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Dental and periodontal tissue development is a complex process involving various
cell-types. A nely orchestrated network of communications between these cells
is implicated. During early development, communications between cells from the
oral epithelium and the underlying mesenchyme govern the dental morphogenesis
with successive bud, cap and bell stages. Later, interactions between epithelial and
mesenchymal cells occur during dental root elongation. Root elongation and tooth
eruption require resorption of surrounding alveolar bone to occur. For years, it was
postulated that signaling molecules secreted by dental and periodontal cells control
bone resorbing osteoclast precursor recruitment and differentiation. Reverse signaling
originating from bone cells (osteoclasts and osteoblasts) toward dental cells was not
suspected. Dental defects reported in osteopetrosis were associated with mechanical
stress secondary to defective bone resorption. In the last decade, consequences of
bone resorption over-activation on dental and periodontal tissue formation have been
analyzed with transgenic animals (RANK and Opg~= mice). Results suggest the
existence of signals originating from osteoclasts toward dental and periodontal cells.
Meanwhile, experiments consisting in transitory inhibition of bone resorption during root
elongation, achieved with bone resorption inhibitors having different mechanisms of
action (bisphosphonates and RANKL blocking antibodies), have evidenced dental and
periodontal defects that support the presence of signals originating bone cells toward
dental cells. The aim of the present manuscript is to present the data we have collected
in the last years that support the hypothesis of a role of bone resorption in dental and
periodontal development.

Keywords: bone resorption, RANKL, Zoledronic acid, tooth

INTRODUCTION

Early tooth development, more precisely initiation and morphogenesis, has been extensively
studied in the last decades. Factors implicated in the cross-talk between epithelial and mesenchymal
cells have been identi ed (for revieWitsiadis and Graf, 2009). Regarding later stages of tooth
development, more precisely dental and periodontal histogenesis, the di erentiation processes
of mineralized tissue forming cells (namely amelogenesis, dentinogenesis and cementogenesis)
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have also been widely studieflaster et al., 2007; Babajko et al.,have been rarely considered. Recently, the analysis of Identa
2014; Bleicher, 20)4Pathologies associated with dysfunctions ofand periodontal development in mouse models of hyper-
these processes are nowadays well characterized as anesisgemesorption RANK'® and Opg = ) has changed the vision of
imperfecta and dentinogenesis imperfect&€obourne and the dento-alveolar bone complex developmebaétaneda et al.,
Sharpe, 2003 Dental and periodontal histogenesis correspond011, 2013 Bone resorption was for the rst time shown
to an important volumetric growth of these tissues, moreto be an active element of the dental and periodontal tissues
precisely regarding root formation. Consequently, thedevelopment. This active implication was supported by results
surrounding alveolar bone has to be remodeled simultangousof studies comprising transitory inhibition of bone resormti
to enable normal tooth development and a dental functionaduring dental and periodontal tissue histogenesis, achigvitd
achievement through the eruption process.Bone remodelingisphosphonate or RANKL blocking antibody&zot et al., 2014,
requires di erentiation and activity of bone resorbing cell 2015. In these studies dental and periodontal tissue defects
from hematopoietic origin called osteoclasts. Osteocla&stegis were associated and proportional to the induced delay of tooth
is a well-characterized process with three consecutive stepsuption.
corresponding to precursors recruitment, their fusion into Here we present a hypothetical model of tooth root and
mature polynucleated osteoclasts and nally the activatadn periodontal development based on our own results as well as on
these mature osteoclastségot et al., 2000 The two major previously reported by other ndings.
signaling factors implicated in these di erentiation steps ar
presented irFigure 1

Signals coming from dental and periodontal tissues werEURRENT STATUS CONCERNING TOOTH
shown to stimulate the alveolar bone remodelingVige, ROOT AND PERIODONTAL FORMATION:

2009. Indeed, these tissues secrete factors stimulatingACTS AND HYPOTHESES

osteoclastogenesisW(se, 200y The absence of alveolar
bone formation in the case of dental agenesﬁ'figl(lre ZA) Consequences Of RANK Over_expreSS|0n

supported the assertion that dental and periodontal tissue ) .
are central coordinator elements in the development of theﬁ.I the Monocyte macrophage Lineage

dento-alveolar bone complex. Moreover, the apparently normdRANK T Mouse) on Dental and
development of the crown region observed in osteopetroti®eriodontal Development
mouse modelsKigure 2B), despite the altered bone resorption, In order to analyze the consequences of RANK over-expression
suggests that crown mineralized tissue formation is indeleet  on dental and periodontal tissue growth, a transgenic mouse-
of bone resorption. line overexpressinBANK in the osteoclast precurso® ANK'Y;

In this context it was not surprising that potential reverseDuheron et al., 20))1was used. The dental and periodontal
signals from bone cells toward dental and periodontal tissuephenotype ofRANK'® mouse was analyzed comparatively to

FIGURE 1 | Schematic representation of different steps of oste oclastogenesis. The two mains factors controlling the differentiation catl M-CSF and RANKL
are represented with their receptors. M-CSF is necessary teecruitment and expression of RANK at the surface of pre-osbclasts. RANKL enable the fusion of
pre-osteoclasts in polykaryon and the nal differentiationn mature osteoclasts. HSC, hematopoietic stem cell.
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FIGURE 2 | Tooth agenesis consequence on alveolar bone formati ~ on (A) and close to normal crown morphology in osteopetrotic an imals (B). Mandible
micro-radiographies and head frontal sections of newbormMsx1 and DIx1/DIx2 null mutants (A); Msx1 null mutant mouse image taken formOrestes-Cardoso et al.
(2002). Absence of alveolar bone formation in area of tooth agenesi(arrows). Micro-radiographies of wild typeC-Fos = and RANKI = 21 day-old mouse heads
(B) the formation of dental crowns (arrows) in osteopetrotic miant mice with morphologies close to those of control littemate mice. M, molar; Tg, tongue.

littermate from birth to 1 month Castaneda et al., 201 Results These results show that root length is genetically deteeahin
show a signi cant increase in the osteoclast number arourel t while root thickness is environmentally controlled, spexilly by
tooth at all ages. This led to an earlier tooth eruption and arthe bone resorption ability.
accelerated tooth root elongatioRi@ure 3). The nalrootlength The complete analysis of tHRANK'Y mouse dento-alveolar
is not a ected Figure 4) but an important reduction of the root bone complex phenotype has so enabled to demonstrate
diameter is observed no matter what the genetic backgrounthat bone resorption is an important element of dental and
(wild-type or Msx2 null mutant) considered Castaneda et al., periodontal tissue developmentéstaneda et al., 2011, 2p13
2011, 2018 RANK over-expression induces an early tooth eruption and root
Interestingly, the complex phenotype ®lsx2 = mouse elongation with, as a nal consequence, a reduction of thet roo
combining amelogenesis imperfecta, root dysmorphia (dsfectliameter. This accelerated tooth root elongation corresfsoio
in Hertwig epithelial root sheaths (HERS) and epithelialanincrease of HERS cells and adjacent follicular sac mesmechy
rests of Malassez), mild-osteopetrosis (WRANKI expression cells proliferation Castaneda et al., 201 The nal root lengths
severely decreased in the dental epithelium and alveolafthe RANK transgenic and wild type mice are similar suggesti
bone), and dentinogenesis imperfectaiqub et al., 2007; thatthe interactions between epithelial and mesenchyms asdl
Molla et al., 2010; Berdal et al., 201Wwas partly rescued correct but accelerated_@staneda et al., 201TThe Msx2 ~
by RANK over-expressionCastaneda et al., 2013Indeed, mouse present many defects of the root formatiéncub et al.,
RANK over-expression resulted in signicant recovery of2007 including animportant reduction of the length as shown in
all molar eruption and root elongation processdsigure4). Figure 5 The fact that, in théVisx2 = mouse the RANK over-
However, the roots remained shorter than in wild-type miceactivation has no repercussion on the nal root length vatea
and no improvement of the crown morphology was observedhat root length is genetically determined. Meanwhile, tbetr
(Figure 4). diameter appears to be micro-environmentally controlled,reno
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speci cally by the bone resorption capabilitZfstaneda et al., In humans, RANK gene gains of function mutations have
2011, 2018 Finally the reverse relationship between bonebeen found in three seemingly distinctive disorders (the Haini
resorption level and the root diameter established by thiesbes  Expansile Osteolysis, the Expansile Skeletal Hyperphosphatasia
(Castaneda et al., 201Ltould explain part of the root defects and the Early-onset Paget Disease of Bone). These mutations
seen in diseases with perturbations of the osteoclast fumctioincrease the RANK signal peptide length and alter its normal
Concerning the root resorption observed in these diseasesleavage, what is believed to cause akBFpathway over-

the question of a relationship between root thinness and thactivation {Vhyte and Hughes, 2002; Nakatsuka et al., 2003
prevalence of root resorption is raised. Interestingly, stitth ~ Such over-activation of the RANK-signaling pathway causes
root resorptions are observed in ti@pg ~ mouse Koide etal., a hyper-osteoclastic activity that increases the bone twe&no
2013 in the context of a progressive loss of the alveolar bone. A notable observation in these patients is an early tooth loss
associated in some case with an idiopathic external resarptio
localized at either apical or cervical levelslitthell et al.,
1990; Hughes et al., 1994; Whyte, 200khis convergence of
phenotype between human patients aRANK'Y mice quali ed
theRANK'? mouse as a model of these three di erent pathologies
and con rmed the importance of bone resorption for dental and
periodontal tissue development.

Consequences of Transitory Inhibition of
Bone Resorption Using Zoledronic Acid or
a RANKL Blocking Antibody on Dental and

Periodontal Development

In order to analyze the consequences of transitory inhibision

of bone resorption on dental and periodontal tissue growth, a

powerful pharmacologic inhibitor of bone resorption from the

bisphosphonate family was injected (four injections in taeery

2 days) in newborn or 1 week-old mice. The impact on dental

and periodontal tissues was analyzed at the end of treatment,

1 and 3 months after the last injection. Zoledronic acid (ZQOL)

a third generation bisphosphonate, was chosen for experiments

and C57BL/6J and CD1 mice used.

FIGLlJRF73|AcceIer'ated roptelvi)ngation'in RANKTY9 mouse. Micro-CT The dierent molars were not similarly aected by the

section in the mandlblg main axis show in 11 day-oltRANKTg mouse a more treatment. A relationship appears between severity of dental

advanced root elongation (arrow) compared to wild type mous. . .
and periodontal defects and each molar developmental period

FIGURE 4 | Roots and crown morphologies of the mandible rst mola rs of adult wild-type, RANKT9, Msx2 = ,and Msx2 = RANKT9mice. Roots of
RANKT9 mouse molars are thinner and roots oMsx2 = mouse molars are shorter as evidenced by dash lines. Crown dflsx2 = = mouse are at with no
cuspide independently of RANK over-expression.
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FIGURE 5 | Dental and periodontal consequences of four inject  ions of ZOL or IKK22.5 in newborn mice, 3 months after the last inj ection. Head frontal
sections in the plane of the rst molars show the presence of akylosis (arrow), hyper-cementosis (stars), enamel orgarigbrganization (arrow-heads), and root
resorption (circle) in treated animals.

encompassed by the treatment. Indeed, when injections wermdongation induces dental and periodontal defects. This stppo
performed in newborn pups, the rst molar was the most a ectedour hypothesis of the existence of signaling from bone cells
and the third molar the least a ected_¢zot et al., 2014, 201L5 toward dental cells. These powerful pharmacological inbiigit
The C57BL/6J mice appear to be more sensitive to ZOL thawere developed for the treatment of pathologies charactrize
the CD1 mice who need more elevated doses to obtain simildny excessive bone resorption such as juvenile Pagets disease
eects (Lézot et al., 2005 In addition to delayed eruption, osteoporosis, primary or metastatic bone tumors and familial
the main observed defects of dental and periodontal tissuesxpansile osteolysiS{verman, 2011; Zwolak and Dudek, 2013;
were abnormal amelogenesis with disorganized ameloblast&ella and Gallagher, 20).4In pediatric patients, a RANKL-
root ankylosis, hypercementosis and with time presencblocking antibody (Denosumab) is currently under clinical
of root resorption Figure5 Lézot et al, 20)4 These evaluation for osteogenesis imperfecta (phase 2 clinical tria
results evidence that transitory inhibition of bone reséopt NCT01799798) and for Giant Cell Tumor of Bone (phase
with ZOL irreversibly impact the histogenesis of dental and2 clinical trial NCT00680992) with promising preliminary
periodontal tissues with long-term consequences that rart@i  reports in both casesSemler et al., 2012; Chawla et al., 2013;
be evaluated. Karras et al., 2013; Demirsoy et al., 2014; Federman et al.,
Similar experiments were performed with another powerful2019. Bisphosphonates are currently used for the treatment
inhibitor of bone resorption, a RANKL blocking antibody nache of osteogenesis imperfect&4ros et al., 2012; Bishop et al.,
IKK22.5. 2013; Ward and Rauch, 2013; Sousa et al.,)2and juvenile
Experimental results evidenced that while C57BL/6J micPaget's diseas®¢mir et al., 2000; Cundy et al., 2004; Polyzos
had several teeth included, CD1 mouse had only the uppest al., 2010; Saki et al., 2013n addition, they are under
rst molars included conrming the dierence of sensitivity evaluation for treatment of primary bone tumorss0ldsby
to bone resorption inhibitors between these two mouse stainet al., 2013phase 3 Clinical trials NCT00987636, NCT00742924,
(Lézot et al., 2005 Regarding the dental and periodontal and NCT004470223) and Fibrous Dysplasia of Bone (phase 2
phenotype of non-included molars of CD1 mouse, similar defectclinical trial NCT00445575). Concerning all these younggras,
to those induced by ZOL injections were observ&ig(re 5. dental and periodontal tissue developmental defects mayroccu
Interestingly, after the end of treatment with the IK22.5iandy, as a consequence of the bone resorption inhibition. Predinic
a shorter period is necessary to observe neo-osteoclasenpees studies and clinical observations have already demonsitage
on the alveolar bone surface than observed after ZOL treatmebisphosphonates, in particular alendronate and ZOL, delay or
(Lézot et al., 20)5signaling a more stable inhibition with ZOL inhibit tooth eruption causing several dental abnormabt{&rier
than with IKK22.5. and Wise, 1998; Bradaschia-Correa et al., 2007; Kamoudr&ol
These results demonstrate that transitory use of tweetal., 2008; Hiraga et al., 20 hd may, as in the juvenile Paget's
di erent pharmacological bone resorption inhibitors duringot  disease of bone, exert an inhibitory e ect on bone mineralorat

Frontiers in Physiology | www.frontiersin.org 5 November 2015 | Volume 6 | Article 319



Gama et al. Bone resorption and tooth development

(Polyzos et al., 20)1Such inhibition of mineralization has FUNDING
been observed for various bisphosphonat@iwitro tests using

calvaria osteoblast culturg\dler et al., 200p The presented projects have received the nancial support of

the French Association for Cancer Research (ARC, Project #
ECL;2010R00778), the “ligue contre le cancer” Associatin,
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The data presented in this review are unambiguous concerning

the role of bone resorption on the development of dental anfACKNOWLEDGMENTS
periodontal tissues and supports the hypothesis of a direct

implication of osteoclasts in dental and periodontal tissueThe authors wish to thank G. Hamery and P. Monmousseau

CONCLUSION

formation. Further studies will be necessary to deciphethat
molecular level, signals originating from bone cells (preably
osteoclasts) toward dental and periodontal cells. Theseakig
could be directly secreted by bone cells or released frorhahe
matrix during the resorption.
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