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Development of mammalian teeth and surrounding tissues ilgdes time—space changes
in the extracellular matrix composition and organizationThis requires complex control
mechanisms to regulate its synthesis and remodeling. Fithhassociated collagens with
interrupted triple helices (FACITs) and a group of small leime-rich proteoglycans
(SLRPs) are involved in the regulation of collagen brillegesis. Recently, collagen
type Xl and collagen type XIV, members of the FACITs familwere found in the
peridental mesenchyme contributing to alveolar bone formtéon. This study was designed
to follow temporospatial expression of collagen types Xlland XlVa in mouse rst
molar and adjacent tissues from embryonic day 13, when the gkolar bone becomes
morphologically apparent around the molar tooth bud, untipostnatal day 22, as the
posteruption stage. The patterns of decorin, biglycan, andbromodulin, all members
of the SLRPs family and interacting with collagens Xlla andIYa, were investigated
simultaneously. The situation in the tooth was related to wdtt happens in the alveolar
bone, and both were compared to the periodontal ligament. Tk investigation provided a
complex localization of the ve antigens in soft tissues, ta dental pulp, and periodontal
ligaments; in the mineralized tissues, predentin/dentinral alveolar bone; and junction
between soft and hard tissues. The results illustrated devepmentally regulated and
tissue-speci ¢ changes in the balance of the two FACITs andhree SLRPs.

Keywords: odontogenesis, alveolar bone, FACITs, SLRPs, co  llagen

INTRODUCTION

Mammalian tooth and jaw-bone development has mainly beendtigated in the lower jaw of the
mouse Peterkova et al., 2000; Chlastakova et al., 2011; Lungalg 2011; Gama et al., 2015
The steps of morphogenesis, histogenesis, and cell di ettgotiare largely integrated. They are
regulated by cell interactions as well as by short- and Ieamgge molecular signaling’gters and
Balling, 1999; Miletich et al., 2011; Jussila and Thesle 2r0lhe extracellular matrix (ECM)
plays an important role and, for this reason, has been invatgd)by means of structural and
functional analysesMacDonald and Hall, 2001; Kleinman et al., 2003; Fukumotd s#amada,
2005; Rodriguez et al., 2010'his ECM consists of collagens, non-collagenous proteins,
proteoglycans. The composition of the ECM varies in space ameldiuring development, meaning
complex control mechanisms regulate its synthesis, org#ioiz, and remodeling Kaku and
Yamauchi, 2014; Takimoto et al., 2015; Xu et al., 016
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Zvackova et al. Collagen Fibrillogenesis

Twenty-nine di erent collagens have been identi ed so farligament (PDL;Zhang et al., 1993; Tsuzuki et al., 2)1but
(Home-Gene-NCBH. Subfamilies have been distinguished neither in the developing tooth nor in the alveolar bone. Faist
depending on their structural organization linked to reason, a specic study was designed covering prenatal as well
supramolecular assemblies: bril-forming collagens, lbri as postnatal stages in mouse rst lower molar and periodontium
associated collagens with interrupted triple helices (FALIT from embryonic day 13 (E13), when the forming alveolar bone
network-forming collagens, membrane collagens, multipiex becomes morphologically apparent around the molar tooth bud,
and, out of these groups, collagens VI, VII, XXVI, and XXVIII until postnatal day 22 (P22), as the posteruption stage, when
(for review, seeRicard-Blum, 201}l Molecules regulating the tooth is dynamically anchored. The patterns of DCN, BGN,
collagen brillogenesis and spatial organization of befsapity and FMOD, which all interact with collagens Xlla and XlIVa,
and Kadler, 2005; Chen et al., 2)laclude FACITs Ricard- were investigated simultaneously. The situation in the too#s
Blum, 201) and a group of small leucine-rich proteoglycanscompared to what happens in the alveolar bone, and both were
(SLRPsschaefer and lozzo, 2008; Kalamajski and Oldberg, 201€ompared to the PDL used as a reference tissue.

Chen and Birk, 2013 The major aim of this investigation was to search for

FACITs are multi-domain proteins with several triple-helica developmentally regulated and tissue-speci c changes in the
regions separated by non-collagenous domains. FACITs,hwhidalance of di erent regulators of collagen brillogenesis.
exist as single molecules, include collagens IX, XIlI, XIV],X
XIX, XX, XXI, and XXII Ricard-Blum, 201)L Two members of MATERIALS AND METHODS
these FACITs were investigated in the present study, calfage
Xlla and collagen XIVa, which were recently identied in Animals
mesenchymal cells contributing to alveolar bone formatiorWild- type mice (strain CD-1) were purchased from the
(Minarikova et al., 20156 Breeding Units of Masaryk University Brno. Pregnant mice were

Di erent isoforms of collagen XII (Xlla and XIIb) exist, euthanized according to the experimental protocol, approved by
which are generated by alternative splicingafia et al., the Laboratory Animal Science Committee of the IAPG CAS,
1999. Moreover, collagen Xlla, but not Xllb, can occur asv.v.i., Czech Republic. Day 0 of pregnancy was determined as
a proteoglycan, with glycosaminoglycan side chain(s) héédc the mating day (controlled mating for 2 h). Heads of pups
to the alternatively spliced NC3 regiorCfiquet et al., 2004  corresponding to embryonal (E) days 13, 14, 15, 18 and postnatal
Collagens XII and XIV bind decorin (DCN) and biglycan (P) days 0, 11, 22 were sampled. Heads or dissected quadrants
(BGN), and both of them show signi cant structural homolegi  of mandibles were xed in 4% buered paraformaldehyde,
Nevertheless, it has been suggested that collagen Xl mighilly decalcied in phosphate-bu ered 0.5 M EDTA (Sigma
indirectly bridge adjacent collagen berSijaw and Olsen, 1991 Aldrich, St. Louis, MO), dehydrated in ethanol series, tegat
whereas collagen XIV would interfere with bril elongation with xylene and embedded in para n. Serial frontal histologl
(Young et al., 2000 The large non-collagenous domain (NC3) sections were processed and split between slides for thevfolio
of collagen XIV projects into the inter brillar spacé&gene etal., analyses: haematoxylin-eosin (HE) for morphology staining;
199). This domain has been implicated in the initial regulation and immunohistochemistry. For the best illustrations, ta&me
of bril packing in the tendon Chen et al., 2005 possibly by sequence of serial frontal sections was always maintaised a
inhibiting lateral bril growth (Ansorge et al., 2009 histology; biglycan (BGN); collagenXlla (coll12a); caiaxlVa

SLRPs are encoded by 18 genes and divided into ve clasgesll14a); bromodulin (FMOD); and decorin (DCN).

(for review, seeozzo and Schaefer, 2015everal members of

class I, such as DCN and BGN, and class II, such as bromodulilmmunohistochemistry

(FMOD), regulate collagen brillogenesis, although in dieat ~ The samples were depara nized (xylen), rehydrated (a gradient
ways Pouglas et al., 2006SLRPs can interact with network- series of ethanol) and the antigen retrieval was applied for
forming and brillar collagens as well as with FACITs, suchcollagen XIVa (citrate bu er, pHD 6.0/98 C/10 min/water bath).
as type Xll and type XIV collagens-¢nt et al., 1993, 1998; Endogenous peroxidase activity was eliminated in all sestio
Kalamajski and Oldberg, 20).0In this latter case, they can by 3% hydrogen peroxidase in phosphate- buered saline
cooperate to regulate linear and lateral collagen bril gtow (collagen XIVa RT/1 min, collagen Xlla, bromodulin, bigign
(Chen et al., 2005 Ansorge et al. (2009%uggest that time- and decorin RT/10 min) to eliminate possible background.
controlled replacement of type XIV collagen by other bril- The primary antibodies Anti-collagen X141 1:50 (Invitrogen
associated molecules such as type XlI collagen or SLRPs wotld5-49916); Anti-collagen Xllal 1:100 (Sigma-Aldrich
allow continued regulation of collagen bers' lateral gtbww  US/SAB4500395) were applied overnight a€4The primary
SLRPs can also inuence mineralizatio@en et al., 2004; antibodies rabbit polyclonal Anti- biglycan 1:800 (LF-159)
Goldberg et al., 2006; Haruyama et al., 2009; Young,)&ibbe  Anti-decorin 1:800 (LF-114), Anti- bromodulin 1:800 (LE50)
involved in signaling $chaefer and lozzo, 2008; Gubbiotti et al. (LF-kind gifts from Dr. Larry Fisher, NIDCR/NIH, Bethesda,
2014. MD) were applied for 2 h at room temperature. To visualize the

The timing of protein expression and the localization of primary antibody, a peroxidase- conjugated streptavidin-ibio
collagens Xlla and XIVa have been investigated in the peritalo  system (Vectasin PK-4002; Vector Laboratories, Inc. Bgaine,
CA) followed by chromogen substrate diaminobenzidine (DAB,;
1Available at: http://www.ncbi.nim.nih.gov/gene/ [Accessed/i28, 2016]. K3466; Dako, Copenhagen, Denmark) reaction were applied.
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Cells were counterstained with haematoxylin to visualize Inthe PDL,the presence of collagen Xlla was detected already
the nuclei (blue). Negative controls were performed byat P11 Figures 4E—H, thus before tooth eruption. At that stage,
omitting the primary antibody from the reaction mixture the signal for collagen XIVa was much weakEigQres 4E—H.
(Supplementary Figure L At P22, when the organization of PDL cells and bers had
progressed, the intensity of the stainings for the two FACITs
was very similarKigures 5K-N. In the PDL at P11, BGN, and
RESULTS DCN were almost negative, while FMOD showed a week staining

(Figures 4E-H. The staining for all three antigens became much
In this study, the localization of ve antigens involved inltagen  stronger at P22Rigures 5K—N.

brillogenesis was investigated at selected stages, flarbtd

stage of molar tooth development until eruption with focus on . R
speci ¢ structures: (1) soft tissues including dental pulpdan Temporospatial Localizations of Collagens

periodontal ligament, (2) hard tissues including alveolané Xlla a_nd XIVa a_lor_‘g with Biglycam Decorin
and dentin and (3) junctions between periodontal ligamentan and Fibromodulin in Hard Tissues: The

alveolar bone or cementum. At E18 and Figures ], 2), the  Alveolar Bone and Predentin/Dentin

rst molar had reached the bell stage and was encapsulatest 18, the staining for collagen Xlla in the mesenchymal
in the alveolar bone, odontoblasts became functional.e$#Xy  cells in between the alveolar bone trabeculae was moresaten
predentin/dentin. The Study was extended to Pll, beforeh:ootthan for C0||agen XIVa Eigure lQ However, in both cases,
eruption, and P22, after eruptior{gure 3). At P11, the tooth  the signals had decreased compared to what was observed at
crown was covered by predentin and dentin, which also exténdeg15 Eigures 1G 7D). At E18, the stainings for BGN, DCN,
inthe root portion. The periodontal ligament was formed ansl it and FMOD in alveolar bone matrix was much stronger than
cells were in contact with root dentin on one side and alveolafor collagens Xlla and XIVaRigure 1C). The ve antigens
bone on the other sideF{gure 4, details inFigure 6). At P22,  \vere present in predentin at E18Figure 2D). They were
roots had elongated and cells of the periodontal ligamentewermaintained in the crown at POFjgure 2H), as in the root

in contact with acellular cementum in the coronal portion of portion (Figure 1P. At PO, collagen Xlla, BGN, and DCN
the root while with cellular cementum in its apical part. At (Figures 1F 2H) were mostly restricted to the predentin area,
their other extremity, periodontal ligament bers inter&ct with  while collagen XIVa and FMOD extended further toward dentin
alveolar bone igure 5 details inFigure §). Stages E14 and (Figure 2H). The ve antigens maintained the same patterns
E15 figure 7) were also investigated to determine the initial at P11, in the crown Rigure 61) as in the root dental matrix
patterning of the ve antigens at the onset of the alveolar ®on (Figure 6. Except for collagen Xlla in mature alveolar bone

formation. matrix, all other antigens were detected in the alveolaréon
matrix at P11 Figures 4F,H. There, very weak stainings was
Temporospatial Localizations of Collagens observed for BGN and DCN, while much stronger for collagen

. . . XIVa and FMOD (igures 4F,H. When comparing the stainings
Xlla a,nd XlvVa a!or,]g with B,Iglycan’ Decorin for collagens Xlla and XlIVa in the alveolar bone matrix, the
and Fibromodulin in Soft Tissues: The signal for collagen Xlla was stronger at EFgure 10, while
Dental Pulp and Periodontal Ligament collagen XIVa became prominent at Figure 1G). BGN, DCN,
No staining was detected in dental tissues at E14-15, meitheand FMOD were observed in alveolar bone matrix at this stage
for collagen Xlla (data not shown), nor for collagen XIVa {@da (Figure 1G. Stainings in predentin did not show the same
not shown). At E18, collagen Xlla and XIVa were localizedvariations.
in the ECM embedding dental pulp cell§-igures 1B 2D). At P22, collagens Xlla as well as XlIVa, are constituents of
At the cusp tip, the two FACITs were also expressed bwlveolar bone matrixKigures 5L,N. As observed in predentin,
di erentiated odontoblastsKigure 2D). BGN, DCN, and FMOD the staining for collagen XlVa in alveolar bone was stronger
co-distributed with collagens Xlla and XIV&igures 1B 2D). than for collagen Xllaigures 5L,N. The progressive increase
Collagens Xlla and XIVa were also present in the peridentadf staining for collagen Xlla compared to XIVa, as observed in
mesenchyme at E1&igure 10). The intensity of the signals the dental pulp Figure 3D), PDL (Figures 5K—N, predentin
was about the same in the dentdigure 2D) and peridental (Figures 3D, 5M, 60,P), and was not visible in bone matrix
mesenchymesF{gure 10). In the peridental mesenchyme, the (Figures 5L,N. BGN, DCN, and FMOD Figures 5L,N were
signal was positive for FMOD and almost negative for BGN and@lso present in the alveolar bone matrix at P22. They showed
for DCN (Figure 10). At PO, the staining for collagen Xlla in di erences in the intensity of labeling. DCN and FMOD showed
the dental pulp ECM became much stronger than the one fom weaker signal than BGNrigures 5L,N. At P22, a strong signal
collagen XIVaFigure 1F. for BGN was also detected in crown and root predentin, where
This di erence was maintained at P1Figure 3B and P22 DCN and FMOD showed a weaker signal. All three antigens were
(Figure 3D). Such a developmentally regulated change in thabsent from dentin matrix, both in the crown and root portions
balance between the two FACITs after E18 in the dental pulp wa&igures 60,B.
not apparent when comparing the stainings for the 3 di erent Alveolar bone formation becomes morphologically apparent
SLRPskKigures 1F 3B,D). at E13. At this stage, none of the ve antigens could be
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FIGURE 1 | Localization of FACITs and SLRPs in the developing tooth andusrounding structures at embryonic day 18 (E18) and perinat day (P0).(A) Haematoxylin
and eosin staining of embryonic tooth and surrounding tisses (E18). Details from boxes (B-D) iA is shown inB,C, and Figure 2D . (B) Detail of dental pulp.(C)
Detail of peridental mesenchyme and alveolar bone. Expre&m of biglycan in dental(B1) and peridental mesenchymes(C1). Expression of collagen Xlla in dentdB2)
and peridental mesenchymes(C2). Expression of collagen XIVa in dentgB3) and peridental mesenchymes(C3). Expression of decorin in denta(B4) and peridental

mesenchymes(C4). Expression of bromodulin in dental(B5) and peridental mesenchymes(C5). (E) Haematoxylin and eosin staining of the tooth and surround
(Continued)
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FIGURE 1 | Continued

tissues at PO. Details from boxes (F-H) i& is shown inF,G, and Figure 2H . (F) Detail of dental pulp and predentin(G) Detail of periodontal ligaments and alveolar
bone. Expression of biglycan(F1), collagen Xlla(F2), collagen XIVa(F3), decorin (F4), and bromodulin (F5) in predentin and dental pulp. Expression of biglycai(G1),
collagen Xlla(G2), collagen XIVa(G3), decorin (G4), and bromodulin (G5) in the periodontal ligament and alveolar bone. Dp, dental gp; pm, peridental
mesenchyme; ab, alveolar bone; pd, predentin; pdl, periodntal ligaments; BGN, biglycan; COL12, collagen type Xlla; CQY, collagen type XIVa; DCN, decorin;
FMOD; bromodulin; HE, haematoxylin/eosin. Scale ba¢A,E) D 100 mm. Scale bar(B,B1-B5,C,C1-C5,FF1-F5,G,G1-G5)D 25 mm.

detected. The positive staining of bone matrix for collager2013 for review, sealamajski and Oldberg, 2010; Ricard-Blum,
Xlla was observed at El14rigure 7B) and was maintened 201)).

also at E15 Kigure 7D). Collagen type Xlla persisted in the  The patterning and timing of expression of ve molecules
alveolar/mandibular bone throughout development. Togetheinvolved in the regulation of collagen brillogenesis witle
with collagen Xlla, collagen type XlIVa protein was detected irdiscussed according to observations made in two distinct
the early alveolar bone at E1Bigure 7B) and E15 Figure 7D).  soft tissues, in two di erent mineralizing matrices (bone and
All investigated SLRPs were already present in the alveolgredentin/dentin), and in the PDL comparing its junction with
bone matrix at E14 Kigure 7B and maintained also at E15 cementum or with alveolar bone.

(Figure 7D). At these two stages, the alveolar bone matrix was

heterogeneously labeled. Timing of Expression and Localization of
Temporospatial Localizations of Collagens Collagens Xlla and XIVa in the ECM of
Xlla and XIVa along With Biglycan, Decorin Unmineralized Tissues: Dental Pulp vs.
and Fibromodulin between Periodontal Ligament

Non-mineralized and Mineralized Tissues: Collagen Xlla, together with the_ three SLRPS, as detecte_drtnere
. . the dental pulp at this stage, might be involved in the redatat
Ir_‘teraCt'OnS between Periodontal of collagen brillogenesis by modulating bril packingChen
Ligament and Alveolar Bone or Cementum et al., 2015 All three SLRPs investigated here bind collagens
At P11, collagen Xlla was expressed by cells in centrdlla and XIVa via either their protein core or proteoglycan
part of the PDL or in contact with the alveolar bone moieties Font et al., 1993, 1998; Ehnis et al., 19%ince
(Figures 4E-H. Much less collagen XII was expressed by PDlthe ve antigens were detected in the dental pulp, the three
cells in contact with the root matrixRigure 4G). At this stage, SLRPs could interfere with collagens Xlla and XIVa to modeilat
the staining for collagen XIVa in the PDL itself was verycollagen | brillogenesis. Although, possibly having dietten
weak fFigures 4E-H. FMOD also showed an asymmetrical binding sites on collagen brils, functional redundancikave
patterning, similar to that of collagen XllaF{gures4E,l.  been demonstrated between di erent SLRR&¢n and Birk,
A weak but homogeneous signal was detected for DCN013. The protein cores of SLRPs are critical to regulate collagen
and BGN Figures 4E-H within PDL cells. Collagen XIl brillogenesis Rada et al., 199&nd lateral growth of the brils
was still present in the PDL at P2ZFigures 5K-N, no  (Nurminskaya and Birk, 1998whereas glycosaminoglycans can
longer showing the asymmetrical patterning as observed @fridge neighbor brils (Henninger et al., 2007; Lewis et al., 2010
P11. When moving along the root at P22, the staining for According to a study performed by ISH, during mouse
collagen Xlla showed variations at the PDL cementum/dentirpdontogenesis, transcripts for collagen Xlla were rst détel
junction (Figures 5K,M. Di erences were also observed with from P8 in PDL cells located next to the alveolar boh&¢Neil
collagen XlVa, including a positive line precisely at the ifdee et al., 1998 At that stage, no signal was detected in dental
between PDL cells and the root matrix, visible in the coronatissues lflacNeil et al., 1998 Immuostainings as observed here
part (Figure 5K), but not in the apical part of the root gave very di erent results. Collagens Xlla and XIVa wereadse
(Figure 5M). detected in the peridental mesenchyme at E18, and the same
At P22, the cellular cementum was negative for collagefhtensity was observed for the two FACITs. It thus di ered o
Xlla, but positive for collagen XIVaFigure 5M). Collagen immunostaining for collagen type I, which was much stronger i
Xlla was expressed by PDL cells in contact with the alveolahe peridental mesenchyme compared to the dental papitiat
bone Figure 5N) as well as by PDL cells in contact with etal., 198).
the acellular cementumHgure 5K). At P22, BGN, DCN, and Collagen type | is the most abundant brillar collagen in the
FMOD (Figure 5M) were detected in the cellular cementum.  PDL. Collagen type | brils play a critical role in establishing
the mechanical properties of the PDIKgku and Yamauchi,
DISCUSSION 2019. The presence of both collagens Xlla and XlIVa in the PDL
raises the question of their respective roles thétecNeil et al.
Several bril-forming collagens are present in the dentalgul (1998)showed that collagen Xllawas rst expressed in the dental
predentin, and dentin, as well as in the PDL and alveolar bonéollicle/PDL region during tooth eruption and then increased
Collagen brillogenesis can occur spontaneously, buvivoit  in the PDL as the molar tooth erupted and achieved occlusal
needs to be regulated by FACITs and SLREkef and Birk, contact. In fact, collagen Xlla was detected in the PDL dlyea
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FIGURE 2 | Localization of FACITs and SLRPs in predentin and dentin at Bland PO. (D) Detail of dental pulp at E18 andH) PO. Expression of biglycanD1),
collagen Xlla(D2), collagen XIVa(D3), decorin (D4), and bromodulin (D5) in the dental pulp cells and odontoblast layer at E18. Expreson of biglycan(H1), collagen
Xlla(H2), collagen XIV(H3), decorin (H4), and bromodulin (H5) in predentin and dentin at PO. Pd, Predentin; od, odontoblas d, dentin; BGN, biglycan; COL12,
collagen type Xlla; COL14, collagen type XIVa; DCN, decorin; FMD; bromodulin; HE, haematoxylin/eosin. Scale baD 25 nm.
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FIGURE 3 | Localization of FACITs and SLRPs in dental pulp, predentin drdentin at P11 and P22.(A) Haematoxylin and eosin staining of the tooth and surroundm
tissues at P11. Details from box B is shown irB, from boxes E—H are shown inFigures 4E-H, from boxes | and J inFigures 61,J . (C) Haematoxylin and eosin
staining of the tooth and surrounding tissues at P22. Detailfrom box D is shown inD, from boxes K, L, M, N inFigures 5K—N , and from boxes O and P in

Figures 60,P . Detail of the pulp, predentin, and dentin at P11B) and P22 (D). Expression of biglycan(B1), collagen Xlla(B2), collagen XIVa(B3), decorin (B4), and
bromodulin (B5) in the dental pulp, predentin and dentin at P11. Expression fbiglycan (D1), collagen Xlla(D2), collagen XIVa(D3), decorin (D4), and bromodulin
(D5) in the dental pulp, predentin and dentin at P22. Od, Odontotast; pd, Predentin; d, dentin; BGN, biglycan; COL12, collagn type Xlla; COL14, collagen type
X1Va; DCN, decorin; FMOD; bromodulin; HE, haematoxylin/eosi Scale barD 25 nm.

at P11, thus before tooth eruption. These observations stigge 2012; Wang et al., 20).4dMatheson et al. (2005analyzed the
that the expression of collagen Xlla coincided with the aligmt  periodontal tissues of mice harboring targeted deletion3GN,
and organization of PDL bers. FMOD, or lumican genes and also in lumican and FMOD double
Our immunostainings showed progressively increase#tnockout mice. Histology and ultrastructural analysesvsbd
expression of FMOD and DCN in the PDL, from P11 to that all these gene deletions resulted in a unique bril andilb
P22. These observations are in agreement with previous datandle phenotype, although tooth eruption was not impaired
suggesting their interaction with collagen XIMétias et al., (Matheson et al., 2005Abnormal collagen brils have also been
2003; Matheson et al., 2005; Leong et al., 2012; Wang et albserved in the PDL of mice with double de ciency for FMOD
2019. Other SLRPs, including lumican and asporin, have alsand BGN {Vang et al., 2014 DCN has been suggested not
been detected in the PDINékamura et al., 2005; Leong et al.,only to regulate the organization of collagen brils but also
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FIGURE 4 | Localization of FACITs and SLRPs in predentin, dentin, pedontal ligaments, and alveolar bone at P11. Haematoxylin &in staining of predentin/dentin
and PDL in the crown(E) and root portions (G). Haematoxylin eosin staining of PDL and alveolar bone in therown portion (F) and root portion (H). Expression of
biglycan in predentin/dentin(E1), PDL (E1,F1) and alveolar bone(F1) in the crown portion; predentin/dentin/cementum(G1), PDL (G1,H1) and alveolar bone(H1) in
the root portion. Expression of collagen Xlla in predentin/dgim (E2), PDL (E2,F2) and alveolar bone(F2) in the crown portion; predentin/dentin/cementum(G2), PDL
(G2,H2) and alveolar bone(H2) in the root portion. Expression of collagen XIVa in predentidentin (E3), PDL (E3,F3) and alveolar bone(F3) in the crown portion;
predentin/dentin/cementum (G3), PDL (G3,H3) and alveolar bone(H3) in the root portion. Expression of decorin in predentin/denn (E4), PDL (E4,F4) and alveolar
bone (F4) in the crown portion; predentin/dentin/cementum(G4), PDL (G4,H4) and alveolar bone(H4) in the root portion. Expression of bromodulin in predentin/
dentin (E5), PDL (E5,F5) and alveolar bone(F5) in the crown portion; predentin/dentin/cementum(G5), PDL (G5,H5) and alveolar bone(H5) in the root portion. Pd,
Predentin; d, dentin; pdl, Periodontal ligaments; ab, alva@ar bone; ce, cementum; BGN, biglycan; COL12, collagen typ Xlla; COL14, collagen type XIVa; DCN,
decorin; FMOD; bromodulin; HE, haematoxylin/eosin. Scale &r D 25 nm.

be involved in PDL homeostasis by regulating cell proliferati  Situation in the Alveolar Bone and
(Hakkinen et al., 2000; Wang et al., 2014 the adult, all Comparison with Predentin/Dentin
these antigens are still present in the PDia(mon et al.,, 2036 |t is not clear why collagens Xlla and XIVa come together
Asporin is considered a negative regulator of mineralizatio during alveolar bone formation, except if they have di erent
speci ¢ for the PDL (eong etal., 20)2 functions or molecular associations, as suggested prdyious
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FIGURE 5 | Localization of FACITs and SLRPs in predentin/dentin, periaghtal ligaments and alveolar bone at P22. Haematoxylin easistaining of dentin and PDL in
the crown area(K) and predentin/dentin, PDL and cementum in the root portion(M). Haematoxylin eosin staining of PDL and alveolar bone in th@own (L) and root
portions (N). Expression of biglycan in dentinK1), PDL (K1,L1) and alveolar bone(L1) in the crown portion; predentin/dentin/cementum(M1), PDL (M1,N1) and
alveolar bone(N1) in the root portion. Expression of collagen Xlla in dentifiK2), PDL (K2,L2) and alveolar bone(L2) in the crown portion; predentin/dentin/cementum
(M2), PDL (M2,N2) and alveolar bone(N2) in the root portion. Expression of collagen XIVa in denti¢k3), PDL (K3,L3) and alveolar bone(L3) in the crown portion;
predentin/dentin/cementum (M3), PDL (M3,N3) and alveolar bone(N3) in the root portion. Expression of decorin in dentir{fK4), PDL (K4, L4) and alveolar bone(L4)
in the crown portion; predentin/dentin/cementum(M4), PDL (M4,N4) and alveolar bone(N4) in the root portion. Expression of bromodulin in dentin(K5), PDL
(K5,L5), and alveolar bone(L5) in the crown portion; predentin/dentin/cementum(M5), PDL (M5,N5), and alveolar bone(N5) in the root portion. Pd, Predentin; d,
dentin; pdl, periodontal ligaments; ab, alveolar bone; cecementum; BGN, biglycan; COL12, collagen type Xlla; COL14, dlagen type XIVa; DCN, decorin; FMOD;
bromodulin; HE, haematoxylin/eosin. Scale baiD 25 mm.

in dierent contexts Shaw and Olsen, 1991; Young et al.the situation is dierent in the alveolar bone, since it was
2000. Investigations of long bone formation in Col12a¥ detected early after bone formation was initiated. The hypeth
mice and in cultured osteoblasts have led to the conclusiothat collagen Xlla might be involved in bone mineralization
that collagen Xll is necessary for proper osteoblast/osteocyhas also been proposed, but not demonstrated yelgs

di erentiation (lzu et al., 2011; Chiquet et al., 2Q)1Apparently, et al., 2013 Genes encoding for DCN and BGN are expressed
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FIGURE 6 | Localization of FACITs and SLRPs in predentin and dentin at Rland P22. Detail of dentin and predentin in crowr(l) and root portions (J) at P11. Detail
of dentin and predentin in the crown(O) and root portions (P) at P22. Detection of biglycan in predentin, dentin in the cnan (11) and root portions (J1) at P11.

Presence of collagen Xlla in predentin in the crow(i2) and root portions (J2) at P11. Detection of collagen XIVa in predentin in the crow(i3) and root portions (J3) at
P11. Expression of decorin in predentin/dentin in the crowrfl4) and root portions (J4) at P11. Presence of bromodulin in predentin/dentin in the cravn (I5) and root

portions (J5) at P11. Detection of biglycan in predentin/dentin in the crow (O1) and root portions (P1) at P22. Expression of collagen Xlla in predentin in the crown
(Continued)
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FIGURE 6 | Continued

(02) and root portions (P2) at P22. Detection of collagen XIVa in predentin/dentin in therown (O3) and root portions (P3) at P22. Presence of decorin in
predentin/dentin in the crown portion(O4) and predentin in the root portion(P4) at P22. Localization of bromodulin in predentin/dentin in tle crown portion (O5) and
root predentin (P5) at P22. D, Dentin; pd, predentin; od, odontoblast; BGN, bigican; COL12, collagen type Xlla; COL14, collagen type XIVa; DCNecorin; FMOD;
bromodulin; HE, haematoxylin/eosin. Scale baiD 25 mm.

FIGURE 7 | Co-expression of FACITs and SLRPs in early alveolar bone ddepment. (A) Haematoxylin and eosin staining of embryonic tooth and suounding tissues
at E14. (B) Detail of alveolar bone at E14(C) Haematoxylin and eosin staining of embryonic tooth and suounding tissues at E15.(D) Detail of alveolar bone at E15.
Expression of biglycan(B1), collagen Xlla(B2), collagen XIVa(B3), decorin (B4), bromodulin (B5) in developing alveolar bone at E14. Expression of biglycafD1),
collagen Xlla(D2), collagen XIVa(D3), decorin (D4), bromodulin (D5) in developing alveolar bone at E15. Ab, Alveolar bone; BGN,iglycan; COL12, collagen type
Xlla; COL14, collagen type XIVa; DCN, decorin; FMOD; bromoduli HE, haematoxylin/eosin. Scale bab 25 mm.

by osteoblasts at early stages (E16) of mandibular bonehen dentin was apparent, collagen Xlla, BGN, and DCN were
formation in rats Kamiya et al., 2001 According toKamiya mostly restricted to the predentin area, whereas collageraXI
et al. (2001) the strongest signal was observed for DCNand FMOD extended further toward the dentin. FMOD has been
in the osteoid, and both DCN and BGN proteoglycansreported to be highly expressed in mineralizing tissuésung
were expressed by osteoblasts before mineralizaticet al., 200p
started. The patterning of the two FACITs and three SLRPs was
While already detected in predentin at E18, all ve antigendi erent in bone, mainly when mineralized. Comparing the
showed distinct change in their patterning at PO. At that stag ultrastructure of di erent tissues from bgn- and dcn-de cie
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mice, Corsi et al. (2002showed that the e ects on collagen are also present in the PDLVgtias et al., 2003; Matheson
bril structure were similar in the dermis but notin bone. Hse et al.,, 2005; Leong et al, 2012; Wang et al., ROM
authors also showed the existence of synergies betweewthe tP22, BGN, DCN, and FMOD were detected in the cellular
SLRPs in determining collagen ber size in the bofe(si et al., cementum, which di ers from the observations published by
2003. Matheson et al. (2005)These authors found the cellular
The dierent variations in the stainings in bone matrix, cementum negative for DCN and almost negative for BGN and
when compared to predentin, illustrated developmentallyFMOD.
regulated changes in the balance of the two FACITS. These In conclusion, the dental mesenchyme and mesenchymal
changes were also tissue-specic. Other examples, where tbells from the PDL show major dierences. Indeed, the rst
expression patterns of FACITs were obviously developmentallydontoblasts di erentiate and become postmitotic 1 day before
regulated, have suggested their functions are not to bbirth in the mouse rst lower molar. They will survive all &f
restricted only to structural onesR{card-Blum, 201}l Mice long if no carious lesions develogifith and Lesot, 2001
with double de ciency of FMOD and BGN exhibited an while cells from the PDL show a high turnoverrpmbetta
altered remodeling of the alveolar bone, together with arand Bradshaw, 20)0Cells and collagen bers in the PDL
elevated number of osteoclast§/gng et al., 2014 These are submitted to strong mechanical stresses compared to
authors suggest two non-exclusive mechanisms to explaental pulp cells in general, which are all surrounded and
their observations: (a) direct interactions between SLRRE a thus protected by mineralized matrices. Surprisingly then,
brillar collagen are known to protect it from degradation by the expression and patterns of the regulators of collagen
MMPs (Geng et al., 2006 and (b) alteration of TGB/BMP  brillogenesis did not show major changes when comparing
signaling, which SLRPs can modulatecfiaefer and Schaefer,the two soft tissues. The asymmetrical patterning of coilage

2010Q. Xlla and XlVa, as observed in PDL cells in contact with
. . . mineralized matrices, might be correlated with the dierent

Junctions between Non-mineralized and timings when comparing the formation of alveolar/mandibula

Mineralized Tissues: Tooth Attachment bone, which starts at E14, and cementogenesis, which iatixti

Fibrillar collagens, mainly collagen type |, are expressed hgostnatally. The contact between peridental mesenchyma cell

PDL cells in contact with two distinct mineralized matricéise  and the forming alveolar bone thus exists several days before

cementum and alveolar bone. Collagen bers (Sharpey's Yiars the PDL starts to form and organizes histologically. For all

the PDL are continuous from their insertion sites in the ala  tissues considered in this study, SLRPs showed a more complex

bone at one extremity to their insertion into the cementum—patterning, and their variation in space or intensity during

root dentin junction at the other end. Proteoglycans are pris development was distinct from that observed for collagens

all along Ho et al., 200y, At their insertion sites into either Xlla and XlIVa. The reason might be that, besides their

the alveolar bone or cementum, the PDL bers are mineralizednvolvement in regulating collagen brilogenesis, SLRPs also

(McKee et al., 2033 intervene as extracellular binders and modulators for saver
FACITs as well as SLRPs are expressed by PDL cells signaling moleculesSchaefer and lozzo, 2008; Wang et al.,

contact with either the alveolar bone or the cementum. The2019.

asymmetric patterning of collagen Xlla might simply re ecith

fact that although alveolar bone had started to form 2 weekAUTHOR CONTRIBUTIONS

earlier at E14, cementogenesis was only in progress at P11.

FMOD, but not DCN, also showed an asymmetrical patterning|Z student, experimental work (immunohistochemistry,

similar to that of collagen Xlla. However, this occurred atcorrelation analysis), contribution to ms preparation. EM @ci

the apical part of the root, suggesting a relationship withidea, experimental design, supervision of experimental work,

cementogenesis. SLRPs should play complementary roles, simo@tribution to ms nalization. HL development of project ide

defects of collagen brillar and supra brillar organizatiom  theoretical background, ms preparation.

the PDL have been observed in mice with targeted deletions

in DCN and FMOD genesNiatheson et al., 2005Collagen  ACKNOWLEDGMENTS

bers from the PDL anchor to the acellular cementum, thus
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bromodulin (A5), and the negative control(A6). (B) Periodontal ligament and
alveolar bone at PO. Immunohistochemical detection of bigban (B1), collagen
type XlI(B2), collagen type XIV(B3), decorin (B4), bromodulin (B5), and the
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