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OPEN ACCESS Caspases are well known proteases in the context of inammaon and apoptosis.
Cdited by Recently, novel roles of pro-apoptotic caspases have beeneported, including ndings
Sach:,t(eo ,SZ[(L related to the development of hard tissues. To further invegjate these emerging
Tokyo Medical and Dental University,  functions of pro-apoptotic caspases, the in vivo localisation of key pro-apoptotic
Japan caspases (-3,-6,-7,-8, and -9) was assessed, concentratig on the development
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of two neighbouring hard tissues, cells participating in odntogenesis (represented
by the rst mouse molar) and intramembranous osteogenesis njandibular/alveolar
bone). The expression of the different caspases within the eveloping tissues was
correlated with the apoptotic status of the cells, to produe a picture of whether
different caspases have potentially distinct, or overlagpg non-apoptotic functions.
The in vivo investigation was additionally supported by examination focaspases in an
osteoblast-like cell linein vitro. Caspases-3,-7, and -9 were activated in apoptotic cells
of the primary enamel knot of the rst molar; however, caspas-7 and -8 activation
was also associated with the non-apoptotic enamel epithalim at the same stage and
later with differentiating/differentiated odontoblastsand ameloblasts. In the adjacent
bone, active caspases-7 and -8 were present abundantly in tb prenatal period,
while the appearance of caspases-3,-6, and -9 was marginalPerinatally, caspases-
3 and -7 were evident in some osteoclasts and osteoblastic clis, and caspase-8
was abundant mostly in osteoclasts. In addition, postnatalctivation of caspases-7
and -8 was retained in osteocytes. The results provide a comgghensive temporo-
spatial pattern of pro-apoptotic caspase activation, and @monstrate both unique and
overlapping activation in non-apoptotic cells during deviepment of the molar tooth
and mandibular/alveolar bone. The importance of caspasesiosteogenic pathways
is highlighted by caspase inhibition in osteoblast-like dks, which led to a signi cant
decrease in osteocalcin expression, supporting a role in hrd tissue cell differentiation.
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INTRODUCTION (Szymczyk et al., 2006; Katao et al., 2013, RFuther, caspase-
3 de cient mice show decreased total bone mineral density plus

Tooth development proceeds via stages referred to afecreased osteogenic and proliferating capacity of boneawarr
placode, bud, cap, and bellTcker and Sharpe, 2004 stromal stem cells (BMSSCs)li(ira et al., 200% A similar
and is completed by dierentiation of two main cell types, tendency was earlier reported in caspase-7 de cient mice, avher
mesenchymal-derived odontoblasts producing dentin an@ownregulated expression of two important osteogenic fagtors
epithelial-derived ameloblasts secreting enamel (exgot et al., SmadlandMsx1, was demonstrated(andova et al., 204
2019. Odontogenesis is closely related to the development of This study was designed to provide a comprehensive
other jaw structures including the bon®iekwisch, 2002; Diep temporo-spatial analysis of activation of the key pro-apoptotic
et al., ZOOB which forms by intramembranous ossi cation caspases (_3,_6,_7,_8, and _9) during deveioprnent of the mouse
inVO'Ving direct di erentiation of osteoblasts from mesmnal molar tooth and Surrounding bone, and to investigate non-
precursors flfageeh etal., 20).3 apoptotic appearance of these caspases related to the emerging

Caspases are cysteine-dependent aspartate prot€asesy evidence about their novel roles. Additionally, the novel
19979 produced as non-active zymogens (procaspases) ambtential of caspases was analyseditro based on osteocalcin

activated by homodimerisation or cleavage (reviewed iRxpression modulation in an osteoblastic cell line derived from
Boatright and Salvesen, 2003Pro-apoptotic caspases areijntramembranous bone.

classied as initiators (in mouse these include caspases-
2,-8, and -9) or executors (caspases-3,-6, and -7). The
caspases are engaged in both major pathways of apoptosi ,ATERlALS AND METHODS
extrinsic (receptor mediated) and intrinsic (mitochond)ia Bijological Material
The initiators possess a long prodomain, the prodomain of\jouse heads (ICR/CD1) at embryonic (E) stages E13, E15,
executors is short (reviewed iNicholson, 199p Caspases-3 E18, postnatal (P) day PO and P22 were used ifor
and -7, although structurally/functionally related, diem  sjtu detection of activated caspases by immuno uorescence,
their N-terminal peptides, regions thought to be involved inhjstological staining, TRAP, and TUNEL analysis. Collected
subcellular targeting. Caspase-6 substrate specicity diersamples were xed in 4% bu ered paraformaldehyde for at
substantially from that of caspases-3 and -7, suggesting |@ast 24h, then dehydrated in an ethanol gradient, treated
non-overlapping subset of substrates (reviewedFmentes-  with xylene, and embedded in paran. Mice were sacri ced
Prior and Salvesen, 2004Beyond pro-apoptotic caspases,according to the experimental protocol approved by the
inammatory caspases (caspases-1, -11, and -12) have beeghoratory Animal Science Committee of the UVPS, Brno, Czech
identi ed in the mouse along with two additional caspasesrepublic.
(caspases-14 and -16), which do not t in either category A cell line of osteoblastic precursors, MC3T3-E1, was
(reviewed inShalini et al., 2015 This investigation focused on pyrchased from the European Collection of Cell Culture (c.n.
the pro-apoptotic caspases with the exception of caspase-2, t96072810) and di erentiated for 21 days to allow for the
position of which in the apoptotic pathway is uncle@iz/a etal., dj erentiation of osteoblasts according t¥azid et al. (2010)
2012. Medium consisted of MEM Alpha (Gibco, USA) enriched
Some of the pro-apoptotic caspases have also been recergiy FCS (10%), penicillin/streptomycin (100 U/ml, 1@g/ml),
described in non-apoptotic events, such as cell proIiferatiorb_g|ycero|phosphate (10mM), and ascorbic acid gBoml).

di erentiation, migration, regeneration, or senescenae{ewed Medium was changed every second day. Passages 12-20 were
in Schwerk and Schulze-Ostho , 2003; Lamkan et al., 2007ysed for the experiments.

Connolly et al., 2014; Shalini et al., 2)1%nd ongoing
research indicates novel, non-apoptotic functions of prO-HistoIogicaI Staining
apoptotic caspases during tooth and bone development. Histological sections of heads were stained using trichrome

Roles of pro-apoptotic caspases during tooth developmenjtaining (alcian blue, haematoxylin, and sirius red) and
have typically been classied as apoptotic, particularly irhaematoxylin-eosin staining.

elimination of signalling centres or reduction of amelatig

odontoblasts, and osteogenic populations (reviewedatalova |mmuno uorescence

et al., 2012a However, non-apoptotic appearance of caspasedistological sections were treated with xylene, rehydtate

7 was also detected in di erentiating/di erentiated odontialts through a graded ethanol series, and pre_treated in citrate

and ameloblastd\((atalova et al., 2012b, 2013 buer (pH D 6.0) 10min at 98C. The primary antibodies:
Related to osteogenesis, caspases have been described|dfved caspase-3 (9664, Cell Signaling, USA), cleaved eBspase

regulate a number of osteogenic cells by apoptotic machineng761, Cell Signaling, USA), cleaved caspase-7 (9491S, Cell

(reviewed inHock et al., 200)L Among non-apoptotic functions, = Signaling, USA), cleaved caspase-8 (8592, Cell Signaling,

caspases-3 and -8 were suggested to play a role in osteoblagfga), cleaved caspase-9 (9509, Cell Signaling, USA), and

(Mogi and Togari, 2008 and/or osteoclastic di erentiation osteocalcin (ab93876, Abcam, UK), were diluted (anti-

caspase-3: 1:50, anti-caspase-6: 1:50, anti-caspase-7: 1:50

anti-caspase-8: 1:200, anti-caspase-9: 1:50, anti-okf@oca

Abbreviations: E, embryonic day; P, postnatal day; PEK, primary enamel knot. 1:100) and applied overnight at @. Alexa Fluof 488
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(A11034, Thermo Fischer, USA) or Alexa Flfob94 (A11037, RLT buer and used for RNA isolation using the RNeasy
Thermo Fischer, USA) were diluted 1:200 and then appliedlini Kit (Qiagen, USA). First strand cDNA was transcribed
for 40 min at room temperature (RT). Nuclei were visualisedusing Super Script VILO (Invitrogen, USA). Inhibition of
by ProLong Gold Antifade reagent with DAPI (Thermo central caspase-3 at the protein level was veried using a
Fischer, USA). bioluminescence approach as described earliedy(ina et al.,

2017.
Immunocyto uorescence

MC3T3-EL1 cells were cultured on histologic slides, xed@d PCR

PFA, washed in PBS, and treated with 0.1% Triton X-100 fogPCR was performed in 10l nal reaction volumes containing

15 min. The caspase primary antibodies and osteocalcin primatyie one-step master mix gb Ideal PCR Master Mix (Generi
antibody were diluted as described above; all primary aulif® Biotech, Czech Republic), gPCR was performed by a LightCycler
were applied overnight at €. Alexa Fluof 488 (A11034, 96 (Roche, Switzerland) with preheating at @5for 10 min,
Thermo Fischer, USA) was diluted 1:200 and then applied fofollowed by 40 cycles of 96 for 15s and 62C for 1min.

40 min at RT. Nuclei were visualised by ProLong Gold AntifadeDsteocalcin expression levels (Mougglap MmM03413826_mH,

reagent with DAPI (Thermo Fischer, USA). TagMan Gene Expression Assay, Thermo Fischer, USA) were
. . calculated using th&1 CT method, with normalisation against
Immunohistochemistry actin levels (MouseActh, Mm02619580 g1, TagMan Gene

Histological sections were rehydrated and pre-treated ira®  Expression Assay, Thermo Fischer, USA), which was used as the
buer as described above. Endogenous peroxidase activity Wagiernal control. For both groups, analysis was performed ie¢h
eliminated by 3% hydrogen peroxide in PBS (5min at RT)pjglogical replicates, reactions were performed in triplicdtes

The primary antibodies were diluted as described above anghch sample. Statistical analysis was performed for both groups
applied overnight at 4C, peroxidase-conjugated streptavidin- (t-test,p  0.05).

biotin system (Vectastain, USA) and chromogen substrate

diaminobenzidine (DAB, K3466, Dako, Denmark) reactionsRESULTS

were used to visualise positive cells as brown. Tissues were

counterstained with haematoxylin. Development of Tooth and Surrounding

Detection of Osteoclasts - TRAP 'I?I?enreno se rst lower molar is frequentl sed to stud
Histological sections were rehydrated as described abode a dont un i ndV\r/ lated tl nq:Is)hy 11957_ G rLljt y
incubated 1h at 37T in a solution consisting of 0.0023 M odontogenesis a elated osteogene 0,  aunt,

Naphthol AS-TR phosphate disodium salt (N6125, Sigm%hg%; P.eterlf<ova et ‘?l'a lQ_?_Gheretfore, we con(t:eg.trztefd Ot?]
Aldrich, Germany), 0.2M glacial acetic acid, 0.2M sodium r'_fn ;fg'%’;mogrglt‘_r:‘;nﬁl SY;’O AstagEelss Wt‘f]r: Srs‘: Inema?rhase
acetate, 0.1 M sodium tartrate dibasic dihydrate (S-86&n& primary parativ ysIS. '

Aldrich, Germany), and 0.5% N-N-dimethylformamide. Tigsu L‘?at.Ched. :‘ed '?at”y. bell St‘zge ";‘”d th.fh E;F"the"a' par; cat be
were counterstained with haematOXy"n. IStinguisned INto INner and outer epithelium surrounae Yy

the dental follicle containing undi erentiated mesenchynaalls
TUNEL Assay (Figure 1A). Apoptotic elimination of the primary enamel knot

Slides were rehydrated as described above. Tissues were gfR=K) was apparent at this stagidure 18 Jernvall et al.,
treated with proteinase K 20 mg/ml (15 min at RT). Endogenous 999 Later, at PORigure 44), di erentiation of odontoblasts
peroxidase was blocked with 3% hydrogen peroxide in pB@;ﬁ_d ameloblasts proceeded and secretion of dentin was dviden
(5min at RT). The reaction mixture (TUNEL, S7100, Merck(Figure 4B). _
Millipore, USA) was prepared as follows:n8 TdT enzyme, Alveolar bone was already apparent at E15, surrounding
42 m distilled water, 105m reaction buer, which was the molar tooth germ and forming a functional component
incubated for 45min at 3T. An anti-digoxigenin-peroxidase With the mandibular bone Rigures2A 3A). This stage
reaction was performed for 30 min at RT. Positive cells werts characterised by the rst appearance of complete
nally visualised by the chromogenic substrate diaminopieine ~ Pone  (osteoblasts, osteocytes, and osteoclasts). Activated
(DAB, K3468, Dako, Denmark). Samples were counterstainedfteoclasts appeared at this stage to start continuous

with haematoxylin. dynamic remodelling of the boneF{gures3D,). At PO,
o . the mandibular/alveolar bone completely surrounded the
Caspase Inhibition in MC3T3-E1 Cells developing molarFigure 5A).

General caspase inhibitor Z-VAD-FMK (FMK001, R&D Systems, . | . .

Germany) was dissolved in DMSO, and applied at a nafACtivation of Caspases in the First Molar
concentration of 10&iM. The medium was changed every Tooth Germ at E15

second day. The control group was treated with the sam&his stage of odontogenesis is characterised by high levels
concentration of DMSO as used for the experimental samplesf apoptosis Figure 1B in the PEK. Activated caspase-

to exclude any side e ect of this solvent. Cells were seede®l (Figure 10, caspase-7 HgurelB, and caspase-9

at a concentration of 5000 cells/émand harvested after 5 (Figure 15 were detected and associated with the PEK
or 6 days of caspase inhibition. Cells were then lysed iregion (Figures 1H-). Activation of caspase-6Figure 1D)
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FIGURE 1 | Activation of caspases in the rst mandibular molar at E15. Mtar morphology (early bell stage) visualised by haematokyleosin staining(A), apoptotic
cells (brown) labelled by TUNEL assafB), immuno uorescent detection (green) of caspase-3C,H), caspase-6 (D), caspase-7 (E,l), caspase-8 (F), caspase-9 (G,J).
Nuclei were counterstained by DAPI (blue). Ep (epitheliunmib (mandibular bone), mes (mesenchyme), primary enamel &h(PEK). Arrows point to positive cells.
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FIGURE 2 | Activation of caspases in the mandibular/alveolar bone at BBL Mandibular/alveolar bone morphology visualised by trigbhme staining(A), apoptotic cells

(brown) labelled by TUNEL assayB), immuno uorescent detection (green) of caspase-3C), caspase-6 (D), caspase-7 (E,H), caspase-8 (F,I), caspase-9 (G). Nuclei
were counterstained by DAPI (blue). Mb (mandibular bone),ar(Meckel's cartilage). Arrows point to positive cells.

was not observed at this stage of odontogenesis. Caspaseagpases in the PEK showed nuclear localisattufes 1H-J,
and caspase-8 were both apparent in the enamel epitheliumhile activated caspases in other parts of the enamel orgaam wer
(Figures 1E,F, where apoptotic cells were not found. Activatedcytoplasmic Figures 1E,F.
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FIGURE 3 | Activation of caspases correlated with osteoclast distribtion detected by TRAP in serial sections of the alveolar/matibular bone at E15.
Haematoxylin-eosin stainingA), activated caspase-3(B), activated caspase-6(C), osteoclast detection (D,J), activation of caspase-7(H), activation of caspase-8(l)
localised in apoptotic bodies(E), non-apoptotic osteoclast (F), non-apoptotic osteoblasts (G). M1 ( rst molar), mb (mandibular bone), mc (Meckel's cartiige). Black
arrows point to intact cells, red arrows point to apoptotic ells.

Activation of Caspases in and caspase-9F{gure 4H) were not apparent in the tooth at
Mandibular/Alveolar Bone at E15 this stage. Activated caspase-7 was present in pre-odontablas
Apoptotic cells were already detected in the area of the borfedontoblasts, pre-ameloblasts/ameloblasts, and some cells
at E15 Figure2B). Only sporadic activation of caspase-30f the dental pulp Figure 4. Activation of caspase-
was apparent in osteoblasts and osteoclaBigufes 2G 3B). 7 displayed a gradient with the strongest signal in the
Activation of caspase-6 was present in some osteoblasts af@onal part of the tooth germ, thus positively correlating
Activation of caspase-7 and -8 was abundant at this stagest wsimilar pattern to caspase-7, with additional activation in
apparent in osteoblasts as well as osteocl&tsies 2E,FH,I, the stellate reticulum Rigures 4G)). In all of these cell
3H,I). However, no caspase-9 activation was observelfPes, activation of caspases-7 and -8 was not linked with
(Figure 2G. TUN!EL-positive cells and activation showed cytoplasmic
Some bone cells with activated caspases-3,-7, or -8 show@galisation.
apoptotic features, these apoptotic cells exhibited nUdeaACtivation of Caspases in
localisation of caspases (e.gigure 35. The majority of . p
osteoblasts Figure 3G and osteoclasts Figure 39 with ~Mandibular/Alveolar Bone at PO
activated caspases-6,-7, and -8 were not apoptotic and show@d relatively high level of apoptosis was observed in the
cytoplasmic localisatiorFigures 3C,H,). remodelling bone under the tooth, where the roots will start
to develop Figure5B). High levels of activated caspases
L. . . were found in this area. Caspase-3 was activated in few
Activation of Caspases in First Molar osteoblasts and some osteoclasts, as identi ed by muléatet
Development at PO morphology of osteoclastsFigure 50. Low activation of
Only sporadic apoptotic cells were found in the tooth germcaspase-6 was observed in osteoclasts and sporadically in
(Figure 4Q). Caspase-3 Hgure 4D), caspase-6 Hgure 4B, osteoblastsKigures 5D,H). Caspase-7 activation was apparent
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FIGURE 4 | Activation of caspases in the rst mandibular molar at PO. Malr morphology (differentiation/matrix secretion) visuaéd by haematoxylin-eosin staining
(A), dentin (black arrow) formation stained by trichroméB), apoptotic cells labelled by TUNEL assayC), immuno uorescent detection (green) of caspase-3D),
caspase-6 (E), caspase-7 (F), caspase-8 (G,l), caspase-9 (H). Nuclei were counterstained by DAPI (blue). Alv (alveolug)n (ameloblasts), dp (dental pulp), mb
(mandibular bone), od (odontoblasts), sr (stellate retitum). Arrows point to positive cells.

in both osteoblasts and osteoclastsiglire 5E). Caspase-8 (Figure 5G). The presence of active caspases in di erent cell types
was present in some osteoblasts and abundantly activated &b di erent stages is summarised ifable 1and documented in
osteoclasts Higures 5F). Some of the cells with activated detail inFigures S1S2 The selection of developmental stages in
caspases showed apoptotic morphology but the majority did nogrder to investigate di erent stages of odontoblast di ergtion

and in those cases their expression was cytoplasmic. Very lomas based on earlier published data (reviewed.igl et al.,
activation of caspase-9 was observed in osteoclasts atalgis st2003.
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FIGURE 5 | Activation of caspases in the mandibular/alveolar bone at PBone morphology visualised by trichrome stainingA), apoptotic cells (brown) labelled by
TUNEL assay(B), immuno uorescent detection (green) of caspase-3C), caspase-6 (D,H), caspase-7 (E), caspase-8 (F,I), caspase-9 (G). Nuclei were counterstained
by DAPI (blue). Alv (alveolus), M1 ( rst molar), mb (mandibulbone). White arrows point to positive osteoclasts, yells arrows point to positive osteoblasts.
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Activation of CaSpaseS in an Osteoblastic TABLE 1 | Summarising table of observed activation of apoptotic caspses.
Ce” Llne Caspase-3 Caspase-6 Caspase-7 Caspase-8 Caspase-9
The high level of cytoplasmic caspase expression shown in the

developing mandibular/alveolar bone was then compared terimary ok - - ok
expression in a bone cell line. For this, the osteoblastic M&23T enamel knot

E1 cell line was chosen as this line is derived, like alvdaalae, Enamel - - - * -

from cells that form bone via intramembranous ossi cati@ells ~ ePithelium

were stimulated using a standard osteogenic medium for ksvee'e- - - b * -
to allow di erentiation of bone cells\azid et al., 2070 After ~ /ameloplasts

culture, the cells showed activation of all caspases undely st rsgsgsltjm - - - -
(Figures 6A-B as well as expression of osteocalcin, an importan5

- o tal - - - - _
marker of osteoblastic di erentiationHigure 6F. In agreement e

) ) ) - / . : mesenchyme
with thein vivodata, predominantly cytoplasmic localisation was, . _ _ ox o _
observed in all cases. lodontoblasts
Pre- - - - * *
Caspase Inhibition in an Osteoblastic Cell osteoblasts
Lin e Osteoblasts * * * * -

. . - tal
To study the role of caspases during osteoblast di erenuauonmrenaa)
steoblasts * - ik * -

a general caspase inhibitor was applied to cultured MC3T3-EEiOSmata|)

cells for up to 6 days. The treated cells appeared normal over trbsteocytes . ” .
culture period, reaching con uence at the same stage as ctsntr
Having established that osteocalcin is expressed at higslev Osteoclasts . R - _
in control cultures, we concentrated on expression of thig ke prenatal)

gene. A statistically signi cant decrease in osteocalkpr&ssion  ogeoclasts x . .
(Figures 6G,H was observed after 5 days of inhibition comparedgpostnatal)

to control, DMSO treated cultures (decrease to 748D ) — i — —
0.01203). A more pronounced decrease was noted at 6 daygegatlve;*weakacnvanon;**medlum activation;*** abundant activation.
(decrease to 46% D 0.00263). The loss of osteocalcin RNA
was con rmed by loss of osteocalcin protein in cell culture by
immuno uorescencelgigures 61,J.

Lining cells - - * b -

being expressed in other parts of the dental epithelium at the
cap stage and in odontoblasts and ameloblasts at later stages
DISCUSSION The more widespread expression of caspase-7, in contrast to
caspase-3, supports the previous suggestion that the functions

In this investigation, a comprehensive analysis of pro-apoptotiof caspases-3 and -7 are partially distinct and may not act
caspase activation in the developing tooth and bone wazdundantly Chandleretal., 1998; Walsh et al., 2008; Nakatsumi
provided. The results further highlight important roles for and Yonehara, 20)0The last of the executioner trio of caspases,
caspases during odontogenesis and osteogenesis, not onlycespase-6, had not previously been investigated in odontsgene
apoptosis but also in non-apoptotic processes and suggest baihd osteogenesis. In our study, activation of caspase-6 atid n
unique and overlapping functions of the di erent caspases. occur within the tooth germ, and, therefore, does not funatin

At the late cap stage, the primary enamel knot (PEKJPEK removal. Activation of caspases-3, -7, and -9 was ledzts
is apoptotically eliminated \(aahtokari et al., 1996; Jernvall the nucleus of the PEK cells, agreeing with previous suggessti
et al., 1998; Shigemura et al., 2p@hd osteoclasts are rst thatnuclearlocalisation is associated with apoptotic r{ffegeiro
observed lining the forming alveolar bone, which will gratiya and Lazebnik, 2000; Fischer et al., 2003; Kamada et al).2005
encapsulate the toot\(fageeh et al., 20)3The initiator caspase Later in tooth development, caspase-8 and caspase-7 were
of the intrinsic pathway, caspase-9, has previously been reportéenti ed in di erentiating/di erentiated odontoblasts ad
to be essential for apoptosis in the PEke(kova et al., 20)jand  ameloblasts as well as cells of dental pulp within the rst
caspase-9 de ciency was shown to result in reduced apoptogisolar. The expression of activated caspase-8 displayed amadie
(Kuida et al., 1998 In contrast, caspase-8 was not observed irtopying the di erentiation pattern of these cellS¢hmitt and
this structure, supporting that cell death in this structuselriven  Ruch, 2000 Expression of both caspases was cytoplasmic and
via the intrinsic pathway. Of the executioner caspases, caspaslid not overlap with apoptosis, suggesting non-apoptotic roles
3 activation was detected in apoptotic cells of the molar PEKuring development. The expression of caspases-7 and -8 in
at this stage Nlatalova et al., 200fand was not observed in epithelial-derived tissue suggests a novel role of these two
the tooth at later stages, suggesting that the role of caspase caspases in ameloblasts development.
the tooth is limited to removal of the PEK. Activated caspase- In the bone at the prenatal stage and later in the
7 was also present in apoptotic cells of the PEK, but it hagherinatal period, caspase-3 was localised mostly in non-
a much wider expression in the tooth compared to caspase-3poptotic osteoclasts and a few osteoblasts, agreeing with
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FIGURE 6 | Caspase engagement in differentiation of osteoblastic cl. Activation of caspases in MC3T3-EL1 culture after 21 daysf osteoblastic differentiation:
caspase-3(A), 6 (B), 7 (C), 8 (D), 9 (E), expression of osteocalcin(F), decrease in osteocalcin expression to 74 % after 5 days of cgpase inhibition(G),
decrease in osteocalcin expression to 46 % after 6 days of cgsase inhibition(H). Expression of osteocalcin detected at the protein levglJ) compared with control
samples (1), showing loss of cytoplasmic osteocalcin. Ocn (osteocaldi). o  0.05, **p  0.01.

previous detection in human tissue; however, apoptotic/nonesteoblasts, osteocytes, lining cells, and osteoclasts. €d&spas
apoptotic correlation was not performed<(ajewska et al., was also apparent in osteoblasts and osteoclasts, but detiease
1997. Active caspase-7, again, had a wider expression patteperinatal osteoblasts. This change could be explained by deglini
compared to caspase-3, and was identi ed in non-apoptoti@ge-speci c activation observed in other tissuésdefroy et al.,
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2013 and suggests a distinct role of caspase-6 in developirteir apoptotic and non-apoptotic status during odontogenesis
osteoblasts. Notably, all three executioner caspasesaealséd and intramembranous osteogenesis. The activation pattefns o
in the cytoplasm of non-apoptotic cells in the bone, in contrasttaspase-8 and caspase-6 in developing teeth and alveolar bone
to their nuclear expression in the PEK. Subcellular locatigat are reported here for the rst time as well as the non-apoptotic
of pro-apoptotic caspases was proposed as one option for thesence of caspase-9. Additionally, the signi cant and not ye
diversi cation between apoptotic and non-apoptotic functions known impact of caspase inhibition on osteocalcin expressian ha
(Faleiro and Lazebnik, 2000; Fischer et al., 2003; Kamada et been demonstrated.
2009H.

Caspase-9, had not previously been studied in tha\UTHOR CONTRIBUTIONS
intramembranous bonein vivo. Nevertheless, caspase-9
was demonstrateth vitro to be activated in the case of BMP-2 ES: Preliminary data, histological staining, RNA isolation
mediated apoptosis in primary human calvaria osteoblastsDNA  transcription, manuscript  construction; BV:
and in immortalised human calvaria osteoblastsay et al., Immuno uorescence, immunocytochemistry, cell cultures,
2009). Localisation of caspase-9 in the mandibular/alveolar bongPCR, manuscript preparation; AT: Discussion of experiments,
was associated with pre-osteoblastic di erentiation andhwit manuscript preparation; EM: Preliminary analysis, manuscript
osteoclasts. preparation, head of the project.

Activation of caspase-8 was apparent in some apoptotic
cells, which is in accordance with previously publishedcNDING
ndings showing caspase-8 activated in apoptotic osteoblasts
or osteocytesn vitro (Kogianni et al., 2004; Goga et al., 2006 This work was supported by Czech Science Foundation (GACR)
Aoyama et al., 2012; Thaler et al., 2D1Blevertheless, in (16-18430S).
the mandibular bone activation of caspase-8 was particularly

associated with non-apoptotic osteoblastic cells (pre-ddtsts, SUPPLEMENTARY MATERIAL

osteoblasts, osteocytes, and lining cells) and osteaclelses

r.'td'ng 'L‘ osteo?lastyc ceflls IS supp%rted by earlllef[o(?sgtnhwm?e bIThe Supplementary Material for this article can be found
\é'. ro, Wt_etr.e ac :\\/l/a lono dc?spas_e-zov(\)/asRassoi;g € th ols to BRline at: https://www.frontiersin.org/articles/10.38tphys.
I erentiation (Mogi and Togar, 2003 Regarding osteoclasts, 5415 601 74/full#supplementary-material
these cells are derived from the monocyte macrophage Ilneage <1 | Activation of ] blastic cells d g
and, thus, appearance of active caspase-8 may be related f3'¢ S | Activation of caspases in osteoblastic cells detected in
. X . . mandibular/alveolar bone. Morphology (haematoxylin-eas) of mandibular bone at
its role _'n mon_ocyte di erentla“_on ((ang_ et al, 2004 Non- E13 (A), activation of caspase-8 in pre-osteoblastic cells at E13B), activation of
apoptotic function of caspase-8 in myeloid cells was suggéstedcaspase-9 in pre-osteoblastic/osteoblastic cells at E13C), morphology
act via modi cation of nuclear fac[or-kappa B Signa”in@cﬂier (haematoxylin-eosin) of mandibular/alveolar bone at E1®), activation of
et al ZOly which might also be the case in osteoclasts Th@spase—ﬁ in osteoblasts at E15(E), correlated with localisation of

. . . . osteocalcin-positive cells at E15F), activation of caspase-7 in osteoblasts at E15
mechanism of non-apoptotic stimulation of caspase-8 has rnot Y& P ) ’

i R . . G), correlated with osteocalcin-positive cells at E1L§H), activation of caspase-7
been clari ed, but one of the proposals is functional divergen i, jining cells at E15(1), correlated with osteocalcin-negative cells at E15J),
based on altered substrate speci ciBop et al., 2011 activation of caspase-8 in osteoblasts/lining cells at E1§K), correlated with
Substrate speci city of caspases determined by pOspsteocalcin—positive/osteocalcin—negative cells at E1§L), morphology
translational modi cations and interactions with other pm'ns (haematoxylin-eosin) of mandibular/alveolar bone at P2@M), activation of

. f d hani f ic f . _caspase-7 in matrix incorporated osteocytes at P22N), activation of caspase-8
Is often SqueSte as a mechanism for non-apoptotlc U”Ct'oﬂ matrix incorporated osteocytes at P22(0O). Mc (Meckel's cartilage), mb

of pro-apoptotic caspasegd€rmati et al., 2001; Sordet et al., mandibular bone). White arrows point to positive cells, yiew arrows point to
2002; Nhan et al., 2006; Shalini et al., J0Caspases, in general, negative.
target hund_reds of substrates 'nd”d'”g r_]Ot iny_dlrecmrs . Figure S2| Activation of caspases in odontoblastic cells detected inte rst
of apopt05|s but also molecules part|C|pat|ng in cell adhes'onmolar of mandible. Morphology (haematoxylin-eosin) of therst molar at
cytoskeleton formation, nuclear structural proteins, ERdan stage E18 (A) and pre-dentin detection (arrow) by trichrome(A;), activation
Golgi associated proteins, cell cycle regulators, protedtated of caspase-7 in pre-odontoblasts—future crown segment (ponounced
to DNA synthesis, cleavage and repair, transcription factorgifferentiation) at E18(B), activation of caspase-7 in pre-odontoblasts—future
. . . . . root segment (retarded differentiation) at E18(C), activation of caspase-8 in
molecules assoc!ated with RNA syntheS|s and proteln Fraoalat pre-odontoblasts—future crown segment at E18 (D), activation of caspase-8
as well as CytOkmeSu membrane receptors, and Ot”éEE?Nef in pre-odontoblasts—future root segment at E18(E), morphology
et al., 2003; Shalini et al., 201®Determination of the exact (haematoxylin-eosin) of the rst molar at stage P22(F) activation of
pathways associated to the non-apoptotic activity of caspasesdaspase-7 in odontoblasts—crown segment (pronounced difrentiation) at
odontogenesis and related osteogenesis, such as modutﬁtionp_zz (G)', zlictlvatlon of caspas'e—7. in odontoblasts—.root segment (rarded
. . . . differentiation) at P22 (H), activation of caspase-8 in odontoblasts—crown
osteocalcin expression, remains to be clari ed. segment at P22 (), activation of caspase-8 in odontoblasts—root segment
Our investigation provided a comprehensive analysis of proat p22 (3). Ab, alveolar bone; am, ameloblasts; dp, dental pulp; mb,
apoptotic caspase activation in dierent cell types related tanandibular bone; od, odontoblasts. Arrows point to positie cells.
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