (to M. S.).

1 The on-line version of this article (available at http://www.jbc.org) contains
supplemental Methods and Figs. $1-56.
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mssaito@rs.noda.tus.ac.jp.
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MFS through ADAMTSL6S-mediated fibrillin-1 microfibril
assembly.

Marfan syndrome (MFES)? is a severe, systemic disorder of
connective tissue formation and can lead to aortic aneurysms,
ocular lens dislocation, emphysema, bone overgrowth, and
severe periodontal disease (1-3). MFS has an estimated preva-
lence of 1 in 5,000 -10,000 individuals (3, 4). Fibrillin-1 com-
prises one of the major insoluble extracellular matrix compo-
nents in connective tissue microfibrils and provides limited
elasticity to tissues through fibrillin-1 microfibril formation (5,
6). Various mouse models of MFS have been established via
gene targeting or missense mutations, with germ line mutations
in fibrillin-1 leading to progressive connective tissue destruc-
tion due to fibrillin-1 fragmentation in association with an
insufficiency of fibrillin-1 microfibril formation (7-10). Hence,
it is largely accepted that MFS is caused by insufficient fibril-
lin-1 microfibril formation in various connective tissues (11,
12).

A variety of MFS therapies have been developed, including
surgical therapy for aortic root aneurysms that are life-threat-
ening (12), traditional medical therapies, such as B-adrenergic
receptor blockade, for slow aortic growth and to decrease the
risk of aortic dissection, and novel approaches based on new
insights, such as the pathogenesis of insufficient fibrillin-1

2The abbreviations used are: MFS, Marfan syndrome; PDL, periodontal liga-
ment; En, embryonic day n; Pn, postnatal day n; MHPDL, MFS periodontal
ligament; HPDL, human periodontal ligament; DF, dental follicle.
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microfibril formation and deregulation of TGF-B activation (2).
It has been demonstrated also that deregulation of TGF- acti-
vation contributes to MFS pathogenesis and that matrix
sequestration of TGF-f is critical for the regulated activation
and signaling of the extracellular fibrillin-1 microfibrils of con-
nective tissues (8). These observations predict that the clinical

features of MFS-like manifestations are caused by alterations in

TGF-B signaling networks (13). Loeys-Dietz syndrome, which
is caused by heterozygous mutations in the genes encoding
TGE-f receptors 1 and 2, is another autosomal dominant dis-
order with MFS-like manifestations, such as aortic root aneu-
rysms, aneurysms and dissections throughout the arterial tree,
and generalized arterial tortuosity (4). Importantly, systemic
antagonism of TGF- signaling through the administration of a
TGF-B-neutralizing antibody or losartan, an angiotensin I type
1 receptor blocker, has been shown to have a beneficial effect on
alveolar septation and muscle hypoplasia (8, 10). These obser-
vations provide a proof of principle for the use of TGF- B antag-
onism is in a general therapeutic strategy for MFS and other
disorders of the TGF-B signaling network. However, another
potential therapeutic strategy that remains to be investigated is
the reconstruction of the microfibril in connective tissues
through the expression or administration of a microfibril-asso-
ciated molecule that regulates or stabilizes fibrillin-1 microfi-
bril formation. To investigate this concept, it will be necessary
to identify molecular mechanisms of microfibril formation and
an appropriate fibrillin-1 microfibril-associated molecule.

ADAMTSL (A disintegrin-like metalloprotease domain with
thrombospondin type I motifs-like) is a subgroup of the
ADAMTS superfamily that shares particular protein domains
with the ADAMTS protease, including thrombospondin type [
repeats, a cysteine-rich domain, and an ADAMTS spacer, but
lacks the catalytic and disintegrin-like domains (14). A recent
study has demonstrated that ADAMTSL2 mutations cause
geleophysic dysplasia, an autosomal recessive disorder similar
to MFS, through the dysregulation of TGF-f signaling (15). A
homozygous mutation in ADAMTSL4 also causes autosomal
recessive isolated ectopia lentis, another disease similar to MFS
that is characterized by the subluxation of the lens as a result of
disruption of the zonular fibers (16). The novel ADAMTSL
family molecules ADAMTSL6« and -6 were recently identi-
fied by in silico screening for novel ECM proteins produced
from a mouse full-length cDNA data base (FANTOM). These
proteins are localized in connective tissues, including the skin,
aorta, and perichondrocytes. Among the ADAMTSL6 family,
ADAMTSL6B has been shown to associate with fibrillin-1
microfibrils through its direct interaction with the N-terminal
region of fibrillin-1 and thereby promotes fibrillin-1 matrix
assembly in vitro and in vivo (17). These findings suggest a
potential clinical application of ADAMTSL6p as a novel MFS
therapy by promoting fibrillin-1 microfibril assembly and reg-
ulating TGF-f3 activation.

In our current study, we report that ADAMSL6 is essential
for the development and regeneration of the connective tissue
periodontal ligament (PDL), a tooth-supporting tissue located
between the root and alveolar bone that is morphologically sim-
ilar to the ligament tissue that is capable of withstanding
mechanical force. Using mgR/mgR mice as an animal model of
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MFS microfibril disorder, we demonstrate that ADAMSL6S3
expression can rescue fibrillin-1 microfibril formation through
the promotion of fibrillin-1 microfibril assembly. PDL provides
a useful experimental model not only for investigating the
molecular pathogenesis of MFS but also for evaluating novel
therapeutic strategies for the improvement of microfibril dis-
orders. This is because the principal elastic fiber system of PDL
is composed of fibrillin-1 microfibrils and does not contain sig-
nificant amounts of elastin (18 —20). This composition also sug-
gests that PDL will have an increased susceptibility to break-
down in MFS compared with other elastic tissues composed of
both elastin and fibrillin-1. Furthermore, the restoration of
fibrillin-1 assembly following administration of recombinant
ADAMTSL6P regulates the overactivation of TGF- signaling,
which is associated with an increased release of active TGF-
from disrupted fibrillin-1 microfibrils. The results of our pres-
ent study demonstrate for the first time that ADAMTSL6R is
essential for fibrillin-1 microfibril formation and suggest a
novel therapeutic approach to the treatment of MFS through
the promotion of ADAMTSL6B-mediated fibrillin-1 microfi-
bril assembly.

EXPERIMENTAL PROCEDURES

Animals—C57BL/6 mice were purchased from CLEA Japan,
Inc. (Tokyo, Japan). mgR/mgR mice were generously provided
by Dr. Francesco Ramirez (Mount Sinai Medical Center, New
York). All mouse care and handling conformed to the National
Institutes of Health guidelines for animal research. All experi-
mental protocols were approved by the Tokyo University of
Science Animal Care and Use Committee.

Histochemical Analysis—Frontal sections of C57BL mouse
heads at embryonic day 13 (E13), E15, E17, and postnatal day 1
(P1) were prepared as described above. Fresh frozen sections of
P7 and P35 mice were prepared using the Kawamoto tape
method, according to the manufacturer’s instructions (Leica
Microsystems, Tokyo, Japan) (21), and 10-um sagittal sections
were generated. Cells were fixed with 4% paraformaldehyde
and blocked with 1% BSA. The primary antibody used was an
anti-Adamts]6 polyclonal antibody (R1-1) (17), anti-fibrillin-1
polyclonal antibody (pAB9543), anti-FIBRILLIN-1 monoclonal
antibody (clone 69, Chemicon, Temecula, CA), and anti-FLAG
M2 monoclonal antibody (Sigma-Aldrich). The secondary anti-
bodies used were Alexa 488 or Alexa 555 anti-rabbit or anti-
mouse IgG (Invitrogen), followed by nuclear staining with
DAPIL An anti-Adamtslé polyclonal antibody was labeled with
Alexa 488 by using the Zenon antibody labeling kit according to
the manufacturer’s instructions (Invitrogen) for double immu-
nostaining with an anti-fibrillin-1 polyclonal antibody. For
visualization of oxytalan fibers, sections were oxidized for 15
min in 10% Oxone (Merck) and subsequently stained with alde-
hyde fuchsin as described previously (20). Fluorescence images
were sequentially collected using a confocal microscope featur-
ing 403-, 488-, and 543-nm laser lines (LSM510; Carl Zeiss
Microlmaging, Jena, Germany). The in situ hybridization
methodology and probe design are described in the supporting
information.

ADAMTSL6B c¢DNA—As described previously (17),
ADAMTSL6B or Adamtsl6 was cloned into p3XFLAG-
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CMV-14to generate p3XFLAG-CMV-ADAMTSL6B. The cod-
ing sequence of the cDNA was confirmed to be identical to the
published sequence. The ADAMTSL6P coding sequence con-
taining the Kozak consensus sequence and tagged with the
FLAG epitope at its C terminus end was then subcloned into the
pcDNA4 expression vector (Invitrogen) or into the pPDONR221
vector via a BP reaction (Invitrogen) to generate adenovirus or
lentivirus, respectively.

Generation of Adenovirus—Recombinant adenovirus was
constructed by homologous recombination between the
expression cosmid cassette (pAxCAwt) and the parental virus
genome in 293 cells (Riken, Tsukuba, Japan) as described pre-
viously (22) using an adenovirus construction kit (Takara,
Ohtsu, Japan).

Generation of Lentivirus—Recombinant lentivirus carrying
ADAMTSL6B was constructed via the recombination of
pDONR221-containing ADAMTSL63 segments into CSII-
CMV-RfA using a LR reaction to generate CSII-CMV-
ADAMTSL6B. CSII-CMV-RfA was kindly provided by Dr.
Hiroyuki Miyoshi (Riken, Tsukuba, Japan). Lentiviruses were
produced essentially as described previously (23). Next, a
500-ul aliquot of producer cell culture fluid was added to
human periodontal ligament (HPDL) (passage 7) or MFS peri-
odontal ligament (MHPDL) (passage 7) cells in the presence of
Polybrene (7.5 ug/ml). Stably transduced cells were maintained
in the medium described above.

For knockdown experiments, miRNA expression vectors
were constructed according to the manufacturer’s protocol
(Invitrogen). Two sets of Adamtsl63 miRNAs to target sense
(5'-TGCTGAATAACAGGTAGCTGACAAACGTTTTGGC-
CACTGACTGACGTTTGTCATACCTGTTATT-3") and
antisense (5'-CCTGAATAACAGGTATGACAAACGTCAG-
TCAGTGGCCAAAACGTTTGTCAGCTACCTGTTATTC-
3') transcripts were used to generate lentiviruses for the knock-
down of Adamtsl6B. A control miRNA was purchased from
Invitrogen. '

Infection of Developing Tooth Germ with Adenovirus—To
investigate the effects of Adamtsl68 on PDL formation in mgR/
mgR mice, developing tooth germs were dissected from E14.5
mgR/mgR mouse embryos as described above and then
infected with adenovirus that had been concentrated using the
Adeno-X Maxi purification kit (Clontech) at 4°C for 48 h
in accordance with the manufacturer’s recommendations. The
adenovirus-infected tooth germs were then further incubated
at 37 °C for 6 days in an in vitro organ culture as described
previously (24).

Expression and Purification of Recombinant Adamtsi6B—
The expression and purification of recombinant Adamtsl6f
was performed using 293F cells (Invitrogen) and nickel-agarose
(Qiagen, Hilden, Germany) as described previously (17).
Briefly, pSecTag2A containing an Adamisl6p segment fused
with Myc and His tags at its C terminus was transfected into
293F cells, which were cultured for 3 days. Conditioned
medium was applied to a nickel-agarose column for the purifi-
cation of recombinant Adamtsl6f. The purified protein was
dialyzed against PBS and stored at —80 °C.

Tissue Culture and in Vitro Microfibril Assembly Assay—The
establishment of immortalized human periodontal cells and
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MHPDL cells has been described previously (25). Cells were
incubated with a-minimum essential medium (Sigma) contain-
ing 10% fetal bovine serum (FBS; BioWhittaker, Walkersville,
MD), 50 ug/ml ascorbic acid, and 100 units/ml streptomycin
and penicillin in a humidified atmosphere of 5% CO, at 37 °C.
HPDL or MHPDL cells were plated onto 12-mm-thick cover-
glass coated with poly-1-Lys (Iwaki, Tokyo, Japan) placed in
24-well plates at 6 X 10* cells/well and incubated for 14 days.
For the addition of purified recombinant mouse Adamtsl6p,
C-terminal histidine-tagged mouse Adamtsl6f was prepared as
described previously (17). Adamtslép protein (10, 5, 2.5, 1.25,
or 0.625 ug) and the cells were incubated for 3 days. The cells
were fixed with 4% paraformaldehyde and immunostained as
described above.

RNA Preparation and Real-time RT-PCR—Total RNA was
isolated from cells using Isogen (Nippon Gene Co., Ltd., Tokyo,
Japan) as described previously (26). cDNAs were synthesized
from 1-pug aliquots of total RNA in a 20-ul reaction containing
10X reaction buffer, 1 mm dNTP mixture, 1 unit/ul RNase
inhibitor, 0.25 unit/ul reverse transcriptase (M-MLYV reverse
transcriptase; Invitrogen), and 0.125 um random 9-mers
(Takara, Tokyo, Japan). The mRNA expression levels were
determined using Power SYBR® Green PCR Master Mix
(Applied Biosystems), and products were analyzed with an AB
7300 real-time PCR system (Applied Biosystems). Specific
primers for human fibrillin-1 (forward, 5-AATGAGCT-
GAATGGCTGTTACAA-3'; reverse, 5-ACCATATGCTA-
TATATTCTTCGATAACAAT-3'), mouse fibrillin-1 (for-
ward, 5'-AAGGGGTTAATGTCATGATGTCAC-3'; reverse,
5'-CCACACAAGAACATAAAACCAAGG-3’), and mouse
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (for-
ward, 5'-ACTGAGCAAGAGAGGCCCTATCC-3’; reverse,
5'-CCTAGGCCCCTCCTGTTATTATGG-3') were used for
real-time PCR. The primers for human GAPDH have been
described previously (27).

Puyll-down Assay—Pull-down assays to demonstrate direct
interactions between Adamtsl6f and TGF-SB1 proteins were
performed as described previously by Nakajima et al. (28).
Briefly, purified recombinant mouse Adamtsl6p (5 ug) was
incubated with 0.1 ug of recombinant TGF- 81 proteins (Wako,
Osaka, Japan) for 1 h at 4 °C in 0.3 ml of binding buffer (20 mm
Tris-HCl (pH 7.5), 150 mm NaCl, and 1% Triton X-100). We
next added 12.5 ul of nickel-magnet (Promega, Madison, WTI)
to the reactions and incubated them for 30 min at 25 °C. The
precipitates were washed three times with binding buffer,
eluted by 250 mm imidazole, and subjected to SDS-PAGE. The
proteins were blotted and visualized with the corresponding
antibody.

Cell Culture—The method used to culture the mouse dental
follicle cells has been described previously (29). To examine the
effects of Adamtsl6f upon the TGF-B1-induced expression of
periostin, mouse dental follicle cells were cultured in a 12-well
plate at a density of 5 X 10* cells/well in Dulbecco’s modified
Eagle’s medium (DMEM) containing 10% FBS until they
reached confluence. At this point, the medium was replaced
with DMEM containing 0.2% FBS. After 12 h, the cells were
treated with recombinant mouse Adamtsl6B. After 12 h, the
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cells were treated with TGF-B1 (10 ng/ml) for 3 days and sub-
jected to real-time PCR analysis.

Tooth Replantation Model—The tooth replantation experi-
ments were performed as described previously (30). Briefly, the
upper first molar from 4-week-old C57BL/6(SLC) mice was
extracted under deep anesthesia. Extracted teeth were then
replanted into the original cavity to allow the natural repair of
the PDL. The replanted teeth were collected at 3, 7, and 14 days
after transplantation and subjected to immunchistochemical
analysis using the Kawamoto tape method or in siti hybridiza-
tion as described in the supplemental Methods.

Generation of Transgenic Bioengineered Tooth Germ—Molar
tooth germs were dissected from the mandibles of E14.5 mice.
The isolation of mesenchyme and epithelium and the dissocia-
tion of mesenchymal cells have been described previously (24).
Dissociated cells were cultured on tissue culture plates in
DMEM containing 10% fetal calf serum and then infected with
Adamtsl6 adenovirus for 8 h. After incubation for 24 h, mes-
enchymal cells overexpressing Adamtsl6f3 were collected via
trypsin digestion and precipitated by centrifugation in a sili-
conized tube, and the supernatant was completely removed.
The cell density of the precipitated, adenovirus-infected mes-
enchymal cells after removal of supernatant reached a concen-
tration of 5 X 108 cells/ml, as described previously (24). Trans-
genic bioengineered tooth germ was reconstituted with
dissociated adenovirus-infected mesenchymal cells and epithe-
lial tissue using our previously described three-dimensional cell
manipulation system, the organ germ method (24). The trans-
genic bioengineered tooth germs were incubated for 10 min at
37 °C, placed on cell culture inserts (0.4-um pore diameter; BD
Biosciences), and then further incubated at 37 °C for 6 days in
an in vitro organ culture as described previously (24). Mesen-
chymal cells infected with lentiviruses carrying Adamisl6f3
miRNAi were used to generate Adamtsl68 miRNAi-transgenic
bioengineered tooth germ by incubation for 10 min at 37 °C,
placement on cell culture inserts (0.4-um pore diameter; BD
Biosciences), and then a further incubation at 37 °C for 12 days
in an in vitro organ culture as described previously (24).

Local Administration of ADAMTSL6B Using a PDL Injury
Model—To create gels for injection, 2 ul of recombinant
Adamtsl6g (10 ug/ul) (see supplemental Methods) and 1.5 ul
of PKH67 green fluorescent cell linker (Sigma-Aldrich) were
suspended in a 9-ul gel drop of collagen liquid Cellmatrix type
I-A (Nitta Gelatin) composed of acid-soluble collagen isolated
from pig tendon. The lower first molars of 4-week-old C57BL/
6(SLC) mice were extracted under deep anesthesia. Following
blood coagulation, at 3 days after tooth extraction, the alveolar
bony wall of the proximal site of the lower second molar tooth
was surgically removed to expose the PDL. The PDL was then
disrupted by dislocation of the second molar tooth with lingual
to buccal side movement. The collagen drop containing recom-
binant Adamtsl6 was then inserted into the damaged PDL.
Mouse mandibles were collected 17 days after insertion, and
immunohistochemical analysis was performed using the
Kawamoto tape method as described in the supplemental
Methods.
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FIGURE 1. Immunohistochemical analysis of Ts/63-TG mice. Immunofluo-
rescence detection of ADAMTSL-6 proteins and fibrillin-1. Frontal cryosec-
tions were prepared from the skin (A) or aortas (B) of wild type (top) or
Tsl6B-TG (bottom) littermates and subjected to double immunostaining with
antibodies against Adamtsl6 (red) and fibrillin-1 (green). The boxed areas in
the leftmost panels are shown at higher magpnification in the rightmost panels.
Immunohistochemical analysis indicated that the expression of Adamtsl6-
and fibrillin-1-positive microfibrils was markedly increased in the aorta and
skin of Tsl683 TG mice compared with WT mice. The merged images illustrate
that these fibrils are colocalized in the skin and aorta.

RESULTS

ADAMTSL6B Regulates Microfibril Assembly in Various
Connective Tissues—To investigate whether Adamtsl6 plays a
critical role in microfibril assembly in connective tissues, we
generated Adamtsl6B-transgenic mice (7s/6B-TG mice) in
which the transgene is expressed in the whole body. Because
Adamtsl6 has been shown to be expressed in the aorta and skin,
we investigated microfibril assembly of these tissues in the
Tsl63-TG mice. Immunohistochemical analysis revealed that
Adamtsl6-positive microfibril assembly was barely detectable
in WT mice but strongly induced in the aorta of Tsl63-TG mice
(Fig. 1A). Confocal microscopy analysis further revealed that
Adamtslé- and fibrillin-1-positive microfibrils are clearly
increased in the aorta and that microfibril assembly is also
induced in the skin of Ts/68-TG mice. This confirmed that
Adamtsl6 induces fibrillin-1 microfibril assembly in connective
tissue, such as the aorta and skin (Fig. 1B).

ADAMTSL6B Is Involved in Microfibril Formation during
PDL Development and Wound Healing—To investigate
whether Adamtsl6f contributes to connective tissue forma-
tion, we first examined its expression patterns during embry-
onic tooth germ development and in the PDL formation stage
after birth as a model of connective tissue formation. Develop-

ment of the PDL proceeds as follows: 1) the dental follicle (DF),

the origin of the PDL, is formed at the CAP stage of tooth germ
formation; 2) the DF differentiates during the tooth root-form-
ing stage; and 3) the DF differentiates into the PDL to be
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