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Anotace

Studium biologie kmenovych bunék, vyvoje a morfogeneze jednotlivych casti
organismu je zakladnim predpokladem pro vytvotreni novych terapeutickych piistupti
regenerativni mediciny. Tato prace shrnuje a komentuje uceleny soubor autorskych
praci, které se vénuji vyvoji, ristu, bunéénému slozeni a vnitini mikrostrukture
tvrdych zubnich tkani u nékolika organismii. Jako vychozi modelovy systém zde slouZi
kontinualné rostouci mysi fezaky. Tento zajimavy typ zubl umoZziiuje sledovat nejen

tvorbu dentinu a skloviny od jeji samotné iniciace, ale zejména prinasi moznost

studovat niche kmenovych bunék, které stoji za jejim neustalym ristem.



Abstract

The study of stem cell biology, development, and morphogenesis of different parts
of the organism is a basic prerequisite for the development of new therapeutic
approaches in regenerative medicine. This work summarizes and comments on
comprehensive research focused on the development, growth, cellular composition,
and microstructure of hard dental tissues in several organisms. As the main model
system serves here continuously growing mouse incisors. This peculiar tooth type
allows not only to follow the formation of dentin and enamel from its initiation, but in
particular brings the possibility to study the stem cell niche responsible for its

continuous growth.
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1 Uvod

Zuby jsou Casto chapany jako jednoduché zvapenatélé Utvary nachazejici se na
zacatku travici trubice s jedinou funkci - mechanické rozmélnéni potravy. Opak je vSak
pravdou. Zuby vykazuji velice komplexni vnitini usporadani, které jim jednak
umoziuje aktivné reagovat na zmény vnéjsiho prostiedi a jednak jim dava vlastnosti,
které zabezpecuji jejich dlouhodobou Zivotaschopnost, ¢asto trvajici i nékolik desitek
let. KdyZ vezmeme v potaz, Ze se vlastni tvrdé tkané zubu pribézné neptestavuji, tak
jako je tomu u kosti, jde o pozoruhodné vlastnosti.

Kromé zminénych vlastnosti téchto tvrdych zubnich tkani, které umoznuji
dlouhodobou Zivotnost a udrzeni spravné funkce zubii, se uvnitt kazdého zdravého
zubu nachazi Ziva zubni pulpa, jejimZ prostiednictvim je zub inervovan a vyzivovan.
Tato cast zubu pritahuje zvlastni pozornost, protoZe se obecné ma za to, Ze se zde
nachazi kmenové buniky s Sirokym diferencia¢nim potencidlem. Studium zubni pulpy
na bunéc¢né urovni tak mize v budoucnu poskytnout cenny zdroj bunék s kmenovymi
vlastnostmi pouZitelnymi v regenerativni mediciné.

V nasledujici praci jsou sumarizovany dosavadni ucelené vysledky badani vénujici
se vyvoji zubu, kmenovym burikdm, morfogenezi skloviny a dentinu na mikroskopické
urovni nebo studiu sloZeni a funkce zubu na bunécné urovni za vyuZziti pokrocilych
technik. VétSinu téchto komentovanych praci spojuje vyuZiti permanentné rostouciho
mysiho fezdku pii studiu vySe zminénych jevi. Vyuziti tohoto modelového organu
s sebou prinasi cetné vyhody, kterych je v prezentovanych pracich riiznymi zpiisoby
vyuzito. Kromé mysSich fezakil je vSak pozornost vénovana i jinym typlm zubi, jako
jsou mysi nebo lidské molary, a dentici jinych modelovych organism.

Studium a porovndani fungovani a vyvoje zubu u prezentovanych organismi tak

7 v

prindsi Sirsi kontext umoziujici zobecnéni separatné pozorovanych jevi.
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2 Teoreticky uvod

2.1 Zuby a dentice

Zuby jsou vysoce specializované, mineralizované utvary umisténé na samém
pocatku travici soustavy. Celkovy soubor zubti v Ustni dutiné se nazyva chrup neboli
dentice. Ackoliv primarni funkci dentice je ziskavani a prvotni mechanické zpracovani
potravy, slouzi i jako dtlezity prvek pti socialnich interakcich a v nékterych pripadech
i jako senzoricky organ.

Z evoluc¢niho pohledu bylo vyvinuti zubl zasadnim vyvojovym milnikem, ktery je
spolu s nékolika dalsimi dilezitymi vyvojovymi novinkami neoddélitelné spojeny s
vyvoj mnoha zcela novych struktur a organt. Zuby tak spole¢né s ostatnimi derivaty
neuralni listy poskytly jejich vlastniklim schopnost rychlého prizplisobeni ménicim se
vnéjSim podminkdm a v kone¢ném dtsledku i novy zptlisob Zivota - predaci (Bronner
and LeDouarin, 2012; Le Douarin and Dupin, 2018, 2012). Vznikly tak obratlovci, nova
a velmi rozmanita skupina Zivocicht, jez osidlila prakticky vSechny ekologické niky a
stala se dominantnimi a nejvice vyvinutymi organismy.

0d doby vyvoje prvnich zubii doslo adaptaci k pozoruhodné specializaci funkce,
tvart, poctu, ukotveni v Celisti, schopnosti obnovy nebo vnitini mikrostruktury zubi

napiic¢ riznymi druhy zivocicht.

2.2 Vyvoj zubu

Zuby se stejné jako nékolik dal$ich struktur v téle vyviji vzajemnou interakci mezi
epitelem a ektomezenchymem. Ze zubniho epitelu, ktery pochazi zektodermu
(pripadné endodermu), vznika jednak sklovinu tvorici sklovinny organ a jednak
transientni epitelidlni zahyb, podilejici se na tvorbé korene (Fraser et al, 2010;

Krivanek et al, 2017; Soukup et al, 2008). Z ektomezenchymu, ktery pochazi
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z neuralni liSty, vznika jak vnitfni ¢ast zubu - zubni pulpa vcetné odontoblastl a
dentinu, tak i celé blizké okoli zubu vcetné cementu, periodoncia a alveolarni kosti. Na
finalni stavbé a funkci zubu se kromé téchto dvou hlavnich struktur podili jeSté buriky
nervového systému - axony sasociovanymi gliovymi bunkami, krevni cévy
s asociovanymi perivaskularnimi buitikami a bunky imunitniho systému z nichz, jak
bylo ukazano, mnohé vystupuji z krevniho tecisté a trvale osidluji tkané uvnitt zubu i
v jeho okoli (Krivanek et al., 2020, 2017).

Ackoliv je mezidruhova variabilita ve stavbé, geometrii, funkci nebo
mechanismech rlistu a obnovy zubu/dentice obrovska, zlstavaji vyvojové
mechanismy na molekuldrni i bunécné arovni velmi podobné. Finalni rozdily jsou dany
spiSe lehkou modifikaci vjednotlivych signaliza¢nich drahiach nez fundamentalné
rozdilnymi vyvojovymi procesy (Tummers and Thesleff, 2009). Evolu¢ni konzervace
mechanismii vyvoje zubu muze byt ukazkové prezentovana nejen u jednotlivych
skupin obratlovcli majicich zuby (savci, plazi, obojzivelnici, ryby), ale i u tiidy ptakd,
kteri ztratili zuby pred 70-80 miliony let (Krivanek et al, 2017). Kokultiva¢ni
experimenty ukazaly, Ze ptaci embryonalni epitel mize po spolec¢né kultivaci s mysim
ektomezenchymem iniciovat vyvoj zubu a stejné tak tomu je i v opacném piipadé
(Mitsiadis et al., 2003; Wang et al., 1998). Molekularni procesy, které zapricinuji
interakci mezi témito dvéma tkanémi, jsou tak desitky milionli let konzervované a
principidlné se nezménily. Tyto procesy zahrnuji prakticky vSechny hlavni skupiny
signalizac¢nich drah jako jsou: WNT, FGF, BMP nebo SHH (Balic and Thesleff, 2015;
Thesleff, 2015).

221 Morfogeneze zubnich tkani

Vyvoj zubu je schematicky prezentovan na prikladu lidské dentice v obrazku 1.
Prochazi pres nékolik charakteristickych stadii: Stddium zubni plakody, pupene,
Cepicky, zvonku a apozice (produkce tvrdych zubnich tkani). Iniciace vyvoje zubu a

plynuly prechod mezi jednotlivymi stadii je zprostiedkovan vzajemnou interakci mezi
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(oralnim) epitelem a priléhajicim ektomezenchymem, podobné, jak je tomu pri vyvoji
mnoha jinych struktur, jako jsou napriklad vlasové folikuly, pefi nebo slinné a mlécné

ilézy (Dassule and McMahon, 1998; Sanders, 2011).

L |

5. - 8. tyden embryonalniho vyvoj
Plakoda Pupen Pozdni cepicka  Pozdni zvonek / apozice

Vyvoi zut

Zuby s jednim vrcholem

Zuby s vice vrcholy
V pripadé vyvoje zubu s vice vrcholy
dochazi po zaniku primarniho
sklovinného uzlu k vytvoreni
sekundarnich sklovinnych uzlt.

* Smér rustu

Obrazek 1: Schéma vyvoje zubu. (1) Zubni lista, (2) vestibularni lista, (3) kondenzovany
ektomezenchym (plivodem z neurdlni listy), (4) oralni epitel, (5) vestibulum oris, (6) zaklad
zubu primarni dentice, (7) ndhradni zubni lista (zaklad pro zub trvalé dentice), (8) vyvijejici
se ret, (9) vznikajici primarni sklovinny uzel, (10) primarni sklovinny uzel, (11) sekundarni
sklovinné uzly, (12) zubni papila, (13) zubni folikul, (14) zubni pulpa, (15) sklovina, (16)
zubovina - dentin, (17) dasen, (18) cervikalni epitelové klicky (HERS - Hertwigova epitelialni
kotrenova pochva), (19) sklovinny organ, (20) vyvijejici se zub sekundarni dentice. Autor: Jan
Krivanek.
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Na samém pocatku vyvoje zubu dochazi k migraci bunék neuralni liSty pod oralni
epitel. Bunky epitelu jsou stimulovany k proliferaci a vytvari se tak dentalni lamina
(dentalni liSta), prvni epitelidlni zahyb, ktery tvori spoletny zaklad celé dentice.
V mistech vzniku jednotlivych zubt pak dochazi k zesileni epitelu a na protilehlé strané
i k proliferaci prilehlych mezenchymalnich bunék. Vznika tak prvotni zubni zaklad,
zubni plakoda. Dalsi proliferaci bunék epitelu se zubni plakoda méni v jednoduchy
epitelovy Utvar vristajici do mezenchymu - zubni pupen. Nasleduje staddium cepicky,
které se od pupene morfologicky lisi tim, Ze jeho okraje prertstaji stfed (nékdejsi
vrchol pupene) a zacina se tak utvaret mezenchymalni zubni papila. Toto prerlstani
epitelu je spise neZ zrychlenim proliferace perifernich casti Cepicky zplisobeno
zastavenim proliferace vrcholu pupene a vytvorenim diileZitého signaliza¢niho centra
- primarniho sklovinného wuzlu (Obrazek 1). Vtomto okamziku dochazi
v mezenchymalni ¢asti zubu k prvotni specializaci bunék, vhorenim mezenchymalnich
bunék mezi preruistajici zubni epitel. Dochazi tak k diferenciaci ¢asti mezenchymu na
zubni papilu a zubni folikul. Ze zubni papily se vytvori zubni pulpa s odontoblasty
(produkujici dentin) a ze zubniho folikulu pak vznikaji ¢asti zavésného aparatu zubu:
periodontalni ligamenta, cement a alveolarni kost

Dal$im prodluZovanim perifernich ¢asti epitelu dochazi k formovani zubniho
poharku, ve kterém je jiZ jasné patrna stratifikace epitelu i diferenciace mezenchymu.
Z epitelu se tak formuje sklovinny organ, v némz jiZ mohou byt rozliSeny Ctyti zakladni
vrstvy: vnitini sklovinny epitel, vnéjsi sklovinny epitel, hvézdicové retikulum a stratum
intermedium. Vnitini sklovinny epitel a vnéjsi sklovinny epitel se navzajem potkavaji
v zdhybu cervikalni klicky. Mezi témito dvéma hrani¢nimi vrstvami lezi hvézdicové
retikulum, které je charakteristické svou ridkou a neusporadanou strukturou, v niz
desmosomalnimi spoji, drzicimi bunky vzajemné pohromadé, a zaroven vysokym
obsahem extracelularni matrix, ktera je témito buinikami produkovana (Nanci and
TenCate, 2018; Sasaki et al., 1984). Bylo také ukazano, Ze hvézdicové retikulum u

kontinualné rostoucich zubl poskytuje zdroj kmenovych bunék nezbytnych pro
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regeneraci ameloblastli (Juuri et al., 2012). Posledni vrstva, stratum intermedium, se
nachazi mezi hvézdicovym retikulem a vrstvou vnitfniho sklovinného epitelu. Jeji
funkce tkvi zejména v poskytovani podpory budoucim ameloblastiim, jez se diferencuji
z vnitiniho sklovinného epitelu.

Vnasi praci byla vrstva stratum intermedium dale detailnéji stratifikovana
objevenim a popisem nové vrstvy nazvané ,cuboidal layer” (Krivanek et al., 2020).
Jedna se o jednovrstevnou strukturu nachazejici se hned pod vrstvou ameloblastl
v jejich nejaktivnéjsi ¢asti zivota. Tato struktura byla prvné predikovana s vyuZitim
metody scRNA-seq (single-cell RNA-sequencing; transkriptomika na jednobunécné
urovni) a nasledné validovana pomoci imunohistochemického in vivo barveni diky
specifické expresi genu Thbd. Kromé tohoto charakteristického genu byla zjiSténa
zvySena exprese nékolika dalSich vyznacnych geni, které souvisi s transportem
kysliku a iontd (Cygb, Nphs), maji strukturni funkci (Kirrel2, Jph4) nebo mohou
mit podpirnou roli pfi diferenciaci ameloblasti (Gnrh1, Paqr5). Na zakladé téchto
zjisténi byla ,cuboidal layer” identifikovana jako bunécna vrstva nezbytna pro spravny
vyvoj i funkci ameloblastt.

Z celého sklovinného organu je vnitini sklovinny epitel (resp. ameloblasty, které
jej tvori), jedinou vrstvou, jeZ aktivné produkuje sklovinu. Kromé tvorby skloviny je
vnitini sklovinny epitel nezbytnym interakénim partnerem pro burnky zubni papily.
Vlivem vzajemné interakce se prilehla svrchni vrstva zubni papily za¢ne diferencovat
v preodontoblasty a buriky vnitiniho sklovinného epitelu do preameloblastii (Balic
and Thesleff, 2015; Krivanek et al., 2017; Nanci and TenCate, 2018). Tim je zapocata

faze apozice - produkce tvrdych zubnich tkani.

Souvislost s publikacni aktivitou

e VnaSem origindlnim védeckém clanku ,Dental cell type atlas reveals stem
and differentiated cell types in mouse and human teeth“ jsme objevili a
popsali nové struktury a bunécné typy béhem vyvoje zubu. Jedna se napriklad

o novou stratifikaci vrstvy stratum intermedium, novy typ ameloblastl
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s potencialné mechanosenzorickou funkci nebo nové typy kmenovych bunék
v epitelové i mezenchymové Casti (Krivanek et al., 2020).

Viz priloZena publikace ¢islo 1.

V naSem originalnim védeckém clanku ,Developmental mechanisms driving
complex tooth shape in reptiles“ jsme ukazali diileZitost sklovinného uzlu, jeho
zanik apoptoézou a molekuldrni signalizace béhem formovani vnitfniho
sklovinného epitelu béhem morfogeneze zubu chameleona (Landova Sulcova et
al,, 2020).

Viz priloZena publikace ¢islo 2.

Edukativni materialy a prehledové clanky

Vnas$i kapitole s nazvem ,Dental stem cells: Developmental aspects”
publikované v knize , Cell-to-cell communication: Cell-atlas - Visual biology
in oral medicine“ jsme prezentovali vyvoj zubu v kontextu funkce kmenovych
bunék a nékterych souvisejicich patologickych stavii (Gruber et al., 2022).

Viz priloZzena publikace cislo 3.

VnaSem prehledovém clanku ,Heterogeneity and developmental
connections between cell types inhabiting teeth” jsme prezentovali a
diskutovali nejnovéjsi poznatky o bunéc¢ném sloZeni zubu, a to jak v dospélém
brachyodontnim zubu, v zubu hypselodontniho typu, tak i béhem jejich vyvoje
(Krivanek et al.,, 2017).

Viz priloZena publikace cislo 4.

Vucebnim materidlu ,Cytologicky a embryologicky atlas“ sestaveného
doc. RNDr. Petrem Vanharou, Ph.D. a MUDr. Janou Dumkovou, Ph.D. jsem
prispél vytvorenim schématu které vysvétluje vyvoj zubu (Obrazek 1). Toto
schéma jsem zde prezentoval spolecné s mikroskopickymi fotografiemi
nazorné popisujicimi riznd stadia vyvoje zubu vcetné jejich detailné

stratifikace.
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2.1 Mechanismus tvorby hlavnich tvrdych tkani zubu a vznik kofene

Od inicidlniho kontaktu dentdlniho epitelu a ektomezenchymu, ktery se do
budouciho mista pozice zubli dostal migraci bunék neurdalni listy, dochazi k jejich
interakci na molekularni Urovni a postupné diferenciaci (Balic and Thesleff, 2015).
Tato diferenciace graduje pti vzniku dentin-tvoricich odontoblastii na mezenchymalni
strané a sklovinu-tvoricich ameloblastd na epitelialni strané. Epitelo-mezenchymalni
interakce pfi vyvoji zubu jsou dobfe studovanou problematikou, na niZ mély
v uplynulych nékolika desetiletich zasadni podil zejména cetné objevné prace
prof. Irmy Thesleff a jejiho tymu (Balic and Thesleff, 2015; Jernvall and Thesleff, 2012;
Thesleff et al., 2001; Thesleff and Hurmerinta, 1981; Thesleff and Tummers, 2008;

Tummers and Thesleff, 2009), ale i mnozi dalsi.

2.1.1 Vznik skloviny

Sklovina je nejvice mineralizovanou a zaroven nejtvrdsi tkani lidského téla i tél
obratlovcli obecné (Lacruz et al., 2017). Vyjimecna tvrdost skloviny je zptlisobena
predevSim vysokym zastoupenim anorganickych latek, jeZ ve finalné vytvorené
skloviné dosahuji aZ 96-98 %. Fyzikalni vlastnosti skloviny vSak nejsou urc¢eny pouze
mnozstvim anorganickych latek. Dilezitou roli zde hraje i slozité vnitini usporadani
krystalti hydroxyapatitu a sklovinnych prismat, které uzce souvisi s mechanismem
formovani této tvrdé tkané (Bajaj and Arola, 2009; Smith, 1998; Smith et al., 2019).

Cely proces tvorby skloviny maji na starosti jediné buriky, ameloblasty, které se
béhem svého Zivota zdsadnim zpiisobem proménuji, aby finadlné vytvorena sklovina
ziskala pozadované fyzikdlni vlastnosti a vytvorila svou specifickou wvnitini
mikrostrukturu. Jeji vyvoj probiha v nékolika krocich. V ranych fazich tvorby skloviny
nejprve dochazi k formovani proteinové kostry, jez je vSak nasledné enzymaticky
degradovana a nahrazovana anorganickymi latkami (Smith, 1998).

V prvni fazi se nediferencované buriky vnitfniho sklovinného epitelu polarizuji a

diferencuji v presekreni preameloblasty, které se nasledné méni v metabolicky velmi
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aktivni, protahlé sekre¢ni ameloblasty. Ty jsou zodpovédné za vytvoreni proteinové
kostry skloviny a na strané privracené k jiz vytvorenému (pre)dentinu zacinaji tvorit
sklovinna prismata. Tim se od sebe postupné zacinaji ameloblasty a odontoblasty
oddalovat a misto jejich nékdejsiho rozhrani se méni v DEJ (dentino-sklovinna hranice;
dentin-enamel junction). V dalsi fazi prechazi ameloblasty do maturacni faze, kdy
dochazi k degradaci proteinové kostry a postupné k plné mineralizaci. Dilezité je
zminit, Ze k mineralizaci dochazi ve sméru uloZeni proteinové kostry. Je tak zachovana
charakteristicka prismaticka struktura skloviny, kdy kazdy ameloblast dava vzniknout
jednomu protahlému sklovinnému prismatu, ktery prochazi celou tloustkou skloviny
od DE] aZ po vnéjsi hranici zubu. V zavérecné fazi ameloblasty postupné degraduji, az
nakonec na povrchu zubu vytvori pouze tenkou epitelidlni vrstvu, ktera je finalné

odstranéna pfi erupci (Nanci and TenCate, 2018).

Souvislost s publikac¢ni aktivitou
e Vsoucasné dobé se nas tym aktivné vénuje studiu mechanismi vzniku
prismatického usporadani skloviny a specificky vzniku dekusac¢niho
charakteru u skloviny hlodavct. Vysledky naseho vyzkumu v tomto poli
jsme recentné prezentovali na nékolika vyznamnych mezinarodnich
univerzitach a konferenci.
o Enamel seminar series, 2021 - Zvana prednaska - online.
o UMKC Oral and Craniofacial Virtual Seminar Series, 2021 - Zvana
prednaska - online.
o Visegrad Group Society for Developmental Biology meeting, Szeged
Hungary, 2021 - Posterova prezentace (prezentovano

Bc. Vladislavem Rakultsevem).
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2.1.2 Vznik dentinu

Dentin je narozdil od skloviny Zivou a aktivni tkani, schopnou reagovat na podnéty
prichazejici z vnéjsiho prostiedi, jako je zména teploty, poranéni nebo infekce (Khatibi
Shahidi et al.,, 2015). Diky izkému strukturnimu a funkénimu propojeni mezi pulpou
a dentinem, které je zprostifedkované odontoblasty, je dentin spolu s pulpou nékdy
jednotné nazyvan jako dentino-pulpalni komplex (Sloan, 2015). Odontoblasty narozdil
od ameloblastl nezanikaji a za fyziologickych podminek vystylaji vnitiek pulpy po cely
Zivot zubu. Zasadni strukturni prvek, jimZ se dentin liSi od skloviny, je sit' dentinovych
tubulli obsahujici dlouhé vybézky odontoblastii a zprostiedkovavajici tak vzajemné
propojeni pulpy a dentinu.

Ackoliv se dentin nedokadze remodelovat (jak je tomu u kosti), neustava jeho
produkce ani po dokonceni vyvoje korunky a korene a je produkovan béhem celého
zivota. Dochazi tak k postupnému zmensSovani objemu pulpy a jejimu nahrazovani
touto tvrdou tkani.

V priibéhu raného vyvoje zubu se odontoblasty od zbytku pulpy zacinaji odliSovat
béhem faze pozdni cepicky, v dobé tvorby zubni papily. Jednobunécna vrstva, ktera
piiléha Kkvnitfnimu sklovinnému epitelu, zde postupné dava vzniknout
pseudoepitelové vrstvé odontoblastl. Tyto mezenchymalni buiiky se nejprve zacinaji
polarizovat a orientovat sva jddra opacnym smérem k budoucimu DE]. Vznikaji tak
preodontoblasty. Tyto buiiky poté na zakladé interakce s prilehlym epitelem zacinaji
tvorit prvni predentin, ktery je postupné mineralizovan a vznika z néj dentin. Davaji
tak vzniknout DE] a z preodontoblasti se stavaji odontoblasty. V pocatku tvorby
predentinu maji odontoblasty desitky tzkych vybézki, jez zasahuji az tésné k DE]J.
Vlivem nasledné dalsi depozice (pre)dentinu se teprve utvari jeden hlavni vybézek
(Tomesovo vlakno), ktery se s nabyvanim tloustky dentinu ¢aste¢né prodluzuje a jeho
Cast je tak ponechana uvnitf dentinové matrix ve svém kanalku (Khatibi Shahidi et al.,
2015). Casovy priibéh celého vyvoje dentinu je tak zakonzervovan v jeho vnitinim

usporadani ve sméru od DE] do pulpy a umoZniuje jeho studium.
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Souvislost s publikac¢ni aktivitou

2.1.3

V naSem originalnim védeckém clanku , Three-dimensional imaging reveals
new compartments and structural adaptations in odontoblasts‘ jsme
pomoci metod lineage tracingu, imunohistochemického barveni, konfokalni
mikroskopie a trojrozmérné elektronové mikroskopie (FIB-SEM) detailné
popsali diferenciaci odontoblastt, jeji vztah ke vnitini mikrostruktuie dentinu
a objevili nové strukturni a molekularni aspekty téchto bunék (Khatibi Shahidi

etal, 2015).

V naSem originalnim védeckém clanku ,Generation and characterization of
DSPP-Cerulean/DMP1-Cherry reporter mice“ jsme vytvorili
a charakterizovali novy geneticky upraveny mysSi kmen, ktery exprimuje modry
a Cerveny fluorescencni protein spolecné s expresi dvou genii (Dspp a Dmp1),
jejichZ exprese je charakteristickd pro odontoblasty. Tento mysi kmen
umoziuje studium rdznych mikrostrukturnich aspektli odontoblasti
a zjednodusuje testovani diferencia¢niho potencialu do tohoto buné¢ného typu
(Vijaykumar et al, 2019). Tento mysi kmen hojné vyuzivime i v nasem
soucasném vyzkumu.

Viz priloZena publikace cislo 5.

Vznik kofene

Iniciace bunécné diferenciace a nasledné prvotni tvorba dentinu a skloviny vzdy

probihd nejprve v misté budoucich zubnich vrcholki korunky. Tato mista jsou

charakteristicka pritomnosti sklovinnych uzll - hlavnich epitelidlnich signaliza¢nich

center béhem ranného vyvoje zubu, jejichZ aktivita indukuje diferenciaci odontoblasti

(Thesleff et al., 2001). Odtud se diferenciac¢ni vlna Sifi dal smérem k cervikalnim

klickam, a nakonec k budoucim/u kotentim/u.

Jak jiz bylo vySe zminéno, je vznik dentinu vZdy iniciovan interakci mezi

mezenchymem s epitelem. Ackoliv béhem vyvoje nebyly popsany zasadni rozdily mezi
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interagujicim mezenchymem papily korunky a korene, vykazuje na druhé strané
interagujici epitel v téchto dvou lokacich zasadni rozdil. Zatimco pri tvorbé korunky se
prilehly epitel diferencuje ve sklovinu-produkujici ameloblasty, epitel, ktery se uicastni
tvorby kotene, se rozpada a pfimo nedava vzniknout zZadné funkéni tvrdé matrix.
Misto, kde dochazi k prehybu epitelu a které se zaroven ucastni tvorby kotene se
nazyva HERS (Hertwigova epitelova kofenova pochva; Hertwig's epithelial root
sheath). Jakmile se prilehlé mezenchymalni buiiky ve vznikajici pulpé zacnou
diferencovat v odontoblasty a tvorit dentinovou matrix, HERS se rozpada a v misté
budouciho periodoncia zni zdstanou pouze malé epitelové ostrivky - ERM
(Malassezovy epitelidlni zbytky; Epithelial rests of Malassez) (Xiong et al., 2013). Role
téchto dtvari zatim neni zcela objasnéna, ale ziejmé se podili na regeneraci struktur
v periodontalnim prostoru (Rincon et al., 2006).

Dospély zub tvori jesté treti tvrda tkan, zubni cement, ktery se po utvoreni korene
podili na uchyceni zubu v zubnim ltizku. Ackoliv je cement velmi dilezity pro spravnou
funkci zubu, tvori jen pomérové malou ¢ast z tvrdych zubnich tkani a jeho studium

nebylo pfimo soucasti mého vyzkumu.

Souvislost s publikac¢ni aktivitou

e V naSem origindlnim védeckém clanku ,The development of dentin
microstructure is controlled by the type of adjacent epithelium“ jsme popsali
rozdilnou strukturu dentinu v korunkové a korenové ¢asti zubu iniciovanou
jinym typem prtilehlého epitelu. Pomoci geneticky upravenych mysich kmeni
a funkcnich experimentti jsme popsali a kvantifikovali rozdilny pribéh vybézkt
odontoblastli, navrhli molekularni podstatu stojici za vytvoreni téchto
odlisnosti a urcili rozdilné prvkové sloZeni u téchto dvou sledovanych typt
dentinu (Lavicky et al., 2021).

Viz priloZena publikace ¢islo 6.
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2.2 Kontinualné rostouci zuby

V priibéhu evoluce obratlovci doslo u zubl knékolika zdsadnim inovacim,
se zplsobem zivota. Jednou ze zajimavych inovaci byl vyvin hypsodontnich zubi
s vysokymi korunkami (napftiklad kiif, tur) a nasledné hypselodontnich - konstantné
rostoucich zubii (naptriklad hlodavci). Tyto nové adaptace dentice se mnohokrat
konvergentné vyvinuly u rGznych zZivoCichi u vSech typi zubt - u fezakd, Spicakd,
premolard i molart (Renvoisé and Michon, 2014; von Koenigswald, 2011). Tyto nové
typy zubii jsou Casto, avsak ne vzdy, spojeny s vysoce abrazivnimi stravovacimi zvyky
a prinesly jejich drzitelim zasadni evolu¢ni vyhodu. Mezi hypselodontni adaptace
zubl, jeZ nejsou piimo spojené se zpracovanim potravy, mliZeme jmenovat jejich
vyuziti pro boj nebo jako znak dominance (napriklad slon, prase divoké) nebo jako
senzorického organu (narval jednorohy) (Nweeia et al.,, 2014; Renvoisé and Michon,
2014).

U brachyodontnich zubt (zuby s nizkou korunkou, naptiklad lidské) dochazi pti
jejich vyvoiji na okrajich ke vzniku epitelového zahybu (epitelové klicky), ktery se dale
prodluzuje, méniv HERS a utvari tak zaklad pro tvorici se koren, jak bylo popsano vyse.
Jakmile je vyvoj korene dokoncen, aktivita HERS se zastavuje, a nakonec tato struktura
degraduje. Zub je tak plné vytvoren a ztraci schopnost dalsiho ristu.

U hypsodontnich zubi trva aktivita cervikalnich klicek podstatné delsi dobu.
HERS tak vznikd pozdéji a dale diky zvySené proliferacni aktivité epitelu dochazi
kromé prertstani perifernich c¢asti i kzanofrovani epitelu v centralnich castech
budouciho zubu. Zavérem, s utichajici prolifera¢ni aktivitou epitelu se vytvori HERS a
kratky kotren. Zub tak ma béhem Zivota dostate¢ny prostor pro postupnou abrazi a
zaroveil se diky rozdilnému sloZeni korunky na pri¢ném rezu obrusuje nerovnomeérné.
To ma za dusledek zvySenou tieci plochu vhodnou pro zpracovani téZce stravitelné
potravy (Renvoisé and Michon, 2014; Tapaltsyan et al., 2016).

Evolu¢né nejpozdéji vyvinutym typem zubu z hlediska vySky korunky (resp.
proliferacni aktivity korunku-tvoriciho epitelu) je typ hypselodontni (Tapaltsyan et al.,
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2015). U hypselodontnich zubtli, narozdil od hypsodontnich, nedochéazi viibec
k utlumeni proliferacni aktivity epitelu a zub roste kontinualné po cely Zivot. Takové
zuby mohou dortstat rtizného tvaru a velikosti a mohou se liSit svym sloZenim na
prifezu i funkci (von Koenigswald, 2011). Ackoliv zde neni vytvoien pravy koten,
miiZeme u nich nékdy rozliSovat kofenovou a korunkovou stranu v zavislosti na tom,
ktera strana je nebo neni kryta sklovinou (Lavicky et al., 2021). Rozdily mezi zuby

brachyodontnimi, hypsodontnimi a hypselodontnimi jsou zobrazeny v obrazku 2.

Obrazek 2: Tri razné typy
prvnich dolnich molari
podle vysky korunky, resp.
podle zpiisobu ristu a
aktivity kmenovych bunék.
Hypselodontni zub (vpravo)
za fyziologickych podminek
nikdy nezastavuje svij rist.
Zleva: Mus musculus, Ondatra
zibethicus a Lemmus lemmus.
Upraveno podle: (Tapaltsyan
etal, 2016).

Brachydont Hypsodont Hypselodont

U ZivocCichli, kteri stdlerostouci zuby obrusuji, se takové zuby kompletné
zregeneruji mnohokrat béhem jejich Zivota. Kromé zjevnych zvyhodnéni, jez takové
zuby prinasi svym drzitellim, tato zvlastni vyvojova adaptace poskytuje cetné benefity
i pro védecky vyzkum. Jednim z hlavnich davodd, pro¢ kontinudlné rostouci zuby
pritahuji pozornost védecké komunity, je, Ze se jednd o komplexni, inervovany a
vaskularizovany organ epitelo-mezenchymalniho pivodu, ktery neustidle roste, a
muzeme v ném tak vjakémkoliv obdobi Zivota nalézt razné diferencované bunécné
typy pocinaje kmenovymi bunikami a konce bunikkami tvoticimi sklovinu nebo dentin
(An et al, 2018; Juuri et al, 2012; Krivanek et al, 2017; Zhao et al, 2014).
Hypselodontni zuby tak umoZznuji studovat mechanismy udrzZovani a funkce niche
kmenovych bunék, epitelo-mesenchymalni interakce, mechanismy bunécné

diferenciace nebo zpusob, jak jsou tvoreny tvrdé zubni tkané. Tato celd vyvojova
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historie se pritom naraz odehrava v ramci jednoho zubu plné dospélého organismu.
Kontinualné rostouci zuby jsou tak jedinecnym a téZko nahraditelnym modelem oboru
vyvojové biologie.

Nejcastéji zkoumanym typem hypselodontnich zubti jsou mysi fezaky. Existuje
pro to nékolik diivodli. Mys (Mus musculus) ma nezastupitelnou dlohu jako modelovy
organismus v ramci savci. Dlivody jsou relativné snadny chov, kratka generacni doba,
vétsi mnozstvi mlad’at ve vrhu, relativni pribuznost s clovékem, ale zejména tisice
dostupnych geneticky modifikovanych kmenti. MySi dentice je monofyodontni
(jednogeneracni) a skldda se v kazdém kvadrantu ze tech brachyodontnich molart a
jednoho hypselodontniho fezaku. Molary jsou svou strukturou, typem ristu i
ukotvenim v cCelisti podobnéjsi zubtim lidské dentice, ¢ehoZ je c¢asto vyuzivano pro
studium terciarni dentinogeneze, aktivity kmenovych bunék zubni pulpy nebo pro
studium ukotveni a pohybli zubu (Dosedélova et al., 2015; Neves et al., 2020;
Nottmeier etal., 2020; Vidovic et al., 2017). Mysi fezaky naopak poskytuji vSechny vySe
zminéné vyhody a jejich studiu je vénovana zna¢na pozornost (An et al., 2018; Beertsen
and Niehof, 1986; Harada et al., 1999; Juuri et al., 2012; Krivanek et al., 2020; Lavicky
et al., 2021; Sharir et al,, 2019; Yu and Klein, 2020; Zhao et al., 2014).

2.3 Niche kmenovych bunék

Jeden z hlavnich diivodi atraktivity kontinudlné rostoucich zubt ve vyzkumu je
pritomnost stabilniho niche kmenovych bunék. ProtoZe u téchto zubli nedochazi po
jejich vyvinu k zastaveni ristu, piechazi jiz béhem raného zZivota takového jedince
vyvoj zubu volné v jeho stabilni rist. Je tak tézké urcit jasnou hranici téchto dvou
procesi. Narozdil od ostatnich tkani, kde je udrzovana vysoka aktivita kmenovych
bunék (hematopoéza, stievni epitel apod.), u zubu spolu nejenZe interaguje epitel a
mezenchym, ale obé tyto prostorové oddélené casti davaji vzniknout funkénim tkanim.
MiZzeme zde tak nalézt obnovujici se mezenchymadlni i epitelidlni niche kmenovych

bunék, které jsou spolu ve vzajemném kontaktu a aktivné interaguji. Ackoliv jsou
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vlastnosti kmenovych bunék u hypselodontnich zubl po dekady objektem velkého
zajmu, tak charakter jejich udrZzovani ani nasledné diferenciacni kaskady nejsou stale
zcela objasnény. Riistova ¢ast mysiho rezaku, obsahujici epitelidlni i mezenchymalni
kmenové niche, ze kterého je zub neustale obnovovan, se nachazi v jeho apikalni ¢asti.

Jednotlivé c¢asti a celkova stratifikace tohoto mista je znazornéna v obrazku 3.

Lingual
(root-analogue) Lingual cervical loop - ) N )
Odontoblasts non-ameloblastic epithelium Dental follicle Transition site between

stellate reticulum and
enamel epithelium
Foxd1 +
mesenchymal
stem cell niche

\ \ Apical pulp
(progenitor area)

Dentin Outer
enamel
Distal pulp Preodontoblasts epithelium
progenitors
Labial
(crown-analogue)
Odontoblasts
Enamel Dentin Ameloblasts Ameloblasts
/ (maturation (secretory
/ stage) stage)  Preameloblasts
..... 3\ \
Patches of putative Inner Outer Outer
mechanosensory Cuboidal layer of Stratum stellate stellate enamel
ameloblasts stratum intermedium intermedium reticulum reticulum epithelium

Obrazek 3: Organizace apikalni rustové ¢asti kontinualné rostouciho mysiho rezaku. Za
neustalou obnovu mysiho fezaku je zodpovédna jeho apikalni ¢ast, ve které spolu interaguje
dentalni epitel a mezenchym a nachazi se zde niche kmenovych bunék. Za pozornost stoji
rozdilna struktura na lingvalni (v horni ¢asti obrazku) a labialni (ve spodni ¢asti obrazku)
strané. Cervené jsou znazornény nové struktury a bunééné typy recentné popsané v nasi praci
(Krivanek et al., 2020). Autofi: Jan Ktivanek a Olga Kharchenko.
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Lokalizace epitelialnich kmenovych bunék ma ze své podstaty jasnéjsi ohranicent
nez jeji mezenchymalni protéjSek. Na molekularni urovni byla v této nejapikalné;jsi
¢asti zubu popsana aktivita mnoha rtiznych rodin gent, jako tomu je pri vyvoji
brachyodontniho zubu (Harada et al., 1999; Lapthanasupkul et al., 2012; Suomalainen
and Thesleff, 2010; Thesleff and Tummers, 2008; Wang et al., 2007). U nékolika z nich
bylo zaroven prokazano naruseni funkce ristu, porucha asymetrie nebo jiné defekty
v souvislosti s jejich vytazenim z funkce (Cao et al., 2010; Klein et al., 2008; Kwon et al.,
2015; Kyrylkova et al., 2012; Thesleff and Tummers, 2008).

Vsechny tyto dosavadni prace se vSak pomérné nespecificky zaméruji na popis
kmenového niche jako celku - bez specifického zaméreni na konkrétni typy
kmenovych bunék. Biologii samotnych jednotlivych kmenovych bunék, jeZ jsou

zodpovédné za kontinualni obnovu, se zac¢inaji zabyvat az nékteré recentni studie.

2.3.1 Kmenové bunky a ,lineage tracing“

AZ metody lineage tracingu umoznily spolehlivé identifikovat rtizné populace
kmenovych bunék v obou ¢astech zubu. Nejrozsirenéjsi metodou je vyuZiti genetické
modifikace, béhem které se do genomu cilového organismu vnese gen kédujici
specifickou rekombindzu (nejcastéji Cre) exprimovanou pod kontrolou vybraného
promotoru. Dochazi tak k jeji konstitutivni, tkanoveé-specifické expresi. Tato
rekombinaza nasledné zpusobi vystiiZzeni nebo inverzi dalsiho, uméle vloZeného tseku
DNA oznaceného vloZenymi LoxP sekvencemi. Obvykle dochazi k vystiizeni STOP
kodonu, coZ néasledné zpulsobi expresi vloZené sekvence koédujici vybrany
fluorescencni protein.

ProtoZe se jedna o trvalou genetickou zménu, jsme nejen schopni fluorescencné
oznacit a sledovat vybrané burky, ale diky vySe uvedené metodé mizeme sledovat
ivSechny dceriné burnky, které vzniknou z plivodné oznacené matei'ské bunky
(VanHorn and Morris, 2021). Tento mechanismus tak naptiklad umoziuje odhalit

kmenové buriky a sledovat jejich diferencia¢ni trajektorii.
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UZiteCnou modifikaci je uprava Cre rekombinazy jeji fuzi s estrogen-vazajici
doménou ERT2 (Indra et al,, 1999; Zhang et al., 1996). Tato modifikace sice neméni
expresi Cre rekombinazy, ale pro jeji aktivaci (tj. umoZnéni transportu vytvorené
rekombinazy po jeji translaci do jadra a provedeni zmény v DNA) je potieba aktivace
tamoxifenem. Bez externiho podani tamoxifenu, ktery je v téle metabolizovan na svou
aktivovanou formu 4-hydroxytamoxifen, nedochazi kvystfiZzeni ani inverzi
LoxP-oznacenych mist v sekvenci DNA. Podanim tamoxifenu tak mZeme indukovat
cilenou genetickou zménu v konkrétni ¢as u konkrétniho bunécéného typu. Tato
technologie otevird moznost zkoumat chovani konkrétnich bunécnych typili v presné

stanoveném okamziku vyvoje, a to véetné embryonalniho vyvoje.

2.3.2 Epitelialni a mezenchymalni kmenové bunky

kmenovych bunék nalezi buniky charakteristické expresi genu Sox2 (Juuri et al.,, 2012).
Pomoci lineage tracingu bylo prokazano, Ze SoxZ2-exprimujici bunky dlouhodobé
zUstavaji uvnitr labialni cervikalni klicky a dokazi diferencovat do vSech typt zubniho
epitelu véetné ameloblastli. Pozdéji byla popsdna rada dalSich gent, které taktéz
oznacCuji zubni epitelidlni kmenové buriky, jako naptiklad: Bmil, Lrig1, Glil, Meisl1,
Igfbp5 nebo Lgr5 (Krivanek et al.,, 2020; Sanz-Navarro et al., 2019; Seidel et al., 2017;
Zhao et al., 2014).

Narozdil od dentalniho epitelu, ktery je jasné ohranicenou strukturou, do niz
pfimo nezasahuji nervy ani cévy, je dentalni mezenchym mistem zna¢né rozmanitosti
zalezitosti. Jiz drive bylo popsano, Ze niche mezenchymalnich kmenovych bunék
v fezaku je znacné heterogenni, co se tyka pozice kmenovych bunék i jejich exprese
(Feng et al,, 2011; Kaukua et al., 2014; Krivanek et al., 2017; Sharpe, 2016; Zhao et al.,
2014). Kmenové bunky zodpovédné za riist mezenchymalni ¢asti zubu a za postupnou

diferenciaci do dospélych bunék pulpy a odontoblastli se nachazi v apikalni casti
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fezaku, kde jsou ohraniceny cervikalnimi klickami a distalné jsou protahlé kolem
neurovaskularniho svazku. Ackoliv se ma obecné za to, Ze ptivod mezenchymalnich
kmenovych bunék v zubu vyvojové nalezi do ektomezenchymu (neuralni liSty), neni
jisté, kdy dochazi k ustalenti finalni populace téchto kmenovych bunék a jakou roli zde
hraji perivaskularni bunky, u kterych byla taktéz prokazana jejich kmenovost (Vidovic
et al,, 2017; Zhao et al., 2014). Lineage tracing s vyuZzitim genu Thy1-cre zde prokazal
stabilné oznacenou populaci kmenovych bunék, jeZ zaujimala asi 10-20 % vSech
odontoblastli a bunék pulpy (Krivanek et al., 2017; Pang et al., 2016; Sharpe, 2016).
Jednim z dalSich charakteristickych znakli mezenchymalniho kmenového niche je
exprese genu Glil (Zhao et al, 2014). Lineage tracing s uzitim Glil-creERTZ2 zde
prokazal robustni oznaceni apikalni ¢asti zubu a Casové zavislé postupné oznaceni
prakticky vSech bunék pulpy i odontoblastii. Ackoliv tyto analyzy potvrzuji kmenové
vlastnosti niche v apikalni ¢asti rezaku, geny pouZité pri lineage tracingu (Thy1, Gli1)
stale oznaCuji pomérné rozsahlou a zfejmé i heterogenni bunécnou populaci v apikalni
casti rezaku. Rekombinace v kmenovych bunkach (a jejich genetické oznaceni), tak
miZe byt zplisobena i rozsahlejSim oznac¢enim raznych (i nekmenovych) bunék této

oblasti.

2.3.3 Vyuziti metody scRNA-seq ve studiu kmenovych bunék

Diky rychlému technologickému pokroku v poslednich nékolika letech se
v soucasné dobé dostavaji do popredi nové techniky umoziujici provézt riizné ,-omic*
analyzy z odebranych vzorki tkdné, a to i na jednobunécné urovni. Jednou z moznosti,
jak nezaujatym zpusobem identifikovat rozdilné bunécné populace, je metoda scRNA-
seq. Tato a pribuzné technologie recentné zdsadnim zptisobem akcelerovaly vyzkum
biologie zubu s dosud nemyslitelnou presnosti (Chiba et al., 2020; Fresia et al., 2021;
Krivanek et al., 2020; Pagella et al., 2021a; Sharir et al., 2019; Yianni and Sharpe, 2020).
Metoda scRNA-seq umoziuje precist expresni profil (transkriptom) z kazdé jednotlivé

analyzované bunky ve studované tkani.
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Stru¢ny postup této metody spociva v nékolika po sobé jdoucich krocich. Po
izolaci tkané z organismu je z ni enzymatickou a mechanickou cestou pripravena
suspenze jednotlivych bunék (Krivanek et al.,, 2021; Pagella et al., 2021b). Nasledné
s vyuzitim rozdilnych technik dochazi k pripravé knihoven a jejich samotnému
osekvenovani.

Poslednim krokem, ktery je nezbytny pro zpristupnéni ziskanych dat, je
bioinformaticka analyza. Tyto typy analyz mohou bud’ nasledovat standardizované
algoritmy, ale ¢asto je samotna analyza rozsahlou védeckou praci presahujici ramec
rutinnich postupti. Bioinformatika, zvlast ve spojitosti s ,-omics“ pristupy se tak stava
samostatnym védnim oborem (Kharchenko, 2021; La Manno et al, 2018).
Prostiednictvim téchto analyz jsou z experimentu in silico odstranény buriky/udalosti
nevhodné k dalsi analyze. Jedna se naptiklad o mrtvé bunky, dublety (dvé nebo vic
bunék, které prosly analyzou spole¢né) nebo buriky s velmi nizkou hladinou exprese.
Findlné ziskavame informace, které nam umoZni roztfidit bunky do skupin na
jednotlivé populace a subpopulace, detailné je charakterizovat, 1épe urcit jejich funkci,
odhalit potencialni interakce mezi jednotlivymi bunéc¢nymi typy, identifikovat nové
bunécné typy nebo mapovat vyvoj a diferenciaci (Kharchenko, 2021; Krivanek et al.,
2020; La Manno et al., 2018; Soldatov et al.,, 2019).

Diky vyuziti technologie ,smart-seq2“, jedné z metod scRNA-seq umoziujici
hlubokou analyzu genové exprese na jednobunéc¢né drovni, a ndslednym pokrocilym
bioinformatickym analyzdm se ndm recentné podarilo odhalit nové typy kmenovych
bunék v kontinualné rostoucim mysim rezaku (Krivanek et al., 2020; La Manno et al.,
2018; Picelli et al, 2014). V dentdlnim mezenchymu tak naptiklad byla in silico
navrzena minoritni populace Foxd1* kmenovych bunék. Nasledna in vivo analyza
pomoci in situ hybridizace a lineage tracingu za vyuziti Foxd1¢reERT2 myS§iho kmene
zkiiZeného sreportérovymi kmeny, potvrdila vysokou specificitu této populace
kmenovych bunék a lokalizovala je do tésné blizkosti cervikalni klicky. Kmenovost a
vysoka prostorova i ¢asova stabilita niche Foxd1* bunék byla potvrzena dlouhodobym

lineage tracingem. Tyto experimenty prokazaly, Ze Foxd1* bunky dlouhodobé
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perzistuji v mezenchymalni oblasti kolem labialni cervikalni klicky i po tom, co je zub
nékolikrat kompletné obnoven. Tyto kmenové bunky se pomalu déli a jejich dceriné
buriky diferencuji do bunék pulpy i funk¢nich odontoblastl (Krivanek et al., 2020).
Narozdil od drive popsanych markeri dentalnich mezenchymalnich kmenovych
bunék, jako napiiklad drive zminénych Thyl nebo Glil, je exprese Foxdl
charakteristickd pouze pro velmi uzkou populaci bunék. Metodou jejich oznaceni
pomoci lineage tracingu tak dochazi k oznaceni pouze této, velmi specifické populace,
a nikoliv jejiho SirSiho okoli. Zajimavosti je, Ze tyto kmenové buiiky davaji vzniknout
pouze bunikdm zubni pulpy a odontoblastlim na labidlni strané fezaku, pricemzZ na
lingudlni strané nebyly pozorovany Zadné nebo pouze velmi raritné znacené buriky.
Toto zjisténi otevira hypotézu, Ze v mezenchymadlni castiiezdku se vyskytuje
heterogenni niche kmenovych bunék se specializovanou, prostorové oddélenou funkci.
Zlstava otazkou, jestli tato heterogenita mize v konecném diisledku zptsobovat jinou
mikrostrukturu dentinu na labialni a lingvalni strané, jak bylo v nasi praci nedavno
ukazano (Lavicky et al,, 2021).

U zubniho epitelu jsme pomoci metody scRNA-seq odhalili kompaktni bunéc¢nou
populaci, ktera sdilela nékteré drive popsané molekularni znaky epitelidlnich
kmenovych bunék, jako je napriklad exprese Lgr5, Lrigl nebo Sox2) (Barker et al.,
2007; Juuri et al,, 2012; Seidel et al,, 2017). Zjistili jsme vSak, Ze tyto geny, a zvlast pak
Sox2, ktery znaci populaci diive popsanych vSeobecné uznavanych kmenovych bunék,
jsou exprimovany podstatné Sireji, neZ jen v predpokladané populaci kmenovych
bunék. Exprese Sox2 sahda aZ k progenitorovym a pirechodné rychle se délicim burikdm.
Pro potvrzeni kmenovosti navrzené populace jsme vybrali dalsi ze specificky
exprimovanych genli: Acta2, u néhoZ jsme vlabidlni cervikdlni kli¢ce pomoci
imunohistochemie lokalizovali buiiky, které ho exprimuji. S vyuZitim lineage tracingu
pomoci kmene ActaZ¢reERT2 jsme potvrdili jejich kmenovy charakter (Krivanek et al.,

2020).
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Souvislost s publikacni aktivitou

36

V naSem origindlnim védeckém c¢lanku ,Dental cell type atlas reveals stem
and differentiated cell types in mouse and human teeth” jsme popsali nové
typy kmenovych bunék v zubnim epitelu i mezenchymu kontinualné rostoucich
Fezakl. Tyto kmenové buiiky byly objeveny a potvrzeny diky celkové analyze
transkriptomu na jednobunécné urovni, pokrolilym bioinformatickym
analyzam a naslednou invivo validaci pomoci in situ hybridizace,
imunohistochemie a lineage tracingu (Krivanek et al., 2020).

Viz priloZena publikace cislo 1.

V naSem metodologicky zaméfeném c¢lanku ,Rapid isolation of single cells
from mouse and human teeth” jsme prezentovali detailni protokol zaméreny
na ziskani suspenze jednotlivych Zivych bunék z mysich i lidskych, Cerstvé
extrahovanych zubi. Efektivni, rychlé a Setrné ziskani zivych bunék z tkané je
zasadnim inicidlnim krokem pro ziskani spolehlivych dat metodou scRNA-
seq (Krivanek et al.,, 2021).

Viz priloZena publikace ¢islo 7.



3 Komentare k prilozenym publikacim

3.1 Komentar k pfilozené publikaci Cislo 1

Dental cell type atlas reveals stem and differentiated cell types in mouse and
human teeth

Originalni védecky ¢lanek
Nature Communications, 2020; Q1, IF: 14,92

Jan Krivanek, Ruslan A Soldatov, Maria Eleni Kastriti, Tatiana Chontorotzea, Anna Nele
Herdina, Julian Petersen, Bara Szarowska, Marie Landova, Veronika Kovar Matejova,
Lydie Izakovicova Holla, Ulrike Kuchler, Ivana Vidovic Zdrilic, Anushree Vijaykumar,
Anamaria Balic, Pauline Marangoni, Ophir D Klein, Vitor C M Neves, Val Yianni,
Paul T Sharpe, Tibor Harkany, Brian D Metscher, Marc Bajénoff, Mina Mina, Kaj Fried,
Peter V Kharchenko, Igor Adameyko

Pochopeni dynamiky obnovy bunéc¢ného sloZeni zubu na trovni jednotlivych
bunék je zakladnim predpokladem pti vyvoji novych metod v oboru regenerativni
zubni mediciny. Tato mySlenka nas motivovala pri praci na tvorbé a validaci atlasu
bunéc¢nych typua v zubu, kdy jsme detailné popsali nékolik dosud neznamych fakti o
kmenovych burikdch nebo diferencia¢nich drahach a umoznili vyuziti nasich dat pro
Sirokou védeckou verejnost.

Zakladni Cast této prace tvoii nezaujatd analyza bunécného sloZeni mySich
fezakli a molari a jejich porovnani s bunécnym sloZzenim lidskych dospélych a
rostoucich zubli. Abychom zjistili informace o vSech bunécnych typech téchto typi
zubl, metodou analyzy genové exprese na urovni jednotlivych bunék (scRNA-seq)
jsme nezavisle charakterizovali vS§echny izolované buiiky zubu a jeho nejblizsiho okoli.
Nasledné jsme pomoci pokrocilych bioinformatickych analyz jednotlivé populace a
subpopulace charakterizovali in silico. Objevili jsme tak nékteré nové bunécné typy a
popsali jejich expresni profil, zmapovali diferenciacni trajektorie vedouci k vytvoreni
odontoblastti a ameloblastii z nediferencovanych bunék, objevili nové typy kmenovych

bunék a porovnali bunécné slozeni zub modelového organismu s lidskymi zuby. Data
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ziskana z téchto analyz jsme nasledné zpétné pomoci riiznych technik validovali in
VIvo.

V prvni ¢asti vysledki nasi prace jsme se vénovali mysSimu rezaku. Mysi rezak,
jakozto zakladni modelovy systém vyuzivany pro studium vyvoje, riistu a kmenovych
bunék zubd, zaroven predstavuje hlavni studovany organ v této praci. V této Casti
charakterizujeme pomoci scRNA-seq analyz genovou expresi hlavnich bunécnych
populaci tvoricich zub. Tyto populace jsme nasledné diky zndmym i nové objevenym
charakteristickym expresnim znaklm validovali pomoci imunohistochemie.

Dale jsme se separatné detailné vénovali epitelidlni a mezenchymalni casti
zubu. V zubnim epitelu jsme popsali 13 jednotlivych subpopulaci, tvoricich sklovinny
organ kontinualné rostouciho fezaku, z nichZ nékteré bunécné typy byly popsany zcela
nove. Jedna se zejména o cluster C. 1, ktery byl nasledné s vyuzitim informace o expresi
Thbd metodou IHC identifikovan jako nova vrstva naleZici mezi stratum intermedium.
Podle charakteristického kubického tvaru jsme tuto vrstvu pojmenovali jako ,,Cuboidal
layer”. Dale cluster ¢. 3, ktery jsme diky informaci o expresi genu RyrZ2 nasledné
metodou IHC charakterizovali jako novy specificky podtyp ameloblastli. Exprese
dalsich genti vtomto clusteru napovidd, Ze se mulze jednat o buiky
s mechanosenzorickymi vlastnostmi. Tyto buniky tak mohou reagovat na mechanické
stimuly prichazejici zvnéjstho prostiedi. Vramci epitelu jsme popsali celou
diferencia¢ni trajektorii vedouci od progenitorovych bunék az po ameloblasty
v maturacni fazi. V jednotlivych fazich jsme identifikovali transkrip¢ni faktory, jez se
mohou podilet na fizeni této diferenciace. Se specifickym zamérenim jsme se vénovali
niche kmenovych bunék. Cluster ¢. 13 byl na zadkladé exprese drive potvrzenych genti
specifickych pro kmenové burky identifikovan jako potencidlni zdroj epitelidlnich
kmenovych bunék. Nezavislou metodou hledani podobnych expresnich znakii jsme
prezentovali 20 genl s nejpodobnéjsi expresi a stanovili tak dalsi potencialni geny
specificky se exprimujici u kmenovych bunék. Jeden z téchto znaki, ActaZ, byl vyuzit

pro potvrzeni kmenovosti tohoto clusteru s vyuZzitim metod lineage tracingu.
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Vramci zubniho mezenchymu jsme identifikovali tri zakladni vyvojové
trajektorie vedouci do: a) distalni pulpy, b) apikalni pulpy a c) odontoblastli. Metodou
RNA-velocity byl potvrzen navrzeny smér diferenciace a nasledné metodami ,stability
individudlnich komponent” byla v predpokladané progenitorové oblasti stanovena
bunécna populace s kmenovym potencidlem. Jednim z charakteristickych znaki této
populace byla exprese genu FoxdI1. Lineage tracing potvrdil kmenovost a vysokou
stabilitu a specificitu této populace na labialni strané v apikalni ¢asti rezaku. Nasledné
jsme separatné analyzovali diferenciacni trajektorii odontoblastli a potvrdili ji in vivo
metodou ISH. Ukazalo se, Ze diive identifikované populace kmenovych bunék
charakteristické expresi Thyl nebo Gli1 pomérné nespecificky znaci i mnohé ostatni
buriky apikalni pulpy. Dale byl na expresni i histologické trovni 1épe stratifikovan
prechod mezi apikalni pulpou a zubnim folikulem a rozliSena zubni pulpa na lingvalni
a labialni strané.

Nasledné byly na expresni urovni popsany jednotlivé populace bunék v pulpé
u lidskych, plné vyvinutych zubii moudrosti a u bunék izolovanych z apikalni papily
rostoucich zubli téhoz typu. Jednotlivé populace byly s vyuzitim nové zjisténych,
charakteristicky exprimovanych genti nasledné identifikovany in vivo pomoci metod
[HC.

Zavérem bylo popsano zastoupeni jednotlivych bunék imunitniho systému
v zubu. Nové zjisténi v tomto sméru bylo zejména rozdéleni populace makrofagt na
expresni i prostorové urovni v dospélych i rostoucich zubech. Byla popsdna nova
subpopulace makrofagli charakteristicka expresi genu Lyvel. Tato populace byla
koncentrovana spisSe do stfedu pulpy a neosidlovala okrajové casti pulpy ani vrstvu
odontoblastt. Toto zjiSténi bylo konzistentni u mysich i lidskych zubi.

Kromé dat prezentovanych v této rozsahlé praci jsme vytvorili interaktivni,
vefejné pristupné online stranky obsahujici expresni informace z jednotlivych vzorkad,

vCetné analyzy jednotlivych hlavnich skupin.
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3.2 Komentar k pfiloZzené publikaci Cislo 2
Developmental mechanisms driving complex tooth shape in reptiles

Originalni védecky ¢lanek
Developmental dynamics, 2020; Q1, IF: 3,78

Marie Landova Sulcova, Oldrich Zahradnicek, Jana Dumkova, Hana Dosedelova, Jan
Krivanek, Marek Hampl, Michaela Kavkova, Tomas Zikmund, Martina Gregorovicova,
David Sedmera, Jozef Kaiser, Abigail S Tucker, Marcela Buchtova

Ackoliv jsou zakladni principy ridici morfogenezi jednotlivych zubl napiic
obratlovci fundamentalné podobné, vyzyva rozmanita riiznorodost ve tvarech zubt u
riznych druht k hledani pric¢in zodpovédnych za tato prizplisobeni. Role sklovinnych
uzll pti formovani zubi savci je dobie popsanym jevem fidicim hlavni vyvoj korunky.
U nékterych plazi se vsak vyskytuje zvlastni morfologicky utvar na samém vrcholku
zubu: sklovinna ryha (enamel groove) ohraniCeny ostrymi sklovinnymi hrebeny
(enamel ridges). Mechanismus vzniku tohoto utvaru a role sklovinnych uzli pfi
morfogenezi zubu u plazli neni dosud dobie popsan.

Tato prace detailné charakterizuje strukturu, funkci a molekularni signalizaci
sklovinnych uzlG u vybranych plazi (Chamaeleo calyptratus, Paroedura picta
a Crocodylus siamensis). V oblasti sklovinnych uzlli byly objeveny podobné signalizacni
drahy jako jsou ty, které ridi morfogenezi savc¢ich zubt (Shh nebo Fgf4), a bylo rovnéz
pozorovano zastaveni bunécné proliferace a detekovana apoptdéza. Na zakladé
experimentalnich vysledkti dosazenych rtiznymi metodami byl v této praci navrzen
mechanismus, jakym pritomnost (i postupnd degradace) sklovinnych uzlG ridi
specifickou morfogenezi korunkové ¢asti zubu, coz vede k formovani sklovinné ryhy
a sklovinnych hiebent u plazt.

Tato prace tak odhaluje nové mechanismy zodpovédné za presnou finalni

morfogenezi korunkové ¢asti zubu konzervované u riznych plazi.

40



3.3 Komentar k pfiloZzené publikaci Cislo 3

Dental stem cells: Developmental aspects
publikované v knize

Cell-to-cell communication: Cell-atlas - Visual biology in oral medicine

Kapitola v knize
2022

Jan Krivanek, Kaj Fried

Kniha ,Cell-to-cell communication: Cell-atlas - Visual biology in oral medicine" jako
celek, ve 21 kapitolach edukativnim zplisobem piedstavuje zub z pohledu jednotlivych
bunécénych populaci, které ho utvari. Zvlastni diraz je zde kladen na grafickou stranku
a klinické souvislosti. Tim tak kniha zpristupnuje ¢asto pomérné abstraktni témata
i pro studenty nebo klinické pracovniky.

Kapitola ,Dental stem cells: Developmental aspects“ se zaméfuje nejen na
fungovani kmenovych bunék v zubu, ale zvlast klade dliraz na vyvoj a interakci
jednotlivych bunéénych typli a objasnéni pri¢in nékterych souvisejicich vrozenych
onemocnéni. Uvodni ¢ast, zaméfena na vyvoj zubu, je doplnéna nékolika fotografiemi
riznych stadii vyvijejiccho se mySiho zubu, pofizenymi pomoci skenovaciho
elektronového mikroskopu, a pfrindsi tak netypicky pohled na vyvoj zubu. V ¢asti
zamérené na mezenchymalni a epitelidlni kmenové buiiky jsou prezentovany recentni
poznatky zjiSténé u kontinudlné rostoucich mySich rezakd. Je zde prehledné
znazornéna dynamika jejich obnovy a bunécného prispéni vedoucimu k rtistu zubu.
Nasleduje c¢ast zamérena na molekularni signalizaci zejména mezi mezenchymem
a epitelem a také na identifikaci jednotlivych genti charakteristickych pro kmenové
buniky v zubu. Klinickd ¢ast se vénuje nékterym vybranym patologiim, které jsou
zplUsobeny Spatnou kontrolou inicidlni ¢asti vyvoje a souvisejici deregulaci kmenovych
bunék v dospélosti. Celou kapitolu nasledné uzaviraji vyhlidky do budoucnosti, kde je

diskutovana zejména piichazejici éra regenerativni zubni mediciny.
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3.4 Komentar k pfilozené publikaci Cislo 4

Heterogeneity and developmental connections between cell types inhabiting
teeth

Prehledovy védecky clanek (review)
Frontiers in Physiology, 2017; Q1, IF: 3,39

Jan Krivanek, Ilgor Adameyko, Kaj Fried

Ackoliv hlavni funkce zubli (mechanické zpracovani potravy) je spojena spise
s fyzikalnimi vlastnostmi tvrdych zubnich tkani, maji vSechny tyto tii zakladni typy
tkani (sklovina, dentin a cement) sviij bunécny ptlivod a jejich mikrostruktura i funkce
vyplyva z bunék, které je tvori.

Cilem této prace bylo diskutovat bunécné sloZeni zubu na rtznych drovnich.
Prace je tematicky rozdélena do jednotlivych kapitol, v nichZ jsou postupné
diskutovana tato témata: heterogenita bunék epitelidlniho plivodu, heterogenita
bunék mezenchymalniho ptivodu, bunécné typy tvorici zubni folikul a podilejici se na
tvorbé korene, bunécné typy spojené s inervaci a vaskularizaci, diverzita imunitnich
bunék obyvajicich zub a v zavérecné kapitole pak evolu¢ni pohled na heterogenitu
bunécnych typi v zubu.

Zvlastni diiraz je zde kladen na porovnani morfologické stavby brachyodontniho
typu zubu (napf. lidské zuby) a hypselodontniho typu zubu (kontinualné rostouci mysi
Fezaky). Prace funkcné reflektuje casovy vyvoj brachyodontnich zubt do riiznych ¢asti
kontinudlné rostoucich zubli a predstavuje tak hypselodontni zub jako ukazkovy
ptipad umoziujici pozorovani a studium diferenciacnich bunécénych procesti nebo
procesi tvorby skloviny a dentinu. Paralelné jsou zde popsany rizné bunécné typy,
které se na vyvoji nebo kontinudlnim rdstu podili, a to vcetné funkce kmenovych
bunék. Zvlastni pozornost je vénovana obnové a stabilité epitelidlniho
a mezenchymalniho kmenového niche a stim souvisejici novotvorbé dentinu a

skloviny.

42



Celkové se jedna o ucelenou praci, poskytujici komplexni prehled o bunécném

sloZeni, vyvoji a obnové zubu v souvislosti s evolu¢nimi aspekty.

3.5 Komentar k pfiloZzené publikaci Cislo 5

Generation and characterization of DSPP-Cerulean/DMP1-Cherry reporter
mice
Originalni védecky clanek
Genesis, 2019; Q2,IF: 1,76

Anushree Vijaykumar, Sean Ghassem-Zadeh, Ivana Vidovic-Zdrilic, Karren Komitas, Igor
Adameyko, Jan Krivanek, Yu Fu, Peter Maye, Mina Mina

Rlzna transgenni zvirata maji v soucasném védeckém badani nezastupitelnou roli
pri zkoumani nejriiznéjsich strukturnich, vyvojovych nebo funké¢nich vlastnosti gent,
bunék, tkani nebo organismu jako celku. Zvlasté dilezitym milnikem, ktery umoznil
geneticky znalit a nasledné vizualizovat specifické bunécné typy, bylo vyuZiti
fluorescencnich proteind. Geny, kédujici tyto proteiny, byly ,zkopirovany“ zjinych
organismli a metodami genového inZenyrstvi ,vloZzeny“ do cilového zkoumaného
organismu.

V této praci byl vytvoren novy mysi reportérovy kmen (DSPP-Cerulean/DMP1-
Cherry), ktery umoziiuje fluorescencné rozlisit buiniky exprimujici gen Dspp (Dentin
Sialophosphoprotein) a/nebo Dmpl (Dentin Matrix Protein 1) jejich oznaCenim
modrym fluorescenénim proteinem (Dspp) a ¢ervenym fluorescentnim proteinem
(Dmp1). Specifita exprese uméle vnesenych fluorescenc¢nich proteint byla potvrzena
korelaci s analyzou genové exprese Dmp1 a Dspp. Byl tak vytvoren zcela novy, unikatni
mys$i kmen, diky kterému mohou byt jednak vizualizovany a analyzovany funkéni
odontoblasty in vivo, ale také explantaty z tohoto kmene mohou slouZzit v dal$im in vivo
vyzkumu, jak bylo v této praci dale ukazano. Soucasti prace je detailni konfokalni
analyza takto oznacenych odontoblasti béhem vyvoje i v plné vyvinutém zubu, coz

odhaluje nové strukturni aspekty téchto dtlezitych bunék pii formovani dentinu.
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Celkové tato prace prezentuje novy, jedinecny reportérovy mysi kmen, ktery je

v soucasné dobé hojné vyuZivan nejen nasi laboratofi.

3.6 Komentar k pfiloZzené publikaci Cislo 6

The development of dentin microstructure is controlled by the type of adjacent
epithelium

Originalni védecky clanek
Joural of Bone and Mineral Research, 2021; Q1, IF: 6,741

Josef Lavicky, Magdalena Kolouskova, David Prochazka, Vladislav Rakultsev, Marcos
Gonzalez-Lopez, Klara Steklikova, Martin Bartos, Anushree Vijaykumar, Jozef Kaiser,
Pavel Porizka, Maria Hovorakova, Mina Mina, Jan Krivanek

Dentin je objemové nejvice zastoupenou tvrdou tkani tvorici zub. Tato tkan jako
prvni vznika i mineralizuje a tvori tak strukturni i funkéni zaklad kazdého zubu. Dentin
je zaroven, narozdil od skloviny, v celém svém objemu protkan slozitou siti tubuld,
vyplnénych dentinovou tekutinou. Uvniti tubulli se pak nachazi dlouhé vybézky
odontoblastl. Tato mikrostruktura tak z dentinu déla Zivou tkan, schopnou reagovat
na rdzné podnéty prichazejici z vnéjsiho prostredi. Vyvojové dentin (resp.
odontoblasty, které ho tvori) vznikd zektomezenchymu interakci s prilehlym
dentalnim epitelem, ktery je pritomny jak v korunce (vznikaji z néj ameloblasty), tak
v korenu (tvori HERS). Ac¢koliv se vi o odliSnostech téchto dvou typt dentalnich epiteld,
nebyl dosud jejich rozdilny vliv na formovani prilehlého dentinu popsan.

V této praci jsme se vénovali vnitini mikrostruktufe dentinu ve vztahu k jeho
poloze a vyvoji. Pro studium jsme vyuZili jednak mysi rezaky, u kterych byla drive
identifikovana korenova a korunkova strana zubu a zaroven je u nich mozné detailné
studovat vyvoj, a jednak mysi molary, které svou stavbou lépe odpovidaji lidskym
zublim. U obou typl zubu naSe vysledky konzistentné prokazaly zasadni roli typu
prilehlého epitelu béhem vyvoje na budouci mikrostrukturu dentinovych tubult. Pro

detailni studium mikrostruktury dentinu jsme vyuZili geneticky fluorescen¢né znaceny
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mySi kmen DSPP-Cerulean/DMP1-Cherry, ktery nam umoznil studovat mikrostrukturu
dentinu a zaroven vztah vnitfniho uspotadani k expresi dvou zdsadnich gent pro
formovani dentinu: Dspp a Dmp1. NaSe vysledky z konfokalni mikroskopie a nasledné
kvantifikacni analyzy ukazaly, Ze vybézky odontoblasti maji v korunkové casti
rovnéjsi priibéh, maji uzsi priimeér a tvori hustsi sit' neZ v ¢asti korenové. Nasledné jsme
provedli analyzu prvkového sloZeni riznych casti dentinu metodou LIBS (Laser-
induced breakdown spectroscopy), ktera ukazala, Ze lingvalni (kotfenova) a labialni
(korunkova) ¢ast rezdku se lisi v obsahu vapniku a hoi¢iku, coZ mtZe dale poukazovat
na odliSné mechanické vlastnosti dentinu v riznych ¢astech zubu. Pro potvrzeni nasi
hypotézy o rozdilném indukénim vlivu riiznych typt zubnich epiteli jsme vyuZili kmen
Spry2+/;Spry4/-, ktery ma ektopicky vyvinutou sklovinu i na lingvalni (kofenové)
strané rezaku. Tyto vysledky odhalily, Ze pokud se v mist€, které odpovida zubnimu
korenu, vytvori sklovina, dojde zarovenn kzasadnimu ovlivnéni mikrostruktury
prilehlého dentinu. Takovy dentin se bude vice podobat dentinu v korunkové casti
zubu. Znamena to tedy, Ze doslo k ¢asnému ovlivnéni odontoblastli typem epitelu, se
kterym béhem svého brzkého raného vyvoje interagovaly, a Ze tyto odontoblasty si
ziskané vlastnosti ponechavaji i béhem dalSiho vyvoje. Na molekularni Grovni jsme
zjistili, Ze jednotlivé typy dentin-tvoricich odontoblasti se 1isi v expresi nékolika
vyvojové vyznamnych gend, a odhalili jsme tak moZnou dcast Wnt signalizace pfri
formovani mikrostruktury dentinu.

Tato prace diky komplexnimu metodologickému pristupu a funkénim analyzam
odhaluje odliSnou mikrostrukturu dentinu v korunkové a Kkorenové casti zubu

a zarovel jako prvni navrhuje mechanismy, které tuto rozdilnost zpiisobuji.
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3.7 Komentar k prilozené publikaci Cislo 7
Rapid isolation of single cells from mouse and human teeth

Originalni védecky ¢lanek
Journal of Visualized Experiments, 2021; Q3, IF: 1,36

Jan Krivanek, Josef Lavicky, Thibault Bouderlique, Igor Adameyko

Metoda analyzy genové exprese na urovni jednotlivych bunék je principialné
zavisla na vstupni kvalité bunék izolovanych zZivé tkané. NeSetrna nebo naopak
pomala disociace tkané zajmu s sebou prinasi nedostatecny vytéZek bunék, vysoky
pocet umirajicich a mrtvych bunék nebo ovlivnéni genové exprese v analyzované
bunécné populaci. Situace je jesté komplikovanéjsi, pokud je potieba izolovat buriky
z tvrdych tkani, jako jsou kosti nebo zuby.

V této praci prinasSime protokol vyvinuty pro rychlou, efektivni a zaroven Setrnou
izolaci jednotlivych bunék z mysich i lidskych zubt. Pripravena bunécna suspenze je
vhodna pro zpracovani pomoci riiznych metod analyzy genové exprese na urovni
jednotlivych bunék, ale i pro dalsi vyuziti, jako je napriklad FACS (Fluorescence-
activated cell sorting; Fluorescenc¢né aktivované tridéni bunék) nebo in vitro kultivace.
Prezentovany protokol je rozdélen do nékolika ¢asti: a) vyjmuti tkané z organismu, b)
mechanickd fragmentace tkané, c) enzymatické Stépeni extracelularni matrix, d)
priprava bunécné suspenze a piipadné e) FACS. Celkova doba a zptlisob izolace je
zasadni pro ziskani kvalitni suspenze bunék, kterd nebude mit izolaci zménénou
genovou expresi. Trvani prvnich Ctytech kroki proto bylo optimalizovano celkem na
35-45 minut. Zavérem byla prezentovana vhodna strategie pro FACS a kvantifikovano
zastoupeni imunitnich bunék v pripraveném vzorku i ve finalnich datech.

Tento protokol byl tspésné aplikovan pri tvorbé ,Atlasu zubnich bunék” (viz.
publikace cislo 1) a to jak pro metodu smart-seq2, tak pro 10x. V souhrnu zde
prezentujeme ovéreny protokol pro ziskani kvalitni suspenze jednotlivych bunék ze

zubu. Predpokladame, Ze tento protokol bude moZné aplikovat i na dalsi typy tkani.
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4 Zaver

Neustale se zdokonalujici technologicky vyvoj se ruku v ruce poji s pronikdnim do
vétSich a vétSich zakouti a detailli fungovani organismi. Nemusi se vSak vZdy jednat
o ziStny (nebo také aplikovany) vyzkum. Samotna zvidavost a snaha o pochopeni toho,
jak véci funguji ve své nejbazalnéjsi roviné, s sebou prinasi radost a ¢asto i novou
inspiraci, jiZ pozdéji mliZe (anebo nemusi) byt vyuzito.

Tato prace sumarizuje vysledky, které vyuzivaji novych technologickych pristupi
k zodpovidani téchto principt. Paralelné s tim vSak nase badani otevira desitky novych
témat, jimZ se v budoucnu budeme my nebo mozna jini vyzkumnici vénovat. Vétim, Ze
vysledky nasi prace poskytnou diilezity védomostni zaklad v naSem oboru a snad
i oteviou nové perspektivy pro Cerstva védecka témata, ktera budou nejen cilit na
poznani jako takové, ale bude diky nim umoZnéno aplikovat vysledky naSi prace
v metodach regenerativni mediciny.

Podstata nasi prace i prace ostatnich badatelt této doby vsak zatim stale spociva
v peclivém zkoumani jednotlivych dil¢ich komponent (at uz se jedna o organy, buriky,
geny nebo jednotlivé molekuly), které tvofi organismus jako celek. To je bohuZel ¢asto
umoznéno pouze destruktivnim rozloZenim celkové fungujictho organismu na jeho
jednotlivé ¢asti a nasledné jejich separatnim studiem. Tento zpisob prace tak pomaha
odhalit pouze jednu malou ¢ast z fungujiciho celku. Je proto dileZité stale nezapominat
na enormni komplexitu a ptivod i divod celého organismu i Zivota jako celku. Jediné to

ndm muiZe poskytnout odpovédi na otazky, které zatim stale unikaji naSemu chapani.

I kdyZ nékterym vécem zatim nerozumime, v§e md sviij cas, misto a smysl.
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Understanding cell types and mechanisms of dental growth is essential for reconstruction
and engineering of teeth. Therefore, we investigated cellular composition of growing and non-
growing mouse and human teeth. As a result, we report an unappreciated cellular complexity
of the continuously-growing mouse incisor, which suggests a coherent model of cell
dynamics enabling unarrested growth. This model relies on spatially-restricted stem, pro-
genitor and differentiated populations in the epithelial and mesenchymal compartments
underlying the coordinated expansion of two major branches of pulpal cells and diverse
epithelial subtypes. Further comparisons of human and mouse teeth yield both parallelisms
and differences in tissue heterogeneity and highlight the specifics behind growing and non-
growing modes. Despite being similar at a coarse level, mouse and human teeth reveal
molecular differences and species-specific cell subtypes suggesting possible evolutionary
divergence. Overall, here we provide an atlas of human and mouse teeth with a focus on
growth and differentiation.
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ARTICLE

ammalian teeth are formed by the ectoderm of the first

pharyngeal arch and neural crest-derived ectome-

senchyme. Developmental interactions between these
tissue types enable the construction of solid dental struc-
tures composed of epithelium-derived crown enamel and
ectomesenchyme-derived dentin!~%. In humans, teeth primordia
are formed in utero and complete their growth before adulthood,
at which point the progenitor populations disappear. In contrast
to this, in mice and many other species, teeth can continue to
grow throughout life, providing the major model system to study
progression of various tooth cell lineages from the dental stem-
cell populations located in the apical end of the tooth. In mice, the
incisor stem-cell population continuously self-renews and
replenishes tissues that are lost due to gnawing, making this
model attractive for studies of stem-cell generation, cell differ-
entiation, homeostasis, and injury-induced regeneration. In
addition, the mouse incisor represents a model of continuously
self-renewing organ with cell dynamics conceptually similar to
gut epithelium, hair follicles, and nails. Even though major tooth
cell types have long been identified, the spectrum of rare and
transient cell populations and interactions that enable tooth
growth remain poorly understood. The identity of epithelial and
mesenchymal stem populations and their possible spatial and
functional diversity remains unresolved, especially when it comes
to such populations in growing and nongrowing human teeth.
Besides, whether rodent teeth represent a bioequivalent model
system for studying specific aspects of human tooth development
and physiology is not yet clear. The long held-view is that the
human teeth contain mesenchymal stem cells analogous to mouse
incisor mesenchymal stem cells’-8. However, at this point, no
clear consensus has been reached about the molecular identity of
such cells in vivo®?. In addition, the role and population structure
of other cell types, such as resident cells of the immune system,
is unclear in relation to the maintenance of local tissue home-
ostasis and beyond their major protective function in teeth. There
is growing evidence that macrophages are important constituents
influencing the stem-cell compartments, for instance, in control
of the intestinal stem-cell niche or in promoting wound-induced
hair follicle regeneration!®11,

Towards answering these questions, we applied single-cell
transcriptomics and lineage tracing techniques with a specific aim
to examine the organizational complexity and self-renewal of
growing mouse incisor, contrasting it with nongrowing mouse
molars, and evaluating the extent to which the mouse model
reflects the growth of human teeth. Our data revealed stem and
differentiated cell subtypes in epithelial and mesenchymal com-
partments and heterogeneity of tissue-residential immune cells in
mouse incisor. We provide a comparative map of cell types
inhabiting mouse and human growing vs. nongrowing teeth.

Results

sc-RNA-seq reveals cell heterogeneity of the self-renewing
mouse incisor. To address the entire course of differentiation of
cell types in the tooth during self-renewal, we first isolated all
dental tissues from the adult mouse incisor and sequenced indi-
vidual cell transcriptomes with the Smart-seq2 protocol to obtain
high sequencing depth!2 (Fig. 1a, b). Clustering using PAGODA
revealed 17 major cell subpopulations (Fig. 1c-e; Supplementary
Figs. 1-3 and Supplementary table 1,2,3 and Supplementary Data
File 1), including the major immune, epithelial, and mesenchymal
compartments. The relative in vivo cell-type abundances might
not be reflective of clusters proportions due to cell isolation biases
and strategies!3. All general cell types show considerable degree of
internal heterogeneity (Supplementary Figs. le-g, i, 3) empha-
sizing complexity of interactions and physiological processes in a

growing and self-renewing tooth. We next focused on the most
striking aspects of population complexity of epithelial (Figs. 2-4)
and mesenchymal (Figs. 5-7) compartments, their human ana-
logues (Figs. 8, 9), and finally immune (Fig. 10) populations.

Heterogeneity of the epithelial compartment in mouse incisor.
The epithelial compartment of the tooth is essential to generate
the enamel, as well as for the morphogenetic guidance of tooth
development and self-renewal. Focused reanalysis of the epithelial
(Krt14 and Cdhl co-expressing) subpopulation showed a complex
mixture of at least 13 distinct epithelial clusters (Fig. 2a). These
include mature subpopulations, such as enamel-generating ame-
loblasts, and a heterogeneous pool of stem/progenitor cells.
During sequencing, we enriched for epithelial progenitors by
using Sox2-driven GFP in Sox2CFP animals and subsequent FACS
of fluorescent cells. Ameloblasts and enamel development in the
incisor is not restricted to early developmental stages as it is in
molars. Continuous replenishing of enamel is essential for the
incisor growth. Thus, we can find all the ameloblasts’ stages:
closer to the labial cervical loop we can find early stages and
closer to the tip more differentiated stages. Differentiation of
ameloblasts starts at the preameloblasts stage (early fate decision
and first differentiation), then continues through secretory stage
during which the enamel backbone is formed. Subsequently,
the secretory ameloblasts are further differentiated in a matura-
tion phase during which the first enamel backbone is fully cal-
cified?. During the last phase, known as a postmaturation phase,
the enamel epithelium diminishes and enamel production is
completed. Consistent with these stages, we observed spatially
separated stages of ameloblast differentiation, including pre-
ameloblasts (Shh™ cluster 11), secretory (Enam™ cluster 5),
maturation (Kik4T cluster 10) and postmaturation (Gm17660+
cluster 6) stages (Fig. 2a, e, Fig. 4a, ¢, h, i)14-16, Our results show
that transitions in gene expression profiles between the canonical
stages are rather abrupt, consistent with the fact that the stages
were previously characterized based on significant morphological
and functional changes during ameloblast differentiation. The
data show progressive modulation of transcription factor
expression during different stages of ameloblast development
(Fig. 4d-f), connecting known spatial and morphological transi-
tions associated with the ameloblast differentiation with pre-
viously uncharacterized intermediate transcriptional states. In
addition to these spatially separated populations, we observed a
subset of RYR2 cells scattered in the ameloblasts layer (cluster 3)
(Fig. 2a, b). The function of these cells is unknown, however this
population expresses different mechanotransduction-related
genes: Piezo2, Trpm2, Trpm3, and Trpm6 cation channels, as
well as calcium-dependent genes (Itprl, Ryrl, and Ryr2) (Fig. 3b
and Supplementary Table 1)17-19. To clarify if these cells can
respond by changing their numbers to the lack of mechanical
load, we clipped the incisor on one side of the jaw to prevent the
usage of this tooth for a significant period of time. This unilateral
tooth clipping experiment did not reveal any changes in the
number and distribution of RYR21 cells (Fig. 3i).

Other mature populations in the tooth epithelium included
stratum intermedium (clusters 8, 9, and 1) and outer enamel
epithelium (cluster 4), whose functions are poorly understood
(Fig. 2a). The identity of cluster 1 was unclear, but immunohis-
tochemistry using THBD as a marker specific to this population,
revealed that these previously uncharacterized cells reside in a
distinct anatomical structure that we named the cuboidal layer of
stratum intermedium (Figs. 2b, 3g, h). The broader gene
expression signature of these cells (Cygb, Nphsl, and Rhcg)
suggested that they maintain the functional interphase
between blood vessels and metabolically active ameloblasts?0-23,
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essential for the efficient enamel synthesis.

The repertoire of stem and progenitor cells supporting these
diverse tooth epithelial populations is poorly characterized. A
combination of putative markers for dental epithelial stem cells
(Sox2, Lrigl, Bmil, Glil, Igfbp5, and Lgr5) identified from studies of
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late embryogenesis*4~28, showed most consistent expression in

a subset of cluster 13 (Figs. 2a, 4b, ¢, g). Even this small

subpopulation, however, was heterogeneous. For instance, Sox2,
Acta2 and many other genes were specifically co-expressed in a
single cell from the stem-cell subcluster, suggesting a distinct stem-
cell subtype. Indeed, lineage tracing with Acta2CreERT2/RgtdTomato
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Fig. 1 Unbiased identification, validation, and spatial mapping of major dental cell types and subpopulations. a Schematic drawing of continuously
growing mouse incisor with highlighted stem-cell area. b Cell dynamics during self-renewal and growth based on the activity of the dental epithelial and
mesenchymal stem cells. ¢ Unbiased identification of dental cell types and subpopulations. t-SNE dimensional reduction visualizes the similarity of the
expression profiles of 2889 single cells (individual points). Colors demonstrate 17 clusters as defined by PAGODA clustering. All major clusters correspond
to cell types in the mouse incisor, defined by expression of known markers. d Schematic drawing summarizing validation and mapping of the observed
cellular subpopulations back onto the incisor tissue preparations. e Validations and mapping of unbiasedly identified populations based on the expression
of selected marker genes. All validations were performed by immunohistochemistry except of alveolar bone panel where DSPPeerulean /pp1pIChery mice was
used (only red channel showed). Note. SOX9 is well-known marker for pulp cells, COL4 for blood vessels, CDH1 for epithelium, and ACTA2 for dental
follicle (and perivascular cells). All these marker genes are highly and specifically expressed in corresponding clusters (Supplementary Table 1), but do not
belong to top10 genes shown in plots above the images. (LiCL Lingual Cervical Loop, LaCL Labial Cervical Loop, SI Stratum Intermedium, SR Stellate
reticulum, OEE Outer Enamel Epithelium). Scare bars: 50 um.
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Fig. 2 In-depth single-cell analysis of dental epithelium. a t-SNE dimensional reduction shows subpopulations of 268 single epithelial cells. 13 unbiased
clusters (colors) reveal previously unrecognized stem, progenitor and mature epithelial subtypes. Inset: mitotic signature as defined by average expression
of cell-cycle-related genes. b Identification of a previously unrecognized cellular subtypes of epithelial layer. RYR2+ cells in ameloblasts’ layer and THBD+
subpopulation of stratum intermedium organized into cuboidal layer found by immunohistochemistry. ¢ Panel on the right shows localization of ACTA2-
expressing cells inside the labial cervical loop (immunohistochemistry) and corresponding expression of Acta2 predicted from RNA-seq analysis (left
panel). d Long-term (2 months) lineage tracing of a Acta2CreERT2/RogtdTomato dental epithelial stem cells shows the traced cells in both apical (near the
cervical loop) and distal ameloblasts. Ameloblast character was proved both morphologically and by expression of CALB1 (immunohistochemistry).

e Transcriptional program of ameloblasts differentiation. Four clusters corresponding to different stages of ameloblasts maturation (upper). Transcriptional
states of ameloblasts progenitors were modeled as a single trajectory, which reveals sequence of cell state transitions and linked activity developmental
gene modules (bottom). Heatmap: the cells (columns) are arranged according to estimated pseudotime, genes (rows) were clustered in nine modules.
Smoothed gene expression profiles are shown. f Transient progenitor population found in labial cervical loop is demarcated by the expression of Egrl and
Fos. Panels in the bottom part shows the lineage tracing of FosCeERT2 /R26ZsGreenl |nsets show the lineage traced cells in outer enamel epithelium. Of note,
FosCreERT2 /RpgZsGreent traced cells in epithelial and mesenchymal compartments are of distinct origins since compartments are spatially separated. (LaCL
Labial Cervical Loop, SI Stratum Intermedium, Am. Ameloblasts). Scale bars: b, d, e: 50 um; ¢ and insets of e: 10 um.
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Fig. 3 Identification of previously unrecognized cell types in dental epithelium and stem cells. a-e In situ hybridization (Igfbp5, Gjb3) and

immunohistochemistry (PIEZO2, EGR1, and CLDN10) validations of selected markers demarcating different progenitor and differentiated states in epithelial
layer. Note: Validation of expression of Igfbp5 enables identification of outer enamel epithelium clusters on a t-SNE representation (a). Validation of
PIEZO2-expressing cells shows sporadic cells inside the ameloblast layer (b). EgrT cells are present in the progenitor area on the edge of stellate reticulum
and outer enamel epithelium (c). Mapping of Gjb3 on the section tissue consistently reveals the position in stellate reticulum within the labial cervical loop
(d). Validation of Cldn10 expression helps to outline all non-ameloblastic parts of epithelial differentiation including developing stratum intermedium and
outer enamel epithelium (e). f Acta2CreERT2 /RpgtdTomato ganetic tracing shows significant contribution of Acta2+ cells of the labial cervical loop to more
differentiated cell types of dental epithelium including ameloblasts, stellate reticulum, outer enamel epithelium, and stratum intermedium after 3 days,
2 weeks, and 1 month long tracing period. g, h Immunohistochemistry identification of the Cuboidal layer of stratum intermedium (expressing THBD) and
spatial relation to the neighboring blood vessels submerged into the papillary structure of stratum intermedium. COL4 expression characterizes the blood
vessels on left panel. h Papillary structure of stratum intermedium with submerged blood vessels (COL4) and CDH1 expressing ameloblasts and cells from
stratum intermedium. Note. Cuboidal layer characterized by THBD expression (g) forms subpopulation of stratum intermedium cells (h).
Immunohistochemistry. i Comparison of RYR2+ ameloblasts in healthy (mean 6.71+ 0.93 SEM per FOV, Field Of View) and unilaterally clipped (mean
6.04 £ 0.61 SEM per FOV) mouse incisor. Counts of RYR21 ameloblasts per FOV are plotted, and the color-code of dots corresponds to 3 individual

animals per healthy or clipped condition. (am. ameloblasts, od. odontoblasts, LaCL Labial Cervical Loop, S| stratum intermedium, OEE Outer Enamel
Epithelium, am. Ameloblasts, PDL periodontal ligamentum). Scale bars: 50 um.

mice traced ameloblasts and other cell types of dental epithelium in
adult animals after 3 days, 2 weeks, 1 month and 2 months after
tamoxifen injection (Figs. 2d and 3f). The presence of ACTA27 cells
was confirmed by immunohistochemistry (Fig. 2c) in the outer half
of stellate reticulum, outer enamel epithelium and dental follicle.
Lineage tracing data using the Acta2CreERTZ/RpgtdTomato mjce
appeared consistent with this immunohistochemical staining. In
the short-term lineage tracing experiment (3 days), numerous cells
appeared traced within dental epithelium. However, the mature
ameloblasts were not traced, which is different from long-term
lineage tracings (1—2 months), where mature ameloblasts are
robustly detected (Figs. 2d, 3f). At the same time, the overall
numbers of all traced cells decreases over time because these cells are
being replaced by the progeny of non-labeled stem cells. Only a
small fraction representing traced epithelial cells is derived from
ACTA2" epithelial stem cells, which retain self-renewing capacity

and can produce a minor proportion of epithelial progeny
constantly during incisor self-renewal.

The expression patterns of the epithelial stem-cell markers show
partial overlap with diverse clusters of proliferating progenitors.
These include Shht cells?>29 (Sox21/Shht clusters 12 and 2, as
well as more differentiated Sox2~/Shh* clusters 11, 5, 1, 13;
Figs. 2a, 4c). Expression of Egrl and Fos in cluster 7 suggested a
distinct type of an epithelial progenitor. Immunohistochemistry
labelling showed that Egrit epithelial cells were positioned
adjacent to the stem-cell niche (Figs. 2f, 3c). Lineage tracing in
FosCreERT2/Ro67sGreenl mice revealed epithelial progeny inside the
cervical loop, and predominantly in the outer enamel epithelium
10-days after the induction of lineage tracing in FosCreERTZ
R26%Greenl mice (Fig. 2f). These Egrl*/Fos™ cells, thus, although
being Sox2 negative, represent a long-lasting progenitors that
disappear after 1 month of the lineage tracing from the cervical
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loop, and that are fate-biased towards outer enamel epithelium.
Overall, our analysis of the epithelial compartment revealed a
complexity of stem, progenitor and mature cell types, many of
which were previously unknown and provide opportunities for
further characterization.
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Heterogeneity of the mesenchymal compartment in mouse
incisor. Mesenchymal cell types in teeth build cementum, dentin,
and soft tissue of pulpal cavity, and have diverse spatial locali-
zations inside and around the tooth. Our data revealed that the
tooth is surrounded by two subtypes of the dental follicular cells
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Fig. 4 Extended analysis of the heterogeneity of dental epithelial subtypes. a t-SNE dimensional reduction visualizes the similarity of the expression
profiles of 268 single dental epithelial cells. Thirteen unbiased clusters shown by different colors including revealed stem, progenitor and mature epithelial
subtypes. b Previously unrecognized identified stem-cell subpopulation shows expression of Lgr5, Lrig], and Sox2. Unlike Lgr5 and Lrigl, Sox2 is more widely
expressed also in TAC's (also shown in panel g). ¢ Shh is expressed in the progenitor populations including the stellate reticulum, stratum intermedium
progenitors or preameloblasts (clusters 2, 11, and 12). d-f Transcriptional factor code associated with ameloblasts differentiation. f Schematic drawing
summarizing expression of various selected transcription factors in different stages of ameloblasts development. g Heatmap showing the expression of
mitotic and stem-cell markers within identified clusters of dental epithelial cells. Population hierarchy axis colors resemble the same populations on tSNE
from panel a. Note that some of previously described stem-cell markers: Lrig], Sox2, Bmil, Glil, Lgr5, or Igfbp5 are co-expressed only within a subcluster of
cluster 13. This subcluster possesses a unique and extensive multigenic signature, including previously unknown markers Pknox2, Zfp273, Spockl, and Pcp4.
The putative DESCs from cluster 13 might represent one type of epithelial stem cells in the tooth. The listed stem-cell markers show reasonably large and
partly overlapping domains of expression that coincide with clusters containing proliferating progenitors. Sox2+ DESCs give rise to Shht populations
including transient amplifying cells (TAC's) in the epithelial compartment. In agreement with that, we observe that the Sox2+/Shh*t clusters 12 and 2
contain the majority of TAC's and most likely represent less differentiated states as compared to Sox27/Shht clusters 11, 5, 1, and 13. h, i Expression of well-

known markers corresponding to a different ameloblast stage proving the gradual differentiation from secretory ameloblasts stage (Enam™) through
maturation ameloblast stage (Klk4t, Odam™) into postmaturation ameloblast stage (Gm176607).

and is encapsulated by the alveolar bone (Fig. 6e-h, Supple-
mentary Fig. 3a, and Supplementary Table 1)27-30:31. The dental
follicle populations express Aldhla2 - the key enzyme for retinoic
acid production (Supplementary Fig. 3a, b). Retinoic acid, being a
key morphogen, is known to control dental development and self-
renewal®?33. Correspondingly, complementary receptor genes
Rara, Rarb, and Rarg are expressed in some of the major popu-
lations of the tooth itself (Supplementary Fig. 3a, b). This suggests
previously unanticipated crosstalk between retinoic acid produ-
cing and sensing populations in incisor growth and maintenance.

Inside, the incisor contains a continuously replenished
mesenchymal compartment, comprised of odontoblasts producing
dentin (the most abundant type of hard matrix in teeth), and
heterogeneous sets of pulpal cells whose role and subtypes remain
to be understood from the functional point of view. Smart-seq2
data showed at least three major mesenchymal populations inside
of the mouse incisor: odontoblasts and two distinct pulp subtypes,
all connected by a continuum of transient cell states (Fig. 5a, b).
The first pulp subtype, constitutively expressing Smoc2 and Sfrp2,
is localized specifically to the apical pulp in the area between
cervical loops according to validation experiments (Fig. 6d, f).
Expression of genes linked to self-renewal properties in the incisor
mesenchyme (Thyl and Glil) was restricted to cells of apical
subtype (Fig. 6a)2-34. However, dividing cells (Mki67T) are mostly
segregated to a distinct heterogeneous transcriptional subpopula-
tion localized in the pulp near the cervical loops, as evident from
Fgf3 and Foxdl expression (Fig. 6a—c). This indicates that apical
pulp subtypes include diverse pools of quiescent stem cells and
stromal cells likely supporting the stem-cell niche. The other pulp
subtype corresponded to incrementally differentiating distal pulp
cells finally labelled by the expression of Igfbp5 and Syt6 (Fig. 6d).
Transcriptional trajectory modelling of the three mesenchymal
populations, predicted a central branchpoint at a subpopulation
with a strong mitotic signature, suggesting a likely active pool of
stem/progenitor cells within the mesenchymal compartment
(Figs. 5a-c, 6g)27:3>. The potential area of active progenitors was
corroborated by RNA velocity (Fig. 5b)3°.

To improve the resolution of the active stem/progenitor
subpopulation, we profiled mouse incisor by sequencing a larger
number of cells using the 10x Chromium platform, which
recovered the same mesenchymal landscape and overall popula-
tion structure (Supplementary Fig. 4e, h). Branch analysis showed
that transcriptional programs of the three populations were
activated in a mutually exclusive manner in individual cells,
without a notable multilineage primed state (Fig. 6h)37. A small
fraction of the dividing cells showed activation of population-
specific transcriptional biases, including an odontoblastic pro-
gram. Obtaining cells of odontoblast sublineage became possible

because we enriched for it by using Dsppcerulean/Dyp]Cherry
transgenic animals®8. The immunohistochemistry confirmed
activation of early odontoblast markers Notum and Salll in the
near cervical loop mesenchymal area, indicating that odontoblast
fate selection happens before embedding into the odontoblastic
layer (Figs. 5g, i. 7g). However, it is not clear if all Notum- and
Salll-expressing progenitor cells always irreversibly and selec-
tively commit to the odontoblast fate or these factors convey a
strong bias towards odontoblast differentiation. This goes in-line
with the previously established fact that proximity of a stem cell
to the epithelial compartment was shown to modulate selection of
odontoblast fate, indicating the extrinsic signal from epithelium
might induce odontoblast program3°. This initial fate selection
step, as well as clear transcriptional progression through at least
three spatially separated stages of odontoblast differentiation
provide a useful resource for ongoing efforts for targeted
differentiation of odontoblasts (Fig. 5g, 7e-i).

Analysis of the apical progenitor subpopulation demarcated
several axes of transcriptional heterogeneity that could identify
programs specific to progenitor pools, one of which is marked by
Foxdl expression (Figs. 5d, 7a—c). In situ hybridization confirmed
the expression of Foxdl exclusively near the labial cervical loop
area (Fig. 5d). A fraction of these cells is mitotic (Fig. 7d). To test
whether Foxdl expression designates a functionally distinct
subpopulation of biased stem cells residing in apical area, we
performed lineage tracing using FoxdlCreERT2/RogtdTomato,
Indeed, we found that FoxdI-traced cells gave rise predominantly
to periodontoblastic pulp cells and dentin-secreting odontoblasts
(Fig. 5e, f). Even after 3-months-long tracing, FoxdI-traced cells
in the apical stem-cell area were detected only near the labial
cervical loop revealing a spatially restricted structure of self-
renewal pathway in the mouse incisor (Fig. 5e). Thus, the initial
position of stem cells along the central-periodontoblastic axis is
associated with its transcriptional state, migratory trajectory, and
fates of progeny (Fig. 5¢).

Comparisons of composition of growing vs. nongrowing
mouse teeth. Although the mouse incisor stands as a model for a
growing tooth, molecular features that distinguish it from non-
growing teeth remain unexplored. Therefore, we generated single-
cell transcriptional snapshots of a nongrowing adult mouse molar
using both 10X Chromium and Smart-seq2 platforms. To lever-
age total scale of multiple datasets, we analysed them jointly and
together with self-renewing incisor datasets using Conos data
integration strategy (Supplementary Fig. 4)40. Coarse-grained
cell-type composition appeared similar between molar and inci-
sor, except for the lack of epithelial populations in adult molars
(Supplementary Fig. 4a-c). However, molar pulp appeared
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In-depth single cell analysis of dental mesenchyme
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Fig. 5 Developmental dynamics of dental mesenchyme. a Analysis of mouse-incisor dental mesenchymal cells isolated for separate analysis from general
dataset. Colors show unbiased clusters. The principal tree correctly captures positions of mature mesenchymal derivative and progenitor populations.
b Analysis of RNA velocity shows major directions of cell progression in the transcriptional space. The arrow start- and endpoints indicate current and
predicted future cell states. ¢ Model of stem-cell dynamics in mesenchymal compartment with relation to dental follicle. d Prediction and validation of
spatially restricted Foxdl+ stem cells. The Foxdl-associated axis was selected for validation, and is shown on t-SNE (genes with the strongest positive and
negative associations are shown in red and blue respectively). Foxdl cells (in situ hybridization) are located in the mesenchyme surrounding the labial
cervical loop. e Lineage tracing of FoxD1CreERT2 /RpgtdTomato strain confirmed the predicted stem-cell nature of Foxdl+ mesenchymal cells. In short-term
tracing (5days) tdTomato™ cells are predominantly around LaCL in contrast to long-term (1-month-long and 3 months) tracing where pulp and odontoblast
progeny are observed. Importantly, tdTomato™ cells are maintained in their original position in the long-term manner (3 months) and at the same time
point tdTomato™ distally located odontoblasts can be observed supporting the theory of Foxd1t cells being a long-living mesenchymal stem cells. f Nature
of Foxd1* cells progeny confirmed by a combination of FoxD1CreERT2 /R2gtdTomato tracing and SALLT and SOX9 immunohistochemical stainings.
FoxD1CreERT2 /R pgtdTomato_traced cells contribute to both the SALLTH odontoblasts (arrows) and SOX9 pulp cells (arrowheads). Asterisks show the of
subodontoblast layer FoxD1CreERT2 /RogtdTomato traced cells. g Variability of cells assigned to a branch leading to odontoblasts (inset) was reanalysed using
principal component analysis. Colors mark five clusters obtained by unbiased hierarchical clustering. Left-right axis reflects developmental stages of
odontoblasts. h Gradual odontoblast differentiation (suggested in g) from near-CL area into fully differentiated odontoblasts. Left: expression pattern
acquired from scRNA-seq, right: in situ hybridization-based histological validations of the proximal part of the mouse incisor proving suggested gradual
transition. i Spatial pattern of a discovered (pre)odontoblast transcription factor—SALL1 (Immunohistochemistry). (LaCL Labial Cervical Loop, pre-od.
preodontoblasts, Od. Odontoblasts, Am. Ameloblasts). Scare bars: 50 um.

significantly more homogeneous as compared to the pulpal
populations of the incisor given the resolution of the current
measurements. Joint Conos clustering of incisor and molar
datasets shows that molar mesenchyme falls into a single cluster
shared with the distal mouse-incisor pulp (Supplementary Fig. 4a,
b). Analysis of mesenchyme heterogeneity using separately 10x
and Smart-seq2 platforms corroborated the heterogeneous
population structure of mouse incisor and homogeneous distal-
like population of mouse molar (Supplementary Fig. 4d, e). At the

8

same time, gene expression programs of mouse molar and distal
incisor pulp have noticeable expression differences in 379 genes
(p value < 102, t-test group means comparison and at least two
fold change in both Smart-seq2 and 10x Chromium datasets)
(Supplementary Fig. 4f). Mouse-incisor apical genes tend to show
high expression in a Smoc2t compared to Smoc2~ human apical
papilla. On the other hand, mouse-incisor distal genes tend to
show high expression in a Smoc2~ and not Smoc2™ human apical
papilla. In adult teeth, mouse-incisor distal genes are uniformly
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Fig. 6 Portrait of transcriptional heterogeneity in dental mesenchymal populations. a t-SNE representations of selected, previously known marker genes.
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pulp (dots) and follicle (crosses) is reproduced and extended with 10x Chromium. t-SNE embedding shows 2552 mesenchymal cells grouped in clusters,
where clusters colours reflect colours of annotated Smart-seg2 pulp clusters (see Fig. 3a). Of note, cells from apical pulp gradually extend into cells of
dental follicle. f Experimental validations of gradual spatio-transcriptional gradient from apical pulp to dental follicle. Immunohistochemistry of SMOC2
highlights the position of the apical pulp state, corroborated by Smart-seq2 and 10x Chromium single-cell datasets. In situ hybridization of Sfrp2, consistent
with 10x Chromium and Smart-seqg2 t-SNE representations, labels coherent states between apical pulp and dental follicle. Immunohistochemistry for SOX9
labels all pulp cells but not odontoblasts or dental follicle. g In silico mapping of mitotic cells onto non-mitotic landscape pinpoints progenitor states of
active cell division (upper). To remove effect of mitotic program, mitotic cells were re-positioned as average of 10 transcriptionally similar non-mitotic cells.
Comparison of intensity of odontoblast (lower, X-axis) and cell cycle (lower, Y-axis) programs in each cell reveals a subset of mitotic cells with activated
odontoblast program (lower). Dashed lines demarcate cells with active programs. h Mutually exclusive activation of fate-specific programs (odontoblasts,

distal and apical fates). An estimate of activity of fate-specific programs in each cell was based on average expression of 20 fate-specific markers.
Comparison of pairs of fates (three panels of fate pairs) shows activation of only one of fates indicating lack of noticeable multilineage priming.

expressed in all populations, but incisor apical genes show the
affinity to the periodontoblastic pulp. The meaning of this het-
erogeneity is unknown and requires further investigation. Alto-
gether, these results support aetiology of the apical subtype in the
incisor as stromal and quiescent cells of the niche, the structure
absent in the nongrowing molar. We thus, suggest that the distal-
like subtype is a constitutive terminally differentiated population,
while the apical pulp state is an emergent property of growing
mesenchymal dental tissue. Importantly, the apical incisor pulp
shows a coherent expression of genes involved in regenerative
response in a tooth and production of a hard matrix in case of
physical damage (Sfrp2, Lefl, Fzdl, Sfrpl, Rspol, Trabd2b, Glil,
and Wifl)*!, which is much less present in the pulp populations
found in molars (Supplementary Fig. 4d, e).

Parallels and differences between growing and nongrowing
human teeth. The studies of mouse incisor are generally moti-
vated by the translational insights on human tooth development.
In humans, the growth of teeth stops postnatally after permanent
teeth erupt between 6-21 years of age (eruption of the 3rd molar

is variable). To determine the extent to which the observed pulp
contrast between growing and nongrowing teeth in mouse reflects
human biology, we conducted single-cell profiling of 39,095 cells
from healthy nongrowing and growing wisdom teeth in humans
(Figs. 8, 9). To focus on the growth-relevant populations, the
cells were isolated from the apical papilla located in most apical
part of developing wisdom tooth where the tooth is still growing.
The analysis revealed that human teeth contain cell types ana-
logous to those in mice, including vascular and perivascular cells,
glia and immune populations, and distinct subpopulations of
pulp cells (Figs. 8a-d, 9a, b).

Human pulp cells significantly differ between the growing apical
papilla and nongrowing molar, and form at least several
transcriptionally distinct subpopulations (Fig. 8c, d). In that regard,
the pulp of human nongrowing molars appeared to be much more
transcriptionally diverse compared to the mouse nongrowing
molars. In particular, human molar contained a pulp subpopulation
that was spatially localized in the periodontoblastic layer, previously
morphologically described as cell-free and cell-rich zones, which are
absent in mouse (Fig. 8i)42. We detected a group of proliferative cells
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Fig. 7 Detailed analysis of mesenchymal branching point and odontoblast lineage. a Selection of non-mature subpopulation. An unbiased cluster of cells
that do not represent mature pulp populations was selected (left, upper), and preodontoblasts (left, lower), were excluded from it, resulting in non-mature
subpopulation (right). b Analysis of ICs stability reveals five biologically driven aspects of heterogeneity of non-mature subpopulation. Average correlation
of ICs to the most similar ICs across 100 runs of subsamplings of 70% of cells (right) reveals 5 out of 20 ICs with stability substantially higher than
expected from shuffled control (left). Stability of all ICs of control shuffled matrix and 15 ICs of original matrix are around 0.4 indicating background
expectations of spurious components. ¢ Five ICs of non-mature subpopulation reveal processes related to (from left to right) apical gradient (IC 1), cell
cycle (IC 2), Fgf3-mediated (IC 3), and Foxdl-mediated (IC 5) heterogeneity restricted to the progenitor states. Colors show intensities of identified ICs.
Genes that have the highest (red) and lowest (blue) associations with corresponding IC are shown. d Graph showing cells expressing Foxd1 in comparison
to cell-cycle score. e Transcriptional events during pulp differentiation trajectories. Each trajectory encompasses cell states from progenitor, as identified
from analysis of preodontoblasts, to mature states with cells arranged by pseudotime reflecting maturation process. The black cells belong to the trajectory
being shown, while other cells are shown in light gray (upper panels). Heatmap shows smoothed gene expression profiles with cells arranged by
pseudotime and genes (rows) arranged by pseudotime of maximal expression (lower panels). f-i Expression analysis of the selected genes determining
odontoblasts (Collal, Dmp1, and Dspp) and together with previously unrecognized identified odontoblast marker genes (Notum and SallT). Notum expression
is visualized on t-SNE embedding of the pulp dataset and immunohistochemistry proves NOTUM to be expressed in odontoblasts (g). SallT expression is
visualized on t-SNE embeddings of the both pulp (h) and complete incisor dataset (i). Scale bars: 50 pm.

in a growing human apical papilla, which showed pronounced
transcriptional similarity to a Smoc2~ human apical papilla pulp,
and dissimilarity with any subpopulations of nongrowing human
molars (Figs. 8e-g, e, g). To explore similarity of genetic programs
in a mesenchymal compartment of human and mouse teeth, we
compiled a set of marker genes that are differentially expressed
between apical and distal mouse-incisor subtypes in both
Chromium 10x and Smart-seq2 datasets (Supplementary Table 4).
Assessment of average expression of marker genes of apical and

10

distal incisor pulp subtypes showed their preferential expression in
corresponding populations of human pulp cells (Fig. 9f, h). In
particular, similar to incisor apical pulp, Smoc2t human pulp cluster
tends to express apical incisor markers and repress distal incisor
markers. Immunostaining reveals localization of Smoc2™ human
subtype to mesenchymal regions demarcating apical papilla around
the Hertwig epithelial root sheath (Fig. 8e, f). Overall, these
data indicate that Smoc2~ and Smoc2t human pulp subtypes might
form a maturation hierarchy similar to that in mouse incisor.
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In-depth single cell analysis of human adult and growing molar
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Fig. 8 Single-cell analysis of human adult and growing teeth. a Scheme of pulp regions isolated for single-cell RNA-seq from adult human molars and
apical papillae of growing human molars (dotted regions). b Characterization of cell composition across five adult and two growing human molars using scVI
deep learning framework. UMAP dimensionality reduction visualizes similarity of expression profiles of 39,095 single cells. Colors correspond to individual
datasets and indicate clustering by cell types. € Characterization of dental cell types in human teeth. Colors demonstrate 17 clusters as defined by leiden
clustering. Major clusters are defined by expression of known markers. d Human dental pulp have at least six transcriptionally distinct states. Top color bar
reflects colors of clusters shown in €). Top 198 genes enriched in each cluster are shown (maximum to medium expression across clusters is at least four-
fold and p value <1059, one-way ANOVA test). e, f Identification of apical-like-mouse-incisor regions in the growing apical papilla of human molar shown
by the expression of SFRP2 and SMOC2 (immunohistochemistry) in the growing region of apical papilla. g Dividing, MKI67+ cells are positioned in the
growing part of the apical papilla. h, i Expression of POSTN shows very regionalized pattern in two main clusters: periodontal ligament (PDL) on the samples
from apical papillae (h), but also demarcate the periodontal layers of adult dental pulp previously recognized as a cell-rich and cell-free zones (i).
Immunohistochemical POSTN staining. j STO0OA13 was proposed as a marker of human odontoblasts. This gene is highly overexpressed in one of the
subclusters, which is on t-SNE located in the close proximity to dental pulp. STOOA13 was proved to be expressed in odontoblasts by immunohistochemistry.
(Od. Odontoblasts; PDL periodontal ligament). Scale bars: 50 um, insets: 250 pm.

However, individual genes inside both apical and distal incisor pulp
modules often have incoherent patterns across human pulp subtypes
(Fig. 9¢, d). This suggests an evolutionary divergence between mouse
and human gene expression programs governing development and
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homeostasis of dental pulp tissue (Fig. 9c, d) and precludes
establishing the homologous fine subtypes between mouse and
human pulp. Thus, some human pulp subpopulations do not appear
to have clear parallel in mouse teeth.
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Joint analysis of both growing and adult human molars

a b
Clusters Sox9 Aift
i . \Endothelial
., . cells
Glialcells V".
T
s ) Rgs5 Cdhs @
TTeree i v €
Perivascular
cells
Immune"_‘\\ Macrophages <G &
cells, -~ 4%
R ! /PDL
! o Pulpcells T pei odontoblastic
it Cyc“ng R '3,/ layers of
ol cers, i “adult molar Igfbp5 Plp1
Pulp cells from \ b i . 2
apical papilla / O ; :
| ST
\ 4 1
Odontoblasts % ol Pulp cells from 4
adult molar « )

a/

Cc

Apical incisor
pulp genes

Distal incisor
pulp genes

Detailed analysis of pulp cells from
adult and growing human molar

Mki67*

9

to Mki67+ cells
Ay

L%

Transcription similarity v

f Average expression of apical
incisor pulp genes in.human
teeth

Average expression of distal
incisor pulp genes in human teeth

I

Fig. 9 Analysis of adult and growing human molars. a Dental cell types in human teeth, see Fig. 4. b Expression of selected marker genes. ¢, d Expression
of genes coordinately active in apical (51 genes, ¢) or distal (48 genes, d) incisor pulp across clusters of human mesenchyme reveals divergence of pulp
expression programs. Apical incisor genes were defined as at least three-fold and significantly (p <1010, two-sided t-test) overexpressed in apical
compared to distal incisor pulp in both 10x Chromium and Smart-seq2 datasets. The same for distal incisor genes. e Expression of MKI67 in cells of human
pulp shows a group dividing cells. f Transcriptional similarity of the group of dividing cells to individual nondividing mesenchyme cells. g, h Average
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states.

Heterogeneity of tissue-residential immune cells in mouse
incisor. Immune cells are the first responders to any infection
invading the pulp cavity*3. Understanding the organization and
diversity of the dental immune system can help develop
approaches to improve dental treatments to preserve dental pulp
and odontoblasts. We observed eight well-defined immune cell
populations in the mouse incisor, dominated by an extensive
repertoire of macrophages and other innate immune cells
including intravascular and tissue-resident DPP4T natural killer
(NK) cells (Fig. 10a, ¢; Supplementary Fig. 5a, b, e and Supple-
mentary Table 1).

The population of macrophages and dendritic cells contained
three subclusters (Fig. 10a). The most evident was presence of
AifIt/Lyvel™ and Aifi™/Lyvel~ populations (Fig. 10, Supplemen-
tary Fig. 5a, b and Supplementary Table 1) Unexpectedly,

immunohistochemistry demonstrated regional specificity of LYVE1"
and LYVE1~ macrophage subpopulations: while LYVE1* macro-
phages resided in the pulp distant from odontoblast layers, LYVE™
macrophages were scattered ubiquitously and penetrated the
odontoblast layer (Fig. 10c, Supplementary Fig. 5¢, d). Given the
importance of the tooth immune system in preventing caries,
we tested whether similar patterns are also present in human teeth.
Indeed, examination of analogous macrophage populations in the
human dentition confirmed regional specificity of the LYVE1t
population across species (Supplementary Fig. 5f). Interestingly, the
density of macrophages in an intact mouse unerupted incisor was
much higher than in the surrounding tissues (Supplementary Fig. 5¢c)
and this tooth shows the same patterns as fully developed adult
incisor in presence of of AifI*/Lyvel™ and Aifl*/Lyvel~ macro-
phages populations.
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In-depth single cell analysis of immune cells inhabiting tooth
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Fig. 10 Heterogeneity of immune cells in mouse incisor. a t-SNE dimensional reduction shows ten identified populations of immune cells. b Position of
mitotic cells in the immune cluster. ¢ Location of tissue-residential immune cells in the different parts of mouse incisor. AIFTt+ macrophages are located in
the whole incisor including apical pulp, cervical loop, odontoblast layer, and distal pulp in contrast to LYVET macrophages which mostly resides in the
middle part of the pulp, but not inside the odontoblast layer. DPP4+ immune cells are sporadically located in the apical part of the tooth and odontoblast
layer. COL4 immunohistochemical staining visualize the blood vessels. (Od. Odontoblasts), Scale bars: 50 um.

Discussion

Coordination of mesenchymal and epithelial compartments is a
common feature of self-renewing and developing tissues and
organs. Continuously growing mouse incisor has been widely
used as a model of tooth development as well as a model of
self-renewing organ in general*44> Earlier studies, using bulk
RNA-seq, have elucidated some of the transcriptional complexity,
characterizing differentiated and progenitor cells in stem-cell
niches?”. Our results based on a single-cell transcriptomics go
further to reveal previously unappreciated complexity of the
terminal and transient cell states that altogether enable self-
renewal and growth of mammalian teeth.

In addition to the previous lineage tracing studies reveling the
nature of the Sox2*, Bmil™t, and Lrigl™ dental epithelial stem
cells?42527 we identified stem population of Acta2® cells in the
labial cervical loop. The lineage tracing experiments presented
here or published by other authors never showed the entire
population of ameloblasts to be traced. Instead, the epithelial
progeny appears in characteristic patches, supporting the diver-
sity of epithelial stem cells. Furthermore, we identified Egrit
long-lasting epithelial progenitors, which appeared to be similar
to a concept of short-living stem cells. Thus, the progenitor area
might rely on functional diversification of different stem cells
with a stemness gradation. Such diversity of epithelial progenitor
cell subtypes might also reflect the remarkable plasticity noted by
earlier studies3>4°,

Aside from the discovered epithelial stem-cell types, our unbiased
scRNA-seq approach uncovered different subtypes within incisor
epithelium including the subtypes of stellate reticulum, stratum
intermedium or a population of ameloblasts that expresses some
mechanotransduction-related genes. Future research is required to
clarify a precise role of this population. Although the functional and
histological structure of mouse-incisor enamel organ was previously
extensively investigated2>27:46, we introduced a sublayer of stratum
intermedium—cuboidal layer, which is positioned immediately
underneath the ameloblast layer. The in-depth characterization of a
transition from progenitors to mature ameloblasts may benefit
ongoing attempts to establish a system of ameloblast differentiation
in vitro or to grow dental organoids.

Although our Smart-seq2-based analysis provided a sequen-
cing depth allowing to find populations with fine transcriptional
differences, it is laborious and expensive, which precludes the
analysis of large cell numbers. Complementary to our Smart-
seq2-based study of the epithelial compartment, Sharir and co-
authors addressed heterogeneity and the plasticity of the incisor
epithelium at a single-cell level*¢. In addition to major epithelial
groups, also described in their single-cell study, we identified a
number of small subpopulations with finer transcriptional dif-
ferences, including cuboidal epithelial layer, Ryr2* population
and subtypes of stem or progenitor cells (Acta2t, Egr1™). Sharir
et al. demonstrated the capacity of Notchl-expressing cells to
convert into ameloblasts upon injury, which significantly extends
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our results in a domain of dental regenerative response. Com-
pared to other single-cell studies, we characterized also hetero-
geneity of all cellular subtypes of mouse and human teeth.

Although several dental mesenchymal stem-cell markers had
been previously presented?”-343%47:48 in all cases they are not
specific to mark the stem cells only as they are expressed in wider
population extending in the area between the cervical loops or
along the neurovascular bundle. Here we present a spatially
completely segregated and specific subtype of multipotent long-
lasting Foxdl™ mesenchymal stem cells attached to the labial
cervical loop. These stem cells contribute to odontoblasts, sub-
odontoblastic subtype of pulp cells and other populations of
dental pulp. We identified this population based on the in-depth
scRNA-seq analysis and proved their functionality by the lineage
tracing. Next to a stem-cell niche, odontoblast and pulp fates
demonstrated unexpectedly fast separation occurring in a spa-
tially restricted manner, which suggests cell-cell interaction
between odontoblast fate-inclining cells with the epithelial layer
(Supplementary Fig. 4). We further run a separate analysis of
pulp branch and subsequently odontoblast branch only. By doing
this we were able to map a complete differentiation pathway of
odontoblasts differentiation which was subsequently proved by
in situ hybridization. Whereas the previous studies utilized the
bulk sequencing providing only a fraction of specific marker
genes?’, our approach enables to obtain the complete picture of
transcriptional states across the entire differentiation timeline of
odontoblasts.

The comparison between mouse growing and nongrowing tooth
showed high homogeneity of mouse molar pulp populations.
Therefore, the diversity of mesenchymal populations in the self-
renewing incisor can be largely explained by the necessity to
maintain growth and self-renewal. Despite mouse molar pulp
homogeneous appearance, human nongrowing molar pulp showed
a clear presence of several distinct subpopulations, which differed
by the specialized matrix production and some other parameters.
For instance, the apical papilla part, being the growing region of an
unerupted human tooth, demonstrated corresponding growth-
related cell-type heterogeneity. At the same time, the fully grown
and erupted human molar teeth also preserved apical pulp-like
transcriptional aspects in some pulp subpopulations, which, for
instance, might be taken advantage of during reparative response.
Thus, the preservation of some residual apical-distal or growth-
related heterogeneity aspects in growing and fully grown human
molar teeth highlights the key aspects of heterogeneity of human
dental pulp transcriptional states. The functional meaning of these
growth-related aspects will require further analysis in experimental
ex vivo and in vivo settings. At this point, our data of such het-
erogeneity markers (also including signatures for proliferative
populations) can serve as a guide for the isolation and culture of
mesenchymal stem cells for tissue engineering and fundamental
understanding of different pulp cell subtypes.

Finally, we addressed the heterogeneity of immune cells in
mouse and human teeth including macrophages. The analysis
revealed the human-specific aspects of macrophage localization,
which suggest better protection of mouse teeth versus human.
The predominant concentration of human macrophages in
odontoblastic and periodontoblastic space suggests the existence
of unknown cell-cell interactions and heterogeneously distributed
homing factors that can be potentially tackled for increasing the
protection of our teeth against infections.

Opverall, we hope that the presented detailed and validated map
of dental cell types, supplemented by human comparison, will
serve as a key resource stimulating further studies of cell
dynamics in tooth morphogenesis, also including reparative and
regenerative therapies.

Methods

Animals and human tissue. All animal experiments were approved by the Ethik-
Kommission der MedUni Wien zur Beratung und Begutachtung von Forschung-
sprojekten am Tier in Austria as well as Ethical Committee on Animal Experiments
(Stockholm North Committee) in Sweden and performed according to the Aus-
trian, UK, Swedish and international regulations. All mice were kept under SPF
conditions in 12/12 light/dark cycle, 18-23 °C and 40-60% humidity. Experiments
with human samples were performed with the approval of the Committees for
Ethics of the Medical Faculty, Masaryk University Brno & St. Anne’s Faculty
Hospital (No. 13/2013) and Ethik-Kommission der Medizinischen Universitit
Wien (No. 018/03/2018, 631/2007). Written informed consent was obtained from
all participants, in-line with the Declaration of Helsinki. FosCreERT2/R26%sGreenl
strain was used for genetic tracing of outer enamel epithelium progenitor cells.
DMPI-Cherry/DSPP-cerulean mice were used for visualization of alveolar
bone3$4%. Acta2CreERT2/RogtdTomato mice were used for lineage tracing of Acta2t
dental epithelial stem cells in cervical loop3!. Sox2-GFP animals were used to enrich
epithelial stem cells population for single-cell sequencing?’. Foxd1€ERT2/Ai9 mice
were used for lineage tracing of dental mesenchymal stem cells*”. Mice used for all
experiments were sacrificed by an isoflurane (Baxter KDG9623) overdose. Human
teeth were extracted for clinically relevant reasons at Clinic of Stomatology, St.
Anne’s Faculty Hospital, Brno, Czech Republic or Department of Oral Surgery,
Medical University of Vienna, Austria.

Tissue handling and staining. Mice used for all experiments were sacrificed by an
isoflurane (Baxter KDG9623) overdose, mandibles were carefully dissected out,
fixed in 4% paraformaldehyde pH 7.4 for 5-15 h, decalcified in 10% EDTA pH 7.4
for 7 days at +4 °C, cryopreserved in 30% sucrose overnight at +4 °C and
embedded in OCT medium (Tissue-Tek, 4583) on dry ice. Samples were cut on
cryostat (Leica CM1850UV) in sagittal orientation as 14-um thick sections. Human
teeth extracted for clinically relevant reasons were fixed in 4% paraformaldehyde
pH 7.4 for overnight, decalcified in 10% EDTA pH 7.4 for 7 days at +4 °C and
paraffin embedded. Samples were cut on microtome (Leica SM2000R) as 2-um
thick sections. Before antibody staining antigen retrieval was performed (Dako
$1699). Staining with primary antibodies was performed overnight at room tem-
perature followed by Alexa-conjugated secondary antibodies staining at room
temperature for 1h (Invitrogen, 1:1000) or HRP-conjugated streptavidin-biotin
antibody and immunoreactivity was visualized with InmPACT DAB Peroxidase
(Vecor Laboratories, SK4105).Used antibodies: ACTA2 (Protein Tech, 23081-1-
AP; 1:500), AIF1 (Novus, NB100-1028; 1:500), CALB1 (Swant; CB-38a; 1:500);
COL4 (AbD Serotec, 2150-1470; 1:500), CDH1 (Novus, Af748; 1:500), CSF1 (NS],
R31901; 1:200), CLDN10 (Sigma-Aldrich, HPA042348; 1:200), DLX5 (LSbio, LS-
C352119; 1:200), DPP4 (Novus, AF954; 1:200), EGRI (Cell Signalling, 4154; 1:200),
F4/80 (Abcam, ab6640; 1:200), LYVEL (Novus, AF2125; 1:200), MKI67 (Zytomed,
RBKO027-05, 1:200), NOTUM (Sigma-Aldrich, HPA023041; 1:200), PIEZO2
(Sigma-Aldrich, HPA040616; 1:200), POSTN (Novus, NBP1-30042; 1:200), RYR2
(ThermoFisher, PA5-36121; 1:200), SI00A13 (DAKO; 1S504; 1:500), SALL1
(Abcam, ab31526; 1:200), SMOC2 (MyBioSource, MBS2527784; 1:200), SOX9
(Sigma-Aldrich, HPA001758; 1:200), SOX10 (Santa cruz, sc-365692; 1:200), THBD
(RnD systems, MAB3894; 1:200). Cell nuclei counterstaining was performed with
DAPI (Sigma-Aldrich, D9542) diluted 1:1000 in PBS 4 0.1% Tween 20
(Sigma-Aldrich, P9416) and slides were mounted with 87% glycerol (Merck,
104094) or Fluoromount Aqueous Mounting Medium (Sigma-Aldrich, F4680).
Imaging was performed using Zeiss LSM880 laser scanning confocal microscope
and Lightsheet Z.1 microscope. ZEN2.1 (ZEISS) and Imaris (Bitplane) software was
used for image processing. Conventional histological staining after Clodrosome or
Encapsome treatments was performed after 4 weeks decalcification of dissected
mandibles in 19% EDTA. Mandibles were embedded in wax blocks and sectioned
using 8um thickness. Sections were stained using Masson’s Trichrome.

RNAscope. C56BI6/] mice (7 days to 4 month old) were used to verify scRNA-seq
candidate gene expression. Dissected mouse mandibles were fixed in 4% paraf-
ormaldehyde pH 7.4 overnight, decalcified in 10% EDTA for 7 days at 44 °C for
7 days (Foxdl, Sfrp2) or in 0.5 M EDTA at +4°C for 20 days (Gjb3, Krt15, and
Igfbp5). All samples were embedded in paraffin and sectioned at 7 um. Tissue were
subsequently processed using the RNAscope multiplex fluorescent detection
reagents v2 (ACD, 323110) (Foxdl, Sfrp2) or RNAscope 2.5 HD Assay-RED
detection kit (ACD, 322350, 322360) (Gjb3 (508841), Igfbp5 (425731), Smpd3
(815591), Dkk1 (402521), Wnt6 (401111), Wispl (501921), Nuprl (434811), Syt6
(449641), Tacl (410351)) according to the manufacturer’s instructions. Notably,
slides were boiled in the target retrieval buffer and incubated in Protease Plus
solution at 40 °C for 15 min before probes were incubated at 40 °C for 2 h. The
following probes were used: FoxdI (495501), Gjb3 (508841), Igfbp5 (425731), Sfrp2
(400381). Samples were counterstained either with DAPI for 30 s (Sfrp2 and Foxd1)
or with Hematoxylin Gills #2 (20% dilution) for 15, followed by 10 s in ammo-
nium hydroxide. Imaging was performed using a Leica DM5000 B (Gjb3, Igfbp5) or
Zeiss LSM880 laser scanning confocal microscope (Foxdl, Sfrp2).
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Statistics and reproducibility. Images: le; 2b-d, f; 3a-k; 5d, e, f, i; 6d, f; 7g; 8e—j;
10c, d and Supplementary Fig. 5c—f were selected as a representative pictures. The
same or similar results were obtained in >3 independent experiments.

Single-cell preparation. Mouse: Wild-type C56BI6, and Sox2-GFP mice were used
for cell isolation from mandibular incisors for single-cell transcriptomics experi-
ments. Age of all mice used for single-cell experiments was between 2 and

4 months. Mice were sacrificed by isoflurane overdose. Mandibles were carefully
dissected and under stereomicroscope and surrounding soft tissue was removed.
Using scalpel and scissors mandibular bone was gradually removed to obtain
separated incisor. Particularly careful handling was performed in the soft area
around the most proximal part of incisor where cervical loops. Both epithelial and
mesenchymal parts from the whole of incisor were together dissected and pro-
cessed as described further.

Human: Tissue from adult human healthy molar pulp, adult human molar pulp
with caries and apical papilla from growing human molar was harvested for
isolation of cells for RNA-seq analysis. Adult human healthy molar and adult
human molar with caries were sectioned carefully to avoid damaging pulp using
dental drill through enamel and part of dentin in mesial-distal direction. Dental
pulps from adult molar and dental papilla were harvested, sectioned on petri dish
in droplet of HBSS (Sigma-Aldrich, H6648) on ice into small pieces and further
processed in the same way as mouse tissue.

Human tissue or mouse dental pulps with dental epithelium and surrounding
dental follicle were isolated, cut into small pieces, transferred to 15 mL falcon tube
with 2,5 mL Collagenase P (3 U/mL; Sigma-Aldrich, COLLA-RO ROCHE)
dissolved in HBSS and incubated for 20-30 min at 37 °C shaking (120 rpm).
During enzymatic digestion, tissue pieces were homogenized three times using 1 ml
pipet. After incubation, the suspension was finally homogenized using pipet and
10 mL of 2% FBS (ThermoFisher Scientific, 10500064) in HBSS were slowly added.
The suspension was centrifuged in 4 °C precooled centrifuge for 10 min at 300 x g.
After centrifugation, supernatant was removed, the pellet was resuspended in 1 mL
2% FBS in HBSS, suspension was filtered using Tubes with Cell Strainer Snap Cap
(Corning, 352235) and FACS (BD FACSAria III; software used: BD FACSDiva
8.0.1) was performed. All the work (except of enzymatic digestions at 37 °C) was
performed on ice.

Numbers of used mice for single-cell RNA-seq analyses. For analysis of adult
healthy mouse-incisor 78 mandibular incisors were used out of 39 animals in total.
For analysis of mouse molar pulps 48 first molars out of 12 adult animals were used
in total. For adult human tooth analyses 7 wisdom molars out of 7 healthy ran-
domly selected males and females of age 18-31 were used and 6 apical papillae out
of 3 patients/teeth were used.

Single-cell sorting and single-cell transcriptomics. All the sortings were per-
formed on BD FACSAria III Cell Sorter into pre-prepared 384-well plates with lysis
buffer. To minimize time of the cells outside the body no viability staining was
performed. Three gating aspects were selected for isolation of non-traced cells: (a)
SSC-A/FSC-A, (b) FSC-A/FSC/W, (c) SSC-A/SSC/W and strict gates were applied
to remove debris, dead cells, and doublets. When genetically traced organisms were
used the fourth gate (d) was applied during FACS sorting. Negative control using
wild-type organism was applied to make a correct gating (e). After sorting, plates
were frozen on dry ice and until being processed kept at —80 °C. Single-cell
sequencing was performed according to smart-seq2 protocol following published
guidelines!2.

Flow cytometry. P7 incisor pulp was extracted in ice cold PBS and cut into small
pieces using a fine scissor. The pulp was then resuspended in 5 ml of Collagenase D
(0.5U/ml, Roche, 11088866001) and Dispase II (1.5U/ml, Roche, 4942078001). The
tissue was allowed to dissociate by incubating the suspension in a cell culture
incubator at 37 °C in 5% CO, for 30 minutes. Following enzymatic digestion the
cell suspension was filtered through a 70-um Falcon Cell Strainer (Falcon, 352350)
and the enzyme reaction quenched using 10 ml of ice cold PBS. Cells were cen-
trifuged at 300 x g for 10 minutes, and resuspended in 200 ul of FACS staining
buffer (BioLegend, 420201). 0.10 ug of rat anti mouse Gr-1—Alexa Fluor 488
conjugated (108417, BioLegend), and rat anti mouse F4/80—APC conjugated
(123116/BioLegend) were added to the cell suspension. Cells were incubated with
the antibodies on ice for 30 min. Excess staining buffer was added to quench the
reaction and cells were centrifuged twice as before to remove excess antibody.
Following the final centrifugation, cells were resuspended in 500 ul of staining
buffer and 1.5 ug of DAPI (D1306, Invitrogen) added to be used as a dead cell
exclusion marker. Samples were then analyzed on BD FACSAria III fusion
machine. Data analysis was performed on FlowJo v10 software. Cells were gated
based on size using standard SSC-A and FSC-A parameters so that debris is
excluded. Following gating of cells, we focused on single cells and excluded
doublets using SSC-A and SSC-W parameters. Live cells were then selected as cells
identified to be dimly fluorescing in DAPI. Appropriate gating strategies were then
used to select cells positive for the antibodies being used as deducted from the use
of unstained controls.

Data processing of mouse incisor. The reads were aligned to the UCSC mm10
genome assembly, and per-gene read counts in each cell were determined using
feature Counts software. STAR aligner was used to align scRNA-seq reads. The
cells were filtered to exclude those with fewer than 800 detected genes resulting in
2889 out of 3312 cells for further analysis. Only genes that had at least 60 reads in
at least 30 cells were considered for downstream processing. The data were ana-
lysed using PAGODA using k-nearest neighbour error models (k =20 and plain
batch correction across samples). Gene expression levels were normalized per mean
expression level in every cell and log10 transformed (abbreviated below as fpm).
Annotated Gene Ontology (GO) categories and de-novo gene clusters showing
statistically significant overdispersion (z-score > 2.3) were clustered to determine
the top aspects of transcriptional heterogeneity. Mitotic signature was removed
from gene expression values by regressing out the mitotic expression signature, as
previously described using a set of cell-cycle-related genes from®3!. The cells were
grouped in 17 clusters using unbiased clustering as determined by PAGODA. t-
SNE embedding was generated using Rtsne package and PAGODA-based cell-cell
distance with perplexity = 25. Expression of a set of genes, where it is shown, was
defined as their average expression for each cell.

To characterize gene modules controlling cell-type identities, we selected genes
that have at least 2 fpm difference between maximum and mean average expression
among clusters. For supplementary heatmap of general dataset genes were
clustered using hclust() and cutree() R functions in 20 clusters using hierarchical
clustering with Euclidean distance between gene expression profiles using Ward’s
linkage and cells were arranged using PAGODA clustering described above. Similar
procedure was used to characterize gene modules separately in epithelial (552
genes) and other compartments using different cutoffs of 1.5 and 0.5 fpm difference
on expression between maximum and mean average expression among clusters.

Epithelial compartment. Three epithelial clusters comprising 268 cells altogether
were identified based on high expression of Krt14 and reanalyzed separately. Gene
expression levels in epithelial cells were adjusted to account for variance-mean
trend in cell-cell expression variability as defined by PAGODA (knn = 40). Epi-
thelial cells were grouped in 13 clusters by hierarchical clustering with Ward
linkage using correlation-based cell-cell distance of expression levels of 10410 the
most variable genes (standard deviation variance-adjusted expression levels >0.8)
in epithelial compartment. t-SNE embedding was generated using the same
cell-cell distance and perplexity = 20. Mitotic signature was calculated as average
expression of mitotic genes.

Five clusters representing progressive ameloblast differentiation were identified
based on known markers of respective stages. Heterogeneity of ameloblasts cells
was modelled as a principal trajectory using crestree R package approach?!, with
parameters (lambda = 100, sigma = 0.03, M = 100) and cosine-based cell-cell
distance. Root of the reconstructed trajectory was selected to biologically
correspond to progenitor population of ameloblasts and each cell was assigned
pseudotime as a distance from the root along the trajectory. Gene expression levels
were modeled as a function of pseudotime using splines of the fifth degree with
gam function from mgcv R package. Significance of association was calculated as
Benjamini-Hochberg adjusted gam estimates of spline p value. Fitted gene
expression levels were used to estimate magnitude of expression levels variation
along the trajectory and downstream clustering. Five hundred and fifty-six genes
that had more than 100-fold magnitude differences along the trajectory and
adjusted p value < 10~ were clustered in nine clusters using hierarchical clustering
with Ward linkage based on Euclidean distance.

Mesenchymal compartment. Four mesenchymal clusters of the general dataset
comprising 1111 cells were reanalyzed separately. Only genes that had at least 20
reads in at least 10 cells were considered for downstream processing using
PAGODA (k =20 and plain batch correction across wells). Mitotic signature was
regressed out and top aspects of transcriptional heterogeneity were determined as
for general dataset. The cells were grouped in five clusters using unbiased clustering
as determined by PAGODA and t-SNE embedding was generated using PAGODA-
based cell-cell distance with perplexity = 20. To clean up non-mesenchymal
admixture of cells from other populations, only 1042 cells that had mean corre-
lation of more than 0,2 to 200 the most correlated cells were retained for further
analysis.

Transcriptional states of mesenchymal cells were modelled as a principal tree
using our crestree R package based on the SimplePPT approach®!:>2. Briefly, given a
set of data points x_1,...x_N in M-dimensional space, a set of principal points z_1,..,
z_K are arranged and are connected as a tree in the same space. Positions of
principal points and tree structure are learned as alternate convex optimization
problem that balances overall proximity of prinicipal tree to data points and
stringency of the tree. Tree was learned with parameters (lambda = 2000, sig =
0.03, M =200) and cosine-based cell-cell distance. Principal tree contained three
major branches and a few small sporadic branches that were removed.

For analysis of odontoblasts differentiation, cells assigned to a branch leading to
mature odontoblasts were isolated and projected to the first two principal
component using pcaMethods R package. PCA was performed using 259 the most
overdispersed genes (standard deviation variance-adjusted expression levels >1.3)
whose expression was adjusted to account for variance-mean trend as described in
PAGODA. The first principal component (PC1) corresponded to transition of
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progenitor population to odontoblasts and was used as cell pseudotime. To identify
differentiation-associated genes, expression levels were modeled as described for
epithelial trajectory modeling. For heatmap visualization 252 genes that had
magnitude of fitted expression levels of more than 1 fpm difference along PC1 and
adjusted p value < 10~ were arranged by pseudotime of maximum expression and
pseudotime of the first derivative pass of ratio of expression magnitude to
pseudotime magnitude. Sharp transition in expression pattern along pseudotime
marked transition point from progenitor population to preodontoblasts and was
used to separate progenitor population. To identify genes associated with distant
and periodontoblastic pulp trajectories, cells assigned to one of pulp branches and
cells of progenitor population from odontoblastic branch were arranged by
pseudotime defined for the whole tree. Expression levels were modeled by a
function of pseudotime as described above. For each of two pulp trajectories 100
genes with the highest magnitude along pseudotime and adjusted p value < 10~
are shown.

To identify sources of heterogeneity in progenitor mesenchymal cells, all mature
populations were removed using the following procedure: first, we selected the only
one of five unbiased clusters does not represent mature pulp populations; second,
we removed preodontoblasts from the cluster (Suppl. Fig. 4B) thus retaining only
progenitor or immature committed cells (immature subpopulation below). Only
5343 the most overdispersed genes (standard deviation variance-adjusted
expression levels across progenitor >0.9) in immature subpopulation were
considered and their expression levels were normalized to zero mean and unit
dispersion among immature cells. Independent components (ICs) of
transcriptional variability were identified by independent component analysis
(ICA) using icafast() function from ica R package. The number of statistically
meaningful components was identified by comparison of components stability with
that of control expression matrix, the latter obtained by shuffling of expression
levels among immature cells independently for each gene. Twenty components of
ICA were calculated for full original and control matrices and for their
100 subsamplings of 70% of cells. Stability of an IC of full matrix is estimated as the
average correlation with the most similar components among 100 subsamplings. It
reveals that all ICs of control matrix and 15 ICs of original matrix have stability of
about 0.4, while 5 ICs of original matrix have substantially higher stability
indicating confident statistical signal behind them. Final five ICs were predicted by
running ICA with nc=5.

We next analysed larger sample of 2552 mesenchymal cells profiled with 10x
Chromium. Mesenchymal cells were isolated as clusters among 10x Chromium
mouse-incisor populations expressing known mesenchymal marker, excluding
minor admixture of epithelial cells in clusters based on expression of Epcam, Krt14,
or Cdhl. The cells were reanalysed using standard PAGODA2 processing,
including normalization of expression levels per mean in every cell, log10
transform and dimensionality reduction to 20 principal components (conducted
with correction of expression levels for mean-variance trend). Mesenchymal cells
were grouped in 12 clusters using default PAGODA2 multilevel community
detection method. Three follicle clusters were merged, while nine dental pulp
clusters were coloured to reflect the most similar cluster colour of Smart-seq2
annotation (see Fig. 4a). For analysis of fate-specific expression programs, 20 genes
of each fate that have the largest mean expression difference between a fate cluster
(e.g. apical, distal and pre-odontoblastic clusters) and progenitor clusters were
considered as fate-specific markers. Intensity of fate-specific expression program in
each cell was estimated as mean expression among 20 fate-specific genes. Cell-cycle
score was defined as first principal component of cells transcriptional variability
based on cell-cycle-annotated genes from. Cells from a cluster of mitotic cells were
projected onto t-SNE embedding of non-mitotic mesenchymal landscape as a mean
position of 10-nearest neighbours non-mitotic cells, where neighbours were defined
using cosine-based distance in dimensionally reduced space of 20 PCs.

Immune cluster analysis. We isolated four clusters of cells representing immune
subpopulations, partitioned them in eight clusters using hierarchical clustering
with Ward linkage and visualized using t-SNE with perplexity = 20. For clustering
and visualization 1-cor(.) cell-cell distance was used restricted to 1739 the most
overdispersed genes (standard deviation variance-adjusted expression levels across
progenitor >1.1) in immune compartment as estimated by standard deviation of
mean-variance trend adjusted expression levels.

Pericytes, glia, and endothelium analysis. Subpopulations of pericytes and
endothelial cells were partitioned in three groups each, while glial cells were par-
titioned in two groups using hierarchical clustering with Ward linkage. Clustering,
t-SNE visualization and PCA were based on mean-variance-adjusted expression
levels restricted to the most overdispersed genes in each compartment (glia: 873
genes, endothelium: 1878 genes, pericytes: 2110 genes; standard deviation variance-
adjusted expression levels across progenitor >1.5 for glia, 1 for endothelium, 1 for
pericytes)). 1-cor(.) cell-cell distance was used for clustering and t-SNE (perplexity
=20).

Assessment of cell quality. Cell quality was additionally probed using metrics
reflecting expression complexity, mitochondrial content and doublet probabilities.

Toward that goal, we assessed tradeoffs between number of expressed genes and
UMIs (or reads for Smart-seq2) per cells, fraction of total reads from mitochondrial
genes and cell doublet probabilities estimated using Scrublet with default para-
meters®3. We estimated and explored these metrics for four datasets and manually
excluded one cluster that had low number of genes compared to UMIs (it was a
cluster of spike-in cells, see below) and a number of clusters of joint human
analysis that were likely doublets (see Extended Data Fig. 2e-h).

Data preprocessing of 10x Chromium samples. CellRanger- 10x Chromium
software was used to perform alignment to GRCh38 human genome or mm10
mouse genome assemblies, filtering, barcode counting and UMI counting. For
Apical papilla 1, Adult molar 3, Adult molar 4, incisor (10x), mouse molar 1 (10x)
datasets preprocessing was performed using CellRanger-2.2.0 following by filtering
of cells having less than 500 UMIs. For other datasets datasets preprocessing was
performed using CellRanger 3.0.2 following by default CellRanger 3.0.2 filtering of
cells. Additionally, a protocol of library preparation used by the facility included
spike-in of Jurkat and 32D cells of human and mouse species. Spike-in cells were
not used for data processing or analysis and were excluded as Hbb™ clusters; they
are also easily detectable as having low complexity and forming a separate outlier
transcriptional cluster.

Joint analysis of mouse datasets. Two mouse-incisor datasets (10x Chromium,
4236 cells, and Smart-seq2,2889 cells) and three mouse molar datasets (two 10x
Chromium, 1460 and 384 cells, and Smart-seq2, 195 cells), each composed of
multiple teeth (see chapter “Numbers of used mice for single-cell RNA-seq ana-
lyses” in materials and methods and Supplementary Table 2), were processed
independently using PAGODA2 R package!? routine basicP2proc(), which per-
forms normalization, log transformation, correction for mean-variance trend of
expression levels, dimensionality reduction via PCA and clustering. After filtration
of spike-in clusters identified through expression of Hbb, processed datasets were
then jointly analysed using CONOS R package, which enables integrative analysis
of single-cell datasets across samples and conditions#(. Joint graph of 9164 cells
from all datasets was constructed using CONOS routine buildGraph() with nearest
neighbour parameters k = 15, k.self = 15, k.self.weight = 0.1 in space of 10 com-
mon principal components (CPCA) estimated using 1000 overdispersed genes for
each pair of samples. Joint graph was layout in 2D using UMAP method through
CONOS routine embedGraph() with parameters spread =1 and min.dist = 0.05.
Graph-based leiden community method with resolution = 1.0 was used to partition
cells in 22 clusters.

To provide additional statistical support for reproducible structure of
mesenchymal incisor populations and homogeneous distal-like molar state, we
computationally isolated clusters of mesenchymal cells and separately explored cells
of Smart-seq2 and 10x Chromium platforms. Platform-specific mesenchymal cells
were processed using routine basicP2proc() with default PAGODA?2 batch
correction across samples and dimensionality reduction to 10 principal components
based on top 1000 overdispersed genes. t-SNE method with perplexity = 50 was
used to make 2d embedding.

Differential gene expression between molar and distal incisor mesenchymal
cells was estimated as fold change between cluster-specific expression levels,
estimated as sum of gene reads to total reads in a cluster. Significance of expression
changes was estimated as p value of t-test comparing group means between
normalized expression levels of molar and distal incisor clusters.

Joint analysis of human datasets. Two growing apical papilla and five adult
molar 10x Chromium datasets of human teeth, comprising totally 41673 cells, were
analysed using single-cell variational inference (scVI) deep learning framework>.
Gene space was subsampled to 3000 genes using scVI subsample_genes routine
following by setting up parameters of variational autoencoder using VAE()
routine with parameters (n_hidden = 128, n_latent = 30, n_layers =2 and dis-
persion =’gene’) and training it using UnsupervisedTrainer() routine with
n_epochs = 150. Batch effect correction was by default performed using harmo-
nization approach®. The resulting 30-dimensional reduced scVI space was used
to make 2d embedding of the datasets using UMAP() routine with parameter
spread = 1. K-nearest neighbour cell graph (k = 30) was constructed using cosine-
based cell-cell distances estimated in scVI space and then used to make leiden
clustering (resolution = 1).

To explore behaviour of apical and distal mouse-incisor gene modules across
human mesenchyme populations, we chose apical-specific and distal-specific sets of
genes and assessed their averaged expression in human mesenchyme clusters. In
details, apical and distal-specific genes were defined as those having at least three-
fold change between apical and distal incisor states and p value < 10710 in both 10
Chromium and Smart-seq2 mouse-incisor datasets. We then calculated (1) average
expression levels of each apical and distal-specific gene in human mesenchyme
clusters and (2) cell-specific sum of expression levels of apical genes or distal genes.

Similarity of nondividing cells to a group of dividing mesenchymal cells was
estimated as an average Pearson correlation with dividing cells in latent scVI space.
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Assignment of sub/clusters identities. Cell clusters and subclusters were char-
acterized on several levels. After the unbiased cell clustering based on the
expression similarities we searched for the most specific and highly expressed genes
for every main sub/cluster and performed manual literature search to define their
identity. Every sub/cluster was characterized based on co-expression of several
(5-10) genes known to be expressed in particular cell sub/type. For the small
subclusters where the identity wasn’t possible to determine by literature search
because their identity was unknown we performed either immunostainings or

in situ hybridizations to determine their histological location. Based on the position
of these cells in the tissue and a specific expression patterns of the selected genes we
could then assess their role in the tissue. No functional experiments to prove such a
role was not performed.

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability

All single-cell RNA-seq datasets have been deposited in the GEO under accession code
GSE146123. Processed data and interactive views of datasets can be accessed on the
authors’ website: [http://pklab.med.harvard.edu/ruslan/dental.atlas.html].

Code availability
Code is freely available on the authors’ website: [http://pklab.med.harvard.edu/ruslan/
dental.atlas.html].
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Supplementary Figure 1. Transcriptional patterns of major cell populations in the
mouse incisor.

a) Plots showing an example of gating strategy used for the single-cell sorting into 384-well
plates for smart-seq2 protocol.

b) Number of reads and expressed genes per cell. Bimodal distribution of the number of
expressed genes per cell (left) and high correspondence between number of reads and
expressed genes per cell (right) allows to unambiguously identify and to exclude low quality
cells.

c) Depth (number of reads) per cell and batches are only subtly associated with structure of
clusters.

d) Batch effect. Plot shows the cell clustering based on different isolations (each color shows
separate single-cell RNA-seq analysis).

e) Individual multigenic aspects of heterogeneity identified for the full dataset.
f) The selection of comprehensive and known markers outlining the clusters.

g) Heatmap showing combinatorial expression patterns of genes strongly associated with
subpopulations used for cluster identification.

h,i) t-SNE dimensional reduction visualizes mitotic cells (f) among all major populations (g)
identified in the whole dental cell type dataset.

(SI —stratum intermedium, SR — Stellate Reticulum, OEE — Outer Enamel Epithelium)
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Supplementary Figure 2. Assessment of cell quality using three diagnostic metrics
across four meta-datasets.

a,e,i) Embeddings of four meta-datasets corresponding to Extended Data Figure 9, Figure 4,
Figure 1, Extended Data Figure 13.

b,f,j) Relationship between number of UMIs (or reads for Smart-seq2) and number of
expressed genes per cell (upper panel) reveals an outlier population with low complexity in



the human meta-dataset, panel f). Red cells in embeddings reflect cells with lower than 300
expressed genes (horizontal dotted line).

¢,g,k) Distribution of fraction of mitochondrial reads per cells (upper panel) shows
preferentially high-quality cells. Bottom plots show low-quality/suspicious cells onto
embeddings (0.15 cutoff, see vertical red dotted line on the top plots).

d,h,I) Assessment of doublets in meta-datasets using Scrublet inferred doublet probabilities.
Distribution of doublet probabilities (upper plots) reveals a number of cell groups in human
meta-dataset likely composed of doublets, panel h). Cells with doublet probability of more
than 0.4 are shown onto embeddings (bottom plots).
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Supplementary Figure 3. Heterogeneity of Cells surrounding teeth, Glial, Endothelial
and Perivascular cells from the incisor tooth.



a) Heterogeneity of cells surrounding the incisor. Two major cell populations can be
distinguished: alveolar bone marked by Ibsp, Bmp3, Dmp1, Sppl, Stmn2, Tnn and Ltbp2, and
the dental follicle marked by Aldhla2, Acta2, Tagln, Gdf10, Cldn2, and Igfbp5.

b) The expression of Aldhla2 in the dental follicle suggests previously unanticipated roles of
retinoic acid signalling in incisor maintenance. Correspondingly, complementary receptor
genes Rara, Rarb and Rarg are expressed in some of the major populations of the tooth.

c) Internal heterogeneity of glial cluster.
d) Internal heterogeneity of endothelial cluster.

e) Internal heterogeneity of perivascular cells. Note: the red cluster outlined by expression of
Acta2, Myh11 and Cav1l represents perivascular smooth muscle cells.



Supplementary Figure 4
Joint embedding of all mice incisor and molar cells
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Supplementary Figure 4. Comparison of mouse incisor and molar teeth.

a) UMAP embedding of CONOS joint graph visualizes dental cell composition of 9164 cells
across two incisor (4236 cells of 10x Chromium and 2889 cells of Smart-seg2) and three
molar (1460 and 384 cells of 10x Chromium and 195 cells of Smart-seq2) mouse teeth

datasets. Each dataset is composed of multiple teeth (for details please see materials and
methods).

b) Leiden clustering (22 clusters) shows similarities and contrasts of dental cell states
between incisor and molar. Colors of mesenchymal clusters match colors of incisor pulp
subpopulations on Figure 3.

c¢) Expression of selected marker genes.



d, ) tSNE embedding of Smart-seq2 (d) or 20x Chromium (e) mesenchymal cells
corroborates three-branch structure of mouse incisor mesenchyme and emphasize more
homogeneous distal-like transcriptional state of mouse molar (dotted circle outline mouse
molar pulp). Cell colors correspond to colors of clusters on panel b.

f) Differential expression analysis between distal incisor pulp and molar pulp is consistent
between Smart-seq2 and 10x Chromium and reveals markers of molar pulp. X/Y axes show
fold change of average gene expression levels between distal incisor and molar pulps, red
color shows genes significantly differentially expressed in both platforms (at least two fold
change and p < 1072, t-test).



Supplementary Figure 5
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Supplementary Figure 5. Heterogeneity and signaling interactions in immune system of
a tooth.

a,b) t-SNE dimensional reduction and corresponding heatmap with key differentially
expressed genes visualizes 8 populations assigned as immune cells including lymphocytes,
innate immune cells and macrophages. Markers of macrophage activation (Nos1, Nos2, Nos3,
114, Slc7a2, Argl, Arg2)were absent, suggesting that macrophages in non-damaged teeth
remain inactive.

c) Cross-section through P3 mandible showing the differential spatial distribution of AIF1*
and LYVEL" macrophages (immunohistochemistry). COL4 immunohistochemical staining
visualize the blood vessels.

d) Immunohistochemistry-based validation of AIF1*", LYVEL" macrophages inside the
mouse incisor. Together with the figure 5c¢ these panels prove the different histological



positioning of two different kind of macrophages (LYVEL1" and LYVEL). AIF1*
macrophages are located in the whole incisor including apical pulp, cervical loop, odontoblast
layer and distal pulp in contrast to LYVE"™ macrophages which mostly resides in the middle
part of the pulp, but not inside the odontoblast layer. COL4 immunohistochemical staining
visualize the blood vessels.

e) Immunohistochemistry-based validation of the NK-cells cluster using DPP4 marker.
Position of DPP4" cells outside the blood vessels in the tooth was proved in 5 independent
animals. COL4 immunohistochemical staining visualize the blood vessels.

f) Two different types of macrophages (LYVE1" and LYVEL") demonstrate spatially
restricted distribution also in human molar (immunohistochemistry). Scale bars: 50 pm.
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Abstract

Background: In mammals, odontogenesis is regulated by transient signaling
centers known as enamel knots (EKs), which drive the dental epithelium shap-
ing. However, the developmental mechanisms contributing to formation of
complex tooth shape in reptiles are not fully understood. Here, we aim to eluci-
date whether signaling organizers similar to EKs appear during reptilian
odontogenesis and how enamel ridges are formed.

Results: Morphological structures resembling the mammalian EK were found
during reptile odontogenesis. Similar to mammalian primary EKs, they exhibit
the presence of apoptotic cells and no proliferating cells. Moreover, expression
of mammalian EK-specific molecules (SHH, FGF4, and ST14) and
GLI2-negative cells were found in reptilian EK-like areas. 3D analysis of the
nucleus shape revealed distinct rearrangement of the cells associated with
enamel groove formation. This process was associated with ultrastructural
changes and lipid droplet accumulation in the cells directly above the for-
ming ridge, accompanied by alteration of membranous molecule expression
(Na/K-ATPase) and cytoskeletal rearrangement (F-actin).

Conclusions: The final complex shape of reptilian teeth is orchestrated by a
combination of changes in cell signaling, cell shape, and cell rearrangement.
All these factors contribute to asymmetry in the inner enamel epithelium
development, enamel deposition, ultimately leading to the formation of charac-
teristic enamel ridges.

Developmental Dynamics. 2020;249:441-464.
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1 | BACKGROUND

Toothed vertebrates have evolved many types of dentition
with different tooth complexity level as an adaptation to
distinct food requirements. The shape of teeth in verte-
brates varies from simple conical to multicuspid, and
their surface morphology can include tooth cusps,
enamel ridges, or tubercles with serrated edges." Such
heterogeneity brought us to the question of whether
there is any conserved mechanism driving the process of
tooth shaping.

Formation of complex tooth shape during mamma-
lian embryogenesis is well known from the intensive
study of mouse odontogenesis. The enamel knot (EK) is
one of the key players contributing to the regulation of
enamel organ development and shaping of the inner
enamel epithelium.>® An EK is formed from cluster of
cells within the dental epithelium.* EK cells serve as a
source of numerous signaling molecules such as SHH or
members of the WNT, BMP, and FGF families.*”"* All
these proteins and their mutual cooperation help to drive
numerous cellular processes contributing to final tooth
shape, including proliferation (stratification), cell
rearrangements (invagination), and localized apoptosis.
Moreover, changes in individual cell morphology are nec-
essary for final tooth crown shaping. These processes
depend on precise local regulation of cellular geometry
with the involvement of actin filaments and adherent
junction rearrangement.'*

It is still unclear whether signaling centers are
apomorphies of mammals and drive the bud-cap transi-
tion or participate in tooth shape formation in non-
mammalian species. In the shark Scyliorhinus canicula,
a chondrychthian, cytologically distinct structures remi-
niscent of mammalian EKs have been observed."” The
folded tip of the epithelial bud is formed by slowly pro-
liferating cells, but apoptosis has not been detected.
However, co-expression of Shh and Fgf8 orthologs is pre-
sent in this area.’>'® In reptiles, structures resembling
primary EKs have been indicated in the alligator, which
has single cuspid teeth,'”'® and also in several squamate
species with both single and multicuspid teeth."***! On
the other hand, an evaluation of Shh and Fgf4 expres-
sion in crocodilians did not confirm the presence of an
EK.*? Similarly, in squamates with single cuspid teeth,
localized expression of key mammalian EK markers (eg,

Bmp2, Bmp4, Axin2, and Wnt10b) was not observed.?%?3
Interestingly, Bmp2 was found to be expressed in the
enamel epithelial bulge cells in Eublepharis macularius,
which exhibits two enamel ridges on the tooth surface.*
This indicated the possibility that an EK-like structure
might exist in squamate reptiles with complex tooth
morphology.

Therefore, we focused on the development of complex
reptilian teeth with labial and lingual enamel ridges,
using the veiled chameleon (Chamaeleo calyptratus) as a
model species. For comparison, we used the ocelot gecko
(Paroedura picta) with cylindro-conical teeth divided by
enamel ridges on its tips, and the Siamese crocodile
(Crocodylus siamensis), which has more simplified coni-
cal tooth morphology.

Here, we evaluated the presence of an EK-like struc-
ture in complex reptilian teeth at the cellular and ultra-
structural level during odontogenesis. According to our
results, molecular signaling in the reptilian EK-like
structure strongly resembles that in the mammalian
EK. Moreover, we describe the mechanism of cell shape
changes, which lead to the formation of enamel ridges
on both unicuspid and more complex multicuspid
teeth.

2 | RESULTS
2.1 | Tooth morphology across diverse
reptile species

To analyze the development of tooth complexity in rep-
tiles, we selected the veiled chameleon (C. calyptratus) as
a species from Acrodonta lineage of squamates and ocelot
gecko (P. picta) as a representative of the basal squamates
of Gekkota lineage, which both exhibit distinct structures
(ridges/crests) on their tooth surface. These ridges in the
gecko have been shown to arise due to asymmetrical
enamel deposition leading to thick enamel production at
the crests and reduced enamel in the grooves."”! Tooth
morphology during development was compared to that
in the Siamese crocodile (C. siamensis), member of
Archosauria lineage of reptiles, which exhibits a simpler
conical tooth shape.

To highlight the differences in morphology of adult
dentition in the different species used in this study, we
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have taken advantage of microCT and SEM imaging tech-
niques to obtain a detailed structural information. The
veiled chameleon possesses heterodont teeth with tooth
shape complexity increasing in a caudal direction along
the jaw (Figure 1A). The most rostral teeth were nearly
conical with one rounded tip. The more caudal teeth pos-
sessed a dominant central cusp flanked by accessory
cusps (Figure 1A’). The central cusp was divided into the
labial and lingual enamel crests, separated by a shallow
groove (Figure 1A").

The ocelot gecko dentition displayed small peg-
shaped teeth (Figure 1B,B’). However, as in the chame-
leon, their tip was divided into labial and lingual enamel
crests, which were directed lingually and separated by a
groove. The labial crest extended from the tooth tip along
the whole mesial and distal side of the tooth crown
(Figure 1B").

labial side

|| Chamaeleo calyptratus |

Paroedura picta

lingual side

[—]

|Qrocodylus siamensis ||

Crocodile teeth were selected as an example of simply
shaped unicuspid teeth without the presence of addi-
tional enamel crest or ridge ornaments. These teeth are
found spaced out over the jaw (Figure 1C,C’).

2.2 | EK-resembling cluster of cells is
formed in the center of the enamel organ
during chameleon tooth development

To identify whether the complex teeth of chameleons
are regulated by EK-like clusters of cells during develop-
ment, we assessed the morphology of the dental epithe-
lium during the cap and early bell stages of tooth
development. Interestingly, morphologically distinct
clusters of cells were observed in the inner enamel epi-
thelium from the cap to the bell stage (Figure 2A-F').

/V 2 ‘7

oy 22 a5

FIGURE 1 Teeth morphology varies across reptile species. A-A”, Chameleon dentition possesses both monocuspid teeth in the rostral

part of the jaw and tricuspid teeth with one large central cusp and two smaller lateral cusps in the caudal part of the jaw (A’). Along the tip

of the central cusp, there is groove-shaped socket (eg) surrounded by two enamel ridges (er) (A”). B,B”, In contrast to chameleon, ocelot

gecko's dentition is uniformly shaped (B'). Teeth are strictly monocuspid with two sharp enamel ridges (er) and deep groove (eg) at the tip

between ridges (B”). C,C”, Siamese crocodile possesses simple monocuspid cylindroconical teeth with sharp and pointed tips along the
whole jaw (C”). Scale bars (A,B,C) = 2 mm, (A’,A”,B',B") = 100 pm, (C’,C") = 300 pm
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Ultrastructural analysis using transmission electron
microscopy revealed that this cluster consists of strati-
fied cells with rounded nuclei and a very low glycogen
content (Figure 2G,G”). Cells within the cluster were
compact with very small intercellular spaces compared
to the cells located at the periphery of the cellular clus-
ter (Figure 2G’,G").

mammalian enamel knot cells in veiled
chameleon. A-F', Morphology of
individual tooth germ stages during
odontogenesis in chameleon. A,A’,
Epithelial thickening; B,B’, early
epithelial invagination; C,C’, late
epithelial invagination; D,D’, bud stage;
E,E, late cap stage; F,F/, bell stage. D/,
At the bud stage, EK-like cells (arrow)
form the cluster of cells in the inner
enamel epithelium with distinct shape
and arrangement. E',F, Later in
development, EK-like cells (arrows) are
protruding toward oral epithelium and
cell rearrangement occurs. Scale bar (A-
F') = 50 pm. (G-G”) Ultrastructure of
enamel knot area in transmission
electron microscope. G, Enamel knot
area (ek) is surrounded by stellate
reticulum (sr) at early cap stage. G/,
Distinct population of border cells (red
arrows) outline enamel knot area. G”,
Detail of enamel knot area with few
small cells close to the basal membrane.
Inner enamel epithelium (iee), cervical
loop (cl) area and dental papilla (dp) are
visible on lower power image (G). H-I',
TUNEL analysis revealed few apoptotic
cells (ac) located in presumptive EK
cells or adjacent cells at late cap stage
(H'). At bell stage ('), few apoptotic cells
are again situated in the cluster of EK-
like area or the adjacent cells in the
stratum intermedium. TUNEL-positive
cells (brown, DAB), TUNEL-negative
cells (blue, Hematoxylin). (J-K’) The
enamel knot area (ek) contains mostly
PCNA-negative cells. Higher power
image of the enamel knot area at late
cap stage (J') and the bell stage (K'). The
cervical loops (cl) exhibit high PCNA-
positivity at all analyzed stages. sg-
salivary gland. PCNA-positive cells
(green, AlexaFluor 488), PCNA-negative
cells (blue, DAPI). Scale bars (H-

K) = 100 pm, (H-K’) = 25 pm

The mammalian EXK is characterized by high levels
of apoptosis and low proliferation, in contrast to the
rest of the dental epithelium.’ Therefore, we analyzed
the distribution of proliferation and apoptosis in cap-
stage tooth germs in the chameleon. TUNEL analysis
uncovered a group of apoptotic cells associated with
the epithelial cluster, located at the tip of tooth germ
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(Figure 2H,H’). At the early bell stage, TUNEL-
positive cells were observed in the area of the future
central cusp (Figure 2LI'). Interestingly, the epithelial
cluster contained only PCNA-negative cells while
numerous PCNA-positive cells were located in the sur-
rounding epithelial areas of the tooth from the early
cap stage up to the bell stage (Figure 2J-K’). This clus-
ter, therefore, has similar general features of a
mammalian EK.

2.3 | An EK-like cluster of cells is
conserved in other unrelated reptile
species

Next, we wanted to determine if an EK-like structure is
also found in other reptile species with simpler tooth
shape. The ocelot gecko displayed a recognizable EK-
like cluster of cells from the cap to the mineralization
stage (Figure 3A-D). In the inner enamel epithelium,
long nexuses were found between the compacted
rounded EK-like cells and elongated cells located on
the cluster margin (Figure 3E-H’). The edges of the
EK were very clear because of the distinct shape
differences of the cells outlining the EK cluster
(Figure 3G,H).

The pattern of apoptotic cells within enamel organ
was similar in the gecko to that in chameleon embryos,
with TUNEL-positive cells located closely associated with
the inner enamel epithelium at the early bell stage and
above the developing enamel ridges at the mineralization
stage (Figure 3LJ"). Analysis of proliferating cells revealed
PCNA-positive cells in the cervical loop and negative
cells in the EK-like area (Figure 3K-L").

An EK-like cluster of cells was also observed at the
early cap stage in the monocuspid teeth of crocodile
(Figure 4A,A”), but this structure was less distinct when
compared to the chameleon or gecko. However, while
the EXK cluster of cells persisted until the late mineraliza-
tion stage in the chameleon and gecko, the cluster dis-
appeared at the mineralization stage in the crocodile
(Figure 4A"). Retention of the cluster, therefore, corre-
lates to the delayed development of crests on the top of
the more complex tooth. In contrast to the chameleon
and gecko, only a few apoptotic cells were observed in
crocodile teeth, raising the question of whether such
monocuspid teeth have a robust EK-like structure
(Figure 4B,B"). The distribution of PCNA-positive cells at
the cap stage resembled that of other reptilian teeth, with
PCNA-negative cells located in the area of the future
cusp, and positive cells in the extending cervical loops
(Figure 4C,C").
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2.4 | SHH expression is localized to the
EK regions during chameleon
odontogenesis
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In addition to being morphologically distinct, the
mammalian EK acts as a signaling center directing
the development of the tooth.* Therefore, we analyzed
the presence of mammalian EK markers at the cap
and early bell stages. Since SHH is one of the most
common markers of EK cells and this molecule is
thought to be key for tooth shaping in mammals,'® we
first analyzed its expression in chameleon embryos.
SHH expression was observed in the chameleon in the
thickening of the oral epithelium (Figure 5A,A’). Dur-
ing epithelial invagination, there was a clear expres-
sion in a bulge of cells at the interface of the
developing dental lamina and the oral epithelium
(Figure 5B,B’). The cluster of SHH-positive cells was
located asymmetrically in the epithelial thickening. At
the bud stage, we detected SHH-positive cells in the
area of the future inner enamel epithelium
(Figure 5C,C’). Later, a cluster of SHH expression was
present in the EK area at the cap and early bell stages
(Figure 5D-F’). Interestingly, the SHH expression
domain was not confined just to the inner enamel epi-
thelium but was also observed in the epithelial cells
above this area, similarly to TUNEL-positive cell dis-
tribution (Figure 5D, see Figure 2I'). At the bell stage,
SHH was expressed in a large cluster of rounded sta-
cked cells in the area of tooth cusp formation
(Figure 5E,E’). During the mineralization stage, SHH
expression was shifted toward the cervical loops
(Figure 5F,F’). This phenomenon has been previously
described in the python as well as in the mouse,
where this protein was found to be important in the

process of odontoblast and ameloblast
differentiation.”*?*
2.5 | Interspecies comparison of SHH

expression during reptile odontogenesis

In the ocelot gecko, the expression of SHH followed a
similar pattern to that in the chameleon, with a positive
signal in the inner enamel epithelium and overlying
epithelial cells (Figure 6A,B,E,E’). As for the chame-
leon, SHH expression shifted apically toward the cervi-
cal loops at the bell stage in the gecko (Figure 6C,D,F,
F’). A similar dynamic pattern was observed in the Sia-
mese crocodile, but with a few differences. At the early
cap stage, SHH-positive cells formed a less distinct clus-
ter of cells, which is consistent with the presence of a
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less obvious EK-like structure in this species
(Figure 6G,G’). Later in development, SHH was
expressed in the differentiating inner enamel epithe-
lium and was absent in the crown of the mineralizing
tooth (Figure 6G,G”), similar to observations in the
chameleon.

2.6 | Matriptase ST14 and other EK
markers expression in reptiles

To further analyze expression pattern in the EK area, we
selected several EK markers including FGF4 and ST14.
While FGF4 is well known molecule expressed in the EK

FIGURE 3

Legend on next page.
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area,” we revealed new molecule, matriptase (also known
as ST14, TADGI15, or epithin), to be expressed in this
region. Matriptase is a membrane-associated protease,
which regulates cell motility and tight junction assem-
bly.?® In mouse embryos, ST14 expression overlaps with
the expression domains of SHH and FGF4 in the EK as
visualized by RNAScope (Figure 7A-C).

In chameleon, FGF4-positive cells (Figure 7D) were
distributed in the EK area of cap stage tooth. Later,
FGF4 protein expression became weaker and obtained
dispersed pattern mostly associated with the inner
enamel epithelium (Figure 7E). ST14 was expressed in
the EK-like cluster of cells at the cap stages (Figure 7F,
G), with the highest levels in the cells above the inner
enamel epithelium. In addition to its expression in the
EK area, ST14 was detected in the oral epithelium and
outer enamel epithelium on the lingual side of the
developing tooth germ (Figure 7F-I). At the early bell
stage, the expression persisted in the EK-like cell clus-
ter (Figure 7H). At the late bell stage, expression of
ST14 spread toward the cervical loops, similar to
SHH expression (Figure 7I). Moreover, chameleon
EK area was GLI2-negative (Figure 7J,K) similar to
mice.”’

2.7 | Cell rearrangement is associated
with enamel ridge and groove formation

In complex reptilian teeth, after formation of the central
cusp, the developing tooth undergoes further changes to
drive formation of the enamel ridges at the top of the
central cusp. To understand the cellular processes asso-
ciated with formation of these structures, we analyzed
sections of chameleon teeth by confocal microscopy
with nuclei stained for DRAQ5 (Figure 8). Here, we

compared areas at the tip of the main cusp with two
ridges to those through the accessory cusps that do not
possess this enamel groove (Figure 8A-C). Cells were
automatically grouped based on the shape of their nuclei
in IMARIS (Figure 8E,E”,G,G”). This analysis revealed
distinct cellular populations within the developing
tooth. Nuclei of cells in the cervical loop were strictly
columnar in shape (Figure 8D”,E”,F”,G") in comparison
to the rounded nuclei of cells located in the tip area
(Figure 8F',G"). In the mesial areas with the formation
of only one sharp ridge, there were only small clusters
of cells with spherical nuclei (Figure 8D’,E’). In contrast,
in the central part of the tooth where an enamel groove
forms, there was a large cluster of round-nuclei cells
(Figure 8F,F',G,G’). These differences in shape of the
epithelial cells preceded the deposition of enamel to cre-
ate the ridges and may, therefore, drive the process of
ridge formation.

As 2D analysis revealed a distinct cellular population
in the EK-like clusters, we next focused on uncovering
whether possible differences in cell arrangement were
responsible for the later asymmetrical enamel deposition
(as previously described in the gecko by Reference 21).
We visualized cell nuclei in 3D and this analysis revealed
continuous mesio-distal ridge formation along the tooth
(Figure 9A,C,D). From a superficial view, there were dis-
tinct enlarged areas corresponding to the future enamel
ridges (Figure 9B). On top of the enamel ridge-forming
area, there were distinct clusters of small concave cells
heading into the groove-forming area (Figure 9B,D,E/,
arrowheads). Cells of the groove area were elongated in
the horizontal direction (Figure 9A,C,D,E,E',arrows).
These findings are suggestive of cell rearrangements such
as those involving cell intercalation, but live cell imaging
will be necessary in future to provide deeper insight into
this process.

FIGURE 3 Tooth germ development in ocelot gecko. A-D, Morphology of individual tooth germ across stages during odontogenesis in
gecko. A, Cap stage, B, bell stage, C, predentin production, D, mineralization stage with dentin and enamel production. Enamel groove

(eg) is surrounded by two enamel ridges (er). The first (1g) and the second (2g) tooth generations are visible. Distinct cluster of cells forming
enamel knot area (ek) is visible at the cap and bell stage. Red arrowheads label narrow and triangular border cells surrounding enamel knot,
white arrowhead labels stratum intermedium. Scale bars (A-D) = 50 pm. E-H', Ultrastructure of gecko's enamel knot area in transmission
electron microscope. Enamel knot area (ek) is surrounded by flat cells of stratum intermedium (si) at the early bell stage (E). Cervical loop
(cD) and dental papilla (dp) are visible on lower power image (E). F-H, Distinct population of border cells (red arrowheads) outline enamel
knot area. F'-H', Long nexuses (black arrows) are located between enamel knot cells and elongated cells on their edge. F',H’, Short
desmosome (black arrowheads) can be found between cells of inner enamel epithelium (iee). Odontoblasts (od) are already differentiated in
the tip of the dental papilla and produce a thin layer of predentin (pd). I-J’, Apoptotic cells (ac) are located close to the inner enamel
epithelium at the early bell stage (I,I') and above developing enamel ridges at mineralization stages (J,J'). sdl - successional dental lamina,
1g-the first tooth generation. TUNEL-positive cells (brown, DAB), TUNEL-negative cells (blue, Hematoxylin). Scale bars (I-J') = 50 pm. (K-
L) PCNA-positive cells are located in the cervical loop area (cl), in the successional dental lamina (sdl) and dental papilla (dp) of gecko
embryos. Inner enamel epithelium (iee) in the EK-like area is free of proliferating cells (black arrows). 1g-the first tooth generation. PCNA-
positive cells (green, AlexaFluor 488), PCNA-negative cells (blue, DRAQ5). Scale bars (K-L') = 40 pm
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FIGURE 4 Snap shoot to tooth development in Siamese crocodile. A-A”, Early cap and late bell stage with visible mineralization,
including dentin (d) and enamel (e) production. 1g-the first tooth generation, 2 g-the second tooth generation. B-B”, TUNEL-positive cells
(apoptotic -ac) are situated in the external surface of the inner enamel epithelium (iee) close to EXK cells (B') of early cap stage tooth. B”,
Later in development, few TUNEL-positive cells are located above the tooth tip within the enamel organ. TUNEL-positive cells (brown,
DAB), TUNEL-negative cells (blue, Hematoxylin). C,C”, PCNA-negative cells are visible in the enamel knot (ek) area (C') and the inner
enamel epithelium (iee) of monocuspid tooth tip (C”). C’,C", Cervical loops (cl) of both displayed stages exhibit high PCNA positivity.
PCNA-positive cells (green, AlexaFluor 488), PCNA-negative cells (blue, DRAQS). Scale bars (A-C”) = 50 pm

2.8 | Ultrastructural analysis reveals microscopy (TEM). The enamel organ at the bell stage
lipid accumulation above enamel ridges in consists of the outer enamel epithelium, composed of
chameleons simple cuboidal cells containing a large amount of glyco-

gen, typical stellate reticulum, and inner enamel epithe-
To follow formation of the enamel crests on the central  lium with large columnar cells with basally located oval
cusp in more detail, we used transmission electron nuclei (Figure 10A). Nuclei in the groove area had round
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FIGURE 5

SHH expression during early tooth germ development in veiled chameleon. A,A’, SHH expression is located in the

epithelial dental thickening (dt) during early odontogenesis. B,B’, SHH appearance persists during epithelial invagination predominantly in
the cluster of cells localized labially (arrow). C,C’, At the bud stage, SHH-positive cells are located asymmetrically in labial part in the
enamel knot area (ek). D,D’, At late cap stage, strong expression of SHH is located in enamel knot cells (ek) as well as adjacent cells of
stellate reticulum (sr) and continues up to early bell stage. Asymmetrical SHH expression is visible in the mesenchymal cells of the dental
papilla (red arrows). E,E’, Later, SHH expression persists in the bulge cells resembling EK (ek). F,F’, During mineralization stage, SHH
expression is no longer visible at the tip of developing tooth, however, it is allocated to the cervical loop area (cl). F/, Few SHH-positive cells
is again visible in surrounding mesenchyme (red arrow). SHH-positive cells (green, Alexa488), SHH-negative cells (blue, DRAQ5). Scale bars

(A-C’) = 50 pm, (D-F') = 25 pm

shape on transversal section through the tooth, with cyto-
plasm visible in areas closest to the already produced
layer of enamel (Figure 10B,B’).

Above the presumptive enamel ridge, the inner enamel
epithelial cells were heading toward each other, and their
basal poles were enclosed together (Figure 10B-E). Long
nexuses and expanded intercellular spaces were observed
in the areas above the enamel ridge (Figure 10C-E). Bun-
dles of intermediate filaments were directed perpendicu-
larly, toward the basal membrane (Figure 10E).

The most superficial cells exhibited a triangular or
cuneiform shape and filled the space above the forming
ridge (Figure 10F-H). Apoptotic bodies were observed in
the stellate reticulum cells directly above the enamel

ridge area (Figure 10H). A large amount of lipid droplets
had accumulated in the basal part of the cytoplasm of
superficially located cells (Figure 10F-H).

2.9 | Apoptotic cells are located only in
distinct areas above the future enamel
crest formation

As ultrastructural analysis also uncovered a few apoptotic
cells in the future enamel ridge area, we wanted to analyze
in detail if this pattern is typical just for the central ridge
area or whether it can also be observed in the mesial region
of the tooth. During mineralization, TUNEL-positive cells
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FIGURE 6

SHH expression during tooth germ development in ocelot gecko and Siamese crocodile. A-D, Shh gene expression analyzed by

in situ hybridization. E-F' SHH protein expression detected by immunohistochemical labelling. Shh-positive signal purple, background - Eosin.

AB,E,E’, SHH signal is visible in the enamel knot cells (ek) in gecko. C,D,F,F’, Later in development, SHH expression is located in the inner

enamel epithelium (iee) and expands into the cervical loop (cl) cells of gecko teeth. G-G”, In Siamese crocodile, SHH expression is located in

the enamel knot area (ek) at the cap stage. Later at the bell stage, it is allocated into the inner enamel epithelium (iee) of the cervical loop
(cl) area (G"). SHH-positive cells (green, Alexa488), SHH-negative cells (blue, DRAQ5). Scale bars (A-F') = 25 pm, (G-G") = 50 pm

were located in the area where cell rearrangement
occurred (Figure 11). In the more mesial part of the tooth,
TUNEL-positive cells were situated in one spot within
enamel organ just above the membrane junction in the
enamel crest-forming area (Figure 11A,A’,B,B). In the cen-
tral area where the enamel ridge/groove is formed, two
TUNEL-positive zones were determined just above

individual crests (Figure 11C,C’,D,D’). TUNEL-negative
cells were located in the area between them and they were
adjacent to the enamel groove zone (Figure 11C’,D’).

Based on these observations, we propose a model
where the cluster of nonapoptotic and nonproliferating
cells (large black spot) represents an area with the ability
to form an enamel groove in future (Figure 11E.E).
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FIGURE 7 ST14 and other EK
markers in chameleon embryos. A-C,
Expression of enamel knot specific
molecules (arrows) at cap stage in
mouse embryos detected by RNAScope-
Shh (A), Fgf4 (B), and ST14 (C). Gene
expression in mouse teeth is visualized

mouse

by red signal (Cy3), cell nuclei are
stained by DAPI (blue). Scale bar (A-

C) = 100 pm. (D,E) FGF4 positive signal
is located in the enamel knot (ek) of
chameleon cap stage tooth and weak
signal was still visible at bell stage with
some dispersion of signal to the other
areas of the enamel organ. F-I, In
chameleon embryos, ST14 is expressed
in the enamel knot areas (ek) at the late
cap and bell stages. Later, signal expands
to the inner enamel epithelium (iee) of
the cervical loop (cl). In monophyodont
dentition of chameleon, ST14-positive
cells were also located in the lingual side
of the tooth germ where successional
dental lamina is initiated (red arrow).

J. K, The enamel knot in chameleon is
GLI2-negative. sg - salivary gland. FGF4,
ST14, and GLI2-positive cells (green,
Alexa488), FGF4, ST14, and
GLI2-negative cells (blue, DRAQS5).
Scale bar (D-F') = 50 pm

Chamaeleo calyptratus

These cells elongate in a horizontal direction and thus
constitute the steady region which is surrounded by more
active differentiating cells (Figure 10). This is in contrast
to the mesial areas with a simple enamel ridge where
only rare apoptotic cells are located in a distinct small
zone in the junctional area and cellular reorganization
occurs around them (Figure 11F,F').
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Cytoskeleton rearrangement is
associated with ridge formation

Numerous intercellular junctions were observed by
TEM in the area above the enamel ridge where two
opposite cells of the inner enamel epithelium were
heading toward each other (Figure 10C-E). Moreover,
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FIGURE 8 Cellslocated in the
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bundles of intermediate filaments were located in the
inner enamel epithelium facing toward the common
basal membrane (Figure 10E). Therefore, we analyzed
possible changes in cytoskeleton rearrangement during
cell cluster formation in chameleon (Figure 12A-D’) and
gecko (Figure 12E-H’). For this purpose, we used a
phalloidin to label F-actin expression. Cytoskeletal

future groove area are
morphologically distinct from the rest
of inner enamel epithelial cells in
chameleon. A,B, For cell shape
analysis, we selected tricuspid caudal
teeth with distinct enamel groove in

the central cusp (cc) and two smaller

lateral cusps (Ic). C, Two transversal
areas were chosen: mesial area (D,E)
with one sharp ridge, and more
central area (F,G) with deep groove
located in the largest central cusp. D-
G, 2D analysis of transversal sections
reveals variability in cell nuclei shape
in different areas of chameleon tooth.
D,E, In the mesial area, cells of the
inner enamel epithelium (iee) contain
ellipsoid nuclei (D’). Only a few cells
on the tip of tooth exhibit distinct
morphology (E, red arrow). D" ,E”
Cells of the cervical loop (cl) area are
thinner and elongated. F,G, In the
central tooth area, there is a large cell
cluster with round nuclei, which will
later form groove (gr) at the main
cone of the tooth (F',G’). G”, Cells
were more tightly packed in the
cervical loop (cl) in this area. Nuclei
are counterstained with DRAQS5
(blue). E-E”,G-G”, Artificial colors of
nuclei were produced in software
IMARIS followed by segmentation
and analysis for cell nuclei shape
differences. dp, dental papilla; od,
odontoblasts. Scale bars

(A,B) = 500 pm, (D-G”) = 25 pm

rearrangement was detected during cell cluster forma-
tion in both analyzed species, with asymmetrical and
strong F-actin expression localized in EK-like cells
(Figure 12A’,B,E/,F',G’). At the mineralization stage of
chameleon odontogenesis, there was distinct variability
in F-actin expression in different tooth areas
(Figure 12C-D'). In the mesial area, future ameloblasts
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FIGURE 9 Three dimensional analysis of cells in the enamel groove area in chameleon. A, 3D analysis of 300 pm thick transversal
slice through caudal tooth germ at mineralization stage. Stripe of invaginating epithelial cells is visualized from the internal view of future
enamel grove (gr). B, Superficial view from the side of inner enamel epithelium displays suture-like pattern in the area where a cluster of
groove forming cells (arrowheads) are detaching and future sharp ridge will form. C, Inner view on the cell cluster forming enamel groove
(gr) in 3D with artificially stained nuclei. D, Detail of groove area (gr) with conical cells (arrowhead) heading toward groove zone. E,E’, 3D
analysis on 5 pm transversal slice through the caudal tooth germ to uncover direction of elongated cells. Cells in the groove area (gr) are
elongated in the horizontal direction in contrast to the rest of the inner enamel cells (iee) elongated centrifugally to the dentin producing
area. Arrowhead points to the conical cells moving to the groove zone. Small arrows visualize the direction of the elongated axis of cell
nuclei. Nuclei were counterstained by DRAQS5. Nuclei were automatically artificially colored by software IMARIS following analysis of
differences in ellipsoid shape of nuclei. Iee, inner enamel epithelium; od, odontoblasts. Scale bars (D-E’) = 25 pm
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FIGURE 10 Ultrastructure of epithelial cells above enamel crest in chameleon embryos. A, Inner enamel epithelium of early cap

stage tooth with cell arrangement at the future ridge area (red arrow) and small round cells just above this zone (black arrow). B,B’, Enamel
groove area (gr) during mineralization stage and its detail with the typical cellular junctions (arrows) above enamel ridges (er). C-E, Detail of
area above enamel ridge with bundles of intermediate filaments (if) directing toward the basal membrane, long nexuses (n) and expanded
intercellular spaces (arrow). F-H, Apoptotic bodies (a) were observed in the area directly above enamel crest. Lipid droplets (1d) accumulate
in the basal parts of enamel ridge associated cells. G, Above the enamel crest, cells of the inner enamel epithelium lead centrifugally toward
the dentin surface (red arrow). These cells join apically with each other in the central area. The most superficial cells are small “cuneiform”
cells. e, enamel

were strictly outlined by an F-actin border (Figure 12C, expression pattern of F-actin closely resembled that in
C). In the central area, F-actin aligned the emerging  the chameleon (Figure 12E-H’), with a strong positive
groove zone (Figure 12D,D’). In the gecko, the signal around future groove cells (Figure 12E",F/,G’,H').
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FIGURE 11 Distribution of TUNEL-positive cells during enamel ridge and groove formation in chameleon embryos. A-B’, In more
mesial part of the tooth, TUNEL-positive cells are located just above membrane junction in the enamel crest forming area (red arrowheads).
C-D’, In the most central area where two enamel ridges with the separating groove are formed, two TUNEL-positive zones can be seen.
C’,D’, Each TUNEL-positive domain is located above individual crest (red arrowheads) while TUNEL-negative cells are situated between
them in the future groove area (gr). TUNEL-positive cells (brown, DAB), TUNEL-negative cells (blue, Hematoxylin). Scale bars (A-

D’) = 25 um. E, Scheme of proposed model display two areas of tooth: more central area with two ridges and future groove (the first row-E,
E’) and more mesial area where only one enamel ridge will be formed (the second row-F, F'). The first column (E,F) represent the early
developmental stage and the second column (E’,F") mineralization stage with massive hard tissue production. E',F/, Apoptosis (red spots) is
located in two or one zone with negative area (black circle between them). E,F, Arrows indicate direction of tissue growth and cell
rearrangement with just small junctional area (red line) formed in the mesial section (F). Main cellular axes of a central cluster of cells (large
black circle) are reoriented in the horizontal direction, which later during development become a cluster of cells inside the enamel grove (E)
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FIGURE 12 F-actin expression during ridge formation in chameleon and gecko embryos. A,A’, At early bell stage, cluster of cells
resembling EK exhibited strong actin expression especially in the area surrounding enamel knot (arrows) in chameleon. B,B’, Strong expression
of F-actin is located in the central area on the tooth tip (arrow) and also asymmetrically on several cells located more superficially in this area.
C,C/, Later in development, F-actin is concentrated in the junctional zone of mesial section. D,IY, In the central section, F-actin is concentrated
around the cluster of cells forming enamel groove (arrow). E,E',F,F, At early bell stage, cluster of cells resembling enamel knot exhibits strong
actin expression especially in the area surrounding enamel knot (arrows) in gecko. G,G’, At the mineralization stage in gecko, phalloidin
labelling revealed distinct rearrangement of actin in the cluster of cells (arrows) contributing to groove formation. H,H’, More mesial section,

where only one enamel ridge is formed, exhibits less F-actin positivity. F-actin-positive cells (green, AlexaFluor488), F-actin-negative cells (blue,
DRAQS5). d, dentin; iee, inner enamel epithelium; sg, salivary gland. Scale bars (A-H") = 25 pm
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2.11 | Na*/K*-ATPase expression is
downregulated during cell rearrangement
in the enamel ridge area

As we observed significant changes at the ultrastruc-
tural level of cellular membranes, we wanted to further
analyze possible differences in membrane activity,
which could be behind the process of cell
rearrangement contributing to ridge formation. Na*/
K*-ATPase is a transmembrane enzyme contributing to
ion exchange and which may act as a signal trans-
ducer.”® We observed strong Na'/K*-ATPase expres-
sion in large cells located on the sides of the forming
enamel ridge in chameleon (Figure 13A,B), especially
in the mesial area (Figure 13A,A’). In the tip of the
tooth, expression of Na*/K*-ATPase was down-
regulated from the first sign of cell rearrangement
(Figure 13B,B/,C,C’). In contrast, the enamel groove
area was almost negative for the expression of this pro-
tein (Figure 13D,D’). In gecko, there was strong expres-
sion on the sides of forming ridges (Figure 13E,F’). In
crocodile, stronger expression was located on the outer
and inner surface of the inner enamel epithelium while
only a weak signal was observed on the tooth tip
(Figure 13G-G™).

212 | Gain-of-function or loss-of-
function of SHH signaling leads to changes
in inner enamel cell morphology

Finally, we wanted to prove if activity of the SHH
pathway is directly related to the shape of the cell clus-
ter in the enamel ridge-forming area. We established
organ cultures from embryonic chameleon mandibles,
which were cultured for 3 weeks. Cyclopamine treat-
ment was used to inhibit the SHH signaling pathway,
and SHH ligand was used to activate the SHH signal-
ing pathway.

Cyclopamine treatment resulted in a simpler teeth
morphology (Figure 14C,D) and the presence of smaller
cells in the inner enamel epithelium on the tip of teeth
(Figure 14D) in comparison to the control (Figure 14B).
Also, the whole size of teeth was smaller in comparison
to control jaws cultured just in media with DMSO (vehi-
cle control; Figure 14C compared to A).

This result was in strong contrast to SHH-treated
mandibles (Figure 14G,H), where teeth were larger
(Figure 14G compared to E). Moreover, a cell cluster of
the future enamel ridge area expanded to form a
cauliflower-like epithelial structure with branching mor-
phology (Figure 14H compared to F).

3 | DISCUSSION

Reptilian tooth shape can be very heterogeneous ranging
from the simple monocuspid up to complex multicuspid
teeth. However, the developmental mechanisms involved
in the formation of reptilian enamel ridges in unicuspid
and also multicuspid teeth have not previously been stud-
ied in detail. In this study, therefore, we describe the
developmental processes of tooth shape establishment in
chameleons and compare them with those of two other
reptile species with different tooth morphology. Here, we
revealed an EK-like structure in all reptile species ana-
lyzed, which exhibits cell dynamics and signaling resem-
bling those in mammalian EK. Moreover, we described
how the ridge-shaped socket at the tip of the central cusp
is formed and that this developmental mechanism is con-
served across reptilian species.

The developmental processes driving the invagination
of dental epithelium are strictly controlled by signaling
molecules originating from EKs in mammals.** However,
the question is if a similar signaling center such as mam-
malian EK is present in reptiles. Our analysis of the main
characteristics, which are typical for mammalian EK,
confirmed its presence at least in species with a complex
tooth shape such as chameleon and gecko. The prolifera-
tion pattern at the cap stage closely resembles the state in
mouse EK, with no dividing cells in this area.’ Also, a
small cluster of apoptotic cells is located adjacent to the
bulge in the inner enamel epithelium, resembling their
location in mouse.*

In addition to proliferation and apoptosis, SHH is a
protein routinely known to be a marker of EK cells.?”*!
In all studied species, SHH was expressed in an area
resembling mouse EK, which confirms the presumption
about the existence of EK in reptiles. Moreover, loss of
SHH signaling due to cyclopamine treatment caused the
development of smaller preameloblast cells in the inner
enamel epithelium, with loss of the typical arrangement
of enamel bulge cells. Similarly, a loss of elongated cells
in both basal and suprabasal layers caused by
cyclopamine treatment has previously been observed in
the dental placodes as a key event contributing to cell
elongation.14 Furthermore, the expression of FGF4 and
ST14 was detected in the EK area, similar to that
observed in mouse.* All these data indicate that an EK-
like structure exists also during odontogenesis in reptiles.

We also observed differences in cytoskeletal organiza-
tion and the alteration of ion channel expression during
rearrangement of epithelial cells in the area contributing
to the formation of superficial enamel structures. This
alteration of Na/K-ATPase activity indicates modifica-
tions in membrane function as a possible developmental
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FIGURE 13 Na,K-ATPase expression in the cell membrane of tooth germ. A,A’, In the mesial tooth area, the strong expression of
Na,K-ATPase is located in the membranes along the inner enamel epithelium toward stellate reticulum in chameleon. B,B',C,C’,D,D’, In the
bulge of the groove forming cells, few cells with no Na,K-ATPase expression are visible (red arrows) in contrast to surrounding ameloblasts
(black arrows) with high Na,K-ATPase-positivity. E-F', In gecko, cells surrounding future enamel groove (black arrows) exhibit high Na,K-
ATPase-positivity while more centrally located cells (red arrow) are less positive. G-G”, In crocodile, strong Na,K-ATPase expression is
located in the outer and inner membranes of differentiating ameloblasts (black arrow). Few cells on the tooth tip are Na,K-ATPase-negative
(red arrow). Na,K-ATPase-positive cells (green, AlexaFluor488), Na,K-ATPase-negative cells (blue, DRAQS5). 1g, first generation of teeth; 2g,
second generation of teeth; cl, cervical loop; d, dentin; dl, dental lamina; iee, inner enamel epithelium; od, odontoblast; sg, salivary gland.

Scale bars (A-F') = 25 pm, (G-G”) = 50 pm

process responsible for the cell shape changes during
enamel ridge formation. Similarly, disruption of the main
components of the cytoskeleton-associated proteins has
been found to contribute to the misshaping of the final

cusp pattern in mammals.>* Also, the disturbance of
fibronectin, E-cadherin, or F-actin distribution in lop-
hodont gerbils has been previously described to contrib-
ute to ectopic invagination of inner enamel epithelium.*
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FIGURE 14 Mandibular cultures of chameleon treated by cyclopamine and SHH. A,B, Tooth morphology of control teeth germs
corresponded to physiological tooth development with epithelial cluster (arrow) formation located in future groove area above the tip of the
central cusp. C,D, In contrast, mandibular cultures treated with cyclopamine for 3 weeks exhibited growth retardation compared to control
samples. D, Cyclopamine treatment leads to the formation of more simple tooth germs. Cluster of cells at the tip of the central cusp was not
observed. E-H, Mandibular cultures treated with SHH for 3 weeks exhibited progressed growth in contrast to control samples. G,H, SHH
treatment leads to the formation of more complex tooth shape. Cluster of cells at the tip of the central cusp was expanded and exhibits round

or branching morphology (arrow). Scale bars (B,D,F,H) = 100 pm

Moreover, the expression of matriptase (ST14), which
mediates assembly of adherent junctions,?**** is lost in
these epithelial cells, confirming specific changes in cell
membranes during cluster cell formation. In agreement,
our study revealed that the ridge-shaped socket at the tip
of the central cusp is also formed by the combination of
cells' rearrangement, changes in their orientation and
alteration of the cytoskeleton. By such cell shape
rearrangement, the central inner enamel cells protrude
deeper toward the dental papilla to form an enamel
groove area.

In the ridge area, cells exhibited increased production
of lipid droplets, which are deposited in the direction
toward joint membranes. Lipids were accumulated espe-
cially in cells surrounding apoptotic bodies in the area just
above crest formation. PI3K/Akt/mTOR signaling has pre-
viously been shown to be responsible for the accumulation
of intracellular lipids by regulating fatty acid synthesis,
which in turn controls cell senescence.>® Moreover, it is
known that apicobasal actinomyosin cables detected in
apoptotic cells can contribute to the process of cell sheet
bending by local deformation of the surrounding epithelial
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surface, resulting in fold formation.>® In the future enamel
ridge area of chameleon, the membrane activity is lower
as shown by Na/K-ATPase; therefore, we suggest that
asymmetrical lipid accumulation leads to cellular senes-
cence in the cells located above the tip of the forming
ridge, resulting in the delay of ameloblast differentiation.
Based on the abovementioned cellular processes together
with cell rearrangement, which could be caused by the
presence of apoptotic cells, we propose a model with the
existence of an inhibition zone in the dental epithelium,
which is closely attached to the inner enamel epithelium
and located just above future enamel ridge areas. How-
ever, it will be necessary to examine the actual involve-
ment of mTOR signaling and apoptosis in these processes
during complex tooth shape formation in future.

4 | EXPERIMENTAL PROCEDURES

41 | Animals

Specimens of C. calyptratus, P. picta, and C. siamensis were
obtained from private and commercial breeders. Embryos
and fetuses at different stages of development were collected
to analyze the progress of development. Eggs were incubated
at a temperature of 27 to 29°C. At selected time points, eggs
were opened, and embryos were euthanized by decapitation
and fixed in 4% PFA at least overnight. The juveniles and
adults used were naturally deceased specimens.

All procedures were carried out according to the
experimental protocols and rules run by the Laboratory
Animal Science Committee of the IAPG, v.v.i. (Libéchov,
Czech Republic).

4.2 | Histology and
immunohistochemical labelling

Specimens for histological and immunohistochemical
analysis were decalcified in 12.5% EDTA in 4% PFA at

room temperature and then embedded in paraffin.
Paraffin-embedded tissues were cut in the transverse
plane to get serial transversal histological sections. These
sections were stained with hematoxylin-eosin and alter-
nate slides were used for immunohistochemical analysis.
Alternate slides were deparaffinized and rehydrated
through an ethanol series. A water bath (97°C) in citrate
buffer (0.1 M; pH = 6) for 20 minutes was used for anti-
gen retrieval. To prevent nonspecific binding of anti-
bodies, blocking serum (goat serum, Vectastain ABC Kkit,
PK-6101, Vector Laboratories, Burlingame, California)
was applied on the samples for 20 minutes. Next, slides
were incubated with primary antibodies (Table 1) for
1 hour or overnight, alternately. The secondary anti-
bodies (goat anti-rabbit Alexa Fluor 488, cat. No. A11008;
donkey anti-rabbit Alexa Fluor 555, cat. No. A31572; goat
anti-mouse Alexa Fluor 488, cat. No. A-11001, all Thermo
Fisher, Waltham, Massachusetts) were applied for
30 minutes, and DAPI (cat. No. P36935, Invitrogen,
Carlsbad, California) or DRAQS5 Fluorescent Probe Solu-
tion (cat. No. 62251, Thermo Fisher) was used for the
counterstaining. Photographs were taken under a Leica
DM LB2 fluorescence microscope (Leica Microsystems,
Wetzlar, Germany) and merged together in Adobe Photo-
shop 7.0 (Adobe Systems Incorporated, San Jose, Califor-
nia). High-power images were taken on a Leica SP8
confocal microscope using x20 and x40 (water immer-
sion) objectives (Leica Microsystems, Wetzlar, Germany)
with Leica Application Suite software (Leica Micro-
systems, Wetzlar, Germany); pictures were processed
using IMARIS software (Bitplane, Ziirich, Switzerland).

43 | Cryo-sectioning and
immunohistochemistry for Phalloidin
labelling

Tissue samples were fixed in 4% PFA and then
emerged in the 30% Sucrose (cat. No. S0389, Sigma
Aldrich, St. Louis, Missouri) O/N on 4°C followed by

TABLE 1 List of used primary antibodies
Antibody Clonality Dilution Cat. No. Company
SHH (rabbit) polyclonal 1:100 sc-9024 Santa Cruz, Santa Cruz, California
ST14 (rabbit) polyclonal 1:50 ABIN2773910 Antibodies online, Aachen, Germany
Na,K- ATPase (rabbit) monoclonal 1:50 ab76020 Abcam, Cambridge, UK
PCNA (mouse) monoclonal 1:50 MO0879 Agilent Dako, Santa Clara, California
Phalloidin - 1:50 A12379 Thermo Fisher Scientific, Waltham, Massacgusetts
FGF4 (rabbit) polyclonal 1:50 ab65974 Abcam, Cambridge, UK
GLI2 (rabbit) polyclonal 1:50 18 989-1-AP ProteinTech, Rosemont, Illinois
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embedding in OCT (FSC 22 Clear, cat. No. 3801480,
Leica Biosystems) and frozen at —20°C. Tissue sections
were obtained on cryostat Leica CM1850 (Leica Bio-
systems, Wetzlar, Germany) in the transversal plane at
10 to 16 pm thickness. For immunohistochemistry,
sections were washed in PBS-T (1x PBS with 1%
Tween20, cat. No. P1379, Sigma Aldrich), then
Phalloidin conjugate was applied and incubated for
1 hour. After washing in PBS-T, DRAQS5 Fluorescent
Probe Solution (cat. No. 62251, Thermo Fisher) was
applied for nuclei counterstaining. Finally, after a
quick wash, sections were mounted and processed for
the visualization.

The photos were taken on confocal microscope Leica
SP8 using %20 and x40 (water immersion) objectives
(Leica Microsystems) with Leica Application Suite soft-
ware (Leica Microsystems). Pictures were processed by
software IMARIS (Bitplane, Ziirich, Switzerland).

4.4 | 3D analysis of nucleus shape

Thick transversal slices (300 pm) of the mandible of chame-
leon embryos at the mineralization stage were decalcified in
10% EDTA, cleared in CUBIC I solution (25% urea, cat.
No. U5378; 25% N,N,N,N'-tetrakis|2-hydroxypropyl]eth-
ylenediamine, cat. No. 122262-1L; 15% Triton X-100, cat.
No. T8787; all Sigma Aldrich; diluted in distilled water),
stained with DAPI (D9542, Sigma Aldrich) and again
cleared in CUBIC II solution (50% sucrose, cat.
No. S0389; 25% urea, cat. No. U5378; 10% 2,2/,2"-
nitrilotriethanol, cat. No. 90279; 0.1% Triton X-100, cat.
No. T8787; all Sigma Aldrich; diluted in distilled water).
Finally, pictures were acquired using a Zeiss LSM
880 confocal microscope (Carl Zeiss Microscopy, Jena,
Germany) using x40 (water immersion) or x63 (oil
immersion) objectives. Pictures were automatically
processed using IMARIS software (Bitplane, Ziirich,
Switzerland) for the purpose of visualization by different
colors according to cell nucleus shape.

4.5 | TUNEL assay

Localization of apoptotic cells was analyzed by the detec-
tion of DNA fragments in situ by the TUNEL method
(ApopTag Peroxidase In Situ Apoptosis Detection Kit-
S7101, Chemicon, Temecula, USA). Counterstaining with
hematoxylin was performed. Sections were photographed
under bright field illumination with a Leica DMLB2 com-
pound microscope (Leica Microsystems, Wetzlar,
Germany).

WILEY_|L *
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4.6 |

Samples were fixed in 3% glutaraldehyde for 24 hours,
washed three times in 0.1 M cacodylate buffer and post-
fixed in 1% OsO, (cat. No. 02601-AB, SPI-Chem, West
Chester, Pennsylvania) solution for 1 hour. Samples were
then dehydrated in an ethanol series, followed by ace-
tone, and embedded in Durcupan epoxy resin (cat.
No. 44610, Sigma Aldrich). Semithin sections were sta-
ined with Toluidine Blue (cat. No. 02576-AB, SPI-Chem,
West Chester) and examined by light microscopy.
Ultrathin sections (60 nm thick) were cut using a Leica
EM UC6 ultramicrotome (Leica Microsystems GmbH,
Vienna, Austria) and placed on formvar-coated nickel
grids.

Sections contrasted with lead citrate and uranyl ace-
tate were observed using a Morgagni 268 TEM (FEI Com-
pany, Eindhoven, Netherlands) and JEOL JEM-1011
(JEOL, Peabody, Massachusetts). Photographs were
taken using a Veleta CCD camera (Olympus, Miinster,
Germany).

4.7 | Scanning electron microscopy

Lower jaws were dissected from collected animals and
then fixed in 70% ethanol. The samples were dehydrated
in a graded ethanol series and placed in 100% ethanol.
Just before scanning, they were air-dried, glued onto an
aluminum support, coated with a thin layer of gold and
analyzed in a JEOL SEM 6380 LV (JEOL).

4.8 | Mandibular organ cultures

We prepared organ cultures from the mandible by dis-
secting them out of embryos and placing them on Mil-
lipore filters and a metal mesh. They were cultured for
three weeks at 29 to 30°C in Advanced media (Gibco
Advanced DMEM/F12 1:1, cat. No. 12634-010, Thermo
Fisher Scientific; 1% penicillin/streptomycin, cat.
No. P0781, Sigma Aldrich; 1% r-glutamine, -cat.
No. G7513, Sigma Aldrich; 0.25 mg/mL ascorbic acid,
A4544, Sigma Aldrich) supplemented with SHH growth
factor (high-activity recombinant human SHH, 100 ng/
mL, cat. No. 8908-SH-005, R&D Systems, Minneapolis,
Minnesota) or SHH inhibitor (cyclopamine, 100 nM, cat.
No. GR-334, Biomol International, Plymouth, Pennsylva-
nia). The right jaw was treated with SHH protein or SHH
inhibitor, and the left jaw was cultured just in plain
media and used as a control. The experiment was
repeated on four animals for each treatment.
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TABLE 2 Parameters of microCT scan
Voxel
Acceleration X-ray tube Exposure Number of resolution

Sample voltage (kV) current (nA) time (ms) projections (pm)

Gecko skull 60 200 750 2500 12.5

Chameleon skull 60 250 400 2500 18

Chameleon embryos - 60 200 400 2400 6

mandibular organ cultures

Cultures were fixed in 4% PFA and processed for his-
tological analyses. For the clear determination of changes
in cusp formation under the influence of growth factors,
jaws were stained with 1% PTA in 90% MeOH for 3 days
and analyzed by microCT (GE Phoenix vitomelx L
240, GE Sensing & Inspection Technologies GmbH,
Hiirth, Germany).

4.9 | X-ray micro computed tomography
For the purpose of motion stabilization during the micro
CT scan, gecko skull was embedded in 1% agarose gel in
a Falcon conical centrifuge tube, and chameleon embryo-
nal mandibular organ cultures were embedded in 1% aga-
rose gel in Kapton tubes. Chameleon skull was attached
to polystyrene with parafilm.

Micro CT scanning was performed using a GE Phoe-
nix vitomelx L 240 laboratory system (GE Sensing &
Inspection Technologies GmbH, Hiirth, Germany)
equipped with a 180 kV/15 W maximum power nano-
focus X-ray tube and DXR250 high-contrast flat panel
detector (2048 x 2048 px with 200 X 200 pm pixel size).

Measurements were carried out in an air-conditioned
cabinet (21°C). The parameters of each scan were set
individually (Table 2) considering the size of the sample.

The tomographic reconstruction was realized with
GE Phoenix datoslx 2.0 software (GE Sensing & Inspec-
tion Technologies GmbH, Hiirth, Germany). Images of
3D renders were created in VG Studio MAX 3.1 software
(Volume Graphics GmbH, Heidelberg, Germany). Devel-
oping chameleon teeth in mandibular organ cultures
were manually segmented in Avizo 9.5.0 (Thermo Fisher
Scientific).

410 | RNAScope

Gene expression analysis was performed on mouse
embryos which were collected at embryonic day 14.
Embryos were euthanized by decapitation and fixed in
10% PFA for a maximum of 36 hours. Next, samples were

dehydrated by standard ethanol series followed by xylene
and embedded in paraffin. Five micrometer-thick alter-
nate sections were prepared to be used with several
probes.

Transcripts were detected using an RNAScope Multi-
plex Fluorescent v2 assay for formalin-fixed paraffin-
embedded tissue (323 110, Advanced Cell Diagnostics,
Newark, California, USA). Fgf4 (514 311, Advanced Cell
Diagnostics), Shh (314361-C2, Advanced Cell diagnos-
tics), and ST14 (422 941, Advanced Cell Diagnostics) pro-
bes were used. Before hybridization, samples were
pretreated with hydrogen peroxidase (322 335, Advanced
Cell Diagnostics) and Protease Plus (322 331, Advanced
Cell Diagnostics) reagents. Visualization of hybridized
probes was done using a TSA-Plus Cyanine 3 system
(NEL744001KT, Perkin-Elmer, Waltham, Massachusetts)
according to the manufacturer's protocol. DAPT (323 108,
Advanced Cell Diagnostics) was used for cell nucleus
staining. Photographs were taken under a Leica DM LB2
fluorescence microscope (Leica Microsystems, Wetzlar,
Germany) and merged together in Adobe Photoshop 7.0
(Adobe Systems Incorporated).

4.11 |
sections

In situ hybridization on gecko

Nonradioactive in situ hybridization was performed, and
the UTP were labelled with digoxigenin (cat.
No. 11209256910, Roche, Mannheim, Germany). The Shh
probe against the Python saebe gene was used as previ-
ously published.** This was linearized with HindIII
(R6041, Promega, Madison, Wisconsin) and transcribed
with T7 (cat. No. 10881767001, Roche). Frontal paraffin
sections through gecko head were treated with 10 pg/mL
proteinase K (P2308, Sigma Aldrich) for 15 minutes, and
the hybridization was carried out at 60°C. Eosin (cat.
No. 102439, Sigma Aldrich) was used for counterstaining.
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Dental Stem Cells: Developmental Aspects

Definition, Etymology and
Histologic Appearance

Teeth in mammals develop through an interaction
between cells of the ectoderm of the first pharyngeal
arch in the fetus and neural crest-derived ectomes-
enchyme (see, eg, Balic and Thesleff 2015 for re-
view). After initiation, this process continues through-
out human fetal life and is eventually finalized before
adulthood, when progenitor cells vanish. The major
types of basic cells involved have been identified for

quite some time. However, not until recently has
some light been shed on the stem cell heterogeneity
in these populations. This heterogeneity reflects the
mechanisms of tooth growth and pertains, among
other things, to clonal development and to the iden-
tities of rare and transient cell types. Histologic iden-
tification cannot be made using pure morphologic
criteria but requires specific molecular in situ protein
or messenger RNA (mRNA) detection. Much of what
we know regarding dental stem cells (first mentioned
by E. Haeckel, 1868) derives from experimental

Fig 1
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Interaction interphase between preameloblasts and preodontoblasts with other adjacent epithelial and mesenchymal layers during molar
development in a 16.5-day-old mouse embryo (original magnification x2500). (Courtesy of eye of science.)



studies with a focus on the self-renewing rodent in-
cisor (see, eg, Krivanek et al 2017, Sharpe 2016, or
Yu and Klein 2020 for review). Ample evidence indi-
cates that this is a reasonable model for studies of
tooth development in humans. However, human-spe-
cific patterns of cellular organization are clearly dis-
cernible, with subpopulations that probably contrib-
ute to human tooth development, homeostasis, and
progression of disease in unique ways (Krivanek et al
2020).

Jan Krivanek and Kaj Fried

Cell Types in Interaction with
Their Environment

As mentioned above, teeth and adjacent periodon-
tium develop through mutual interaction between ec-
toderm (dental epithelium) and surrounding ectomes-
enchyme (neural crest-derived; Balic and Thesloff
2015, Thesleff and Hurmerinta K). During embryogen-
esis and later, these two cell populations proliferate
and differentiate to form the fully functional dental
organ (Figs 1 and 2). Based on the different origins,

Fig 2 Early cap stage of mouse molar (original magnification x450). (Courtesy of eye of science.)
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Directions of dental mesenchyme differentiation
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Fig 3 Dynamics and shapes of dental mesenchymal (right panel) and epithelial stem cells (left panel) in a continuously growing mouse incisor
visualized by lineage tracing and immunohistochemistry. IEE, inner enamel epithelium; SR, stellate reticulum; OEE, outer enamel epithelium.

two main types of dental stem cells can be distin-
guished (Fig 3): dental epithelial stem cells (DESCs)
and dental mesenchymal stem cells (DMSCs).

Dental epithelial stem cells

DESCs are quiescent (slowly dividing) multipotent
cells that originate from an embryonic oral epithelium

56 | Visual Biology in Oral Medicine

invagination known as the dental lamina. They can be
divided into primordial cells necessary for initial or-
ganogenesis (odontogenesis) and adult stem cells re-
sponsible for tissue homeostasis and repair after the
dentition is fully formed. They are of various shapes,
and their location is limited to epithelial structures
only. During tooth development, primordial stem cells
drive the growth of the dental epithelium, which in



turn interacts with the surrounding ectomesenchyme
to give rise to the teeth of the primary dentition. Some
epithelial cells retain multipotent characteristics and
persist as DESCs within the dental lamina (Priya et al
2015). They will generate a successional dental lami-
na, from which tooth buds of the permanent dentition
later develop. Of note, permanent molars develop
from distal extensions of the primary dental lamina,
which means that from a developmental perspective
they belong to the primary dentition. After completion
of the permanent dentition, the dental lamina ulti-
mately disappears, and the ability to renew the teeth
is forever lost (Dosedélova et al 2015, Kim et al 2020).
It has been shown that slow-cycling DESCs are locat-
ed in the stellate reticulum, a mesenchyme-like part of
the dental epithelial fold that is located between the
inner and the outer enamel epithelium (Harada et al
1999). From here, stem cells give rise to transit-ampli-
fying cells, a fast-cycling cell population that sits on
the edges of the inner and outer enamel epithelia.
This population further differentiates into ameloblasts
and the adjacent stratum intermedium to build the
crown of the tooth. In addition, it also provides cells
for the Hertwig epithelial root sheath (HERS), which
interacts with developing odontoblasts and cemento-
blasts to form the tooth root (Harada et al 2006). In
contrast to the crown of the tooth, no functional tissue
in the root is formed by epithelium. However, root de-
velopment is entirely dependent on the HERS. This
structure serves as an interactive partner to the sur-
rounding ectomesenchyme and controls root pattern-
ing and growth. After root formation, the HERS partly
undergoes apoptosis and is partly retained as the ep-
ithelial rests of Malassez (ERM), a thin mesh-like
structure covering the roots. ERM is the only persist-
ing epithelial structure of dental lamina origin in the
fully developed adult dentition. There is still no gener-
al consensus about the role of this structure. Howev-
er, ERM can undergo epithelial-to-mesenchymal tran-
sition and may contribute to periodontal ligament
homeostasis and prevent ankylosis or bone resorp-
tion. Tentatively, this structure may serve as a reser-
voir of stem cells in the periodontal space (Rincon et
al 2006, Xiong et al 2013).

Jan Krivanek and Kaj Fried

Dental mesenchymal stem cells

The dental pulp (including odontoblasts) is formed by
ectomesenchymal cells, most of which reach the fu-
ture jaws through direct migration from the neural
crest (Etchevers et al 2019). However, a substantial
number is recruited from glial precursors (immature
Schwann cells) that sit on basket-like nerve arboriza-
tions that contact the tooth bud (Kaukua et al 2014).
The dental mesenchymal stem cells are located in a
niche between folds of the dental epithelium at the
apical end of the tooth anlage. The cell subtypes in
this region gradually include different pools of quies-
cent stem cells and stromal cells, which probably
support the stem cell niche. Other cells destined to
become pulp cells continue along trajectories of dif-
ferentiation. Clonal genetic tracing has shown that the
mesenchymal stem cells of the dental papilla are bi-
potent, ie, they can produce both odontoblasts and
pulpal cells (An et al 2018, Kaukua et al 2014, Zhao et
al 2014). The fate and amount of the progeny is deter-
mined by signals from the dental epithelium. In fact,
proximity of a stem cell to the epithelial fold (cervical
loop) will bias the stem cell progeny to an odontoblast
fate. Hence, the initial site of a dental mesenchymal
stem cell along the central longitudinal axis of the
forming tooth will determine transcriptional state, mi-
gratory trajectory, and fate progeny (Krivanek et al
2020). Overall, the mesenchymal stem cell population
of the growing apical dental papilla seems to display
a high degree of differentiation plasticity, spatial het-
erogeneity, and hierarchical potential. Mature human
dental pulps contain a number of cellular subpopula-
tions, which are distinguished by, eg, specialized ma-
trix production and other parameters. However, it is
unclear whether mesenchymal stem cells exist in the
pulp of fully formed human teeth.

Molecular Aspects of Tissue
Growth and Cell Communication

Multiple signaling pathways are active during dental
development, including Wingless/int-1 (WNT), fibro-
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blast growth factor (FGF), BMP (bone morphogenet-
ic protein), and Sonic hedgehog (SHH), as depicted
in Fig 4 (Balic and Thesleff 2015). This precisely con-
trolled molecular interaction is responsible for proper
development of teeth and a complete dentition. Sev-
eral molecular markers characterize DESCs. Among
those are Sox2, Bmit, Lrig1, Gli1, Igfbp5, and Acta2
(Biehs et al 2013; Juuri et al 2012; Krivanek et al
2020; Seidel et al 2010, 2017; Zhao et al 2014). One
of the first and most generally accepted markers
used for identification of DESCs is Sox2 (Juuri et al
2012). Although expression of Sox2 by DESCs was
initially described in the mouse incisor, further stud-
ies showed that expression of Sox2 is characteristic
for DESCs across species. Sox2+ DESCs do not
only play roles in maintenance of the continuous
tooth growth in rodents; they are also important for
diphyodont tooth replacement (ie, two successive
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sets of teeth as in humans; Juuri et al 2012, 2013).
As for the heterogeneous DMSCs that engage in
dental pulp formation, they may express molecular
markers such as Foxd1, Thy1, Gli1, and Plp1 (An et
al 2018, Kaukua et al 2014, Zhao et al 2014). In ad-
dition, pulpal stem cells possess the Shh receptor
Gli1 and are in this way influenced by Shh secreted
by local neurovascular bundles (Zhao et al 2014).
This shows the importance of functional innervation
for tooth growth and perhaps also for homeostasis
and regeneration. During recent years, a large num-
ber of studies have reported on the gene expression
signature of human dental mesenchymal stem cells
cultivated in vitro. However, comparisons between
dental stem cells in situ and in vitro suggest that
many previously reported in vitro markers likely
emerge during ex vivo manipulations with dental
mesenchymal cells.



Preclinical Research and
Pathologic Aspects

The patterning and final formation of the dentition is
in general very precisely controlled. Despite this, dif-
ferent kinds of dental congenital malformations are
relatively common defects. Unraveling the processes
that guide normal dental development can help us to
understand the etiology of different kinds of heredi-
tary and/or acquired abnormalities. Importantly, it
may also lead to new therapeutic methods to regrow,
repair, or replace damaged or diseased dental cells,
tissues, or organs.

Dental malformations appear in a wide variety of
forms; almost any conceivable defect may arise. At
one end is anodontia, ie, when teeth are missing. On
the other end are rare odontogenic tumors. Among
the most frequent human dental malformations are
numeric aberrations (generally described as hyper-

Fig 5 Cleidocranial dysplasia in a 17-year-old
male patient. Example of congenital malforma-
tion when dental lamina fails to dissipate and
multiple additional teeth develop, causing a
characteristic form of hyperdontia. (Courtesy of
P. Cernochova and L. Izakovicova Holla.)

Fig 6 Hypodontia in a 17-year-old male pa-
tient. Condition when incomplete dentition is
developed and single teeth are absent. (Cour-
tesy of V. Kovar Matejova and L. |zakovicova
Holla.)
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dontia or hypodontia). The cause of this is usually ge-
netic malfunction in initial tooth patterning. In the case
of hyperdontia, the successional dental lamina fails to
dissipate after the permanent dentition is formed, and
one or more extra tooth buds develop and ultimately
produce supernumerary teeth. Of note is the birth de-
fect cleidocranial dysplasia, in which successional
dental laminae do not regress (Jensen and Kreiborg
1990, Kreiborg and Jensen 2018). This syndrome
(which coexists with other serious non-dental con-
genital defects) is characterized by various numbers
of supernumerary teeth. Selected examples of clinical
manifestations are shown in Figs 5 to 8.

Turning to the main hard dental tissues, dentin,
as opposed to enamel, is a living material that can
perceive outer environment and react to damage or
increased wear. This perception and eventual chang-
es in dentin microstructure or increase in dentin
width are ensured by long-lived odontoblasts during

aRes
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secondary and reparative dentinogenesis (see
Fig 8a). However, if a lesion on a tooth is more wide-
spread, there is an urgent need to seal the lesion
with newly generated dentin to safeguard the vitality
of the tooth. New dentin-forming odontoblasts are
then differentiated from so-called dental pulp (mes-
enchymal) stem cells (DPSCs). Further, small alter-
ations in the activity of these cells may lead to the
formation of pulp stones (denticles, pulpal calcifica-
tions), which often occur with increasing age (see
Figs 8b and 8c). This condition may not be classified
as pathologic but can cause severe complications in
endodontics. Among researchers there is consider-
able interest in DPSCs because of their high clinical
potential and easy access (Gan et al 2020, Sharpe
2016). However, their origin and dynamics in vivo re-
main elusive. Further in-depth studies of processes
such as tooth tissue regeneration after damage or
formation of pulp stones will be necessary to under-
stand the detailed behavior of these cells.

As discussed above, although the adult human
dentition has lost the ability to restore enamel or
roots, small islands of their original tissue, the dental
epithelium, remain as ERM on the surface of roots.
Clinically, ERM malfunctions may manifest them-
selves as apical cysts or tumor formations (Lin et al
2007, Priya et al 2015, Rincon et al 2006). Consider-
ing the stemness properties of the ERM, this struc-
ture may also have a potential role in regenerative
medicine.
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Fig 7 Oligodontia in a 4.5-year-old male pa-
tient. Developmental anomaly of different eti-
ology resulting in partial tooth loss. (Courtesy
of P. Cernochova and L. Izakovicova Holla.)

Summary and Future Perspectives

A profound insight into the complex cellular machinery
that is responsible for tooth growth is necessary for
reconstruction and engineering of teeth. The detailed
cellular organization in this process has only recently
started to become identified in a more systematic way.

An obvious approach in regenerative dentistry is to
exploit the properties of stem cells to build new tis-
sue. Several studies have focused on the differentia-
tion and use of cultured stem cells in regeneration of
enamel, dentin, or periodontal tissue (Han et al 2014,
Hu et al 2018, Pandya and Diekwisch 2019; Sismano-
glu and Ercal 2020). However, treatment with cells
that have been differentiated in vitro does not appear
to be the only possible way. For example, interven-
tions in the WNT-signaling pathway in resident cells
with stem properties in damaged teeth can lead to an
acceleration of regenerative dentin formation (Neves
et al 2017, Zaugg et al 2020).

To conclude, much greater and deeper knowledge
is needed in order to be able to characterize how var-
ious stem cell subpopulations interact and contribute
to the development of human teeth. Furthermore, ad-
ditional investigations should clarify in what way den-
tal cell subpopulations are engaged in tooth homeo-
stasis. Finally, progression of disease might potentially
induce drastic changes in the cellular composition of
teeth. An understanding of such events is obviously
needed for new clinical approaches to regenerating
damaged or lost dental tissue.
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Fig 8 (a) Tertiary dentin (*). (b and c) Pulp stones (hematoxylin &
eosin, original magnification x40). (Courtesy of M. Kukletova and
L. Izakovicova Holla.)
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Every tissue is composed of multiple cell types that are developmentally, evolutionary
and functionally integrated into the unit we call an organ. Teeth, our organs for
biting and mastication, are complex and made of many different cell types connected
or disconnected in terms of their ontogeny. In general, epithelial and mesenchymal
compartments represent the major framework of tooth formation. Thus, they give
rise to the two most important matrix—producing populations: ameloblasts generating
enamel and odontoblasts producing dentin. However, the real picture is far from this
quite simplified view. Diverse pulp cells, the immune system, the vascular system, the
innervation and cells organizing the dental follicle all interact, and jointly participate in
transforming lifeless matrix into a functional organ that can sense and protect itself. Here
we outline the heterogeneity of cell types that inhabit the tooth, and also provide a life
history of the major populations. The mouse model system has been indispensable not
only for the studies of cell lineages and heterogeneity, but also for the investigation of
dental stem cells and tooth patterning during development. Finally, we briefly discuss the
evolutionary aspects of cell type diversity and dental tissue integration.

Keywords: odontogenesis, tooth, dental development, stem cells, cell heterogeneity, dental pulp, odontoblast,
ameloblast

HETEROGENEITY OF THE DENTAL EPITHELIAL COMPARTMENT

Epithelia are reasonably simple tissues, and yet they are very powerful. Controlled heterogeneity
of the epithelial cell populations enables multiple variations of reasonably similar structures, and
is necessary for the general composition of the tooth. Epithelium-based morphogenesis generates
remarkable examples of complexity, found in e.g., feathers, hair follicles, multiple glands, and
finally, teeth. Indeed, epithelia are dominant guides not only for themselves, but also for underlying
cell types, for example dental mesenchyme. In teeth, multiple epithelial cell subtypes are interacting
with other tissues, maintaining stem cell properties, producing the tissue bends, and generating
ameloblasts—the key enamel-producing cell type.

Beginning at the very onset of tooth development, a rather uniform dental epithelium gives
rise to a folded structure known as a dental lamina, which in turn yields a complex structure
of quite different epithelial-derived cells. These include the cells of the inner (IEE) and the
outer (OEE) enamel epithelium, which meet at the folded cervical loops. The IEE is a necessary
interaction partner for underlying mesenchymal cells. Under the influence of IEE, the mesenchyme
differentiates toward the odontoblast lineage, and conversely, the mesenchyme directs the IEE into
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ameloblast differentiation (Balic and Thesleff, 2015). Between
the IEE and the OEE is a loosely composed cell assembly, the
stellate reticulum, where stem cells that give rise to all mentioned
epithelial compartments are located. The cells of the stellate
reticulum are separated from the IEE by a very thin cell layer
at the inner rim of the IEE, the stratum intermedium. The
stem cells between the IEE and the OEE enable growth of the
epithelium, and in continuously growing teeth they contribute
to the regeneration of epithelium and stratum intermedium,
respectively (Juuri et al., 2012).

Specification of the dental epithelium is initiated by mutual
interactions with ectomesenchyme. The ectomesenchyme is
derived from migrating cranial neural crest in places where teeth
are going to develop (Koussoulakou et al., 2009). In this way,
dental placodes arising from epithelial thickenings are formed.
Further cell divisions of the dental epithelium give rise to tooth
buds, which as yet consist of uniform cells (Koussoulakou et al.,
2009). Differentiation and early shaping of the future tooth is
initiated by the formation of the primary enamel knot, a signaling
cell complex which arrests cell division in the most apical part of
the bud, leading to proliferation in lateral parts only (Vaahtokari
et al.,, 1996; Jernvall and Thesleff, 2000; Thesleff et al., 2001;
Harada and Ohshima, 2004). With subsequent development,
the tooth bud will advance into the cap stage, where the first
differentiation of cells gives rise to the cervical loops with
IEE/OEE as well as the stellate reticulum possessing stemness
activity. Depending on future tooth type, other enamel knots
are later formed which provide for the vast heterogeneity of all
different tooth shapes that have evolved within different species
(Jernvall and Thesleff, 2012).

In the continuously growing mouse incisor, the entire
spectrum of developmental and adult stages of epithelial cells are
seen throughout life. This includes SC’s (stem cells) maintaining
their niche and producing a highly mitotically active population
of TAC’s (transit amplifying cells). These non-differentiated cells
are pushed into differentiation pathways by numerous molecular
factors from the environment (mainly FGF, WNT, BMP, and
Shh pathways), but also by influences from cell movements and
physical forces in surrounding tissues. In spite of the fact that
the initial phases of cell specification are more or less similar for
both mesenchymal and epithelial compartments, the molecular
mechanisms maintaining these niches are substantially different
(Thesleff and Tummers, 2008; Koussoulakou et al., 2009).

Incisor-renewing epithelial stem cells are located in the most
apical part of the tooth at the cervical loop, which consists of
folded epithelium (the morphologically and functionally distinct
OEE and IEE). The SC niche is lodged between the OEE and
IEE, respectively (Harada et al., 1999; Juuri et al., 2012). There are
obvious functional differences between the labial and the lingual
surfaces of the incisor. In spite of the fact that both the labial
(LaCL) and the lingual (LiCL) cervical loop possess the capacity
to regenerate, only the LaCL is capable of forming functional
enamel-producing ameloblasts on the side of the IEE (Figure 1).
Consequently, since it generates enamel, the labial aspect is often
called “crown analog.” In parallel to this, the LiCL, is referred
to as “root analog” since it resembles developing roots that lack
ameloblasts but possess cementoblasts and cementum (Stern,

1964; Warshawsky, 1968; Beertsen and Niehof, 1986; Balic and
Thesleft, 2015). Using Sox2-traced mice, it has been shown that
the slow-cycling stem cells located in the LaCL remain in their
locus for long periods, and have the potential to continuously
produce cells for both OEE, IEE, and functional ameloblasts
(Juuri et al., 2012).

SC’s are maintained through a highly complex process that
depends on interactive signaling between dental papilla/pulp and
epithelium. Distinct pathways and feedback loops are used for
keeping SC’s in the stellate reticulum active. FGF3 and FGF10 are
major molecular factors in this process. They are produced by
the mesenchyme near the cervical loop and subsequently interact
with FGFR1b and FGFR2b receptors in the cervical loop (Harada
etal., 1999, 2002, reviewed in Balic and Thesleff, 2015). Different
knockout experiments have shown that LaCL renewal becomes
impaired after targeting of FGF ligands or receptors (Wang et al.,
2007; Klein et al., 2008; Lin et al., 2009). However, if negative
FGF feedback loops controlled by Sprouty genes are disrupted
in the pulp, enamel is produced also by LiCL (Klein et al., 2008).
Other pathways that are important for maintaining the epithelial
SC niche include Notch, BMP, and Wnt (reviewed by Tummers
and Thesleff, 2003; Li et al., 2017).

During the past few years, a number of studies have appeared
which have increased the understanding of the complex 3-
dimensional aspects of the LaCL/LiCL and associated movements
of cells that generate hard matrices (Charles et al., 2011; Juuri
et al., 2012; Cox, 2013; Lesot et al., 2014). Sox2+ stem cells
produce progeny that migrate to the enamel epithelium, but
also cells that maintain the stellate reticulum itself. Cells are
moving further in the labial-distal direction and differentiate
into ameloblasts. This process is regulated by an Shh positive
feedback loop. Cells are also migrating medio/latero-distally
to the IEE/OEE ridge, a process which is marked by Wnt
inhibitor SFRP5 expression (Seidel et al., 2010; Juuri et al., 2012).
Populations of Sox2+, Sfrp5+, and Shh+ cells are subsequently
located in different, non-overlapping positions (Seidel et al., 2010;
Juuri et al., 2012).

The entire developmental history of ameloblasts (and also
odontoblasts) is literally sealed in the inner structure of enamel
(dentin respectively). Ameloblasts are moving during matrix
secretion, but so far only little is known about the exact
mechanism of this movement (Figure 2). Enamel is created
by walled matrix blocks which form enamel rods during the
ameloblast secretory stage. The rods become fully mineralized
within the maturation phase (Smith, 1998; Zheng et al,
2014). The formation of enamel is characterized by a complex
microstructure, making it the hardest tissue of the body.
Hardness itself is dependent not only on a high content of
hydroxyapatite crystals, but importantly, also on the micro-
patterning of the enamel. Enamel decussation, where bundles
of rods cross each other throughout the distance from the
enamel-dentine junction to the outer enamel surface, is highly
variable in different species. It is adapted to animal life conditions
in order to provide specific hardness and ability to absorb
mechanical energy. The extremely organized rod decussation in
mouse enamel explains how it can be so hard in spite of its
relative small size in comparison to e.g., human teeth. Human
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FIGURE 1 | Developmental analogies between the continuously growing incisor and brachyodont tooth development. Different developmental stages in a
brachyodont (non-continuously growing) tooth (A) are analogous to different transversal projections of a hypselodont (continuously growing) tooth along a
proximal-distal axis (B,C). The labial surface of the mouse continuously growing incisor, usually described as a “crown analog,” is covered by enamel. This is in
contrast to the lingual side, the “root analog,” which is covered by cementum. Gray arrows indicate directions of movements in the mesenchymal and the epithelial cell
populations. (ERM—epithelial cell rests of Malassez; HERS —Hertwig’s epithelial root sheath).

enamel, in turn, have different decussation patterns as compared
to mouse enamel. There is a wavy structure in inner human
enamel which is able to stop inward spreading of cracks from the
straight rod structure of the outer enamel (Skobe and Stern, 1980;
Bajaj and Arola, 2009). Interestingly, enamel protein secretion is
under control of circadian “clock” genes which controls enamel
production differently during day and night (reviewed in Zheng
et al., 2014). During the entire secretory phase, each ameloblast
produces one enamel rod to form organized matrix with desired
mechanical abilities. When the secretory stage is over, one quarter
of ameloblasts undergo apoptosis and after the maturation phase
only half of the ameloblasts remain to form a protective layer,
which disappears completely in human teeth during eruption
(Smith, 1998). Some evidence suggests that TGF-B1 with the
Smad2/3 signaling pathway are involved in the induction of
apoptosis in the maturation phase (Tsuchiya et al., 2009).

Thus, the heterogeneity and functional division between
epithelial subtypes in the embryonic and mature teeth provides
for tissue-tissue interaction and production of hard matrix at the
correct time and location. It enables shaping and morphogenesis,
self-renewal, growth and many other functions. Generation of

epithelial subtypes in the tooth is not well understood and
requires extensive further investigations.
Key papers:

e Balic and Thesleff (2015).
e Cox (2013).

e Yuetal. (2015).

o Koussoulakou et al. (2009).

HETEROGENEITY OF THE
MESENCHYMAL COMPARTMENT

The mesenchymal compartment of the fully formed tooth
includes various cell types and subtypes that are largely
represented by odontoblasts, diverse pulp cells and dental
mesenchymal stem cells together with transiently amplifying cells
(if retained). Hence, the pulpal cells have multifarious identities,
originating in an intricate developmental history.

Mouse tooth development is based on dynamic interactions
between epithelial and mesenchymal compartments. The
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FIGURE 2 | Cell heterogeneity in tooth. Both epithelium and mesenchyme preserve their stem cell niches (A,B). In the labial cervical loop, stem cells are located in the
stellate reticulum from where they produce transit-amplifying cells that are inserted into the dental epithelium and later differentiate into inner (IEE) and outer enamel
epithelium (OEE). Only the labial IEE can give rise to fully functional enamel-producing ameloblasts. In contrast to dental epithelium, dental mesenchymal stem cells are
derived from both glial cells and peri-arteriole cells located in a neurovascular bundle. Mesenchymal stem cells give rise to both odontoblasts and pulp cell progeny.
Moreover, peri-arteriole cells can give rise to NG27 pericytes. The pulp is formed and maintained by complex interactions between many different cell types, including
circulatory system-related cells (endothelium, smooth muscles, pericytes, immune cells), nerves with axons and glia or odontoblasts, and related pulp cells (C). Close
to the tip of the incisor, increased apoptosis can be observed. Pericytes in the tip give rise to matrix-producing cells which help to seal the incisor opening (D). A close
structural relationship between odontoblasts and immune cells like macrophages and dendritic cells is seen in teeth (C,D). After differentiation into secretory
ameloblasts, when the full volume of enamel matrix is produced, these cells undergo a transition phase (E). During this, about 25% of the ameloblasts die through
apoptosis. The remaining ones become less elongated, and during the maturation phase they release inorganic compounds and mineralize enamel rods to full extent.
After the maturation phase, only about 50% of the initial amount of ameloblasts remain viable to form a protective layer which finally disappears after tooth eruption.
Ameloblasts during the secretory phase have a characteristic movement pattern (shown by arrows in E). Through combined movements outwards (pushed by matrix
secretion) and toward the tip (pushed by newly differentiated ameloblasts) they form alternating layers where one layer slides between adjacent layers that move in
opposite directions. This creates a characteristic criss-cross pattern (yellow and orange arrows in E).

demonstrated a long-term presence of the Thyl+ progeny in the
tooth (Kaukua et al., 2014). This progeny consisted of 10-20%

mesenchymal compartment consists of the condensed
mesenchyme during early embryonic development. This

mesenchyme will eventually differentiate into pulp tissue and
dentin-producing odontoblasts.

Mouse molars are stationary during adult life in terms of
cell dynamics, while the incisors keep growing throughout the
entire life. During this growth, pulp cells and odontoblasts are
renewed by dental mesenchymal stem cells that reside in the
area between the cervical loops at the tooth apex. Recently it was
discovered that these mesenchymal stem cells are heterogeneous
and demonstrate differences in terms of markers that are
expressed and in the amount of progeny. For instance, slow
cycling cells in the dental pulp of mouse incisor express Thyl
(CD90). In line with this, genetic tracing with Thyl-Cre has

of all odontoblasts and pulp cells, corresponding to the actual
proportion of Thyl+/slow cycling cells among all slow cycling
cells at the tooth apex (Sharpe, 2016).

Another marker that co-localizes with slow cycling cells
is Glil (Zhao et al., 2014). In line with the results obtained
with Thyl+ cells, lineage tracing in the Glil-CreERT2 mouse
line demonstrated the presence of a long-lasting population
consisting of pulp cells and odontoblasts. The proportion of Glil-
traced cells appeared to be very high, close to 100%. Dental
mesenchymal stem cells expressing Glil are located around and
inside the neuro-vascular bundle, and are Shh-dependent. One
of the key sources of Shh inside of the tooth has turned out
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to be pulpal sensory nerves (Zhao et al., 2014). Accordingly,
experimental denervations of mouse incisors result in tooth
growth arrest, confirming that the nerve is important for tooth
growth and self-renewal (Kaukua et al., 2014; Zhao et al., 2014).

The actual developmental origin of dental mesenchymal stem
cells is still unclear. It is obvious that they are progenies of the
neural crest. However, it is not yet established whether most of
the dental mesenchymal stem cells form at the end of embryonic
development, when general proliferation decreases inside of the
tooth, or if these stem cells segregate much earlier and then carry
out their key role postnatally. Some of the dental mesenchymal
stem cells are supplied by the innervation (see below). Peripheral
glial cells can be recruited into the mesenchymal stem cell niche
postnatally in low numbers. During early age the contribution of
these glia-derived mesenchymal cells to odontoblasts and pulp
cells is relatively low, but it tends to increase toward the end of
the animal’s life (Kaukua et al., 2014).

Much attention has been focused on the identification of
dental mesenchymal stem cells in vitro and in vivo after damage.
However, these studies often do not relate directly to the
physiological in vivo tooth self-renewal situation (Sloan and
Waddington, 2009). At present, it seems that further long-term
lineage tracing experiments are needed in order to resolve this
issue.

Clonal genetic tracing experiments involving color
multiplexing with Confetti reporters demonstrated that an
individual mesenchymal stem cell is bipotent, and can give rise
to both pulp and odontoblast fates. Recent data suggests that
this fate selection depends on the extrinsic signals potentially
provided by the epithelial compartment. Thus, odontoblasts are
induced only in association with the epithelial layer at the tooth
apex (Kaukua et al., 2014). Further studies of the regulation of
the apical stem cell compartment that produces spatially defined
population of transiently amplifying progenitors will hopefully
elucidate at which level of cellular hierarchy the fate split occurs.

Odontoblasts undergo further maturation and reorganize
their branched processes simultaneously with intense matrix
production. In the mature phase, odontoblast express certain
ion channels and other markers, which suggest that they may
subserve a sensory function (reviewed in Chung et al., 2013).
This could be achieved through communications with associated
nerve fibers and/or through interactions with immune cells.

Mature odontoblasts from mouse incisors demonstrate
heterogeneity in terms of cell configuration: a fraction of
odontoblasts appear pyramidal in shape with their nuclei
in a position next to the matrix and without any process
entering into the dentinal tubule (Khatibi Shahidi et al., 2015).
The heterogeneity of other mesenchymal cells in the mature
dental pulp is not well understood. Among those with a
hitherto unknown identity are perivascular pulp cells that
contact pericytes, and morphologically aberrant cells in the layer
immediately below the odontoblasts. These latter cells project
fine processes deep into the odontoblast layer toward the hard
matrix (Khatibi Shahidi et al., 2015). The function of these
projections is unclear.

Thus, the heterogeneity of the mesenchymal compartment
is much higher than is commonly thought, starting from

different subtypes of stem cells and extending all the way to
morphologically diverse populations of odontoblasts.
Key papers:

e Sharpe (2016).
e Sloan and Waddington (2009).

CELL TYPES OF THE DENTAL FOLLICLE
AND ROOT FORMATION

The root system anchors the tooth to the alveolar bone of the
macxilla or mandible. It transfers occlusal forces to the jaw bones,
and monitors these forces through an elaborate periodontal
proprioceptive innervation (Trulsson and Johansson, 2002).
The cells that give rise to root tissue are of both epithelial
and mesenchymal origin, but the epithelium has mainly
signaling functions. The mesenchymal cells differentiate along
distinctly dissimilar paths and form pulp, dentin, cementum
and the periodontal ligament. The diversity and putative varying
functions among the cell types that create these different tissues
are largely unknown. Likewise, it is not known in detail how they
differ from similar cell types in other locations, e.g. cementoblasts
vs. odontoblasts or osteocytes.

During early odontogenesis, cells at the periphery of the
condensed dental mesenchyme form the dental follicle. In teeth
that do not grow continuously, these cells will differentiate into
cementoblasts and periodontium and produce the root segments
of the tooth. In this process, the cervical loop will lose its central
cellular content so that only a double layer of basal epithelium
remains (the epithelial diaphragm). This double layer constitutes
Hertwig’s epithelial root sheet (HERS), an important structure in
root development, responsible for shaping and scaling of roots
by physical division of the dental papilla and the dental follicle
(Xiong et al., 2013). After matrix production by odontoblasts
has been commenced, HERS is fenestrated into small fragments
and remains in the periodontal connective tissue as the epithelial
cell rests of Malassez (ERM) (Figure 1). The ERM seems to
plays an important role in periodontal ligament homeostasis, and
contributes to alveolar bone remodeling (Diekwisch, 2001; Luan
et al., 2006).

Neither HERS nor ERM seem to have much potential for
further growth, but HERS plays an important role in root
elongation by secreting Shh. This secretion, which is under the
control of BMP/TGFbeta/SMAD signaling, probably safeguards
appropriate levels of Shh in the dental mesenchyme that
forms the root (Nakatomi et al, 2006; Huang et al, 2010).
Thus, experimental manipulations of Shh in this region results
in shortening of the root (Liu et al, 2015). Furthermore,
Wnt/beta-catenin and BMP/TGFbeta activity in odontoblasts
and dental mesenchyme influence root growth, although the
precise mechanisms involved are still unclear (Kim et al., 2013;
Rakian et al., 2013; Wang et al., 2013).

The properties of the mesenchymal progenitors from the
dental follicle that eventually will give rise to the tissues of the
root have not been fully understood. There seem to be clearcut
similarities between osteoblast and cementoblast differentiation,
since both Runx2 and Osterix (Osx) have vital functions in these
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two processes (Nakashima et al,, 2002). Conditional deletion
of Osx in dental mesenchymal cells leads to a reduced cellular
cementum formation and lowered dentin matrix protein (DMP1)
gene expression in cementocytes (Cao et al., 2012).

Recently, in a series of lineage tracing and genetic
labeling/mutation studies, it was shown that Osx-expressing
mesenchymal dental follicle progenitors contribute to all
root tissues: odontoblasts, pulp cells, cementoblasts and some
periodontal ligament (PDL) cells (Ono et al., 2016). Furthermore,
cementoblast differentiation and tooth root formation requires
the parathyroid hormone/parathyroid hormone-related protein
(PTHTrP) receptor PPR in these progenitors. PTHrP is expressed
in the dental follicle as well, and it was suggested that its primary
target is Osx-lineage progenitors involved in PPR signaling.
PTHTrP can in this way influence root formation, tooth eruption
and PDL attachment (Ono et al., 2016), which is underlined by
the fact that an autosomal dominant mutation of the PPR causes
a primary failure of tooth eruption in human (Frazier-Bowers
et al, 2014). However, detailed information concerning the
time-related activities of the PTHrP-PPR signaling system in
cementogenesis, general root formation and tooth eruption is
still lacking.

Membrane-type matrix metalloproteinase 1 (MT1-MMP) is
also indispensable in the organization of the dental follicle/PDL
region and dental root development. Thus, a selective knock-
out of MT1-MMP in Osx-expressing mesenchymal cells yielded
multiple defects: short roots, defective dentin formation and
mineralization, and reduced alveolar bone formation. This
suggests that MT1-MMP activity in the dental mesenchyme is
vital for tooth root formation and eruption, e.g. by processing
signaling molecules that affect Wnt and Notch signaling
pathways during dental development (Xu et al., 2016).

To summarize, spatiotemporal interactions between
epithelium and mesenchyme will in due course form the
dental follicle and subsequently advance the establishment
of root dentin, cementum and periodontal tissues. Complex
molecular networks that involve a multiplicity of cell types will
determine features necessary for adequate function at specific
sites, such as root number, shape and trajectory.

Key papers:

e Diekwisch (2001).
e Huang et al. (2009).
e Lietal. (2017).

CELL TYPES RELATED TO INNERVATION
AND VASCULAR SYSTEM

Teeth are complex organs that require a vascular system to
transport gases, nutrients and metabolites as well as a sensory
system to, among other things, control biting strength. Indeed,
the abundant pulpal innervation is a hallmark of the mammalian
tooth. This is perhaps not surprising, if one considers the
proposal that the tooth is a modified pre-historic primary
mechanosensory organ (Northcutt and Gans, 1983). Throughout
millions of years, its pulpal nerve fibers may gradually have

evolved into transducers of signals that evoke pain sensations
only (see Fried et al,, 2011).

The innervation of the mouse tooth provides a very
useful prototype system for studies of mammalian nerve-target
interactions during development, in adult life homeostasis, after
injury and in senescence. The mouse possesses two types of teeth
with different innervation patterns. The three molars develop,
function and are innervated much as other mammalian molars,
including human. The continuously growing rodent incisor
renews its tissue on a monthly basis, thus offering a model
structure that includes highly active stem cell regions throughout
adulthood. Its innervation can best be described as permanently
immature.

During fetal life, pioneer trigeminal axons are present in
the branchial/pharyngeal arches at the earliest stages of mouse
development, well before the initial signs of tooth development
are evident. These axons branch and innervate the developing
jaw processes, but avoid the areas of mesenchymal condensations
that mark the sites of tooth formation (reviewed by Fried and
Gibbs, 2014). The issue of whether nerve fibers actually may
have an inductive role in tooth initiation, as is the case in
e.g. salivary glands (Nedvetsky et al., 2014) is still unresolved.
Tooth explants that are removed grow without nerve fibers in
vitro (Lumsden and Buchanan, 1986; Sun et al., 2014), but it
cannot be excluded that nerves influence the ectomesenchyme
or dental epithelium earlier, when teeth actually are induced. To
experimentally address this in the mouse, however, would require
sophisticated nerve ablation experiments that as yet have not
been performed.

Throughout fetal development, mandibular and maxillary
sensory innervation proceeds. Basket-like axonal arborizations
form around the incisor and molar tooth buds. However,
although surrounding submucosa and other soft tissues become
highly innervated, no axons enter the condensed dental
mesenchyme/dental papilla until several days postnatally. This is
in spite of the fact that the future dental pulp is among the most
densely innervated tissue in the body. Unexpectedly and perhaps
explaining the delay in tooth sensory innervation, these nerve
networks have been shown to serve as stem cell niches for the
developing tooth.

Textbooks have for decades taught that dental mesenchyme
and odontoblasts are derived directly from migrating cranial
neural crest cells. However, recent data have established an
additional important glial source. Using genetic tools in mouse
model systems, it was shown that multipotent Schwann Cell
Precursors (SCP) of the axonal networks that are associated with
the tooth anlagen leave their nerve branches and contribute with
pulp cells as well as odontoblasts in clonal configurations.

For experiments, advantage was taken of the fact that PLP1
and Sox10 are expressed in cranial neural crest, but after
migration around embryonic days (E)9-10, they are retained in
SCPs and not in mesenchyme. Lineage tracing studies with PLP-
CreERT2 and Sox10-CreERT2 mice where recombination was
induced at E12.5 and/or later showed traced SCP in peripheral
nerves close to tooth placodes. Around early and late bell stage,
traced SCP-derived progeny formed streams of cells consisting
of dental mesenchymal stem cells, pulp cells and odontoblasts in
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the developing tooth. A similar mechanisms whereby trigeminal
nerve glia contributes with pulpal cells continues to operate
during adult renewal of the continuously growing mouse incisor
(Kaukua et al., 2014).

A complex interplay between deployed incisor pulpal stem
cells and nerves is indicated by the fact that Shh secreted
from nerve endings within the neuro-vascular bundle seems to
warrant continuous tooth growth. This is probably by acting on
associated Glil* dental mesenchymal stem cells (including SCP),
see Figure 2B (Zhao et al., 2014). Presumably, such a mechanism
is at hand during embryonic odontogenesis as well.

In contrast to nerve fibers, blood vessels, as detected by
endothelial markers, are present in mouse molars as early as at
E16 (early bell stage; Nait Lechguer et al., 2008). These blood
vessels are composed of mesoderm-derived endothelial cells,
which invade the dental papilla at the late cap stage, and form
the vascular network in situ. Thus, the blood supply is created
through vasculogenesis (newly formed vessels) rather than
angiogenesis (ingrowth of vessels from surrounding pre-existing
vessels; Rothova et al., 2011). It is unclear whether these early
blood vessels serve as guiding cues for the axons that arrive later.
However, it seems likely that true pulpal neurovascular bundles
that carry arteries form only later. Thus, in limb skin, the pattern
of peripheral nerve branching provides a template for branching
of the emerging arterial vascular network. The specification is
performed through a loop between nerve-derived VEGF and the
endothelial VEGF-coreceptor NRP1 (Mukouyama et al., 2005).
The same process may occur in the dental papilla/pulp once
axons have entered.

In adult tissue, dental pericytes have attracted specific interest
as a potential source of mesenchymal stem cells. They dwell on
the abluminal surface of endothelial cells in the microvasculature
of the pulpal tissue. These cells in mouse incisor have the
capacity to transform into odontoblasts in response to injury,
but also it has been recently shown that in non-continuously
growing molars perivascular aSMA™ cells are able to differentiate
into odontoblast to seal the injury site (Feng et al, 2011;
Vidovic et al., 2017). Mouse incisors are continuously abraded
during the lifespan, and undergo constant damage at the tip
leaving exposed pulp underneath. It was recently shown that
the opening of the tip of the incisor is continuously sealed with
dentin-like matrix which is produced by cells that differentiate
from perivascular pericytes (Pang et al., 2016). NG2-CreERT2
and Nestin-Cre genetic tracing showed that large numbers of
pericyte-derived cells are produced within the tip, and some of
them have odontoblast-like shapes. Thus, pericytes at this site
serve as a reservoir for reparative cells, and help to maintain
tissue homeostasis.

The spatial and temporal patterns of dental papilla pericyte
development is not known, and consequently it is not known if
pericytes have any specific roles in the organogenesis (aside from
vasculogenesis) of the tooth.

Taken together, in addition to a number of classical
functions performed by the vascular and nervous systems, the
heterogeneity of nerves, glial cells and vessel-associated cell
types accommodates for advanced reparative capacities and self-
renewal of teeth.

Key papers:

Kaukua et al. (2014).
Pang et al. (2016).
Zhao et al. (2014).
Vidovic et al. (2017).

DIVERSITY OF IMMUNE CELLS DWELLING
IN THE PULP

As mentioned above, the dental pulp is far from being a
homogeneous tissue. Although most of the pulp is composed
of mildly diverse cells of the mesenchymal compartment, it also
hosts the immune system which has an as yet uncertain degree
of cellular heterogeneity. The fact that the pulp is encased in
a mineralized cavity makes it demarcated and suitable for both
general and pulp-specific studies of the immune system during
development, self-renewal, infection and homeostasis.

The environment within the tooth must be accurately
surveyed for signs of infectious invasion. Knowledge of the
immune cell signature of the pulp is vital in efforts to find new
ways to protect teeth from infections. Additionally, immune
cells may potentially influence hard matrix repair. The innate
immunity response to bacteria invading the teeth includes
the arrival of phagocytic cells and the generation of various
inflammatory cytokines. When a dental infection becomes
chronic, the adaptive immunity response kicks in: different
subtypes of T-cells infiltrate the inflamed teeth (AlShwaimi
et al, 2009). The most abundant T-cell type in the dental
pulp is CD8+ cells (Hahn et al, 1989; Izumi et al, 1995;
Sakurai et al.,, 1999). Their functions in non-inflamed tooth
are currently unclear, although it is known that these cells are
potent protectors against viral infections and are capable of
augmenting phagocytosis. CD8+ T-lymphocytes are migratory,
and can travel long distances from the site where they initially
encountered an antigen (Marshall et al., 2001; Masopust et al.,
2004). Some studies suggest that their main function in the pulp is
immunosurveillance (extensively reviewed in Hahn and Liewehr,
2007).

Treg lymphocytes, a population known to prevent
autoimmunity, are also found in low numbers around the
roots of mouse molar teeth. However, in the case of tooth
damage with periapical lesions, Foxp3-expressing cells (Foxp3
is a master gene for Treg) infiltrate the region around the lesion
and dramatically increase in numbers in a time-dependent
fashion. Additionally, these cells appear in large quantities in
cervical lymph nodes after initiation of tooth pulp infection. This
strongly suggests that Treg lymphocytes might play some role in
the local immune response and the general regenerative capacity
in teeth (AlShwaimi et al., 2009).

Macrophages and dendritic cells together represent one of the
major immunocompetent cell types that are protective against
dental infection and are necessary to remove senescent cells.
These phagocytic cells are widely spread throughout the pulp
cavity and can also project into dentinal tubules. During late
embryonic development, around embryonic day 16, F4/80" and
CD68" macrophages invade mouse molars and then continue
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to increase their numbers. M-CSF secreted by pulp cells plays
a significant role in maintenance and proliferation of resident
macrophages. It has been shown that a majority of the mouse
pulpal macrophages proliferate locally and maintain their pool
without additional recruitment from the blood supply (Iwasaki
et al, 2011). Furthermore, secretion of OPN (Osteopontin)
and M-CSF by immune cells correlates with the deployment
of macrophages along the pulp-dentin border exactly when
reparative matrix allocation commences in a mouse model
of tooth transplantation. It was suggested that secretion of
these soluble ligands that influence macrophages can stimulate
differentiation of odontoblasts and production of reparative
dentin (Saito et al,, 2011). Other studies also highlighted the
possibility that macrophages and dendritic cells might regulate
the function and differentiation of odontoblasts (Ohshima
et al, 1995; Tsuruga et al., 1999; Nakakura-Ohshima et al.,
2003).

Dendritic cells demonstrate an exceptional capacity to capture
antigens with their long filaments, and to process them. Two
types of dendritic cells seem to be present in the dental pulp:
CD11c"sentinel and F4/807 interstitial cells (Zhang et al., 2006).
The CD11c+ dendritic cells express toll-like receptors two and
four, they are highly migratory and can move around the pulp
in case of infection or even travel to the lymph nodes. Quite
on the opposite, F4/80+ cells show low migratory activity and
are rather residential. Also, these subtypes of immune cells
show regional differences in their distribution inside of the
mouse molar tooth (Zhang et al., 2006). Most of the pulpal
dendritic cells are coagulation factor 13a (FXIIIa)+ (Nestle
et al., 1993; Valladeau and Saeland, 2005) and can be further
subdivided into a larger CD14+/CD68+ group and a smaller
CD14+4/CD684/CD1a+ subpopulation (Okiji et al., 1997). Some
HLA-DR+ dendritic cells appear negative for FXIIla/CDla
markers (Hahn and Liewehr, 2007). Dendritic cells are often
identified at interfaces, including the border between pulp and
odontoblast layer as well as along large blood vessels. Dendritic
cells spend only a part of their time inside of the dental pulp.
After local surveillance activity and detection of e.g., bacterial
antigens, they travel to the lymph nodes via lymphatic vessels
and present the antigens to T-lymphocytes (Okiji et al., 1997;
Randolph et al., 2002; Hahn and Liewehr, 2007; Bhingare et al.,
2014).

When a tooth loses its nerve supply, the numbers of immune
cells drop. This raises various questions regarding interactions
between local nerves and the immune system (Fristad et al,
1995). In line with this, dendritic cells increase in numbers as
the density of dental nerves increases during caries progression
(Sakurai et al., 1999).

In general, very little is known about when and how various
immune cell populations arrive to the mouse teeth during
development. For many of these dental immune cell types we still
do not know their immediate and precise developmental origin
although all of them are generated during late embryonic and
postnatal haematopoiesis. Finally, it is not clear if there is any
substantial difference in immune cell type composition between
continuously growing incisors and molars. These issues require
further investigations.

Key papers:

e Hahn and Liewehr (2007).
e Farges et al. (2015).
e Perdiguero and Geissmann (2016).

EVOLUTIONARY ASPECTS OF CELL TYPE
HETEROGENEITY IN TEETH

Every tissue or organ has its evolutionary origin. The
composition of a tissue, in terms of cell types, stands behind
the overall functionality. Heterogeneity of cell types increases
throughout the evolution in every functional entity. Novel
cellular functions are elaborated, while older functions become
more and more discretely partitioned to the specializing cells
during increasing labor division as a function of evolutionary
time (Arendt et al., 2016).

The key events of the origin of teeth are the elaboration
of dentin (odontoblast) and enamel (ameloblast), and the
development of epithelial-mesenchymal interactions that enable
the construction of the morphogenetically complex entities.

Apparently, when it comes to the competence of the
epithelium to engage mesenchyme into complex morphogenesis,
teeth are not unique among the different epithelial appendages
(Hughes et al., 2011). Indeed, various skin glands, hairs and
feathers demonstrate a very conserved signaling and initiation
mechanisms including involvement of the EDAR pathway or
expression of Shh at the early steps (Pispa and Thesleff, 2003;
Mikkola, 2011). Such an archetypical developmental program
shared by several distinct appendages suggests their common
origin from some prototypical gland-like structure. In line with
this, differences in tooth histology and geometrical features
between different species represent the outcomes from minor
tinkering with signaling pathways rather than being derived
from major genetic divergences (Tummers and Thesleff, 2009).
A conserved pattern is seen not only in the morphological and/or
molecular similarities between groups that have functional teeth
(mammals, reptiles, amphibians or fishes) but also in recent
birds despite the fact that they lost the ability to form teeth
some 70-80 million years ago. Still, birds retain the evolutionary
conserved tooth-forming pathways in both oral epithelium and
ectomesenchyme. In vitro co-culture and in vivo transplantation
experiments demonstrated that chick epithelium can initiate
dental development when combined with mouse mesenchyme
and vice versa (Wang et al., 1998; Mitsiadis et al., 2003). While
the origin of epithelial-mesenchymal interaction can be logically
envisioned and even experimentally tested in the future, the
path leading to the emergence of fundamental cell types, such as
odontoblasts or ameloblasts, is neither simple nor intuitive.

In light of this, the evolution of odontodes and the evolution of
neural crest fates represent two important lines deserving a brief
discussion.

Two different theories exist regarding the origin of tooth-
forming epithelium (Soukup et al., 2008; Fraser et al,
2010). Historically, teeth were first considered to be some
kind of external odontodes originating from the ectodermal
epithelium. This “outside-in” theory was based on the structural
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similarity between teeth and odontodes covering the bodies
of jawless fishes. Indeed, odontodes often show analogous
structural characteristics, including dentin that originates from
ectomesenchyme and enameloid that closely resembles enamel
of extant vertebrates. An opposing “inside-out” theory suggested
that teeth originated from endodermal epithelium. It was based
on findings that teeth-like structures were present deep in the
pharynx even in the ancient jawless fishes (Soukup et al., 2008;
Koussoulakou et al., 2009). By now, it seems rather likely that
dentin and enamel as matrix types were elaborated during the
early evolution of odontodes. This is supported by the example
of Psarolepis romeri, an early Devonian bony fish, that had
enamel-covered dermal odontodes and teeth covered with only
dentin. The presence of enamel covering dentin as well as the
similar situation with ganoin covering odontode scales suggest
that such a composite structure preceded the combination of
enamel and dentin in primitive teeth. Lepisosteus oculatus (the
spotted gar) shows an epidermis-localized expression of enamel-
specific genes. These genes are likely used to build ganoin—
a matrix similar to enamel (Qu et al., 2015). In line with
this, in another ancient stem osteichtian, Andreolepis hedei,
the odontodes demonstrate highly regular growth mechanisms

similar to the actual dentition in gnathostomes (Qu et al,
2013). However, it does not clarify whether the odontoblast
preceded the osteocyte as a cell type or if it was elaborated
with the help of bone-mineralizing genetic programs co-opted by
osteocytes.

Developmentally, odontoblasts, similar to osteocytes and
dermal fibroblasts, originate from migratory multipotent cranial
neural crest cells. At the same time, current consensus suggests
that neural crest cells incrementally acquired different fates
throughout evolution (Hall, 2013). Therefore, the emergence of
odontoblasts could occur based on the prototypical innervated
neural crest-derived sensory cells (Baker et al., 2008; Magloire
et al., 2009) surrounded by rather chaotic mineralized matrix
produced by them or other bone-specific cell types in the
external armor. As for the origin of ameloblasts, the primary
function of epidermal units could be the patterning of underlying
mesenchyme and induction of only dentin-based odontodes
(quite spread in extinct fishes). Such patterning of placode-
forming epithelium could invent the unique enamel-forming
gene expression program (Qu et al, 2015) and in addition to
its signaling role start to produce the enamel or ganoin-based
covering of dermal odontodes. The more ancient history and

A Cranial neural crest B

Ectomesenchyme

%N

@@W &Q

Cervical loops

¥

&)
S

CONTINUOUSLY GROWING
TOOTH

mesenchymal stem cells).

Ectoderm — Endoderm Cc
(Dental epithelium)

Odontoblasts Pericytes Cementoblasts Alveolar osteoblasts Ameloblasts Outer enamel epithelium ERM Endothelial cells Dendritic cells
(Inner enamel epithelium)
Pulp / DMSCs Glial cells PDL cells Smooth muscle cells Stellate reticulum Stratum intermedium Pericytes Macrophages Other leukocytes
(NK cells, Lymphocytes)
Contribute to Contribute to Contribute to Contribute to
self-renewal DMSCs self-renewal regeneration
and growth and growth

Enamel
. / %
4 \ - ERM
P "
79 Dentin Q * el
e / N
N N & / o I
* ~ =/ @
* e Pulp
* *
M > 5 |
N g B = = W
s e T . T—
> S ¥ v Tissue residential
3 > %

L2 hematological population

FIGURE 3 | Origin of cells of the tooth. Teeth are organs composed by cells with different developmental origins. Quantitatively, most tooth tissue is of neural crest
origin (A). Cells emerging from the neural crest give rise to both pulp and extra-pulpal tissue. Dental epithelium can have ectodermal and/or endodermal origin. In the
adult non-continuously growing tooth, dental epithelium-derived cells are absent, leaving enamel matrix that covers the tooth crown behind (B). Continuously growing
teeth maintain their SC niches and have all cell types mentioned above. In addition to the two main components, ectomesenchyme and epithelium, blood
vessel-related tissue of mesodermal origin form fundamental parts of dental pulp tissue (C). (D,E) Schematically depicted representation of tissues of different origins
in continuously or non-continuously growing teeth. (PDL—periodontal ligament; SC’s—stem cells; ERM —epithelial cell rests of Malassez; DMSCs—dental

Mesoderm

Mesodermal *
cells e

Hematopoietic
stem cells

SN

%"\*@4—\ e

Epithelial
derived

Neural crest
derived

I
 IET— Mesoqermal
| derived

"/ T Alveolar bone

NON-CONTINUOUSLY GROWING
TOOTH

Frontiers in Physiology | www.frontiersin.org

June 2017 | Volume 8 | Article 376


http://www.frontiersin.org/Physiology
http://www.frontiersin.org
http://www.frontiersin.org/Physiology/archive

Krivanek et al.

Diversity of Cell Types in Teeth

the exact origin of the enamel-forming gene expression program
should be studied further to deepen this area of investigation.

Over time, biting and chewing takes its toll, and teeth will
inevitably deteriorate due to attrition, trauma and other insults.
In order to compensate for this, different evolutionary strategies
have emerged and accommodated for a gradual renewal of
functional teeth. One way is to develop one or more novel
generation/s of teeth. Based on the number of newly produced
groups of teeth, species can be divided into mono-, di- and
polyphyodonts. Some species have only one generation of teeth—
dentes decidui—which is sufficient for the entire lifespan. Certain
bats, shrews, seals and murid rodents belong to this group
(van Nievelt and Smith, 2005; Jernvall and Thesleff, 2012).
Humans, like most other mammals, have two generations of
teeth. The first, dentes decidui, are later replaced by dentes
permanentes. This strategy can be pushed to the extreme in case
of polyphyodonts maintaining a postembryonic dental lamina
capable of a continuous teeth renewal. This is in contrast to
monophyodonts and diphyodonts, where the dental lamina is
degraded after initiation of the primary and the secondary
dentition, respectively (Buchtovd et al., 2012; Gaete and Tucker,
2013). This type of tooth renewal is widespread among various
vertebrates including reptiles, amphibians and fishes. A. hedei,
the extinct stem osteichtian, shows a very similar archetypical
tooth shedding dynamics, which confirms the ancient nature of
this mechanism (Chen et al., 2016).

An alternative way was provided by the emergence of the
continuously growing (hypselodont) tooth. These teeth are
capable to maintain their stem cell niches and can grow
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1 | INTRODUCTION

Summary

To gain a better understanding of the progression of progenitor cells in the odontoblast
lineage, we have examined and characterized the expression of a series of GFP reporters
during odontoblast differentiation. However, previously reported GFP reporters
(pOBCol2.3-GFP, pOBCol3.6-GFP, and DMP1-GFP), similar to the endogenous proteins,
are also expressed by bone-forming cells, which made it difficult to delineate the two
cell types in various in vivo and in vitro studies. To overcome these difficulties we gener-
ated DSPP-Cerulean/DMP1-Cherry transgenic mice using a bacterial recombination
strategy with the mouse BAC clone RP24-258g7. We have analyzed the temporal and
spatial expression of both transgenes in tooth and bone in vivo and in vitro. This trans-
genic animal enabled us to visualize the interactions between odontoblasts and sur-
rounding tissues including dental pulp, ameloblasts and cementoblasts. Our studies
showed that DMP1-Cherry, similar to Dmp1, was expressed in functional and fully dif-
ferentiated odontoblasts as well as osteoblasts, osteocytes and cementoblasts. Expres-
sion of DSPP-Cerulean transgene was limited to functional and fully differentiated
odontoblasts and correlated with the expression of Dspp. This transgenic animal can
help in the identification and isolation of odontoblasts at later stages of differentiation

and help in better understanding of developmental disorders in dentin and odontoblasts.

KEYWORDS
bone, dentin matrix protein 1, dentin sialophosphoprotein, fluorescent protein reporters,
Odontoblasts

papilla in close proximity to the epithelial-mesenchymal interface first

forms preodontoblasts that gradually differentiate into function-

Dentinogenesis is regulated by a single layer of highly differentiated
postmitotic odontoblasts originating from the neural crest-derived cells
of the dental papilla (Arana-Chavez & Massa, 2004; Kawashima & Okiji,
2016). The differentiation of odontoblasts from dental papilla cells
involves several intermediate steps that are dependent on and regu-
lated by epithelial signals (Lesot et al., 2001; Ruch, Lesot, & Begue-Kirn,
1995; Thesleff, Keranen, & Jernvall, 2001). During this process, dental

al/secretory odontoblasts and eventually fully differentiated odonto-
blasts (Lesot et al., 2001; Ruch et al., 1995; Thesleff et al., 2001). In
mice, the steps between the formation of preodontoblasts and highly
differentiated odontoblasts are completed within 6-10 hr (Lesot et al.,
2001; Ruch et al., 1995; Thesleff et al., 2001).

The formation of the mineralized matrix in dentin is similar to bone

and requires Type | Collagen and noncollagenous proteins (NCPs). The
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small integrin-binding ligand N-linked glycoprotein (SIBLING) family of
proteins represents the most abundant group of NCPs in bone and den-
tin. The SIBLING family includes osteopontin (OPN), bone sialoprotein
(BSP), dentin matrix protein 1 (DMP1), dentin sialophosphoprotein
(DSPP), and matrix extracellular phosphoglycoprotein (MEPE) Fisher &
Fedarko, 2003; Staines, MacRae, & Farquharson, 2012).

Although low levels of DSPP have been detected in other cells
including bone-forming cells, (Prasad, Butler, & Qin, 2010), high levels
of DSPP and DSP expression are the hallmark of odontoblast differen-
tiation and are routinely used to distinguish differentiated odonto-
blasts from other cell types including osteoblasts (Prasad et al., 2010;
Suzuki, Haruyama, Nishimura, & Kulkarni, 2012).

The DSPP gene encodes a single large precursor protein DSPP,
which undergoes proteolytic cleavage forming dentin sialoprotein
(DSP) and dentin phosphoprotein (DPP), representing the N-terminus
and C-terminus of DSPP, respectively (MacDougall et al., 1997; Suzuki
et al., 2012). These proteins have distinct roles in dentin mineraliza-
tion. DSP regulates the initiation of dentin mineralization, and DPP
plays a role in the maturation of mineralized dentin (Suzuki et al.,
2012). The essential functions of DSPP in dentinogenesis were
highlighted by the discovery of the linkage between multiple point
mutations in the human DSPP gene with human dentinogenesis
imperfecta (DGI) and dentin dysplasia (DD) (Prasad et al., 2010; Suzuki
et al,, 2012). Mice lacking DSPP and/or its processed fragments (DSP
and DPP) also displayed severe dentin defects including a widened
predentin along with a narrow and hypomineralized dentin (Prasad
et al., 2010; Suzuki et al., 2012). In teeth, Dspp/DSPP is first expressed
at low levels in secretory/functional odontoblasts and then at high
levels in terminally differentiated odontoblasts (Prasad et al., 2010;
Suzuki et al., 2012).

DMP1 is another member of the SIBLING family with essential roles
in the mineralization of both dentin and bone (Fisher & Fedarko, 2003;
Staines et al., 2012). Unlike DSPP, which is predominantly expressed at
high levels in odontoblasts, DMP1 is also highly expressed by osteo-
cytes, chondrocytes, and preosteoblasts (Qin, D'Souza, & Feng, 2007;
Suzuki et al., 2012). In developing teeth, the expression of Dmp1 is
detected earlier than that of Dspp, and Dmp1 null mice displayed abnor-
malities in dentin quite similar to those seen in Dspp null mice, though
less severe (Ye et al., 2004). The levels of Dspp in Dmp1 null mice were
decreased as compared to wild-type (Ye et al., 2004), and the transgenic
expression of Dspp rescued the tooth and alveolar bone defects of
Dmp1 KO mice (Qin et al., 2007). These observations together with the
identification of DMP1-response elements in the Dspp gene suggested
that the DMP1 transcription factor regulates DSPP expression in odon-
toblasts (Narayanan, Gajjeraman, Ramachandran, Hao, & George, 2006).
Taken together, these studies clearly demonstrate the importance of
both Dspp and Dmp1 in the regulation of odontoblast differentiation
and formation of mineralized dentin matrix.

To gain a better understanding of the progression of progenitor
cells in the odontoblast lineage, we have examined and characterized
the expression of a series of GFP reporters during odontoblast differ-
entiation. These studies together have shown the stage-specific acti-

vation of these transgenes during odontoblast differentiation in vivo

and in vitro. pOBCol2.3-GFP and pOBCol3.6-GFP transgenes were
activated at early stages of odontoblast differentiation (i.e., polarizing
odontoblasts and prior to the expression of Dmp1 and Dspp; Balic,
Aguila, & Mina, 2010). DMP1-GFP was first activated in function-
al/secretory odontoblasts (cells expressing Dmp1 and low levels of
Dspp; Balic & Mina, 2011). All three transgenes (pOBCol2.3-GFP,
pOBCol3.6-GFP, and DMP1-GFP) were also expressed at high levels
in fully differentiated/mature odontoblasts, and their temporal and
spatial patterns of expression mimicked those of endogenous tran-
scripts and proteins (Balic et al., 2010; Balic & Mina, 2011).

However, these transgenes, similar to the endogenous proteins are
also expressed by bone-forming cells (Kalajzic et al., 2002; Kalajzic
et al,, 2004). In bone, the pOBCol3.6-GFP transgene was expressed by
pre- and early-osteoblasts, whereas pOBCol2.3-GFP and DMP1-GFP
transgenes were expressed in mature osteoblasts and osteocytes
(Kalajzic et al., 2002, 2004).

The expression of these transgenes in both tissues makes it diffi-
cult to delineate the two cell types in various in vivo and in vitro stud-
ies. To overcome these difficulties and to be able to distinguish
between dentin and bone forming cells, we generated DSPP-
Cerulean/DMP1-Cherry transgenic mice using a bacterial recombina-
tion strategy with the mouse BAC clone RP24-258g7. In this study,
we have analyzed the temporal and spatial expression of both trans-
genes in the developing teeth and bone in vivo, and during in vitro

mineralization in primary pulp cultures.

2 | RESULTS

2.1 | Expression of DSPP-Cerulean and
DMP1-Cherry transgenes in developing teeth
and alveolar bones in vivo

The patterns of expression of both transgenes were examined in three
independent lines in developing teeth and alveolar bones. DMP1-
Cherry and DSPP-Cerulean transgenes were not detected in the den-
tal tissues during the initiation, bud, cap and early bell stages of tooth
development (E10-18; data not shown). At the late bell stage (E19)
DMP1-Cherry was expressed at low intensity in odontoblasts at the
tip of the cusp of the first mandibular molar (data not shown). At the
secretory stage of crown formation (P1-Pé), DMP1-Cherry, and
DSPP-Cerulean transgenes were expressed at high intensity in the
entire layer of odontoblasts covering the dental pulp in the unerupted
molars (Figure 1). DMP1-Cherry expression was also detected at high
levels in osteoblasts and osteocytes within the alveolar bone
(Figures 1A and 2A,D). DSPP-Cerulean was also detected transiently
in the presecretory ameloblasts (Figure 1Ah,i).

In the erupted molars DMP1-Cherry and DSPP-Cerulean trans-
genes were co-expressed at high intensity in the entire layer of odonto-
blasts lining the crown and root (Figure 2C). DMP1-Cherry was
expressed in osteocytes of the alveolar bones as well as cementoblasts
(Figure 2C,D).

Developing incisors at all stages of development showed an apical

to incisal gradient of expression of both transgenes. DMP1-Cherry
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FIGURE 1 Expression of DSPP-Cerulean and DMP1-Cherry transgenes in developing teeth and alveolar bone in vivo. (A) Representative
images of sagittal sections through lower jaw at Pé. Images are from the same section visualized under Bright field (a,b) and epifluorescent
microscopy with filter cubes to detect Cherry (c-e) and Cerulean signals (f-h). Higher magnifications of areas containing first molars in Panel A
are shown in b,d,e,g,h,j,k. DMP1-Cherry is detected in the odontoblasts lining the dental pulp of molars and incisors; as well as in the osteoblasts
and osteocytes of the surrounding alveolar bone (c-e). DSPP-Cerulean is expressed in the odontoblasts of molars and incisors but not in the
alveolar bone (f-h). Note the low levels of DSPP-Cerulean in ameloblasts in the cervical loop region (indicated by arrows in h and k). Also note the
co-expression of DMP1-Cherry and DSPP- Cerulean in odontoblasts in incisor and molars (i-k). (B) Representative images of sagittal sections
through the first molar and surrounding alveolar bone at P1. Images are from the same section visualized under epifluorescent microscopy with
filter cubes to detect Cherry and Cerulean. Section in c was stained with anti-GFP antibody and visualized with filter cube for GFP. Note that
DMP1-Cherry is detected in the odontoblasts and surrounding alveolar bone (a). DSPP-Cerulean is expressed in the odontoblasts of molars but
not in the alveolar bone (b). The expression of GFP (c) is similar to DSPP-Cerulean (b). Also note the lack of GFP expression in the surrounding
alveolar bone conforming the specificity of the antibody to Cerulean variant. Scale bars in all images = 200 pm. In all images, the pulp chambers
are denoted by dashed lines. Ab, alveolar bone; |, incisor; M1, first molar

and DSPP-Cerulean expression were not detected in the apical ends processed for immunohistochemistry using anti-GFP antibody
of the incisors, and were detected in odontoblasts at the midpoint (Figure 1B). The anti-GFP antibody was raised against the N-terminal
and incisor tips (Figures 1A and 2A). of GFP as an antigen and does not detect RFP proteins, dsRED or

To ensure that all DSPP-Cerulean® cells (including possible low Cherry (Cell Biolabs, Inc. San Diego, CA). The absence of GFP staining

expressing cells) are visualized adequately, adjacent sections were also in DMP1-Cherry” osteoblasts/osteocytes (Figure 1Bc) confirmed the
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specificity of the antibody to Cerulean. The pattern of staining with 2.2 | Interactions of DMP1-Cherry/DSPP-cerulean
anti-GFP antibody (GFP*) cells was very similar to the expression pat- expressing cells with surrounding tissues

tern of DSPP-Cerulean® cells in vivo (Figure 1Bb,c). The patterns of

. . . High resolution analysis of the adult (8 weeks old) mandibles with
expression of these transgenes in developing teeth and alveolar bone

o . . confocal microscopy revealed the morphological features of DMP1-
were similar between the three lines (Figure S2).

(a) DMP1-Cherry/DSPP-Cerulean expression initiation during mouse incisor growth (b) Odontoblasts dentinal processes analysis

dentin
predentin

odontoblasts

dentin

(f) Odontoblasts interactions with surrounding cells
Mouse molar Mouse incisor

*Fodontoblasts

odontoblasts

ameloblasts

FIGURE 2 Legend on next page
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Cherry/DSPP-Cerulean cells in incisors and molars (Figure 2). These
studies showed the heterogeneity of the odontoblast layer containing
DMP1-Cherry*, DSPP-Cerulean®, and DMP1-Cherry*/DSPP-Cerulean®
cells (Figure 2B). All three types of cells extended long and branched
processes from their apical ends into predentin and dentin (Figure 2B,C).

Confocal microscopy also revealed many fine structural details of
odontoblast processes and contacts between the terminal branches of
odontoblast process and surrounding tissues (Figure 2E,F). Odonto-
blasts extended many long and short branched processes from their
basal ends into the subodontoblast region of dental pulp (Figure 2E). In
addition, odontoblast processes from the apical ends extended toward
cementum making close contacts with cementoblasts (Figure 2F). Prior
to deposition of mineralized matrices in the incisor, short odontoblast
processes penetrated the ameloblast layer (Figure 2F).

Thus, these studies provide structural details of odontoblast pro-
cesses emanating from both apical and basal side of the odontoblasts.
The thin processes that come in close proximity to ameloblasts prior to
matrix deposition and the additional processes extending from the
basal side of odontoblasts into dental pulp are consistent with results
reported in PLP-CreERT2/R26YFP mouse (Khatibi Shahidi et al., 2015).
These together provide additional support for the highly integrated cel-
lular network of communication of odontoblasts with the pulp and
other neighboring cells in teeth (Bleicher, 2014; Farahani, Simonian, &
Hunter, 2011; Kawashima & Okiji, 2016; Khatibi Shahidi et al., 2015).

2.3 | Expression of DSPP-Cerulean and
DMP1-Cherry transgenes during the mineralization
of primary dental pulp cultures in vitro

The rapid transition and the close proximity of cells at different stages
of differentiation in the developing teeth in vivo make it difficult to fully
appreciate the stage-specific activation of these transgenes during
odontoblast differentiation. To gain insight into differences in the stage
of activation of these transgenes, the temporal and spatial expression
of both, the DMP1-Cherry and DSPP-Cerulean transgenes was

examined during in vitro mineralization in primary pulp cultures. In
these experiments, expression of the two transgenes were examined
and correlated with the onset and subsequent growth of the Calcein
Green-mineralized nodules in real time in the same live cultures
over time.

In cultures, DMP1-Cherry expression was detected in a few cells
at Day 7 (Figure 3). With the onset and subsequent growth of CG-
stained mineralized matrix, there were continuous increases in the
DMP1-Cherry (Figures 3A and 4AB).
DMP1-Cherry* cells were detected within CG-stained nodules and in

mean intensity of

areas between nodules (Figure 3A, overlay).

DSPP-Cerulean” cells were examined using filter cube for detection of
Cerulean and after immunocytochemistry with anti-GFP antibodies
(Figure 3B). DSPP-Cerulean”™ and DSPP-GFP™ cells were not detected at
early time point, and were first detected at Day 10 with subsequent
increases thereafter. The cells expressing DSPP-Cerulean at low levels
in vitro were more clearly identifiable with anti-GFP antibody staining
(Figure 3B). A fraction of cells within the mineralized nodules co-expressed
GFP* and DMP1-Cherry* (Figure 3B, overlay). DSPP-Cerulean” and GFP*
cells were localized primarily within mineralized nodules (Figure 3C).

Changes in the percentage of DMP1-Cherry* and DSPP-Cerulean*
cells in primary pulp cultures were examined by flow cytometry and
immunocytochemistry, respectively (Figure 4C). Examination of
unsorted cultures showed that freshly isolated pulp cultures contained
about 14% DMP1-Cherry* cells (Figures 4C and S1C,D) but no DSPP-
Cerulean*/GFP*cells (Figure 4C). The percentage of DMP1-Cherry”
cells in the unsorted population decreased at Day 7 and followed by
increases at Days 10 and 14. DSPP-Cerulean*/GFP* cells appeared at
Day 10 and increased thereafter (Figure 4C).

The decrease in DMP1-Cherry” cells at Day 7 most likely reflects
the nonproliferative nature or lack of survival of these postmitotic
cells both in vivo and in vitro (Balic & Mina, 2011). Examination of cul-
tures from FACS-sorted DMP1-Cherry negative population showed
the absence of DMP1-Cherry* at Day O and continuous increases
thereafter (Figure 4C).

FIGURE 2 Detailed confocal-microscopy analysis of DMP1-Cherry/DSPP-Cerulean in adult 8 weeks old animals. (A) Sagittal section through the
mandibular arch. Note the co-expression of DMP1-Cherry and DSPP-Cerulean in odontoblasts covering the dental pulp in incisor and molars. Note
the increased expression of transgenes in apical-to-incisal direction. Also note the expression of DMP1-Cherry in osteoblasts and osteocytes of the
alveolar bones. Scale bar = 500 pm. (B) Odontoblast processes in incisor predentin and dentin during the early secretory stage. A higher
maghnification of odontoblasts in a showing cells expressing both transgenes (white), only DMP1-Cherry (red) and only DSPP-cerulean (blue). Note
the elaborate branched odontoblast processes from all cells in predentin and dentin (b and b’). Scale bar in a,b = 50 pm and in @, b’-b" = 20 pm.

(C) Odontoblast processes in molars. Sagittal section through the adult (8 weeks old) mouse first molar showing co-expression of DMP1-Cherry and
DSPP-Cerulean in odontoblasts and odontoblasts process (a). Inset a’ shows the detailed image of the odontoblast layer and odontoblast processes
in the region close to the cemento-enamel junction. Scale bar in C (a) = 500 um and in C (a’) = 30um. (D) Cross section through the apical part of the
root from adult mouse molar (8 weeks old). Note the co-expression of DMP1-Cherry and DSPP-Cerulean in odontoblasts (a). Also note the
expression of DMP1-Cherry in cementoblasts and alveolar bone. Inset a’ shows expression of DMP1-Cherry in alveolar osteocytes and
cementoblasts. Scale bars D (a) = 500 pm, and in D (a’) = 30 um. (E) Odontoblast processes and their interactions with pulp cells. (a-c) High
magnifications of branched processes extending from basal end of the odontoblasts into dental pulp (all indicated by arrows) at different depths.
Scale bar in E(a) = 50 pm. Scale bar in E(a’-c) = 20 pm. (F) Odontoblast processes and their interactions with surrounding mineralized cells. Root
dentin is structurally interconnected with surrounding cementoblasts via dentinal tubules and its terminal branching region (a). Separated channels
(Cherry/Cerulean) are shown in panel a'. Dentino-cemental border and multiple contacts between odontoblasts and cementoblasts of the apical
molar root is shown on tilted cross section (b). In early developing odontoblasts, before the dentin synthesis is initiated, odontoblast processes
contacting neighboring ameloblasts (c and c’). Scale bars: a,a’ = 30 pm and b, ¢, ¢’ = 50 pm. Ab, alveolar bone; cb, cementoblasts; LaCL, labial cervical
loop; LiCL, lingual cervical loop; M, molar; and pl, periodontal ligament
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These studies showed continuous increases in the percentages of
DMP1-Cherry*, DSPP-GFP*, and DMP1-Cherry*/DSPP-Cerulean®
populations during in vitro mineralization of pulp cells. (Figure 4C). Time-
lapse confocal imaging over 36 hr showed the transition of DMP1-Cherry”
cells to DMP1-Cherry*/DSPP- Cerulean® cells (Figure S3).

The expression of these transgenes was also compared with the
expression of endogenous Dmp1 and Dspp by RT-PCR using primers

listed in Figure S4A. The expression of transgenes was well

Day 21

FIGURE 3 Expression of DMP1-Cherry and
DSPP-Cerulean transgenes during the in vitro
mineralization of primary pulp cultures.

(A) Expression of DMP1-Cherry transgene during

in vitro mineralization of primary cultures derived
from dental pulp. Representative images of pulp
cultures at different time points analyzed under
phase contrast, epifluorescent light using appropriate
filters for detection of DMP1-Cherry and Calcein
green. DMP1-Cherry is expressed in a few cells at
Day 7. Between Days 10-14, DMP1-Cherry is
expressed at high intensity in Calcein green-stained
mineralized nodules. At these time points
DMP1-Cherry expression is also detected in area
between mineralized nodules. Scale bar: 200 pm.
(B) Representative images of pulp cultures at
different time points analyzed under epifluorescent
light using appropriate filters. These cultures were
also stained with anti-GFP antibody. DSPP-
Cerulean” and GFP™ cells are first detected at Day
10 with increases thereafter. Note that anti-GFP
antibody labeled cells that express DSPP-Cerulean at
high and low levels. Also note the co-expression of
GFP* and DMP1-Cherry" (indicated by arrows) in
only fraction of cells in dental pulp cultures (row
labeled Cherry-GFP). Scale bar: 200 um. (C) Bright
field and epifluorescent images of a culture at Day
21 shows that labeled cells are detected only within
mineralized areas (outside the dashed lines). Scale
bar: 100 pm

correlated with the expression of Dmp1 and Dspp. Similar to endoge-
nous expression of Dmpl, DMP1-Cherry was expressed at Day
7 with further increases till Day 21. Dspp and DSPP-Cerulean
expression was detected later at Day 10, with further increases till
Day 21 (Figure S4B).

These in vitro studies showed differences in the stage of activa-
tion of the transgenes during odontoblast differentiation in that the

DMP1-Cherry* transgene is activated at an earlier developmental
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(c) Changes In the percentage of cells expressing transgenes

FACS Analysis Immunostaining
Days of culture % DMP1-Cherry * % DMP1-Cherry * % DMP1-Cherry*! % DSPP-GFP+
(unsorted culture) (Sorted cultures) DSPP-Cerulean* odontoblasts
DO 14.27 £ 1.14 0 0 0
D7 5.32+0.84 0.83 +£0.08 0 0
D10 27.7£5.7 29+0.39 238+0.14 0.78 £ 0.31
D14 69.26 £ 3.72 18.15 + 1.06 5.41+142 443 +£0.75
D21 - - - 5.29+£0.80

FIGURE 4 Changes in the percentages of cells expressing transgenes. (A) Histogram showing changes in the intensity of Calcein green
staining (absolute values) of primary cultures. Note the progressive increase in the intensity of Calcein green after Day 10. (B) Histograms
showing progressive increase in the intensity of DMP1-Cherry expression during mineralization of primary pulp cultures. (c) The percentages of
DMP1-Cherry* cells were examined in unsorted primary pulp cultures and FACS-sorted DMP1-Cherry™ cultures. Cultures were processed for
FACS analysis at various time points. The percentages of DSPP-Cerulean” and DSPP-GFP* cells were examined in unsorted primary pulp cultures
by FACS analysis and immunostaining with anti-GFP antibody, respectively. Approximately 20,000-30,000 Hoechst" cells were counted from

10 to 40 different representative areas of the culture. Negative controls included primary BMSC cultures derived from the DSPP-Cerulean
littermates stained with anti-GFP antibody and primary dental pulp cultures derived from the transgenic littermates without addition of anti-GFP
antibody. The gating strategy for FACS analysis of DMP1-Cherry* and DSPP-Cerulean® cells are shown in Figure S4 was used. Results represent

mean + SEM of at least three independent experiments; ND, not detected

stage (i.e., functional odontoblasts) than DSPP-Cerulean transgene
that is activated in fully differentiated odontoblasts.

2.4 | Expression of DSPP-Cerulean and
DMP1-Cherry transgenes in calvaria, long bone in vivo
and in primary BMSC and COB cultures in vitro

The specificity of the expression of these transgenes was also exam-
ined in bones and primary cultures derived from bone marrow stromal
cells (BMSCs) and calvarial osteoblasts (COB) (Figure 5).

In calvaria and long bones isolated at Pé, strong expression of
DMP1-Cherry was detected in osteoblasts and osteocytes. DSPP-
Cerulean was not detected in these tissues (Figure 5A).

In BMSC cultures, DMP1-Cherry* cells were first detected around

Day 10 in discrete areas of CG-stained mineralization nodules

(Figure 5B). The number of cells expressing the transgene increased
with more advanced stages of differentiation at Day 14.

In primary COB cultures, expression of DMP1-Cherry was first
detected around Day 14 within the areas of CG-stained nodules
(Figure 5C). The number of cells expressing the transgene increased
further at Day 21. DSPP-Cerulean expression was not detected in
BMSC and COB cultures (Figure 5B,C). These findings confirm that
DSPP-Cerulean is exclusively expressed by odontoblasts.

3 | DISCUSSION

In our laboratory, we have characterized a series of transgenic mice,
which express GFP under the control of tissue- and stage-specific
promoters. However, the available animal models and different trans-
genes (pOBCol2.3-GFP, pOBCol3.6-GFP, and DMP1-GFP), like the
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Day 21

Expression of DMP1-Cherry and DSPP-Cerulean transgenes in calvaria and long bone in vivo and primary cultures from BMSCs and

COBs in vitro. (A) Representative images of sections through calvaria (a-c) and long bone (d-f) at Pé. Images are from the same section visualized under
epifluorescent microscopy with filter cubes to detect Cherry and Cerulean signals. DMP1-Cherry is expressed in the osteoblasts and osteocytes of
calvaria and long bone (b,e). Note the lack of DSPP-Cerulean expression in these tissues (c,f). Scale bar: 200 um. (B) Representative images of cultures
at various time points from bone marrow stromal cells (BMSCs). Note formation of Calcein green-stained nodules at Day 10. Also note increases in the
Calcein green-stained areas at Days 14 and 17. Expression of DMP1-Cherry in the mineralized nodules was detected at Day 10 which progressively
increased thereafter. Note the lack of expression of DSPP-Cerulean transgene in these cultures. Scale bar: 200 pm. (C) Representative images of
cultures at various time points from calvaria osteoblasts (COB) showing Calcein-green stained mineralized nodules at Days 14 and 21. DMP1-Cherry
expression is detected in the mineralized nodules at Days 14 and 21. Note the lack of expression of DSPP-Cerulean in COB. Scale bar: 200 pm

endogenous proteins, are expressed by bone-forming cells (Kalajzic
et al., 2002, 2004), which in turn make it difficult to delineate the two
cell types in various in vivo and in vitro studies. To overcome these diffi-
culties and to be able to distinguish between dentin and bone forming
cells we have generated DSPP-Cerulean/DMP1-Cherry transgenic mice.

Our in vivo and in vitro studies demonstrated that the
DMP1-Cherry transgene was expressed by functional and fully differ-

entiated odontoblasts (Figure 6), cementoblasts, osteoblasts and

osteocytes. The patterns of expression of this transgene is the same
as the reported expression of endogenous Dmp1 in various cell types
(Qin et al., 2007) and DMP1-GFP (Balic & Mina, 2011). On the other
hand, the DSPP-Cerulean transgene was expressed exclusively by
odontoblasts identical to the endogenous expression of Dspp. These
studies indicate that transgenes contain many of the cis-regulatory
elements necessary for regulating faithful expression of DMP1 and

DSPP in odontoblasts, cementum, and osteoblasts and osteocytes.
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FIGURE 6 Schematic representation (a)
of proposed stages of activation of
transgenes during odontoblast
differentiation in vivo and in vitro. (A) The
expression of 3.6-GFP, 2.3-GFP, and
DMP1-GFP transgenes during
odontoblast differentiation in vivo are
based on results reported by (Balic et al.,
2010; Balic & Mina, 2011). DMP1-Cherry
expression during odontoblast
differentiation in vivo is similar to
previously observed DMP1-GFP
expression in functional odontoblasts
with a lower intensity of expression in
fully differentiated odontoblasts. DSPP-
Cerulean is first detected at low levels in
late functional odontoblasts with
increases in fully differentiated (b)
odontoblasts. (B) Schematic
representation of proposed stages of

Pre-

Polarizing
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activation during the in vitro
mineralization of dental pulp cultures. In
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odontoblasts are derived from
mesenchymal stem cells

MSC |

The stage-specific activation of these transgenes with the previ-
ously reported transgenic reporter animals (Balic et al., 2010; Balic &
Mina, 2011), provide a panel of reporters that can help identify and
isolate cells in odontogenic lineage at various stages of differentiation.
This ability will bring a wealth of knowledge to help understand novel
gene regulatory network involved in specification and progression of
cells into odontoblasts lineage. In addition, these studies can lead to
deciphering the underlying causes of dental congenital abnormalities

and meaningful targeted therapies for affected patients.

4 | MATERIALS AND METHODS

4.1 | Generation of DSPP-Cerulean/DMP1-Cherry
transgenic mice and analysis of the expression of
transgenes in vivo

DSPP-Cerulean/DMP1-Cherry transgenic mice were generated using
a bacterial recombination strategy with the mouse BAC clone
RP24-258g7 as described previously (Gong, Yang, Li, & Heintz, 2002;
Maye et al., 2009) and outlined in Figures S5 and Sé. All mice were
maintained in CD1 background.

Mandibular arches, long bones and calvaria at different stages

were isolated from DSPP-Cerulean/DMP1-Cherry transgenic mice.

Pre-odontoblasts

~
3
(=]
I

Differentiation of odontoblasts

2.3-GEP,

3.6-GFP
DMP1-GFP & DMP1-Cherry

DSPP-Cerulean

Tissues were fixed overnight in 4% paraformaldehyde, decalcified and
processed for cryosectioning (Dyment et al., 2016).

Sections were examined and imaged using Zeiss Axio Observer Z1
inverted microscope using filter cubes optimized for the detection of
Cherry Red Fluorescent Protein (HQ577/20 ex, HQ640/40 em,
Q595Ip beam splitter), Cerulean (ECFP, enhanced Cyan Fluorescent
Protein; D436/20 ex, D480/40 em, Q455dclp beam splitter), Green
Fluorescent Protein (GFP; HQ525/50ex, HQ 470/40 em, Q495Ip
beam splitter), and DAPI variants (AT350/50ex, ET460/50 em, T400Ilp
beam splitter). The full-size images were obtained by scanning at high
power followed by stitching the scans into a composite. Exposure
times were adjusted for optimum imaging, and kept consistent
throughout the various time points.

4.2 | Cell cultures, digital imaging, and
epifluorescence analysis

Primary cultures from dental pulp, BMSC and COB were prepared
from 5- to 7-day old hemizygous DSPP-Cerulean/DMP1-Cherry and
nontransgenic mice (Sagomonyants, Kalajzic, Maye, & Mina, 2015;
Sagomonyants & Mina, 2014).

Live cultures were first imaged for detection of various Fluorescent
Proteins, and then processed for staining with anti-GFP Alexa Fluor
488 conjugated antibody (1:1,000 dilution, Molecular Probes,



10of 11 WI LEY

VIJAYKUMAR ET AL.

Invitrogen; Sagomonyants & Mina, 2014). The nuclei were stained with
1.0 pg/mL Hoechst 33342 dye (Invitrogen). Mineralization in these cul-
tures was examined by Calcein Green staining (3 pg/mL in 2%
NaHCO3; pH = 7.4; Wang, Liu, Maye, & Rowe, 2006). The mean fluo-
rescence intensity of Calcein Green (CG) and DMP1-Cherry were mea-
sured using a multi-detection monochromator microplate reader
(Safire?, Tecan, Research Triangle Park, NC; Sagomonyants et al., 2015;
Sagomonyants & Mina, 2014). Calcein green staining was measured at
475/515-nm wavelength (excitation/emission) and at a gain of 40.
Background fluorescence was measured with cultures grown in the
absence of mineralization inducing reagents and these values were sub-
tracted from respective CG measurements.

DMP1-Cherry intensity was measured at 580/610-nm wave-
length (excitation/emission) and at a gain of 65. Background fluores-
cence for Cherry was measured with cultures from the nontransgenic
littermates that lack fluorescent reporter expression, and these values
were subtracted from respective Cherry measurements.

Quantification of DSPP-Cerulean* cells was performed by calcu-
lating the ratio of cells stained with anti-GFP antibody (DSPP-
Cerulean” cells) to the total number of Hoechst® cells (Sagomonyants
et al., 2015; Sagomonyants & Mina, 2014).

4.3 | Flow cytometric analysis and sorting

Cultures derived from DSPP-Cerulean/DMP1-Cherry transgenic and non-
transgenic animals were processed for flow cytometric analysis at various
days as described before (Sagomonyants et al., 2015; Sagomonyants &
Mina, 2014). Cultures were also processed for flow cytometric analysis
and sorting (FACS) sorting based on Cherry expression. Upon separation,
reanalysis confirmed that the purity of isolated DMP1-Cherry* and
DMP1-Cherry~ populations were >98%. Live Cherry* and Cherry~ cells
were collected and re-plated at the same density as the primary cultures
(8.75 x 10* cells/cm?). Cultures were grown for an additional 14 days
and processed for FACS analyses, as described for unsorted cultures. The
gating strategy for FACS analysis of DMP1-Cherry* and DSPP-Cerulean*
cells as shown in Figure S1 was used.

4.4 | RNA extraction and analyses

Total RNA was isolated with TRIzol reagent (Invitrogen), and
processed for gene expression analysis by real-time polymerase chain
reaction analysis with primers specific for GAPDH, DSPP, DMP1 and
different variants of GFP (Figure S3A).

4.5 | Time-lapse live imaging

Primary pulp cultures were analyzed by time-lapse confocal imaging
to visualize the conversion of DMP1-Cherry* cells to DSPP-Cerulean*
cells. Six to eight different positions of the well already expressing
Cherry* cells were selected, followed by imaging over 36 hr using
Zeiss 780 LSM equipped with a humidified imaging chamber
maintained at 37C and 6% CO,. 20x images were taken using 561 nm

laser for Cherry and 440 nm laser for Cerulean every 30 min over

36 hr. The images were converted to .mov video files and processed
using ImageJ and Metamorph.

4.6 | Statistical analysis of data

was performed by GraphPad Prism 7 software using unpaired two-
tailed Student t-test. Values in all experiments represented mean
+ SEM of at least three independent experiments, and a *P-value <.05

was considered statistically significant.
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ABSTRACT

Considerable amount of research has been focused on dentin mineralization, odontoblast differentiation, and their application in
dental tissue engineering. However, very little is known about the differential role of functionally and spatially distinct types of dental
epithelium during odontoblast development. Here we show morphological and functional differences in dentin located in the crown
and roots of mouse molar and analogous parts of continuously growing incisors. Using a reporter (DSPP-cerulean/DMP1-cherry)
mouse strain and mice with ectopic enamel (Spry2™/~;Spry4~/-), we show that the different microstructure of dentin is initiated in
the very beginning of dentin matrix production and is maintained throughout the whole duration of dentin growth. This phenom-
enon is regulated by the different inductive role of the adjacent epithelium. Thus, based on the type of interacting epithelium, we
introduce more generalized terms for two distinct types of dentins: cementum versus enamel-facing dentin. In the odontoblasts,
which produce enamel-facing dentin, we identified uniquely expressed genes (Dkk1, Wisp1, and Sall1) that were either absent or
downregulated in odontoblasts, which form cementum-facing dentin. This suggests the potential role of Wnt signalling on the dentin
structure patterning. Finally, we show the distribution of calcium and magnesium composition in the two developmentally different
types of dentins by utilizing spatial element composition analysis (LIBS). Therefore, variations in dentin inner structure and element
composition are the outcome of different developmental history initiated from the very beginning of tooth development. Taken
together, our results elucidate the different effects of dental epithelium, during crown and root formation on adjacent odontoblasts
and the possible role of Wnt signalling which together results in formation of dentin of different quality. © 2021 The Authors. Journal
of Bone and Mineral Research published by Wiley Periodicals LLC on behalf of American Society for Bone and Mineral Research
(ASBMR).

KEY WORDS: TEETH; DENTIN; MICROSTRUCTURE; ODONTOBLAST; PROCESSES; ODONTOGENESIS; DENTINOGENESIS; INCISOR; MOLAR; WNT SIGNAL-
ING; LIBS

Introduction well. Apart from the soft dental pulp, which is responsible for the

maintenance of tooth viability, teeth are composed of three dif-

T eeth are highly specialized structures with an intricate inner
architecture, positioned at the very beginning of the diges-
tive system. They are important for food processing and essential
for social interactions not only in humans but in other species as

ferent types of calcified tissues: enamel, dentin, and cementum.
The general shape, mechanical properties, and functions of teeth
are determined by dentin, the most abundant and ontogeneti-
cally first developing hard dental tissue. Enamel, as the hardest
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and the most calcified dental tissue, protects the most exposed
part of the tooth — the crown. Cementum covers the root sur-
face and, together with periodontal ligaments, maintains the
anchoring of teeth in the adjacent alveolar bone. Dentin, in con-
trast to enamel, is a living tissue, which, alongside pulp, forms
dentin-pulp complex.” This integrated functional unit maintains
tooth homeostasis and enables the tooth to react to the outer
environment.>®

Odontoblasts are responsible for dentin development and
maintenance of its viability and sensitivity. They are polarized,
long-living cells positioned on the interface between the dental
pulp and dentin itself.”” Odontoblasts differentiate from ectome-
senchyme after an orchestrated interaction with oral epithe-
lium.%® During tooth development, two basic types of oral
epithelium can be distinguished: the enamel-forming epithelium
and the epithelium, which plays a role in the development of the
root. Enamel-forming oral epithelium in the crown gives rise to
enamel-producing ameloblasts, while oral epithelium in the root
forms Hertwig’s epithelial root sheath (HERS), which does not
produce any hard matrix and serves as an interactive partner
for differentiating odontoblasts. After initiation of dentin produc-
tion, HERS disintegrates into epithelial cell rests of Malassez
(ERM).®1%'3) This means that odontoblasts forming the crown
and root dentin have a different interactive epithelial partner.
The influence of oral epithelium on the determination of the dif-
ferent character of the adjacent dentin’s microstructure and ele-
mental composition has not yet been studied.

As odontoblasts lay down the dentin matrix, they are pushed
back from the dental epithelium toward the dental pulp and
leave behind a single, long process, which then persists inside
the dentin matrix."” Odontoblasts’ processes (also known as
Tomes'’ fibers) are the key structural and functional components
of dentin and make this tissue sensitive and able to react to the
outer environment. This is particularly important in the process
of tertiary dentinogenesis, a process that can be referred to as
dental healing.">'® Odontoblasts contribute to sensing and
reacting to increased tooth wear or dental caries by thickening
the dental wall and thus prolonging the life span of teeth."”
Interestingly, although dentin is a living tissue (similar to bone),
once dentin is formed, it is not remodelled as it occurs in bone;
therefore, dentin inner structure is determined during its
formation.'”)

On the molecular level, the dentin matrix is formed by the cal-
cification of the protein network, which is synthesized by the
odontoblasts. This protein network is predominantly composed
of collagen | fibrils but also several other non-collagenous pro-
teins. Among the most abundant non-collagenous proteins
belongs dentin sialophosphoprotein (DSPP) and dentin matrix
acidic phosphoprotein 1 (DMP1), which serve as key mineraliza-
tion centers.® Through the expression and phosphorylation of
these proteins, odontoblasts regulate the rate of dentin matrix
calcification."®'® Both proteins are highly expressed by odonto-
blasts.?® Although, in contrast to DMP1, which is also expressed
by other hard tissue-forming cells (osteoblasts/—cytes,
cementoblasts/—cytes),??? DSPP is specifically expressed
within odontoblasts, which makes DSPP a unique molecular
marker suitable for odontoblast detection and characterization.
In this work, we focus on the differences between the micro-
structure of dentin in the crown (labial aspect of incisor) and
the root (lingual aspect of incisor). Because we used genetically
altered organisms, which have an ectopic enamel on the lingual
aspect of mouse incisors, we are introducing more generalized
terms: cementum-facing dentin and enamel-facing dentin.

Here we show, using different genetically altered animals and
various methodological approaches, an unanticipated site-
dependent microstructure of dentin in high detail. Our results
show that the lingual and labial aspects of mouse incisors fully
reflect the crown and root aspect in brachyodont teeth in the
perspective of the microstructure of dentin and also the pres-
ence of cementum-forming cells in the periodontium. Further,
we show a different gene expression pattern in odontoblasts
on the labial and lingual aspect as well as the elemental compo-
sition and X-ray density in each type of dentin. Finally, using a
mouse strain with ectopic enamel on the lingual aspect of the
incisor, we confirm that the microstructure of dentin is depen-
dent on the interaction with a different type of adjacent epithe-
lium during development. Taken together, we hypothesize that
the dentin microstructure is initially induced by the type of adja-
cent dental epithelium present during the beginning of odonto-
blast differentiation and influenced by Wnt signalling.

Materials and Methods

Animals

Animals used in this study included DSPPCer“/ean;ppjpichery
reporter mouse strain on CD-1 genetic background,®®
Spry2™/=:Spry4~~ mice®?> obtained by crossing the strains
Spry2/ORF-null allele and Spry4/ORF-null allele (originally a kind
gift from Dr Ophir Klein, San Francisco, UCSF*5*”) on C57BL/6
genetic background, and C57BL/6 wild-type animals, which were
used as controls. All animal experiments were approved by the
Ministry of Education, Youth and Sports, Czech Republic
(MSMT-8360/2019-2; MSMT-9231/2020-2; MSMT-272/2020-3)
and performed according to international and local regulations.
All mice were kept in a 12-hour light/dark cycle, 18°C to 23°C
and 40% to 60% humidity. Animals had access to food and water
ad libitum. Animals were genotyped using endpoint PCR utilizing
transgene/mutation-specific primers. Both male and female
mice were used. Adult (2-month-old) animals with suitable geno-
type were euthanized by isoflurane overdose (KDG9623, Baxter,
Deerfield, IL, USA) and cervical dislocation and further utilized
for experiments.

Histological analysis

Mandibles and maxillae were carefully dissected, briefly washed
in PBS, and fixed in 4% paraformaldehyde (pH 7.4) for 5 hours at
4°C. Fixed tissue was then decalcified in 10% EDTA (pH 7.4) for
10 days at 4°C. Samples were then processed either for cryosec-
tioning or paraffin processing. Briefly, for cryosectioning, sam-
ples were incubated in 30% sucrose (Sigma-Aldrich, St. Louis,
MO, USA; 16104) overnight at 4°C, washed twice in Tissue-Tek
OCT Compound (Sakura Finetek Europe B.V., Alphen aan den
Rijn, Netherlands; 4583) and embedded in fresh OCT. Samples
used to obtain detail images were then sectioned to a thickness
of 14 pm on cryostat Leica CM1860 (Leica Biosystems, Wetzlar,
Germany). To obtain overview images of the mandible and max-
illa of DSPPCerean/ppp1<he™, samples were sectioned to a thick-
ness of 40 pm using Kawamoto's tape (SECTION-LAB Co. Ltd.,
Hiroshima, Japan) on cryostat Leica CM1860 (Leica Biosystems).
Samples embedded in paraffin were sectioned on a microtome
(Leica SM2000R) to a thickness of 2 pm and processed as
described further.
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In situ hybridization

For the in situ hybridization, RNAscope 2.5 HD Assay — RED
(Advanced Cell Diagnostics, Newark, CA, USA; 322350) was uti-
lized as described before.*® The following probes were used:
Dkk1 (501921) and Wisp1 (402521). Slides were counterstained
with hematoxylin for 1 minute and mounted in Pertex medium
(Histolab, Brea, CA, USA; 00801). Sections were imaged using
Axio Imager 2 (Carl Zeiss AG, Jena, Germany).

Immunostaining, confocal imaging, and image analysis

All cryosections were washed three times in PBS with 0.1%
Tween 20 (Sigma-Aldrich, P1379). Sections from DSpper/ean;
DMP1<"*™ animals were stained with DAPI (Carl Roth, Karlsruhe,
Germany; 6335.1) and mounted in VECTASHIELD Antifade
mounting medium (Vector Laboratories, Burlingame, CA, USA;
H-1000-10). Sections from wild-type and Spry2*/~;Spry4~"~ ani-
mals were stained with Phalloidin-Alexa Fluor 488 (Cell Signaling
Technology, Danvers, MA, USA; 8878S) diluted 1:100 in PBS
(pH 7.4) overnight at 4°C. Sections were then subsequently
stained with DAPI and mounted in 87.5% Glycerol (Penta CZ,
Katovice, Czech Republic) diluted in PBS. For the detection of
periostin (POSTN), sections from DSPP"“"€"/DMP1<"*™ animals
were stained with anti-POSTN antibody (Novus Biologicals, Little-
ton, CO, USA; NBP1-30042) diluted 1:200 overnight at 4°C. Subse-
quently, the sections were stained with donkey anti-rabbit
secondary antibody conjugated with Alexa Fluor 647 (Thermo
Fisher Scientific, Waltham, MA, USA; A31573) diluted 1:500 at
room temperature for 2 hours. Sections were then stained with
DAPI and mounted using VECTASHIELD Antifade mounting
medium. For the analysis of the expression of odontoblast-
specific markers, SALL1 antibody (Abcam, Cambridge, MA, USA;
ab31526) and NFIC antibody (Novus, NBP2-37935) were used.
SALL1 staining was performed on paraffin sections after pH 9
antigen retrieval (Agilent Dako, Santa Clara, CA, USA; 52367) at
95°C for 15 minutes. NFIC staining was performed on cryosec-
tions from wild-type animals without antigen retrieval. Sections
were incubated with antibodies overnight at 4°C. Subsequently,
donkey anti-rabbit secondary antibody conjugated with Alexa
Fluor 568 (Thermo Fisher Scientific, A10042) diluted 1:800 was
used, and nuclei were counterstained with DAPI (Carl Roth,
6335.1). Slides were then mounted in Fluoromount Aqueous
Mounting Medium (Sigma-Aldrich, F4680). Sections were
imaged using LSM880 confocal microscope (Carl Zeiss AG,
Germany). Obtained data were then analyzed and exported
using Imaris (Oxford Instruments, Abingdon, UK) and ZEN soft-
ware (Carl Zeiss AG, Germany).

Process straightness analysis

Segmentation was performed in Imaris using semiautomatic
approach. Each of the randomly selected odontoblast processes
(OPs) were traced using a single polyline. Dendrite straightness
parameter was chosen for the quantification. This parameter is
defined as the ratio between the length of the whole segmented
polyline (OP) and the radial distance between the beginning and
the end of the polyline. The value of the function is always equal
to or smaller than 1 (a completely straight line has the straight-
ness of 1). We compared 10 randomly chosen processes per each
condition.

Process width analysis

For the analysis of odontoblast process width, confocal images of
the phalloidin-stained sagittal sections were used. Images were
analyzed using Imaris software. The width of the processes was
measured using the measure distance tool in the slice mode.
The measurement was performed at the beginning of dentin
(above the predentin) at the unified distance of 40 pm from
the dentin-pulp edge. For each experimental condition, 85 indi-
vidual processes were measured.

Process number density analysis

The number density of processes was analyzed using coronal
sections of dentin and from Z projections of sagittal sections of
dentin obtained in the section mode of Imaris software. Subse-
quently, the processes were manually counted using Image)
software, utilizing the point tool. The number of processes was
counted on four unique regions of interest. All of the regions of
interest used for the analysis contained at least 75 unique
processes.

Analysis of dentin fraction without the presence of the
main process

The distance from the furthermost point of processes main fila-
ment up to the enamel-dentin or cementum-dentin junction
(= height of dentin without the presence of the main process)
and total height of dentin in the corresponding place was mea-
sured using the measure distance tool in the slice mode of Imaris
software. To obtain the fraction of dentin without the presence
of the main process, the height of dentin without main OP was
divided by the total dentin height. A total of 33 unique processes
per experimental condition were analyzed.

Analysis of the distribution of processes in dentin

The unified 10-pm-thick Z-stacks were created using ZEN Blue
software’s (Carl Zeiss AG) employing the image subset function.
Z-stacks were exported as maximume-intensity projections using
Imaris software. Subsequently, the images were analyzed in Ima-
geJ software.?® Binary single-channel images were produced
using the threshold function. A 10x 10 grid was overlayed over
the image using the grid overlay plugin. Using the rectangle
selection tool and the overlayed grid, 10 equal sectors (parallel
with the dentin-pulp edge) were analyzed using the measure
function. The area fraction parameter was then used for the final
analysis. The analysis was performed on three images per exper-
imental condition.

Analysis of the distance from cervical loop to the first
reporter expression

Sagittal sections containing the cervical loop region of incisors
from maxillae and mandibles of the DSPP™ /e /DpP1Pe™ ani-
mals were analyzed. The distance from the apex of the cervical
loops to the first odontoblast displaying either cerulean, cherry,
or both signals above the background level was measured using
the measure polyline tool in the slice mode in the Imaris soft-
ware. The distance was measured both on the labial and lingual
sides of the incisors. A total of eight sections (four animals, two
sections each) were analyzed.

Journal of Bone and Mineral Research

DENTIN MICROSTRUCTURE CONTROLLED BY EPITHELIUM 325 Il



Calcified matrix analysis

For the analysis of the elemental composition of the incisor and
micro-CT analysis, wild-type BI/6 animals were overdosed by iso-
flurane (KDG9623, Baxter), the mandibles and maxillae were then
carefully dissected, briefly washed in PBS, and fixed in 4% para-
formaldehyde (pH 7.4) overnight at 4°C. Fixed tissues were then
dehydrated in ethanol (30%, 50%, 70%, 80%, 90%, 96%, 100%) in
each solution three times for 10 minutes and subsequently
embedded into epoxy adhesive LR White (Sigma-Aldrich,
L9774). The blocks containing the embedded mandibles and
maxillae were cut using a diamond saw and sections were
polished using abrasive papers P1500 and P3000.

Laser-induced breakdown spectroscopy (LIBS) analysis

The polished samples were placed in the interaction chamber,
which is a part of the LIBS Discovery device (CEITEC BUT, Brno,
Czech Republic). As the laser source Nd:YAG laser CFR-400
(Quantel, Lannion, France; 20 Hz, 532 nm, 10 ns) was employed.
The laser pulse energy was controlled by a motorized attenuator
(Eksma Optics, Vilnius, Lithuania) and was kept constant (30 mJ/
pulse) throughout the experiment. The laser beam was focused
on the sample surface with a glass triplet (Sill optics, DE,
f = 32 mm). The resulting spot size diameter was 30 pm. Plasma
radiation was collected using two UV-grade lenses with a total
focal length of 75 mm and led via optical cable (400 pm, Thor-
labs, Newton, NJ, USA) to the entrance of a spectrometer
(HR2000, Ocean Optics, Orlando, FL, USA). The precise timing of
the experiment was controlled by the digital pulse generator
(SyncRay, Lightigo, Brno, Czech Republic). The gate delay was
set to 1.5 ps and gate width to 50 ps. All measurements were
controlled by a computer equipped with LIBS control software
(Lightigo). The spatial resolution for all measurements was deter-
mined by the laser spot size diameter and was set at 30 um in
both directions. Obtained data were processed using the R soft-
ware (R Foundation for Statistical Computing, Vienna, Austria).

Micro-CT evaluation of dentin structure

Selected specimens (sectioned teeth in PMMA block) were
scanned using desktop micro-CT SkyScan 1272 (Bruker microCT,
Kontich, Belgium). Specimens were fixed on specimen holder
and scanned under the following scanning parameters: 0.5 pm
pixel size, source voltage 60 kV, source current 166 pA,
0.25 mm Al filter, rotation step of 0.1°, frame averaging = 2,
180° rotation, scanning time ~9 hours for each specimen. The
flat-field correction was updated before each acquisition. Projec-
tion images were reconstructed into cross-section images using
NRecon software (Bruker). 2D visualizations were achieved using
DataViewer (Bruker).

The X-ray density of dentin was analyzed using Image)J soft-
ware. Briefly, five square, regularly distributed selections per
enamel, enamel- and cementum-facing dentins, were analyzed
using the measure function. Mean grey value was then used
for the final analysis. A total of 25 selections per tissue type were
analyzed (five images, five selections per tissue type each).

Statistical analysis

Data were analyzed using Graph Pad Prism software (GraphPad
Software, La Jolla, CA, USA). First, the normality of the data was
assessed using Anderson-Darling (A2*), D’Agostino-Pearson
omnibus (K2), Shapiro-Wilk (W), Kolmogorov-Smirnov (distance)

tests, and QQ plots. If the data passed normality tests and F test
to determine whether they have equal variances, a two-tailed t-
test was used for the analysis. If the data did not pass normality
tests, a two-tailed Mann-Whitney test was used to analyze the
data. Subsequently, box plots and violin plots were constructed
to visualize the obtained data. Box plots were made to display
the interquartile range (25th to 75th percentile). Whiskers were
used to indicate upper and lower extremes (1.5 x interquartile
range). Outliers were shown in red. When the number of data
was less than 20, all points were shown. To visualize the data
obtained from the analysis of the distribution of processes in
dentin, the trend was traced through the medians of the respec-
tive regions with whiskers showing the whole range of values.
The trends were tested using Pearson’s linear correlation of
medians from the individual data sets. This analysis was per-
formed in MATLAB (MathWorks, Natick, MA, USA) programming
language using a built-in linear of rank correlation (corr) function
(testing a null hypothesis of no correlation against the alternative
hypothesis of a nonzero correlation). The critical p-value for sta-
tistical significance was set to p = 0.05.

Results

The microstructure of odontoblasts’ processes in the
crown and roots of molars is reflected by the labial and
lingual aspects of incisors

To investigate the microstructure of OPs in different parts of
mouse molars, we performed confocal microscopy analysis of
the first molars of DSPPCé“/€an/ppIP1<he™ mice.?® This mouse
strain enables the visualization of odontoblast bodies and pro-
cesses through the dual expression of fluorescent proteins con-
stitutively expressed under the DSPP (cerulean) and DMP1
(cherry) promotors. Three-dimensional confocal analysis of the
first molars showed an entirely diverse structure of OPs in the
crown and root part of the tooth (Fig. 1A-C). Processes in tooth
crown dentin displayed smooth and straight morphology with
thin and short secondary processes (branches of the main pro-
cess). On the other hand, odontoblasts’ processes in root dentin
displayed complicated irregular morphology with longer and
more pronounced secondary processes (Fig. 1B, C). To uncover
if this phenomenon is also mirrored in the crown and root ana-
logue of continuously growing teeth, we performed the same
type of analysis in mouse incisors. Our analysis confirmed a con-
sistent trend between processes found in both molar and incisor
(Fig. 1D-F), supporting the crown analogue/root analogue theory
(Fig. 1G). Mandibular incisors are in contrast to maxillary incisors
more widely used in research.283%3" To assess if different site-
specific microstructure is reflected in dentin in both morphologi-
cally different incisors, we compared both incisors via the same
approach and found an identical microstructural pattern (Fig. 2).

Enamel-forming epithelium controls the morphology of
OPs in adjacent dentin

To investigate the induction role of different kinds of dental epi-
thelium during early stages of hard-tissue formation, we took
advantage of Spry2™~;Spry4~'~ mice, which are known for the
presence of ectopic enamel on the lingual side of the inci-
sors.?*2 |n contrast to the wild-type mouse in which the amelo-
blast layer is only present on the labial side, Spry2™~/Spry 4/~
mice display ameloblast layer on both labial and lingual sides.
Additionally, the lingual cervical loop (LiCL) displays similar
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Dentin structure in molar and incisor: root (analogue) vs. crown (analogue)
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Fig 1. Dentin microstructure in molar and incisor: root (analogue) versus crown (analogue). Confocal images from thick, cleared histological sections from the
DSPPEerlean/ppvp1<he™ mouse reporter strain show details of the microstructure of dentin with the focus on odontoblasts’ processes in different parts of teeth.
The sagittal section of the first molar (A) and transversal section of the mandibular incisor (D) show the structural similarities between these two types of teeth
and the distribution of fluorescent proteins in the dental tissue and its close surroundings. Note the expression of cherry (DMP1) in odontoblasts but also bone-
forming osteoblasts(cytes) and cementum-forming cementoblasts(cytes) on the surface of roots, while cerulean (DSPP) is expressed specifically by odontoblasts.
Subsets of A and B show details of enamel-facing (crown/crown-analogue) dentin (B, E) and cementum-facing (root/root analogue) dentin (C, F), respectively.
Arrowheads highlight the presence of DMP1-expressing cementum-forming cells located around the root of molar and root analogue of incisors. Schematic
visualization of the microstructure of dentin showing the same pattern in enamel-facing and cementum-facing aspects in both molars and incisors (G). Scale
bars = 300 um (4, D), 100 pm (B, G, E, F). Ab = alveolar bone; De = dentin; en = enamel; Ob = odontoblasts; P = pulp.
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Fig 2. Mandibular and maxillary incisor dentin microstructure. Both upper and lower continuously growing incisors (A, B) show the same pattern in the
labial (enamel-facing) (C, E) and lingual (cementum-facing) (D, F) odontoblast processes, respectively. White asterisks mark different microstructure of
odontoblast processes in the lingual (cementum-facing) aspect of both mandibular and maxillary incisors. Scale bars = 1000 pm (A, B) and 50 pm (C-

F) for details. En = enamel; PDL = periodontal ligaments.

morphology to the labial cervical loop (LaCl) (Fig. 6C, D); however,
wild-type mice have an ameloblast layer only on the labial side and
the lingual dental epithelium is disintegrated.” " To visualize the mor-
phology of OPs, we used the staining with Phalloidin-Alexa488,
which specifically binds to actin®? and enables the visualization of
all cellular compartments in mineralized tissues. Confocal analysis
of the phalloidin-stained sections from wild-type animals further con-
firmed the different structure of odontoblasts’ processes in the labial
and lingual aspects of the incisor (Fig. 34), which coincided with our
previous analysis of the DSPP™*"/DMP1"*™ strain (Fig. 1D-F;
Fig. 2). However, in the Spry2*~;Spry4™~ animals, where the ectopic
ameloblast layer and enamel are also developed on the lingual
aspect, the microstructure of OPs was the same as on the labial
aspect of the incisor (Fig. 3A, B), displaying the same smooth and
straight morphology. Their appearance, therefore, reflected the mor-
phology of the OPs in the crown dentin of the molar (Fig. 1A, B). To
further analyze differences in the morphology of OPs and specifically
their terminal branching regions,"® which are in contact with adja-
cent enamel or cementum, we first performed detailed microscopy
focusing on the terminal part of OPs (Fig. 4A). Furthermore, we per-
formed the segmentation of the processes and quantified their
straightness (Fig. 4B, ).

Our results show similarities in the pattern among the OP end-
ings (Fig. 4A) and whole-process morphology (Fig. 4B) in the
enamel-facing dentin and cementum-facing dentin. These
results are consistent in wild-type molars, maxillary, and mandib-
ular incisors, using DSPP<é“/¢a"/DMP1<"e™ animals or phalloidin
staining in wild-type and Spry2*/~;Spry4~’~ animals (Fig. 4).
The morphology of OPs in all enamel-facing dentins was highly
similar. In the case of cementum-facing dentins, OPs in both
maxillary and mandibular incisors displayed highly similar mor-
phology. In the molars, OPs in the cementum-facing dentin dis-
played thinner and more twisting morphology when compared
with the incisors (Fig. 4A).

To uncover the morphology and distribution of cementum-
forming cherry* (DMP1-expressing) cells in maxillary and man-
dibular incisors and to compare this pattern to molar roots, we
analyzed the periodontal space on the lingual aspects of both
types of incisors using DSPP™“/ean/DMP1<he™ mouse strain
(Fig. S1). Our data show that the structure of periodontal space
on the labial aspect of the incisor resembles the situation in the
molar. However, in the more distal parts, just a seldom presence
of DMP1-expressing cementoblasts was observed. This enabled
us to establish universal terms cementum-facing and enamel-
facing dentin.

Quantifications of labial and lingual dentin differences

To quantify these differences, we performed segmentation and
analysis of the individual processes. Quantification of processes’
straightness shows that in the DSPP€“€a"/DAMPThe™ strain's
molar crown dentin, OPs display the mean straightness of
0.96 + 0.02 (a straight line has the straightness of 1), while the
OPs in the root dentin display the straightness of 0.90 4+ 0.04
(Fig. 4C). OPs in the labial (with enamel) dentin of mandibular
incisor display the straightness of 0.99 + 0.01 and the OPs on
the lingual (without enamel) side display 0.98 & 0.01.In the max-
illary incisor, the OPs of the labial (enamel-facing) side showed
the straightness of 0.98 + 0.01, while on the lingual (cemen-
tum-facing) side, OPs displayed 0.95 + 0.02. In the wild-type
maxillary incisor stained with phalloidin, OPs of the labial side
displayed the straightness of 0.98 + 0.01. The OPs on the lingual
side displayed, on the other hand, the straightness of
0.90 + 0.05. Finally, the OPs of the Spry2"/~;Spry4~"~ animals
displayed on the labial (enamel-facing) side the straightness of
0.99 + 0.01 and 0.99 4 0.00 on the lingual (ectopic enamel-
facing) side.
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To further highlight the differences in the features of odonto-
blast processes and corresponding dentins, we analyzed
confocal images of labial (enamel-facing) and lingual (cemen-
tum-facing) dentins of wild-type animals and labial (enamel-fac-
ing) and lingual (ectopic enamel-facing) dentins of Spry2*/;
Spry4~'~ animals (Fig. 5). The analysis of OP’s width showed that
processes localized on the labial-side dentins of wild-type mice
(both mandibular and maxillary) and maxillary Spry2™/~;Spry4 =/~
incisors were significantly thinner (p < 0.0001) than the pro-
cesses located in the corresponding lingual-side dentins
(Fig. 5A). Interestingly, the width of the OPs located in the lingual
(ectopic enamel-facing) dentin of the Spry2"/~;Spry4~/~ maxil-
lary incisor was significantly lower compared with its lingual
wild-type counterpart (Fig. 5A).

Analysis of the number density of the processes showed that
the processes on the labial sides of the incisors have significantly
higher density than processes on the lingual side of all analyzed
conditions, including the ectopic enamel-facing lingual dentin of

Spry2*/=Spry4~/~ animals (Fig. 58). Comparison of wild-type and
Spry2/=;Spry4~/~ process density showed no significant change
(p = 0.0532) between the lingual sides of the incisors.

To quantify the changes of the dentin quality in relation to the
OPs, we analyzed the relative fraction of dentin height without
the presence of the main process (Fig. 5C) and the distribution
of all processes in different types of dentins (Fig. 5D). The fraction
of the dentin without the presence of the main process was sig-
nificantly larger (p < 0.0001) in the lingual (cementum-facing)
dentin than in the labial (enamel-facing) dentins of wild-type
mandibular and maxillary incisors. In contrast to this, the fraction

A Wildtype

of the labial and lingual dentins of the maxillary incisor of the
Spry2/=;Spry4~~ animals showed similar values (p < 0.7462),
which fully reflects the altered situation in the lingual (ectopic
enamel-facing) dentin and show high similarity induced by the
changed type of dental epithelium. The differences between
the lingual sides of maxillary incisors of wild-type and Spry2*’~;
Spry4~/~ animals were also significant (Fig. 50).

To quantify the density and distribution of all OPs (including side
branches) in the enamel-facing and cementum-facing dentins, we
analyzed the OP density in 10 different regions, beginning at the
predentin up to the outermost dentin (Fig. 5D; Fig. S2). Pearson'’s
correlation between the lingual and labial dentins was calculated
using medians of each of the data points (Fig. 5D). Our analysis
shows distinct trends of the area fraction in labial and lingual dentin
of mandibular (R = 0.6165, p = 0.0802) and maxillary (R = 0.2612,
p = 0.46) incisors of wild-type animals. In contrast to wild types,
the analyses of labial and lingual dentins in Spry2™~;Spry4~"~ max-
illary incisor show correlating trends (R = 0.8697, p = 0.0011), which
further confirms our hypothesis about the inductive function of the
type of attached dental epithelium during development. The plots
of Pearson’s correlations are shown in Fig. S3.

All performed quantifications further support our hypothesis
of the different microstructure of cementum-facing and
enamel-facing dentin. Most interestingly, the lingual, ectopic
enamel-facing dentin of the Spry2™~;Spry4~'~ animal displayed
similar patterns of OPs compared with its labial counterpart. This
confirms a different inductive role of ameloblast-forming dental
epithelium and non-ameloblast-forming dental epithelium on
adjacent dentin microstructure.
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Fig 3. Dentin adjacent to ectopically developed enamel shows altered microstructure. Confocal images of the labial and lingual aspect of maxillary inci-
sors stained with Phalloidin-Alexa488 show the different microstructure of OPs on the labial and lingual aspect of incisor in wild-type animals (A) and sim-
ilar microstructure on both aspects in maxillary incisor of Spry2*~;Spry4~/~ animals (B) having ameloblasts and enamel on both sides of the tooth. (C)
Schematic drawing reflecting the influence of different dental epithelium on dentin development. Red asterisk shows the altered morphology of OPs
in dentin adjacent to ectopic enamel on the lingual aspect of the maxillary incisor in Spry2™~;Spry4~"~. Scale bars = 50 pm. En = enamel space; LaCL

= labial cervical loop; LiCL = lingual cervical loop; PDL = periodontal ligament.

DENTIN MICROSTRUCTURE CONTROLLED BY EPITHELIUM 329 Il

Journal of Bone and Mineral Research



Microstructure of odontoblast processess of enamel-facing and cementum-facing dentin

Crown / Labial aspect Root / Lingual aspect . . Process straightness
DSPPCerulean{.DMP'I g PDL  DSPPCeriean/p P 1 : r ‘ ) 1004 0=0.0001
0.954
—
% 0.90 4
=
0.85
o T
Cr. Ro.
p=0.0019
1.004 .
B 0.95
0
‘©
£
E 0.90 4
>
2
©
C 0.85
@©
=
o) +r_ — -
S Lab. Ling.
S
E 1.00 p=0.0002
0.95 :
0.90 4
0.85
" Lab. Ling.
1.004 p<0.0001
—_ 0.954
: -
‘©
£
> 0.90 4
E H
=
© 0.85
=
Lab. Ling
1.004
w2
p=0.1347
N 0.95
&
S
%) 0.904
&
S
(/) 0.854
o1
Lab. Ling.

Fig 4. Analysis of odontoblasts’ terminal branching regions and processes straightness in enamel-facing and cementum-facing dentin. Confocal images
of histological sections from DSPP<e/ean/DpMpP1<he™, wild-type, and Spry2™~;Spry4~~ animals stained with Phalloidin-Alexa488 with a special emphasis
on the terminal branching regions relating to the first formed dentin adjacent to enamel and cementum, respectively (A). Details on the process morphol-
ogy are shown in (B) and quantifications straightness of the processes in (C). Red asterisks show the altered morphology of OPs in dentin adjacent to
ectopic enamel on the lingual aspect of the maxillary incisor in Spry2*/~;Spry4~~. Scale bars = 20 pm. Cr = crown (analogue); en = enamel/enamel space;
Lab. = labial side; Ling. = lingual side; PDL = periodontal ligament; Ro = root (analogue).
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Fig 5. Characterization of the features of processes and dentin. Quantification of different aspects of odontoblast processes and dentin quality
in mandibular wild-type and maxillary wild-type and Spry2*/~;Spry4~~ animals. Process width (A) measured as a width of individual odonto-
blast processes at the distance of 40 pm from the predentin-pulp edge (n = 85). Process density (B) calculated as a number of OPs per
100 pm2 of dentin (n = 4 ROIs). Fraction of dentin height without the presence of the main process (C) (n = 33). Analysis of the distribution
of all processes in dentin ranging from predentin (1) to the outermost dentin (10) is shown in (D). Pearson’s correlation coefficients (R) were
calculated and tested. p < 0.05 expresses the fact that trends are correlated (n = 3 ROIs for each data point). Ect. enamel = ectopic enamel;

Lab. = labial side; Ling. = lingual side.
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Early polarization and differentiation of odontoblasts in
enamel and cementum-facing dentin

To further investigate an early odontoblast’s differentiation and
dentin morphogenesis, we analyzed the (pre)odontoblast-
epithelium interphase close to the labial and lingual cervical
loops in wild-type and Spry2™~;Spry4~~ animals (Fig. 6). We
show that the presence of differentiating preameloblasts stimu-
lates adjacent preodontoblasts to synchronous polarization and
more consistent generation of OPs, resulting in the generation of
highly tubular dentin (Fig. 6A, C, D). Conversely, the emerging
dentin adjacent to the lingual aspect of the wild-type incisor
shows almost atubular structure, likely resulting from more asyn-
chronous polarization of odontoblasts suggested by the uneven
distribution of odontoblast nuclei (Fig. 6B). These findings sug-
gest an early patterning effect of the adjacent dental epithelium
type on the future microstructure of the whole dentin matrix.
To investigate differences in the timing of odontoblast differ-
entiation between the labial and lingual side of the tooth, we
measured the distance of first DSPP- and/or DMP1-expressing

(cerulean and cherry fluorescent protein-expressing, respec-
tively) odontoblast from the apex of each cervical loop in
DSPPEerlean/ppip1<he™ animals (Fig. 7). In the mandibular incisor,
the distance to the first cerulean-positive, cherry-positive, and
both reporter-expressing odontoblast was significantly longer
on the lingual side when compared with the labial side (Fig. 7A,
B). In the maxillary incisor, the differences in the distances were
greatly reduced, but the distances on the lingual side were still
significantly longer for all three measured features (Fig. 7C, D).
These data suggest that the differentiation into functional odon-
toblasts is faster on the labial side of the incisor.

Molecular differences of odontoblasts on the labial and
lingual aspect of mouse incisor

To address molecular differences of odontoblasts on the labial
and lingual aspect, we performed in situ hybridization (ISH)
and immunohistochemical (IHC) expression analysis of selected
odontoblast-specific genes. First, we analyzed the expression of
two Wnt-signaling related genes, Dkk1 and Wisp1, using ISH.

Organization of dental epithelium in wildtype and Spry2*/- Spry4-/-

Labial aspect

Wildtype

Wildtype

Lingual aspect

Phalloidir

O
O

Spry2*’- Spry4-/-
Spry2*/- Spry4-/-

Fig 6. Early polarization of odontoblast and dentin patterning. Confocal images of histological sections from maxillary incisors of wild-type and Spry2™/~;
Spry4~/~ animals stained with Phalloidin-Alexa488 (green) and DAPI (blue). Each panel contains an overview image of the early differentiating area where
preodontoblasts polarize and differentiate. Highlighted subsets show details of differentiation. In the wild-type mouse, epithelium at the labial aspect
gives rise to (pre)ameloblasts (highlighted with white arrowheads A), whereas at the lingual aspect, preameloblasts are not formed and the epithelium
is being disintegrated (B). In contrast to this, the enamel-forming ameloblast epithelium is formed by both labial and lingual cervical loops of Spry2™~;
Spry4*/’ incisors. Ectopic, (pre)ameloblastic epithelium is marked with red arrowheads. Asterisks highlight the difference between the structure of
wild-type and Spry2+/_;5pry4_/_ lingual cervical loop highlighting different interacting partners of the respective (pre)odontoblasts. Note faster polariza-
tion of odontoblasts induced by adjacent epithelium with ameloblasts at the labial aspect of wild-type and both aspects ofSpry2+/’,'Spry4’/’ incisors (A, C,
D). Scale bars = 100 pm (cervical loop tile scans), 25 pm (details). Ab = ameloblasts; pAb = preameloblasts; De = dentin; En = enamel space; LaCL = labial
cervical loop; LiCL = lingual cervical loop; Ob = odontoblasts; pOb = preodontoblasts; P = pulp; PDL = periodontal ligament.
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Strong expression of Dkk1 was localized in preodontoblasts
exclusively on the labial side of the incisors (Fig. 84, B). On the lin-
gual side, only weak spots of positive signal were found. Wisp1
expression was also located predominantly on the labial side of
the incisors with the expression being consistent even in older
odontoblasts (Fig. 8C, D). On the lingual side, a weaker signal
was found only close to the cervical loop. Similar to this, we
observed a specific and strong nuclear signal of SALL1 (IHC) in
the odontoblasts on labial sides of the incisors (Fig. 8E, F). On
the lingual side, the nuclear signal of Salll was only slightly
above the level of the background and started further from the
cervical loop apex. Nuclear signal of NFIC was found in the pulp
cells surrounding both cervical loops (Fig. 8G, H). NFIC was also
expressed in odontoblasts and subodontoblastic cells on both
sides of the incisors. The signal found in odontoblasts did, how-
ever, diminish further from the cervical loops.

Analysis of element composition and dentin density

To further investigate whether the differences in the morphol-
ogy of the OPs are connected to the different composition of
key elements of the dentin matrix, we performed laser-induced
breakdown spectroscopy (LIBS) analysis on the established
model of mouse incisor. The spectroscopic analysis provided
semiquantitative information on the spatial distribution of cal-
cium and magnesium in mandibular and maxillary mouse inci-
sors on transversal sections. The methodology of elemental
mapping by LIBS has been previously described.®?*** The

analysis was performed on the ground, polished sections from
the distal part of the maxillary and mandibular incisors (Fig. 9A).

The relative contents of calcium and magnesium were plotted
as a function of the measurement position. It was observed that
calcium was most abundant in the enamel in contrast to magne-
sium, which was detected in higher amounts in dentin (Fig. 9A).
Focusing on the dentin, we detected a higher amount of calcium
in the dentin facing the enamel in both mandibular and maxillary
incisors. Magnesium showed uneven distribution within the
dentin matrix being slightly more present in the enamel-facing
dentin in the mandibular incisor.

Additionally, principal component analysis (PCA) of the LIBS
data was performed to further highlight more complex relation-
ships of the elemental composition of incisors. The utilization of
PCA in LIBS has already been thoroughly described previ-
ously.®> Principal component (PC) scores were plotted on a
map with respect to the original spectra position. The resulting
patterns were afterwards compared with the original teeth struc-
ture knowing the correlation between PC scores and the original
samples. The respective PC loadings were investigated to yield
information about the contribution of individual elements. Most
interesting information was observed in PC1 and PC3 presented
in Fig. 9B and Figs. S3 and S4. Analysis of loadings (Fig. S4)
showed the highest contribution of Ca followed by Mg to PC1.
In other words, the higher the PC score means the higher the
intensity of the spectral line and hence the content of the respec-
tive element. Conversely, in PC3, higher values resulted from the
high intensity of calcium and low intensity of magnesium. PCA
suggested a trend of enamel-facing dentin being different in
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elemental composition from the opposing, cementum-facing
dentin (Fig. 9B; Fig. S4). This phenomenon was more pronounced
in the case of the mandibular incisor.

Based on the above-mentioned results, the PC1 and PC3 scores
were cross plotted (Fig. S4) and data points clustered by using k-
means clustering (5 clusters). Each cluster was assigned a color
and the respective colors were subsequently presented in the

picture as a function of position (Fig. 9C). Cluster 1 corresponds
to enamel, clusters 2 and 3 correspond to both cementum-facing
dentin and alveolar bone. Cluster 5 corresponds to resin in which
the samples were embedded and soft tissues. Finally, cluster 4 spe-
cifically designates enamel-facing dentin.

Finally, to assess the dentin X-ray density in different regions
of dentin, we utilized the micro-CT analysis of wild-type maxillary

Molecular differences in odontoblasts on the labial and lingual aspect of mouse incisors
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Fig 8. Molecular differences of odontoblasts on the labial and lingual aspect of mouse incisor. Analysis of selected odontoblast-specific molecular
markers shows a different expression pattern on the labial and lingual aspect of both mandibular and maxillary incisors. In situ hybridization of Dkk1
(A, B) and Wisp1 (C, D) shows a specific expression only in odontoblasts on the labial aspect of the incisor. Similar to this, the immunohistochemical staining
of SALL1 shows the same expression pattern (E, F), while the immunohistochemical staining of previously shown NFIC (G, H) did not show a different
expression on labial and lingual aspects. Scale bars = 200 pm (overview images) and 50 pm (details). LaCL = labial cervical loop; LiCL = lingual cervical
loop; Ab = ameloblasts; pAb = preameloblasts; Ob = odontoblasts; pOb = preodontoblasts; PDL = periodontal ligament.
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and mandibular incisor (Fig. 9D). Although the differences
between the enamel-facing (EFD, labial) and cementum-facing
(CFD, lingual) dentins are faint, the analysis of mean gray value
of these two regions has shown significantly higher values in
EFD (p < 0.0001) in both mandibular and maxillary incisor.

Discussion

Microstructure, chemical composition, and development of den-
tin and odontoblasts have been extensively studied topics for
many decades. This tissue gives the tooth its shape and specific
mechanical and sensory properties. Here we expand the knowl-
edge about dentin microstructure and composition and provide
evidence for differences in the microstructure of dentin secreted
by odontoblasts facing dental epithelium during early hard-
tissue formation. Furthermore, we show differential expression
of several odontoblast-specific genes that may control the
observed differences in dentin and odontoblast structure.

Because dentin is not remodelled, the complete developmen-
tal history of dentin is sealed in the inner structure of this hard
matrix. The morphology of dentinal tubules then reflects the
development of odontoblasts and visualization of dentin micro-
structure provides us with a detailed history of the dentinogen-
esis itself."*3® Qur data show that the type of dental
epithelium influences the adjacent preodontoblasts in a differ-
ent manner, which results in different microstructure and ele-
mental composition of the adjacent dentin controlled by the
very beginning of its formation.

It was shown before that dentin in root and crown differs on
several levels including the composition of phosphoproteins,
levels of calcification, speed of crystal growth, and mechanical
properties.'®'937 However, only a limited number of research
studies focus on the morphology of the dentinal tubules and
their functional components—odontoblast processes.!'4363%
Using DSPPSeY'ean/DMP1Pe™ mouse strain, we were able to
map the three-dimensional morphology of odontoblast pro-
cesses in an unprecedented detail. First, we described a signifi-
cantly different OPs morphology within the crown and roots of
mouse molars. Furthermore, our results show that this phenom-
enon is reflected in the incisors, which are structurally and devel-
opmentally different. Importantly, we show that the inner
microstructure of dentin is changed when the type of adjacent
epithelium changes its function. Our findings suggest that the
predetermination of dental epithelium controls the structure of
OPs by controlling the differentiation of the adjacent odonto-
blasts. Our results are consistent when comparing different types
of teeth (both molars and incisors) and different inbred strains
(CD1 and BI/6 background). Functional analysis on animals with
ectopic enamel on the lingual aspect of maxillary incisors (using
Spry2™=;Spry4~~ animals) enabled us to make a conclusion of
enamel-facing and cementum-facing predetermination of den-
tin microstructure. Important to note is that the phenotype of
Spry2*/~;Spry4~’~ animals is highly variable with incomplete
penetrance. We observed the presence of ectopic enamel only
in a few maxillary incisors (which were used for the analysis),
but no mandibular incisors with ectopic enamel were observed.
Comparing the microstructure of maxillary and mandibular inci-
sors using DSPPC€an/ppp1he™ animals provided us with iden-
tical results regarding the microstructure of OPs. This, together
with the results obtained from the analysis of Spry2™~;Spry4~/~
maxillary incisor, serves as adequate proof of principle.

It had been shown that cementum is present on the lingual
aspect of rodent incisors.®® The development of cementoblasts
and cementum in continuously growing incisors is still not fully
understood.®**"”  Our results confirm the presence of
DMP1-expressing cementoblasts in the periodontal space
attached to the lingual side of dentin. Periodontal ligaments in
periodontal space were visualized by POSTN staining for greater
clarity (Fig. $1).%® The structure of the cementoblast layer and
periodontal space in the incisors displayed the same pattern as
in molar roots. This enabled us to establish universal terms
cementum-facing and enamel-facing dentin. DMP1-expressing
cementoblasts were preferentially found in the more apical
region on the incisor lingual aspect. In the more distal parts, just
a seldom presence of DMP1-expressing cementoblasts was
observed. This might show that the activity of cementum-form-
ing cells is limited mostly to the apical region and later their
activity decreases.

To quantify the observed differences between the OPs found
in enamel-facing and cementum-facing dentin, we at first chose
straightness. This parameter was chosen because of its indepen-
dence on the length of the process, which naturally varies
because of changing dentin height. The observed trend showed
that in the enamel-facing dentin, the OPs have straighter
(straightness value closer to 1) morphology when compared
with the cementum-facing dentin. Although the general trend
of cementum-facing and enamel-facing microstructure of OPs
was similar in all observed conditions and samples, minor differ-
ences can be observed in OP morphology comparing incisors
and molars.

The overall larger differences in the straightness of the two
different classes of OPs in the molar may be caused by the tem-
poral separation of the production of the crown and root dentin.
Conversely, the smaller differences in the incisors may be caused
by synchronous deposition of the dentin matrix, which has to
accommodate for the abrasion of the tip of the incisor. Further-
more, the small, though still statistically significant, differences
between the OPs in the mandibular incisor may be in part caused
by less pronounced curvature of the incisor when compared
with the maxillary incisor in which the OPs have a larger differ-
ence between the two sides.

Moreover, in mouse incisors, we analyzed the OP’s width,
number density, the dentin quality by measuring the fraction
of dentin height without the presence of the main process and
the analysis of the distribution of all processes in different
regions of dentin. All these data have consistently shown statis-
tically significant differences in all aspects between the labial
and lingual sides of wild-type mandibular and maxillary incisors.
Additionally, the analysis of dentin in Spry2*/~;Spry4~/~ maxil-
lary incisors has shown that dentin facing an ectopically present
enamel on the lingual aspect of the incisor is in most of the
observed aspects more similar to dentin on the labial side. This
further confirms the inductive role of different kinds of dental
epithelium on dentin microstructure. Interestingly, the number
density of processes in Spry2t/~;Spry4~’~ displayed the same
trend as observed in wild-type animals. This suggests that this
feature of dentin is determined by a different mechanism, which
is independent of the inductive role of the ameloblastic
epithelium.

Previous studies performed on rat incisors report that in man-
dibular incisors the enamel-facing odontoblasts display produc-
tion of predentin that exceeds that of the cementum-facing
odontoblasts."® Furthermore, it has been reported that the con-
version of cementum-facing predentin into dentin is faster than
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in the enamel-facing dentin. Thus, the speed of dentin growth
might cause a change of OP morphology as a secondary effect.

Based on these previous observations, we decided to investi-
gate the possible differences in the early odontoblast differenti-
ation and dentin production. To do so, we focused on the
cervical regions of the incisors. Our results show that the distinct
morphology of OPs on labial and lingual sides of wild-type inci-
sors is established during the early odontoblast differentiation.
Interestingly, on the lingual side, the odontoblasts polarize fur-
ther from the cervical loop and only a few of them leave their
processes in the newly formed dentin. This paired with the anal-
ysis of the relative fraction of dentin height without the presence
of the main process suggests a more asynchronous differentia-
tion of odontoblast without the presence of ameloblastic epithe-
lium. This is further supported by the fact that in both analyses
the Spry2/~;Spry4~"~ lingual dentin displays the same trends
as the labial dentin.

To further investigate the rate of differentiation of
odontoblasts, we analyzed the expression of the reporters in
DSPPEerlean/ppip1<he™ mice. Our results go in line with the afore-
mentioned trends. Odontoblasts on the lingual side start to
express Dspp and Dmp]1 further from the cervical loop, which
suggests slower odontoblast differentiation in the absence of
ameloblastic epithelium.

Although we observed a consistent phenotype in all analyzed
features and conditions, the precise molecular signalling respon-
sible for a different dentin production and microstructure is,
however, still unknown. One of the mechanisms that might have
a role in this process is RUNX2 and Wnt signalling, which has
been shown to have a differential role and effect on adjacent
dental mesenchyme in the crown and root dental epithelium.“*?
Our results support these findings and suggest that Wnt signal-
ling likely plays an important role in dentin patterning. Two
Wnt pathway-related genes (Dkk1 and Wisp1) showed robustly
different expression patterns in odontoblasts on the labial and
lingual aspects of mouse incisor. Moreover, SALL1, a newly
identified transcription factor present during odontoblast
development,?® showed the same pattern and was predomi-
nantly expressed in odontoblasts on the labial side. Recently,
SALL1 has been found to be an interacting partner of RUNX2
and was shown to increase the accessibility of cis-regulatory ele-
ments inside the Runx2 locus.“® Interestingly, the knockdown of
Sall1 in murine dental pulp cells in vitro have reduced their odon-
toblastic differentiation and also inhibited calcification.*® This
might coincide with the slower odontoblast differentiation and
reduced amount of calcium in the lingual dentin and also its
lesser X-ray density in vivo.

Even though it was previously shown that NFIC plays an
important role in dental mesenchyme during the growth of
molar roots,***® we did not observe a clear difference in the
expression of this protein on the labial and lingual side of mouse
incisor, suggesting it has a different role in incisor renewal than
in the extensively studied molar development.“+*® Further
investigation needs to be performed to answer precise molecu-
lar pathways controlling divergent dentin development.

To investigate the elemental composition of the calcified
matrix in each type of dentin, we performed LIBS analysis
focused on calcium and magnesium content. We uncovered
characteristic regionalization of these two elements distinguish-
ing a cementum-facing and enamel-facing dentin on the ele-
mental level. Previous studies, which used microindentation as
one of the methodologies, suggested that in the rat incisor, the
enamel-facing dentin is harder, which is caused by a higher

amount of calcium and lower amount of magnesium and vice
versa for the cementum-facing dentin.*” It has been further
connected to the fact that the enamel-facing dentin matrix dis-
plays larger calcospherites, which result from slower calcifica-
tion, which is likely regulated by the larger ratio of highly
phosphorylated phosphoproteins. Cementum-facing dentin
then displays smaller calcospherites, resulting from faster calcifi-
cation likely regulated by a larger ratio of slightly phosphorylated
phosphoproteins.“” Authors then attribute the higher amount
of magnesium in the cementum-facing dentin as a result of fas-
ter calcification, which produced apatite with lower purity (pol-
luted with magnesium)."®'93”) Contrary to the research
performed on the rat model, we have found that in the mouse
mandibular incisor, the intensity of magnesium signal is slightly
elevated in the enamel-facing region of the tooth, and thus
reflecting the distribution of calcium, which was, however, much
more distinct. In the case of the maxillary incisor, magnesium
was more evenly distributed, and its signal displayed lesser
intensity compared with the mandibular incisor. The calcium dis-
tribution in the maxillary incisor, however, precisely reflected the
calcium distribution in the mandibular incisor and therefore was
more concentrated in the enamel-facing dentin. Additionally, we
employed PCA analysis and k-means clustering of the PCA
scores. PCA can reveal differences in multidimensional data,
express the difference numerically (by scores of respective prin-
cipal components), and describe the importance of each part of
multidimensional data for a particular principal component (PC).
In our case, by employing the PCA, we were able to discriminate
specific parts of the transversal section of mouse teeth not only
based on the relative change of selected elements but also on
their complex relationship. The PCA plots and the k-means clus-
tering obtained from the PCA data, therefore, highlight the fact
that the labial and lingual dentins are distinct when it comes to
the composition of the two important elements. Our findings
concerning the X-ray density of labial and lingual dentins go in
line with previous work on the topic, as it was previously shown
that root dentin is less dense than the average value of dentin
density. 4849

Taken together, we summarize that the distinct inner struc-
ture of dentin is, from the very beginning of its development,
controlled by the type of the adjacent epithelium, and we
hypothesize that it is responsible for the different mechanical
properties of dentin. Our data also suggest that the different
dentin microstructure is controlled by Wnt signalling in odonto-
blasts. This new insight into the connection between dentin
development, function, structure, and composition will be
important for future research focused on dental patterning or
organogenesis based on epithelial-mesenchymal interactions.
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Introduction

Mouse and human teeth represent challenging organs for quick and efficient cell
isolation for single-cell transcriptomic or other applications. The dental pulp tissue,
rich in the extracellular matrix, requires a long and tedious dissociation process that
is typically beyond the reasonable time for single-cell transcriptomics. For avoiding
artificial changes in gene expression, the time elapsed from euthanizing an animal until
the analysis of single cells needs to be minimized. This work presents a fast protocol
enabling to obtain single-cell suspension from mouse and human teeth in an excellent
quality suitable for scRNA-seq (single-cell RNA-sequencing). This protocol is based on
accelerated tissue isolation steps, enzymatic digestion, and subsequent preparation
of final single-cell suspension. This enables fast and gentle processing of tissues and
allows using more animal or human samples for obtaining cell suspensions with high
viability and minimal transcriptional changes. It is anticipated that this protocol might
guide researchers interested in performing the scRNA-seq not only on the mouse or
human teeth but also on other extracellular matrix-rich tissues, including cartilage,

dense connective tissue, and dermis.

Single-cell RNA sequencing is a powerful tool for deciphering
in vivo cell population structure, hierarchy, interactions, and
homeostasis''2. However, its results strongly depend on
the first step of this advanced analysis - the preparation
of a single-cell suspension of perfect quality out of the
complex, well-organized tissue. This encompasses keeping
cells alive and preventing unwanted, artificial changes in gene

expression profiles of the cells®4. Such changes might lead

to the inaccurate characterization of population structure and

misinterpretation of the collected data.

Specific protocols for the isolation out of a wide range

7,8

of tissues have been developed5'6 They usually

employ mechanical dissociation in combination with further
incubation with various proteolytic enzymes. These typically

6,7,8,9

include trypsin, collagenases, dispases, papain or

commercially available enzyme mixtures such as Accutase,
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Tryple, etc.5. The most critical part affecting the transcriptome
quality is enzymatic digestion. It was shown that prolonged
incubation with enzymes at 37 °C influences the gene
expression and causes the upregulation of many stress-
related genesm’11 112,13 The other critical parameter of the
isolation process is its overall length, as it has been shown
that cell transcriptomes change after the tissue ischemia?.
This protocol presents an efficient protocol for gentle isolation
of single cells from mouse and human teeth, faster than other,
previously utilized protocols for isolation of cells from complex

tissues®:6.9.11,13,15,16

This protocol presents how to quickly dissect soft tissue from
the hard tooth and prepare a single-cell suspension suitable
for scRNA-seq. This method employs only one centrifugation
step and minimizes the effect of unwanted transcriptional
changes by reducing the tissue handling and digestion time
and keeping the tissue and cells at 4 °C most of the time.
The procedure showcases the isolation of cells from mouse
incisors, molar, and human wisdom teeth as an example, but
principally should work for other teeth in various organisms.
The complete protocol is schematically visualized in Figure
1. This protocol has been recently used to generate a dental

cell type atlas obtained from mouse and human teeth’.

Protocol

All animal experiments were performed according to
the International and local regulations and approved
by the Ministry of Education, youth and sports,

Czech Republic (MSMT-8360/2019-2; MSMT-9231/2020-2;
MSMT-272/2020-3). This protocol was tested with both
male and female wildtype C57BL/6 and CD-1 mice and
with genetically modified Sox1 0::iCreER "2 mice!” (combined
with various reporter systems) on a C57BL/6 background.

Experiments with human samples were performed with the

approval of the Committees for Ethics of the Medical Faculty,
Masaryk University Brno & St. Anne’s Faculty Hospital in

Brno, Czech republic.

1. Experimental set-up and preparation of
solutions

1. Instrument set-up
1. Cool down the centrifuge to 4 °C.
2. Heat the incubation chamber to 37 °C.

3. Start the Fluorescence-activated cell sorting (FACS)
machine and set all the temperatures of the sorter
(including collection tube holder) to 4 °C. Perform the

instrument quality control, set the drop delay.

4. Set the preliminary gating strategy and perform the
test sorting.

NOTE: When using FACS, use the 100 ym nozzle.
2. Prepare the solutions (steps 1.2.1-1.2.3).

1. Wash solution: Prepare fresh 2% FBS (Fetal Bovine
Serum) in HBSS (Hanks' Balanced Salt Solution).

2. Digestion mixture: Prepare fresh collagenase P (3

U/mL) fully dissolved in HBSS.

3. Optional: Prepare fresh HBSS + BSA (0.04%) and
chill analytical grade methanol in a -20 °C freezer for
storing single-cell suspension at -80 °C.

NOTE: Step 1 needs to be performed before the start
of the experiment. The composition of the utilized

solutions is summarized in Supplementary Table 1.

2. Preparation of experimental animal/s and
human tooth

1. Prepare the experimental animals (mouse).

Copyright © 2021 JoVE Journal of Visualized Experiments
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1. Euthanize the mouse according to the local

regulations; e.g. by anaesthetics overdose as

described previously1 .
CAUTION: Regulations for humane euthanizing of
experimental animals varies locally. Always follow

valid local regulations.

2. Immediately proceed to the tissue dissection step
(step 3).
NOTE: If the tissue from the experimental animals
cannot be dissected immediately (e.g., because
of transfer from animal housing facility), place the
experimental animals on ice and perform tissue
dissection as soon as possible. To obtain more cells
from mouse molar pulps, use younger (6 weeks and
less) animals. With increasing age, the size of dental
pulp decreases. Mouse incisors mostly keep their
structure with increasing age so animals of various

ages can be used for tissue dissection.

Prepare the human tooth

NOTE: Human teeth were extracted for a clinically
relevant reason. Every diagnosis was treated
individually, and an experienced dental surgeon always

performed the tooth extraction.

1. Put the freshly extracted tooth immediately into a 50
mL tube with ice-cold HBSS and keep the tube on
ice until further processing.

NOTE: Using retained wisdom teeth from patients
until age 25-30 is recommended for the highest cell

yield.

3. Tissue dissection

Hold the experimental animal behind its head, looking on

the ventral aspect of its head so that the tail points away.

Using small, sharp scissors, quickly remove the skin
from the mandible to expose the mandibular arch, the
soft tissue between each half of the mandibles, and the

adjacent facial muscles.

1. Make a deep cut from each side of the mandible;
firstly, through m. masseter along the buccal side
of the mandible up to the temporomandibular joint,
and then along the inner part of each half of the
mandible through the base of the oral cavity (see

Supplementary Figure 1).

Cut all the muscles and ligaments along the mandible
up to the temporomandibular joint from both outside and
inside of the oral cavity.

NOTE: Avoid cutting bones. This might damage the most

apical part of the incisor.

Grasp the mandible using bent tip tweezers and remove
it. Then, split the dissected mandible into two halves with
scissors by cutting through mandibular symphysis (see

Supplementary Figure 1).

Use an industrial low lint wipe to chafe the remaining soft
tissue from each half of the mandible. After both parts of
the mandible are cleaned, place them into a pre-prepared
Petri dish with ice-cold HBSS.

NOTE: From this point forward, work on ice. Further
dissection of mouse incisors and molars is performed

under a stereomicroscope with a black background.
Mouse mandibular incisors

1. For the dissection of mandibular incisors, remove
the alveolar ridge with all three molars and
transversally crack the mandibular arch in the place
corresponding to the position between the first and

second molar.
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NOTE: A sharp scalpel blade no. 11 and tweezers
are used to perform this step (see Table of

Materials).

2. Carefully pull the incisor out of the rest of the dental
socket.
NOTE: If successful, the extracted incisor will

contain intact apical parts, including epithelial tissue

with complete cervical loops.

3. If needed, remove the remaining fragments of bone
still attached to the incisor with tweezers and a

scalpel.

4. Place the dissected incisors into fresh, ice-cold
HBSS and dissect the tissue of interest: cervical

loop, dental pulp, or other parts of the tooth.

5. Place the dissected soft tissue into a droplet of fresh,
ice-cold HBSS in the middle of a 10 cm Petri dish.

Keep on ice.
Mouse mandibular molars

1. For dissecting mandibular molars, completely
remove the alveolar ridge from the rest of the

mandible using a scalpel blade.

2. Move the dissected alveolar crest into fresh, ice-cold
HBSS in a Petri dish and carefully remove all the
remaining fragments of alveolar bones attached to

the roots.

3. Place the dissected molars without alveolar bone
into fresh, ice-cold HBSS. To expose the pulp, start
to remove parts of the dentin from the apical side
using fine, sharp tip tweezers until you reach the pulp

cavity.

4. Once the pulp cavity is reached, carefully dissect

dental pulp using a pair of sharp tip tweezers and

8.

place the soft tissue of the dental pulp into a droplet
of fresh, ice-cold HBSS in the middle of a 10 cm Petri
dish kept on ice.

NOTE: Since mouse molar pulps are extremely
small, adapt magnification on the stereomicroscope

accordingly.
Human tooth

1. Wash human tooth once again in ice-cold HBSS to

remove the remaining blood.

2. Place the tooth into three thick-walled sterile plastic
bags and use a cast iron benchtop engineer's vise
to crack the tooth. Use vise jaws with a flat surface

to avoid penetrating the bags.

3. Slowly tighten the vise until you hear the tooth
cracking; remove it from the bags and place it into

fresh, ice-cold HBSS in a Petri dish.

4. Using two tweezers, take out the dental pulp, clean
it from all the remnants of hard tissue and place it
into one droplet of ice-cold HBSS in the middle of a
10 cm Petri dish kept on ice.
CAUTION: Human tissue might potentially be
infectious. When working with human tissue, use
protective equipment to avoid direct contact with the

tissue.

4. Preparation of single-cell suspension

Prepare a 15 mL tube with 2.5 mL of digestion mixture
composed of Collagenase P (3 U/mL) fully dissolved in
HBSS. Keep the solution on ice until use.

NOTE: Always use freshly prepared Collagenase P; do
not freeze the aliquots. Collagenase P activity varies from
batch-to-batch. Check the activity of your batch before

diluting. Collagenase P is activated by calcium, whose
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amount is already sufficient in the lyophilized powder.
Therefore, it is unnecessary to enrich the enzyme
mix with calcium. Collagenase P is not inactivated
by FBS but can be inactivated by chelating agents
(e.g., Ethylenediaminetetraacetic - EDTA). Stopping
the dissociation process is ensured by diluting the
Collagenase P in Wash solution (2% FBS in HBSS). It

has been shown that adding FBS increases cell viability

and the final number of cells after sorting8.

Using a round-shaped scalpel blade no. 10, cut the
tissue in all directions into the smallest possible pieces.
Reaggregate the tissue pieces in the middle of the droplet
and repeatedly cut the tissue aggregates using a round-
shaped (No. 10) scalpel blade. Repeat this process

several times until the material is sufficiently minced.

Transfer the shredded tissue pieces using a 1 mL pipette
tip into the prepared digestion mixture.

NOTE: In the case of a larger number of animals being
processed at once, split the tissue into several tubes
with Collagenase P. The maximum amount per tube are
pulps obtained from approximately 10 mouse incisors. In
the case of molars, where pulps are much smaller, the
number of processed pulps can be increased adequately.
When using human teeth, use a maximum of 2-3 pulps

per tube, depending on the pulp size.

Place the tube into a 37 °C preheated incubator with a
shaker. Tilt the tube inside the shaker to an angle of 60°
and set the speed to 150-200 rpm to ensure constant

suspension movements inside the tube.

Vigorously triturate the suspension every 3-4 min with a
1 mL pipette tip to disintegrate all the clumps.
NOTE: With time, the clumps will become smaller and

softer until they almost disappear.

6.

8.

10.

11.

In total, incubate for 15-20 min. At the end of the
incubation, triturate for the last time, and then slowly add

ice cold Wash solution to a final volume of 12 mL.

Remove the remaining clumps or pieces of calcified
tissue by filtering the suspension using a 50 ym cell

strainer.

Take 10-20 pL of the filtered cell suspension and count
the cells during centrifugation using a cell counting
chamber (Hemocytometer). Centrifuge for 5 min at 300
x g at 4 °C. Remove the supernatant using a 10 mL
serological pipette.

NOTE: If the number of cells is limited that cannot be
counted in diluted suspension, skip the cell counting and

use all the cells for further processing.

Optional: Proceed for fixation and storage21 .

—_

Re-suspend the pellets (up to 107 cells) in 100 uL of
HBSS + BSA (0.04%).

2. Add 400 pL of chilled methanol and mix slowly.
3. Incubate the cell suspension for 15 min on ice.

4. Store at -80 °C until processed (no longer than 1

month).

Resuspend the pellet in the Wash solution. Aim for

700-1200 cells/uL of the Wash solution.

Keep the tube on ice until further processing.

NOTE: If necessary, perform the fixation and storage
at -80 °C. However, immediate processing of the cell
suspension for scRNA-seq is recommended. Further
steps will depend based on the single-cell RNA
seq protocol. When the scRNA-seq protocol uses a
microfluidic system (some sc-RNA-seq companies do),

load the cells based on the manufacturer's guidelines

either directly or after cell sorting.
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12. For FACS, proceed to step 5.
5. Fluorescence-activated cell sorting (FACS)

1. Before sorting, prepare the cell sorting instrument.

1. Cool down the whole system to 4 °C, perform the
instrument quality control, set the drop delay and the
voltage of the deflection plates. Put collection tubes
in the collection tube holder.

NOTE: To avoid additional centrifugation steps
resulting in an inevitable cell loss, sort cells into a
microtube (1.5 mL) with a small amount (25-50 uL)

of the Wash solution.
2. Optional: perform viability staining before FACS.

1. Add Propidium iodide into cell suspension before
FACS to a final concentration 0.5 pg/mL and

incubate for 15 min at 4 °C.

3. Load the sample into the cell sorter. Set a strict gating
strategy to remove cell debris, doublets, and dead cells.
Sort the cells into a prepared tube or multi-well plates. An
example of a gating strategy is shown in Figure 2.
NOTE: To minimize manipulation steps and accelerate
the protocol, applying a strict gating strategy is

recommended (suggested in Figure 2) rather than using

a viability staining. To separate the immune cells from

the isolated population, CD45 antibody staining can be

performed. To perform this, resuspend cell suspension
in 100 pL of staining solution (PBS + 2% FBS + anti-

CD45-APC conjugated antibody 1/100 dilution). Incubate

for 15 min on ice protected from light and perform FACS

directly.

Representative Results

Exemplary isolation of single cells was performed from
two mandibular incisors from one 6-week-old C57BL/6
mouse male. Following this protocol, a single-cell suspension
was prepared, and subsequently, single-cell sequencing
was performed. The prepared single-cell suspension was
analyzed and sorted using FACS (Figure 2). Firstly, the FSC-
A (forward scatter, area) and SSC-A (side scatter, area)
plotting was applied, and an appropriate gating strategy was
used to select a population with expected size and granularity
to filter our cell debris and cell doublets or aggregates (Figure
2A). This selected population (P1), counting 38% of all
events, was further used, and FSC-A and FSC-H (forward
scatter, height) parameters were applied to remove the
remaining cell doublets (Figure 2B). The population without
cell doublets (P2) counting 95% of P1 can be subsequently
used for scRNA-seq. Alternatively, additional gating can be
used to select the population of interest (e.g., expression
of fluorescent proteins or live/dead staining). To check the
number of live/dead cells in the final suspension, the PI
(propidium iodide) staining was performed (Figure 2C). The
P3 population containing PI™ (living) cells was 98.4% out of
the parent P2 population and 35.5% out of the total events.

The total number of filtered out, dead (PI*) cells was 1887.

The final number of cells obtained without viability staining
suitable for RNA-seq (P2) counted 118,199 cells from two
mouse incisor pulps. This means the number of almost 60,000

living cells from one mandibular incisor.

To clarify the number of immune cells in the final single-
cell suspension, two approaches were used. Firstly, the
CD45 antibody staining and subsequent FACS analysis were

used. As a complementary method, the total number of
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immune cells (CD45+) in scRNA-seq data was analysed.
FACS analysis showed 14.44% of CD45+ cells (13.20% alive
and 1.24% dead) (Figure 3A). Analysis of scRNA-seq data
showed 10.90% of CD45-expressing cells (Figure 3B). The
decrease of CD45+ cells in scRNA-seq data can be caused

by additional thresholding during scRNA-seq analysis.

These representative data on the example of mouse incisor

show that the given protocol in combination with strict gating

strategy is efficient in obtaining a high number of cells out of
a single mouse tooth without the necessity of additional use
of viability staining. The ratio of immune (CD45+) cells was
minor (13.2%). Moreover, it was previously shown that the
immune cells are essential in maintaining tooth homeostasis,
so removing them from scRNA-seq analysis during the FACS

would be counterproductive in some applications.

10-15 min
4°C
Teeth Extraction and
dissection fragmentation of pulp
Ne. 11
?. \ . g {1
= 9 1w \\'l; " }
i N

Human

15-20 min 10 min 10-30 min
37 °C 4°C 4°C
Enzymatic Preparation of single (FACS)

digestion

150 - 200 rpm 40 pm

filtering

—_—

cell suspension

&

i

5 min

il

Figure 1: Schematic representation of the protocol. Different steps, including temperature conditions and expected time,

are represented to prepare single-cell suspension from mouse and human teeth. Please click here to view a larger version of

this figure.
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Figure 2: Example of the gating strategy. FSC-A and SSC-A gating was used to produce the P1 gate, reflecting the cell
population with expected size and granularity and filtering out the cell and extracellular matrix debris and most large events
(A). Subsequently, the P1 population was plotted in FSC-H and FCS-A plot, which filtered out cell doublets (B). This P2
population was then analyzed for the presence of dead cells by propidium iodide (C). The number of events/cells per gate
are represented in (D). (FSC-A - forward scatter, area; SSC-A - side scatter, area; FSC-H - forward scatter, height; PI -

propidium iodide). Please click here to view a larger version of this figure.
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Figure 3: Quantification of the immune cells. Quantification of the immune cells was performed by FACS analysis of

cells stained with anti-CD45 antibody and Live/Dead analysis using propidium iodide staining (A). Further quantification of

immune cells was performed during scRNA-seq analysis (B). (CD45-APC - anti-CD45 allophycocyanin conjugated antibody;

P1 - propidium iodide; t-SNE - t-distributed stochastic neighbor embedding). Please click here to view a larger version of this

figure.

Supplementary Figure 1: Overview of the mandible
dissection process. Dashed lines illustrate suggested cuts.
TMJ - temporomandibular joint, m. masseter - musculus

masseter. Please click here to download this File.

Supplementary Table 1: The compositions of the
solutions used in the study. Please click here to download

this Table.

Discussion

Studying teeth and bones on the cellular or molecular level
is generally challenging since cells forming these tissues
are surrounded by different kinds of hard matrices'?. One
of the main goals for performing single-cell RNA-seq on
dental tissue is the need to obtain cells of interest fast
and without any artificial changes in their transcriptomes.

To accomplish this, a highly efficient protocol suitable for

isolating cells from mouse and human tooth pulps was
developed, which allows for quick generation of single-cell
suspensions for all transcriptomic applications. This was
ensured by fast tissue isolation, minimizing the steps of tissue
and cell manipulations, and streamlining the mechanical and

enzymatic digestion.

The most critical steps of this protocol are fast
tissue processing and adequate single-cell suspension
preparations'g. A manual approach is used to obtain dental
pulps without utilizing a dental drill or other heat-generating
devices. Overheating may cause an artificial expression of
heat shock proteins and other genes, ultimately leading to the
analyzed gene expression patterns being unrepresentative
of the original tissue2?. Manual tissue harvesting may
be a challenging step that will likely need some training

beforehand. The pulp is then cut into small pieces and
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enzymatically digested at 37 °C. Except for the 15-20 min of
enzymatic digestion, the whole protocol is performed at 4 °C.
The tissue processing and especially the enzymatic digestion
were minimized to the shortest possible time since more
prolonged incubation at 37 °C can cause changes in gene
expression patternsm. Mechanical removing of the dentin is
recommended before enzymatic digestion. Dentin and the
pulp-attached predentin contain a large amount of collagen,
and its excessive presence might decrease the effectiveness
of the digesting solution. After being removed from the body
(or death of organisms), it was shown that cells start to
modify their gene expression patterns quickly12. Therefore,
cell isolation and processing should be carried out as fast as
possible. The current protocol reduces the processing time
to 35-45 min from isolating the tissue (euthanizing animal) to

preparing single-cell suspension.

One alternative modification of this technique is cell
preservation for later use. This is achieved by methanol
fixation. Methanol-fixed cell suspension can be stored for up
to 1 month at-80 °C, as described in the protocol21 . However,
whenever possible, perform scRNA-seq directly, since it was
shown that the single-cell data from methanol-fixed single-
cell suspensions might suffer from increased expression of
stress-related genes and contamination with ambient RNAZZ,

This step might need additional modification according to the

manufacturer's protocols.

Before the first application of this protocol, performing several
validation steps are recommended to test the technique.
From our experience, we suggest testing the aforementioned
critical steps of the protocol. Additionally, we suggest testing
the effectiveness of the collagenase P solution and testing the
handling of the tissue dissociation step. Specifically, around

the first 5 min after the initiation of collagenase P incubation,

the pieces of tissue should aggregate together. This is a
common situation. Aggregates are disintegrated every 3-4
min using a 1 mL pipette, and with increasing time, they

should become smaller until barely visible.

Furthermore, it is recommended to perform cell counting in a
cell counting chamber before centrifugation and before and
after filtering to detect possible cell losses due to suboptimal
supernatant removal. If the final single-cell suspension needs
to be purified, FACS can be used. Cell sorting enables not
only to remove debris or dead cells but importantly enables to
enrich final suspension with fluorescently labeled cells!3:19,
To avoid shear stress or clogging of the cell sorter, a wide

nozzle (85 pm or 100 ym) is used. This will further improve

the viability of the sorted cells.

This technique was designed and tested on both mouse and
human teeth. The major limiting factor is the small number of
cells in the reduced dental pulps of the teeth of older mice
(molars) and humans. Suppose a larger number of cells need
to be obtained or cells from the teeth of older patients are to be
acquired. One possible solution is to process a higher number
of teeth and merge them into a single batch, subsequently

processed as one sample.

Living cells of human dental pulp were firstly isolated
more than twenty years ago using an enzyme mixture of
collagenase | and dispase23. Since then, isolations of dental
pulp cells became widely utilized, and several techniques
have been used®8:7:8 The critical significance of the
method presented here is the adaption of all isolation steps to
make the isolation fast and gentle to ensure the high quality of
the final cell suspension for scRNA-seq. Higher cell yield can
be obtained by more prolonged incubation with enzymes. This
protocol provides an efficient solution for quickly obtaining

single cells from mouse and human teeth of suitable quality
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for single-cell RNA-sequencing. This technique is expected to
be widely used for other tissues or organisms with just slight

technical modifications.
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