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Abstract

Orodental disabilities comprise more than 100 anomalies which affect mastication, speech,
esthetics, and quality of life. Diagnosis of disabilities is complicated and could take up to 6
years. In recent years, the advancement in whole genome sequencing has been progressed
tremendously. Analysis of genetic data and environmental factors using big data, bioinformatics,
and artificial intelligence can enhance genetic diagnosis, leading to precise diagnosis and
treatment of disabilities. The aims of this project were therefore to 1. improve capabilities,
performance, and quality of life of the disabled and elderly affected with orodental anomalies,
2. collaborate with medical specialties and health care facilities to deliver precise diagnosis,
prognosis, prevention, and better management to the orodental health disabled, 3. produce
international research publications for worldwide knowledge distribution 4. discover novel
knowledge about causes and pathogenesis of orodental disabilities 5. train dental professionals
specialized in geriatric and patients with special needs and those who are expertise in genetics

The project outputs in the first year period comprised 1. publishing ten international
research articles reporting novel knowledge of causes and pathologies of orodental disabilities
benefiting academics, health care, and research, 2. delivering precise diagnosis and genetic
counselling to the disabled patients and their families and minimizing the recurrent risk of
disabilities in the families. Patients recruited in this project were those with tooth agenesis, weak
tooth dentine, brittle teeth and bone, flaccid muscle, neurological problems, and abnormal
metabolism, 3. traineing specialized dentists in geriatrics and patients with special needs at
Chulalongkorn University and drafted the genetic counsellor program in collaboration with the
Health Professional Associate, 4. organizing the international conference and being invited as
speakers/presenters for knowledge dissemination, 5. developing network and guideline for
patient referral (direct and indirect via Thailand Rare Disease Network), 6. formulating the oral
care manual for the disabled, care takers, families, and health care professionals.

In conclusion, this project delivers outputs that fulfill the study objectives including
international publication (above expected), medical collaboration, knowledge distribution,
personnel development, and heath care improvement for the disabled and elderly. The

organizations benefiting from this project are health, academic, and research sectors.

Keywords: Geriatrics, Health, Disabilities, Orodental, Thais
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waed Ratuldteneiudeuazdiuean vinssinsuukarenssinsans fuervasdulumumns
11n33lns linsshunduuitulnd vieliduasils Tnvamnsaduunldmudnuvaznsduguine,
vosfluvdasuviaiias lufluiuuilufifudndsusednuusnd uidnvugvesiluiuluiiuudd
wanvatguuy guRnisalvesmisiinfluiuegseninefesay 0.1 v 3.6 vasdwIuy sz Ing A51891u
wulumameunninwemdgsludng 2:1 Tnediuiiudnas tulusumiilugaguuy sgrdlsfiay s
Lﬁmﬁwmaﬁmuﬁuawﬁummwaamaﬁmmﬂmﬂﬂam"mq W Urnuiasnaiulng (cleft lip and
palate), cleidocranial dysplasia e familial adenomatous polyposis

FeulsaaugnIsuNdRalyidwniuiudy lawn

1sA #OMIM BuiliAeatas *OMIM
Cleidocranial dysplasia RUNX2 *600211
Ehlers-Danlos Type IV #225400 PLOD *153454
Ellis-Van Creveld #225500 EVC *604831

Fabry disease #301500 GLA *300644
Familial adenomatous polyposis (Fardner) #175100 APC *611731
Incontinentia pigmenti #308300 NEMO *300248

Nance-Horan syndrome (NHS, OMIM #02350) #9115 NuRaUN® g ulusuruslndduiiy
A dnwarUntiaungd waruansalfUlsdnmuinisdsiume inainnisnagiuguesdu NHS gene
(NHS, OMIM *300457) lngiin1satgnenniuniaasiuley X (25)

Cleidocranial dysplasia (CCD, OMIM #119600) fi91115 uaszin3u fadu nszqnlnvan$aund

nszanily JUTAURAUNR wagiluiu finnAsnaeiuguesduy runt-related transcription factor 2
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(RUNX2, OMIM *600211) #S08ndeunileno Core-binding factor, runt domain, alpha subunit 1

(CBFA1) Tanilmsmevenuuudusiuriusslalus (26) (U 4)
T T m

Al

SUN 4 amianeed wansiiuiuduuinnlunnssinsvesidielsandnszgnunnses

Familial adenomatous polyposis 1 (FAP1, OMIM #175100) 81015 A9 ﬁauﬁaﬁa"ﬂﬁimlﬁﬂ
annsaianluidunzsddildlifunsinm fnszgneeniivansslng waznuiludu Aeatesiunis
naneiuguesdu APC (OMIM *611731) Tagiinisaneneauuudusuuieslnle

aguiuldinngdnuiluiaUnfansafaldandadomsiugnssufivanuans dnsdevesm
nssuuglivatsuuy nsnaneiuiuuiendufienalidnvurmnanseeniimaiululitng egrdlsin

= ¥ v A

Agilume wasiuiuinngitesiuiuniinisianseontugiwuyenisasieluy nilwilodeuiuasi

[ A

wulas Tnetanizdu niedyaiadiidnishoausiaiu winuduimdiilunisweaun o T duqly
$19118 daununnzduuiuAuvIefluviadidudiuviwenguenis wazdianuiaunidunis
sumesamde faiu aradlamatugaans vilfaunsofnunBusazsumisesmananeiuslusui
finasonsiamnmsvesily Weriuanudmadlalunszuiunisareiiu nvaivsvessiuuiy
AnunfAiansiugnssy suluiddifionnaseulsangueinisifiluiuvieiuny ile Jesfuniizdeou

BunassuulaonnIaniia

2.8 ndpuiuNEaUNANUNUENTSY waslsAneszuy
& & & A a < a ' PP P A a A ¢ ~
waouiiu Wuilloelinuidausaiianuessnniy Jdvniiwnuia dussiglazarsedunidas lnedl
~ & ' ) | A a a P ~ &
uARLEULazNOANALTULITINNAN LazwIsInougUsUu 0 ooy wuntdey Jwadden A15UBLUe
wazmaalsn dlUsiuluvsinain viwihivieruuasundealieflulasdiuneg d1sly
AMURAUNRIUNSAS1ARBUNY A NzRin1siUdsunlasaawrdasuilu fn1sas1aedauiuly
auysal (enamel deficiencies) tinlavsn1iziadoufiuazauuwisigiesniiung (hypomineralization)
nsasandeuiulsutadesiuly (hypoplasia) lWaufianislufivdeuilu (aplasia) (2) Fellameu1ain

Jadenamesnudaindeunseladunitsuen wastadumunelunsatademuiugnssy
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o - , ¢ & L. & a aad a v )
amegnsasuaiouituliiauysel vie amelogenesis imperfecta (Al) WuAnuiaUnAMAgIaiy
129N151930V9ARRUNY NdsnalilAnAuunnisvoInsasistuadouiiu AnanAuRanaInlunIs
nonsialsAureaafiouily MITdelsn AIIATOUARUNITNTIINIPRTN A neae$ed UsedianissShw
rudululdvesdadeaudininden Usziinsounss uasn1snsianin1snaleiug vesa1siugnssy
A o v aa o - v
Wedwunuazlinisitadelsafignsies

Type | %38 _hypoplastic Al

WHnnAnuRaUnfvesn sasedouilulusesey secretory fftuaziidadauiunuisuinninund 919

= 1 A A v [ a 1% 1 = ] P a 1 Y o a @ (=]
UNQUIBN nyodlanwugidundule LLGWSNﬂ’]iﬁ%ﬁlILLiﬁ’W(ﬁ]‘WL‘U‘U‘UﬂW danalvmduliauiaan lud

£
= % A

proximal contact @vesiluaadlansundvayulusudsdmassvutinig Yudumiununvesafs uilui
HaUNA

Type Il %38 hypomatured Al

a a

WnINAURAUNRYRINISAa18TUIAUANNIATIES1 AR UHY Al Usennid ndanununyeatuLnd ouilu

D.

a |

AR wiAauvuILiuanad lassaiause Jeihbiiudledugioninssazusndvunund wiazianis
= J = P a v & - d o’ Y
dnuazunnvastundouilulaiglaganizusnamuunmel Wesnnndauflulaindess ndaanndluy
1 v & a = a ° | = v o = g & o
unsldey aeiuifiudvivse waelin onlugomadeifiulsvdaniinmsnevesiuileniu dnny
Hunthaudasueie dvesiiudinuandaiuliidunaunanasvainduwandeunieglugesuin ddungu
TUauisdmaeseniinaniauaseuina

Type Il %38 _hypocalcified Al

3 a da a a ] = o 8 v & a PN o
Jurliandanuiinunfvenseuiunsazauissin Wneaniziaaidey yiliedeuiluiy vasilaswaiia
Wanlanuund dnsuaninvesadouiiulasinsa Fveandeuiliudnazddduniivindug ludiuves
‘&J A £ 4 g.Jl t‘édy [ a A
\Wetlueazimgesnuunviselesiuntusgiunmsanidsiniauily

Type IV %138 mixed hypomaturation and hypoplastic incombination with taurodontism

sl duviafidnuinUndinuuy hypomaturation wa hypoplastic naufiu $aufuilunsuiia
&y taurodontism fe Huazdlnssiturualug wasdtulnsdusitufudessnituegmlumsuans
ity Buedeuiludugngy

MR Al dnnsuduutunedheeiies sgnslsimuudiisruuiszannsasuunyssinnveslsa
AuRaUnElunsasadeuiiusonndularsutedaiay wilumsuuRuainisihszuuves Witkop
uldadidesdn Weosmnemnumainnaisvesdnvarnsuanseenvedlsaninufinund lunisasaedou

[

Hungluaseuasy (intrafamilial variability) N353 unIueg iuanyuzvetadouiluiusIngiazaIy
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AnunAveIN sHRLIAFaUTlY widiuaauduiussenIwssinnuesnuinnivesnisasiaadou
fuuarauiaUnAveseniugmans (molecular defect)

fannsfnufinainvaneifgaiu Al 019 ludndniBsurndasieadiuaundt 70,000 AU WU
Al uuudnsugdeguuselaleudulsaanuiaundlunisaiaedeuiiubuuiinuuiniian wazain
N13ANYINIITEUINING1VBIATRUATIYIIAAUTINIU 51 918 nuAwEaUnAtun1sas1aafauiiuly
fuasFenar 6 fisuuuulunsieneafunuuiudesuulasluley X vaziisesar 63 Wunsaionen
LuUdnwnziduuueelalay warferay 12 Luudnuazdesuusslalyy Mndedniesas 19 wuluusy
yesasaUATITiTsy Tvesnstenenilidaau (27)

TuthwaneUisiuandnmsnwimuin Al Sanueatesiunisnateiusludusine Tnslanzund
msuansoenluszeznisaiedeuiiu wi Suiiferdestuanuiiaunfvesnisairaadeuiiuiisingg
aunenanwuriauuueslalen laun 8u tuftelin (TUFT1, OMIM *600087, 1g21) 8u ameloblastin
(AMBN, OMIM *601259, 4g21) amelotin (AMTN, OMIM *610912, 4g13.3) L& & 8 u family with
sequence similarity 83 member H (FAM83H, OMIM *611927) (27) Wudu (g‘Uﬁ 5) (28)

o o

::4' o V aa ! v = v A A a a 'z Y a
sUNn 5 aﬂwmg‘mq\‘lﬂﬂ‘UﬂLLagﬂ']WﬂqﬂiﬂaﬂJ@QEﬂﬂﬁﬂw Lﬂaa‘Uﬁum@Uﬂm ﬁﬁJWUﬁﬂ‘UﬂqiﬂaqﬂwuqsﬂaﬂﬁJu

Y

FAM83H
yenanil Fmunsnaneiuguesduiisadeatu protease Feimihiiddnlunisiamnadevily
Touwn Bu kallikrein-related peptidase 4 (KLK4, OMIM *603767, 19q13.4) uazdu enamelysin %39
matrix metalloproteinase 20 (MMP20, OMIM *604629, 11q22.3-q23) Faazenenandnuazdesunes
Talgy vilmanauRaun@lun1sas1seaauiugtin hypomatured Al
fnsneaunuRaUn@resnTasedouiugiln hypoplastic-hypomaturation saufulwssluu

[

10 (taurodontism) wagaevemsiueslaluamie MIenin AIHHT (OMIM #104510) WunIsnATES
Lﬁﬂ“ﬁ’ﬂu homeodomain wesgu distal-less homeobox 3 (DLX3, OMIM *600525, 17g21) Wsia1n
msfnuieunthillduandiifuinmanatewugues  homeodomain wendu DLX3 tufedasiy
tricho-dento-osseous syndrome (TDO, OMIM #190320) @sdlvidiuinduineliislsa TDO uaw

AIHHT 104 allelic Aolsmandlsanidunalsadufsiiulaziinisaienendnuuziauuuaalaley (29)
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g amelogenin (AMELX, OMIM *00391) eguulaslulay X nsnangiuguesdu AMELX hlviin
Al 98in hypomaturation #ifinnsgnenenuwuu X-linked wuflsieaufissdosas 5 vaadugthelsa Al
(2 Fnuuzedfnvesituiuiinsuansooniivarnvaiesusiuindeduauiviinne  feuuayla
yupvesituAfivuiafiuandrstu eranuiturunadn (microdontia) ﬂ'gﬁuﬁﬁgﬂf’%auuamqms 21INUTDN
Tuwuasa (vertical grooving) asvioulieufinundivesnisvhnues wadaduadeuiiy (30)

N13naneNuguesdu enamelin (ENAM, 4g21, OMIM *606585) (15) fianuiendeatiu hypoplastic
Al fifimsanenentauuudnuaisuuazdnuazdosuueelalsy Tnefinseevenuuudnuasuazuans
g M3y hypoplastic (OMIM #104500)(17) vauzfinisenenendnuazdosuusslnlen awnuin auld

1191713 hypoplastic Al $aufU #Huauiln (open-bite) (OMIM #204650) (31)

nguensAisiauRaUnAveundouiy

azndauiluadsliauusalonanusiuiuanuiinUnddueg vessnenie
Iﬁﬂmwﬁﬂﬂnmumiﬁ%’mLﬂﬁauﬁuﬁuﬁuﬂuumﬂﬂmﬁa‘lﬂ (enamel - renal syndrome, ERS)

15A ERS %39138n111 amelogenesis imperfecta, type IG (OMIM #204690) ﬁaﬂejummﬁﬁwﬂé’ﬁaamﬂ
Snualuiinuld fo edeuiluunuarfinundiulln  hypoplastic RanIsazauupadaunielulng
Usgamilu (intrapulpal calcifications) n1s9anvesiiutininunf (delayed tooth eruption) AMgLlan
Tn (gingival hypertrophy) wuilalulmiiaasdng (bilateral nephrocalcinosis) nsvauvaslaunwses
(Impaired renal  function) 31ANITIATIEINMERUGNTTUNUIINTNANERUGURITY  family  with
sequence similarity 20, member A (FAM20A, OMIM *611062) laaiin1seavonunuusosuuaslnlys
(32) (5U71 6)

s

JUN 6 AnvgnedtinuaznmangTedvesiieniadeuiiuinUnfiuasiivienla duiusiunisnatenug

q

2998W FAM20A

laslawnulneadided Julasu (Tricho-dento-osseous syndromes, TDO)
nqueIN13s TDO (OMIM #190320) 1Junguenisiauninisiugnssuffinisaieneauuuiaulagiin

$3uUNdU8IN1T ectodermal dysplasias 187191115984 ectodermal dysplasias Az dsnana Wy
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< L= a o/ ! S a o L= [
By uag/mse Rt nguenis nslawule-eealisa Fulasu au1saduunlalag nuvansendnen

1% = 1 ~ = I a a . '
n1sasreadeuilulad wardaiuvun wag/v3e AnunuILUuRAUNR (sclerosis) vasnglnandiuuy
LaE/M38 NILNUIUVIBDIANUANURAUNRLRNIE LYY NSITBuARITEnINnsEannelnanfsus
(craniosynostosis) hlvsiianwurenuazidaninuni (dolicocephaly)

WINNITeyar 90 vesAuNilnMevengueINITiIziaNuruIvenslvanfTyranat dnvuyes
Unuagilulansdnuugindeuiiuuneiganau (pitted hard enamel) Insausganilula (enlarged pulp
chambers) uazn1glnssludiiludargeguatssn (taurodontism) iavisluituiuuuas Auun Ay
Anunfvesiiulungueinisiasiawulnesalva Fulasulinuaaigadsdulsaanuiaunilunisasig
wwdaUTluylia AIHHT (OMIM #104510) Fainannisnateiuglugu DLX3 lngmiluudingueinis las
lawulneoadud Fulasuilanvsuiannsuinevesualugy DLX3 (23) ihliinanuiaundvesdu

s

HLAZNTEAN REITeiUNITNAIeNUTVesdY DLX3 a18uan homeodomain Feanuaizn1snaleiug
A1990 AIHHT 915991 AIHHT 2g0un1snaneiuguesdu DLX3 Ty homeodomain v11# functional
domain waslusiu DLX3 wWasull awfnanuiaunilunisasiuedeuiiusasnnelnsdudiiugaveny

guanesin (33)

Cone-rod dystrophy and amelogenesis imperfecta

ANFURUSSEIslsAIaUsTE A IdeY wazlsamudaUnflunisasiandauiiu (OMIM #217080) i
enulunszgarwinlngvesremniu uaglulelely aundalitineguulutiwsnvesdinesdulsan

Y . . o ¥ =3
Nalked (photophobia) Ansgan (horizontal nystagmus) wagyinlvnisueiuanas laglanizns
< Aa 2/ . a a 1 a a 1% A a

Nouiulundnasd (hemeralopia) usnanANuRAUNAURININUIIAMNRAUNALUAITAT IR D UH LA
hypoplastic #38 hypomineralized Fspudaunfviiiaduduiiulawn Hulldindsmiouinia way
wdeuiluazuauLuIzamIsassaiuieiiu (26) lnenisasziauduiusnisiugnssy lassy
ALMUINIINa18iugN8u cyclic nucleotide-gated channel, alpha-3 (CNGA3, OMIM *600053) Uy
lasluley 2g11 (34)

Kohlschuttere-Tonz syndrome

NAL81In15 Kohlschuttere-Tonz syndrome (KTZS, OMIM #226750) Aongulsaiitisaiuainuidenves
wadUseann (neuro-degenerative) fisznaudulsaaltufnunflunisadrundouiluwuy
hypomineralized fU38d810115%n (seizures) néaLEonAINGS (spasticity) i (ataxia) warWmuINg

41 91 15snaziNlugesynIng 1 89 2 U Feonalounsiefietin nmgunsndoudus loun nngagndu
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(myopia) N1Izitaviesaisla (cardiac ventricular enlargement) H1wiaiAe daiuaidiownivinlvgy)
Judiy (28) §51897u3108181115 KTZS Fa1mnainnisnaeiugvesdu drosophila, homolog of

ROGDI (ROGDI, OMIM *614574) lagiin15anenanwkuunaguuaatslay (35)

Vitamin D-dependent rickets

IsAnszgneeuiifosfisinfiufivindl 1 (Vitamin D-dependent rickets, VDDRI, OMIM #264700) o
AnuRnUnATisene s udnvazdes uWpelaley NuANUAAUNRLLUNSRNEIYIITLR Msesaiule
anas ndunifoseunss nszaAngau 1sAUTYIUA (periodontal disease) WagA1iziAiaufuu1e Auuwndl
wdeuiiudivdosilauddihma InssUssamitufivunelng wazsiniludy numnuduiudvedsaiuns
ﬂawﬁuﬁjmaaﬁuwawﬁuw&u cytochrome P450, subfamily IIR, polypeptide 1 (CYP2R1, OMIM

*608713) wazdu vitamin d receptor (VDR, OMIM *601769) (36) 1Uusiu

Autoimmune polyendocrinopathy

lsAniiAuiuinanenues (Autoimmune polyendocrinopathy, APS) flaaneaizn1en15v1nge Sluuain
douldvievatvviin lny APS ¥iinfi 1 (Autoimmune polyendocrine syndrome type I, with or
without reversible metaphyseal dysplasia; APS1, OMIM #240300) \inannanuAnunfvesneulivie
(multiple autoimmune endocrinopathies) ¥inliinn1sveslsanenfdu (Addison disease) diAa1u
Haunfvesnenlssosawluy hypoparathyroidism wazildnwarnisindouaufan (candidiasis)

s

wanNUGMUlIALUIMIT A192713 WU waziadeulullanysal (8) awguedlsAinainnsnaneiug

]

Y9381 autoimmune regulator (AIRE, OMIM *607358) ﬁagiuuimiﬂw 21022.3 wagdlanwmuens

01899ARUINTTUNIUUUAN YELAY kazdnwuziosuupalaley ANuRaUnfndunalaunigafioniiy

wndeuitulalanysalvesiiuuy (permanent teeth) Faazdwnansenusiedefissesay 75 (37)

Oculodentodigital dysplasia

Oculodentodigital dysplasia (ODDD, OMIM #164200) {Juaiuiiaunfinisiugnssussuaniia Aiuie
ANUEAUNATNAIIRT He 1 lassadisluniuazilu InsAnwidnyuesiiuanieonuagnialnngnig
Wugnssuluguaelsa ODDD Inevinisnsiamemnaianisnsianiainuidnlauyianun (Whole-Exome
Sequencing) Lilasr UM wnuinsasuLUatvasdruiuaiine liinlsa ODDD wagtudunan1sinsen
Y a o w a g . au & o Aa
MEMATANITNIAIRULUATDIALE B U Sanger sequencing NM15338tnsIanugUe ODDD iinsgan

Dilean TAuLaz@aufniy a1tan Taseaseluminlaun® nu ALazuuaIu1e 9155 INSLan SuEUin
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~ PR ' 2~ | v ' a X ° v Y
vugy wazdfundauunnsesvesadoufiuegrawin nuldnsuailusudu ilafuwaninde n1s
TATERMBTUENITUNUAn1snateRuglud ivilvsianugnssuUasuwdasluainiia (missense
mutation) a4 #ILPUBUEN 31 Vlrnseesiludikuruai 11 wasuaindrduduleladi@u (c. 31CA,
p.L111) Tudu gap junction alpha 1 (GJAL; OMIM *1210154) Fadudunoenswaiulusiunoudingu
43 (connexin 43) finthd @y lunsdeaisszninuwad dndudenisdyivlnwazasanuaunaves
AR INNITILATIZUNITIAITAUNA LaZNITIATILNLATIETUIAY NUTIFIUNUINITNAI1ETUG
'y} I I~ d' 1 Y a q’ a Iz 1 [l 1 'y 6 a £ 1 v} 5 a o e’lj
sananndugannelminlse Fananisiaseilunsuylinunsnateiugluuiiiudaingnd daunsided
Dunmsdunulmd Tushunida@u GIAL Iianisnaneiug swieadesiuamuiinunfvesilulusziusunss
Fanan1sIdeiiL deyanateiuivesasugnssuluguteyaanawaziasuasenuiilafiennuiaung
Yasfiunneteeiulsa ODDD (33) satiuazwiulainanuiiaunflunisastuadsuiuinainesslsynau

nanepg1stsRnalasunsiiansanlneazidunseunsuiliosaniusesiiladeianainlaie nganiy

agndulladnuingitesiudafeniessuy vsetemudindeudiuniedes (3UN 7) (38)

[

JUN 7 dnwaigvneaddinuaznmaieSedvesiieniiindeuiiuuisdniuuse thilednsweudniu duius

(% v 6

AUNITNANNUSYBI8U GJAL

9

nsasrunfeuiiu gnaluAumeduratevila Alunumsiegfuluszeznsiauadeuily el

Y

nsnaneiuguesdumanil deuvhlminaiuinunivesndouilu indeuiludnsiudeud uie wasunndin

v

$1e Mlagyideindouiiuneuliaidunis uenaniuguusmniielfunisassnfeuiluddntiddey

<

[y

duq Tunsvimihiveseionza1eglusnenie MIaTIanUan vaeneeAatn Nwane5ed tislunsitdads
o a ' ¢ 1 ) ) ' = o v 1Y) o PN
nsasreafeuiluliauysal Saudunmsamanmeiugnssugeaniivseleviliiie wwdlinsnwviunnssud

gndesLazvinzan Sahenensallsauasszyladeidswon1izlsaunsndeunsssuudunladne

2.9 WeallunliaunAfiuiugnssy waglsanessuy
ety (dentin w30 dentine) Ao 1loeoud siiludulssnaunanvesiiu danundsioaninadouiiu i
doonmides Wetluusznaunievieileflu (dentinal tubules) 1n931uusnleudelneasalundalnse

Uszanilu eiluludiudifiugnaquenetuadeuily vugiildefludiusnituunaqumeiadousinily
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Tngwadadruilodiu (odonoblasts) fin1sadsnoaanau warvealniusiuidoiiu (dentine
phosphoprotien)

daulszneuveaileiiy

defluazfidiuysznovdesay 70 Huudsn Sevar 20 1uBun3ding uazdesay 10 1Juih
drulsenaudunddvesiiu Usenaude reaanau lnsanizaoaanausiiafl 1 (collagen type ) 18u
dadrunnninfesar 90 uaniulassadredmiuliussiguiazan weadulu lensendueuilnd
(hydroxyapatite) (162) uenainmeaanauuda eiluusvneudie Wealnlusiu phosphoproteins TUs
#lalnawau (proteoslycans) way nalalusiu (glycoproteins) Tnedulusaudilildaoaaau (non-
collagenous proteins (NCPs) agtUu dentin sialophosphoprotein (DSPP) 1Jundn Tng DSPP agenu
nszuaun1sdansigineluidulusiu dentin sialoprotein (DSP) way dentin phosphaprotein (DPP)
Tne DSP Suihiimuaunisazauussiquestuiieiy a1ndu DPP funuwlunsidulauazeseuuinues
deilu (3) uenanildmulusiudug e

~ Dentin matrix protein 1 OMP1) wuluduiiloflu (dentine) wazFundinudiy (predentine) il
unumliiansaslassadrauelnlng (apatite)

- Bone sialoproteins sinwulu predentine LLﬁzWU&ﬂﬂ“ﬁﬂULﬁaﬁumaﬁJqﬁ (tertiary dentine) Woindl
unumlun1snemuazn1IeeuuInYeInanteaUlng

a

- Osteopontin wuUmastieslutuieity fhmuuimasnniuludeiiunfions
arufinUnfiveaidioiy fauvmainuanetade s msnaeusvesarsiugnisy Jaduldisan
nssuiuguaylldnssuiug vionndaduntsusndaduldfanndatonisssuy e nsvieansoims
g1u1eviln videlsamamnuedty uazadolanied wu msldfunsarsidianei gifmaseiiu vie
msfndaenizd iliAnauiaunfiameidetiu viedmufinunivandeuitusasioituiiudy
mmﬁmﬂﬂ?\maqmia%ﬁaLﬁ@ﬂuﬁﬁmsmﬂwammaﬁuﬁqﬂssm HulsafiAnainanuiaunfvesnis
asuviensazauLssnvestasasdoiy wuldslufuwfuasfiviun 1wl ae. 1973 Shields uas
ag THn1sTuunaiinunfvesnisadraieduiiinisdieneanisiugnasy sendu

dentinogenesis imperfecta (DGI) ¥iiafi 1 2 uay 3 uaz dentin dysplasia (DD) ¥iiafi 1 uaz 2 (39)

Dentinogenesis imperfecta
DGI figufnisalnisiia Usvanas 1 Tu 6000 - 8000 A dnwugnndn laun Audidginiageu duas
dxnownilouleveoa (opalescent dentin) iadeuiludinuilduiaguaninladte Wesananuinunfves

Woilu viotleu warseusailofuwazindauily n1sannseuvaandsuilutaziiafuynliviudnduy way
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' 915 ! = 1 |3 2/ =2 A ! Y v a a a dy
wandne wuldnansinsdnnseudniesluaudnvieudsiniiy guedniionnisdesiiu duy uasiaiely
UszamilunazUanesniiu dnuagnianinaie$sd dftulisusialaau aaftumen (bulbous tooth) 50
Hudunazune TuszezusnAifududnnulnseUszamiluivualng ninund antduazAeye) lanasau

{Revazmely (3U7 8) (40)

JUT 8 nmisngdesinnuaznaneng Sadvesthendidefuunnses

Dentinogenesis imperfecta, Shields Type | (DGl 1)

fmnuRaunfvesnmsaiaiefiu vazfindevilufauund duidthmamaeu nuldvisluituhuuuas
st ety nusuiulsanszanistenssuiug (osteogenesis imperfecta, Ol) 9 ol \Dulsafid
ANURAUNFLANLTR I‘Sﬂﬂfjm‘iﬁﬂmﬂmﬂmﬁﬂﬂﬂa%ENQUL?]IEJ? Aanswasuiaswesdui nanarsiiiu
duddgylunisairenszgn iliAseimsnsegniusesinds Ssenadnldiewdesmeamaniisadnies
faefuRendmnsgiu mesindadiseu (blue sclera) faviaau iiuuy (flat feet) Truazuaulns
nszgndundannae (scoliosis) wauwdu uagsinnuilyminislédu Uil 9) flaednldfunisinudae
ngug1danealiun (Bisphosphonate) iledusanisvinauvesiead Fudinsvihauvesadesadile

AA1a (osteoclast) Builnihiilunisaangigadnsegn ylvinsaangiwadnszgnanas (41)

JUN 9 amaenmdliniarnmiedvesdiieniauiinismianseen

Y
1 v a d' a o 14 Q‘I % 3 1 a U Y d'd dy 1 4
ameneFiEnenAniuveInsegniul IinawaLInAn wazdnuaeiuvesiUienTtlefluliauysol
wnninfesar 80 vourTlu Ol Tamnu1ainauunnseswuudusu (dominant mutation) lng
auiitlulsa O anvardazilenidlunisatenenduwarlsaludeanlaludnssesas 50 agrelsiniy

' £
a =

Auselulse O vsaulufivseiaaulunseuasudulsnll wiidunisnateiusindfintueslae
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533UT1A (de novo mutation) wazUszuuiesas 10 vesidulsa Of fanwnu11nnisnaleiugiy

Y

£
Y

uBudey (recessive mutation) Tunsdiiweuslailéifulsn Of widunwivgassmanatesiugiiog Sewousl
wianifazillomadosay 25 luudasadsfideasssiarliindaynsiidulsa O
Tl A.7.1979 Silence Tevimsdwun OF muaugussiadu 4 ¥da (10) lawn
. Osteogenesis imperfecta, type | (OI1, OMIM #166200) Lﬂuﬁzjﬁmﬁwumﬂﬁqm ﬁm’mqumwaq
Tsatiesfign fUasdniinnernfuddin nszgninldfaudvdsnnen onafinufinunfvesily
dentinogenesis imperfecta S8 siAgtsiumsnarefuguvuBuduluiuiiaiunoaanauviini
1 %39 collagen, type |, alpha-1 (COL1A1, OMIM *120150) 6'??@Lﬁuﬁuﬁ'agjuwﬁ’%mﬂﬁiﬂﬂuiw17q21
Rerdeatumsaiaeyindvesaoaanauviiad 1 Tnefimsaneneauuuiiuuueslalyy (8) vl
Tunsadanszgn Al wededeifeiu
. Osteogenesis imperfecta type Il #39 osteogenesis imperfect congenita, perinatal lethal form
(012, OMIM #166210) Wuduusian1snaleWuguesdu COLIAL wag COLIA2 (OMIM *120160) Uu
Trsluloa 7g21.1 urdafienissuussiian wunsegnitndausmsnegluassdunin viekudusnian
Aednidedinvazaaen vie Hananeuraenndymnisssuumadiumela nunsegnvieusniuan
vimanesuvis fdnwazdugBnilougnudt (crumpled long bones) nszgndlassinidudiany wavny
muRnUnAvesnsEgniinwsdvesnslvandsus
ll.  Osteogenesis imperfecta type Il (O3, OMIM #259420) Lﬁ'm%’aﬁumiﬂmaﬁuiuwLﬂ'usuaqﬁu
COL1AT uaz COL1A2 sufumsnanesiusiAndishiiaeies linumnuiiaunilusieus fuaedlng
nazgniindauiiAn LazAesiinisliseresnsegnuau 91 uasnsEgnduvdaiuinndu ndseaen
IV. Osteogenesis imperfecta type IV (Ol4, OMIM #166220) tina1nN15NANERUTHUULAY TA11TY
usaUunae wunsiinguresnsegnvieugilavainviaty awadndiauni

Dentinogenesis imperfecta, Shields Type Il (DG Il, OMIM #125490) fla1nisianigdifiulaglad
91M3NTEYNIUTIZUANG1991N Shields Type | 1MsenaTnadefvelnd 1 nuiluiinisanaswesninm
ain famdoumihna dmsfnwnud eftuivfinaussnanas dnwmznisnmdie Sdnuiy
Ttenaw aeiluren snfludunaziey Inswszamiudnninnfiviemely naesivesiaidodiull
sarilos vdeiu (U7 10) wadfiatanidedslulnssituvesiiresiaifinnuannsolunissdyanas
L?‘ia’rﬁaaﬁumiﬂmaﬁuﬁ:mmﬁu dentin sialophosphoprotein (DSPP, OMIM *125485) §adnasanis
as1alusiiu DSP uay DPP wunseenaakuuiduuuselalyy uonanifuaefiinisnatswusvesdy

DSPP §anumnuRnunfvaailawdausviunsiunie (42)
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7 Control
A

B i (! Control B &4

DGI

g
L‘IM i

JUN 10 dnwaizveaileiunglinaegansseml
(A, B) nwdinunailediuung (C, D) amdnvinallefluvesitheilasunisitiadedndu dentinogenesis
imperfecta, Shields Type Il wansliiuvieilofufinung 33U519 du luadnave wasdivsuiaanas (A,

B) daudniy hematoxylin waz eosin (C, D) gaudAI8 masson’s trichrome

Dentinogenesis imperfecta, Shields Type Il (DGI Ill, OMIM #125500 %38 Brandywine Type) AUNU
asawsnludszynsniwmeuliveudowiusiaun Ussmaansgowsni vseiiniuludevss Brandywine
isolate HgUAnisainisifinlsann liinansenusiensegn nuiluliduazsusramiloudu ¥ien 1 v3e ila
d‘ 1 QA' J o A o 1 ’oj (% v a =
1 2 uddrufiwand1siuAoaznugnsalssamilunateiunisluiiudiug dnvaeniannsadvesiiull
muvanvatgunulnsensluyeraifefu nulansmidnyuzmiouiiunaluauisnaiedondiy
w38 “shell teeth” Ae fulilnssUszamvwnnlung waeuilwazilofiuduiis wddenuiey dusy 210
N3ANEITBNINTU WUln DGI, Shields Type Il wag Il 913azilulsaviinieniu uaidnwugnisuans

paniinaiu Msedanugulssvedlsamiiaiy

Dentin dysplasia

. . I3 a a 1% X PR | Y ~ v o o a a
Dentin dysplasia LUuAuRaUnfvenisasnilofluninisarensanisiugnssuiinuldasinin &

<

qﬁ’ﬁmmﬁmsﬁmkmﬁ"w Wudnwae circumpulpal dentin kag JUsTINAUREAUNG Fuundu 2 vila Ag
iail 1 sfamunmRaUn#lugrusnitu (radicular part) wag sdaf 2 Samuinnuiisuniegfidusaily
(coronal part)

1. Dentin dysplasia, type | (DTDP1 OMIM #125400) %38 radicular dentin dysplasia Wuqﬁaﬂ’liaj
Asifialsadt 1 1w 100,000 Uszans fauiindnifdiusinilu ftusindundelifisinilu (rootless

tooth) wulensluituinuuwastuwy Ineludvesiulazdnwuzyswniulnd Juiansaiananusifudl
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oA H 2 v = P - J ] '

dwdoviimadntes fiuaglonuIavanltaing Wesnsindu druuinsgldvnnglnssssamilunay
nsesnilulunmdessd vasdniinnisiageuatesiniiulaiie Isenunisnaneiuguesduy sparc-
related modular calcium-binding protein 2 (SMOC2, OMIM *607223) uulaslulasy 6927 18019

dheveauuusesuuoslaley (43) (Ul 11)

JUT 11 amaneSeduansiiusindu dnsiavelatesinily uaglnseszamiluiu

2. Dentin dysplasia, type Il (DTDP 2 OMIM #125420) wumudaunfegfidiudaflu sUsnesinily
Ui uwiundusiiuhunidmdeuledeande DGl nswszanituuazaasssniluvesiluninuaziu
nywtfosiisuieadonsie (thistle tubes) ilosandnisdusnvednssuszamilu (16) wazwuieu
ﬁuﬂuuiuiwmﬁm%ﬁu (pulp stones) WU'jWLﬁ'm%’aqﬁuﬂmaﬂ’uﬁ:maaﬁu DSPP #ifin13enenoawu ULy

RRIGIG

Tsameszuudug fidanuieadestiuanuinunivesiiou

I‘sﬂwﬁa?juﬁﬂﬂna (Ehlers-Danlos syndrome, EDS)

Ehlers-Danlos syndrome é\gﬁammaumws‘iaawﬁumm’] Edward Ehlers ¥1tauu1s$n way Henri-
Alexandre Danlos ¥712dfuimaiidunulsatl DS Wundulsanieitugnssuiiieatuanuunniesves

g A4 A ) . . | ' o % a o v & 4 A R
IBLEBLNYINU (connective tissue) iNﬂ’lEJhJﬁ?iJ’liﬂﬁiNﬂaaaﬁl,f\]ulﬂmuﬂﬂm V]’]IVLU@LEJ@LﬂU'JWUV]’J

a v

$19Me 817 Randls duiden nduiile Wuaznszgn Raunfvsendounaridn Ui oaflannisleng

1%
v A 1 = 1 %

widEndsdangu (UN 12) Yengauuinnituni@ (hypermobility) nanuiilageuuss wisasaiion

¥ v
o o

unnseililine nsidensendte fiseslsaniivdedne Wudihniaaanduiitlaie wuusefivsiau
JaADNWLALIAYN TOFADIINIYAIUITANNIDLANINATIUNR T91N15KID8A1918 WAILINITAIUNITEIU

v & v = Xl A o o8 v vy & = & o = aa
nénuiled Tunsdivesiteiifiornswin enevilidudesunnlusudadudunsedadin (41)

22



al

U 12 dnwauzAavifsvesiilae Ehlers-Danlos syndrome Aifimnudangusnnninund

Tud 2017 fnsduunlsa EDS oonidu 13 vilia Taefienufetestunisnatoiuguesdu 19 du
919 COL1A1, COL1A2, COL3A1 (OMIM *120180), COL5A1 (OMIM *120215), COL5A2 (OMIM
¥120190), COL12A1 (OMIM  *120320), a disintegrin-like and metalloproteinase with
thrombospondin type 1 motif, 2 (ADAMTS2, OMIM *604539), beta-1,3-galactosyltransferase 6
(B3GALT6, OMIM  *615291), beta-1,4-galactosyltransferase 7 (B4GALT7, OMIM *604327),
complement component 1, r subcomponent (C1R, OMIM *613785), complement component 1,
s subcomponent (C1S, OMIM *120580), carbohydrate sulfotransferase 14 (CHST14, OMIM
*608429), dermatan sulfate epimerase (DSE, OMIM *605942), FK506-binding protein 14 (FKBP14,
OMIM *614505), procollagen-lysine, 2-oxoglutarate 5-dioxygenase (PLOD1, OMIM *153454), PR
domain-containing protein 5 (PRDM5, OMIM *614161), solute carrier family 39 (zinc transporter),
member 13 (SLC39A13, OMIM *608735), tenascin XB (TNXB, OMIM *600985) Lkag zinc finger
protein 469 (ZNF469, OMIM *612078) Ing8u COL1A1, COL1A2, COL3A1, COL5A1 wag COL5A2 il
Ei'sul,ﬁ‘a';%’aaﬁ'un’lia%ﬁmaamLfﬂwmmﬁm %Qﬁ?ﬁﬁ?ﬁﬂﬂiﬂiﬂé"muagL‘I?\IIQJF‘]T]MLL%QLL?Q%@Q%UL%@L@IE]
Aeawiulusnanie Su ADAMTS2, FKBP14, PLODI uag TNXB vhwihitad1slusiuiiientunsadraie

[
YY) v ¢

madsuuladasedwoireaanay dafunisnaneugvesBumarivinlviroaanausenoudulsl
auysol dwalitudefofemiuluionly nsvgn wardnBuresienisseue dadudnuaeiinuly
EDS (41) weninidenuBuiiAsitostu DS usldfivihiReaturoaanau Fedslifufinidninds
agiinsnaneRugisumaniudmadenisiintenan Ravilmeou uardnunzdugvadlsa EDS
Tsdndvauédaiielsn EDS hiflomsdodiuinund wifinnsmeswdmugtaeiifiens EDs,
type VIB (OMIM #617821) \fina1nnisifisiuavesdu COL1A2 fdnvasiidofiudivdes wavdiae EDS,
type VIl Wiawia dermatosparaxis (OMIM #225410) flamziiume Taswadradeiiy waznisasaves
snftuiiaund  faranAedesiumuiisunfuuuisuresiy  ADAMTS2  Mdueulwsllunisaiislus

AaaLAY (procollagens)
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Schimke immunoosseous dysplasia
Schimke immunoosseous dysplasia (SIOD, OMIM #242900) fe ﬂ&jummiﬁLﬁmmﬂmmﬂ@Uﬂamﬂ
WugnIsuwuusrsuueelaley Fwsenauludeainisdui nszgndundsedeu (spondyloepiphyseal

dysplasia) laRaun® wa Windenvwda T cell unwses (T-cell immunodeficiency) Snvirlvaaela

[

18 9IMITINBUY Ny Laua vdalas avtinihenuaznaadldidy wagduaynning Yseansesay 50

(% Ao

%Jaﬂp:\fﬂ’ga SIOD Wumiﬂa’la‘wuﬁ:wau SWI/SNF-related, matrix-associated, actin-dependent regulator
of chromatin, subfamily A-like protein 1 (SMARCAL1, OMIM *606622) dswiniilunisuanioanves
SudumieTesiulassadralasuniu (chromatin) f1eeudnuaeiiuly SIOD eranuitufidmdeseun

flules pafluren sluiunsuvesiutuukariuly Insudawauszamiuivuindnvsanu 510

a Ao

Huu1e Tuedsuiiutazilafusauninfuund Janwuzearedumdu DGl (44)

Hyperphosphatemic familial tumoral calcinosis

Hyperphosphatemic familial tumoral calcinosis (HFTC, OMIM #211900) Julsafifinisazay
weaiBeslutosiuresitnie audodeseusasnizgn onvdniiny Ao amewoamsludengs
(hyperphosphatemia) mﬂmi@mﬂé’ummwmﬁlmﬁwﬁu WuAURAUNAUD98Y UDP-N-acetyl-alpha-D-

galactosamine: polypeptide N-acetylgalactosaminyltransferase 3 (GALNT3, OMIM *601756) Tu

[ 1

[ a a LY 14 Ko o =
AU 2924-931 LUUW'DWNN@UﬂWWWQWUQﬂﬁﬁJLLUUG]E]EJUUE]E]IC‘]I%&I UBNITNUYINIYITUIINTITNATY

v 6 IS

Wugvasdu fibroblast growth factor 23 (FGF23, OMIM *605380) st 12p13.3 lugUae HFTC 8n

)

My @Ulglsa HFTC Mifgidesiunisnateiuguesdu GALNT3 danudaundvesiediu Ingsiniludl

a

anwauzlUedu wagnuieuiuyululnsedszamily TuwvagngUisinunisnaneiugvesdu FGF23 wudid

= 1 ¥

NNSVUVDINULATT Az INHUEUNINUNR  WaNANTUNY 2 YUANNE1INIT9AN HFTC §981u15aLRnN1S

' £
calal Al

na1euguesdu KLOTHO (KL, OMIM *604824) wsin1snaneiugnguilliiinismenuanuraunfvesily
(45)

X-linked dominant hypophosphatemia
X-linked dominant hypophosphatemia %38 X-linked vitamin D-resistant rickets (XLHR, OMIM

a a

#307800) an1snsegnoeukasnszanasaiivlat duie Weawaludonst (hypophosphatemia) 1o
unnsaslumsgadueamla eranusydvIiniufludondmieund sedudanlatdvearunaluionss
wazlgvinuity JUhedniivuesiflunatedunidaglidiluy lsausviug vsenisuimduiiiy nmaie

SedvesiunansliiundsniuinUnfvasdilnsailedoussamilulng NNTITREIENADY
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qanssainudundiouiiunin wastesiuludoiiuseuq sssvamily Gsmadiduainguosnisin
deluidobousvamity  nmsyngnvesvafiSeinudesindludeituiiadslianysal  Tsn  XLH
Lﬁlm%ﬂﬁumiﬂmaﬁuﬁ:ﬁuaﬂgu phosphate-refulating endopeptidase gene (PHEX, OMIM *300550) 7
Taslulguusna Xp22.11 Famumsuanweonvesduillumadasailefiulonsulnuanas (odontoblasts)

& ¥ At (3
uazlgadas1ansEaAneaanleuaan (osteoblasts)

Seckel syndrome 1

Seckel syndrome 1 (SCKL 1, OMIM #210600) Wuenuinundfuuuiudosuuselnles fiheildn
du ruziEn o1 sunnseaw ety uag ﬁﬁﬂwmsgwﬁmﬁmuﬂ ““bird-headed’” AMURAUNG
matestnuagituiinuluse SCKL1 Usenoulude enufisunfveadodu wndeufiulsiauysal ftutudn
Filudn uazilume fsesmuiatugtaslsn SCKL Tufthe ¢ auiduiitestu numsviameluves
itudnu 2 @ iewnnndludings 4 au Tnefidniamelidfudeduuy Sonfuduuasinas syam
ilulvg) nsiaunvesiiuund vasiinssgniimaiaund uonnnduddnerufuduiinuniuiaund
vosfluavyesUntudUie SCKL laun fudavthuazateme walnl nszanidailudse fudmdes
wazitunsulaifisn  dnwazdrsiuistesiunisnatefiuguesdu  Ataxia-telangiectasia and rad3-
related gene (ATR, OMIM *601215) fishunisuulaslulan 3023 Fainthiiddalunisuusiuasnis

1 a a I3
YOULLGUVDIALDULBLLAZLYA] (46)

Microcephalic osteodysplastic primordial dwarfism

Microcephalic osteodysplastic  primordial  dwarfism wuiadu 2 wfn e microcephalic
osteodysplastic primordial dwarfism, type | (MOPD1, OMIM #210710) &g microcephalic
osteodysplastic primordial dwarfism, type Il (MOPD2, OMIM #210720) #Uqedfiiuase nelvandsuy
An fthe MOPD1  flermsszuutssamiinunfuazandvaiindeTindusengdedos  daruguuse
1nn31 MOPD2 afiafiflonnnsmisitu fe MOPD2 wuanwasitwdn fume Weituinund wazsiniludy
(14) dnwaed19iures MOPD2 Wfinanmsnateiugiuusesuueslaley 4038 pericentrin (PCNT,

OMIM *605925) (47)
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A15199 1 lsannetasnuauRaUnAvad el

Syndrome
Ol type IB,
Ol type IIIB
Ol type IVB
Goldblatt syndrome

Hyperphosphatemic familial

tumoral calcinosis

Familial hypophosphatemic

vitamin D-resistant rickets

Microcephalic osteodysplastic

primordial dwarfism, type |l

Schimke immunoosseous

dysplasia
Seckel syndrome 1
Singleton-Merten syndrome,

EDS, classical type

Rothmund-Thompson syndrome

muAnUnAvetlefiudanngniniananuialnfivesasiiugnssy asfiliifeadeafuiugnssunse
[ 6 a a a ‘&J G = a a gj = t&l $% U < ¥ t&l
N33U9Ug @19iAANNEAUNRRINELTD Y wsadlmuinUninaedeuilutaz o fundauiunls ey
fRnund denaliiluunnsinladne LﬂﬂmsmmLsumlmasmﬂuimiuummmuw SnIaN"sLanI@eNYBY
LuaﬁumﬂﬂﬂmawLﬂumuwuwmmmmmﬂmam YD9519N"Y uaamnuwﬂwawlmumwmamams
Snwneiuanssy 819 eandudanealniug m%muiammammﬂ']il,ﬂmﬂ'nzﬂ’ﬁmwaaﬂw@n
¥1n55bn7 (Osteonecrosis of the jaw) AendNITHWAMIWIUANTTY Tnglan1eglasugmisduidon

waghUeiiengun daduauilalsavesd e laldmswidnuwagnisosunuasily wasiudniie

Inheritance

AD

AD

AD

AD

AR

XD

AR

AR

AR

AD

AD

AR
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Dentin defects
DGl

DGl

DGl

DD I

DD |

DD |

DD I/ DD I

DGl

[y

Tfidnwizianiy
DD |
DGI/ DD |

Tafidnwzianiy

Gene

COL1A1, COL1A2
COL1A1, COL1A2
COL1A1, COL1AZ
COL2A1

GALNT3, FGF23

PHEX

PCNTZ

SMARCAL1

ATR
Tans ULkl
COL5A1

RECQL4



MesEUU BNbasu wazn1sn R tadeneiugmansdelinudidny iensidadeeinisiisinsiuay

wilugh uihlgisdesiunasSnuimangausedgUigunign

2.10 A12eM191a9UN TsAneseuumaslsabifnsasass

= & a s & ca | ] = Y ) o ! =
u\‘iE]"]E!lnﬂﬂﬂL"ﬂﬂaULU@?L%UC‘]@JIiﬂVHQ5$UUE]EJWQUE]EJWUQI§W NﬁaﬂﬁquaUUaHu%ﬂLQU?WI?V’W]'NE%UUW

eXe

FliAnnsduthonasitamiludosnuasity fe Tsawamu (Diabetes Mellitus) Fadunziiess
naeatiniRedostuszduihmaludengefinund manandugaulifemenionuanninvesanieg
TumsléBugauanasinliAnlsaumiu lsaummnuduunduauusson Wi wiueied 1 e
fi 2 weswwmuarRiessd amueslsauuanesiuluiuegfuniindameiugnasuvesyana
UseTRnseunss e auam uartadefudanndon findngiuvansegiinaasiifiuinmiueien
nnUFRzeeendiatuiiunumdfylunsfauvedsawmiu el 2 warunndugiuidisia
uleitestumsiueyyadastiinenuin erdestummidssiolsaumnu viedl 2 luuszang
#199  Glutathione S-transferases  (GSTs)  \uanssueyyadaszuazioulesiiuasugumadinimn

nmsfnwargalanansliiuindundisiangailslen S-transferases sauengmlsleu S-transferase

M1 (GSTM1), T1 (GSTT1) uag P1 (GSTP1) FensiliiAnmimidssdelsaumau viail 2 (48, 49)
wenanlsmu ey Yadeniedeslinvises

YAMNNRIUINSNANTENURDAMUAULARE  SEeU

(9]

loduluden lsaiila wazarududon @aluwes way Awwde) Jululsalufisdesess Mnuldgelu

vaa 1 I % v 6 v a

Uszanslneg (50) INATANHINUI NN ngesUnlufazdanudunus Audnsinsiinlsnoaly

Y 9

=

s A Aa o A a = o Aa = '
T BRINNNILEYTIN  LLAaEAINUILADULNHUINYU I@EJE\JIQQE]']EJ{W&Iﬂ"]ﬁﬁiULﬁEJﬁN LLa%ﬂJ?fUﬂ'TWGUENU']ﬂ

U
s LY a

[ a v can 1 S [ Qv ¢ =) [y 19
gz Usruanlin  wiseldulsausviug ‘\JgﬂﬂfﬁﬂJEULLﬁﬂ"UENI??]E]EHI‘?IL&IE]'i SRINNITAALTALALERIINTG

o I val

menlsadalowes waznzanudndengeaningndiuasuegralidedfy (51) (GUA 13, 14) (M50

Y

(% '
v e

2) faunisguabilgunmdesiiniiddadunsdnaiunisguasnwlsedalewesdnnmils (52)
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JUN 13 sUsanspuduiussenitnisgydefivludasongdiudnsinisaieainlsadalawes 8nsnis

Dental visit during past year, (%)

>65 v and lost all teeth, (%)

» (Vo)

=65 y and lost =6 teeth,
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A5NN 2 ArudTussenhEnuiiuimaesguazgunndesuindemnuulssvadlsadalawes og19

N o o L
HedAgy
AD
P
Control group Mild Moderate Severe value
GOHAI 320(17.0- 33.0 (22.0- 325 (25.0- 34.0(25.0- 4135
36.0) A 36.0) A 36.0) A 34.0) A
Number of teeth 13.5(0.0- 4.0 (C.0- 0.0 (0.0-10.0) B 0.0(0.0-14.0)B .0223
2800 A 22.0)AB
DMTE 25.5(12.0- 27.0 [:22.[}— 28.0 .’2 3.0- 28.0(24.0- 0191
28.0)B 28.0) AB 28.0) A 28.0) A
OHI 22(03-80)B 4.0(19-10.01AB 5.0(17- 7.5 (5.0-10.0)A .0042
5.3) AB
Biofilm on the prosthesis 25 I:_'Il.C—sl-.C-:! A 29 [j2.2—£.0:| A 24 [j[}.c‘ﬁ--ﬁ.(l_\ll A 32 {1.?—3.9:{- A 0857
Time of use of maxillary 2.0(0.6-22.00 A 125(0.5-40.0)A 5.0(01-64.0)A 6.5 (L0-40.004 .2001
prosthesis, years
Time of use of mandibular 2,0(0.6-22.0) A 125(5.0-30.0)A 4.0(0.1-40.0)A 6.5(L0-40.004 .2631

prosthesis, years

Diata are represented 2s the median ilrr‘-_ini.rz:lum—n'lsximumj. Distinct letters indicate statistical differences (P

.03

AD, Alrheimer's disease; DMTF, decayed, missing, znd filled teeth: GOHAIT General Oral Health Assessment
Index; OHI, oral health index.

nsAnwlsamlawasnaeaideanuln  gninsenauveseisiziiudasdaasuanuunswelsamile
A A pRp a v o a a ' a Y] a
wazvaeaien nenudigUlendlsasviuddniay asiiuaudssionisiialsamlauasnasaidenuin
e 25 Weddud uasnuin 85 wWesWudvesthenilsaiilauaznaonidenazilsausviuadnauiie
Wisusuiuauilunldilsamlanasvasndendanulsausiuddniauiiies 23 wWesidud uanani
1 Al = a o 6 & % 1 I3 L a Ql' o Y a v
guanteslnilifuaslsaliiuddniay Smuindulatedssiiinliinan nvessailawasasn
don (53, 58) (M3 3) wenaninisgaydeily wiensifuliasulunisuaierems duluddin
Anudsslunisialsailavinden nMsviheuresiladuwal nizdudengaduluaues waznnzidy

\Henregandudnme (55) (15199 4
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Asszociation of oral health indicators with other CVD risk factors using multivariate adjusted regression.

CVD risk factors Oral health indicators
Presence of plaque GI scores (moderate and severe) CPI scores (3 and 4)

Crude RR  Adjusted RR‘ij Crude RE Pvalue Adjusted RR” (95% CL) Crude RR Adjusted RR§

Pvalue (95% CL) Pvalue Pvalue (95% CL)
Palue Pvalue
Male* 140 1.0 (0.90-1.00) 0.96 0.93 1.06 103
Female 09 09 0.02 0.001 0.6 0.8
Age 15-24%
2534 0.99 0.99 (0.98-1.00) 154 154(1.40-1.7) 126 1.27(0.51-3.15)
0.08 0.09 =0.0001 00001 0.5 06
3544 0.99 0.99 (0.98-1.00) 181 180 (164187 310 2.7(1.16-6.65)
02 0.3 <0.0001 =0.0001 =0.0001 0.02
4554 0.98 0.98 (0.97-099) 183 183 (1.67-2.01) 290 242(1.00-5.83)
0,001 0.00 <0000 =0.0001 0.001 0.04
3564 0.99 0.99 (0.98-1.00) 191 1.89 (173207 481 3.88(1.60-938)
0.04 013 =0.0001 =0.0001 =0.0001 0.003
6574 0.99 (.99 (0.07-1.01) 192 1.87 (1.69-2.07) 413 3.25(1.25-840)
02 0.3 <0.0001 =0.0001 =0.0001 0.01

*Reference group. 8Adjustment for age, nutrition, education, and addiction status. ecAdjustment
for age, sex, smoking and addiction status, and nutrition. §Adjustment for age, job, education,

addiction, BMI, FBS, and lipid status.N/A: not available.
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LRl

No: of natural teeth left Events/n Rate HR'(95% CI) HR? (95% CI) Ptrend
IHD i
20 1812/117464 4.1 1 1
10-19 708/30013 6.3 1.15 (1.06-1.26) 1.05 (0.96-1.15) L 0.002
1-9 354/11423 8.2 1.38 (1.22-1.55) 1.20 (1.06-1.35) -
None 258/8797 7.7 1.27 (1.11-1.45) 1.10 (0.95-1.26) -
Heart Failure
20 67/117464 0.2 1 1 .
10-19 55/30013 0.5 2.18 (1.52-3.13) 1.50 (1.04-2.18) —
1-9 43/11423 1.0 3.67 (2.47-5.45) 2.04 (1.35-3.09) — 0.0005
None 38/8797 1.1 3.88 (2.56-5.88) 1.97 (1.27-3.07) —_—
PVD
20 1271117464 0.3 1 1 u
10-19 98/30013 09 2.11 (1.62-2.76) 1.67 (1.27-2.19) ——
1-9 53/11423 12 2.58 (1.86-3.59) 1.73 (1.23-2.44) - <.0001
None 65/8797 1.9 3.92 (2.87-5.37) 2.53(1.81-3.52) ——
Ischaemic Stroke
20 145/117464 0.3 1 1 L
10-19 72/30013 06 1.32 (0.99-1.77) 1.11(0.72-1.73) —=—
1-9 27/11423 0.6 1.08 (0.71-1.64) 0.90 (0.59-1.40) —=— 0.8
None 27/8797 0.8 1.31(0.86-1.99) 1.20 (0.90-1.62)
All Cause Mortality
20 807/117464 16 1 1 u
10-19 448/30013 3.5 1.58 (1.40-1.78) 1.27 (1.13-1.43) g2
1-9 308/11423 6.2 2.46 (2.15-2.82) 1.67 (1.45-1.93) - <.0001
None 251/8797 6.6 2.47 (2.13-2.86) 1.60 (1.37-1.87) ——

05 1 2 4
Events, number of events; rate, crude rate per 1000 person years; CVD, cardiovascular disease;

IHD, ischaemic heart disease; PVD, peripheral vascular disease. HR1, adjusted for age and sex;
HR2, additionally adjusted for tobacco smoking, alcohol consumption, Australian born status,
region of residence, education, health insurance, physical activity and body mass index, with
missing values in covariates were coded as a separate categories (0.3%, 1.7%, 0%, 0.03%, 1.3%,

0%, 4% and 7%, respectively) (55)
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 DPSCs - Pulp/dentin regeneration

Sl
FPulpg SHED - Pulp regeneration

o— PDL=> PDLSCs -» Periodontal tissue regeneration

=—— Apical papilla == SCAP - Pulp/dentin regeneration

JUN 15 waadwulaianily
SCAP: waaiwulatainuaiesinily; DPSCs: waadwulatainlnssily; SHED: wadiwulatainily

1ul; PDLSCs: wadiwulasiduusiug

2.12 walulagn1smannuLua
wialulagnsguaaduivaiasunuasemaeimansiaz1nsunndegiauin - ilwaunsaninis
WiguwlasedansiugnIsuvesyeddon1suanieen suisguameesdazuana tlugnsitadelse
Wiy wazn1ssnulsaanizyana (personalized medicine) (58) msenuasuiualutlagiuuwiaiu
n3eulngAunN1INTIRTUURASEMAATU (reporter) 191 was Aawsadndvaslniwianseua Tuga
LINYBINITBIUIIRULUAMEWALlALELNDS (Sanger’s sequencing technique) B1AENaNNTENYDY
AMUETVRTUAR e nas 1w ldwiiuainnaln dye termination egnglsfmuaruaiusaly

1 o 14 ada v 1 o w 1 a a [ d' o w o:/ X
NBUEAULUEIIEITAINE 1 IIRRYUsEInae 1,000 Thedlelna n1siazasivasudduuanilualy
% 1 =% 1% 1 a aa Yal [} v | o W )=
atpnoudadululosinuin  Tugrs@udneuunladni simwinnuanunsaliniseuaduiuaiuseinu
WnTuAuAEnsaglavadlunlagofunisenuauaniaiauu “@n”  (massively parallel sequencing)

Wagyiin13“eise”  (immobilize) dRulUaNfoINITIURgULTINlANIUR  UASeATliAnTueguLTnil
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2/ (% a a 1 A o A 1 = a N = ' a [ d'
niouiu widuandsfedyaideenunInLiaryn vse  Adulengnasseguuntl dadunun
vounaluladduiied (next generation sequencing technology; NGS) (59)

weluladlungy NGS dusznaulusmglnlstiauds (pyrosequencing) ¥adu3Em Roche vl
Aaufisenisiawames ATP dethedlelndgnaaluseduanefidwedsuwuuifneguugniavune
anfildeglunin picotiter plate wazidinsvenedusenannis emulsion PCR (emPCR) whliladain

. Y oa = s = =~ v o
pyrosequencing MagaUNIAaMeianalelng A T G uay C LunfiazsoulilonTI19dudygiaasann
ATP vilninszuiunisenuant  wazaldimalialienuuinanidaugivesaiduiua  (polynucleotide)
MmlAAnmueaaAdeouresniseuls  mallansvenesiiuiduenis emPCR Uy picotiter plate

o

Iegnldlueiessudduivainsndudyaailwihidedduadngiu Wy ion Proton 1nUFEM
Thermo Fisher Scientific d@ut3®n ilumina uay BGI agltinafiansneasiaiugnssuindlusuuy
awdu uazshnsfindwau  (amplification) maqé’wﬁuLuama'wﬁé’aEJmsm‘%’qﬁﬁ’ugmmuﬂszmums
wanenaify illumina Mweilededn bridee amplification TnenTeanefiduefisnusiuauuniluuiu
uiu flow cell uwpsiivdnuvesiiduemanisensretiedlelnduarldaiauiieniatuuiu flow
cell Tnevduilluides q awililduuumesdiduefismentadungy cluster u flow cell Lo
lUlglunsnensiaiugnssusienssuIums sequence by synthesis (SBS) sty (60) Tuvaisiitp3os
vo9u3e BGI ldnalnvsnesiunuvesiiduedirusufuusnindenaradansfiduennduuuuad
U nanoball Gsrieunsnensiaiugnssu nanoball wane 9 fazgnatseguu flow cell Lilevins
ponsfa v illumina waz BGI Juwmaluladfliuinisnensiarusnssuvesyusviluuuuuasdy

(61) FawmzAun1smsLlenI sNaIeRUGUNAENTNIN SNV wag short/small INDEL U3l
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lngasyamnnisanwiludurendilefuinund wuimelefluiinisiSesilialuuasinisgndu Fed
@ % = o v =t = & = v & a & v

dnwazAserfiulgeninslulzfuuazilefiuiinisasuilofiunmaunuaudagvieiou faduy
rusludmilasvinlinisitedelsaludUaglagndesudugunidu wavafeanuilainniswasuwdas
vospeaatauaaduamailiiugaienging ludnisunninite wudeafudiie Aidnsasaileluly

auyIRlANAMANINUENTIY

ANEEITESWINSANK Nasuaaﬂﬁﬂawﬂ’ué:luﬁuﬁa%wLaulszjﬁ Membrane-Bound  Transcription
factor Protease Site-2 gene (MBTPS2) #la¥e site-2 protease (S2P) ﬁﬁmﬁﬂﬁﬁﬂﬁ'@uﬂ%@ﬂuaz
Awitls Taswuiinisnaneusluduiosfiuusauassumisogy Al semsiugnssuiiuansstuseng
Auds avdumiohliAnlsanssgnnesuiuseiadl 19 fifinszgnansedaudinde vaefisumians
nanewugludumisduresduasiliiAnlsedug Usznoude  Ichthyosis Follicularis, Atrichia and

Photophobia syndrome (IFAP) with or without BRESHECK syndrome, Keratosis Follicularis
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Spinulosa Decalvans (KFSD) waz Olmsted syndrome @eitheaziidgymmnsintdadiuianiuasine

Anunavosass audedamnisaneannasnifuageadenuenta (3Ui 33, 34)

Golgi lumen
SRE:lPs ATF6 CREB3L3 CREB3L1 CREB3LZ
@ @y i = .Cytopfasm
\J \J \j \J \J

gl O L

l l Nucleus

in

% Cholesterol ER protein . Systemic Bone formation Chondrogenesis,
Ty and lipid folding inflammatory and secretion transport
P3E  biosynthesis signalling of bone and secretion of
2 ﬁ Dsteoblast matrix proteins cartilage

® differentiation matrix proteins

| E and osteoclastogenesis

b g  IFAP IFAP o1? or ?
22 BRESHECK Osteoporosis?
g g KFSD

b

JUT 33 unugiuaninisviauveseulesd S1P S2P
Y [ Y ¢ 44' a v ¢ o v Ao e
wasngnnsEAumgansaeny teuled S1P S2P amedeuniingluwaduayyimihiidae uludaun
v o = a = | = a ¥ oA Y o o % =
nszumMshnwesduluieadeastel Fallvihineesiunszuiumsduasgiluiu nsaslusiu
LaEnIzan MISNEU Nsaanefivesnsegn nsasensEansey warn1sasnlassaslusiuveniaad

TneanuiRnun@ves S2P vilAlAalsa IFAP syndrome with or without BRESHECK, KFSD, OS and Ol
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: iy f ! ol
U7 34 sUnmuansdnuaznerdtinuazainaeSidvesiUieidulse IFAP
AUrefifmtuwianiiu nusie Buduasie waslidgmvmeanen vaeidiae OF Adulsanseanse

nssuiusiinszanAnteeg UL s illaansaidula

mamsanemudn Bulldulsnoutun 11 Snweu  TassadeweslusiuUseneudie 8
transmembrane domains, a polyserine tract, a PDZ domain, and catalytic active motifs, HEIGH
way  LDG  wawihunibsiAnnmsnanewugluudazdunidunaslusiuiunniaiuazdmaliinaiy
Anunafiuanasiy Wunsuansdiiiuimnuduius seninslulnduasfulnduss MBTPS2 (gﬂﬁ 35,

36)
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i zZ 3 4 5 67 B9 10 11

d Amino acid sequence alignments of Human S2P and M. jonnaschii S2P

Humans2P 138 VVYPGINLPVNGL--TYEETAVLI SGWHE T GHGIAA L REQVEENGEGIFLFT IYPGAFVDL fflm

Mis2F 20 WWIIGLSTMNNG T FWAVLE T LLEVSWILHRLGHEYVARKY GVETEK] -~ —- LLLPIGGVAM 82
i A S L S TR B LR ha Fes S 0 T e, IO

HumanZ2p 437 LEVVVETFVEY LI SLIGALATVNAVPCEALDGOW I LNSFLOATLTSVIGDRN==-DIVEKDLIGE 495

HiszP 129 e e | S LLNEMLGGFHLT PAFPHIGRT LBA T LSEKYGY LKSTKTAANTGKSLAL LS
Sl " Ll e LR et 2 e 2. 2Eo. taz

5UT 35 uanslassairevesdu MBTPS2 uaslusiu S2p
A. lassasnwesdulunywdusznoudie 11 Wnweweguulastuleudnd B - C. lassadveslusiu Sop
Usenausmy 8 Iﬂiqa%ﬂu%”’ul,ﬁal,ﬁa, polyserine tract, PDZ domain, Wa¢ catalytic active motifs,
HEIGH and LDG. D. n5i3e9sivasnsnesdlulusau S2P and MjS2P. catalytic active motifs (8nusa

We) aenduns (*) vensunis Nin1sasegveslusiulunyudivuia
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N Key:
k& HEIGH and LDG
L B B catalytic motifs
: ) . IFAR
- o ) 1FAR with BRESHECK
o . =
~ ] .&7_1 KFSD
o .
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;
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viv P ? sl [0 F LTafL T TG ORI e ¥ e'?
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c{' a a o ° o N o § Y a PN o
JUT 36 unugiluansnisianisnateiugludmunisinggvasdukasyiliiinlsaiuansieiy

laun Isa IFAP syndrome with or without BRESHECK, KFSD, OS and Ol

Towag msdnuidieseilumsidediilvidila fannuusndsesnsnaeiusluusasiunwesdy
fdsalifindnvazarufiaund  Fusndutuesnduds  Tnefisesilassaddlumiiuasnszgn
pnsslnsfiiaunfsiudne  Fuumnvhmsnwdeluwasdlafanssuiunsveseulydlumsvhmdni
wazhliAnauRnUnAfiuanestull douanunsaldmsitadeiigndes Tneawzitaefidu IFAP 819
FosdatngrmInnnegsaziden  iedesfunnizrenidonsudsmuenld  dugtaedidulse
nszgny mstestunszgnitniazmnufinisnng waztjathenddelugnmssnudidumziezas 1wy
MsUduAsumsiugnssy Weliiihsaansnidulsuasliinlsognsauinly liidudgeorgiidunisy
MBATAUATILALHIAY

NAIUARU NN LN TEAUUI UG

- Nutchoey O, Intarak N, Theerapanon T, Thaweesapphithak S, Boonprakong L, Srijunbarl S,
Porntaveetus T*, Shotelersuk V. 2021. Phenotypic features of dentinogenesis imperfecta
associated with osteogenesis imperfecta and COL1A2 mutations. Oral Surg Oral Med Oral

Pathol Oral Radiol. 131:694-701
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- Intarak N, Budsamongkol T, Theerapanon T, Chanamuangkon T, Srijunbarl A, Boonprakong L,
Porntaveetus T*, Shotelersuk V. 2020. Tooth ultrastructure of a novel COL1A2 mutation
expanding its genotypic and phenotypic spectra. Oral Dis. 27:1257-1267.

- Caengprasath N, Theerapanon T, Porntaveetus T*, Shotelersuk V. 2021. MBTPS2, a membrane

bound protease, underlying several distinct skin and bone disorders. J Transl Med. 19:114.

4.3 a1zrumeuaznslaisiiuy

amgilumgidunmganuiiaund lunsfaunnsvesnusinulfnniandeaunsonuldfe 2.5 - 7%
YosUsEANT wazifordestunsianuvemanedunazatedayaa 16uA bone morphogenic protein,
fibroblast growth factor, sonic hedgehog, tag wingless (WNT) ﬁmiﬁﬂ‘wﬁ?mumm%i%ﬁuﬂwgﬂwﬁ
fituldasulumsifsromsazdmalfiAnnngemnsideuldunniauidituasy dafunsdsuouiiu
asu audngivgeoriadudsuduldlafesudifionsuafeie msuazquamia uddsdssasoszuy
UszamuazAudNdneiey

MnsnuNMsanynuifininaneiugluduiifeadestunngiiumeduamin wazdivainvane
NsNAERUENIRUENTIY anusaUsuanfiednyuzn NegauTuANURAUNAN9TEUUYTELIAN9TEUY

Y] | a X | & 14 ! < o £ g v & =
Ngelaiifindu o ¥aeoglug la wulsauesedld lsala ngaven waz lsarala detdunindingg

a

Answidnuilugisysznnsine seygtRnisalmafemiuiisuniuas Buiifeadesiungilumiely
Usznslng azanunsalinisitadonazmanedouiu Instestunaziihse Sannands swedlsanms
ssuuiidslifndusiofasuarauluaseunia andgmunsndounguainitenaaziindulusuian su
daasedinaudueglugisgeny

Bsdnuide nsAnwildsunisdstediisnnaniumeuiassgidunsanmuazd 19im i
Frudvausoiienvidiunnidedeiddnnaiugmansfausiununmoamans wazamus
unmemans punaansaluinends Taegvasldfumsnsanisnainuaznmaiefedifeduduindy
Agilume mﬂﬁ?uvi’wmsmmmaﬁuqﬂﬁu afpansmsueandinifenuiuasamadifuiuariivan
FreTEnisnsadnlsuiaun wazideyauiinszsimediansauma Anngimiuivesansiugn sz
m’mwuw"wmimnaauﬁugm%ayja&hmﬁ"ﬂaﬂ 19un Genome Aggregation Database (gnomAD),
GenomeAsial 00K consortium, Northeast Asian Reference Database (NARD), Han Chinese genome
project (PGG.Han), 4 .7 K Japanese individual genome variation (4 .7 KIJPN), Human Genetic
Variation Database (HGVD), Korean Variant Archive (KOVA), LLag in-house database

60



HANTANY NUINETIBEUANTIBLAEIINFUANATEUATIVEIUTEYINTING ATIINUNITNATY
fusvosansugnssaluiaseunsa Mndurhnisnnsseuiinefiunintudnduusandnluaseunis
saviavn fo awdudne

freneinidadundgslne ffumerid nufeitunmudestomauasfunuaiswn uasiily
audn mﬂmimmaauwudwﬁmﬁﬂawaﬂ’u'ofl,mu novel heterozygous duplication, c.916 918dupAAC
(p-Asn306dup), Tu WNT10A uagasianulusisn wazenefiffiuomuduwdlanuluth

fheneiaesdundslne dilumeonnd leunflunswidesuu 4 Fuazitunsmarsdfian 2 & wy
miﬂmﬁﬁuﬁ:LLUU known heterozygous missense mutation, c.637G > A (p.Gly213Ser), Tu WNT10A
Tnensanulugihodmueithe fanuaztesandslifanzilume duusllinumsnanesivg

faesefian inamedflumeauansd 1id fudervurn funsudesdusnand funs
ﬁaa%ﬁaaa%uasﬁuﬂsm%ﬁam?{% WUﬂﬁﬂaquS:LLUU homozygous mutation, c.637G > A
(p.Gly213Ser), Tu WNT10A TugU3e uaghuu WNT10A heterozygous c.637G > A (p.Gly213Ser)
variant Tufian@ediflumedd wag wulutdesan dnn wazansndsaifinneitume

fUaesefid evganududad flunswdesdionne 2 fuasiifludadedidnniiund Situduy
A1egludeosdin wun1InateWuguuUU known heterozygous missense variant, c.511C > T
(pArg171Cys), in WNT10A Tugithe famuazual ddlaifiitume linunisnanesiugluden

fUnesedivi filumie 8 @ leud ftudndreuu 2 3 Hunsatdesdians uasilunswdfiaw 4 3
AUrelasunisilasinifisy #s1anun1snaneiusuuy homozygous missense variant, ¢.511C > T
(p.Arg171Cys)lu WNT10A tag novel heterozygous missense variant, c.413A > T (p.Asn138lle), Tu

EDARADD lugUhe TnglufianIny heterozygous WNT10A c.511C > T variant Gafiflumnefishumiaiiy

a

Aadnsuy 2 Juarituns e 4 3 waznuluinsmdiludadraiuuu@annitung (U7l 37, 38 uaz

AN 5)
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M99 5 dnuwaizilumeveadiieniaun

Tooth
Number of
missing teeth
Patients Jaws 4 11 5 8  (excluding3" molars)  Mode Mutation Amino acid change
Patient 1 Upper o .
Lower ° ° 9 Het ¢.916_918dup p-Asn360dup
Patient 1's aunt ~ Upper
Lower 0 Het ¢.916 918dup p-Asn360dup
Patient 2 Upper ° .
Lower ° 6(4) Het c.637G>A p.Gly213Ser
Patient 2's father  Upper
Lower 0 Het c.637G>A p.Gly213Ser
Patient 3 Upper . ° °
Lower ° ° 12 (8) Homo c.637G>A p.Gly213Ser
Patient 4 Upper
Lower . 2 Het c.5S11C>T p.Argl71Cys
Patient 4's mother Upper
Lower 0 Het c.511C>T p.Argl71Cys
Patient 5° Upper o
Lower . 8 (4) Homo c.511C>T p.Argl71Cys
Patient 5's sister  Upper
Lower ° 4(2) Het c.5S11C>T p.Argl71Cys
Patient 5's mother Upper
Lower 0 Het c.5S11C>T p.Argl71Cys

= o | A [ g 1 a
WNANNULAAIFILMNTN WY P ansdnwuziuniannaung

‘v‘hmﬁLmﬁzﬁmamsﬂmaﬁuﬁﬁlﬁwﬁu WU MINAeRUT WNT10A c.511C > T (p.Argl71Cys) dany
JULstagylAnlsA (CADD: 25.6), deleterious (SIFT: 0.0), possibly damaging (PolyPhen-2: 0.93),
wag disease causing (MutationTaster) n1snaneiug WNT10A c.637G > A (p.Gly213Ser) TuAs18%
Tikaddiaugulse (CADD: 27.2), deleterious (SIFT: 0.0), probably damaging (PolyPhen-2: 1.0),
wag disease causing (MutationTaster) Uag n1snateiug EDARADD c.413A > T (p.Asn138lle) lina
msieseiilu deleterious (CADD: 27.3), deleterious (SIFT: 0.0), possibly damaging (PolyPhen:
1.0), way disease causing (MutationTaster)

mﬁmswﬁmm?1'Guaamsﬂawﬁuﬁ:1u§m%mu an199 lALA Genome Aggregation Database
(gnomAD), GenomeAsial 0 0 K consortium, Northeast Asian Reference Database (NARD), Han
Chinese genome project (PGG.Han), 4.7K Japanese individual genome variation (4.7KJPN), Human
Genetic Variation Database (HGVD), Korean Variant Archive (KOVA), La ¥ our in-house database
WU ANWATES WNT10A ¢511C > T and c.637G > A luuszwnsyniterdoagszning 0.005 - 0.033

WazsEndng 0.004 and 0.029 muasu lugrudeyavesanziidenaseunau 1,876 Uszynsingnuy
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AWAYDY C.511C > T variant 887l 0.016 Wazves c.637G > A variant 1 0.016 Foglutszananisyes
aueidle vauziinguauiililvieds wunrwAves c511C > T variant 91 0.001 wazAIMAYEs C.637G >
A variant 7 0.000 (1137471 6) nsRnwduandfifiuinnisnatsWus wuu WNTL0A c511C > T uay
637G > A variants nulduosluuszansmnaedouarailnesnnnitndns fusnvieuszansila e

=
bDLYY

MINT 6 AUDYeITRTINSIiANTsNae iU luuAazLeYA

r1 16598558 0 511C = T |p.Amg1T1Cys) raldTEE0 G o 837G = A |p.Gly2 135er)
Database Allels count Adiols Number of Allole Allzle Allele Numbar of Alleie
homozygotes  freqguency count number homozygotes  frequency
gmamAD w2 1.1 and w3}

Bt Asion aro 23084 3 0.0né 857 st 16 D0z

wandliiiug Tuftiedszansineuaslue@efimudvesnisnanesiug ¢.511C > T and c.637G > A &4

AIBIRAL TUAN

logasy  Msfnwddedaununisnateiugivel AvihliiAenefumewasnuIinsnateiuglugy

WNT10A wnulsivesludssvinsive legmsnanesiugiduiusiunneiiumevesiunsutesinaasiay

(% [

= v [ v v @ a a 1% = ] t% 1% aa o A ¥ Y a
WNeasivrmnailudatadnidauni TnenanisaunuilanunsateliunmdlinisidadeleswulugUien
nunmMegiiumenddnyaeneedtindannanurifilemainainnisnateiuglugy WNT10A wavdinay
LinwupnuiinUnfveslsanisszuusinime  winnudnvagilumelugluuudy Tdouuzininmsmsia
Y v o = a ! £%4 ! < o v a o =
mManugnIsuliadn Wesainenalinnzdousuniessuy wu lsaussaald lsatiluln waslsaila &
! Y o A dogva v A Y Y  Ada X o =
wuswiunsnareiusluguminliiinnngiiumels edesiulsaunsndeuniinududmadslusses

g1l aNdd9e
RURY) 9
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Kanchanasevee C, Sriwattanapong K, Theerapanon T, Thaweesapphithak S, Chetruengchai W,
Porntaveetus T*, Shotelersuk V. 2020. Phenotypic and genotypic features of Thai patients with
nonsyndromic tooth agenesis and WNT10A variants. Front Physiol. 11: 573214.

4.4 Tassahslunthuazdesuinfunizmsaussitiaun

Hypomyelinating leukodystrophy 10 (HLD10) Hulseilvieafiudusios e dlayymneaues
nelvandswpidn  edeulmliazan  FaAsrdestunsnareiugluduiiaseuleilulilneewedely
nsvvIunsdnaneiusiu Tuligsulifihefidulsedsildinemenululsemelng  shldnanug
mudlafeddvaing  uardnvaznisdosnuaziiuvesitie  Tnegthegnasiuman lsmeuia
s35uMAn3 WazATIanuiilsmeIaPMaInsalanImMualie

el Smuwinisdh wulinmedn fmsnseanvesdifivesnsa annisamasmenyi
ndmniloseunsiesiegunss wardifmdndinnndnund annisaunuauesud msadieeiauluanedd
Un@ ﬁﬂ’ﬁqiytﬁal,ﬁaamaaaa'wu’m mansranduliiiluaues wandliiduinne multifocal epileptic
disorder

fUhesiefiaes llamnsamueimsld Sanzfmunmsth Asweidn Tunihingy ldannsovdudu

davedld uavnduiilogeuuss nsaunuanesuledauantosas uasiuaueadn (3UN 39)
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Patient 1

Patient 2

sUil 39 dnuairnanddinuaznmdiefdvesfihediinduiosounsuazanuiinunivsauos

(a-e) ffthoseiinds uansdnvazlasainsluniuazsesuniiaund fuuvun SuElinley yiluunn
gy wasiwaulngs () U (g, h) T2 weighted images (T2WI) vasauainandfianisliauysalves
88U magydeioanss wag corpus callosum fwaudn (i - k) fuhesefiaosdifswzauadn ms
aunuauaansbiiuiinisaydededau

PNNTIATIENNTNALH LTV THUTNTTY wugtheseindsdinmsnaeiuguuy novel
compound heterozygous variants Tugiu PYCR2 Usgnausie c.400G>A, p.Vall34Met wag a novel
missense variant c.257T>G, p.Val86Gly éﬂ’mi’mﬁamﬁmiﬂmﬂﬁuﬁ:LLUU homozygous missense
variant, c.400G>A, p.Val13aMet Tudu PYCR2 Gamsnaneviugitaesiilinulugiudoyauiud uans
Tadudndunisnaneiugiv Tnosumiisvesmsnaneuseglusumisildduiulusiudunasdu
fuvisiidndy  nmsilesgimaimsaumenuindunsnaioiugiidsaiuuse wasduaivnues

AURAUNRA Hypomyelinating leukodystrophy 10
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= DA e = & v = 9 ° oA v = o
WesnngUiemaessedadudUisansaunsntulsewmelng In1snaeiuglusiuniiiaaieadeiu

INMTIATIEVALAUNIRUGNTIUAIY Microarray genotyping 14 Infinium OmniZhongHua-8 Kit

'
a1 =

wuhdhevisaeseiiduiviudeuiuvesasiugnisy waadbiiuinfianuifeadesiumeussmyy

[ [
a

lnga1ndn NsnaneRugilinTuidloUseanawnduwunsurseoUssanamlenudseeautinug s (U 40)

]

c.577G>A

€.505C>T
(a) ¢.596G>A
c.616G>A
c.684T>G
c.7T46G>T
€.139-3C>G c.751C>T
PYCR2 gene c.257T>G c.773T>C
c.355C>T c.784delCCT
clszac>T .138+1G>T (lz 400G>A ic.?gec>T
| B > > > >
Exon: 1 2 3 4 5 ] 7
p.Val193Met
(b) p.Arg199T
p.Arg199GIn
p.Gly208Arg
p.Cys232Gly
p.Gly249Val
p.Arg251Cys
PYCR2 p.Val258Ala
p.Arg119Cys p.Ser261del
p.GIn10Ter p.ValBBGly p.Val134Met \ p.Arg266Ter
| I
NAD(P)-binding domain Dimerization domain |
1 162 268 320

s

JUT 40 sUamuanslassasisdnuardulazlusiu PYCR2 wavsunisniinisnangiug

]

£
av

Tngasunuideidunsmenuiiislngaeseusniimananeiuglugu PYCR2 waziiliiialsa HLD10

s o 1

Wunrsvereaudlamsdlulndwazilulnduazwansdiiiuiinisnatewusienwmils  c.400G>A 1Ju

9
(%

fundsinudmzianzadiuaulve Ay anudainnisfinwilugeneaiiistazifuwuimddunsinw
wazguaUiglne Nlanzunnsesweslediuluanes wazamuinUnfivedlassaiidlunihdesrnuasily
soly Wieanauin1sadstulaeeny
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Manaspon C, Boonsimma P, Phokaew C, Theerapanon T, Sriwattanapong K, Porntaveetus T%,
Shotelersuk V. Expanding the genotypic spectrum of PYCR2 and a common ancestry in Thai
patients with hypomyelinating leukodystrophy 10. Am J Med Genet A. 2021. doi:
10.1002/ajmg.a.62365.
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4.5 naWITEIUY MAgrdestutesnuazilusaznizneaiugnssuiweunslussiuuuna
- Sriwattanapong K, Rojnueangnit K, Theerapanon T, Srichomthong C, Porntaveetus T¥,
Shotelersuk V. 2021. Compound heterozygosity for a novel frameshift variant causing fatal
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Expanding phenotypic and mutational spectra of mitochondrial HMG-CoA synthase

deficiency. Eur J Med Genet. 63: 104086.
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- Manaspon C, Jongwannasiri C, Chumprasert S, Sa-Ard-lam N, Mahanonda R, Pavasant P,
Porntaveetus T, Osathanon T. Human dental pulp stem cell responses to different dental
pulp capping materials. 2021. BMC Oral Health. 21:209.
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- Faruangsaeng T, Thaweesapphitak S, Boonchoo K, Porntaveetus T*. 2021. Gene expression in
human dental pulp cells of mandibular second premolar teeth. Proceedings of RSU
Research Conference. 330-341.
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Neteakavdnasun1sdmalulagnisasianisiugnssuuwas Alundailugnisunmeusiug (Precision
Medicine) antdlminuselolog19gedn doseuunITNYINGIUIALALEISITUATVRIUTEINA

S | a9 v = Y Y P . £ = ' = 2
wadunsdaaiuiviinsiineusundngasasnanilaegraunsnateuiniu Fauvinsineusueenidu @9

2%

Module @9agliiuAuAaalunIsUSmMsaluAsINoUSULARIU RSO USY

Y

Yy Y

4.2 fnquszasdvasmdngns WelidEinousudiendauannsodedl

4.2.1 inu3 AUdlakag i naNN1Ue s REERUSAEAS (Human Genetics) iugA1ansnI1aaaiin
(Clinical Genetics) uagindugenans (Pharmacogenomics) tHaulutszgndldlunimaunuuarls
mUInumeiugeans (Genetic Counseling) winguidmiung lusseziian 16 a1iing

4.2.2 Foansuazufduiusiunguidimune lnsysuinistuaimsiFeslsaniennieiugnssmvosgin
SurUTnuwvteUae Thdumuinwinugimieaiugmans (Genetic Counseling) imanzauuazl
UsyAnnalasdinimnstumeunasiiiisannymeioly deu fanusssuvesfuniumuinwvieding
4.2.3 wenlduarulanan1mmaasun1avesl JUAn15n15nsIan1aiugnssulazIluy (Genetics and
Genomic testing) 1D 03duld Tnianizlulsaiugnssufinudos 1du lsnlafinanssdadidle
(Thalassemia) Tspa@ilayarunmsaslunseun$a (ntellectual Disability) Tsandnaniledouuss (Muscular
Dystrophy) 1718 ulasu (Down Syndrome) m’ﬂqﬁgamaﬁﬁﬁmmLﬁSQLﬁmiiﬂﬁuqﬂiiuiuMWiﬂ
(Pregnancy at risk for genetic diseases) lsAN139UgNT5U (Cancer Genetic) N13A5IANILAFVHUT
@3 (Pharmacogenomics) tudu

4.2.4 UBNANWUENIIAENEANINUTNIIU (Pattern of Inheritance) WU l5AG18NDALUUNUT LAY
(Autosomal Dominant transmission) lsAgenanuuuiuinas (Autosomal Recessive transmission)
audeslunisiinlse (Probability) LLﬁ%Lﬁﬂiiﬂ%ﬁ%@ﬂiﬁﬂﬁﬂﬁqﬂﬁmﬁu q savslimuushlrsasylu
n131den (Optional Counseling) 38Msn1smsraLfisifn L1HM1INF3NWT VidemsNausUMITyATLH
0.2.5 THdeyatiuguiignfeadietaelifusunsuinudaduladendeiausii gl fogramnzaut
dnMzlazn13ALEuTIn (Facilitate decision making)

4.2.6 Wieuugihideswiuisafuuuamenisine nsUfRRTIgndies n1stestunizunsndou
(General care and prevention of complication) krifthglsaffugnssuiazasouata N assiuaze
anfinsseniimsnluasssdanudsslunisifalseiugnasy (Pregnant and Couple at risk) Tauviaguay
WIBUAAINTNNITHNNETOUT LA

=5 )

4.2.7 dwiogtheludaligevgylaegrgneeddunstiniitoasdy
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4.2.8 thosamwiluasasmenisunmddifesdestunvmansiluy thlvieseiieldussloviso

nsidenlfinalulagnisnsiameiugnssuuasiluniieysslovidonisguasnuinaznislidusnu

wurthudfithe yaeslunseun¥s MynaunuAseUA LAz gNTY LTl uansiudoyadaaziiun

gimui%’smmmﬁﬁwag (Evidence -based evaluation and Research planning)

5. Wanslseuivamangns
dloAuannsfinevsufidreusuesiinaanthidudlieinwuusimneiugmans (Genetic

Counselor) AifiUszAvsnm uazanuimmannsndusmuanssnugdaseluil

5.1 miauasnwigUae (Patient care)

5.1.1 dnuseiRnmsdutieuazuseifinseunsa (Family history taking) et Audnisviugaans

uszgndiftelidnfsenubutan arwdins Adeduluaseueta dduamudutaeiiinludausa s

uinuuluaseuni drdiuiitesluusiaziu duvis uazine léegnagnied

5.1.2 Tuiinseanudiisuasideunsmid ( Pedigree) loagnauysaluazgneies

513 susndgmdoya uarliengianufisuninieiugnsmiiiety Tasetulsalan endulse

SNsUBNdNYNENISII8N0ANIIRUTNT3Y (Pattern of Inheritance) 19y TsaWuSiAu (Autosomal

Dominant) Wugaes (Autosomal Recessive) e

5.1.4 venanudsdlumsiAnlsa (Probability) uazedunensiislsaavedlsaiugnssuty 9 1&

5.1.5 dansravseideiauewurlumsdwmsiamaiosujiinislagndeiavedsaumang 3uTutaya

dwiunaniieneiedradumedunaiietilugnisidedslse Maunulinisquasnudiaouas

ATBUATIDENLMINZ A

5.1.6 Widuugthiilidasglunisiden (Optional Counseling) 33n1sasiamisiia N3N v3en15919

uwun1sfiyesld nelmuuziinviiteliduisunsuinudaduladendoausld (Facilitate

decision making) sam‘ﬁy’qﬂﬁidqﬁawﬁaﬁgmﬁﬁlﬂﬁaqaLL‘W‘V]Eﬂuﬂia'jﬁﬁaﬂqﬁmsé?amiﬁ (Termination of

Pregnancy)

5.1.7 venudnnsdesfunaranmuuusinnazusndouvedsauniiisuaraseuai sauis

vanmsmsdsrelUiyaansimanga

5.1.8 WmuUinwmanduiugenansuasnisunmduiugiliegugniouasimvsngay

5.2 auswazanuaunsatunisuianuinsiviuseansluundynivesUlslsaiugnisunas

ATaUATI (Approach and solving genetics problems)
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[

5.2.1 a5uingimaninmaunndiugiuiiieitesiuayueiusaans (Human Genetics) wazndnnns
Tgin ﬂiuiaﬁmwﬁuﬁqmamimS%qu( Genetics and Genomic technology for investigation and
management) 161

5.2.2 UBNANYMENITNIEN0ANINTUINTIY (Pattern of Inheritance) U 13ARUSIAY (Autosomal
Dominant) Wus¢es (Autosomal Recessive) e

5.2.3 venaudsdlumaiinlsa (Probability) uazesunenisiialsatedlsaiugnssuld

5.2.4 ®3UNYAITNAADUAITNNWUTNTIHU (specimens for genetic testing) La¥N13LABNITAITNAFRY
MaRUgNIsuLazIlul (Genetic and genomic testing) 61

5.2.5 vendumouimuinisvamsnluazss (Fetal Medicine) uay N15N919A0UANTHUGNTINIINTIGN
(Fetal DNA sampling) 1 chorionic villi sampling, fetal blood sampling

526 vanimaluladni1stasgy ‘ﬁ‘uﬁ: (Reproductive Technology and Assisted Reproductive
Technology) AseuAgunsldmalulaglunisauiuguesuywdlutagtusiudanaluladyienisasayiug
mspuiniauazdy q A dudrulng/lé

5.2.7 TamMUSnwLuzim1aiugnssy (Genetics Counseling) UAKI3UNSUSNW
Tngldvinuzn1sdeansfivzan

5.3 NsseuzNNsUURkazn1sRuInues (Practice-based Learning and Improvement)

53.1 dnszuumsusziiunues nstimyInwiuugdmieiugnssy (Genetics Counseling) 31NENN5U
UINSHaHIINUY wathinUFuuse Wamnnsu R

532 Awnsunanunazauisenianisunndfiiiendes Aunisldduinviuuzimiaiiugnssy
(Genetics Counseling)

533 Bouiuasidszaunisalldshemuesnnnsufiavesdsiuay

5.4 ﬁﬂwzﬂﬁé’mﬁuﬁ‘uazmiﬁami (Interpersonal and Communication Skills)

5.4.1 Tidmusnwinugthmatusmanifduazmangas (Good Genetic Counselor) Tngldvinyglunnsg
viaufinduiae/aseuai uazdearssenitanisliduInwiuuziinieiugnssy (Relationship
building and Therapeutic professional relationship / Genetic Counseling skill)

5.4.2 dnausteyauwngUisiazeduselymiugUiguazesiuanu (Providing Information and
Facilitating the problems of patient skill)

543 gheneanudifvatulsanietlymmnstusnssudnwaugnisdtonen (Pattem of Inheritance)
dasdruniaiinauiiaunf (Probability) wigUlevIefu1fun1suinel uazyAaInINIanITuNNsn

T WU WM Tas5gY neua dndnwiunng wnndussdrdulidnlale
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v ea

5.4.4 yuduiukasiuuwddunusng

9

5.5 Auuilon1dn (Professionalism)

55.1 fANSIIN A35TTULALLIINARNASRN U ATOUATY QYIA {3 LNOUTIIN T NLAL YUY

5.5.2 UjtRlaeldivmaduiiugiu denadesiuninsgiuidvidn

a Yo al

553 flanuaulaldiuazaruisaiauirluganududiSeuineiilonasnddn (Continuous
professional development)

5.6 msufURnulvdiiuszuy (System-based practice)

561 9FUNETTUUAYANLAY ST U1 YR IUsEAle AT UM vl lade ianAumaiugnssy
wagnsldensnulsaiugnssula

5.6.2 e¥ueAvBithe msdwiegthsuazaseuaiiludmineuinsnsummeiivanzanls

563 a%mamﬂ%’w%’wmmqmmwasiNmmzau (Cost Consciousness Medicine) fiAgafunisdsnsia
maﬁuqmauﬁﬁmﬂhﬂaﬁﬁﬁﬁwmwa (High cost investigation)

5.6.4 UsuidsumsguasnugUislmdiiuuuneinisuinisarsisagulanmuuingguisnan

¥
v

6. gAYt ausy FBnnsguanilasuluayinusznauidnainan1Ivdn aeil

6.1 wnng losuluauyin Usenaudannisnssuveaunmnegan
6.2 WYTUA IFsulueygausznauisnnisneiuia $u 1

6.3 LdYN3 Iosulueyamduduszneuivdnndynssu

6.4 viusunng  lasulueygianisuseneuindniiuanssy

6.5 walian1sunmnd lasulueyginusznevin@mmatianisunmg

ANy o o Y

fatidmiudidnsunsiineusufifidudeda dedldsunsoudilimevmdunanndudainuay
mnlsiulumannasifidivmun Wiuegfunas iiavesnmenssunsiiuinreulunisiavdngns
7. nangns
wanansn1skneusy dan1sfnwlaeriunIsWiugeuves 5 MAYBnduguam liwn unneani vius
WNVYANT AN UNGUNTTU NINITNIVIA Wag dnmatianisunng
7.1 Srunumiiasfin Taviavian 16 whefn (1 miaefn = 15-16 )
7.2 STULIAINNTOUTY 4 LY
7.3 Taseadravdngns & 2 Module (yan13i3oud) uardvuden 1 ein Tnefneivdd
Module I Audiugnumaiiugaansuaz3lufin (8 winein) Uszneudie 7 1edvdall

1) Introduction to clinical genetics 1 credit

2) Clinical and dental genetics 2 credits
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3) Cancer genomics 1 credit

4) Genetics in prevention, public health, and ethical-legal issues 1 credit

5) Pharmacogenomics and precision medicine 1 credit
6) Evidence based in genetics 1 credit
7) Genetic testing and bioinformatics 1 credit

Module II  n1sdad1skaznN1IsWiAIUSnYn (7 widlene) Usznausme 3 5183999l

8) Communication and genetic counseling 3 credits
9)  Practicum in genetic and genomic counseling | 2 credits
10) Practicum in genetic and genomic counseling Il 2 credits

v 1den (Selective course) 1 credit

({iirovsuanusaidenSouneividenitisrtesivanuivdnvesfidiousy 1 i)
8. WHUNTFANAUTU/MENEAS

8.1 uwunsilnausuuuaiy

8.1.1 Module | Aaudugrumewugaaniuazilufin (S1uau 8 da)

FUaviil 1-8 Boumedndl 1-7

Aanssulusieassu (Lecture, Seminar, Journal club, Simulated patients and simulated
environment for communication skills, workshop )

nsUsEIliuNg N1saeu Useilluaiug MCQ uagn1sidnanssy Seminar

8.1.2 Module Il msdeansuazmsliduine (F1uu 8 dUanw)

fUamifl 9-11 Beuseivdl 8

fanssunisinausy

[

n1sdeansluguiuudng 9 sedusenaud1fgresni1sdearsniaiudrfAydesuuuunisvin Genetic
Counseling

Annnsdeansusazsukuulungy uazn1suansinee Genetic Counseling luanun1saldnass
nsUsziduna Msdtaue nsldwnulunisBey uagseau

dUasi 1 12-15 Feusiedvain 9-10

o & I a ° . . a aa ) =
dunanisalwastiusieasidean1svin Genetic Counseling nyuisuluniuadin Iia1UTnwinig
WugNIsu wavdaunan1sainsviinuiesluanis Bioinformatics

Clinical Counseling in; Medicine, Oncology, Pediatrics, Obstetrics, Pharmacogenomics, Dental

clinic, Bioinformatics Lab)
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nMsUszillunasedvIu)ua
s1wnuteyagiisuazaseuailddananisaluadinlimuinuiuuzimisiugnssy (Genetic
Counseling) Tu Log Book 11y 10 519
“Uszdiumsudinisliadinumeediintuynadfinlage1arsddaeumunuuyssidiunasi e

8.1.3 swdvuden §Uawifl 16

[ a wa

didnfunsineusurzdifanssumuseividendeazluluadinvseres fUanslafldnuauusyasd

9 aouiidanisiineusy Fesfiaundouvasanuiiuazyaains Aol
9.1 dinnuil
9.1.1 vieaFsuiimuneslunsinfanssunsaieunisaou (Lecture, Seminar, Journal club,
Simulated patients and simulated environment for communication skills, workshop)
9.1.2 ol uRn1s dwsulneusuUfUR/n1snmamesiesuiinig nstimuinwwugtimiaiugnssy
uAEIBuATATEUA (Patient care and Genetic Counseling) InganunsaiinisinnisiFeunisaeud
anusadananisaimslisiuinvmatugnsuld Wusuudtheuen wu Turddndtelutl

9.1.2.1 paTnlseiugnssuiiviesnsIafiiasuen (Out-patient Adult Genetics clinic)

9.1.2.2 AdtinlsAs8aTdly (Thalassemia clinic)

D2 P

9.1.2.3 pannANIUsEIRlsAuzSsluasauasa (Familial Cancer Genetics clinic)

Y

9.1.2.4 adtdnlsAugnssuluin (Pediatric Genetics clinic)

a

9.1.2.5 matinenATINKIUsEIRdEelsAugnssaluasauasd ( Maternal-Fetal clinic)
9.1.2.6 ARTNNFYIUgAENSLAZNISWINEWIUET (Pharmacogenomics and Precision Medicine)
9.1.3 viegte laun werfUiee1ysnTsu Aagnssu gAusIYNTIU NUITHYNTTY
9.2 UAAINT

9.2.1 unmdhviugmansyivinisineusy 2 Ay

9.2.2 919138 WeUIANTEN AT TNAAUTAw 2 A

9.2.3 WwdnsEilautigMsunduiugmans 2 au
10 ununsSugidneusy Pwugidieusuiiunuiudimuauniouvan ung AsiuInIg
Fuinwmaiugnssuuassuyeansdlmstineusy feil

MINALAAILANUSUTINILLIIN ToUTUMUERd 1 UY BRI NTAUA KA AR TN TSNS

featiuayunIseusy u2U (AW/AATN/ATY)
IuIugidrFunisineusy (Aw) 10 |15 |20 |25 |30 | 35
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featfuayunseusy $1uau (Au/AaTin/a%a)

UG RvugAansElin1sHnausy (AW) 2 |2 |2 |2 |2 2
SruaueasEneuIa/meuaIvIndlinnsUInm 2 |2 |2 |2 |2 2
IUNFUNIHIANUTIUIYNTIUATINUTAERS 1 1|1 |1 1 1
N17d40379 Genetic testing/Genomic testing 100 | 100 | 200 | 200 | 300 | 300
G

Srwaudihouen MAvdestunisiineusy / ey 100 | 200 | 300 | 300 | 300 | 300
Sruaudihelu MRedestumsiineusy Aoy 10 |20 |30 |30 |30 |30
uuadtnlvamUInwwugihuigUlisuazaseunss 3 13 |4 |4 |4 |4
(Genetic counseling clinic) (Aafinfivhnisaeu
Medical/Pediatrics/Cancer/FMN/Pharmacogenomics)
nslvmusnwuuztungiiowazasouns (Genetic | 10 |10 |20 |20 |30 |30
counseling clinic) (aSy/iew/aalin)

11 msiauasdseiliuna

Fonssunstliinisiineusunsiadeuin “ry” Jaazdiednrinu msilnevsuieinadeauysaiileasuniy
fisans Modules Fn1sudanszsuaumanisinuasUssiiiunaligidrimmstinevsulésunsiu Tasaunsn
nrvdeUNarevsTallfiilodsnsnundnitaniuimualy

11.1 MmydauazUssiliunaszninmsinausy nseRnisinausy

11.1.1 MsUssliusendnensinausa a1n

n. mslideyateunduanarasdiidananisailasnss (Direct observation and Immediate

feedback) lwipsau ndsnnsinUufuR Annnsdeansiazihlugnsdudliduineuuziimig

WugNITu (Genetic Counselor) lngn1sindeansluaniunisaldtaeaailonsss Simulated patients and
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simulated environment for effective communication skills) 10 @a1un15al wazil Genetic
Counseling Clinics finsaalsathsuen (5 clinics) wazfthelu Worumsdunamsalluudasads
1. ATradauAuR1Ivtves Log Book sywinmevyuisuluusagaainiidinanisal (4 dUnsi)
nssuMsaElviAAv/Ansei/eAuenani sauakiswazasauasa (Direct feedback)
W& nlinsIadeu Log Book Tudunvi 71 9-11
A. N3
1) dlefiugndUaii 7 8 (Module 1)
- Lﬁammmif Medical Genetics/ Pharmacology/Genetic testing /
Genome testing Lab interpretation (Cytogenetics/ Molecular lab
interpretation/ Microarrays interpretation)
- Tneyiazuuulananeas (MPL)
2) Lﬁagugjmmiﬂﬂausmé’ﬂmﬁﬁ 16 (Module I1)
- WUNTISUsEIEU EPA 1( Level 4/5 standard EPA level) Genetic Counseling
Tuaaun1saisiaes 1 case ludun1vid 11
3. wan15Uszidiu Log Book ¥ & 9 saufula
11.1.2 nsUssfiviiauseniadiedns
n. fidreusuazidviidnfunsussifiuiediSamsiineusuiiiofigauautifcsd
1) WunsUsEiiy @u 6.7.1 (U module | kag module 1)
2) Jua/1e swszuslanafedldiiu 5 Juviinig Quusag module)

Y v

v. fidnilnausuaiansaiiunanisussdiuiiy Module Ta Module wils leduaamiled (12
Waw) eu1siuliasuaas Modules iausenatedns
=] o v 1 <@ I a =3 ¥ 1 Y v I a

11.1.3 1981 AN1SAIAUANITANNN LU N1569UT18 8119 L UUAY WASINSEELIALAIRDY  bilAU 5
Jurinns Quwsiaz module)
11.1.4  wuamensaiunisnsaiaaulairiusneue

apulunudrulaaIuniely 6.7.1 A. wag 9. Waauknebaliiiy 2 ase nelu 10 @1l
1 @ Y QI a 1
N1UAABSUSYULYL)
11.1.5 msaniunsdmsugnlaiiunisussiliunmsinausy

n. wdsmansUszliuligidneususunauluanednualidnes wiaunudsauiauaviugmans
“ WAZNIAANIVITNANUAVNIN WTBUKLIN NI T188zdeAN1SUHURNWALFEYN NMsnafugua

AL ANTUTELHUNATE
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v. Wit usuUdRnuiindulurddnlinsuinwuasuus thmeiugnssussornamudingsunis
uslude 1 iy 3 enfind (szpznanisiineusy) meldnmsiiugua uazUssifiunagiousinums
Useily
11.1.6 masndunsiieginisiinausy
n. maanoen fieusudeshidosduaavenanouinmsufoinudminedlies 1
&t ilelanznssunsifiurey uavudsdeanduiidansinwinazamnaunyiugmans </aAann
AVINAUAVNIN
. M3lieen
1) UioRmulaguamuiuinveuniedsenginudends housaunelifnnaidesde
fUhevieredeidsvesantiiineusy
2) UftRnulaguinmnuiuiaveuniedsewninudends lufinsuiuusmninssunda
ey uagnsgvindinendsnisaaviug

¥

WeaanUulnausuivaumsivean Tvinn1swasdidiaususunsiunsounslinnnig

[y

0

Y

YATRIUY LAIMITDILAIRDENNIBITNAFING  AENTTUNITESUR
Y

ArauluNsTAVAangans uazau1AunY
ugmans « faumslieeniudsnndaniindniuguain audloldsueyiFisieinnsleenanysal
WiudliaunslrieenisdsFesiulianitudnnisiineusunieuduugih
12. AMENTIUNTTHATRN SEE LN SHNBUTY

12.1 fragnssunanmsansmdsSyyvesaniuiidetnousy w%aﬂﬁiumiﬁ%’uﬁmauﬁﬁaa'mz
Wiguwinduanenssunis wagamenssumsdsuiiayeulunisiandnansnislimuinwnsiugmans
Tnglawz Uszneumeunndiidoimauiugmans fillsimasundsiugmans wageransengiuna
oy uIaIviniiduszaunisaisunislinistinvvseliussaunsaifanisiineusuvdngasianis
s fvthil qua iy Ussdlulndulumuusunsiineusy/mangns
12.2 A wihdivimihiigua snneeuazmnlunistineusy/mangns
12.3 910158l Fmstineusiluvdngesiivsznauie o1gsunmdeiugaans nursunmd iugmans
ghuFunvdniugmans o1gsunduzi3ainet uazanvdu 9 Allenandermgiunyiugenansluud
azanvn Ao vuakung Wndvns (JiauianudiuiglunisusenauivBnndunssy awnduius
FansuazNITUIMELIug) nerunaiianusoaeulidmudemusmdngas ensdmatiamsunnd tin
wedlan1sunmddadugusznevivdniifinnudsinguaziivszaunisaiu foRnulunheuimsmy
Msunndwing1 Fananansdernzananluanitisteaunsamine nsaeuenaniuiifinisufiRau

Usmssuaatnlinisuinwuuzihmsiugnssusitwing 9 1Wudssduaziiesdusznousisil

89



12.3.1 AauaudRveearsdunng
andullneususeiunmdgelasunilideoulivs oqaiinsy/Jssmetetnsaviangsiviugmans
(Medical Genetics/ Clinical Genetics) ﬁuaqLmeamLLazLﬂuam%ﬂammLwﬁ’uqmam‘ﬂ F1UIUDEN
98 2 AU MIUA9NIUUSNSIUan T UNIANISANEIANUANIRUALLANSIN 1
12.3.2 AouanUfvedena1seneIug
A1ANE

1) duSansAnunseiuuSaiin A1UINTHYIVIATAIVLALAVNINEN 9138 N1SIEAIUINYIN IS
U waraIBu | Mneeanimtfiaeu e UjuRnuluawinianistineusulddesndt 3
TJ

2) dnsamsdnwuigalnuazion arwidwihnthiaeunseufiinuluavfidaeusulitesni 5
(1d-J
AAUNUR
~ wa oA a Vv ' P g Ao '

2) figuantfwilow n1Ange] wideaun1sinausuanznsluavilneusuidssesan B
weend 16 dUam wisedusvaunisallunisvimihilumsivamdsnsauiugmansegng
sollad Wunan 5 U
v & & ° Y] ¢ ~ ) A A wa aa v o ¢ v )

3) adue19sguseituanitunsAine Insiauniensujifnuluedinlimusnumauiug
Fanseg1emeLilas (faculty practice) ognetios 80 ./ U
° YRR a wva & a A Ao Y aAf Yo ps P ) ¢ 1 oA

4) dwsugvrgasunmaljuRduneruiaivdnivimihiliedinwmuiusmansegesieiiled

1 v a| v o %) & ¥V a wa v
ag ey 3 U warzasungldnmsmivvesennsdiasuninuifinude 1 uay 2
12.3.3 auaudivesensdinaianisunng
A1ANE B
1) Wuuszneviv@nwmadinnisunnddnsanisfinwiluszaulimnintsyg vluanilageu was
1ANUTEIYYTRUHURNUAIUITY 9 Y0
2) dnsamsanwiluszaulddniusyaivluavidusasyiminfigeunseufiRnuluanfilsgeu
Tnefiuszaunisallidaenin 5 U
A1AUUR
1) Wuuszneviv@nmaianisunndianudeinguasufuRnuaviiy q wasvimihiidou v3e

UfuRnuluavileaeulneiivszaunisallutesnit 5 U wse
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2) Wudpvguazujuinuluavitulaeivszaunsallivesndn 5 U fnldesusesnis Uiy

= o C YY)

sluriesuUansmaliansunnduasiiniidioSusesnandinazUssaunisalangiadudayyidu
darin

3) fmsegand Wi fifanasuazanudeivialuauiiieades wuwnng

4) Werwa Muawnng Wnduns dnmelanisunng
1234 auantivese1asdnduns (Haeundyiugmans)
AN G

1) Wugimnudanudiunglunisuszneuivdnndunssuavnduiugman swaznsunmewiugn
ANUUTENIAYYDIANNAFINTIH Y130

2) dufanmsnwlusgiusiygienluamuniifeteuaslsvimihfiaouneuftRnusunduiug
manswaznsunmduiuglaeiivssaunisalliddesndt 10 ¥

11AULUR

1) Wugimnudanudinglunisusznevivdnndsnssy avnundyiugmansuaznisunmdudug
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8.30

8.45 Opening Remark

Virtual Event registration

Associate Professor Dr. Pornchai Jansisyanont, DDS, MS, PhD

Dean, Faculty of Dentistry, Chulalongkorn University, Thailand

9.00-10.00

Keynote Speaker

Associate Professor Dr. Nikos Mattheos, DDS, MSc (Health Inf), MASc (Perio), PhD

Faculty of Dentistry, Chulalongkorn University, Thailand

“Success and failure with oral rehabilitation: in the mind of a patient!”

10.00-12.00

Invited Speakers and Oral Presentation

Oral Session Room 1
‘ Invited Speakers
10.00-10.20
Single-cell whole-
transcriptome
analysis in oral
cancer

Huynh Cong Nhat
Nam

University of Medicine
and Pharmacy at Ho

Chi Minh City, Vietnam

Oral Session Room 2
|
10.00-10.20

Immediate placement
and immediate
loading of full
edentulous arches in
20 periodontally
compromised patients
- in-line clinical case
series with 3 years
follow-up

Tran Hung Lam

Vanlang University,

Oral Session Room 3

10.00-10.20

Oral health and
Systemic diseases
Renchuan Tao
Guangxi Medical
University College of
Stomatology, China

cellular engineering
and bio-imaging
methods for the

skeletal muscle

Chewing on Salivary
Nitric Oxide Levels

and Its Association

with Oral Lesion of

Vietham
10.20-10.40 10.20-10.40 10.20-10.40
Application of Effect of Betel Quid Tunnel Approach

versus Coronally
Advanced Flap in
Treating Gingival

Recessions: A

Close Session
FDCU
Research Day
Inhouse
Competition
For FDCU
students, by

invitation only
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microenvironment

Batak Karo Woman in

Systematic Review

Citra Fragantia
Theodorea
University of

Indonesia, Indonesia

11.00-11.12

Analysis of Growth
Factor Expression of
Wistar Rats with
Diabetes Mellitus
after Tooth
Extraction

Devy Putri
Kusumawardhani

Universitas Airlangga,

Indonesia

in rat gingiva receiving
intragingival
of modified mRNA
encoding PDGF-BB: A

injection

Pilot Study
Wichaya
Wisitrasameewong
Chulalongkorn
University, Thailand

11.00-11.12
Discrimination of
Microbial Community
Structure among
Periodontitis,
Gingivitis, and Healthy
Statuses with
Integrated
Metatranscriptomic
and Network Analysis

Takashi Nemoto

study Karo District of Nor Shafina Mohamed
Chayanit Sumatera Utara Nazari
Chaweewannakorn Province Indonesia University of Malaya,
Chulalongkorn Sondang Pintauli Malaysia
University, Thailand University of Sumatera

Utara, Indonesia
10.40-11.00 10.40-11.00 10.40-11.00
“TBA” Expression of PDGF-BB | Development of

Manipulation Methods
of iPSCs for
Prospective Bone
Regeneration
Phoonsuk Limraksasin
Tohoku

University,

Japan

‘ Invited Student Presenters

11.00-11.12

Effect of
Environmental pH on
Viscoelastic Properties
of Bioactive
Restorative Materials:
A Dynamic Mechanical
Analysis

Ong JEX

University of Malaya,
Malaysia
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Tokyo Medical and

Dental University, Japan

11.12-11.24

The Mechanism of
Coconut Shell-Liquid
Smoke as Oral Ulcer
Remedies

Kelvin Alfan Nola
Anggrarista

Universitas Airlangga,

11.12-11.24

Notch-Wnt signaling
crosstalk in
modulation of
odonto/osteogenic
differentiation in hDPs
Chatvadee

Kornsuthisopon

11.12-11.24

Does the
Incorporation of
Green Capping Agent
Enhance the
Biochemical
Properties of Silver

Diamine Fluoride?

Indonesia Chulalongkorn Mehmood Asghar
University, Thailand University of Malaya,
Malaysia
11.24-11.36 11.24-11.36 11.24-11.36
“TBA” Dx5-augmentation in | Oral status and the

Ms. Guo Kunyao
Guangxi

Guangxi Medical
University College of
Stomatology, China

neural crest cells
reveals early
development and
differentiation

potential of mouse

incidence of
dementia: Mediation
of nutritional and
social factors

Sakura Kiuchi

apical head Tohoku University,
mesenchyme Japan
Vu Hoang Tri
University of Medicine
and Pharmacy at Ho
Chi Minh City, Vietnam
11.36-11.48 11.36-11.48 11.36-11.48
Effect Of Activity of Fibroblast Adult Age Estimation
Hydroxyapatite Growth Factor 18 on In A Group Of Thai

Synthesized From

Macrophage

Population By Tooth

111




Nila Fish Scale Waste
On The Shear Bond
Strength Of Resin
Modified Glass
lonomer Cement To
Email Layer (In Vitro
Study)

Dinda Andaru Wirsa
University of Sumatera

Utara, Indonesia

Activation and
Calvarial Bone Healing
Worachat
Namangkalakul

Tokyo Medical and

Dental University, Japan

Coronal Index and
Coronal Pulp/Tooth
Area Ratio from
Horizontal Bitewing
Radiographs

Nguyen Hung Khanh
University of Medicine
and Pharmacy at Ho

Chi Minh City, Vietnam

11.48-12.00
Knowledges,
Perceptions,
Attitudes, and
Preparedness of
Indonesian Dental
Co-Assistant
Students About
COVID-19 Disease
and Infection
Control

Nabila Daneta Putri
Universitas Indonesia,

Indonesia

11.48-12.00

Role of Amelx
Activation in Stepwise
Ameloblast Induction
from Mouse Induced
Pluripotent Stem Cells
Xinchao Miao

Tohoku University,

Japan

11.48-12.00

“TBA”

Ms. Wu Tiantian
(postgraduate)
Guangxi Medical
University College of
Stomatology, China

12.00-12.12
Evaluation and
Satisfaction of
Dentistry Students in
University of

Indonesia towards
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Online Learning
during the COVID-19
Pandemic

Syafira Irviana Nawir

Universitas Indonesia,

Indonesia
12.00-13.00  Lunch Break
13.00-13.30  Keynote Speaker
Prof. Haruka Tohara, DDS, PhD
Section of Dysphagia Rehabilitation, Department of Gerontology and
Gerodontology

Tokyo Medical and Dental University, Japan

“Outline of dysphagia and our recent researches”

13.30-14.00

Dr. Nareudee Limpuangthip, DDS, PhD

Department of Prosthodontics, Faculty of Dentistry,

Chulalongkorn University, Thailand

“Dysphagia and oral hypofunction: current research and practice”

14.00-15.30  Oral Presentation

Oral Session Room 1

Oral Session Room 2

Oral Session Room 3

14.00-14.10

Comparing solubility of
triamcinolone mucoadhesive
patches by novel artificial saliva
dispenser

Khunlerdamorn K, Lertpanyanuch N,
Pakornsajjanun N, Bhalang K,

Limjeerajarus N, Limjeerajarus C

14.00-14.10

Wear resistance and
micro-hardness between
2 different bulk-fill resin
composites using
chewing simulator
Udomkoon N, Leenanon
T, Boomperm W,

Srimaneepong V

14.00-14.10

Using Feedback to Enhance
learning in Operative Dentistry
Clinic

Sujitrom J, Chulamanee P,

Suppawawisit N, Vacharaksa A

14.10-14.20

14.10-14.20

14.10-14.20
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Synergistic effect of chlorhexidine
gluconate and citronellal against

Streptococcus mutans

Charoenwattanawinyu N,
Luangwutiwong P, Limwongthong P,
Piboonratanakit P,

Thanyasrisang P, Sucharitakul J

Color stability, water
sorption and water
solubility of gingival
indirect composite resins
after coffee immersion
Rungaphacharaskul Y,
Foosiri S, Fang M,
Kamonkhantikul K

Chulalongkorn University dental
students’ opinions on soft skills
components according to Thai
Dental Council’s competency
standards of dental professionals

Sata P, Chae F, Kasevayuth K

14.20-14.30
The impact of 2017 WHO

Classification changes on the

prevalence of Odontogenic Tumors :

A 35-years retrospective study
Booncharoensinchai S,

Rerkchaimongkol J, Mahaphan N,

14.20-14.30
Radiographic analysis of
maxillofacial bone
lesions: A comparison
between panoramic and
CBCT

Rodwanno S,

14.20-14.30

Are educators too conservative or
are students too fashionable?
|dentifying professionally-
appropriate attire for
undergraduate dental students at

the Faculty of Dentistry,

Vipismakul V Choysungnern S, Chulalongkorn University.
Silkosessak O Bhusidin P, Yoopree |,
Chuenjitwongsa S
14.30-14.40 14.30-14.40 14.30-14.40

A retrospective analysis of gingival
lesions from Chulalongkorn Dental
School

Boonkhanasan S, Kasarat P,

Nateetaweewat P, Dhanuthai K

Comparison of Dental
Age between Cleft Lip
and/or Palate and Non-
Cleft Children and
Adolescents in Thailand
Nonthitipong W,
Suttapirom P,
Tharapanich H,
Sinpitaksakul P,
Pittayapat P

Sixteen personalities in
postgraduate and undergraduate
dental students in Chulalongkorn
University

Srikasikul T, Anuntaramporn P,
Yongsathianchot P, Chantarangsu

S

14.40-14.50

14.40-14.50

14.40-14.50
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Comparison in antibacterial and
antibiofilm effect on E. faecalis
between using 17% EDTA and
Normal saline solution as a final
flush

Shotelersuk V, Leelahawong N,
Tangworanigoonkit N,
Ampornaramveth RS,

Chivatxaranukul P

Radiographic Features of
Intraosseous Benign
Lesions of the Jaws:
Precise Diagnosis by
CBCT Analysis

Malikhao N, Srivichien N
Chawanratikun S,

Charoenlarp P

Stress and Burnout of

Undergraduate Dental Students
Yuera M, Chanpeng R, Suwannarat

W, Petdachai S, Subbalekha K

14.50-15.00

Surface modification and
characteristics on sandblasted and
acid-etched together with anodized-

treated titanium surface for dental

14.50-15.00

Effect of drinking and
eating after fluoride
varnish application on

saliva fluoride level

14.50-15.00

The Effectiveness of the

Instruction Media: Animation
Promotes Oral Health Knowledge

of Bangkok Prathomnonsri School

implants Ruangturakit V, Grade 1-3 Student in Bangkok
Jiraritthumrong K, metropolis
Pakdeemeechai S, Phuangtong S, Khlambu A,
Songsiripradubboon S Hayeeteh U, Pisarnturakit P
15.00-15.10 15.00-15.10 15.00-15.10

Biological evaluation of herbal
mouthwashes containing ginseng
extract on human gingival fibroblasts
Tansiri N, Ruensukon T, Hatsadaloi
W, Trachoo V, LochaiwatanaV,

Laiteerapong A

The comparison of wear
behavior between
Poly(methyl
methacrylate) occlusal
splint and tooth
structure

Ekrojanakul C, Harikul T,
Kositvanich R,

Potewiratnanond P

Mechanical Properties and

Fluoride Release of Titanium
Dioxide and Zirconium Dioxide

Nanoparticles Modified Glass

lonomer Cements

Sarapath S, Chaiyaprukdecha K,

Piyawaradech P, Nantanapiboon D

15.10-15.20
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Prevention of salivary gland
epithelial hypofunction after
radiotherapy with 10% trehalose
compound containing
epigallocatechin-3-gallate

Saipin N, Sanitwong Na Ayudhaya F,
Chanchaipattana P, Maison K,

Vacharaksa A, N. Ferreira J

15.30-16.00  Award Announcement for Student Research Competition
Closing Remark
2.3 %y’umawé'amsﬁ'ﬂn'\sﬂsmgu
2.3.1 fiinsidszyudszidiunuiionela

2.3.2 49USINIA

daudl 3
NAN1IALEUIY
Fa33n Wniane | waawduns
1. S1wruumMInendesnsUssmaiiduyssyu 7aotu | 34 @

(Thai Universities: Chiangmai University, Chulalongkorn University,
Khonkhan University, KMITL, Mahidol University, Naresuan University, Prince
Songkla University, Srinakarinwirot University, Rangsit University, Western
University)

(International Universities: Dalian Medical University, Defense Service
Medical Academy, Kurukshetra University, Lotus Dental Art, National Taiwan
University, National University of Malaysia, New York University, University
of Sumatera Ultara, Tokyo Medical and Dental University, Tohoku
University, National Autonoous University of Honduras, Universitas
Airlangga, Universitas Indonesia, Universitas Padjadjaran, University of
Dental Medicine Yangon, University of Medicine and Pharmacy at Ho Chi

Minh City, University of Health Science, University of Helsinki, University of

Hong Kong, University of Malaya, University of the Philippines, Vanlang
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Univesity, Gaungxi Medical University)

2. 97U Invited speaker/presenter 21 AU 28 AU
3. Ui iudsyyy 300 AU 422 Ay
3.1 Tuugidnsiudseyulng 258
3.2 PUIUFNTINUTEYUAR 184

(Cambodia, China, Egypt, Finland, Grenada, Honduras, India,
Indonesia, Japan, Malaysia, Myanmar, Pakistan, Philippines, Singapore,

Taiwan, Thailand, USA, Vietnam)
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Abstract

Objectives: Autosomal-dominant hypocalcified amelogenesis imperfecta (ADHCAI}
shows phenotypic heterogeneity. Our aim was to characterise the ADHCAI pheno-
types, tooth properties and genotypes.

Methods: Three unrelated ADHCAI probands and seven additional affected mem-
bers of the three families were recruited. Mutations were identified by exome and
Sanger sequencing, and haplotypes by SNP array. Tooth colour, roughness, density,
nanohardness, minerals and ultrastructure were investigated.

Results: Ten participants were heterozygous for the FAM83H mutation ¢.1387C>T
{p.GIn463%). All shared a 3.43 Mbp region on chromosome 8¢24.3 encompassing the
FAMBS3H variant, indicating a common ancestry. The ¢.1387C>T was estimated to be
23.8 generations or 600 years. The FAM83H enamel had higher roughness and lower
lightness, density, nanohardness, and calcium and phosphorus levels than controls.
Blunted enamel rods, wide interrod spaces and disorganised dentinoenamel junctions
were observed. Evaluating the patients with the same mutation and reviewing oth-
ers with different mutations in FAMB83H revealed that the FAMB3H heterogeneous
phenotypes are age-influenced. Tooth colour and surface texture change with ageing.
Conclusions: FAM83H enamel demonstrated decreased lightness, density, hardness,
calcium, phosphorus and defective ultrastructure. We have identified that the phe-
notypic variation in FAM83H-associated ADHCAI is age-related. Awareness of the
correlation between age and clinical features of FAM83H-ADHCAI can help dentists

make an accurate diagnosis.

KEYWORDS

enamel, hypomineralisaticn, lightness, mineral density, nanchardness, rcughness
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2 | wiLEY-J0RALDISEASE
1 | INTRODUCTION

Amelogenesis imperfecta (Al) is a phenotypically and genotypically
heterogeneous group of enamel anomalies affecting the primary
and permanent dentitions. The most common classification pro-
posed hy Witkop (1988) categorised Al based on phenctype into
four types including hypoplastic, hypomaturation, hypocalcification
and hypomaturation-hypoplastic with taurodentism and then subdi-
vided into 15 subtypes based on phenotype and mode of inheritance
(Witkop, 1988). To date, mutations in 28 genes have been associ-
ated with Al according to the Human Phenctype Ontology (HPO)
(K&hler et al, 2018) and Leiden Open Variation Database (LOVD)
v.3.0 (Fokkema et al., 2011). The genes mutated in Al are involved
in amelogenesis with diverse functions such as the enamel matric
proteins (AMELX, ENAM and AMBN), the enamel matric proteases
(MMP20 and KLK4), cell-cell and cell-matrix adhesion (FAM83H,
ITGB6, LAMAS and LAMB3) and ion transport (WDR72 and SLC24A4)
{Nitayavardhana et al., 2020; Smith et al., 2017).

The FAMS3H gene (OMIM#130900) functions as the linker
between casein kinase 1c and keratin (Fulcher et al.,, 2018; Kuga
et al., 2016). It is highly expressed in the presecretory and secre-
tory ameloblasts and plays an important role during enamel calcifi-
cation (Kim et al., 2008). Mutations in FAM83H are associated with
autosomal-dominant hypocalcified Al (ADHCAIL, OMIM 130,900),
which is the most prevalent and severe Al type (Crawferd et al., 2007;
Witkop, 1988). To date, fifty mutations in FAM83H have heen re-
ported {LOVD v3.0 and ClinVar) {Fokkema et al., 2011; Landrum
et al, 2018). These mutations are exclusively found in the last exon,
exon 5, and are truncating mutations, except for two missense vari-
ants. Althcugh the type and location of mutatiens are specific, the
FAMS83H-ADHCAI phenotypes are diverse (Kim et al., 2008; Mendoza
et al., 2007; Nowwarote et al, 2018; Wright et al,, 2011). Currently,
the phenotype-genctype correlation of FAM83H mutaticns has not
been established, and the understanding of tooth properties related
to FAM83H-ADHCAI is minimal.

This study aimed to thoroughly characterise the phenotype, gen-
otype and toeth characteristics (physical, mechanical and ultrastruc-
tural features) associated with ADHCAI. Three Thai patients from 3
different families were recruited. Whole-exome sequencing identi-
fied that all three patients possessed the same nonsense mutation,
c. 1387C>T, p.GIn463*, in FAM83H. From the 31 reportedly affected
members in these three families, 10 patients were recruited for phe-
notypic and genotypic characterisation. Haplotype and relatedness
analyses were performed. This study identified the patients sharing
the same FAM83H mutation and evaluated their phenctypes com-
pared with the patients in previous reports. We have found that the
heterogenecus phenoctypes of ADHCAI are age-related. In addition,
the physical, mechanical and ultrastructural features of FAM83H-
ADHCAI are revealed.
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2 | MATERIALS AND METHODS
21 | Subjects

Three unrelated Thai patients affected with ADHCAI were recruited.
Families 1, 2 and 3 were reported te have 9, 14 and 8 affected mem-
hers, respectively. Of these 31 individuals, 10 were available for phe-
notypic and genotypic studies (Figure 1, Figure 2 and Figure S1). All
participants or parents/guardians gave written informed consent for
publication. Clinical and radicgraphic examinations were performed.
The study was approved by the Research Ethics Committee (HREC-
DCU 2017-078), Faculty of Dentistry, Chulalongkorn University
and performed according to the ethical standards of the 1964

Declaration of Helsinki and its amendments.

2.2 | Whole-exome sequencing {WES) and
Sanger sequencing

Genomic DNA was extracted from peripheral hlood leucocytes.
WES was performed using lllumina Hiseq4000 sequencer at
Macrogen Inc. (Seoul, Korea) (Intarak et al., 2019; Porntaveetus
et al, 2018). The variants were filtered following these criteria: (a)
passed all quality filters during the variants calling process, (b) had
a read depth > 10, (¢} located in the coding regions and canoni-
cal splice sites of genes related to amelogenesis imperfecta (Smith
et al, 2017), and {d) had < 1% minor allele frequency in the Genome
Aggregation Database (gnomAD), Exome Variant Server, 1,000
Genomes Project Consortium, dbSNPs, and in-house database of
2,166 Thai exomes. Pathegenicity of the filtered variant was clas-
sified according to the ACMG standards and guidelines (Richards
et al., 2015). The pathogenic variant was validated by Sanger se-
quencing using primers F: TTCTTCCAGGCGCGGCACCT and R:
GAAGTCATCCGGGTCCGCGA.

2.3 | Single Nucleotide Polymorphism (SNP)
array genotyping

SNP genotyping was achieved using the Infinium OmniZhongHua-8
BeadChip microarray containing 1,175,489 SNPs (lllumina, Seoul, South
Korea). Ten participants including Family 1 (Patient 1, parents and grand-
mother), Family 2 (Patient 2, parents and aunt) and Family 3 (Patient 3
and daughter) were included for haplotype analysis. The SNPs gene-
type data from position 140,812,347 (rs12679196) to 146,301,427
(kgp22790488) in chromosome 8 that encompasses the FAM&3H gene
were extracted from whole SNP array data. The SNPs that were missing
in any individuals were excluded. The genotype data from each family

were then phased to define the ancestral haplotypes that linked with
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Patient 1's mother.~  41Y

FIGURE 1 Phenotypes and padigree of Family 1. {a-d) Clinical images of Patient 1 at age 7 vears show porous and yellowish teeth.
Normal-looking enamel was present on the buccal and lingual surfaces and cusp tips of primary molars and first molars. (&) Panoramic
radiograph demonstrated enamel loss on the erupted teeth, normal thickness of enamel on the unerupted teeth, and reduced radiodensity
contrast between enamel and dentine. {f} Pedigree of Familyl. Males are marked by squares and females by circles. Filled symbols indicate
reportedly affected individuals. An arrow indicates the proband. A horizontal line above symbol indicates an individual having Sanger
sequencing. (g-j) Clinical image of Patient 1's sister at 10 vears of age exhibited cheesy-soft teeth and anterior open bite. {k} Panoramic
radiograph of Patient 1's sister at 6 years of age showed that the erupted teeth had reduced enamel thickness and radiopacity. {I-o} Patient
1'smother had brown and glossy teeth with scattered small white patches. The lower left second molar was endodontically treated. The
lower first molars were previously extracted. The panoramic radiograph showed thin enamel with reduced radiodensity. Y, vears of age
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FIGURE 2 Phenotypesand pedigree of Families 2 and 3. {a-¢) Clinical and radiographicimages of Patient 2 at 13 years of age showed
yellowish, discoloured, rough and soft teeth. Panoramic radiograph presented reduced contrast between the enamel and dentine and
embedded maxillary canines. The erupted teeth had minimal enamel thickness. [f} Pedigree of Family 2. Males are marked by squares and
females by circles. Filled symbels indicate reportedly affected individuals. An arrow indicates the proband. A horizontal line above symbol
incicates an individual having Sanger sequencing. (g} Patient 3 at age 42 years had smooth, shiny, brownish-black teeth (h) Patient 3's
daughter presented rough and yellow teeth. Normal-looking enamel was present on the buccal and lingual surfaces of the posterior teeth. (i}
Pedigree of Family 3. Males are marked by squares and females by circles. Filled symbols indicate reportedly affected individuals. An arrow
indicates the proband. A horizontal line above symbol indicates an individual having Sanger sequencing

the mutation. The coordinates of the shared ancestral segments from
each family were input into the Genetic Mutation Age Estimator pro-
gram (https:#shinywehi.edu.au/rafehih/mutation-dating) to estimate
the mutation's age (Gandolfo et al,, 2014; Yeetong et al., 2019).

2.4 | Tooth samples analyses

A primary upper left lateral incisor (Al1), permanent lower right first
premolar (A12) and permanent upper right lateral incisor (Al3) were
collected from Patients 1, 2 and 3, respectively. Each Al sample was
evaluated in comparison with three tooth type-matched controls
collected from age-matched healthy individuals. For Al3, only the
root portion was available for evaluation.

Tooth colour was measured on the buccal and lingual surfaces (3
times/surface} using a digital spectrophotometer (VITA Easyshade®
V., Bad Sackingen, Germany} based on the CIE *a*b* colour scale of
the International Commission on lllumination.
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Mineral density was evaluated by a micro-computerisad tomo-
graphic machine (LCT35, Scanco Medical, Briittisellen, Switzerland).
Thirty layers of enamel and dentine were selected. The images were
procaessed using Image Processing Language (Scanco Medical AG,
Wangan-Briittisellen, Switzerland).

The tooth surface roughness was measured as surface topogra-
phy parameter by the Talyscan 150 and the TalyMap Universal pro-
gram (Tavlor Hobson Ltd, Leicester, United Kingdom). Thirty spots
every 600 um were selected.

Nanohardness were measured on longitudinal sections of the
samples (30 locations) using a nano-base indentation system (Ultra
Micro-Indentation System, UMIS 11, CSIRO, Canberra, Australia).

The sections were dried using a critical point drver (Emitech K850,
Emitech Ltd, Kent, England) and covered with gold powder {JFC 1200,
Tokyo, Japan). The elemental levels (%) of carbon (C), oxygen [Q), phos-
phorus {P) and calcium {Ca) were measured at 3 locations using EDX
{ISIS 300 EDX-system; Oxford Instruments, UK. Tooth ultrastructure
was examined by an SEM {Quanta Feg 250, FE| Company, Oregon, USAJ.
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Comparisons between the ADHCAI and control teeth were de-
termined using the independent t test (p < .05) (GraphPad Prism5
Software Inc., San Diego, CA, USA).

3 | RESULTS
3.1 | Clinical manifestations of ADHCAI

Patient 1, a 7-year-old boy, presented with tooth sensitivity. His
oral examination revealed that the patient had poreus and yel-
lowish teeth with an extensive loss of enamel and exposed den-
tine. The remaining white and chalky enamel was chserved on
the buccal and lingual surfaces and cusp tips of the deciducus
melars and permanent first melars. The erupting permanent in-
cisors' enamel was mildly yellowish and porous. The pancramic
radiograph showed reduced radicdensity contrast between the
enamel and dentine, thin enamel on the erupted teeth, and normal
enamel thickness on the unerupted teeth (Figure 1a-e). A primary
upper left lateral incisor was extracted due to prolonged retention
(Al1 sample). Anterior open hite was not present. The patient's
sister (10 years old) exhibited cheesy-soft teeth. The enamel was
partially lost, exposing yellowish dentine. Normal-lcoking enamel
was present along the gingival margins and cusp tips of the teeth.
Anterior open bite was present (Figure 1g-k). Patient 1's mother,
aged 41 years, exhibited yellow to hrownish discoloured teeth.
Severe enamel loss was present, leaving shiny brown dentine
with scattered small white patches. Both lower first molars were
extracted due to irreversible pulpitis, and the lower left second
melar was endodoentically treated. The pancramic radicgraph
showed thin enamel with reduced radiodensity (Figure 1l-o0). The
family pedigree of Patient 1 showed 9 affected family members
(Figure 1f).

Patient 2, a 13-year-old boy, complained of yellow and sensitive
teeth. His oral examination revealed generalised teoth discoloura-
tion with irregular texture, anterior tooth crowding and crosshite.
Normal-looking enamel was present along the cervical areas and
cusp tips of the teeth (Figure 2a-d). The radiograph exhibited em-
bedded upper canines. The unerupted third melars had a normal
enamel thickness, while the erupted teeth had thin enamel with
reduced radiopacity (Figure 2e). The lower right first premolar (Al2
sample) was extracted accerding to the orthodontic treatment plan.
The family pedigree of Patient 2 revealed an Al phenotype in five
generations (Figure 2f).

Patient 3, a 42-year-old male, presented with smooth, shiny,
brownish-black teeth with severe wear, dental caries and multiple
retained roots. The clinical and radiographic features of this family
were previously reported (Kantaputra et al, 2016). The upper left
lateral incisor {AI3 sample) was extracted. Patient 3's daughter had
soft, porous and vellowish teeth. Normal-appearing enamel was
ohserved on the buccal and lingual surfaces of the posterior teeth.

Anterior open bite was present (Figure 2h).
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We found that all affected patients had generalised plaque ac-

cumulation, gingival inflammaticn and multiple dental cavities. The
medical history of the three families revealed no significant systemic

diseases or medications affecting the teeth.

3.2 | Mutation analyses

WES identified that Patients 1, 2 and 3 harboured the same hete-
rozygous nonsense mutation, ¢.1387C>T, p.GIn463*, in the exon 5
of FAMG83H (NM_198488.5). The variant was classified as pathogenic
based on the ACMG standards and guidelines (PVS1, PM2, PP1 and
PP3) (Richards et al., 2015). Sanger sequencing confirmed the pres-
ence of the mutation in the patients and all available affected family
members (Figure 51). The inheritance pattern, genetic mutation and

phenotypic features found in these three families indicated ADHCAI.

3.3 | SNP array genotyping

Because the three families with the same ethnicity possessed the
same FAM83H mutation, it was speculated that they might have a
commen ancestry. We first perfermed haplotype analysis in the
family with the largest number of affected members, Family 2
{Patient 2, parents and aunt), and detected a 3.41 Mbp segment
between cocrdinates 142,883,316 and 146,293,414 on chromo-
some 8q24.3 segregating in the affected members. Next, we ana-
lysed the affected members in Family 3 (Patient 3 and his daughter)
and Family 1 (Patient 1, parents, and grandmother) and detected a
commen 3.43 Mbp segment between coerdinates 142,862,278 and
146,293,414, This region covered the shared 3.41 Mhp segment
identified in Family 2 and the ¢.1387C>T variant in FAM&3H.

The coordinates were input intc the Genetic Mutation Age
Estimator  program  (https:/shiny.wehiedu.au/rafehi.h/mutation-
dating) (Gandolfo et al., 2014; Yeetong et al, 2019). It was estimated
that the age of ¢.1387C>T variant was 23.8 generations or 600 years
{assuming one generation = 25 years) with a 95% confidence interval
(Cl) between 7.4 (175 years) and 84.3 (2,100 years) generations. These
estimations suggest that the ¢.1387C>T mutation is identical by de-

scent and these three families have a common ancestry.

3.4 | Characteristics of the deciduous and
permanent teeth affected with FAM83H-ADHCAI

The exfoliated deciduous upper left lateral incisor (Al1l) was collected
from Patient 1. The permanent lower right first premolar (Al2) in Patient
2 was extracted according to orthodontic treatment plan. The retained
root of the permanent upper right lateral incisor (Al3) in Patient 3 was
extracted due to non-resterable condition. All patients donated the
tooth samples for this study. We examined the physical, mechanical

and ultrastructural features of the Al teeth compared with centrols.
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FIGURE 3 Tooth characteristics and phenotypic properties. (a) Microscopic images of the primary upper left lateral incisor (A1) obtained
from Patient1 had vellow and opaque white enamel and exposed dentine. {b) The permanent lower right first premolar (A2} obtained from
Patient 2 was dark yellow in colour and had an irregular surface. (¢} The permanent upper right lateral incisor {Al3) obtained from Patient 3
had a smooth and vellow root. (d, €) The surface roughness values of All and Al2 were significantly higher than those of controls (p < .05). {f-
h) The mineral density differences in enamel and dentine between patients and controls were not statistically significant. (i-k) Nanohardness
values of All and Al2 enamel were significantly decreased compared to control values. In dentine, All and Al3 showed lower nanohardness
values than controls {p < .05). {I-m} Al1 and Al2 enamel demonstrated siginificantly lower Ca and P levels than controls. {(n-p} Al2 and Al3
dentine revealed significantly lower Ca and P levels than controls whereas All had significantly higher Ca and P than controls. C, carbon; O,

oxygen; P, phosphorus; Ca, calcium
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DEJ Enamel

\Denﬁn

FIGURE 4 Tooth ultrastructure. {a-d) Scanning electron microscopic images of the All and Al2 enamel had rounded and short enamel
rods with wider interrod areas compared with control. Porosities were seenin the A2 enamel. (e-h} Disorganised dentinoenamel junctions
(DEJ) were present in All and Al2. {i-1) The dentine ultrastructure and dentinal tubules of Al1 and Al2 were comparable to controls. SEM

images at 10,000x magnification

3.5 | Gross characteristics

All had yellowish and rough enamel with white patches (Figure 3a).
Al2 had yellow-brown and rough enamel with demineralised spots
and Al3 had vellow and smooth root surface {Figure 3a-c). Based on
the CIE LARB, the crown portions of All and Al2 were darker, redder
and vellower comparad with controls. Similarly, the root portions of
All, Al2 and Al3 were darker and redder compared with controls.
The colour differences between the Al teeth and controls were
perceivable by the human eye (AE = 2) (Tables §1 and 52). The sur-
face roughness values of the All and Al2 crowns were significanthy
greater than those of controls (Figure 3d-e).

3.6 | Ultrastructural characteristics

Micro-CT revealed that the differences in the enamel and dentine
mineral density between patients and controls were not statisti-
cally significant {Figure 3f-h, Tables 3 and 54). Mechanical prop-
erty evaluation indicated that the nanohardness values of the All
and A2 enamel and of the All and Al3 dentine were significanthy
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lower than thase of controls {Figure 3i-k). EDX demonstrated that
the All and Al2 enamel had significantly reduced phosphorus and
calcium content compared with controls. In dentine, the A2 and Al3
calcium and phosphorus levels were significantly lower, while those
of Al1l were significantly higher, than those of controls {(Figure 31-p,
Table 55).

SEM revealed that All and Al2 had shorter and rounder enamel
rods and wider interprismatic areas than controls. A2 demonstrated
severely disturbed enamel containing several holes. All and Al2
showed disorganised dentinoenamel junctions (DEJ), while the con-
trols had a continuous interface between the enamel and dentine.
The dentine and dentinal tubules of the Al samples were comparable
to controls (Figure 4).

3.7 | Phenotypic analysis of FAM83H-ADHCAI

Although our patients had the same FAME3H mutation, a wide
range of dlinical features were observed. We thoroughly char-
acterised the phenotypes of our patients and those having dif-
ferent FAM83H mutations in previous reports (Chan et al., 2011;
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Ding et al., 2009; Fl-Sayed et al., 2010; Gjarup et al, 2009; Hart
et al, 2009; Haubek et al,, 201%; Hyun et al,
et al, 2014; Kim et al., 2008; Lee et al, 2008, 2011; Nowwarote
et al., 2019; Nowwarote et al., 2018; Pourhashemi et al., 2014; Song
etal, 2012; Urzua et al., 2015; Wang et al,, 2020; Wright et al., 2009,
2011; Xin et al., 2017; Yu et al,, 2018; Zhang et al., 2015; Zheng
etal., 2020) (Table S&). We observed that the phenotypic differences
in FAM83H-ADHCAI were age-related. Newly erupted permanent
teeth are porous, soft, opaque white and slightly vellow. In the mixed
dentition, the enamel gradually chips off. The teeth are still parous;
however, the tooth colour becomes darker, likely due to accumulated
food staining. Normal-looking enamel is seen at the cervical margins
of the tooth crown and cusp tips. In adutthood, the teeth turn dark
brown to black in colour and the tooth surfaces become smooth and
shiny rather than soft and porous. It is expected that the exposed
dentine is abraded and discoloration gradually increases over time
{Figura 5).

4 | DISCUSSION

The present study identified the ADHCAI patients caused by the
nonsense mutation, €. 1387C=T, p.GInd43*, in the exon 5 of FAM83H.
The FAM83H gene consists of 5 exons. Exon 5 is the largest and
contains all phosphorylation sites of the FAMS3H protein. The C-
terminus of the FAMBS3H protein contains evolutionarily conserved
2017). Among the
genes causing Al, mutations in FAMS23H are the most commonly

regions critical for amelogenesis (Huang et al.,

found and produce the most severe enamel defects. The p.GInd463*
mutation identified here is expected to generate a prematurely
truncated FAMS3H protein (NP_240890.4) lacking 717 amino acids.
Consistent with previous studies, the ADHCAI-causing FAME3H
mutations occur exclusively in the last exon and most mutations are
truncating (LOVD v3.0 and ClinVar) {(Fokkema et al,, 2011; Landrum
et al,, 2018). FAM83H truncated mutations alter its subcellular locali-
sation and act by a neomorphic mechanism to cause ADHCAI (Lee
etal, 2011; Wang et al,, 2019).

Although up to 50 pathogenic mutations in FAM83H have been
reported, the ¢.1387C-T (p.GIn4é3* mutation has been detected
in only three familizs in Thailand. Haplotype analysis revealed that
these 3 families shared a common 3.43 Mbp segment covering the
FAME3H locus. These findings suggest that they have 2 common an-
cestor and the c1387C>T mutation is identical by descent. It was
estimated that the age of the ¢ 1387C-T mutation was 23.8 gen-
erations or 600 years (assuming one generation = 25 years), with
a 95% confidence interval (Cl} between 7.4 (175 vears) and 84.3
{2,100 vears} generations. Similarly, a previous study found that the
¢ 13686C>T mutation in FAMB3H found in 5 Turkish families was
identical by descent. This mutation was inherited from a common
ancestor with a shared 1.8 Mb haplotype spanning the FAMB3H
locus (Hart et al., 2009). We show here that detection of identity by
descent can be useful to estimate familial relatedness and fine-scale
population structure {(Browning & Browning, 2012).
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FIGURE 5 dinical phenotypes of ADHCAI caused by FAME3H
mutation

Clinically, the FAM83H-ADHCAI teeth are generally rough and
yellowish. In patients with FAMB83H mutations, the quantity of
enamel matrix proteins is normal; however, enamel calcification is
disturbed (Hyun et al., 2009). Radiologically, the hypomineralised
enamel appears to be of normal thickness, but has reduced con-
trast with dentine. After eruption, the enamel rapidly deteriorates,
resulting in exposed dentine, loose proximal contacts and maloc-
clusion. The tooth cervical regions and cusp tips are less affected
by the mutation. Tooth sensitivity and infection are common
problems of these patients. Other dental abnormalities reported
in FAM&2H patients include anterior open bite, embedded teeth,
crowding and crossbite. In this study, anterior open bite was ob-
served in 2 participants {Patient 1's sister and Patient 3's daugh-
ter). Moreover, an impacted canine and crossbite were found in
Patient 2, similar to the patient reported by Xin et al., 2017 {Xin
et al., 2017).

Phenotypic characterisation of the patients with the same
mutation, ¢1387C-T, p.GInd43*, in FAME3H reveals that the
phenotypic differences in FAMB3H-ADHCAI are age-related.
Newly erupted teeth are porous, soft and slightly yvellow. In young
adults, the teeth are still porous, but darker in colour. The enamel
is eroded leaving normal-looking enamel along the cervical mar-
gin aof the tooth crown and cusp tips (Hart et al., 2009; Haubek
et al., 2011; Nowwarate et al., 2012; Nowwarote et al,, 2018; Song
et al.,, 2012; Xin et al,, 2017; Yu et al., 2018; Zhang et al., 2015).
In adulthood. the teeth turn dark brown or black and the tooth
surfaces become smooth and shiny rather than soft and porous.
Most of the severely hypocalcified enamel in FAM83H teeth is
usually worn down soon after the teeth erupt. However, the cusp
tips on the premolars and molars and the areas along the gingi-
val margin of the enamel are maintained for vears and resist pos-
teruptive enamel loss (Haubek et al., 2011; Lee et al., 2008). It is
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suggested that the enamel on different tooth locations is differen-
tially affected by the FAM83H mutation (Kantaputra et al., 2016).
Following enamel loss, the exposed dark dentin could gradually
trap external stain, leading to brown and black discoloured teeth
in affected adults. The reasons of these changes can probably be
due to the poer mineralisation degree of the enamel and other
factors such as poor access to dental care, extrinsic pigmentation,
medication, trauma and peor oral hygiene.

The FAM83H mutation reduces the enamel's physical and me-
chanical properties. The deciducus and permanent teeth with the
FAM83H mutation had significantly increased surface roughness.
Moreover, mineral density, nanchardness, and major incrganic sub-
stance levels, calcium and phosphorus, in FAM83H enamel were
significantly less compared with controls. Ultrastructural analyses
revealed that the FAM83H teeth had poorly formed enamel prisms
and widened interrod spaces, consistent with previous reports (El-
Sayed et al, 2010; Yu et al., 2018; Zhang et al., 2015). Unlike other
studies, several holes were evident in the A12 enamel. These find-
ings indicate that the enamel is dramatically disturbed during amelo-
genesis due to the FAM83H mutation (Kim et al., 2008; Wright
et al,, 2009). The relationship between low enamel hardness and in-
creased tooth susceptibility to caries and fracture have been shown
(Gutiérrez-Salazar & Reyes-Gasga, 2001). Enamel roughness also
contributes to plague and stain accumulation and dental caries ini-
tiation. These results suggest that the accumulated enamel defects
in FAM83H teeth make them prone to rapid detericration and dental
diseases.

Sequential and reciprocal interactions between epithelial
and mesenchymal tissues are essential mechanisms regulating
the formation of enamel and dentine during tcoth development
({Thesleff, 2003). An integration between the enamel and dentin
mineral is established via the regulation of mineral formation and
organisation of the dentine and enamel matrices at the DEJ (Fang
et al., 2011). We chserved that the DEJ in FAM83H teeth was dis-
organised containing amerphous material. In dentine, the Al2 and
Al3 calcium and phesphorus levels were significantly lower, while
those of All were significantly higher compared with contrels. A
previous study showed that the FAM83H tooth dentine exhibited ir-
regular dentinal tubules with partly obliterated lumens and had less
tubules, compared with those in normal controls (Zhang et al., 2015).
Interglobular dentin representing incompletely calcified dentine ma-
trix was also cbserved in some affected teeth (Wright et al., 2009).
It was proposed that the FAM83H mutations not enly disturbed
enamel mineralisation, but also affected dentine formation {Zhang
et al., 2015). Based on these findings, the FAM83H tooth dentine
could be different from that of normal teeth.

To cenclude, here, we identify the nonsense mutation, €.1387C>T
(p.GInd63%), in FAM83H causing ADHCAI in the patients sharing a
common ancestor. FAM83H-ADHCAI exhibits deteriorated tooth
ultrastructural, physical and mechanical characteristics. We also
demonstrate that the heteregeneous clinical features of FAM83H-

ADHCAI are age-related. These findings broaden the understanding
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of the phenotypic spectrum of FAM83H-ADHCAI leading to prompt

pregnoesis and dental management for ADHCAI patients.
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Phenotypic features of dentinogenesis imperfecta n |
associated with osteogenesis imperfecta and COLIA2 oy

mutations

Oadcharawadee Nutchoey, MSc,*® Narin Intarak, PhD,” Thanakorn Theerapanon, MSe,”
Sermporn Thaweesapphithak, MSc,” Lawan Boonprakong, BSC,d Anucharte Srijunbarl, MSc,*
Thantrira Porntaveetus, DDS, Grad Dip, MSc, PhD,*" and Vorasuk Shotelersuk, MD"®

Objective. Dentinogenesis imperfecta (DI) requires dental treatment. This study investigated the characteristics of DI teeth associ-
ated with osteogenesis imperfecta {Ol) and COL1A2 mutations.

Study Design. Whole exome and Sanger sequencing were performed. Three primary teeth (called “OIDI teeth”) obtained from
3 unrelated COLTAZ2 patients were investigated and compared with 9 control teeth from age-matched healthy individuals using
colorimetry, micro—computed tomography, Knoop microhardness, energy dispersive X-ray spectroscopy, scanning electron
microscopy, and histology.

Results. All patients were identified with heterozygous glycine substitutions in COLTA2. The COLIA2 mutations, ¢.1531G=>T and
c.2027G>T, were de novo, whereas c.3106G >C was inherited. ©IDI1, 2, and 3 teeth had a substantial decrease in dentin micro-
hardness and lightness. OIDI2 enamel microhardness was significantly reduced, whereas OIDI1 and 3 had enamel microhardness
comparable to that of control individuals. The &IDI1 pulp cavity was large; G1DI2 was narrow; and OIDI3 was obliterated. QIDI1
and 3 had significantly higher carban levels than those in control individuals. Numerous ectopic calcified masses, sparse and
obstructed dentinal tubules, dentin holes, and collagen disorientation were observed.

Conclusions. OIDI teeth had reduced lightness and variable pulp morphology. Weak dentin, mineral disproportion, and abnormal
ultrastructure could contribute to the brittleness of OIDI teeth and adhesive restoration failure. Here, we expand the phenotypic
spectrum of COLTAZ mutations and raise awareness among dentists seeing patients with Ol. (Oral Surg Oral Med Oral Pathol
Oral Radiol 2021;131:694—701}

Dentinogenesis imperfecta (DI) is a genetic disorder
of dentin affecting the primary and permanent denti-
tion. The Shields classification, based on phenotypes,
proposed dividing DI into 3 types." Shields DI type Lis
associated with osteogenesis imperfecta (OI), whereas
DI types 1T and TII are nonsyndromic. Due to the avail-
ability of genetic data concerning the causes of inher-
ited dentin disorders, it has been proposed that the
pathogenesis of Shields DI I is different from that of
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DI I and DI 1T and should be considered as a unique
entity.>*

Shields DI 1T (OMIM accession no. 125490} and DI
I (OMIM accession no. 125500) are associated with
mutations in the dentin sialophosphoprotein (DSPF)
gene (MIM*125485).%° Recent genctic studies have
shown that Shields DI IT and DI TIT could be the same
disease with phenotypic variability.®® In contrast,
Shields DI I is primarily caused by heterozygous muta-
tions in type I collagen coding gene COLIAI or
COLIA2 (MIM*120150 or MIM*120160, respec-
tjvely)f"9 It was suggested that the abnormal dentin
associated with OI should be called “DI-like” or opal-
escent teeth associated with OL™’

Clinically, DI teeth are opalescent, brittle, and prone
to fracture.!®® Bulbous crowns, cervical constriction,
and pulp obliteration are radiologic features. There are
a few studies showing the ultrastructural features of DI
teeth, such as weak dentin, irregular tubules, and

Statement of Clinical Relevance

Dentinogenesis imperfecta, osteogenesis imper-
fecta, and COLIAZ mutations lead to a significant
decrease in dentin hardness and lightmess, mineral
disproportion, pulp obliteration, and abnormal den-
tin, including holes, ectopic calcified masses, sparse
tubules, and collagen disorientation. Dentists should
be aware of these anomalies.



0000

ORIGINAL ARTICLE

Volume 131, Number 6

changes in mineral content. However, these phenotypes
concerned DSPP-associated DI and the opalescent
teeth associated with OI caused by COLIAI muta-
tion. 1417 Only one previous study demonstrated the
dentin defects in a patient with COLIAZ mutation.
However, that patient had a glycine substitution in the
carboxyl terminus of COLIA2 leading to OI/Ehlers-
Danlos overlap syndrome, which is not typical of OL>°
Because of the limited understanding of the dental phe-
notypic spectrum related to COLIA2 mutations, the
present study collected primary teeth (called OIDI)
from 3 unrelated patients with Ol who had glycine sub-
stitutions in COLIA2. Our aims were to thoroughly
investigate and expand knowledge of the ultrastruc-
tural, physical, and mechanical properties of OIDI
teeth associated with COLIA2 mutations.

MATERIALS AND METHODS

Subject enrollment

Three unrelated patients with OI and DI and their fam-
ily members were recruited. Informed consent was
obtained from all participants or their parents/legal
guardians. The project was approved by the research
ethics committee at the Faculty of Dentistry, Chula-
longkorn University, Thailand (HREC-DCU 2018-
092), and was conducted in accordance with the Decla-
ration of Helsinki and additional requirements.

Mutation identification

Peripheral blood samples were collected and extracted
to obtain genomic DNA. Whole-exome sequencing
(WES) was performed at Macrogen Inc. (Seoul, Korea)
using a HiSeq 4000 sequencer (Illumina) and processed
as previously described.” > The variants were filtered
out if they were noncoding variants or synonymous
exonic variants; if they were not in the genes associated
with OL"** or if they were found in >1% in the 1000
Genomes Project database, Genome Aggregation Data-
base (Gnomad.broadinstitute.org), or in-house database
of 2166 Thai exomes. The identified mutations were
validated by Sanger sequencing using primers shown
in Supplemental Table S1.

Tooth samples

Three primary teeth were obtained from 3 unrelated
patients with OI with COLIAZ2 mutations. OIDI1 was
the primary right first molar obtained from patient 1
(Pt-1); OIDI2 was the primary left central incisor from
Pt-2; and OIDI3 was the primary right second molar
from Pt-3. Each OIDI tooth was studied and compared
with 3 tooth-type matched controls collected from age-
matched healthy individuals.
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Tooth color

Tooth color was measured on the buccal surface of
each tooth 3 times using a digital intraoral colorimeter
(VITA Easyshade V, VITA Zahnfabrik H. Rauter
GmbH & Co KG, Bad Sackingen, Germany). The
L#*a*b values were recorded according to the Interna-
tional Commission on Illumination. The L* displays
the lightness in the black-and-white scale; a* is the sat-
uration in the red-and-green scale; and b* is the satura-
tion in the blue-and-yellow scale. The color difference
(AE*) was calculated wusing the equation

AE = /(L ~ L + (a2 —@,)* + (b, — by)™

Micro—computed tomography (micro-CT)

The whole tooth was scanned using micro-CT (Speci-
men pCT35; SCANCO Medical AG, Brittisellen, Swit-
zerland). A square area of 16 x 16 and 104 x 104
pixels was created in 30 sections of the sample. Mineral
density was measured using the Image Processing Lan-
guage (SCANCO Medical AG, Briittisellen, Switzer-
land).

Microhardness

After micro-CT scanning, the tooth was fixed in a resin
block. The block was cut longitudinally into buccal
and lingual segments. Microhardness was measured on
the lingual segment using a Knoop microhardness tes-
ter (FM700 e Type D; Future Tech, Kanagawa, Japan)
at 100 gF for 15 s/load. Thirty locations on the enamel
and dentin were selected. The Knoop microchardness
(Hx) values were calculated according to the formula
Hyp=14229 P’ (P, applied test load [gF]; L, indenta-
tion diagonal length [pem]).

Mineral composition, ultrastructure, and histology
Mineral compeosition, comprising carbon {C), oxygen
(0), phosphorus (P), and calcium (Ca), was measured
at 3 spots on the buccal segment using energy disper-
sive X-ray spectroscopy (EDX) (ISIS 300 EDX Sys-
tem; Oxford Instruments, Abingdon, UK). Tooth
ultrastructure was analyzed using a scanning electron
microscope (SEM) (JSM 5410-LV; Jeol Ltd., Tokyo,
Japan). The segment was then embedded in paraffin,
sectioned, and stained with hematoxylin and eosin and
Masson’s trichrome.

Statistical analysis

Statistical analyses were performed using IBM SPSS
Statistics for Windows software (version 22; IBM
Corp., Armenk, NY, USA). Data normality was
assessed by using the Kolmogorov-Smirnov test. For
normally distributed data, independent group compari-
son was analyzed using analysis of variance followed
by Tukey’s test for pairwise comparison. For non-
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Fig. 1. Phenotypes of Patients 1, 2 and 3 and OIDI1, 2, and 3. (a-¢) Intraoral image of Pt-1, 2, and 3 show opalescent primary
teeth, (d-1) Light microscopic image, three-dimensional reconstruction, and longitudinal cross-section of the OIDI teeth and

controls,

normally distributed data, the Kruskal-Walliz test was
used for independent group comparison, and the Mann-
Whitney U test was used for pairwise comparison. The
significance Ievel was setat .05.

RESULTS

Medical features and genetic mutations

Three unrelated patients were diagnosed with OI and
DI on the basis of clinical, radiographic, and laboratory
examinations. Pt-1 was 7 vears old; Pt-2 was 6 years
old; and Pt-3 was 13 vears old. All 3 patients had short
stature, bone curvature, low bone mineral density, flat
feet, DI, and a history of bone fractures (Figure la—c).
The phenotype of Pt-1 was described in our previous

a b
0O
& & i
| P
£ 1531G3T (p.GiyS11Cys] i COL1AZ
Patient 1 Patient 2 |
Father Mother
Mother

Healthy contral

b g b od g

1

€31086-C, pGV1G36ARE In COLIAZ

study?® All 3 patients had received intravenous
pamidronate therapy (7.2 mg/kg) every 2 months.
Using WES, we identified Pt-1 with a de novo het-
erozygous missense mutation, ¢.1531G=T (p.Gly511
Cys), in exon 26 of COLIA2 (NM_000089.4).*" Pt-
1’s parents were healthy and had normal teeth. Pt-2
possessed  a  heterozygous missense mutation,
c3106G=C (p.GlylD36 Arg), in exon 47 of
COLIAZ. The mutation was inherited from the
mother, who also had OI and DI. Pt-3 harbored a de
neve heterozygous missense mutation, ¢.2027G=T
(p.Gly676 Val), in exon 34 of COLIAZ. Pt-3’s
parents were healthy and had normal teeth.
All 3 mutations were glycine substitutions in

o} O DP
bo 0 E!% % B o 0g
La

CI02765T, pEETEVal in COLIAZ

s

Patient 3

Father

Mother

Fig. 2. Family pedigree and chrommatogram of patients and their famnilies. A filled symbol indicates an ndividual with dentinogen-
esis imperfecta associated with osteogenesis itnperfecta. Arrows indicate the probands,
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COLIAZ (Figure 2). These mutations were predicted
to be pathogenic according to the American College
of Medical Genetics and Genomics standards and
guidc]incs?s Genetic findings confirmed the diagno-
sis of OI in Pt-1, -2, and -3.
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Dental phenotype

Primary tooth samples, OIDI1, OIDI2, and OIDI3,
were collected from Pt-1, 2, and 3, respectively. Clini-
cally, the OIDI teeth were opalescent. The lightness
(L*) values of OIDI1, OIDI2, and OIDI3 (38, 68, and
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Fig. 3. Knoop microhardness of enamel and dentin of OIDI1, 2, 3 and controls. Dentin microhardness values of OIDI1, 2, and 3
are significantly lower than controls. The microhardness values of OIDI1 and OIDI3 enamel are comparable to controls, while
that of OIDI2 enarnel is lower than controls. *Significant at P < 0.05. Cont, control.
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62 respectively) were lower than their controls, reveal-
ing that the OIDI teeth were darker than normal teeth.
On the basis of a* and b¥ valaes, OIDI1 was bluer and
greener than controls; OIDI2 was yellower and redder
than controls; and OIDI3 was bluer and redder than
controls. The color differences (AE) between OIDII,
OIDI2, and OIDI3 and their controls were 50.62,
25.70, and 28.00, rt:spctctjva]y27 These values indicate
that the color distinction betsween the OIDI and normal
teeth is perceivable by the human eye (Supplemental
Table S2).

Micro-CT cross-sections demonstrated that OIDIL
had a very wide pulp cavity, whereas that of OIDI2
was narrow and that of OIDI3 was obliterated
(Figure 1d—i). The enamel and dentin mineral densities
of OIDI1, 2, and 3 analyzed by micro-CT were compa-
rable to those of controls (Supplemental Table S3).

The Knoop microhardness values of OIDI1, OIDIZ,
and OIDI3 dentin were significantly lower than those
of controls. The enamel microhardness wvalues of

0IDI1

Jume 2021

OIDI1 and OIDI3 were comparable to those of con-
trols, whereas OIDI2 had a significantly lower micro-
hardness than that of controls (Figare 3 and
Supplemental Table S4).

The mineral content was measured by EDX. In den-
tin, OIDI1 had a significantly increased level of carbon
and significantly reduced levels of phosphate and cal-
cium compated with controls. A significant increase in
carbon was observed in OIDI2 dentin, whereas a signif-
icant decrease in carbon content was observed in
OIDI3 dentin compared with that of controls. The
OIDI1 and OIDI3 enamel had significantly higher lev-
els of carbon, but lower levels of oxygen, phosphorus,
and calcium, than those of contrels. Ne significant dif-
ferences in mineral content were observed in the
OIDIZ enamel compared with controls (Supplemental
Table §5 and Supplemental Figure S1).

SEM demonstrated that the OIDI teeth had severe
dentin abnormalities. These teeth lacked a uniform
arrangement of dentinal tubules. OIDI1 and OIDI2

Control OIDI1

" Control OIDI2

" Control OIDI3

Fig. 4. Scanning electron microscopic images of OIDI, 2, 3 and controls. (a-f) OIDI1 and OIDIZ have a rough dentin texture
comprising large gaps and nwnerous ectopic calcified masses. OIDI3 has a wavy dentin surface and holes. (g-1) Controls exhibit
the typical arrangement of dentinal tubules. a, ¢, e, g, h, i: magnification 5,000x; b, d, £: 20,000x.
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presented a rough dentin texture containing large gaps
and ectopic, calcified masses, whereas OIDI3 dentin
showed a wavy surface and large heles. Some dentinal
tubules were observed in OIDI1 and OIDI2; however,
they were minimal in OIDI3. In controls, the tubule ori-
entation was regular, and the dentin swrface was
smooth (Figure 4). Histologically, regular alignment of
dentinal tubules and collagen fibers was found in con-
trols, whereas disorientated and sparse tubules and col-
lagen fibers were present in the OIDI teeth (Figure 5).

DISCUSSION

In this stady, 3 wrelated patients diagnosed with OI and
DI were identified with glyeine substitutions in COLIA2.
Type I collagen is a major component of bone and tooth
extracellular matrix. Mutations in the glyeine triple-helix
of collagen chains have been demonstrated to cause OL
and DI in a large number of OL cases, W22 The
mevalence of DI was increased when the mutations
occurred between p.Gly376 and p.Gly745 and from p.
Gly982 to the amino-terminal end of the triple-helical
domain*' Correspendingly, Pt-1, Pt-2, and Pt-3 had DI
features and possessed the mutations p.Gly511 Cys, p.
Gly1036 Arg, and p.Gly676 Val, respectively.

Clinically, all 3 patients had opalescent teeth that
were darker than normal, which was perceivable by the
human eye. Based on the L¥a*b values, the discolor-
ation of the OIDI testh observed in this stady was con-
sistent with a previous report demonstrating that
patients with OI had a tooth celor in the gray/blue-yel-
lowbrown range.™ Micro-CT scanning revealed that

Nutchoey et al. 699

OIDI teeth had a variable pulp size ranging from very
wide to obliterated, and OIDT1 had the widest pulp cav-
ity and the thinnest dentin. It is possible that the very
thin dentin of OIDI1 could make the teeth weak and
prone to deterioration and fracture. The absence or
obliteration of the OIDI2 and OIDI3 pulp cavities
could be due to excessive formation of reparative den-
tin to compensate for rapid aterition, '*"**

Significant decreases in dentin hardness were consis-
tently observed in OIDI teeth. Similarly, reduced den-
tin hardness was reported in patients with DI Shields
type I and COLIA! mutations and in those with DI
Shields type IL'%* The mineral content of o, 2,
and 3 was diversely different from that of controls. Dis-
proportionate mineral composition was reported in DI
Shields type I teeth®® At the ultrastractaral level,
SEM revealed that the OIDI teeth had multiple dentin
abnormalities, including disorganized and reduced den-
tinal tubules; rough dentin texture; large holes; and
ectopic, calcified masses. These features overlapped
with those previously rt:pc)rtctd.%'38 Histologically, the
cellagen fibers in OIDI teeth were irregular in size and
arrangement, as well as reduced in number. It was pos-
tulated that the dentinal tubules in DI teeth were
occluded by excessive production of peritubular den-
tin'7* Patare stadies using tooth samples from
patients with OI at different ages would verify these
findings. The abnormal formation of dentinal tubules
and collagen fibers could limit the penetration of dental
adhesives and formation of a hybrid layer, affecting the
quality of a dental restoration.”

ol OIDI1

|

Control OIDI2

-
.

Control OIDI3

Fip. 5. Histological Immages of OIDI1, 2, 3 and controls. (a-f) OIDI dentin has disorientated and sparse dentinal tubules and colla-
gen fibers. (g-1) Controls exhibit regular alignment of tubules and collagen fibers. a, ¢, ,e, g, 1, k: hematoxylin and eosin staining;
b, d, £, h, j, 1: Masson’s tichrome staining. Microscopic magnification at 40x.
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To conclude, this study expands the phenotypic fea-
tures, including the ultrastructural, physical, and
mechanical properties, of OIDI teeth associated with
glycine substitutions in COLIA2. The OIDI teeth had a
distinctly dark color, variable pulp morphology,
reduced dentin hardness, disproportionate mineral
composition, and dentin ultrastructural defects. These
findings provide insights into the accumulated dentin
defects of OIDI that could contribute to tooth weakness
and failure of adhesive restorations and raise awareness
among dentists providing dental care for these patients.
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Abstract

Objectives: To investigate tooth ultrastructure and mutation of two patients in a
family affected with osteogenesis imperfecta {O1) type IV and dentinogenesis imper-
fecta (DG

Methods: Mutations were detected by whole exome and Sanger sequencing. The
permanent second molar obtained from the proband (DG} and the primary first
molar from his affected son (DGI2) were studied for their color, roughness, mineral
density, hardness, elastic modulus, mineral content, and ultrastructure, compared to
the controls.

Results: Two novel missense COLIAZ2 variants, ¢.752C = T (p.Ser251Phe} and
c.758G = T (p.Gly253Val), were identified in both patients. The ¢.758G » T was pre-
dicted to be the causative mutation. Pulp cavities of DGI1 {permanent teeth) were
obliterated while those of DGIZ {primary teeth) were wide, The patients’ teeth had
darker and redder colors; reduced dentin hardness; decreased, disorganized, and
scattered dentinal tubules and collagen fibers; and irregular dentinoenamel junction
{DEJ), compared to controls. Lacunae-like structures were present in DGIZ.
Conclusions: We reported the novel causative mutation, ¢.758G > T {p.Gly253Val),
in COLIAZ for Ol type IV and DGl The DGI dentin demonstrated inferior mechani-
cal property and ultrastructure, suggesting severe disturbances of dentin formation.
These could contribute to fragility and prone to infection of DGI teeth. This study
expands phenotypic and genotypic spectra of COL1A2 mutations.
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bisphosphonate, dental disease, dentin, dentinogenesis imperfecta, osteoporosis, skeleton
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1 | INTRODUCTION

Osteogenesis imperfecta (Ol) is a rare heterogeneous inherited
disorder of connective tissue with an estimated incidence of 1:15-
20,000 individuals (Marini et al, 2017). Main features of Ol are bone
fragility, deformity, and growth deficiency. Its secondary features in-
clude blue sclerae, hearing loss, cardiopulmenary complication, and
dentinogenesis imperfecta (DGI). Craniofacial manifestations associ-
ated with Ol include midfacial hypoplasia, class 11l malecclusien, and
posterior crosshite (O'Connell & Marini, 1999). Irregular pattern and
reduced number of dentinal tubules and cracked enamel were re-
ported in DGI teeth (Ibrahim et al., 2019; Wieczorek & Loster, 2013).
Ol poses variable severity ranging from perinatal lethality to un-
noticeable clinical signs. Ol is classically classified into four maintypes
{types I, II, I, and 1V} (Sillence et al., 1979). Eighty-five percent of
cases are caused by mutations in COL1A1 or COLIAZ which encode
type | collagen. Of those, substitution of another amino acid for gly-
cine is the most common, causing negative alteration of triple-helical
domain of the collagen chains. Mutations in at least 17 other genes
in autosomes (Marini et al,, 2017) or chromosome X can lead to Ol
{Lindert et al.,, 2016). Although many reports have studied mutations
in Ol patients, knowledge of ultrastructure of DGl teeth is limited.
This study identified the prochand and his sen affected with
type IV Ol and DGI. Both patients were found to harbor two novel
missense variants, ¢.752C > T (p.Ser251Phe) and ¢.758G > T (p.Gly-
253Val), in COL1A2. The teeth affected with DGl obtained from both
patients were thoroughly studied for their characteristics including
teoth color, roughness, hardness, elastic modulus, mineral density,

mineral composition, and ultrastructure.

2 | MATERIALS AND METHODS
2.1 | Subject enrollment

A Thai family, diagnosed with Ol and DGI, enrclled in this study.
Informed consents were obtained. The study was approved by the
research ethics committee, Faculty of Dentistry, Chulalongkorn
University (HREC-DCU 2017-077, date of approval: é Octeber 2017)
and complied with Declaration of Helsinki {(version 2002) and the
additional requirements. Medical history was obtained and clinical

examination was performed for all participants.

2.2 | Mutation analyses

Genomic DNA was isolated from peripheral bloed leukocytes and
processed by TruSeq Exome Enrichment Kit and lllumina Hiseq 2000
at Macrogen Inc. (Seoul, Korea). The CASAVA v1.7 was used to map
the data with the Human Genome version 19 and SAM tools (http://
samteols.sourceforge.net/) to call variants. The sequencing data
were mapped to NCBI37 reference human genome. To exclude pol-
ymerphism variants, the identified variants obtained from the sub-

jects were filtered with various databases including NHLBI Exome
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Variant Server (EVS), Genome Aggregation Database (gnomAD),
1000 Genomes Project Consortium, dbSNPs and in-house database
of 2,166 Thai exomes (including at least 1,000 healthy individuals).
The variants located inthe coding regions of genes related to osteo-
genesis imperfecta were screened using the genes listed in Ol muta-
tion database (https://cl.gene.le.ac.uk). The variants reported here
were segregated in affected family members. Mutation pathogenic-
ity was predicted by InterVar (Li & Wang, 2017), Sorting Intclerant
From Tolerant (SIFT) (Ng & Henikoff, 2003), and Mendelian Clinically
Applicable Pathogenicity (M-CAP) (Jagadeesh et al, 2016).

The identified variant was validated by Sanger sequencing.
The coding region of COLIA2 was amplified using specific primers:
F:GTCATGCCACTGTAAGCAAC and R:GCAAACACAGTTCCAATC
TTTCAC.Theaminoacidsequenceofhuman COL1A2 (NP_000080.2)
was compared with that of Rhesus macaque (NP_001253266.1), Bos
taurus (NP_776945.1), Mus musculus (NP_031769.2), Xenopus laevis
(NP_001080727.1), and Danio reric (NP_892013.2).

2.3 | Tooth samples

The permanent upper left second molar of the proband (DGI1)
and the primary lower left first molar of the proband's son (DGI2)
were extracted due to caries. DGI teeth were analyzed compared
with three tooth type-matched controls collected from healthy age-
matched individuals who did not have any systemic condition or

medication affecting the teeth and bone.
2.4 | Micro computerized tomography {(micro-CT)
Tooth samples were scanned with specimen pCT 35 (SCANCO

Medical, Dentistry,
Chulalongkorn University. A square area of 16 00D 16-104x104

Briittisellen, Switzerland) at Faculty of

pixels frem 30 layers of sections was selected frem each sample.
Mineral density was measured in and quantified using the Image

Processing Language {IPL, Scance Medical AG).

2.5 | Tooth color

A digital intracral celorimeter (ShadeEye NCC Dental Chroma Meter,
Shofu Inc., Kyoto, Japan) was used to measure color on buccal and
lingual surfaces of tooth crown. The values of colorimeter were
demonstrated as L* a* and b*. Color difference (AF value) between
DGI and control teeth was determined following previous study
(Alghazali et al,, 2012).

2.6 | Surface roughness
Surface roughness was examined on the lingual and mesial tocth

surfaces using a surface Profilometer (Talyscan 150, Tayler Hobson

Ltd., UK). Each surface was measured 30 times randomly at 600
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micrometer intervals on y-axis. The stylus speed was 1,000 mi-
crometer/second. Tracing area was 2 % 2 mm”. Cutoff length was
0.025 mm. The surface topography parameters were calculated by

the TalyMap Universal program.

2.7 | Nanohardness and elastic modulus

After samples were secticned, the enamel and dentin were indented
using the nano-base indentation system (Ultra Micro-Indentation
System, UMIS Il, CSIRO, Australia) and a calibrated diamond
Berkovich indenter. All samples were indented to maximum force
200 mN for 30 spots. In all loading-unloading cycles, 50 points were
plotted to make load-displacement curve. The IBIS software was

used to calculate hardness and elastic modulus values.

2.8 | Energy-Dispersive X-ray (EDX)

The dehydrated tooth sections were coated with gold powder for
10 s. Mineral contents, carbon (C), oxygen (O), phospherus (P), and
calcium (Ca), in enamel and dentin were measured using EDX (ISIS
300 EDX-system; Oxford Instruments, UK).

2.9 | Histology

Samples were subjected to EDTA decalcificaticn, embedded in
paraffin wax, sectioned, stained with hematoxylin and eosin and
Masson's Trichreme, and examined under light micrescepe.

2.10 | Scanning Electron Microscopy (SEM)

Samples were sputter-coated with gold and examined using SEM
(QuantaFeg 250, FEI Company, Oregon, USA).

2.11 | Statistical analysis

GraphPad Prism 5 Software Package (GraphPad Software, Inc.,
San Diego, CA, USA) was used. Data with normal distribution were
tested for significance using independent t test. Mann-Whitney U

test was used for data with non-normal distribution (significance
level at 0.05).

3 | RESULTS
3.1 | Physical and oral characteristics

The proband was a 43-year-old Thai male. He had a history mul-

tiple episodes of bone fractures including spontaneous fractures
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of his ribs and clavicles at 3 months of age and a fracture of his

right femur at age 12 years while jumping. Physical examinations
at age 43 years revealed short stature (156 cm; 25th percentile),
white sclerae, widen antero-postericr hody axis, and marked limb
deformities (Figure 1a-c). Radiographic features showed general-
ized osteopenia, narrow and angulated long bones, hyperlordosis,
fish vertebrae, and compression fractures (Figure 1d-g). His BMD
of lumbar spine was significantly reduced (0.534 g/cmz; z-score
-3.0). Craniofacial findings included wormian bones, DGI, anterior
crosshite, and class 1l malocclusion. The teeth had severe attri-
tion, marked cervical constriction, and pulp obliteration. Dental
radiograph showed bulbous crowns, curved roots, and chliterated
pulp canals. The upper left second and third molars were broken
and subjected for extraction (Figure 1h-j). He never received pa-
midronate therapy.

The proband's son was a 3-year-old boy (Figure 2a). He was
delivered naturally at 38 weeks of gestation. His hirthweight was
2,660 g (25th-50th centile); body length 46 cm {25th centile); head
circumference 33 cm (25th-50th centile); and chest circumference
31 cm. He was referred to our hospital due to fracture of his left
femur during neonatal period. At 1 menth of age, he had right hu-
merus fracture. Callus formation was observed at the left femur
and right humerus on the radiographs (Figure 2b,c). Wormian bone
formation was found in the lambdoid suture (Figure 2d). The ante-
rior fontanelle was 5 % 5 cm. Intravenous pamidronate (7.2 mg/kg)
was started at the age of 4 months and continued every 2 months.
At 5 months of age, his right femur was fractured. Distinct cur-
vature of femurs and humerii and zebra stripe signs were present
(Figure 2e-h). His hone age was 3-6 months when his chronological
age was 23 months (Figure 21). Follow-up at age 3 years, he had dif-
fused ostecpenia. Callus formation was ohserved on the left femur
and metaphyses of left tibia and fibula. His bone age was 2 years
{Figure 2j,k). His lumbar spine BMD was 0.194 g/cm? (z-score -0.3)
at age 12 months, and 0.387 g/:m2 (z-score -1.4) at age 36 months
(Supplementary Table 1) Serum levels of calcium, phosphate, alka-
line phosphatase, thyroid hormoenes, and insulin-like growth factor
were within normal limits. He had triangular face, blue sclerae, and
DGI. The teeth showed severe attrition and wide pulp chamber

(Figure 2l-o).

3.2 | Mutation identification

The proband and his son were diagnosed with Ol type IV. WES iden-
tified that both harbeored two novel missense mutations, c.752C > T
{p.Ser251Phe) (Clinvar SCV001244947)
and ¢.758G > T (p.Gly253Val) (ClinVar accession number:
SCV001244948), in exon 16 of the COL1AZ gene (NM_000089)

(Figure 3a-d). Both variants were not present in the databases in-

accession number:

cludingthe NHLBI Exome Variant Server (EVS), Genome Aggregation
Database (gnomAD), 1000 Genomes Project Consortium, and
dbSNPs databases. Both COLIA2 variants segregated in the af-

fected individuals including the proband and his sen. They were
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FIGURE 1 Clinical and radiographic manifestations of the proband. (a-c) A 43-year-old Thai male with short stature and limb deformities.
{d, f) Diffuse osteopenia in the humerus (d), radius and ulna (e}, tibia and fibula (f). (g} Hyperlordotic alignment with multiple levels of
compression fracture at the thoracic and lumbar spine level. (h) Wormian bones formation in the cranial suture (i) Yellowish opalescent teeth
with severe attrition and anterior cross bite. {j) Panoramic radiograph showing bulbous tooth crowns, curved roots, and constriction of pulp

canals

not detected in the proband's wife who was healthy. Furthermore,
theywere not present in 2,166 Thai controls including at least 1,000
healthy individuals. Using in silico analyses of variant pathogenic-
ity, the p.Ser251Phe and p.Gly253Val were predicted to be dam-
aging and the residues 5er2571 and Gly253 were highly conserved.
According to ACMG/AMP 2015 guideline (Richards et al., 2015},
the p.Ser251Phe was predicted to be likely pathogenic (PM1, PM2,
PP1, PP3) whereas the p.Gly253%al was predicted to be pathogenic
{PS1, P53, PM1, PM2, PP1, PP3). The p.Ser251Phe and p.Gly253Val
were predicted to be damaging by SIFT (scores 0.004 and 0.00} (Ng
& Henikoff, 2003} and M-CAP (scores 0.042 and 0.913) (Jagadeesh
etal.,, 2016). The residue Ser251 and Gly253 were highly conserved
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among species including monkey, cattle, mouse, frog, and zebra fish
{Figure 3e).

3.3 | Color, surface roughness, and mineral density

The permanent upper left second molar (DGI1) and the primary
lower left first molar (DGI2) were obtained from the proband
and proband's son, respectively (Figure 4a and Supplementary
Figure 1). The colorimeter detected that the crown of DGI1 was
darker, redder, and bluer than its controls and DGI2 was darker,
redder, and vellower than its controls {Supplementary Table 2).
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(a)

FIGURE 2 Clinical and radiographic manifestations of the proband's son. (a) A 3-vear-old boy with triangular face and deformities of
upper thighs. {b, ¢} Callus formation found in the left femur (b} and right humerus {c). {d} Diffuse osteopenia and wormian bones formation
in lambdoid suture of the skull. {e, f} Abnormal curvature of both femurs (g} and right humerus [f). (g} Thin solid periosteal reaction on

the left humeral shaft. (h) Zebra stripe sign of pamidronate therapy at the tibia and femur with callus formation at distal metaphyses. (i}
Bone age around 3-6 months at chronological age of 23 months. (j} Abnormal curvature of femurs with evidence of callus formation and
diffuse osteopenia. (k) Bone age of 24 months at chronological age of 36 months. (I} DGI teeth with severe attrition at age 35 months. {m,
n} Radiographs showing wide pulp cavities of primary teeth at age 36 months. (o} Panoramic radiograph at age 5 vears showing bulbous
crown and wide pulp chamber of teeth. The primary upper anterior and posterior teeth were restored with stainless steel crowns. The
chronological age of the patientis shown in the upper right corner

The color difference value {AE) between DGI1 and its controls perceivable by the human eyes (Yamanel et al., 2010). The surface
was 10.55, and the AE between DGI2 and its controls was 11.86. roughness values of DGI1 and DGI2 were among their controls
Both AE walues were above 8, which was considered distinctly {Supplementary Figure 2). Micro-CT revealed that the density of
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FIGURE 3 Pedigree of the family and mutation analyses (a) A diagram demonstrates two affected individuals in a non-consanguineous
family. The affected patients are denoted in black and the proband is indicated by arrow. {b) Chromatograms of the family show two
missense variants in the proband and his son. (¢, d) The organization of COLTA2 gene and structural domains of COL1AZ2 proteinindicate the
position of mutations. (&) Conservation of the p.Ser251 and p.Gly253 across species are indicated by black arrowheads

DGI1 {both dentin and enamel) was higher than its controls while
the density of DGI2 {dentin and enamel) was among its control
{Supplementary Table 3).

3.4 | Hardness and elastic modulus

The dentin hardness values of both DGI1 and DGI2 were signifi-
cantly reduced compared to their controls values. DG also showed
a significant reduction in enamel hardness compared to its controls
while the emamel hardness value of DGI2 was among its control
{Figure 4b). Regarding the elastic modulus, a significant decrease
was observed in the enamel of DGI1 and the enamel and dentin of
DGI2, compared to controls. The elastic modulus of DGI1 dentinwas
comparable to its controls (Figure 4c).
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3.5 | Changes in mineral composition

EDX showed that the calcium and phosphorus contents of DGI1
dentin were significantly decreased compared to its controls
while those of DGI2 were comparable to its controls. Regarding
to the enamel, the mineral contents of both DGI1 and DGI2
were not statistically different from those of their controls
[Figure 4d ).

3.6 | Altered tooth ultrastructure

Histologically, DGI1 and DGI2 dentin showed reduced dentinal
tubules with non-circular cross section. Longitudinal histologi-
cal sections showed irregular arrangement of their tubules. In
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FIGURE 4 Tooth appearance and physical properties. (a) The images and micro-CT sections of the teeth obtained from the proband
{DGI1) and his son {DGI2), compared with their control teeth. {b) The dentin hardness of DG 1 and DGI2 was significantly lower than that of
the controls. {c) The elastic modulus of DGI 1 (enamel) and DGI2 (enamel and dentin} was significantly lower than that of the controls. (d, e)
The mineral contents of enamel of DG teeth were not significantly different from their controls. The calcium and phosphorous contents of
DG dentin were significantly lower than those of the controls whereas the DGI2 dentin contained comparable calcium and phosphorous
contents ta its controls. *p value < .05, **p value s .01, ***p value s .001
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contrast, the dentinal tubules of the controls were circular and
regularly distributed. Both DGI1 and DGI2 also showed less
collagen fibers than the controls (Figure 5a-p). Moreover, the
lacunae-like areas were noticeable in DGI2 dentin (Figure 5kl).
SEM also revealed that both DGI1 and DGI2 dentin had reduced
number of tubules with variable diameters compared to their
controls. |n addition, rough peritubular and intertubular dentin
consisting of ectopic calcified masses was observed in DG| teeth
{Supplementary Figure 3a-d). The etched enamel of DGI teeth
showed the prismatic structure comprising opened prism sheath,
slight dissolution of prism core, and intact prism periphery, simi-
lar to their controls {Supplementary Figure 3e-h). The dentinoe-
namel junctions (DEJs) in both DGI1 and DGIZ2 were irregular
compared to the organized interlinking junction in the controls
{Supplementary Figure 3i-n).

=
=
&
=5
e

4 | DISCUSSION

This study identified two Thai patients in a family who were af-
fected with Ol type [V and DGI. Both possessed two novel vari-
ants, ¢.752C = T (p.Ser251Phe} and c.758G = T (p.Gly253Val),
in COL1A2. According to the ACMG/AMP guideling, both the
p.Ser251Phe and p.Gly253Val were predicted to be likely patho-
genic (Richards et al., 2015). In addition, many lines of evidence
indicate the pathogenic and causative roles of the ¢.758G = T
p.Gly253Val) for Ol. First, glycine substitutions were demon-
strated to be causative of Ol in a large number of cases world-
wide (Budsamongkol et al., 2019; Hemwong et al., 2020; Marini
et al., 2017; Udomchaiprasertkul et al,, 2020). Second, the sub-
stitutions of glycine, the smallest amino acid, were shown to alter
collagen structure and stability (Bhate et al., 2002; Shoulders &

DGL1 Control

FIGURE 5 Histological analysis. Hematoxylin and eosin staining showed irregularity, reduction, and multidirection of dentinal tubules in
the dentin of DG and DGI2. Masson's Trichrome staining showed inconsistent distribution of collagen (blue) in DGI dentin. Lacunae-like
areas were observed in DG 12 dentin. H&E staining (x40}, 2, ¢, e, g, i, k. m, 0; Masson's Trichrome (x40}, b, d, f, j. |, n, p; cross sections, a, b, e, f,

i, j, m, n; longitudinal sections, ¢, d, g, h, k. Lo, p
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Raines, 2009) and the substitution of valine for glycine, in par
ticular, was shown to undermine cross-linking of tropocollagens
to form fibrils (Gautieri et al., 2009). Third, glycine substitution at
the position p.Gly253, c.758G > A (p.Gly253Asp), was reported
in a patient with Ol (Pollitt et al,, 2006). However, the pathogenic
and causative role of the ¢.752C > T {p.Ser251Phe) for Ol is not as
strong as the ¢.758G > T (p.Gly253Val). More than 300 mutations
in COL1A2 have been identified to cause Ol. Of those, only one
serine substitution, ¢.2740A > G (p.5er914Gly) related te Ol type
Iis reported in the database (www.oigene. le.ac.uk). Although sev-
eral lines of evidence suggest that the p.Ser251Phe is less patho-
genic than p.Gly253Val, further studies are required to definitely
conclude its pathogenicity and causality.

The distribution of glycine mutations along COL1AZ has been
associated with the phenotypes and severity of Ol (Ben Amor
etal, 2011; Tongkobpetch et al., 2017). Clinical features and genetic
mutations of the probhand and his son indicate the diagnosis of Ol
type IV. It has been shown that mutations in COL1A2 are predom-
inantly related to the non-lethal phenotype (Marini et al, 2007)
and associated with Ol type IV more often than Type | and Ill {Lin
et al, 2015). Within the COL1AZ gene, helical mutations usually
lead to more severe bone phenotypes such as shorter height, lower
BMD, or more disprepertienate body, compared te non-helical mu-
tations (Ben Amor et al., 2011; Liu et al., 2017; Rauch et al., 2010). In
addition, the prevalence of DGI has been shown to increase when
mutations cccur in the C-terminal location te the p.Gly211 in the
a2-chain (Lindahl et al_, 2015; Maioli et al., 2019; Rauch et al., 2010).
Collagen type | is a major component of extracellular matrix in den-
tin. Mutations of COL1 have been shown to alter collagen structure
and stahility and impair function of odontohlasts (Hall et al., 2002;
Shoulders & Raines, 2009). These could lead to the production of
dysplastic dentin, irregular pattern and reduced number of den-
tinal tubules, and abnormal DEJ (lbrahim et al, 2019; Kamasaki
et al, 2019; Majorana et al., 2010). In this study, the preband and his
son had short stature, low BMD, DGI, and COL1A2 mutation. Their
phenctype and genotype are in lines with previous reports.

Regarding to tooth color, both DGI1 and DGI2 showed a decrease
in lightness and increase in red chroma reflecting opalescent appear-
ance of DGI teeth. DGI1 appeared bluish while DGI2 appeared vel-
lowish compared te their controls. Consistently, the primary tocoth
affected with DGI caused by DSPP mutation alse showed an increase
in red and yellow celor tones (Porntaveetus, Osathanon, et al., 2018).

The hardness of DGI1 and DGI2 enamel was lower than their
contrels whereas their mineral contents were comparable to their
controls. Similar to the enamel, the hardness of DGI1 and DGI2 den-
tin was significantly lower than that of their contrels. DGI1 dentin
showed a decrease in calcium and phosphorus contents compared
with controls whereas those of DGI2 dentin were not declined.
Physiclogically, the chemical composition between the primary
tooth and the permanent tooth is different. In addition, the calcium
and phosphorus contents may be related to the age. In the enamel,
calcium and phespherus contents were significantly higher in the

old age group than those in the young (He et al., 2011) while these
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cerrelations were not observed in the dentin (Fernandez-Escudero

et al., 2020). Previous studies reported that pulp chambers and root
canals of DGI teeth were initially abnormally large and progressively
obliterated due to irregular dentin deposition {Acevedo et al.,, 2009;
Taleb et al., 2018). Consistently, DGI1, permanent tooth of the pro-
band age 43, showed partially obliterated pulp cavities whereas
DGI2, primary tooth of the proband scn age 3, showed wide pulp
cavity. In addition, the lacunae-like areas were ohserved in DGI2 den-
tin. These suggest that the difference in set of teeth, age, and dentin
ultrastructure could cause the difference between DGI1 and DGI2.

Enamel surface roughness values of DGI1 and DGI2 were
among their controls, indicating that enamel surface of DGI teeth
was unlikely to be deviated. Interestingly, we observed a signif-
icant reduction in hardness and elastic modulus of DGI1 enamel.
Even though the pathology of DGI is expected occur in the den-
tin, the enamel-dentin fermatien requires reciprocal interactions of
genes and signaling. In additicn, the undermined dentin could cause
negative impact on enamel physical properties. It was reported
that the patients with OI/DGI had severe attrition and fracture of
enamel (Majorana et al., 2010). Moreover, Wieczorek & Loster, 2013
demonstrated the abnermal enamel prismatic structure in DGl teeth
and suggested that enamel was subject to severe attrition during
mastication (Wieczorek & Loster, 2013). In this study, the ultrastruc-
ture and mineral content of DGIs' enamel were similar to controls.
This implies that underlying dentin defects could contribute to the
weakness of DGl enamel.

The ultrastructural investigations in the present study indicate
severe pathelogic change of DGI dentin. The dentinal tubules were
reduced, scattered, irregular in arrangement, and variable in diame-
ter. The collagen fibers were decreased in DGIls. These are consis-
tent with previous reports (Hall et al, 2002; Ibrahim et al., 2019;
Lindau et al., 1999; Lygidakis et al., 1996). The lacunae-like structure
was also found in DGI2 dentin. In addition, the DEJs of hoth DGI1
and DGI1 were irregular compared to the proper interlinking line in
the controls. It was suggested that a typical scallop nature of DEJ
conferred a hicmechanical advantage to the integrity of the tooth
during mastication {(Shimizu & Macho, 2007). We speculate that the
irregular DEJs of DGI teeth could contribute to weak connection be-
tween enamel and dentin, making them prone to fracture.

Due to abnormal dentin and DEJ structures, DGI teeth showed
the increased risk of tooth fracture, restoration failure, and periapi-
cal infection (Gallusi et al., 2006; Seow, 2003). The penetration of
dental adhesives to create hybrid layer is an important factor for
successful restoration of tooth-celered filling material (Nakabayashi
et al., 1991). Disorganization and reduction in the number and size of
dentinal tubules in DGI teeth could jeopardize the effective bonding
between resin adhesives and the dentin, resulting in a consecutive
failure of restorations. Abnermal dentin structure could also increase
the risk of periapical lesicn (Porntaveetus, Nowwarote, et al., 2018).
Therefere, close monitering of DGI patients should be implemented.

To conclude, this study demonstrated two patients affected with
Ol type IV and DGI. Twe novel variants in COL1A2 were identified.

The DGI teeth were dark, weak, and contained abnormal dentinal
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tubules and DEJ. Last but not least, this study expands phenotypic
and genotypic spectra of COL1A2 mutations.
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Abstract

The MBTPS2 gene on the X-chromosome encodes the membrane-bound transcription factor protease, site-2
(MBTPS2) or site-2 protease (52P) which cleaves and activates several signaling and regulatory proteins from the
membrane, The MBTPS2 is critical for a myriad of cellular pracesses, ranging from the regulation of cholesterc|
homeostasis to unfolded protein respenses. While its functional role has become much clearer in the recent years,
how mutations in the MBTPS2 gene lead to several human discrders with different phenotypes including lchthyosis
Follicularis, Atrichia and Photophobia syndrorme (IFAP) with or without BRESHECK syndrome, Keratosis Follicularis
Spinulosa Decalvans (KFSD), Olmsted syndrome, and Osteogenesis Imperfecta type XIX remains obscure. This review
presents the biclogical role of MBTPSZ in development, summarizes its rutations and implicated disorders, and dis-

cusses outstanding unanswered questions.

Keywords: BRESHECK, KFSD, IFAP Olmsted syndrome, Osteogenesis imperfecta, S2P

Introduction
The Membrane-Bound Transcription factor Protease,
Site-2 gene (MBTPS2) on the X-chromosome encodes
site-2 protease (S2P) which is an integral membrane
protein that plays vital roles in regulating membrane-
tethered transcriptional factors, It is ubiquitously
expressed within the Golgi membrane where it func-
tions sequentially with site-1 protease (S1P), encoded
by the membrane-bound transcription factor protease,
site-1 (MBTPS1), to proteolytically activate membrane-
tethered latent transcription factors. This mechanism is
known as regulated intramembrane proteolysis (RIP).
RIP is a tightly organized process that is critical for cel-
lular signal transductions and the regulation of diverse
processes, such as cellular division and differentiation,
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cell migration, transcriptional regulation, apoptosis, cel-
lular stress responses, degradation of transmembrane
protein fragments, and lipid metabolism as well as a
plethora of physiological processes including embryonic
development and normal functioning of the nervous and
immune system [1]. Disruption or deregulation of RIP
have been implicated in the pathogenesis of several dis-
eases such as cancer, Alzheimer’s disease, and develop-
mental disorders [2—4].

RIP generally employs a two-step sequential cleav-
age process (Fig. 1). The first cleavage, either constitu-
tively or in response to cell stimuli, cleaves a membrane
protein substrate close to or within its transmembrane
(TM), resulting in the release of the soluble extracel-
lular domain (ectodomain) from the membrane and a
fragment containing one or more functional domains
remains bound to the membrane [5]. The remaining
membrane-embedded fragment is then recognized by
a second protease and is cleaved within the TM region,
liberating the fragment into the cytoplasm. Following its
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release, the fragment is either translocated to the nucleus
where it functions as a transcription regulator [2] or acts
as an activator of different signaling pathways [6].

The second intramembrane cut, that releases the
membrane bound fragments into the cytosol is car-
ried out by one of the four distinet and evolutionarily
conserved proteases named intramembrane cleaving
proteases (I-CLiPs): the aspartyl protease-like, the zinc
metalloproteinase S2P, the serine protease family of
rhomboids, and the glutamatergic intramembrane pro-
teases [7]. Among the four I-CLiPs, the S2P was
the first to be discovered with a role involved in the
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feedback regulation of sterol and fatty acid biosynthesis
and uptake by controlling the activity of the membrane-
bound transcription factors sterol regulator element
binding proteins (SREBPs) [8-10]. Subsequently, addi-
tional transcriptional factors were identified for other
pathways such as activating transcription factor 6
(ATF6) [11] and eyclic AMP-responsive element-bind-
ing protein 3-like protein 3 (CREB3L3) [12]. Of late,
newer roles have been attributed to MBTPS2 (MIM
#300,294), not only for the transcription factors that
it processes but also for its involvement in unexpected
pathways that are critical for diverse biological process,
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such as ER stress, unfolded protein response, and glu-
coneogenesis [13]. Accordingly, MBTPS2 contributes
to the pathogenesis of several X-linked disorders.

In this review, we focus on MBTPS2 and provide an
update overview of the current understanding of how
MBTPS2 contributes to a range of functions in main-
taining cellular integrity and examine diseases caused by
MBTPS2 mutations. We highlight the role of MBTPS2 in
skin disorders and X-linked recessive form of osteogen-
esis imperfecta (X-OI), as these pathological states pro-
vide good examples of the diversified functions and their
dysfunction in diseases.

Substrates cleaved by S2P
Discovery of S2P and the identification of SREBPs as its first
substrates
The landmark discovery of the human zinc metallopro-
teinase S2P in 1997 as a critical component of the pro-
cessing machinery in cleaving TM precursor proteins has
transformed our conceptual molecular understanding of
the regulation of fundamental cellular processes carried
out via RIP. Somewhat serendipitous, S2P was discovered
through a series of independent studies that deciphered
the SREBP pathway to understand the global regulation
of cholesterol homeostasis in mammalian cells [8, 10]. In
fact, the requirement of proteolysis of SREBPs (SREBP-1
and SREBP-2) to maintain cholesterol homeostasis was
well-understood prior to the discovery of S2P [14]. How-
ever, it was not until the seminal observation that for
SREBPs to fulfill its role in cholesterol homeostasis, they
must undergo a two-step proteolytic cascade, owing to
the distinctive protein structure of the SREBPs [8].
Dissimilar to other transcriptional factors, SREBPs
are translated as inactive precursors anchored to the
ER membrane. The SREBP precursor proteins, approx-
imately 1,150 amino acids in length, are composed of
three domains. The amino (NH,)-terminal DNA-bind-
ing domain is a basic-helix-loop-helix-leucine zipper
(bHLHL-Zip) family of transcription factors. The mid-
dle domain is a helical hairpin membrane anchor, with
two TM helices separated by a short loop that projects
into the lumen of the ER and nuclear envelope. The
carboxy (COOH)-terminal, which also projects in the
cytosol, functions as the regulatory domain [15, 16]. In
response to sterol deprivation, precursor SREBPs are
transported from the ER membrane to the Golgi where
it is cleaved by two site-specific proteases. The first
protease cleaves the precursor SREBP proteins at site
1, a conserved leucine residue within the luminal loop,
separating the SREBPs into two halves but the bHLHL-
Zip domain remains bound to the membrane. Follow-
ing this, a second protease, cleaves the NH,-terminal
intermediate domain at site 2, a site within the

182

Page 3 of 16

transmembrane helix, to release the bHLHL-Zip
domain from the membrane. The bHLHL-Zip domain
is then translocated to the nucleus to initiate the tran-
scription of genes encoding enzymes involved in the
biosynthesis and uptake of cholesterol, fatty acids, and
triglyceride (Fig. 1). The initial proteolytic cleavage is
regulated by sterol levels whereas the cleavage occur-
ring at site 2 is not, however, cleavage at site 2 can only
occur following the site 1 cleavage [8].

The characterization and appreciation of the vital role
that these cleavage machineries serve in the feedback
regulatory system of cholesterol synthesis and uptake
warranted studies to identify these proteases. Grasping
this opportunity was the Rawson lab who conducted pio-
neering work in isolating the MBTPS2 gene. By utilizing
two previously established cell lines, the M19 mutagen-
ized Chinese hamster ovary (CHO) that is auxotrophic
for cholesterol due to a defect in carrying out the site-2
cleavage to release the bHLHL-Zip domain of SREBPs
from the membranes, and the HfT1M19(c) CHO that
is a revertant cell line of the M19 CHO, as a recipi-
ent for complementation cloning, the S2P was isolated
and characterized [10, 17]. The HfT1M19(c) CHO was
transfected into the M19 CHO cells to generate comple-
mented cells. This was repeated three times to eliminate
extraneous human DNA and resulted in prototrophs that
retained only a minute amount of human DNA with the
rescue gene. Analysis of this gene revealed a protein of
519 amino acids whose sequence had a His-Glu-x-x-His
(HExxH) motif which is a characteristic of zinc metallo-
proteases. Substitution of either of the two histidine resi-
dues or the glutamic acid blocked the site-2 cleavage of
SREBPs, thus this protein was designated as S2P (site-2
protease) [10]. Further studies then revealed an addi-
tional motif, Leu-Asp-Gly (LDG), located ~300 residues
from the HExxH sequence that is equally essential for
S2P activity [18].

The proteolytic function of S2P is further supported
from the discovery of a family of related proteins in
bacteria. These proteins are vital for the proteolysis of
membrane-bound transcription factor needed for sporu-
lation. For instance, the o* factor regulates gene expres-
sion in the mother cell after engulfment of the forespore.
Cleavage of pro-o* and liberation of transcription factor
require the membrane protein SpoIVFB, which this pro-
tein contains the HExxH motif [19]. In another bacterial
S2P family member, YaeL in Escherichia coli, also har-
bors a HExxH motif that is essential for coordinating cell
growth and cell division via intramembrane proteolysis
of RseA, a factor activated in response to extracytoplas-
mic stress [20]. These studies have not only commenced
a greater understanding of this protease but also has
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expanded the role of S2P beyond its proteolytic property
to much broader roles.

Activation transcription factor 6 (ATF6)

ATF6 activates the transcription of genes in response to
the accumulation of unfolded or misfolded proteins in
the ER [21]. As a type Il ER TM protein, ATF6 contains
a basic leucine zipper (bZip) domain at its NH,-terminal
cytosolic domain, and a stress-sensing domain in the ER
lumen [22]. Under resting conditions, ATF6 is retained in
the ER through its association with the ER protein chap-
erone, BiP/GRP78 [23]. Upon accumulation of unfolded
or misfolded proteins in the ER, ATF6 dissociates from
BiP and migrates to the Golgi, where it is subjected to the
sequential action of S1P and S2P, in a similar fashion to
SREBPs [11]. The cleaved ATF6 cytosolic domain then
migrates to the nucleus and induces the transcription
of target genes, which encode ER stress proteins such
as GRP78/BiP and XBP1 [24] (Fig. 1). Though ATF6 is
widely known for its role in ER stress, there has also been
reports of novel functions for ATF6 involving organogen-
esis and tissue homeostasis [25-27].

Cyclic-AMP responsive element-binding protein 3 (CREB3)
The CREB3 family of transcription factors consist of five
members—CREB3, CREB3L1, CREB3L2, CREB3L3, and
CREB3L4. Like SREBPs and ATF6, all members of this
family harbor a single TM helix with an NH,-terminal
cytosolic domain resembling a transcription factor of
the bZIP family and undergo proteolytic cleavage by S1P
and S2P. They have been reported to have major roles in
development, however, other roles have been identified
such as metabolism, secretion of signaling proteins, cell
survival, differentiation and division, and tumorigenesis.
CREB3 or Luman was first within its family to be iden-
tified as an ER-bound transcription factor as a counter-
part of the herpes simplex virus transcriptional activator
VP16 that binds to the host cell factor regulator [28, 29].
It is now well recognized to be involved in ER stress and
unfolded protein responses as well as having regulatory
roles in a multitude of processes related to the matura-
tion of dendritic cells [30], Golgi stress [31], signaling
of the glucocorticoid receptor [32], migration and func-
tion of leukocytes [33, 34], and metastatic progression
of breast cancer [35]. Following stimulation, CREB3 is
transported to the Golgi to be sequentially cleaved by
S1P and S2P. The released NH,-terminal fragment relo-
cates to the nucleus to activate target transcription genes
and proteins such as cAMP response element (CRE), ER
stress response element 11, and unfolded protein response
element [36, 37]. The activation leads to a transient
translational attenuation, a transcription initiation of
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ER-resident chaperone folding capacity, and degradation
of accumulated unfolded proteins in the ER, preventing
cellular damage and apoptotic cell death [36] (Fig. 1).

CREB3L1, originally known as OASIS, plays a critical
role in bone development. In response to bone morpho-
genetic protein-2 (BMP-2), a cytokine required for bone
formation and osteoblast differentiation, CREB3L1 is
cleaved sequentially by S1P and S2P [38, 39]. The cleaved
NH,-terminal fragment enters the nucleus to initiate
the transcription of COL1A1 by binding to a CRE-like
sequence in its promoter region. Its prominent role in
bone formation was further supported by its contribu-
tion as a genetic cause of Ol [40-42] (Fig. 1). Mutations
in CREB3L1 downregulated the expressions of genes
encoding components of the COPII coat, Sec23A and
Sec24, protein components responsible for the transport
and secretion of cartilage matrix proteins from the rough
ER to the Golgi apparatus [43].

CREB3L2 is widely expressed in various tissue and
organs, however, is preferentially expressed in proliferat-
ing chondrocytes in the cartilage [39, 43]. During chon-
drocyte proliferation, CREB3L2 is cleaved by S1P and
S2P at the Golgi. The NH,-terminal domain of CREB3L2
then enters the nucleus and stimulates the transcription
of genes encoding SEC23A and SEC24 [43]. Transcrip-
tion of these genes expands the COPII-coated vesicles
to accommodate the bulky type II collagen, an impor-
tant component during chondrogenesis and chondrocyte
differentiation [44] (Fig. 1). Additionally, CREB3L2 is
implicated to have a role promoting collagen synthesis in
dermal fibroblast also via the Sec23A pathway [45].

CREB3L3, also named CREB-H, was originally isolated
as a hepatocyte-specific bZIP transcription factor and has
an important role in innate immunity [12, 46]. Following
microbial infection, the production of pro-inflammatory
cytokines such as interleukin-6 (IL-6) by leukocytes
results in ER stress in hepatocytes, which in turn trig-
gers the proteolytic cleavage of CREB3L3 by S1P and S2P
[12]. The cleaved NH,-terminal nuclear form activates
the transcription of C-reactive protein and other acute
phase proteins in the liver to provide an early defense
against microbial infection [12, 47] (Fig. 1). On the con-
trary, a recent study found that the proteolytic cleavage
of CREB3L3 in response to the production proinflam-
matory cytokines during myocardial ischemia causes a
superimposed injury to myocardial cells [48]. Addition-
ally, CREB3L3 has been implicated to have a role in ER-
stress and proinflammatory cytokine TNFa-induced
inhibition of osteogenesis. Following the inducement of
tunicamycin, a potent inducer of ER stress, and TNFa in
both MC3T3-E1 cells, a murine preosteoblast cell line,
and primary osteoblasts, cleaved CREB3L3 blunted the
BMP-2-induced up-regulation of osteogenic markers
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runt-related transcription factor 2 (RUNX2), alkaline
phosphatase (ALP), and osteocalcin. This suggests of a
negatively regulating role of CREB3L3 in osteoblast dif-
ferentiation and bone formation [49, 50]. Interestingly,
this is an opposite effect of BMP-2 on CREB3L1 despite
being closely related. In another study, CREB3L3 was
identified to have a role in osteoclastogenesis. Differen-
tiation of osteoclast precursor cells via receptor activator
of NF-kB ligand (RANKL)-induced differentiation, led to
the accumulation of activated CREB3L3 in the nucleus
and the activation of inflammatory transcription factor
nuclear factor of activated T cells (NFATCI), a promi-
nent transcription factor for osteoclast differentiation,
to induce osteoclast. Inhibition of ER stress, however,
reduced the expression of osteoclast-related genes and
CREB3L3 activation, and thereby prevented RANKL-
induced bone destruction, suggesting the inactivation of
ER stress CREB3L3-induced signaling pathways may be
of therapeutic use for the treatment of osteoporosis [51].

CREB3L4, also known as androgen-induced bZIP pro-
tein (AIbZIP), is highly abundant in the prostate where
it is involved in the chromatin organization during sper-
miogenesis [52—-54]. Like other members of the CREB3
family, CREB3L4, contains a single TM helix with an
NH,-terminal cytosolic domain resembling a transcrip-
tion factor of the bZIP family. However, unlike its rela-
tives, the requirement to be sequentially cleaved by S1P
and S2P at the Golgi for its activation remains slightly
unclear. In one study using the human prostate cancer
cellline, LNCaP, it was demonstrated that treatment with
brefeldin A, a pharmacological compound that collapses
the ER and Golgi to a single compartment, levels of full-
length CREB3L4 were reduced, indicating that CREB3L4
undergoes S1P and S2P cleavage at the Golgi [55]. In a
more recent study, however, CREB3L4 was found to be
localized to the Golgi apparatus as well as the ER, sug-
gesting it did not undergo proteolytic cleavage by S1P
and S2P in normal and ER-stress induced conditions in
LNCaP cells [56]. The activation of CREB3L4 may there-
fore require additional components or stimuli to undergo
proteolytic cleavage for its activation. Despite this,
CREB3L4 has been linked to numerous cellular process
in addition to spermiogenesis, such as, cellular differen-
tiation into adipocytes [57] or the progression of breast
carcinoma [58].

MBTPS2 gene and protein structure

The primary function of MBTPS2, as aforementioned
above, is to cleave its substrates to enable them to per-
form vital cellular functions. To accomplish this,
MBTPS2 relies on both of its conserved catalytic site
motifs, HExxH and LDG, that are not only hallmarks of
MBTPS2 but also core to its activity. [lluminating this
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was the structural studies of MBTPS2, via sequence-
based topology predictions or X-ray crystallography
methods, which has provided a substantial amount
of information regarding the fundamental structural
requirements of MBTPS2 and how they conform to its
function as a membrane-embedded protease.

The MBTPS2 gene spans greater than 4 kilobase pairs
on human chromosome X and has 11 exons (Fig. 2a).
The first glimpse of the MBTPS2 structure was deduced
from a combination of protease protection and glycosyla-
tion studies, which revealed that it is 519 amino acids
long and has a primary structure consisting of eight TM
helices partitioned by four luminal loops and two cyto-
plasmic domains, an NH,- and a COOH-terminal [18]
(Fig. 2b). Among the transmembrane domains, are the
core segments of MBTPS2, the fourth (TM4) and the sev-
enth (TM7) transmembrane that holds both of its con-
served catalytic motifs, HExxH and LDG, respectively.
The HExxH motif is a well-established signature of zinc
metalloproteases that utilizes the two histidine residues
to chelate a catalytic zinc ion and the glutamate residue
to activate a water molecule for peptide bond hydroly-
sis. The LDG motif, another signature motif of metallo-
proteases, uses its aspartate residue to further facilitate
the coordination of the zinc ion [18, 59]. Together these
residues activate a zinc-bound molecule that initiates a
nucleophilic attack at the scissile peptide bond of a sub-
strate following S1P cleavage.

The luminal loops are made up of an uneven distribu-
tion of charged amino acids including lysine, arginine,
glutamate, and aspartate [18]. The first luminal loop other
than its hydrophilicity is considered unremarkable. The
second loop is made up of 76% serine residues, though
the importance of this run of serine residues is also vet
to be defined. The third loop, which is the longest of the
loops, is made up of 188 residues and contains a PDZ
domain with a cysteine-rich insert, charged and polar
amino acids, and a consensus sequence with homology
to a glycosylated site. Protein glycosylation has not been
suggested to be a necessary posttranslational modifica-
tion for the activation or functioning of MBTPS2, unlike
MBTPS1 that requires cleavage of its inhibitory portion
prior to its activation [60]. Analysis of the PDZ domain,
on the other hand, has been suggested to be essential in
the recognition and/or binding of a newly synthesized
COOH-terminus end of substrates following its cleav-
age by S1P [61]. Thus, the presence of a PDZ domain may
be a potential explanation why a substrate must undergo
cleavage by S1P prior to being cleavage by S2P [62]. PDZ
domains are in fact present on the COOH-terminal of
bacterial S2P homologs and deemed essential in substrate
recognition. As an example, in Mycobacterium tubercu-
losis, removal of the PDZ binding domain of Rip1l (S2P)
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via truncation of the COOH-terminal, prevented the
binding of the Ripl to PDZ-interacting protease regula-
tor 1. Thus, the PDZ binding domain acts as a substrate-
specific adaptor protein that tethers the substrate to S2P
for it to be cleaved and released in the cytosol [63]. The
use of the PDZ domain as an a substate-specific adapter
protein by the human S2P has yet to be demonstrated
and is an area for discovery. The fourth luminal loop,
shortest of the loops, bridges the last TM helix before the
protein terminates at its COOH-terminal (Fig. 2b).

This predicted architectural view of the MBTPS2 struc-
ture has since been confirmed by sequence homologs
studies [61, 64] and astonishingly by the first S2P atomic-
resolution crystal structure obtained from an archae-
bacterium S2P (Methanocaldococcus jannaschii S2P
(MjS2P)) [65] (Fig. 2¢). Though the S2P crystal struc-
ture was obtained from the archaeal S2P homolog, there
are striking parallels between the human S2P predicted
sequence topology and the crystal structure of MjS2P
(Fig. 2d). First, the placement of the two catalytic active
sites at the cytosolic side of the membrane. Interestingly,
this orientation complements well with the location of
where SREBPs are cleaved which is near the cytosolic
portion of the membrane [8, 66]. Second, the geometry
of the active-site residues, the placement of the catalytic
dyad, His-His and Asp for its catalytic activity indeed
coordinate with each other and are spatially arrange in a
manner similar to that seen with other HExxH-contain-
ing metalloprotease, such as thermolysin [67]. The only
difference is, however, the MjS2P crystal structure sug-
gests a six TM helix model, we speculate this difference is
due to the human S2P being longer than the MjS2P.

The M;jS2P crystal structure for the first time has given
access to unprecedented structural and mechanistic
insights of S2P at an atomic-level, providing answers to
challenging questions and novel insights. The longest-
standing conundrum of S2P proteolysis, as a matter of
fact for most intramembrane proteases, has been the
question of how a water-requiring proteolytic reaction
can occur in a lipid membrane. The structure demon-
strated the existence of a polar channel at the COOH-
terminal which allows water entry to the active sites of
S2P. Additionally, the inner surface of the polar channel
is lined with several polar groups and charged amino
acids including backbone carbonyls, and acidic and
basic side chains, providing an aqueous microenviron-
ment required for proteolysis. The structure also con-
firmed that proteolysis does indeed takes place within
the plane of the membrane as the residues of the catalytic
active sites were found to reside beneath the surface of
the membrane. Another remarkable insight gained are
hints of a ‘lateral gating mechanism’ that regulates sub-
strate access to the active catalytic sites. This involves
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the pushing of TM1 and TM6 away from each other in a
‘double door opening’ fashion that exposes the S2P active
sites. This translocation of the helices generates a crevice
as wide as the length S2P to sufficiently accommodate the
substrate [65]. Interestingly, this mechansim is similar
to those established from the crystal structures of other
membrane proteases such as rhomboids [68]. Thus, this
allows us to begin to draw a picture of the core catalytic
mechanisms of MBTPS2 that may serve as a conceptional
framework for a deeper understanding of the machinery
for its proteolytic activity. Nonetheless, this mechanism
was inferred from the archaeal S2P homolog, thus it
remains unclear if this gating mechanism will be of rel-
evance for human MBTPS2 and it is unlikely to be fully
resolved until complexes of S2P bound to a substate can
be crystallized and their structure determined.

The successful resolving of the MjS2P structure may
have faded former doubts of the proteolysis action of
MBTPS2 but have also posed further questions. One par-
ticular aspect is that it has not been identified yet how
substrates unfold or unwind to allow the catalytic sites
of MBTPS2 to gain access to its scissile peptide bond.
The process of cleavage of SREBPs may be utilized as a
template: following S1P cleavage of SREBPs at their lumi-
nal loop, both of its TM segments separate from one
another, causing it to partially unfold and its transcrip-
tional domain easily accessed by S2P [59]. For the other
substrates of MBTPS2, such as ATF6 and CREB3, their
precise mechanism of cleavage has not been fully under-
stood, thus it can only be speculated that these substrates
must also be unfolded to allow its scissile peptide bond
to be exposed to MBTPS2 catalytic sites. Another area
that we have yet a real insight into is how MBTPS2 sub-
strates are defined or selected. Initial mutational studies
of SREBPs revealed two sequences that were critical for
S2P cleavage [59]. The first, Asp-Arg-Ser-Arg (DRSR),
which immediately precedes the first TM segment of
SREBP-1a and SREBP-2. Changes to the DRSR sequence
via substitutions or deletions severely disrupted the
cleavage of S2P for SREBP-1a but did not have the same
effect on SREBP-2. The second sequence important for
S2P cleavage is Asn-Pro (NP) which sits within the first
TM segment of SREBP-2. Changes to each residue of the
NP sequence resulted in a partial reduction of S2P cleav-
age and changes to the both of sequence simultaneously,
completely abolished the cleavage of SREBP-2 by S2P.
Interestingly, translocating the NP sequence 5 residues
NH,-terminally did not alter the position of cleavage nor
impact its cleavage by S2P [59]. This may be suggestive
of a recognition sequence, as it is not spatially regulated.
However, it was not determined if cleavage at an altered
position had any down-stream effects, perhaps at a tran-
scriptional level. Similarly, ATF6 has a Asn-Tyr-Gly-Pro



Caengprasath et al f Transi Med (2021} 19:114

{(NYGP) sequence within in its TM domain that is impor-
tant for S2P cleavage, as substitution to both of the NP
residues completely abolished cleavage [11]. The presence
of the NP sequence in SREBP-2 and ATF6 is an exciting
observation of a ‘specific recognition sequence’ that can
dictate substate specificity of MBTPS2, rather than just a
sequence cleavage, however, does require deeper analysis.
The PDZ domain on MBTPS2 COOH-terminal may be
an alternative route of a regulative mechanism, particu-
larly the observations that certain bacteria S2F rely on
its PDZ binding motif as an adapter protein for substrate
specificity. The MjS2P, however, did not have any domain
or motif inserts of such between its TMS or luminal loop,
instead, had a rather noticeable cavity in its structure and
we are tempted to speculate that this would be the region
where the PDZ binding motif would sit.

Overall, these emerging proposals are plausible, but
there is more to be understood about the details of S2P
substrate entry, its catalytic mechanism, and specifica-
tions of what makes an S2P substrate. Perhaps, genome
editing approaches such as CRISPR-Cas$ of known sub-
states combined with structures of 52P in complex with
its substates, will aid in resolving this. Implications of
these will not only be a subject of interest on mechanisti-
cal and theoretical levels but has major connotations in
understanding how MBTPS2 functions in various bio-
logical contexts, diseases, and the possibility of utilizing
MBTPS2 and its substrates as a therapeutic target.

MBTPS2 associated diseases

Given the significance in cholesterol homeostasis and ER
stress responses, and the many substrates and cellular
funetions that rely on the proteolytic activity of MBTPS2,
it is not surprising that mutations leading to MBTPS2
deficiency can lead to multiple diseases. To date, muta-
tions in the MBTPS2 gene have been reported to cause
debilitating disorders including IFAP syndrome with or
without BRESHECK, KFSD, Olmsted and most recently,
OL

Ichthyosls folllcularls, alopecla and photophobla (IFAP)
syndrome with or without BRESHECK

IFAT syndrome (MIM #308205) is an extremely rare
congenital disorder with only about 60 cases reported
worldwide since it was first identified by McLeod in 1909
[69]. The syndrome is inherited in an X-linked recessive
fashion and primarily affects males, however, there have
been reports of autosomal-dominantly inherited TFAP
cases in females [70-72]. Female carriers have also been
reported to display symptoms, though the trait may be
nonpenetrant or are mild such as follicular ichthyosis,
mild atrophoderma, hairlessness, and hypohidrosis in a
linear mosaic pattern [73, 74]. The phenotypic spectrum
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of this syndrome in males is variable, ranging from mild
to severe, but all affected individuals display the pecu-
liar triad of follicular ichthyosis, nonscarring generalized
absence of hair and abnormal sensitivity to light [75]. Ich-
thyosis follicularis, a hallmark feature of this syndrome,
arises as widespread non-inflammatory thorn-like folli-
cular keratosis, which many occur at the scalp and exten-
sor extremities (Fig. 3a, b). Additional cutaneous defects
may include hyperkeratotic psoriasiform plaques, lamel-
lar scaling, angular cheilitis, periungual inflammation
and dystrophic nails. Noncicatricial alopecia, the most
prominent manifestation, is the loss of hair at the scalp,
eyebrows and eyelashes or a complete body hair loss.
Superficial corneal ulceration and vascularization lead
to progressive scaring of the cornea and possibly cause
a defect in Bowman membrane, which underlies photo-
phobia, the third defining characteristic of the triad, Fur-
ther ocular manifestations include corneal erosions and
scarring, chronic tearing, nystagmus, myopia, and atopic
keratoconjunctivitis. The anterior chamber, lens, and
ocular fundus are not affected. Further manifestations

L EF o HOM

Fig. 3 Clinical and radiographicimages of patients with [FAP or Ol
caused by METPSZ mutations. a, b A patient with [FAP harboring
the pR429H mutation in METPS2 exhibited alopedia, ichthyotic
scaling, scaly hyperkeratotic plaques over scalp, hyperkeratosis, and
dystrophic nails ¢, d A patient with Ol harboring pMN4595 mutationin
METP52 exhibited a severely anterior angulation of legs
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may occur together with the triad such as intellectual
disability, seizures, hypotonia, short stature, frontal
bossing, choanal atresia, recurring infections, and intes-
tinal irregularities as well as renal, cardiac, and verte-
bral anomalies [76]. In extreme cases, an assortment of
manifestations can be presented in affected individuals
including brain anomalies, intellectual disability, ectoder-
mal dysplasia, skeletal deformities, ear or eye anomalies,
and renal anomalies or small kidneys, with or without
Hirschsprung disease and cleft palate or eryptorchidism
(BRESEK or BRESHECK) [77].

Though identified over a century ago in 1909, the
genetic basis of this rare disorder was only uncovered
in 2009 [78]. By linkage analysis and sequencing of the
candidate genes, five unrelated affected males with the
IFAP syndrome were each found to harbor a missense
mutation in MBTPS2 (Fig. 4, Table 1), The five identi-
fied missense mutations, pR429H, pH227L, p.M87I,
p-W226L, and p.F475S, resulted in the abolishment of
the proteolytic activity of S2F, with the extent of S2P pro-
teolytic activity loss specific to each mutation. This was
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determined by the analyses of cell viability in M19 CHO
cells bearing the different detected missense mutations.
Under sterol-depleted conditions, the five mutants dis-
plaved varyving degrees of poor cell growth compared
to M19 cells transfected with wild-type MBTPS2. Most
strikingly was the p.R429H mutant that had almost no
detectable cell growth and the lowest residual proteolytic
activity. Interestingly, the affected male harboring this
mutation also had the most prominent IFAP phenotypes,
suggestive of a correlation between clinical severity and
the extent of impairment in 52P proteolytic function as
a consequence of the mutation [78]. This mutation lies
within the domain of the COOH-terminal located near
the LDG motif at TM 7, one of the two proteolytic active
sites of 52F, further hinting at a relationship between pro-
teolytic function and clinical severity.

Regarding genotype-phenotype correlation, it appears
that mutations lying within in or close to TM 5 and 8
contribute to severe manifestations, while mutations
closer to the NH,- or COOH-terminals result in milder
forms of IFAP. This is not only evident for the p.R429H

ST o )

Golgl lumen

Membrarie

Cytoplasm

L Key:
. HEIGH and LDG
WS catalytic motifs

><
"
3 @ IFAR
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() 1FaP with BRESHECK

& xeep

* cooH

Fig. 4 Reported pathogenic METPS2 variants, METPSZ2 protein structure contains eight transmembrane domains (T 1 to TM 8) spanning the Galgi
mernbrane The NHZ-terminal, COOH-terminal and the loop linking TM 4 and 5 are cytoplasmic, whilst the four loaps are luminal. The schematic
diagram is adapted from Bornholdtetal, 2012, Green highlighted amino adids are the catalytic active motifs, HEIGH and LDG. Pathogenic variants
with the substituted aming acids are indicated by arrows and colored dircles Red amino acids are substitutions that cause IFAP syndrorme, Pink
amino acids are substitutions that cause [FAP with BRESHECK. Crange amino acids are substitutions that cause KFSD. Yellow amino acids are
substitutions that cause 05, Blue amino acids are substitutions that cause O
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Table 1 Disorders and main clinical features associated with MBTPS2 mutations

Disorders Main clinical features Mutation Amino acid change
IFAP Ichthyosis follicularis, alopecia, photophobia, non-inflammatory thorn-like follicular keratosis, ¢717>C p.L24P
hyperkeratosis, dystrophic nails, ectopic keratoconjunctivitis, corneal scars, corneal erosion, 961G A pM87I
and neovascularization
c667G>T  pW226L
CB80A>T  pH227L
c686T>C  pF229S
c758G>C  p.G253A
C774C>G  pl258M
c1001G>A p.C334Y
c1286G>A p.R429H
c1360G>C  p.A4S4P
c1424T>C  pF475S
c1427T>C  pl4a76S
c1430A>T p.D477Vv
c1433C>A p.A478D
c1499G>A p.G500D
c1523A>G  p.N508S
c1538T>C  plLS13P
C671-9T>G  pl225Lfs*25
IFAP with BRESHECK Ichthyosis follicularis, atrichia, photophobia, with brain anomalies, intellectual disability, ecto-  ¢.1286G>A p.R429H
dermal dysplasia, skeletal malformations, Hirschsprung disease, ear deformity and deafness,
eye hypoplasia, cleft palate, cryptorchidism, and kidney dysplasia/hypoplasia (BRESHECK)
KFSD Diffuse follicular hyperkeratosis, progressive cicatricial alopecia of the scalp, eyebrows, and c599C>T  pA200V
eyelashes, photophobia, blepharitis/conjunctivitis, and corneal dystrophy €1499G>A pGS00D
c1523A>G  p.NS08S
c638C>T  pS213L
oS Periorificial keratotic plaques, bilateral palmoplantar transgredient keratoderma, diffuse alope- c671-9T>G  p.1225Lfs*25
cia, leukokeratosis of oral mucosa, onychadystrophy, hyperkeratotic linear streaks, follicular 139175 ¢ pF464S
keratosis, and constriction of digits
c1424T>C  p.F475S
Ol Type XIX Low bone mass, progressive bone deformities with increased fracture frequencies, craniofa-  c1376A>G  p.N459S
cial abnormalities, scoliosis, atraumatic subluxations, dentinogenesis imperfecta, hearing C1515G>C  pLSOSF

impairments, blue sclerae, and lung abnormalities

IFAP Ichthyosis follicularis, atrichia and photophobia syndrome, Of Osteogenesisimperfecta, KFSD Keratosis follicularis spinulosa decalvan, OS Olmsted syndrome

mutation but also for the p.L433P, p. A454P, p.F475S,
p.L476S, p.D477V, p.A478D, and p.G500D mutations
that are as well adjacent to the LDG motif and led to
clinically severe IFAP phenotypes [78-81]. Additionally,
mutations within the TM 5, p.F229S, p.W226L, p.H227L,
p.G253A, and p.1258M are also associated with consid-
erably severe [FAP phenotypes. Interestingly, a mutation
was identified at the large luminal loop between TM 6
and 7 (p.C334Y), which the affected male displayed clas-
sic clinical features of IFAP along with psoriasiform skin
plaques, nail dystrophy, facial dysmorphism, intellectual
disability, severe skeletal abnormalities, and chorea-like
movement. Though the IFAP phenotypes of this muta-
tion were not severe, it may suggest that a mutation at
this site may be particular to severe skeletal anomalies.
However, this remains to be clarified [82]. A patient with
a p.L24P mutation, the most-proximal mutation close
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to the NH,-terminal end on TM 1 had mild IFAP phe-
notypes but also had global developmental delay [83]. In
two other patients, one harboring the p.M871 mutation,
the second most-proximal mutation on TM 2, and the
p.L513P mutation, the most COOH-terminal encoun-
tered mutation on TM 8, resulted in milder phenotypes
of IFAP [78, 79] (Fig. 4). Nonetheless, it could be con-
tended that no specific phenotype or genotype corre-
lation can be formed from mutation positions. In one
study it was reported that a patient carrying the p.R429H
mutation displayed mild phenotypes of IFAP, in con-
trast to what was previously observed, the patient how-
ever, did experience neurological abnormalities such as
retarded psychomotor development and seizures [78,
84]. Additionally, another patient was not affected by the
triad of IFAP but by BRESHECK with atrichia and pho-
tophobia [85]. Yet, another patient severely manifested
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the cardinal triad of IFAP with an additional five features
of BRESHECK [77]. Precaution, therefore, must be taken
when making predictions of clinical outcome from a spe-
cific mutation.

Initially, BRESEK or BRESHECK was considered as a
distinct entity that was termed ‘BRESEK or BRESHECK
syndrome’ by Reish et al. (1997); however, as major-
ity of its symptoms are often presented along side the
IFAP triad, particularily Hirschsprung disease in severe
cases of IFAP, IFAP, and BRESHECK have been clas-
sified within the same entity as IFAP with or without
BRESHECK (MIM #308205) [77-79, 85, 86]. In essence,
prior to the coining of the ‘BRESEK or BRESHECK syn-
drome” Martino et al. (1992) reported a male patient that
was affected by the IFAP triad and additional symptoms
that were very much alike to those of the BRESHECK
syndrome, including short stature, intellectual disabil-
ity, seizures, hypohidrosis, enamel dysplasia, congenital
aganglionic megacolon, inguinal hernia, vertebral and
renal anomalies, however the genetic basis underlying
[FAP and the additional phenotypes of this patient was
not determined [76].

Keratosis follicularis spinulosa decalvans

Keratosis follicularis spinulosa decalvans (KFSD, MIM
#308800) is a rare hereditary disorder of keratinization
recognized by widespread hyperkeratotic follicular pap-
ules [87]. First described in 1926, the disorder is often
presented at infancy or early childhood with an X-linked
pattern of inheritance, though sporadic cases or cases
inherited in an autosomal dominant fashion have been
reported [88-92]. Some affected individuals exhibit
extensive keratosis pilaris-like papules, as well as facial
erythema, hypotrichosis, and cicatricial alopecia of the
scalp, eyebrows, and eyelashes. Extracutaneous features
include photophobia, keratitis, blepharitis, and enamel
hypoplasia. As the phenotypes of this disorder consider-
ably simulates IFAP, KFSD is sometimes considered as a
‘milder form of IFAP, however, this disorder can be dis-
tinguished from IFAP via the nature of alopecia, which is
progressive with variable degrees of inflammatory change
leading to scarring in KFSD.

Mutations in MBTPS2 have been identified as one
of the causative genes of KFSD. Alike mutations lead-
ing to the IFAP triad, mutations underlying KFSD lie
within the TM domains of MBTPS2. In three unrelated
families, a missense mutation in MBTPS2 (p.N508S) was
identified in affected males displaying mild phenotypes
[87]. Following this, two independent studies reported a
Chinese and a Swedish family in which the same muta-
tion segregated with mild phenotypes of KFSD [79, 92].
The position of this recurrent mutation was mapped
to be at the COOH-terminal end of MBTPS2 and a
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genotype—phenotype effect specific to MBTPS2 muta-
tion was speculated (Fig. 4). Indeed, cell viability assays
of M19 CHO cells possessing the p.N508S mutation
showed a 50% reduced growth rate in sterol deprived
conditions compared to wild-type, though, in compari-
son to the mutations underlying severe phenotypes of
IFAP, the p.N508S mutation had a higher survival rate
[78, 79, 87]. Not only does this strengthens the notion
that mutations located far away from the active proteo-
lytic site do not lead to severe phenotypes but may also
suggest that localization of mutations can be utilized as a
marker of clinical severity [78]. Subsequently, additional
reports of missense MBTPS2 mutations have been linked
to mild phenotypes of KFSD and abide to the genotype to
phenotype pattern [79, 93, 94].

Olmsted syndrome

Olmsted syndrome (OS, MIM #614594) is an extremely
rare keratinization genetic disorder classically marked by
the combination of bilateral mutilating palmoplantar ker-
atoderma, and periorificial hyperkeratotic plaques [95].
The disease normally presents at birth or early childhood,
however, onset in adults have been reported [96]. Diag-
nosis of OS generally relies on the clinical presentation of
bilateral mutilating palmoplantar keratoderma and peri-
orificial hyperkeratotic plaques, though there is a high
variability in its phenotypic spectrum by the presence of
accompanied features. These include corneal opacities,
diffuse alopecia, digital constriction rings, nail dystrophy,
high-tone hearing impairment, infections, hyperkeratotic
linear streaks at the elbows, knees, axillae, and antecu-
bital fossae, and squamous cell carcinomas [97, 98]. As
such, diagnosis is often difficult and confusing as major-
ity of its phenotypes overlap with IFAP. To complicate
things further, MBTPS2 mutations via an X-linked mode
of inheritance has recently become alight to cause OS,
in addition to the classical OS-causative gene, transient
receptor potential cation channel, subfamily V (TRPV3)
[74, 99-104].

Among the 106 cases of OS, three of these are to date
reported to be caused by mutations in MBTPS2. First
of the three is a missense mutation (p.F464S) harbored
by two males in an Iranian pedigree [99, 105]. This mis-
sense mutation is located on TM 7 and only two codons
away from the LDG catalytic center of MBTPS2. Rather
close to the LDG motif, severe OS manifestations were
expected. Accordingly, the two probands severely dis-
played all the features of OS, with alopecia universa-
lis, painful hyperkeratotic lesions, severe periorificial
plaques, and severely dystrophic nails with a fork-like
appearance and yellow in color. In another pedigree, a
¢.671-9 T > G intronic mutation was present in a Chinese
proband that exhibited not only features of OS but also
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the [FAP triad with short stature, inguinal hernia, palmo-
plantar, periorificial keratoderma, and pachyonychia [74].
Interestingly, this mutation was previously reported in
two IFAP patients that also exhibited hernia, short stat-
ure, and thickened dystrophic nails, but no symptoms
of OS [78]. By an in vitro mini gene assay and reverse
transcription PCR, this mutation disrupted the intronic
splicing enhancer, resulting in the skipping of exon 6 for
mRNA transcription and a frameshift that prematurely
terminated MBTPS2 (p.1225Lfs*25) [74, 78]. This diversi-
fies the heterogeneity of MBTPS2 mutations to not only
consist of mutations on TM domains but also ones at the
exon—intron boundaries of MBTPS2. The third muta-
tion is another recurrent mutation (p.F475S) that was
reported in two Lebanese brothers that displayed clinical
features for both OS and IFAP [104] (Fig. 4). This mis-
sense mutation had previously been documented in an
Argentinian male and two Lebanese brothers with severe
manifestations of IFAP with hyperkeratotic psoriasis-like
lesions and plantar keratoderma, respectively, amongst
other features [78, 79]; however, there were no men-
tions of OS. Whilst, in another report by Nemer et al.
(2017), two affected Lebanese brothers displayed phe-
notypes of both IFAP and OS with development delays,
recurrent seizures, osteoporosis, and renal insufficiency
[104]. These reports together underscore the challenge
in reaching at a consensus for diagnosis when OS cases
with IFAP manifestations or vice versa are presented
simultaneously. As a result, there has been controversy
over whether X-linked OS should exist as an independ-
ent syndrome or just as a severe form of [FAP [74, 106].
The reason for debate arose from the observation that,
patients displaying clinical features of OS occasionally
also show [FAP phenotypes. This contrasts with the onset
of OS due to TRPV3 mutations which affected individu-
als only display classical OS phenotypes without any
IFAP features. Whether the nomenclature of OS should
be incorporated with IFAP in a similar manner that the
BRESHECK syndrome was grouped as ‘IFAP with or
without BRESHECK’ requires further considerations.

Osteogenesis imperfecta (Ol)

Osteogenesis Imperfecta (OI) or brittle bone disease
is a congenital heterogenous skeletal deformity disor-
der that affects approximately 1 in 10,000-20,000 births
worldwide [107]. Individuals with OI display a marked
skeletal phenotype with a broad clinical spectrum of
severities that varies from low bone mass to progres-
sive bone deformities with increased fracture frequen-
cies and perinatal lethality. Additionally, OI individuals
may exhibit an array of associated secondary features
including craniofacial abnormalities, scoliosis, atraumatic
subluxations, and dentinogenesis imperfecta as well as
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extra-skeletal manifestations including hearing impair-
ments, blue sclerae, and lung abnormalities [108, 109].

Typically, Ol is most often found to be caused by
autosomal dominant mutations in either of the genes
that encode for collagen type 1 alpha chains, COLIA1
or COLIA2, causing an alteration in the structure or
function of collagen type 1, the most abundant protein
of bone extracellular matrix [108, 110-112]. Mutations
in genes involved in posttranslational modification of
collagen (CRTABR PPIB, LEPREI/P3H1) [113-115],
folding (SERPINHI, FKBP10) [13, 116], intracellu-
lar trafficking (SEC24D) [117], and extracellular pro-
cessing (BMPI) [118, 119] have also been described
to cause OI as a result of autosomal recessive inher-
itance. Over the past decade, however, the advent of
high-resolution sequencing technologies such as next-
generation sequencing (NGS) and the increased appli-
cation of whole-exome sequencing has greatly widened
the horizon of the genetic contributions to OL These
approaches have led to the identification of new OI-
causing genes and novel pathogenic variants that are
not classically associated with collagen metabolism
and can occur via distinct inheritance patterns, such as
the first X-linked recessive form of OI (OI type XIX,
OI19, MIM #301014), caused by missense mutations in
MBTPS2 [3, 120, 121] (Fig. 3¢, d). In two independent
pedigrees with moderate to severe OI, linkage analysis
and NGS revealed two novel MBTPS2 missense muta-
tions. In both pedigrees, the resulting substitutions
(p-N459S and p.L505F) were found to occur within or
adjacent to the zinc ion coordinating site required for
enzymatic activity (Fig. 4). Expression levels of mutant
S2P were stable, however, processing of the RIP sub-
strates ATF6, CREB3L3, and SREBPs were impaired,
resulting in decreased expression levels of several
genes critical for osteoblast differentiation and extra-
cellular matrix synthesis.

The underlying molecular mechanism for the phe-
notypic differences for these very distinctive disorders
is currently unclear but may potentially be revealed
by an in-depth characterization of intracellular sign-
aling differences associated with the skin disorders or
Ol mutations using stem cell-based disease models
such as induced pluripotent stem cells (iPSCs) and/or
animal models [122]. Any insights gained from these
studies will further our understanding of the MBTPS2
properties in disease, and thereby assist in the possi-
bility of utilizing MBTPS2 as a therapeutic target for
the treatment of its associated skin disorders and OL
Interestingly, it has been demonstrated that Nelfinavir,
an HIV protease inhibitor, was able to induce apoptosis
and growth arrest of both liposarcoma and castration-
resistant prostate cancer, through the inhibition of S2P
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activity [123-125], suggesting a potential role of utiliz-
ing S2P as a therapeutic target for certain malignancies.

Conclusions

Since the serendipitous discovery of MBTPS2 in 1997,
tremendous strides have inarguably been made in under-
standing the role of this once heretical protease. It has
transition S2P from just a component in the cleavage
machinery of SREBPs to now a protease that is widely
regarded as a critical regulator of serval cellular pro-
cesses in health and disease. The biochemical and struc-
tural biology studies have offered spectacular insights
into the mechanisms and functions of S2P, disposing
the longstanding doubt of whether its proteolytic action
via hydrolysis of peptide bonds can occur in the mem-
brane, provided a conceptual platform in appreciating
the broader functions of S2P and revealed a plethora of
substrates that are entirely dependent on S2P for their
downstream target pathways. Another notable insight
gained is the identification of both of the catalytic active
sites of S2P that is not only crucial to its proteolysis, but
also seemingly an essential aspect in the pathogenesis of
the disorders resulting from MBTPS2 mutations in which
several studies have revealed a prominent concordance in
the molecular and biochemical properties of the muta-
tions to the catalytic sites. What is also rather striking is
the very distinctive disorders that result from the variants
of MBTPS2, which may be suggestive of MBTPS2 having
pleiotropic properties. Additionally, the disorders that so
far have been reported arise from mutations that all lead
to loss of function of MBTPS2, an area that has not been
delved into are effects or disorders of variants that lead
to the hyperactivity of MBTPS2. Nonetheless, the chal-
lenge lies in deciphering the complex pathomechanism
underlying the associated distinctive disorders. Investing
efforts into these important, albeit challenging, technical
areas will most definitely accelerate our understanding
of MBTPS2 in pathophysiological conditions even fur-
ther. Looking into the future we hope that many of the
fundamental remaining questions about MBTPS2 will be
addressed and look forward to the exciting advances in
both the mechanistic features of MBTPS2 functions and
to utilize it as a therapeutic target.
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Tooth agenesis Is one of the most common orodental anomalies that demonstrate
phenotypic and genotypic heterogenelty with a prevalence of 2.5%-7%. Mutations
in WNTT0A have been proposed to be the most common cause of nonsyndromic
tooth agenesis (NSTA). The aim of this study was to characterize the dental features
and genetic variants of NSTA In a Thal population. We recruited 13 unrelated patients
with NSTA who attended the Faculty of Dentistry, Chulalongkorn University, Thalland,
from 2017 to 2019, All 13 underwent whole exome sequencing that Identified likely
pathogenic genetic variants, all in WNTT0A, in five patients. All five patients had
second premolar agenesis, while three also had absent or peg-shaped upper lateral
incisors. Patient 1 possessed a novel heterozygous duplication, ¢.916_918dupAAC
(p.Asn306dup) in WNTTOA. Patients 2 and 3 harbored a heterozygous and homozygous
c.B37G > A (p.Gly213Ser) in WNTT0A, respectively. Patients 4 possessed a
heterozygous ¢.511C > T (p.Arg171Cys) in WNTT0A. Patient 5 harbored a homozygous
c.b11C > T p.Arg171Cys) In WNTT0A and a novel heterozygous c¢413A > T
(p.Asn138lle) in EDARADD, suggesting digenic inheritance. We recruited another 18
family members of these five patients. Out of 23 participants, homozygous WNTT0A
variants were identified in 2 patients and heterozygous variants in 17 individuals. Both
homozygous patients had NSTA. Eight out of 17 heterozygous individuals (8/17) had
NSTA or a peg-shaped lateral incisor, indicating a 47% penetrance of the heterozygous
variants or 53% (10/19) penetrance of elther homozygous or heterozygous variants
in WNTT0A. The frequencies of the ¢.511C > T in our In-house 1,876 Thal exome
database, Asian populations, and non-Aslan populations were 0.016, 0.005-0.033,
and 0.001, respectively; while those of the ¢.637G > A were 0.016, 0.004-0.029, and
0.000, respectively. In conclusion, our study reports two novel variants with one each in
WNTT0A and EDARADD, expanding the genotyplic spectra of NSTA. Second premolar
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agenesis Is a common phenotype In affected individuals with variants in WNTT0A;
however, its penetrance is Incomplete. Lastly, the different frequencies of WNT70A
variants, ¢.511C > T and ¢.637G > A, in diverse populations might contribute to the
prevalence range of NSTA between continents.

donti

Keywords: hyp

INTRODUCTION

Tooth agenesis is the most common developmental dental
anomaly in humans with a prevalence between 2.5 and
7% (Polder et al., 2004; Khalaf et al, 2014). Missing less
than 6 teeth is called hypodontia, agenesis of 6 or more
teeth is called oligodontia, and the complete absence of
teeth is called anodontia. Multiple signaling pathways,
including bone morphogenic protein, fibroblast growth
factor, sonic hedgehog, and wingless (WNT), play important
roles in the epithelial-mesenchymal interactions during
tooth development. WNT/B-catenin signaling is involved
from the early to late stages of tooth formation (Liu et al.,
2008; Porntaveetus et al., 2012; Intarak et al.,, 2018). Among
WNT family members, mutations in WNTIOA (OMIM
*606268) are predominantly related to tooth agenesis (TA)
involving both nonsyndromic/isolated/selective tooth agenesis
(NSTA/STHAG4, MIM #150400) and syndromic tooth agenesis,
such as odontoonychodermal dysplasia (MIM #257980) and
Schopf-Schulz-Passarge syndrome (MIM #224750).

Population-based studies have revealed that 28%-62% of
tooth agenesis patients have with WNTI0A variants (van den
Boogaard et al, 2012; Mostowska et al., 2013; Arzoo et al.,
2014). Heterozygous, homozygous, and compound heterozygous
forms of WNT10A were associated with NSTA with phenotypic
heterogeneity. Using WNTI0A target sequencing, significantly
elevated frequencies of WNTI0A variants were observed in the
tooth agenesis group compared with the control group (Song
et al,, 2014; Machida et al., 2017). Biallelic WNT10A variants
were proposed to be a pathogenic factor for tooth agenesis with
complete penetrance, while a single allelic variant, presenting in
a significantly higher frequency in tooth agenesis patients, was
considered to be a predisposing factor for tooth agenesis with
reduced penetrance (Mues et al., 2014; Guazzarotti et al., 2018).
These findings prompted us to investigate the dental phenotype
and genotype in Thai patients with NSTA and determine the
allele frequencies of WNT10A in Thais compared with Asian and
non-Asian populations.

MATERIALS AND METHODS

Subject Enroliment

The study protocol was approved by the Institutional
Review Board (HREC-DCU 2018-091), Faculty of Dentistry,
Chulalongkorn University and complied with the Declaration
of Helsinki. Written informed consents were obtained prior
to the patients’ participation in this study. Thirteen unrelated
patients with NSTA who attended the Faculty of Dentistry,

oligodontia, nonsynony

15, homozygous, heterozygous, ectoderm

Chulalongkorn University, Thailand between January 2017 and
March 2019 and their family member were recruited. Clinical
and radiographic examinations, dental history, and intraoral
photographs of the probands were used to assess tooth agenesis.
The size and shape of the remaining teeth were also observed.
The patients did not have any signs or symptoms related to
ectodermal organ defects, e.g. intolerance to heat, dry skin,
abnormal sweating, sparse hair, or brittle nails (Bergendal et al.,
2006). The dental phenotypes of the probands’ family members
were obtained from clinical and radiographic examinations,
dental records, or participant interviews.

Mutation Analyses

Genomic DNA extracted from peripheral blood leukocytes was
subjected to mutation analysis using whole exome sequencing
(WES) (Porntaveetus et al., 2018). Briefly, genomic DNA was
captured using a SureSelect Human All Exon version 4 kit
(Agilent Technologies, Santa Clara, CA, United States) and
sequenced using Hiseq2000 (Macrogen, Seoul, South Korea).
The sequences were aligned to the human genome reference
sequence' using the Burrows-Wheeler Aligner’. Downstream
processing was performed with SAMtools® and annotated against
the dbSNP and 1000 Genomes. After quality filtering, the
variants were screened using the genes listed in HP: 0009804
(reduced number of teeth) in Human Phenotype Ontology
(Kohler et al., 2018). All calls with a coverage < 10x, minor
allele frequency > 5% in the 1000 Genomes Project, Genome
Aggregation Database (gnomAD*), and our in-house database of
1,876 Thai exomes; non-coding variants; and synonymous exonic
variants were filtered out. The identified variants were confirmed
by Sanger sequencing (Supplementary Table 1). The alignment
and conservation of amino acid residues were generated by
Clustal Omega (Madeira et al., 2019).

Allele frequencies of WNTIOA variants were screened with
multiple variant databases comprising the Genome Aggregation
Database (gnomAD), GenomeAsial 00K consortium, Northeast
Asian Reference Database (NARD), Han Chinese genome
project (PGG.Han), 4.7K Japanese individual genome variation
(4.7KJPN), Human Genetic Variation Database (HGVD), Korean
Variant Archive (KOVA), and our in-house database, last access
on June 3, 2020.

Bioinformatics tools consisting of PolyPhen-2 (Adzhubei
et al, 2010), SIFT (Kumar et al, 2009), MutationTaster

'UCSC Genome Browser, hg19
“http://bio-bwa.sourceforge.net/
*samtools.sourceforge.net/
“gnomad broadinstitute.org
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411 Father 5.1.2 Mother 5.1.2 Mother
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Wild-type WNT10Ac.511C>T Wild-type
4.1.2 Mother 5.1 Brother 5.01.1 Brother
Homazygous erozygous
WNT10A €. 511C5T Wild-type EDARADD ¢ 413A>T
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W] © HSTA No peg-shaped lateral incisor
[B (B Pegshaped or missing upper lateral incisor
IE €© 157Aand peg-shaped or missing laleral incrsor

FIGURE 1 | Family pedigress and genstic variants. Amow indicatas the proband. Tooth phenotypes of tha participants were determined sther by the dertist or
reported by the participants. Wa/+, homozygous WATTOA variant; W+/-, heterozygous WNTTOA variant; W+/+, wild-type WNTI10A variant; E+/+, homozygous
EDARADD variant; E+/-, heterozygous EDARADD variant; E+/+, wild-typs E0ARADD variant.

(Schwarz et al, 2014), and CADD (Rentzsch ef al, 2018) were
used to predict each variant’s pathogenicity.

RESULTS

We performed WES for 13 unrelated patients with NSTA
during 2017-2019 and detected variants related to tooth agenesis
(HP: 0009804) in five patients. All five patients (Patients 1-
5) possessed variants in WNTIOA (NM 025216.3). We then
recruited 18 additional family members of these 5 index patients,
characterized their dental phenotype, and performed Sanger
sequencing (Figure 1 and Supplementary Figure 1).

Patient 1, a l6-vear-old female, lacked nine permanent
teeth, all premolars and the lower right first molar. The
lower left second molar was extracted due to pulp necrosis.
Oral examination revealed that she had peg-shaped upper

lateral incisors, severely hypoplastic edentulous ridges, anterior
deep bite, and malocclusion. WES identified that the patient
possessed a novel heterozygous duplication, ¢.916_918dupAAC
(p.Asn306dup), in WNTI0A (ClinVar SCV001335264). This
variant was detected in the patients mother and grandmother
who had NSTA, and in the unaffected half aunt.

Patient 2, a 27-year-old female, had 6 missing teeth, 4 upper
premolars, and 2 lower third molars. The known heterozygous
missense mutation, <.637G = A (p.Gly213Ser), in WNT10A was
identified in the patient, and in the patients father and two sisters
whao reported no missing teeth. The mothers had biallelic wild-
type alleles.

Patient 3, a 28-year-old male, had 12 missing teeth comprising
an upper right canine, 3 first premolars, 4 second premolars,
and 4 third molars. The homozygous mutation, ¢637G > A
(p.Gly2138er), in WNTI0A was identified in the patient. The
WNTIOA heterozygous ¢.637G > A (p.Gly2138er) variant was
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detected in the patient’s older sister who was missing her 4 second
premolars, and the younger sister, father, and mother who did not
have any teeth missing.

Patient 4, a 31-year-old female, was missing her 2 lower
second premolars and peg-shaped upper lateral incisors. Her
deciduous lower right and left second molars were retained. Four
third molars were previously extracted. The known heterozygous
missense variant, ¢.511C > T (p.Argl71Cys), in WNTI0A was
detected in the patient, and in the patient’s older sister and
mother who did not have tooth agenesis. The father possessed
wild-type alleles.

Patient 5, a 34-year-old male, had agenesis of 8 permanent
teeth, 2 upper lateral incisors, 2 right second premolars, and
4 third molars. He had implant replacements at the upper
right lateral incisor and lower right second premolar. The
homozygous missense variant, c¢.511C > T (p.Argl71Cys) in
WNTI0A and a novel heterozygous missense variant, c413A > T
(p.Asnl138lle), in EDARADD (Clinvar SCV001335265) was
identified in the patient. The heterozygous WNTIOA ¢.511C > T
variant was also detected in the patient’s older sister who
was missing two upper lateral incisors and two lower third
molars and the mother who had peg-shaped upper lateral
incisors. The heterozygous EDARADD c413A > T variant
was present in the patients older brother, but not in the
sister and mother.

In Patients 1-5, the number of missing teeth was between 2
and 12 or between 2 and 9 teeth (excluding the third molars). An
absent second premolar or peg-shaped upper lateral incisor was
frequently observed in the patients (‘Table 1).

We used several bioinformatic tools to predict the
pathogenicity of the variants. We found that the WNTI0A
c¢511C > T (p.Argl71Cys) was predicted to be deleterious
(CADD: 25.6), deleterious (SIFT: 0.0), possibly damaging
(PolyPhen-2: 0.93), and disease causing (MutationTaster).
The WNTI0A c.637G > A (p.Gly213Ser) was predicted
to be deleterious (CADD: 27.2), deleterious (SIFT: 0.0),
probably damaging (PolyPhen-2: 1.0), and disease causing
(MutationTaster). Furthermore, the EDARADD c413A > T
(p.Asn138lIle) was predicted to be deleterious (CADD: 27.3),
deleterious (SIFT: 0.0), possibly damaging (PolyPhen: 1.0), and
disease causing (MutationTaster).

The amino acid residues; p.Argl71, p.Gly213, and p.Asn306
in WNT10A, and p.Asn128 in EDARADD are conserved among
multiple species (Supplementary Figure 2). According to the
ACMG standards and guidelines, the WNTI0A ¢511C > T
and ¢.637G > A and the EDARADD c413A > T variants
are considered to be likely pathogenic, while the WNTI0A
¢.916_918dupAAC variant is considered as uncertain significance
(Richards et al., 2015).

Eighteen members of the five index patients’ families (23
total) were included. Out of the 23 participants, the homozygous
WNTIOA variants were identified in 2 patients (3.IL.2 and
5.I.3) and the heterozygous variants in 17 individuals. Both
homozygous patients had nonsyndromic tooth agenesis (NSTA).
Eight (1.1.2, 1.11.2, 1.IIL.1, 2.IL1, 3.IL1, 4.I1.2, 5.1.2, and 5.I1.2) out
of 17 heterozygous individuals (8/17) had NSTA or a peg-shaped
lateral incisor, indicating a 47% penetrance of the heterozygous

variants, or a 53% (10/19) penetrance of either homozygous or
heterozygous variants in WNTI0A.

We screened the frequencies of the WNTI0A ¢.511C > T and
€.637G > A variants in multiple variant databases comprising the
Genome Aggregation Database (gnomAD), GenomeAsial00K
consortium, Northeast Asian Reference Database (NARD), Han
Chinese genome project (PGG.Han), 4.7K Japanese individual
genome variation (4.7KJPN), Human Genetic Variation Database
(HGVD), Korean Variant Archive (KOVA), and our in-house
database. The allele frequencies of WNTI0A ¢.511C > T and
¢.637G > A in Asian populations was between 0.005 and 0.033
and between 0.004 and 0.029, respectively. In our in-house
database (ThWES) of 1,876 Thai exomes, the frequency of
¢.511C > T variant was 0.016 and that of ¢.637G > A variant was
0.016, which were in the Asian population ranges. In contrast,
the frequency of the ¢.511C > T variant was 0.001 and that of
the ¢.637G > A variant was and 0.000 in non-Asian populations
(Table 2). These results indicate that the WNT10A ¢.511C > T
and ¢.637G > A variants are common and concentrated in Asian
populations compared with non-Asian populations.

DISCUSSION

In this study, we identified five index patients having NSTA
and variants in WNTIOA. Eighteen more family members
were included. The number of missing teeth observed ranged
from 2 to 12 teeth or 2 to 9 teeth, excluding third
molars, WNTIOA is the most common variant associated
with NSTA (van den Boogaard et al, 2012; Mostowska
et al, 2013; Arzoo et al, 2014). Here, we identified that
all five patients possessed WNTIOA variants. The novel
heterozygous duplication, ¢.916_918dupAAC (p.Asn306dup),
was identified in Patient 1. The heterozygous state of c.637G > A
(p.Gly213Ser) variant was detected in Patient 2 and its
homozygous state in Patient 3. The heterozygous state of
c¢511C > T (p.Argl71Cys) variant was detected in Patient 4
and its homozygous state was detected in Patient 5. The novel
heterozygous c413A > T (p.Asnl38lle) in EDARADD was
observed in Patient 5.

The relationship between the heterozygous WNTI0A variants
(c.511C > T and ¢.637G > A) and NSTA was characterized
in large well-phenotyped population cohorts (Song et al., 2014;
Machida et al., 2017). Both variants were significantly associated
with tooth agenesis compared with healthy control individuals.
In other studies, the variants were shown to cause tooth agenesis
with incomplete penetrance (He et al., 2013; Plaisancié et al.,
2013; Kantaputra et al., 2014). Biallelic WNT10A variants were
proposed to be the pathogenic factor for tooth agenesis with
complete penetrance, while single allelic variants, presenting with
a significantly higher frequency in tooth agenesis patients, were
considered to be a predisposing factor for tooth agenesis with
reduced penetrance (Mues et al., 2014; Guazzarotti et al., 2018).
In addition, the phenotypic spectrum of WNTIOA mutations
was shown to be dose-dependent with variable expressivity,
including within the same family (Park et al., 2019). Patients
with biallelic WNTI0A mutations had severe tooth agenesis,
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TABLE 1 | The identifiecl WINTT QA variants in subjects with tooth agenssis of peg-shaped upper lateral incisors,

Family  Patient Dental arch Taoth
8 7 6 656 4 3 2 1 1 2 3 4 5 & 7 8 Number of missing Mode Mutation Amine acid
teeth {excluding 3™ change
molars)
1 Patient 1 Ugper . o o T
Lower DY . . . - 4 8 Hat ¢ HE_H8dup . Asn360dup
2 Patient 2 Upper LY . .
Lowesr . . 6 (4) Hat ©B37G > A PGy2 15587
2 Patient 3 Upper . . s e . . .
Lowesr . . . . 1248 Homo  o637G = A P2 135
Pationt 3's older sister  Upper . .
Lower u] u] o o [m] 2 Hat cB3TG > A pAGly2135er
4 Pationt 4 Upper ° )
Lowar . . 2 Hat c51MC=T PAGITICYs
5 Patisnt 5* Upper . . - - .
1.3 Lower . . . &4 Homo  eSMG>T pAGITICYs
Pationt 5's sistar Upper - -
nz) Lower . o . 43 Het B> T pAGITICYs
Patient 5's mother Uipper e o
1.2) Lowsr 0 Hat 5G>T PRI TICYS

1, central incisor; 2, lateral incisor; 3, caning; 4, frst premolar; 5, second premolar; 6, fest molar; 7, second molar; 8, third moiac; », missing tooth; w, missing upper iateral incisor; O, peg-shaped upper lateral ncisors;
X, extraction; NA, not avaizbie; Het, heterczygous; Homo, homaozygous.
#The hetarozygous missense variant, c4134 = T [p.Asn138ie), in EDARADD was also found in Patient 5.

200

]

&
B
3
2
2
1
2




g
2
g
TABLE 2 | Allsie fraquencies andl datals of WNTTOA o 511C = T ip. Argt T10ys) and 06375 > A {p.Gly2133er) variants,
rs116998555 ¢.511C > T (p.Arg1 71Cys) ¥ 16 c.637G = A (p.
Database Allele count Allele Number of Allele Allele Allele Number af Allele
number homozygotes  frequency count number homozygotes  frequency
gnomAD (v2.1.1 and v3)
East Asian 370 23084 3 Q016 857 22960 16 0.029
Nor-East Asian 335 402854 1 0.001 22 400838 Q 0.000
South Asian 51 33652 1 0.002 4 33616 Q 0.000
African 32 67004 a a.0a1 3 66550 Q 0.000
Ashkenazi Jewish a 13692 a 0.000 o 136846 Q 0.000
European (Finnish) 15 35568 a 0.000 i} 35046 aQ 0.000
European (non-Finnish) 23 193504 a 0.001 4 192768 a 0.000
Latino f 49034 a 0.000 3 45954 Q 0.000
5 Other 10 10270 a Q.00 g 10218 Q Q.om
Total 706 426G 4 0.0z 679 425738 16 0.002
GenomeAsia 100K
Southeast Asia 4 692 a C.006 3 692 Q 0.004
Northeast Asla 5 702 a 0.007 10 702 Q 0.014
South Asia T 1448 a 0.005 @ 1445 Q 0.000
Other bl 636 ] 0.000 0 636 ] 0.000
Total 16 3478 a 0.005 13 3478 a 0.004
Northeast Asien Reference Datebase (NARD) 35 3568 NA Q.010 51 3558 NA 0.4
Han Chinese genome project (PGG. Han) 596 107232 hA 0.033 1161 108146 MA oo
4.7% JPM {4,773 Japanese individuals) A e A oMo MA HA HA 0.018
HGVD {3,248 Japansse individusls) 36 2412 a Q.05 35 2388 a 0.Ms
Korean Vanant Archive {KCVA) {1,065 hedthy Korean indivicuals) MNA hla NA 0.019 PA PA A 0.019
ThWES 1876 {in-house database of 1,878 Thal individusals) 58 ars2 4 Q.06 59 3752 a 0.016
JPN, Japanese indiickel genome variation; genomAD, Genome Agaregation Database; HGVD, Human Genetic Variation Database; NA, not avallable. Bold numbers incicate maximum and minimum afiele B
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while heterozygous patients were either unaffected or had a mild
tooth phenotype.

In our study, Patient 3 (3.I1.2) and Patient 5 (5.11.3), who
harbor the homozygous WNTI0A ¢.637G > A and ¢.511C > T
variants, respectively, have tooth agenesis and their phenotypes
are more severe than the heterozygous individuals with the
same variant. In our cohort, the heterozygous ¢.511C > T and
€.637G > A variants demonstrated incomplete penetrance, which
is consistent with previous reports. The evidence mentioned
above suggests that the heterozygous WNTI0OA c¢511C > T
or ¢.637G > A allele can be a contributing factor for NSTA
with low penetrance, while biallelic variants are associated with
greater clinical severity. However, there might be other genetic
or environmental factors influencing the phenotypic expression
of NSTA patients.

Mutations in EDARADD (OMIM* 606603) are associated
with autosomal dominant ectodermal dysplasia 11A (MIM#
614940) (Bal et al., 2007; Cluzeau et al., 2011) and autosomal
recessive ectodermal dysplasia 11B (MIM# 614941) (Chaudhary
et al., 2016). The EDARADD c.413A > T (p.Asnl38lle) variant
identified in Patient 5 is located in the death domain that interacts
with EDAR. The homozygous and heterozygous mutations in the
EDAR death domain cause hypohidrotic ectodermal dysplasia
(MIM #614940, #614941) with low penetrance (Bal et al., 2007;
Cluzeau et al., 2011). To the best of our knowledge, only one
heterozygous EDARADD variant, ¢.308C > T, p.Ser103Phe, was
identified in patients with NSTA. The allelic frequency of the
EDARRADD ¢.308C > T variant is found in up to 2% of a healthy
population according to the dbSNP database. However, this
variant has been associated with NSTA, but with low penetrance
and variable expressivity. (Bergendal et al., 2011; Arte et al., 2013;
Barbato et al., 2018; Martinez-Romero et al., 2019). Although the
heterozygous EDARADD c¢.413A > T mutation was detected in
the patient and his unaffected brother, it was not in his affected
sister or mother.

Interestingly, the digenic heterozygous variants of WNTI0A
and other genes in the EDA pathway, including EDA, EDAR,
and EDARADD, have been found in several patients with NSTA
(Arte et al., 2013; He et al., 2013; Barbato et al., 2018; Martinez-
Romero etal., 2019). The WNT and EDA pathways are suggested
to play complementary roles during tooth development (Yu
et al,, 2019). In Family 5, the WNTI0A c.511C > T variant
was present in the homozygous state in the patient (8 missing
teeth), in the heterozygous state in the sister (4 missing teeth) and
proband’s mother (peg-shaped lateral incisors), and not detected
in the probands brother (unaffected). Therefore, the role of the
WNTI0A variant in this family may be because its homozygous
state is associated with more severe NSTA than those with
the heterozygous variant, and the heterozygous variant shows
incomplete penetrance. Moreover, the coexistence and variable
penetrance of WNTI0A and EDARADD variants may modulate
the final phenotype of Patient 5.

Tooth agenesis is one of the most common anomalies in
human development. Its prevalence in the general population
is 2.5-7% (Polder et al., 2004). Mutations in WNTI0A are the
most frequently found variants associated with NSTA in several
populations studied to date (vanden Boogaard etal,, 2012;

Mostowska et al., 2013; Song et al., 2014; Tardieu et al., 2017). In
particular, the WNTI0A ¢.511C > T and ¢.637G > A variants are
predominant in Asian populations compared with Europeans
(Song et al., 2014; Machida et al., 2017). According to multiple
genetic databases, we observed the allele frequencies of WNTI0A
c¢511C > T and ¢.637G > A variants in Asian populations
up to 0.033 and 0.029, respectively, compared with those in
non-Asians, which are 0.000-0.001. The frequencies of the
¢.511C > T and ¢.637G > A variants in our in-house database
of 1,876 Thai exomes are 0.016, which are in the range of Asian
populations, including Japanese, Chinese, and Koreans. These
results indicate that these two variants are relatively common in
Asian populations. The difference in WNTI0A allele frequencies
among different ethnic groups may also partly explain the
diverse prevalence of tooth agenesis on different continents
(Khalafet al., 2014).

The number and location of missing teeth are associated with
mutations in specific genes (Al-Ani et al, 2017). A genotype-
phenotype correlation study revealed that the second premolars
were the most common missing teeth found in patient with
WNT10A variants (Arzoo et al,, 2014). All five patients in our
study had agenesis of the second premolars, suggesting that
WNT10A variants might be responsible for the absence of second
premolars with high penetrance. Mutations in WNTI0A have
also been proposed to cause agenesis or microdontia of the upper
lateral incisors (Kantaputra et al., 2014; Mostowska et al., 2015).
Absent upper lateral incisors was observed in Patient 5 and his
sister, and peg-shaped upper lateral incisors were found in Patient
1, Patient 4, and Patient 5% mother who had the heterozygous
WNTI10A variants.

CONCLUSION

In conclusion, this study reports a novel in-frame duplication,
¢.916_918dupAAC (p.Asn306dup), in WNTIOA and a novel
heterozygous missense variant, c413A > T (p.Asnl38lle), in
EDARADD, expanding the genotypic spectrum related to NSTA.
The heterozygous WNTI0A ¢.511C > T and ¢.637G > A
variants demonstrate incomplete penetrance. Both variants are
more common in Asian populations compared with non-
Asians, which might explain the diverse prevalence of NSTA in
various continents.
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1 | INTRODUCTION

Hypomyelinating leukedystrophy 10 or HLD10 {(OMIM #616420) is
an autosomal recessive neurological discrder characterized by global
developmental delay, postnatal progressive microcephaly, movement

disorder, and hypomyelination (Meng et al, 2017; Nakayama

Abstract

PYCRZ2 pathogenic variants lead to an autosomal recessive hypomyelinating leuko-
dystrophy 10 {(HLD10), characterized by global developmental delay, microcephaly,
facial dysmorphism, movement disorder, and hypomyelination. This study identified
the first two unrelated Thai patients with HLD10. Patient 1 harbored the novel com-
pound heterozygous variants, ¢.257T>G (p.Val86Gly} and c400G>A (p.Vall34Met),
whereas patient 2 possessed the homozygous variant, c400G>A (p.Vall34Met}, in
PYCR2. Haplotype analysis revealed that the two families' members shared a 2.3 Mb
region covering the c.400G>A variant, indicating a common ancestry. The variant
was estimated to age 1450 years ago. Since the c.400G>A was detected in three out
of four mutant alleles and with a common ancestry, this variant might be commeon in
Thai patients. We also reviewed the phenotype and genotype of all 35 previously
reported PYCR2 patients and found that majorities of cases were homozygous with a
consanguineous family history, except patient 1 and another reported case who were
compound heterozygous. All patients had microcephaly and developmental delay.
Hypotonia and peripheral spasticity were common. Hypomyelination or delayed
myelination was a typical radiographic feature. Here, we report the first two Thai
patients with HLD10 with the novel PYCR2 variants expanding the genotypic spec-

trum and suggest that the c400G>A might be a common mutation in Thai patients.

KEYWORDS
dysmoerphism, global developmental delay, hypemyelinatien, hypotonia, microcephaly

et al., 2015; Spagnoli et al,, 2019; Zaki et al, 2016). The disorder is
caused by alterations in the PYCRZ gene (OMIM *6146406) which
encodes the mitechondrial enzyme, pyrroline-5-carboxylate reductase
2, that converts pyrroline-5-carboxylate to proline (Nakayama
et al., 2015; Pérez-Arellanc et al,, 2010). Proline is an important aming

acid for the function of central nervous system and connective

Am 1 Med Genet. 2021;1-6.
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tissues. The pyrroline-5-carboxylate reductase 2 alsc plays roles in
regulating NADP'/NADPH balance, apoptosis, and intracellular redox
potential (Liang et al., 2013; Wu et al,, 2011).

To date, there have been nine studies reporting 35 patients with
the PYCR2 variants and HLD10 features (Afroze & Mercimek-
Andrews, 2020; Al-Shamsi et al,, 20164 Bick et al., 2017; Escande-
Beillard et al., 2020; Meng et al., 2017; Nakayama et al, 2015;
Spagnoli et al,, 2019; Theunissen et al., 2018; Zaki et al., 2014). This
study reported the first two unrelated Thai patients affected with
HLD10 and two novel variants in PYCR2. We observed that both
patients shared the c.400G>A (p.Val134Met) variant which was origi-
nated from a commoen ancestor and estimated to arise 1450 years
ago. Additionally, we summarized the phenctype and genoctype of all
patients with PYCRZ variants published in the [iterature.

2 | CASEREPORT

Patient 1 was a 13-year-old Thai girl. She was born at 38 weeks. The
pregnancy was unremarkable. The patient started to have occasional
twitching on her right cheek and a develepmental delay was noticed
at the 6 months of age. Brain MRI at age 9 menths was unremarkable.
Electroencephalogram at age 2 years showed no epileptiform dis-
charge. Vision screening was normal. The patient was lost to follow-
up and presented at age 7 years with occasional muscle spasticity for
2-3 times a week. Each episode started from rapid eye blinking
followed by persistent whole-body twitching for 2-3 min. Physical
examinations showed severe muscle wasting, spastic tone, clonus,
hyperreflexia, deep tendon reflexes (OTR) 3+, and motor scoring scale
lll. Seizure and facial palsy were not observed. Plasma amine acid and
urine crganic acid profiles were within normal limits. Brain MRI at age
7 years showed incomplete myelination, pronounced brain volume
loss aleng deep cerebral white matter, small corpus callosum, and
prominent size of posterior body-trigone of the lateral ventricles. The
EEG revealed focal spikes in the left temporo-parietal area with mod-
erate encephalopathy, suggesting multifocal epileptic disorder.
Valproic acid was prescribed at age 8 years. Clonazepam and ferrous
sulfate supplement were added at age 10 years, fellowed by a muscle
relaxer, Baclofen, at age 11 years. With medications, the duration and
frequency of spastic tones were subsided. Swollen legs and feet were
noticed at age 11 years.

At age 13 years, the patient showed global developmental delay.
She could neither walk, sit, nor say a word. Physical examination rev-
ealed microcephaly (OFC 44.5 cm, <3rd percentile), truncal hypotonia,
pectus excavatum, appendicular hypertonia, hyperreflexia, and del-
ayed puberty. Her breast develocpment was at Tanner stage Il. She
had facial dysmorphism including narrow forehead, low frontal hair-
line, thick hairs, deep set eyes, bulbous nose, full lips, short columella,
large pinnae, overfolded helix, and high-arched palate (Figure 1{a-h)).

Patient 2 was a 2-year-old Thai girl. She was born full term with a
birth weight of 3332 g. The pregnancy was unremarkable. No perina-
tal complication was noted. At age 1 year, the patient had feeding dif-

ficulty and showed developmental delay. Physical examination

206

showed microcephaly (OFC 42 cm, <3rd percentile), strabismus,
upturned bulbous nose, full lips, prominent ears, medial strabismus
without nystagmus, hyperreflexia, poor coordination, and spasticity.
Brain MRI demonstrated hypomyelination with thin corpus callosum
and brainstem (Figure 1(i-k)). The videoflucroscopic swallowing study
with barium sulfate solution showed normal structure and function of
esophagus, esophagogastric junction, stomach, ducdenum, and duo-
denojejunal junction. The parents of both patient 1 and patient 2 were
noncensanguineous (Figure 51, Supporting Information). A history of
brain anomalies in both families was not noted.

Whole exome sequencing and Sanger sequencing were per-
formed as previously described {Intarak et al., 2019; Porntaveetus
et al, 2017) (Table S1). We identified that patient 1 harbored the
novel compound heterozygous variants in PYCR2 (NM_013328.3). A
novel missense variant ¢.400G>A, p.Vall34Met (ClinVar accession
VCV000872905.1) was detected on the maternal allele and a novel
variant, ¢.257T>G, pVal86Gly (ClinVar
VCV000872904.1) on ancther allele. Patient 1's father was not avail-
able for genetic test. Patient 2 was homozygous for the missense vari-
ant, c400G>A, p.Vall34Met in PYCR2. Both the ¢257T>G and
c400G>A variants were not observed in gnomAD exome v2.1.1,
dbSNP, and in-house exome database of 3206 Thai individuals con-

sisting of patients with rare diseases and their healthy family mem-

missense accession

bers. The variants were located in the NAD(P) binding demain of the
PYCR2 protein. They were highly conserved among species
{Figure S1) and predicted to be deleterious (SIFT), probably damaging
(Polyphen), possibly pathogenic (MCAP), and uncertain significance
(PM2, PP3) according to the ACMG guideline (Richards et al,, 2015).
Based on the phenctype and genotype of both patients, the diagnosis
of hypomyelinating leukodystrophy 10 (HLD10) is highly likely.

We speculated that the two patients might have a common
ancestry as they shared the c.400G>A variant. Microarray genotyping
was performed using the Infinium OmniZhengHua-8 Kit (Hllumina,
Seoul, South Korea). Three members of family 1 {patient 1, brother,
and mother) and three members of family 2 {patient 2, father, and
mother) were included. Using microarray and homozygosity haplotype
analysis of patient 2's family members, we detected the homozygous
segment of 3.2 Mb between coordinates 2234632876 and 226846391
(1312 SNPs) on chromosome 1g42.13 that covered the c400G>A
variant. These coordinates were then applied to determine the haplo-
type of family 1. We then chserved that both families shared a
2.3 Mb segment between coordinates 224440468 and 226846391
(Figure 52). These coordinates were input inte the Genetic Mutation
Age Estimator, which is the application that estimates the age of
genetic variants based on the length of ancestral haplotypes common
to individuals who share the variant (https://shiny.wehi.edu.au/rafehi.
h/mutation-dating/) (Figure S3) (Gandolfo et al, 2014; Yeetong
et al, 2019). The c.400G>A variant was estimated to age 58 genera-
tions or 1450 years (assuming one generation = 25 years) with a 95%
interval  (Cl) between 17.4 (425 vyears) and
218 (5450 years) generations. This indicates that the c400G>A vari-

confidence

ant is identity by descent and the tweo families share a commen
ancestry.
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Patient 1

Patient 2

FIGURE 1 Phenotypic features of the patients. Patient 1 at age 13 years showed facial dysmorphism including oval face, narrow

forehead, low frontal hairline, thick hairs, deep set eyes, bulbous nose, full lips, short columella, large pinnag, overfolded helix, and
high-arched palate (2 -c). She had severe muscle wasting and pectus excavatum (d, ). Swollen legs and feet were noticed atage

11 years (f). T2 weighted images (T2W) of brain MR showed incomplete myelination, brain volume loss, and small corpus callosum
(arrow) (g, k). Facial features of patient 2 at age 2 years showed microcephaly, upturned bulbous nose, full lips, and prominent ears (i).

Brain MR| showed hypomyelination, and thin corpus callosum and brainstem (arrows) (j, k) [Color figure can be viewed at
wileyonlinelibrary.com]

Additionally, we reviewed and summarized the phenotypic and 3 | DISCUSSION
genatypic features of zll 37 patients (including patients 1 and 2 in this
study) reported with PYCRZ wvariants as shown in Figure 2 and

This study reported the first two Thai patients having HLD10 and twe
Tables 52 and S3.

novel PYCRZ variants. Both patients showed global development
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c.577G>A
c.595C>T
(a) ¢.596G>A
c.616G>A
¢.694T>G
C.746G>T
£.139-3C>G c.751C>T
PYCR2 gene ¢ 257T>G C.773T>C
¢.355C>T ¢.784delCCT
c.28C>T c.138+1G>T c.400G=>A C.798C>T
e > - 3> ->->— [N
Exon: 1 2 3 4 5 5] T
p.Val193Met
(b) p.Arg198Tm
p.Arg198Gin
p.Gly206Arg
p.Cys232Gly
p.Gly249val
p.Arg251Cys
PYCR2 p.Val258Ala
p.Arg119Cys p-Ser261del
p.Gln10Ter p-Val8eGly pVal134Met p.Arg266Ter
NAD(P)-binding domain Dimerization domain = il
1 268 320
FIGURE 2 Schematic diagrams PYCR2 gene and protein with mutations. The variants identified in this study, ¢.257T>G [pVal846Ghy} and

400G > A (pVal134Met), are shown in red [Color figure can be viewed at wileyonlinelibrary.com]

delay, failure to thrive, microcephaly, facial dysmorphism, muscle
weasting, spastic tone, and hyperreflexia. According to our review
(Tables S2 and S3), we observed that all PYCRZ patients had
microcephaly, failure to thrive, and global developmental delay.
Abnormal muscle tone and coordination including muscle wasting,
central hypotonia, and peripheral spasticity were common. Cnly
2 out of 30 patients were able to walk and 4 out of 12 patients
were able to sit with support. Seizure was present in 17 out of
31 patients {54.8%) and feeding difficulty in 10 out of 21 patients
(47.6%).
omyelination or delayed myelination, diminished while-matter

The consistent radiographic features were hyp-

volume, and small/thin corpus callosum. Neurodevelopmental
delay was usually detected in a brain MR within the first 5 vears
of life. Gnly 1 out of 22 patients having brain MR| image did not
show a thin brainstem. However, two MRIs at 6 months intervals
are required to differentiate between hypomyelination and del-
ayed myelination, and a finding of increased myelin content indi-
cates delayed myelination (Afroze & Mercimek-Andrews, 2020;
Schiffmann & van der Krasp, 2009). We nmoticed that most
reported cases with hypomyelination were based on 3 single MRI.
[t is therefore uncertain to determine delayed myelination or byp-
omyelination in the published cases. None of the reported cases

208

had abnormal plasma and urine profiles and there was no evi-
dence for proline depletion, suggesting that the HLD10 features
are restricted to the central nervous system.

Majority of HLDIO cases were from consanguineous families
(20725 families: 80.0%). Twenty-nine out of 37 patients (78.4%) har-
bored the homozygous PYCRZ variants except one previously
reported patient (Bick et al., 2017} and patient 1 in this study who
were compound heterozygous. In total, 16 different PYCR2 variants
were identified from 26 families, 11 variants were missense (68.75%),
2 were nonsense (12.5%), 2 were splice site (12.5%), and 1 was in-
frame deletion (6.25%) (Table S4). The PYCR2 protein consists of two
common domains, the NADP} binding and dimerization domains,
which encompass 268 amino acid residues or 84% of the PYCR2 pro-
tein {320 amino acids). All variants except the splice site were
observed in these two functional domains, emphasizing their func-
tional importance (Figure 2).

Afroze and Mercimek-Andrews {2020} demonstrated that the
796G A (p.Arg26*) variznt reported by Zaki et al. (2014) should be
corrected to the ¢.796C>T (pArg266Ter) variant. We then checked all
variants reported by Zaki et al. (2016) against the PYCR2 tranmscript
(NM_013328.4) and protein (NP_037460.2) and found the mis-
miatehes, The corrections are shown in Table 55.
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The c400G>A variant identified in both patient 1 and patient
2 has never been reported in any HLD10 cases with other ethnicities.
Using haplotype analysis, it detected the shared 2.3 Mb segments
covering the c.400G>A variant in the two families, indicating a com-
mon ancestry. The variant was estimated to occur around 1450 years
or 58 generations ago. Regarding the c.257T>G (p.Val86Gly) variant
which was identified in compound heterozygous with c.400G>A in
the patient 1, the variant is conserved among several species and
located in the NAD(P)-binding demain. This domain is important for
the function of the pyrroline-5-carboxylate reductase (PYCR) enzyme.
The PYCR uses NAD(P)H to catalyze the reduction of L-Al-pyrroline-
S-carboxylate (L-P5C) to L-proline in the final stage of L-proline biosyn-
thesis. The variants in the NAD{P)-binding domain have been reported in
the other patients with HLD 10 (Table S4). In addition, a recent study has
validated the pathogenicity of the Arg119Cys variant, also in the NAD{P)-
binding domain, and showed that the Argl19Cys impairs catalytic effi-
ciency of PYCR2 up to 366 times lower than that of the wild-type
enzyme, confirming its pathologic role in HLD10 (Patel et al., 2021). The
above evidences suggest that the variants in the NAD(P)-binding domain
could interfere the PYCR2 function, leading to HLD10 phenotype.

To conclude, we report the first two Thai patients with HLD10
and the two novel PYCRZ2 variants, expanding the genotypic spectrum.
We also suggest that the c.400G>A might be a common PYCR2 vari-
ant in Thai patients with HLD10.
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and a wide range of disease severity and onset from infancy to adulthood, comprise: (1)
the childhood myocerebrohepatopathy spectrum (MCHS) presenting from the first few
months of life to the age of three years with developmental delay, lactic acidosis, myopathy,
and failure to thrive; (2) Alpers—Huttenlocher syndrome (AHS) characterized by childhood
onset of severe encephalopathy, epilepsy, and hepatic failure; (3) myoclonic epilepsy my-
opathy sensory ataxia (MEMSA) presenting with epilepsy, myopathy, and ataxia without
ophthalmoplegia, and including spinocerebellar ataxia with epilepsy (SCAE); (4) the ataxia
neuropathy spectrum (ANS), presenting with ataxia and neuropathy, and including mito-
chondrial recessive ataxia syndrome (MIRAS) and sensory ataxia neuropathy dysarthria
and ophthalmoplegia (SANDO); (5) autosomal recessive progressive external ophthalmo-
plegia (arPEQ), characterized by progressive weakness of the extraocular eye muscle; and
(6) autosomal dominant progressive external ophthalmoplegia (adPEO), which is an adult
onset of external eye muscle weakness.

Genetic testing is important for diagnosing the POLG-related disorders [4]. Treatment
is currently limited to symptom management and supportive care. Prenatal and neonatal
screening and early intervention for the POLG-related disorders can ameliorate symptoms,
reduce irreversible damage, and improve the clinical outcomes of the patients. If left
undiagnosed, the newborns may suffer severe consequences including developmental
delay, organ damage, and disability. Here, we reported a patient who was compound
heterozygote for a novel frameshift c.3102delG (p.Lys1035Serfs*59) variant and a previously
reported ¢.3286C>T (p.Argl096Cys) variant in POLG (NM_002693.3). The patient had a
severe childhood myocerebrohepatopathy spectrum and died at 4 months old. For the
family, prenatal screenings of the two following pregnancies were successfully performed
by rapid whole exome sequencing. IHere, we also reviewed the phenotype and genotype of
an additional 33 patients reported to have the c.3286C>T variant.

2. Case Report

The proband was the second child of a non-consanguineous couple. He was born at
39-week gestation by normal delivery. His birth weight was 3196 g (25-50th centile) and
Apgar scores were 9 and 10 at 5 and 10 min, respectively. During the first three months,
he was in good health. At4 months old, the patient started showing symptoms. He had
fever, vomiting, diarrhea, jaundice and pale stool. He had a delay in development. e was
unable to roll over, grasp, or lift his head. His weight was 6.2 kg (50th centile), height 64 cm
(50-75th centile), and head circumference 39 cm (50th centile). Marked icteric sclera and
liver enlargement (liver span 10 cm) were observed. A liver function test showed cholestatic
jaundice with acute hepatic failure. Total bilirubin was 145.35 umol/L (reference < 21),
direct bilirubin 109.44 umol/L (<3.4), lactate 4 mmol/L (<2), AST 257 U/L (5-55), ALT 139
U/L (545), ALP 139 U/L (150-420), albumin 2.3 g/dL (3.5-5.5), globulin 1.5 g/dL (2.3-3.5),
prothrombin time 48.7 s (11.5-15.3), partial thromboplastin time 76.2 s (35.1-46.3 s), and
international normalized ratio (INR) 4.24 s (0.86-1.22). The CBC, BUN, creatinine, ammo-
nia, electrolyte, and blood sugar were within normal ranges. Liver ultrasound revealed
hepatosplenomegaly, diffuse increase in parenchymal echotexture, diffuse thickening of
gallbladder wall, and bile sludge. Diisopropyl iminodiacetic acid (DISIDA) scan showed
poor hepatic intake with no evidence of gall bladder and bowel activities. Comprehensive
metabolic tests including fatty acid oxidation defect, tyrosinemia type I deficiency, and
citrin deficiency were negative. Tandem mass spectrometry detected increased levels of
methionine, phenylalanine, and tyrosine. Viral antibody tests of hepatitis A, B and C,
herpes simplex, and Epstein-Barr viruses and PCR of adenovirus and enterovirus were
negative. The PCR for cytomegalovirus was positive.

He developed severe ascites, fulminant hepatic failure, hepatic encephalopathy, and
severe coagulopathy. Although the Single Pass Albumin Dialysis (SPAD) was administered,
his condition progressively worsened. The patient deceased 2 weeks after hospital admis-
sion. Liver necropsy showed an extensive loss of hepatocytes, bile duct proliferation, and
a large number of foamy cells. Viral cytopathic change was not observed. Whole exome
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sequencing (WES) was performed as described in previous studies [5,6]. Genomic DNA
was extracted from peripheral blood leukocytes. WES was performed using an Illumina
Hiseq4000 sequencer at Macrogen Inc. (Seoul, Korea). The variants were filtered following
these criteria: (1) passed all quality filters during the variant-calling process, (2) had a read
depth > 10, (3) located in the coding regions and canonical splice sites of genes related to
the hepatic failure according to the Human Phenotype Ontology, HP:0001399 [7], and (4)
had <1% minor allele frequency in the Genome Aggregation Database (gnomAD), Exome
Variant Server, 1000 Genomes Project Consortium, dbSNPs, and in-house database of 2166
Thai exomes. Only the variants in POLG passed the filtering criteria. The variant was called
novel if it was not listed in the Human Gene Mutation Database [8]. Pathogenicity of the
filtered variant was classified according to the American College of Medical Genetics and
Genomics (ACMG) standards and guidelines [9]. The pathogenic variant was validated by
Sanger sequencing using primers listed in Table S1.

Trio-WES identified that the patient harbored the compound heterozygous variants
in the POLG gene. A novel frameshift variant, c.3102delG (p.Lys1035Serfs*59), in exon 19
of POLG (NM_002693.3, ClinVar SCV001245410) was detected on the maternal allele. The
¢.3102delG (p.Lys10355erfs*59) was a null variant and classified as pathogenic (PVS1, PM2,
PM3) according to the ACMG Standards and Guidelines [9]. On the paternal allele, the
missense POLG variant, ¢.3286C>T (p.Argl096Cys), in exon 21 was identified (ClinVar
SCV001245409; dbSNP 1s201732356). This variant was previously reported in several
studies (Table 1). Both the c.3102delG and ¢.3286C>T variants are located in the polymerase
domain of the POLG protein (Figure 1).

Prenatal testing for the third and fourth pregnancies was performed by rapid WES
(Illumina’s NextSeqTM 500, Excellence Center of Medical Genomics, Bangkok, Thailand)
using amniocyte DNA at 16-week gestation. The third fetus was found to be heterozygous
for the missense POLG variant, c.3286C>T (p.Argl096Cys), while the fourth fetus was
found with two wild-type alleles. The duration from amniocentesis to molecular diagnosis
of these two pregnancies was less than seven days. Sanger sequencing of blood derived
DNA was performed to confirm WES results. At present, both children are healthy.

Thirty-four patients, including our proband, had been identified with the ¢.3286C>T
variantin POLG (Table 1). Of those, 18 were homozygous, 15 were compound heterozygous,
and one was single heterozygous. Among 15 compound heterozygous cases for the
©.3286C>T variant, 14 cases had the missense variant on another allele while the proband
was the only one with the truncating variant. He had the most severe phenotype, earliest
onset, and youngest death, compared with the other compound heterozygous patients.
In addition, we observed that all homozygous patients with the ¢.3286C>T variant had
disease onset before the age of 2 years and developed seizure.
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Table 1. The patients reperted with the variant, ¢.3286C>T (p.Argl096Cys), in exon 21 of the POLG gene (NM_002693.3).
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Figure 1. Family pedigree, chromatograms, and schematic diagram of the POLG protein. (a} Family pedigree. The proband
is indicated by an arrow. A horizontal line above each symbol indicates the family members participated in genetic testing.
(b) Chromatograms show that the proband possesses the compound heterozygous variants, c.3286C>T and ¢3102delG, in
POLG (NM_002693.3). The heterozygous variant, c3286C>T, is observed in the father and the proband’s younger brother.
The heterozygous variant, ¢.3102delG, in POLG is present in the mother. Red arrows indicate the POLG variants. The
younger sister possesses two normal alleles. (¢} Schematic diagram of the POLG protein. The POLG variants reported to
be compound heterozygous with the ¢3286C>T (p.Argl096Cys) variant are tagged with yellow square. The homozygous
and single heterozygous ¢.3286C>T (p.Arg1096Cys) variants are tagged with blue diamond and grey circle, respectively.
The novel ¢.3102delG (p.Lys10358erfs*59) variant identified in the proband is shown in red letters. Functional domain is
demonstrated above the diagram. I, IT, and III indicate the conserved sequence motifs for 3'-5' exonuclease function. A, B,
and C indicate the conserved sequence motifs for DNA polymerase function. WT, wild type allele; MT1, ¢.3286C>T allele;
MT2, c3102delG allele.
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3. Discussion

We reported an infant affected with severe MCHS, The patient was in good health at
birth. The onset of illness was at the age of 4 months. Due to hepatic failure, the patient
died at 4 months old or 2 weeks after his first hospital admission. Seizure was not present.
Due to rapid disease progression, it is possible that the patient might not survive long
enough to develop seizure [2].

Trio WES identified that the proband was compound heterozygous for a novel
¢.3102delG (p.Lys1035Serfs*59) and a known ¢.3286C>T (p.Argl096Cys) variant in POLG
(NM_002693.3) which was inherited from the mother and father, respectively. Several stud-
ies have tried to establish the genotype—phenotype correlation of POLG-related disorders,
but none were successful. The same variant can lead to a wide range of different symptoms.
POLG truncating variants including nonsense and frameshift variants have been reported
to cause a spectrum of phenotypes in many studies [2,25,26]. The POLG Pathogenicity Pre-
diction Server (http://polg.bmb.msu.edu) has been established to predict the pathogenicity
of variants based on five distinct clusters. Howevet, the variants affecting different func-
tional domains or clusters of POLG can have either exacerbating or compensatory effects.
These complicate the prediction of disease phenotype or prognosis on the basis of observed
variants [27]. In this study, we decided to target our review into the previously reported
POLG ¢.3286C>T variant. Thirty-four patients (including the proband) with the ¢.3286C>T
variant were identified. Of those, 18 were homozygous, 15 were compound heterozygous,
and one was single heterozygous [1,3,4,10-24]. A single heterozygous ¢.3286C>T variant
was reported in a patient affected with progressive external ophthalmoplegia without
neurological symptoms [24]. Among 15 compound heterozygous cases for the ¢.3286C>T
variant, our proband had the earliest disease onset and death (4 months old). Consistent
with the phenotype, the proband was the only one who was compound heterozygous
for the truncating variant while the other 14 cases were compound heterozygous for the
missense variant. This suggests that the truncating variant when found with the missense
¢.3286C>T variant can cause early onset and rapid progression of disease. We also observed
that all homozygous cases for the ¢.3286C>T variant showed symptoms before the age of
2 years and developed seizure. In contrast, a majority of the compound heterozygous cases
had late clinical presentation until adulthood and seizure was not common.

POLG is essential for mitochondrial DNA to replicate and repair. Alterations in POLG
cause mitochondrial DNA depletion or deletion in several organs leading to diverse clinical
manifestations. However, the same variant can lead to mitochondrial DNA deletion,
depletion or both, complicating phenotype-genoty pe correlation. In addition, other factors
including genetic medifiers, immunity, and environmental effects such as mitochondrial
toxins and infections can modify the POLG disease phenotype [28,29]. A previous study
demonstrated that the homozygous ¢.3286C>T variant in POLG caused a depletion of
mitochondrial DNA and a reduction in cytochrome c oxidase activity [11]. A functional
study in a patient with Alpers syndrome and compound heterozygosity for a nonsense
p-GluB73* and a missense p.Alad467Thr variant showed that more than 95% of functional
POLG mRNA was derived from the missense allele and less than 5% of mRNA from
the nonsense allele. The nonsense variant was found to be subjected to a nonsense-
mediated decay and the Alpers phenotype was a consequence of a functional missense
allele and selectively nonfunctional nonsense allele [27,30]. Based on the above evidence,
it is speculated that the more severe phenotype in our proband, compared with the other
compound heterozygous cases, could be a deleterious consequence of the truncating variant
combined with the milder effect of the missense variant. The variants were expected to
reduce, and interfere with, protein function, resulting in organ malfunction.

At present, no evidence-based therapies are available for POLG-related disorders [2].
Genetic testing is essential for prenatal and neonatal screening. Here, the compound het-
erozygous POLG variants were successfully detected by trio WES and the two following
prenatal diagnoses were achieved by rapid WES. These prove the efficacy of WES for pre-
natal screening of POLG-related disorders. Newhorn screening enables a presymptomatic
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diagnosis. This could lead to dose reduction or avoidance of medications metabolized
by hepatic enzymes such as valproic acid and sodium valproate. These medications can
precipitate or accelerate liver disease. In addition, similar to some other mitochondrial
diseases, physical factors such as fever and dehydration may lead to a sudden deterioration
and should be avoided.

In conclusion, we report the novel frameshift POLG variant expanding the genotypic
spectrum of POLG-related disorders and demonstrate the association between the truncat-
ing variant and disease severity. We also show that prenatal exome sequencing is effectively
used for screening POLG-related disorders.

Supplementary Materials: The following are available online at https: / /www.mdpi.com/2409-515
X/7/1/9/s1, Table 51. Primer sequences used for confirmation of variants, ¢.3102delG and ¢.3286C>T,
identified through WES.
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Keywords: Mitochondrial 3-hydroxy-3 methylghutaryl-CoA synthase-2 deficiency (HMGCS2D) is a rare autosomal recessive
HMGC32 inborm error of hepatic ketogenesis, cauwsed by mutations in HMGCS 2, As its clinical and laboratory manifesta-
Hypngly‘mmia‘ 5 tions resemble many other metabolic disorders, HMGCS2D definite diagnosie presents a challenge, frequently
:ypzl;}?::pyflzzc:im requiring molecular tests. Only 26 patients with HMGCS2 mutations have been previously described, and this
Hey];ammegaly study reports the first two unrelated Thai patients, a 9-month-old male and an 8-month-old female, with

HMGCS2D, During acute episodes, steatorrhea and dyslipidemia ocecurred, both previously unre ported. Increased
serum levels of triglycerides, very low density lipoproteins (VLDL), and low density lipoproteins (LDL), along
with a decreased serum level of HDL were found. Both patients had hypophosphatemic encephalopathy, and the
female had metabolic acidosis without hypoglycemia. Trio whole-exome sequencing (WES) revealed that the
male harbored two HMGC5.2 mutations, a novel c.1480C=T [p.Arg494* ] and a previously reported ¢, 1602G=0C
[pArgE01Pro]), while the female was compound heterozygous for the c.1602G>C (p.ArgG01Pro) and a previ-
ously reported mutation, ¢.520T=C (p.Phel74Leu). Interestingly, ¢, 1502G=C [p Argb01Pro) was not only found
in both of our patients but also detected heterozygously in 9 out of 1081 unrelated individuals (allele frequency
of 9/2162; 0.42%) in our in-house Thai exome databage. Discovery of this common mutation suggests there
could be about 14 bables with HMGCS2D within 800,000 newborns in Thalland anmually. Therefore, awareness
of HMGC52D among medical personnel in Thailand should be raised.

1. Introduction metabolic systems during fasting and carbohydrate deprivation.
Clinical symptoms include intermittent hypoglycemia, vomiting,
lethargy, hepatomegaly, respiratory distress, and encephalopathy,

precipitated by prolonged fasting or infections (Thompson et al., 1997;

Mitochondrial 3-hydroxy-3 methylglutaryl-CoA synthase-2 defi-
ciency (mitochondrial HIIG-CoA synthase deficiency; HMGCS2D;

MIM#605911) is a rare autosomal recessive metabolic disorder. The
disease is caused by mutations in the HMGCS2 gene (MINM*600234),
which encodes mitochondrial HMG-CoA synthase (HMG-CoA synthase
2). The enzyme catalyzes the reactions of acetyl-CoA and acetoacetyl-
CoA inte HMG-CoA during ketone body synthesis (Hegardi, 1999).
The lack of this enzyme leads to an underproduction of ketone bodies,
which are an important energy supply for brain, heart, kidneys and

* Corresponding author.
E-mail address thantrira pi@

.th [T. Porntaveetus).

httpe://dot.org/ 10, 1016/ ejmg 2020, 104086

Wolfetal., 2003). Hypoketosis, dicarboxylic aciduria, transaminitis, and
metabolic acidosis are common laboratory findings (Pitt et al, 2015
Puisae et al,, 2018; Wolf et al., 2003). Without proper treatment, this
deficiency can progress to coma.

The presentation of hypoketotic hypoglycemia with an elevation of
non-specific dicarboxylic aciduria in HMGCS2D resembles that of other
fatty acid oxidation disorders. Howevwer, normal acyl-carnitine profile
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and elevation of specific biomarkers, such as 3-hydroxydicarboxylic
acids, 5- hydroxyhexanoic acid, trans-5-hydroxyhex-2-enoic, and
trans-3-hydroxyhex-4-enoic may be suggestive of the disease (Pitt et al.,
2015). Definite diagnosis is obtained by detecting decreased activity of
mitochondrial HMG-CoA synthase in liver cells is invasive, required
controls, and complicated by cytosol HMG-CoA synthase. Genetic
analysis of HMGCS2 is currently considered to be the best diagnostie tool
(Ramos et al, 2013), and to date, less than 40 mutations in HMGCS2
have been reported. Most are missense variations located in exons 1-9,
with the exception of exon 8 (Pitt et al., 2015; Puisac et al., 2018; Ramos
etal, 2013).

Here, we describe two unrelated Thai infant patients with unique
presentations which add to the phenotypic spectrum of HMGCS2D.
Whole exome sequencing identified one novel mutation to expand the
mutational specoum of HMGCS2. Notably, allele frequency for the
¢.1502G>C (p.Arg501Pro) mutation is 0.42% in our Thai exome data-
base, suggesting that Thai patients with HMGCS2D have been
underdiagnosed.

2. Clinical report

Our study was approved by the Human Research Ethics Committee of
the Faculty of Medicine, Thammasat University No. 1 (MTU-EC-PE-0-
061/62). Written informed consent was obtained from each participant.

2.1. Patient data

2.1.1. Patient I

A nine-month-old male, was the second child of healthy and non-
consanguineous Thai parents. He was delivered at term by cesarean
section, without complications, with a birth weight of 2830 g. He had
been in good health until nine months of age, when he got a cold and
presented with drowsiness. Admitted to a local hospital, he was found to
have hypoglycemia (glucose 1,28 mmol/L) and 2+ urine ketones. He
recovered after receiving intravenous glucose infusion, intravenous
ampicillin, and supportive treatment. Two weeks later, he had poor
appetite, low grade fever, and oily-stool diarrhea. Investigations
revealed milky serum (Fig. 1A) and a blood glucose level of 6.55 mmol/
L.

He was then referred to our tertiary care hospital. His weight was 7.5
kg (10th percentile), length 68 cm (10th-25th percentile), and head
circumference 44 cm (50th percentile). He had hepatomegaly (liver span
of 13 em), mild anemia (hemoglobin 6.52 mmel/L and hematocrit 0.30
L/L), high wiglycerides (31.31 mmol/L; reference 0.68-1.69), high
cholesterol (9.9 mmol/L; < 5.17) with high LDL (3.65 mmol/1; < 2.59)
and low HDL (0.23 mmol/L; >1), cholestasis with total bilirubin of
61.05 umol/L, direct bilirubin 45.66 pmol/L, AST 6.81 pmol/L, ALT 4.5
pumol/L, and ALP 3.48 umol/L. Electrolytes showed hypenatremia and
metabolic acidosis with high anion gap (corrected Na 134 mmol/L,
HCO3 14 mmol/L with a gap of 22; reference 8-16); serum phosphate
was low (1.03 mmol/L). The levels of lipase (0.4 pmol/L; 0.35-0.85) and
amylase (0.4 pmol/L; 0.47-1.67) were within normal limits. Serum
ketones were 0.2 mmeol/L (reference 0.6-1.5). Serum lipoprotein elec-
trophoresis revealed the presence of chylomicron as well as elevated
VLDL and LDL. He received supportive care, recovered, and was dis-
charged from the hospital.

A week later, he was again drowsy, had fatty diarrhea, and was
admitted to our hospital. He was found to have normoglycemia, hypo-
natremia, metabolic acidosis with a wide anion gap (corrected Na 119, K
3.2, €184, corrected Cl 89, HCO3 11.8 mmol/L), elevated triglycerides
(28 mmol/L), high cholesterol (9.5 mmol/L), high LDL (3.9 mmol/L),
low HDL (0.44 mmol/L), fractional excretion of sodium 0.14%, with
normal findings from a brain CT scan. His liver ultrasound demonstrated
infiltrative liver disease suggesting fatty liver: a core needle liver biopsy
revealed marked steatosis (Fig. 1B).

A serum phosphate of 0.36 mmol/L and tubular resorption of PO4 of
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5% (normal range >85%) were detected. Hypophosphatemia was
determined to be the cause of his drowsiness. Proximal tubular function
was evaluated and revealed evidence of marked hyperphosphaturia and
proteinuria (urine protein/creatinine ratio of 1.88). Glucosuria was not
detected. After being given a PO, supplement, his serum PO, was above
0.81 mmol/L, and he became alert and active.

2.1.2. Patient 2

An eight-month-old female, was born at term after an uncomplicated
pregnancy from non-consanguineous parents. She had been healthy
until the age of 8 months when she had vomiting and diarthea. Then, she
became unresponsive with a Kussmaul breathing pattern. Laboratory
investigations showed metabolic acidosis and wide anion gap of 41 (Na
140, K 4.85, C1 97, HCO3 2 mmol/L). Besides the multiple dicarboxylic
acids and ketone bodies detected in her urine, semi-quantitative urine
organic acid analysis found a large amount of lactic acid with a mod-
erate amount of beta-hydroxyisovaleric acid. 4-OH-6-methyl-2-pyrone
(4-HMP) was not detected. Serum glucose was 3.39 mmol/L, and
serum ketones were negative (0.66 mmol/L). Her AST (6.5 pmol/L;
0.13-1) and ALT (2.95 pmol/L; 0.12-0.91) levels were elevated. Lipid
profiles were not measured at the eritical period.

New onset seizures began while the patient was hospitalized, and a
CT scan revealed mild brain atrophy. Hypophosphatemia was observed
(PO, 0.61 mmol/L) while magnesium, calcium and albumin levels were
within normal ranges. Stool culture was positive for Salmonella group C.
Intravenous fluids and bicarbonate bolus were given. However, due to
persistence acidosis with pH < 7, she eventually underwent hemodial-
ysis. After two weeks of hospitalization, she fully recovered.

2.2, Mutation analyses

Trio whole-exome sequencing was performed as previously
described (Intarak et al, 2019; Porntaveetus et al.,, 2018). SNVs and
indels were filtered by the following criteria: located in exons or flanking
introns, not synonymeous, and minor allele frequency less than 1% in
both the 1000 Genomes Project and our in-house database of 1081 Thai
exomes (2162 alleles). Compound heterozygous mutations in HMGCS2
(NM _005518.3) were identified in both patients. Patient 1 harbored the
HMGCS2 mutations, ¢.1480C>T, p.Arg494* (Clinvar accession
SCV001169710) inherited from his father and ¢.1502G>C, p.Arg501Pro
from his mother (ClinVar accession SCY001189983) (Fig. 1D). The
¢,1480C>T, p.Arg494* variant was observed in two out of 282,752 al-
leles in gnomAD (https://gnomad. broadinstitute.org), Patient 2 also
possessed the ¢.1502G>C, p.Arg501Pro mutation in HMGCS2 inherited
from her father and the known mutation ¢.520T>C, p.Phel74Leu from
her mother (Fig. 1E). The known ¢.520T>C variant was previously re-
ported in patients with HMGCS2D (Bouchard et al, 2001; Pitt et al.,
2015) and predicted to be possibly damaging (PolyPhen: 0.855),
possibly pathogenic (M-CAP: 0.09), tolerated (SIFT: 0.07), and highly
conserved among several species. Interestingly, both patients shared the
¢.1502G>C, p.Arg501Pro mutation. This variant was found in three out
of 251,332 alleles in genomAD, whereas it was present in nine out of
2162 alleles (0.42%) of 1081 unrelated Thai individuals. It was pre-
dicted to be probably damaging (PolyPhen: 1.0), possibly pathogenic
(M-CAP: 0.110), deleterious (SIFT: 0.0), and highly eonserved among
species (Fig. 1E).

3. Discussion

Clinical and molecular findings of cases with HMGCS2 mutations are
summarized in Table 1. Patient 1 had three notable laboratory findings.
The first was severe hypertriglyceridemia and low HDL, previously re-
ported in only one patient (Conboy et al, 2018). Marked elevation of
serum triglycerides typically results from increased plasma concentra-
tion of chylomicron and VLDL. This may be due to abnormal ketogenesis
and hypoglycemia, leading to an increase of lipolysis, and markedly
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Table 1
Clinical and molecular findings of cases with HMGCS2 mutations.
Cases This study Lin et al. (2019) Leeetal, (2019) Zhang et ol (2019) Ma and Yu Puisac et al. (2018)
(2018)
Patient 1 Patient 2 Patient 1 Patient 1 Patient 1 Patient 1 Patient 1 Patient 2 Patient 3
Ethnicity “Thai Thai Chinese Japanese Chinese NA Romanian South-Asian French/
Canadian
Gender M ¥ M M ¥ F M M M
Age of the first symptoms 9 8 9 12 1n 8 3 n 36
(month)
Trigger by vomiting/diatthea/ @ + + + & + + 3 >
poot intake
Coma - + NA + + - - - -
Kussmual beathing = s + - NA NA - - -
Hepatomegal y * = NA + + NA = = =
Fatty liver + NA NA + + NA NA NA NA
Seizure - + + + NA + NA NA +
Encephal opathy & A + + + NA - + -
Hypogl ycemia + - - - NA + + +
Metabolic acidosis + . . + + - - -
Renal ceplacement thecapy _ & NA + NA =
Steatorhea + - NA NA HA NA NA NA NA
‘Transaminitis + - + + + - + +
Dydipidemia + Na NA NA HA NA - - -
(hypertriglyceridemia, low
HDL)
Hevation of free fatty acids HA NA NA + NA NA NA NA NA
Hypophosphaternia + + NA NA NA NA NA NA nA
Ketonuria ++ + NA A NA NA + + +
Utine organic acid
- Multiple dicarboxylic acids A 3 + + + 3 + 4 ¥
- Ketone bodies (3hydroxy-n-  NA moderate moderate mildly devated increased level NA low low HA
butyric acid, acetone)
Mautation (allele 1) ©1480C>T (p. €1502G>C (p. ©100C>T (pGIn347)  ¢.130_131insC (p. ©.1347_1351dd (p. €1502G>A (p € 334CT (p €430G>T (p. C1514G>A (p
Arg494*) Arg501Pro) L ) ) Ag112Tep) Val144Len) Arg5056Gin)
Mutation (alldle 2) ©1502G>C(p.  €520T>C(p. €1465delA (p. €156 1157insC (p. €1201G>T (p. €1502G>A (p HA €430G>T (p. €1514G>A (p.
Arg501Pro) Phel74Len) The489Leufs*55) Leu386Profs*73) Glu401*) Arg501Gin) Val144Len) Arg505Gin)
Caser Conboy etal., 2017 Pirt et al, 2015
Patient 1 ALl Al1-2 Al-3 Al4 A21 A31 A1
Frhnicity NA Lebanese Lebanese Lebanese Lebanese Greek Egyptian Indian
Gender M NA NA NA NA NA NA NA
Age of the fist symptoms (month) 8 8 9 6 10 37 6 29
Trigger by vomiting/diatchea/poot + NA NA HA NA NA NA NA
intake
Coma + NA NA NA NA NA NA NA
Kussmual breathing + NA NA NA NA NA NA NA
Hepatomegal y . + + + + NA + NA
Fatty liver NA NA NA NA NA NA NA HA
Seizute + NA na nA NA NA NA HA
Encephal opathy NA NA HA NA HA NA NA NA
Hypogl ycemia = + i > 4 + + +
Metabolic acidosis + + + + + NA + NA
Rendl teplacement thecapy NA + + + % - 2 -
Steatorhea NA NA NA na HA na HA NA
‘Transaminitis + NA NA NA NA NA NA NA
(continuied on next page)
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‘Table 1 (continued)

Cases Conboy etal., 2017  Pirteta, 2015
Patient 1 ALl Al2 A3 Al4 A21 A3 At
Dydipidemia (hypertrig yceridemia, + NA NA A NA NA NA NA
low HDL)
Hevation of fiee fatty acids HA + + 3 + + + NA
Hypophosphatemia NA NA NA NA NA NA NA NA
Ketonucia e NA NA NA NA NA NA nA
Urine organic acid
- Maltiple dicacboxyic acids + + B % + H + IR
- Ketone bodies (3-hydroxy-n- butytic  moderate low low high low low low low
acid, acetone)
Matation (allele 1) €A409AST (p ©1-2.104+7dd (exon  €.12.104+7del (exon  ¢.1-2104+7del (exon  ¢.1-2104+%d (exon  €797T>C (p. €.1162G>A (p. €506G>A (p
Lys137%) 1 deletion) 1 deetion) 1 dd etion) 1 deletion) Leu266Ser) Gly388Arg) Gly169Asp)
Mutation (allele 2) €1141A5G (p. €1-2.104+7dd (exon  ¢.1-2.104+7del (exon  €.1-2.104+7del (exon  ¢.1-2.104+7%el (exon  €1220T>C (p. €.1162G>A (p. € 1514G>A (p.
Met381Val ) 1 deletion) 1 ddetion) 1 ddetion) 1 defetion) He407The) Gly388Arg) Arg505Gin)
Cases Pitt et al., 2015 Ramos etal, 2013 Aledo et al. (2006)
B1-1 B2-1 B3-1 B4-1 B5-1 B6-1 Proband Proband
Ethni ity Meditercanean English Australian Northern leish Acabian Australian (Chinese/ Caucasian NA
Caucasian descent)
Gender NA NA NA NA NA NA M M
Age of the first symptoms (month) 12 <24 <24 <24 <24 <24 15 7
Trigger by vomiting/diatthea/poot NA NA NA NA NA NA + +
intake
Coma + - + - - - NA +
Kussmual breathing NA NA NA NA NA NA NA +
Hepatomegal y HA NA NA NA NA NA + +
Fatty liver NA NA NA NA NA NA NA NA
Seizure + + + + + + NA NA
Encephal opathy NA NA NA NA NA NA NA +
Hypog) yeemia + + + + + + + +
Metabolic acidosis + + + + + + HA +
Rend teplacement therapy NA NA NA NA NA NA NA -
steatorthea NA NA NA HA NA NA NA NA
Transaminitis HA HA NA NA HA HA + =
Dyslipidemia (hypertrig yeetidemia, NA HA NA NA NA NA NA NA
low HDL)
Hevation of free fatty acids NA HA HA NA NA HA + NA
Hypophosphatemia HA HA NA nA HA HA nA A
Ketonutia NA NA NA NA NA HA e -
Utine organic acid
- Multiple dicarboxylic acids NA NA NA NA NA NA + ¥
- Ketone bodies (3-hydroxy-n- HA HA nA nA HA HA wace twace
butytic acid, acetone)
Mutation (allele 1) ©.1-2104+2del (exon 1 ©.634G>A (p c.847C>T (p. ©553T>C (p. ©.1078T (p. ©502G>A (p.Gly168Ser) ©1162G>A (p. ©563G>A (p
deletion) Gly212RArg) Qn283*) Tep185AE) Set360Pro) Gly388Arg) Arg188His)
Mutation (dlde 2) €12104+7del (exon 1 €431 432del (p. €.695G>T (p. € 1508A>G (p. €1078T (p €520T>C (pPhel74len)  €1270C>T (p. €920 T>C (p.
deletion) val144serfs*11) Qy232val ) Tyt503Cys) Ser360Pto) Arga24%) Met307Thr)
Cases Wolf et &, 2003 Zschocke et al., 2002 Aledo et al., 2001 Bouchard et al. (20017
Proband Proband Proband Patient 1 Patient 2
Fthnicity Caucasian German NA Chinese NA
Gender F F M M M
Age of the first symptoms (month) 53 9 1 7 16
{continued on next page)
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[ elevating free fatty acids along with triglycerides (Fukao et al., 2014).
f- -3 The reuptake of free fatty acids into hepatic cells can lead to the syn-
R thesis of hepatic VLDL and overproduction of triglycerides, spurring on
E_ E fatty liver. In addition, metabolic illnesses or stressful conditions
~ RE potentially lead to a decrease in endothelial lipoprotein lipase activity
g § § for the hydrolysis of triglyceride carried in chylomicron and VLDL
5 .o § ‘ § s ; § § + § + § ‘ + _g % E (Kerst.en,.zolf%; Olwe(:}una, A()]ﬁ)..Hepatocytlc m‘ﬂ;fmmatl.on decreases
hepatic lipase synthesis and function; therefore, it is possibly all these
reasons lead to hyperwtiglyceridemia (Chatterjee and Sparks, 2011;
Olivecrona, 2016). It is possible that dyslipidemia may have occurred in
N T previously studied HMGCS2D patients, as suggested by the findings of
=z E E fatty liver and elevated free fatty acids (Fukao et al., 2014).
s T3 The second important feature was the intermittent steatorrhea dur-
= 3 E ing acute episode, which has not yet been reported in any patients with
; o = HMGCS2 mutations. One possibility is that inflammation of fatty liver
_'S? g 22 stimulates some nuclear receptors, which, in turn, regulate hepatic
E Bloefesy afsd ;fal - umg % 1‘1p0gene51s a:nd reduce bile ﬂow. This decrease of bile in t].1e smallbowel
interferes with fat absorption and causes steatorrhea in the patient
(Mulder et al., 2009).
The third pertinent finding was severe hypophesphatemia leading to
B E encephalopathy. Hypophosphatemia was also detected in Patient 2 and
é § previously reported in one patient (Wolf et al., 2003). Renal phosphate
= 2 g‘ loss could be due to the abnormal absorption of the proximal tubules.
8 2 e Hyponatremia was noted in Patient 1, but his fractional excretion of
= :cA’ Z\ sodium was less than 1%. It is, therefore, likely that the hyponatremia is
_é E § % pseudohyponattemia due to hypertriglyceridemia and inadequate
S 8|, £, 58, 555,588 . _§ © - intake, not renal sodium loss. Although the presence of 4-HMP in urine
has been reported as a biomarker of HMGCS2D (Pitt et al., 2015), the
substance is not always present (Conboy et al, 2018; Puisac et al,
2018). It is possible that 4-HMP may only appear during acute episodes
’7?\ of hypoglycemia and metabolic decompensation (Pitt et al.,, 2015).
®E In HMGCS2D, hypoglycemia, as a result of prelonged fasting or
& é 5 starvation, is usually a trigger for an acute episode. Patient 2 did not
i %é have hypoglycemia but suffered from severe metabolic acidosis
: a z\ requiring hemodialysis. There have been few reports of HMGCS2D cases
2| g 3 o without hypoglycemia (Conboy et al.,, 2018; Lee et al,, 2019) and those
g g E E needing dialysis (Pitt et al., 2015; Zhang et al,, 2019), Here, we show
AlE|iaB o 888 888 848, 4+EBYnQ that metabolic acidosis without hypoglycemia can be a metabolic
feature of HMGCS2D,
WES successfully identified two mutant alleles in each patient. Three
sl HMGCS2 mutations in total were identified in two patients. A novel
) 5 mutation for HMGCS2D was a nonsense mutation, c¢.1480C>T (p.
§ E Arg494%), found in Patient 1. Although the ¢,1480C>T (p.Arg494*")
g ; E variant has been registered in gnomAD, it had not previously been found
) &5 in any patients with any diseases. As we have found it to be a causative
:'z 2 5 Z\ = varfant for HMGCS2, we, thus, classify it as a “novel” mutation. The
k= % i & @ o @ @ 2 § §, £ % missense mutation, ¢.1502G>C (p.Arg501Pro), shared by the two pa-
ElEl++2++22++ 242 ++2 +E20d( 8 tients was recently described in a South Asian patient with HMGCS2D
E'n ; (Bagheri-Fam et al., 2020). This ¢.1502G>>C variant was predicted to be
R pathogenic withthe p.Argb01Pro protein completely abolishing
- J l’_":-__« HMGCS2 enzymatic activity (Bagheri-Fam et al,, 2020). The identifi-
g g = cation of ¢.1502G>C (p.Arg501Pro) in our study confirms that it is a
~ § E : catsative mutation for HMGCS2D. In addition, an infant affected with
. = E o § HMGCS2D was reported as homozygous for the mutation ¢.1502G=A, p.
3 E © gz Arg501GIn (Iva and Yu, 2018). These cases suggest that arginine at the
E & é’ 53 position 501 is critical for enzymatic function.
E_ E . '2 'g E ) Notably, theallele ﬁeq}lency of the c.1502G>.C (p.Argh01Pro) in (?ur
E .. § . -‘E %s 42- g in-house exome database is 0.42% (9/2162); with our database having
§ @ g = —i & = around 800,000 newborns in Thailand, there could be 14 babies affected
- fé £ § B 2z = =y with HMGCS2D. Currently, the newborn screening program in Thailand
b & E . B z ;;f b 2 g E =% =2 ‘g does not include HMGCS2, the manifestation of the disease is rather
S E g 5 - E = 5 2 Eg E g E E % % E, E; nonspecific, and there are only a handful of clinical biochemical ge-
£ B2 éE'a" 5 g §§ %E :E Eegs - netieists and medical centers having facilities to diagnose it in Thailand.
- . L. ESSYEEE-58 23 B2 E g S5| g E If a well-established health care system providing adequate resourees for
2|z BEELESLCEETEE S 2EETTEEIET rapid diagnosis and prompt weatment was developed, the prognosis of
G HEXERBHSENREHARERR e s © HMGCS2D in Thai patients would be excellent.
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Chicken TNACYGGTASLFNAASWVESS... LERVDDKYRRQYARKPV
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Fig. 1. Phenotype and genotype of the probands. (A) Milky white serum of Patient 1. (B) Histological findings revealed fat accumulation in the hepatocytes (liver
steatosis) of Patient 1. (C, D) Family pedigrees and chromatograms of Patient 1 and 2. A black-filled symbol indicates the proband. (E) Amino acid alignment showed

the conservation of mutations across species.

In summary, we propose that steatoirthea may be a manifestation of
HMGCS2D. We substantiate that hypertriglyceridemia, hypo-
phosphatemic encephalopathy, and metabelic acidosis without hypo-
ketotic hypoglycemia can be its metabolic features. One mutation,
e.1502G>C (p.Arg501Pro), is novel as well as common in the Thai
population. This justifies raising awareness with medical personnel
regarding HMGCS2D in Thailand toward improving patient prognosis.
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Abstract

Background: Direct pulp capping is a vital pulp therapy for a pin-point dental pulp exposure. Applying a pulp cap-
ping material leads to the formation of a dentin bridge and protects pulp vitality. The aim of this study was to com-
pare the effects of four dental materials, DyCal®, ProRoot® MTA, Biodentine™,

Methods: Human dental pulp stem cells (hDPs) were isolated and characterized. Extraction medium was prepared
from the different pulp capping materials. The hDP cytotoxicity, proliferation, and migration were examined. The
odonto/osteogenic differentiation was determined by alkaline phosphatase, Von Kossa, and alizarin red s staining.
Osteogenic marker gene expression was evaluated using real-time polymerase chain reaction.

Results: ProRoot® MTA and Biodentine™ generated less cytotoxicity than DyCal® and TheraCal™ LC, which were
highly toxic. The hDPs proliferated when cultured with the ProRoot® MTA and Biodentine™ extraction media. The
ProRoot® MTA and Biodentine™ extraction medium induced greater cell attachment and spreading. Moreover, the
hDPs cultured in the ProRoot™ MTA or Biodentine™ extraction medium migrated in a similar manner to those in
serum-free medium, while a marked reduction in cell migration was observed in the cells cultured in DyCal® and The-
raCal™ LC extraction media. Improved mineralization was detected in hDPs maintained in ProRoot™ MTA or Bioden-
tine™ extraction medium compared with those in serum-free medium.

Conclusion: This study demonstrates the favorable in vitro biocompatibility and bioactive properties of ProRoot™®
MTA and Biodentine™ on hDPs, suggesting their superior regenerative potential compared with DyCal® and

and TheraCal™ LC in vitro.

TheraCal™
Keywords: Human dental pulp cells, Pulp capping, Mineral trioxide aggregate, Calcium silicate materials, Calcium
hydroxide

Background placed directly over the exposed dental pulp tissue. Pulp

The ultimate aim of restorative dentistry is to preserve
dental pulp tissue vitality. Various therapeutic appli-
cations have been introduced to maintain dental pulp
function. Direct pulp capping is performed to treat a
pin-point dental pulp tissue exposure when there is no
inflammation. In this method, a bioactive material is
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capping materials function as a physical barrier to seal
and prevent a connection between the dental pulp and
oral cavity, reducing potential irritation and infection.
‘The material simultaneously promotes dental pulp heal-
ing by inducing reparative dentin. Moreover, the direct
pulp capping method is more cost-effective compared
with traditional root canal treatment [1].

For pulp wound healing process, dental pulp cells gen-
erally proliferate and also migrate to the injured site. Sub-
sequently, these cells differentiate into odontoblast-like
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cells that form tertiary dentin [2]. The cells participating
in this regeneration and repair processes originate from
several locations in the pulp tissue, including the perivas-
cular area [3]. In response to a deep dental cavity, the
cells in the perivascular area proliferate, then migrate to
an area adjacent to the injury site after 4-6 weeks, and
form reactionary dentin [3]. Human dental pulp stem
cells (hDPs) have been reported as a critical key for repar-
ative dentin formation. STRO1-positive hDPs express
pericyte-associated antigen, confirming the perivascu-
lar niche of hDPs [4]. These cells exhibit a fibroblast-like
morphology with superior proliferative ability compared
with human bone marrow-derived mesenchymal stem
cells [5]. hDPs express mesenchymal stem cell markers
and have multipotential differentiation ability [5]. It has
been shown that hDPs can differentiate into ectodermal,
mesodermal, and endodermal-derived cells [6-8]. Hence,
these cells are proposed as an alternative cell source for
various regenerative applications [9].

An ideal pulp capping material should prevent bacterial
infiltration, trigger minimal inflammation, and induce
dentin bridge formation. Current materials clinically
used for pulp capping can be generally divided into cal-
cium hydroxide (Ca(OH),)-, mineral trioxide aggregate
(MTA)-, calcium silicate-, and adhesive-based materi-
als. A systematic review and meta-analysis demonstrated
that MTA-treated teeth have a higher clinical success
rate (including inflammatory response and dentin bridge
formation) than those treated with Ca(OH), [10]. How-
ever, Ca(OH), treatment results in more dentin bridge
formation and less inflammation compared with adhesive
system treatment [10]. Interestingly, MTA- and calcium
silicate-based materials have a comparable effect on den-
tin bridge formation, inflammatory response, and success
rate [10]. Apart from these clinical observations, direct
comparison of the effects of these materials on hDPs
in vitro is limited. Thus, the aim of the present study
was to compare the response of hDPs to four commer-
cially available materials for vital pup therapy, DyCal®
(Ca(OH)y-based material), ProRoot® MTA (MTA-based
materials), Biodentine™ (calcium silicate-based material),
and TheraCal™ LC (resin modified calcium silicate-based
material). The effects of these materials on cytotoxicity,
cell proliferation, cell migration, and odonto/osteogenic
differentiation were examined.

Methods

Cell culture

The hDP isolation protocol was approved by the Human
Research Ethics Committee, Faculty of Dentistry, Chula-
longkorn University (No. 020/2018). Healthy permanent
teeth extracted according to the dental treatment plan
(impacted teeth) were collected from healthy donors
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[11-13]. Dental pulp tissues were separated from the
teeth and cell isolation was performed by tissue explana-
tion. The cells were maintained in Dulbecco’s Modified
Eagle Medium (DMEM Gibco BRL, CA, USA) supple-
mented with 10% fetal bovine serum (FBS) (Gibco), 1%
L-glutamine, 100 U/ml penicillin, and 100 pg/ml strep-
tomyecin (Gibco). The cells were incubated at 37 °C in a
5% CO, humidified atmosphere. Cells obtained between
passages 4-6 were used in this study. To characterize the
cells, the surface protein expression of hematopoietic and
mesenchymal stem cell markers was examined using flow
cytometry. In vitro mineralization by the cells was evalu-
ated using alizarin red s and Von Kossa staining.

Flow cytometry analysis

Cells were harvested using trypsin/EDTA solution to
obtain a single cell suspension. The cells were immu-
nostained in 1% horse serum (Gibco) in sterile phosphate
buffered saline (PBS) with primary antibodies conju-
gated with fluorescent dye. The antibodies were PerCP-
conjugated anti-CD45 (Immuno Tools, Friesoythe,
Germany), FITC conjugated anti-human CD44 (BD
Bioscience Pharmingen, NJ, USA), PE-conjugated anti-
human CD105 (Immuno Tools), and APC-conjugated
anti-human CD90 (Immuno Tools). Flow cytometry
analysis was performed using a FACS®™™ Flow cytom-
eter (BD Bioscience, CA, USA).

Materials and extraction medium preparation

DyCal® and ProRoot® MTA were purchased from Dent-
sply International Inc., DE, USA. Biodentine™ was pur-
chased from Septodont, CO, USA. TheraCal™ LC was
purchased from Bisco Inc., IL, USA. All materials were
prepared following the manufacturers’ instructions into a
cylindrical mold (5 mm high and 2.5 mm radius: 1.18 cm?
surface area). The mixtures were prepared in sterile
condition and left for 24 h at room temperature before
removing the mold. Culture medium (1 ml, following ISO
10993 part 12) was added to each material and incubated
for 24 h at 37 °C in a 5% CO, atmosphere. The extraction
medium from each material was filtered (0.1 pm) and
kept at — 20 °C until use. Each experiment employed the
same batch of extraction medium.

In the odontogenic induction assay, the pulp capping
materials were immersed in odontogenic medium. The
odontogenic medium was prepared by adding 50 pg/
ml ascorbic acid, 100 nM dexamethasone, and 5 mM
B-glycerophosphate into the growth medium [11, 14].
The extraction medium in odontogenic medium was pre-
pared the same as the growth medium. In the migration
assay, serum-free culture medium was used to extract the
materials.
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Cytotoxicity assay

An indirect cytotoxicity assay was performed using
serially diluted extraction medium, according to the
International Standard ISO (10993). Cells were plated
into 96-well plate at 1x 10* cells per well and main-
tained in growth medium for 24 h. Serial dilutions of
the extraction medium were prepared at 100, 50, 25,
and 10% [15]. After 24 h exposure to the extraction
medium, an MTT assay was performed and the per-
centage of cell number was calculated. Cells maintained
in growth medium were used as control.

Cell proliferation assay

Cells (1 % 10* cells) were seeded in 24-well plates and
maintained in growth medium for 24 h. Subsequently,
the cells were exposed to each material’s extraction
medium at 100, 50, 25, and 10% concentrations. At day
1, 4, and 7, cell viability was evaluated using an MTT
assay. The percentage of cell number was calculated.
The control condition was cells maintained in normal
growth medium. The doubling time was calculated as
previously described [16].

Cell morphology evaluation

The effect of direct cell contact with the materials was
evaluated. hDPs were directly seeded on the materi-
als and maintained in normal growth medium. At 3, 6,
24, and 48 h, the cells were fixed with 3% glutaralde-
hyde (Sigma-Aldrich, MO, USA) in PBS for 30 min. The
specimens were then dehydrated using a graded etha-
nol series, followed by hexamethyldisilazane (Sigma-
Aldrich, MO, USA) treatment for 5 min. The samples
were gold sputter-coated and observed using a Scan-
ning Electron Microscope (SEM) (Quanta 250, FEI,
Hillsboro, OR, USA).

Migration assay

Cell migration was performed using an in vitro scratch
assay. hDPs at a concentration of 2 x 10° cells/well were
seeded into 24-well plates and maintained in normal
growth medium for 24 h. The culture medium was
then replaced with serum-free culture medium and
cultured for 24 h. A scratch was created using a steri-
lized-pipette tip and the cells were exposed to 25% of
each material’s extracted medium. Images were cap-
tured using an inverted phase contrast microscope at
the initial time and 24 h at the same location. Migrated
cells were counted from at least 3 images from the same
frame as the initial time image.
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ALP and in vitro mineralization assay

Cells were seeded into 24-well plates at a concentra-
tion of 5x 10* cells/well. After 24 h, the media were
replaced with 25% of the different extracted osteogenic
mediums and cultured for 14 days. Alkaline phos-
phatase staining (ALP) was performed at day 10, and
Von Kossa and alizarin red s staining were performed
at day 14 [11, 14]. For ALP staining, the cells were
fixed and stained with TRACP & ALP double-stain
kit (Takara Bio USA Inc., CA, USA). For alizarin red
s staining, the cells were fixed with cold methanol and
washed with deionized water. Alizarin red s solution
(1% w/v) was incubated with the samples for 3 min,
removed, and washed with DI water 3 times. The stain-
ing was solubilized with 10% cetylpyridinium chloride
monohydrate (Sigma-Aldrich, MO, USA) solution and
the absorbance was measured at 570 nm using a spec-
trophotometer. For Von Kossa staining, the cells were
fixed with 4% paraformaldehyde (Sigma-Aldrich, MO,
USA) in PBS for 10 min. After rinsing with deionized
water, 5% silver nitrate (Sigma-Aldrich, MO, USA)
was added and the samples were exposed to UV light
for 60 min. The cells were washed and rinsed with 5%
sodium thiosulfate (JT Baker) 3 times before counter-
staining with methyl-green (Takara Bio USA Inc., CA,
USA).

Real-time polymerase chain reaction assay

Cells were seeded at concentration of 5 x 10° cells per
well in 24-well plated and maintained in growth medium
for 24 h. The culture medium was then replaced with
25% of the different extracted medium and cultured for 4
and 10 days. For this experiment, the extraction medium
from Biodentine™ and ProRoot® MTA was prepared
using growth medium (GM) or osteogenic induction
medium (OM). Fresh growth medium was used as the
control condition. To determine the mRNA expression
of odonto/osteogenic differentiation markers, total RNA
was extracted using Trizol reagent (RiboEx™, GeneAll®
Seoul, Korea) [17]. The RNA samples were converted to
c¢DNA using a reverse transcriptase (Promega, W1, USA).
FastStart® Essential DNA Green Master was used to
evaluate the expression level of osteogenic-related genes.
The amplification profile was: 95 °C/20 s, 60 °C/20 s,
and 72 °C/20 s for 45 cycles. The expression levels were
normalized to 18S expression levels and subsequently
normalized to the control condition. Melting curve
analysis was performed to determine product specificity.
The oligonucleotide sequences used were RUNX2 for-
ward: 5-ATGATGACACTGCCACCTCTG-3/, RUNX2
Reverse: 5-GGCTGGATAGTGCATTCGTG-3/, DMPI
forward: 5-CAGGAGCACAGGAAAAGGAG-3/, DMP1
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reverse: 5-CTGGTGGTATCTTGGGCACT-3/, DSPP
forward: 5-ATATTGAGGGCTGGAATGGGGA-3,
DSPP reverse: 5-TTTGTGGCTCCAGCATTGTCA-3,
OCN forward: 5-CTTTGTGTCCAAGCAGGAGG-3,
OCN reverse: 5'-CTGAAAGCCGATGTGGTCAG-3,
and 185 forward: 5'-GGCGTCCCCCAACTTCTTA-3,
reverse: 5'-GGGCATCACAGACCTGT TATT-3',

In vitro release of calclum lons

The in vitro release of calcium ions from the materials
was investigated using a calcium detection kit (Calcium
Colorimetric Assay, Sigma-Aldrich, MO, USA). The
eluted medium samples were collected at 6 h, 1, 3, 5, and
7 days. The samples were placed in microtubes contain-
ing 100 pl of DMEM, and DMEM without materials was
used as control [18]. The collected supernatants were
stored at — 20 °C until analyzed.

Statlstlcal analysls

Each experiment performed at least three times. The
results are presented as mean+ standard error of mean
(SEM). Statistical analysis was performed using the
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Mann Whitmey U test for two group comparison. Kruskal
Wallis test followed by pairwise comparison was applied
to those experiment comparing more than 3 groups. All
statistical analyses and graphical illustration was per-
formed using Prism 8 (GraphPad Software, CA, USA).
Significance was considered at p <0.05. All raw data was
provided in the Additional file 1.

Results

Isolated cell characterlzation

Cells isolated from human dental pulp tissues (hDPs)
exhibited a spindle shape and fibroblast-like morphology
(Fig. 1a). These cells did not express CD45, a hematopoi-
etic stem cell marker, but did express the mesenchymal
stem cell markers CD44, CD90, and CD105 (Fig. 1b, o.
To determine their differentiation ability, the cells were
maintained in osteogenic medium for 14 days. Cells in
normal growth medium were used as control. The results
demonstrated that these cells deposited mineral crystals
in vitro after induction, confirming their osteogenic dif-
ferentiation potency (Fig. 1d).

T T T
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Fig. 1 Characterization of the cellsisolated from human dental pulp tissue
ricroscope. b Surface marker expression was irvestigated by flow cytorme
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Cytotoxlclty and prollferatlon assay

Cells were exposed to a range of concentrations of the
extraction medium from DyCal®, ProRoot® MTA, Bio-
dentine™, and TheraCal™ LC for 24 h. Cell morphology
was observed under an inverted phase contrast micro-

seope (Fig. 2a) and cell viability was determined using an

MTT assay (Fig. 2b). Cells maintained in normal growth
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medium were used as controls, The hDPs were round
and partial cell detachment was observed after expo-
sure to the DyCal® extraction medium. A significant
decrease in cell viability was observed in the cells treated
with all DyCal® extraction medium concentrations.
Similarly, cells exposed to the TheraCal™ 1.C extraction
medium were round in the 100% concentration and some

a DycCal®

50% 100%

Extracted Medium (%)
25%

150

100

Percentage of Cell Number

10%

25%

ProRoot® MTA

o~

50%
Extracted Medium (%)

Fig.2 Invitro cytotoxicity of hDPs after exposure to extracted medium prepared frorm DyCa 12, ProRoot® MTA, Biodentine™ and TheraCal™ LC for
1 day. Cell cultured in nermal growth medium was employed as the cantrol. a Cell morphology was observed under an inverted phase contrast
microscope 1 day after exposure. The hDPFs were round and partial cell detachment was observed after exposure to the DyCaI@ ar TheraCal™

LC extraction medium. While fibroblast-like morphology shape was noted on those cells culture with FroRoot® WMTA or Biodentine™ extraction
mediurm. b Cell viability was exarmined using MTT assay. The percentage of cell nurnber. Dashed line indicates the reference value of the control
condition. Asterisk designates significant differences compared with the control (Kruskal Wallis test followed by pairwise comparison, o< 0.05)
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detachment was noted at all concentrations. This obser-
vation corresponded with reduced cell viability. How-
ever, there was no significant difference in cell viability
in the 10% TheraCal™ LC condition compared control,
ProRoot® MTA extraction medium at 10% and 25%
caused the decrease of cell viability compared with the
control. However, the cell viability was higher than 85%
in those cells treated with 10% and 25% ProRoot® MTA
extraction medium. Biodentine™ extraction medium
treatment resulted in a similar cytotoxicity to that of the
controls.

In the proliferation assay, the hDPs were maintained in
a range of concentration of extraction medium and cell
viability was assessed at day 1, 4, and 7. Cells cultured
in normal growth medium were employed as control
(Fig. 3a). A significant increase in cell number percent-
age was observed at day 3 and 7 compared with day 1
in the control condition. At high percentages of DyCal®
and TheraCal™ LC extraction medium treatment, there
was no marked increase in cell number percentage at
later time points compared with day 1 (Fig. 3b, e). How-
ever, a significant increase in cell number percentage was
observed at day 7 in the cells exposed to 10% DyCal® and
TheraCal™ LC extraction medium. When treated with
ProRoot® MTA or Biodentine™ extraction medium, the
cells proliferated as determined by a significant increase
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in cell number percentage at later time points (Fig. 3¢, d).
These observations corresponded with the doubling time
results (Fig. 3f). Treatment with 10% extraction medium
from all four materials resulted in a comparable doubling
time to that of the control. However, when treated with
100% extraction medium, the cells in the DyCal® and
TheraCal™ 1.C. medium exhibited an increased doubling
time compared with those in the ProRoot® MTA or Bio-
dentine™ medium and the control.

Cell morphology observation

Cells were directly seeded on DyCal®, ProRoot® MTA,
Biodentine™, and TheraCal™ LC and maintained in nor-
mal culture medium. Glass cover slips were employed
in the control condition. At 3, 6, 24, and 48 h, cell mor-
phology was observed using SEM (Fig. 4). The cells
attached and filopodia and lamellopodia were observed
in the control condition at 3 h. Marked cell spreading was
observed at 6 h and a completely flattened cell morphol-
ogy was noted at 24 and 48 h. In the DyCal® group, cell
attachment was seen at 3 h. However, membrane bleb-
bing and rupture were observed. The cells were not com-
pletely spread at 48 h. Cells seeded on ProRoot® MTA
or Biodentine™ demonstrated similar responses. The
cells attached and spread on those materials. Complete
cell spreading was noted at 24 and 48 h, comparable to
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Fig.3 Cell proliferation after exposure to extracted medium. MTT assay was utilized to determine cell viability at day 1, 4 and 7. a The control
condition was cells maintainedin normal growth medium. The percentage of cell number at different time points after the hDPs were exposed to
extraction medium from b DyCal®, ¢ ProRoot® MTA, d Biodentine™, and e TheraCal™ LT f Doubling time was calculated using formula previously
described, Bars indicate a significant difference (Kruskal Wallis test followed by pairwise compatison, p<0.03)
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Fig. 4 Representative SEM micrographsillustrate the morphology of hDPs directly seeded on DyCal®, ProRoot® MTA, Biodentine™, and TheraCal™
LCat3, 6,24, and 42 b, Mernbrane blebbing and rupture were observed in DyCal® group. Cells seeded on ProRoot® MTA or Biodentine™ were able
toattach and to spread on those materials, Cells on TheraCal™ LC exhibited mernbrane porosity

the control condition. Lastly, the cells on TheraCal™ LC
exhibited membrane porosity. However, some filopodia
were observed. The cells were not completely spread on
the material at 48 h.

Cell migration assay

An in vitro scratch assay was performed to evaluate cell
migration. The hDPs were exposed to 25% serum-free
extraction medium. Cells maintained in serum-free
medium were employed as the control. At 24 h after cre-
ating the wound, cell migration was present in the con-
trol condition and in the ProRoot® MTA or Biodentine™
extraction medium treated cells (Fig. 5, b). However, cell
migration was compromised in those cells exposed to
DyCal® or TheraCal™ LC medium.

Odoento/ostecgenic differentlation assay

Due to the in vitro toxicity of DyCal® or TheraCal™,
these materials were not employed in the differentiation
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study. Hence, only ProRoot® MTA and Biodentine™
were investigated in this experiment. Extraction medium
was prepared in both normal growth medium (GM) and
osteogenic medium {(OM). The cells were exposed to
25% extraction medium, ALP activity was determined at
day 10 (Fig. 6a). There was no marked difference in ALP
staining between these conditions. However, increased
Von Kossa and alizarin red s staining at day 14 was
observed in the cells cultured with ProRoot® MTA and
Biodentine™ extraction medium (Fig. 6@). The alizarin
red ¢ staining was solubilized and the quantitative anal-
ysis was performed by measuring the optical density of
dissoluted solution. The quantitative values were plotted
in Fig. 6b.

The mRNA expression of odonto/osteogenic mark-
ers was evaluated at day 4 and 10 after induction. The
expression pattern of the cells treated with Biodentine™
extraction medium was similar to the control. RUNX2
expression levels were increased at day 4 in osteogenic
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e S
Control
ProRoot® MTA
Biodentine™
TheraCal™ LC
the cantrol (MannWhitney U test, p<0.05)

o

Migration

Number of cells

200 pm

Fig. 5 Cell migration was evaluated using a scratch assay. Cells were maintained in 25% extraction medium from the different matarials. The

control condition was cells maintained in normal growth mediurm. a Representative images of the scratch areas The red dot line represented the
initial border of the edge of scratched wound. At day 1, cell migration beyond the reference line was observed in the contrel, ProRoot® MTA, and
Biodentine™ b Graphiillustrated the number of cells migrating from the edge at day 1. Asterisk designates significant differences compared with

medium compared with the control and subsequently
decreased at day 10 (Fig. 6¢). The upregulation of DAPI,
DSPB and OCN expression was observed at day 4 and day
10 in the control and Biodentine™ condition. However,
the cells in the control condition exhibited a significant
increase in DMPI and DSPP expression at day 10, while
those in Biodentine™ extraction medium demonstrated
a significant increase in DATPI, DSPP and OCN mRNA
expression at all time points. The ProRoot® MTA treat-
ment resulted in a significant upregulation in RUNX2
expression at day 10, Interestingly, the OCN mRNA
expression was not significantly different in osteogenic
medium compared with the growth medium control at
day 4, however, a marked decrease was noted at day 10.

Calclum release assay

All materials contained calcium as a component (data
not shown) and released calcium ions (Fig. 7). At 6 h, the
calcium ions released from Biodentine™ was the highest.
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In all materials, the amount of released calcium at 5 and
7 days was similar for each material when distinctly eval-
uated. Moreover, the released calcium ions increased in a
time-dependent manner in the DyCal®, ProRoot® MTA,
and TheraCal™ 1.C groups. However, the level of calcium
ions released from Biodentine™ was comparable between
all time-points. At day 7, ProRoot® MTA released the
highest amount of calcium ions compared with other
materials.

Discussion

In the past decade, many commercial products have
become available as direet pulp capping materials. Apart
from clinical success reports, the biological mechanism
by which these materials stimulate tertiary dentin for-
mation remains unclear. Many quantitative and qualita-
tive assessments of in vitto and in vivo toxicity show the
effectiveness of pulp capping materials. The investiga-
tions were usually carried out to gain increased under-
standing of the biological mechanisms of tertiary dentin
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Fig. 7 The release of caldum ions from DyCaI®, ProRoot® TA,
Biodentine™, and TheraCal™ LC was quantified ateh, 1,3, 5, and

7 days. Letters indicated the statistically significant difference (Kruskal
Wallis test followed by pairwise comparison, p< 0.05)
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formation. However, the limitations of those reports were
the types of tested cells, exposure duration and formula-
tion of the materials. Studies directly comparing the dif-
ferent materials are limited. The present study employed
DyCal®, ProRoot® MTA, Biodentine™, and TheraCal™
LC as representatives of the current clinically used
materials.

The present study demonstrated that DyCal® and The-
raCal™ LC were cytotoxic in vitro while ProRoot® MTA
and Biodentine™ demonstrated the better biocompat-
ibility to hDPs. These findings are comparable to previ-
ous studies in stem cells isolated from human exfoliated
deciduous teeth (SHEDs), periodontal ligament cells
(FDLs), and a mouse dental pulp cell line (MDPC-23)
[14, 19-25]. However, the present study illustrated that
treatment with 10% extracted medium from each mate-
rial resulted in the 70% or above of cytotoxicity lev-
els compared with the control. In addition, the cells



Manaspon et al BMC Oral Health (2021)21:209

proliferated in the 10% concentrations. These outcomes
were comparable to previous reports demonstrating
that ProRoot® MTA, Biodentine™, and TheraCal™ LC
were not cytotoxic or genotoxic to human dental pulp
cells at concentrations of 0-1000 pg/ml [22]. Recently,
report demonstrated that nonresident bone marrow
derived cells participate in reparative dentin formation
after treating with ProRoot® MTA and Biodentine™ [26].
In this regard, the nonresident bone marrow derived
cells were found in associate with reparative dentin and
these cells expressed dentin sialoprotein, implicating the
involvement of nonresident bone marrow derived cells in
tertiary dentin formation [26].

The cell death that occurred from the DyCal® treat-
ment may be due to increased pH. This increase was
observed from the color change of the pH indicator in
the culture medium. Correspondingly, DyCal® produced
pH 10.15 at 3 h and pH increased to 10.88 at 24 h after
setting [27]. The high release of hydroxyl ions leads to
cell death because disrupted membrane morphology was
observed on the SEM micrographs [23, 25]. The cytotox-
icity of TheraCal™ LC may be due to remaining unpo-
lymerized resin monomers. However, when using the
appropriate curing technique, there should be no unpo-
lymerized monomers. Further, the cured TheraCal™ LC
exhibited very low pore volume percentage per total vol-
ume (0.19 + 0.09%) [28]. Hence, the effect of unpolymer-
ized resin monomers on cell death activation is unlikely.
However, previous studies demonstrated that cured
TheraCal™ LC released specific additives, camphoroqui-
none and ethyl-4-(dimethylamino)benzoate [28]. Human
dental pulp fibroblasts treated with camphoroquinone
demonstrated increased reactive oxygen species produc-
tion [29, 30]. Taken together, the light curing additives
released from TheraCal™ LC might induce cell death by
increasing the production of reactive oxygen species;
while the high pH produced by DyCal® provides a high
concentration of hydroxyl ions and subsequently causes
cell death.

The present study demonstrated that ProRoot® MTA
and Biodentine™ at 100% extraction medium was not
toxic to hDPs. Sequeira et al. reported that ProRoot®
MTA did not affect apical papilla cell viability at all
extraction medium concentrations, while 100% Bioden-
tine™ extraction medium induced cell death [31]. Unlike
DyCal®, ProRoot® MTA does not increase the produc-
tion of reactive oxygen species, nitric oxide, or prosta-
glandin E2 in immortalized human dental pulp cells [32].
TheraCal™ LC but not Biodentine™ induced IL-8 release
from dental pulp cells [33]. TheraCal™ LC also induced
cell apoptosis higher than MTA and Biodentine™ [34].
Another hypothesis is that TheraCal™ LC decreased cel-
lular metabolic activity [35]. These mechanisms could
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partly explain the different cytotoxic effect among the
tested materials.

The present study demonstrated that ProRoot® MTA
slightly reduced cell viability at 10% and 25% extraction
medium while hDPs exposed to higher concentration
of ProRoot® MTA extraction medium did not exhibit
the marked difference of cell viability compared with
the control. Another study demonstrated that ProRoot®
MTA was cytotoxic to human dental pulp fibroblasts at
all extraction medium concentration at 24, 48, and 72 h
[36]. These disparate results might be due to different cell
types and extraction methods. The present study used
the ISO 10993 protocol. Thus, standardized methods for
extraction medium preparation were employed. There-
fore, the in vitro evaluation of the cell responses to these
materials could be compared between studies.

It has been reported that pulp capping materials solu-
bilize dentin, leading to the release of various growth
factors that promote several biological events [37],
particularly cell migration, that enhance pulp healing.
In the present study, serum-free culture medium was
used for extracting the materials in the in vitro scratch
wound assay. Thus, the influence of serum proteins
and released factors from dentin were excluded. We
found that ProRoot® MTA and Biodentine™ extrac-
tion medium promoted cell migration at 24 h, similar
to the controls. Similarly, a study evaluating cell migra-
tion in serum-free medium using a transwell migra-
tion assay demonstrated that ProRoot® MTA and
Biodentine™ promoted the migration of human bone
marrow-derived mesenchymal stem cells and hDPs,
respectively [38, 39]. The ProRoot® MTA and Bioden-
tine™ extraction medium in DMEM supplemented with
20% fetal bovine serum promoted a similar rate of cell
migration at 24 h compared with the control [31]. How-
ever, at 48 h, complete scratch wound healing in vitro
was observed in the control, but not in the ProRoot®
MTA and Biodentine™ treated groups [31]. The marked
decrease in cell migration in the DyCal® or TheraCal™
LC treated groups could be due to the effect of these
materials on cell viability. Our cell migration results
correspond with our cell attachment and spreading
results. In general, cells have to attach and spread on a
surface and subsequently migrate. Cell attachment and
spreading were compromised in the DyCal® or The-
raCal™ LC treated groups as observed by SEM. Hence,
their migration would also be affected.

Despite these negative in vitro effects, the success-
ful application of DyCal® and TheraCal™ LC in direct
pulp capping treatment has been reported. The clinical
success rate at a 6 month follow-up of DyCal® and The-
raCal™ LC was approximately 73% and 66%, respectively,
which were not significantly different [40]. Increased
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dentin bridge formation was observed in direct pulp cap-
ping with TheraCal™ LC compared with DyCal®, how-
ever, the difference was not significant [41, 42]. Due to
the complex cell responses, an in vivo study is required to
confirm the effect of these pulp capping materials on ter-
tiary dentin formation. However, an in vitro investigation
could allow for in-depth evaluation of the mechanism(s)
of the cell responses to these materials.

A systematic review and meta-analysis indicated that
MTA and calcium silicate materials exhibited a simi-
lar clinical success rate, dentin bridge formation, and
inflammatory response [10]. The present study demon-
strated that ProRoot® MTA and Biodentine™ treatment
slightly enhanced in vitro mineralization and osteo-
genic marker gene expression compared with normal
osteogenic medium. In parallel with previous reports,
ProRoot® MTA enhanced mineral deposition compared
with control in immortalized human dental pulp cells,
and human mandibular derived MSCs and stem cells
isolated from apical papilla (SCAPs) [32, 43, 44]. Bioden-
tine™ treatment also resulted in increased mineralization
by SCAPs and human mandibular derived MSCs [43, 44].
The different cell types and more importantly, extraction
medium preparation methods could influence differ-
ent cell responses. Hence, standardized methods should
be used for extraction medium preparation to allow for
direct comparison between studies.

It is hypothesized that the tricalcium and dicalcium
silicate in ProRoot® MTA and Biodentine™ are key fac-
tors in generating cell responses [45]. Calcium ions are
considered as a bioactive ingredient in pulp capping
materials. In mouse bone marrow mesenchymal stem
cells, elevated extracellular calcium ions promoted cell
proliferation and Fgf2, Tgfbl, and Opn mRNA expres-
sion [46]. The elevated Opn level influenced cell migra-
tion, but not cell proliferation or mineralization [46]. In
hDPs, increased extracellular calcium ions resulted in
cell apoptosis and increased mineralization [47, 48]. It
was hypothesized that the increase in cell apoptosis at
early calcium ion treatment time points in hDPs may be
associated with the early onset of mineral deposition by
these cells [47]. It has been reported in vascular smooth
muscle cells that apoptotic bodies may involve in cal-
cium ions concentration and subsequently promoted
the onset of calcification [49]. In other words, apoptotic
bodies function as nucleator for calcium and phosphate
precipitation [50]. However, calcium ions did not mark-
edly influence hDP cell proliferation in vitro [47, 48].
Similar to mesenchymal stem cells, calcium ions pro-
moted OPN mRNA expression in hDPs at early time
points [47]. However, the long-term supplementation
of calcium ions in osteogenic medium (14-21 days)
resulted in significantly decreased OPN mRNA levels,
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despite increased mineral deposition [48]. The link
between OPN expression in calcium jons-treated
hDPs and other biological functions, such as those in
mesenchymal stem cells, has not yet been established.
Further, reduced RUNX2 and COLIA2 mRNA levels,
but increased OCN expression, was observed in the
elevated extracellular calcium ion condition compared
with the control [48]. The present study illustrated
that RUNX2 and OCN mRNA levels were increased
in the Biodentine™ treated groups, while only RUNX2
expression was increased in the ProRoot® MTA treated
group. These observations suggest that calcium ions are
not solely responsible in the biological effects of these
materials. Thus, the bioactive components of these pulp
capping materials should be further evaluated to bet-
ter understand the basic mechanism(s) of dental pulp
responses.

Conclusions

The present study described the biological responses
of hDPs to various direct pulp capping materials
in vitro. DyCal® and TheraCal™ LC were found to be
toxic to the cells. Cell attachment, spreading, prolifera-
tion, and migration were compromised when the cells
were exposed to DyCal® or TheraCal™ LC. In contrast,
ProRoot® MTA and Biodentine™ exhibited biocompat-
ibility and supported cell activities toward regeneration
potency. We show here that, despite their clinical suc-
cess, the in vitro biological effects and molecular mech-
anisms should be further investigated to clarify the
contribution of these bioactive materials to reparative
dentin formation and dental pulp vitality protection.
Further study is needed.
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Abstract

Genes and signaling of the teeth are conserved during evolution and these similar gene networks regulate the
development of other organs. The tooth has been an excellent model to study molecular mechanisms of organs, signaling
networks, cellular heterogeneity, and adult tissue renewal. Human dental pulp cells (hDPCs) are pluripotent with a high
capacity for differentiation and regeneration of dentin/pulp-like complex and extraoral tissues. To discover molecular
characteristics of adult hDPSC, we performed a franscriptome analysis of hDPCs obtained from the premolar teeth to
reveal gene expression profile, signaling pathways, and expression of odontogenesis genes. hDPCs of mandibul ar second
premolar from two adult donors were isolated, cultured, and subjected for RNA sequencing, RNA-Seq Alignment, RNA-
Seq Differential Expression, and Reactome program were used to analyze gene expression profile and pathways. The
RNA sequencing demonstrated that 17,968 genes out 0f 27,914 in total were expressedin adult premolar teeth. The #7,
COLIAZ, ACTE, COLIAL, EEFIAI were the top expression genes. The extracellular matrix pathway was the most
involving pathway. The important genes for odontogenesis such as BMPZ, BMP4, MSXI, MSX2, TBY2 were #ill
expressed in mature adult human teeth while AZF3, FGFS LHY7, ALY3, FOXT3 were not observed. We showed that the
mature permanent teeth expressed tooth developmental genes especially those related to the extracellular matrix. Our
findings provide new knowledge about RNA profiles and signaling networks in the permanent mandibular second
premolar teeth.

Heywords: Premolar tooth, RNA-Sequencing, RNA prafile, Cellular behaviar

1. Introduction

Tooth development is controlled by complex reciprocal interactions between genes and cell
signaling. During the initial steps of differentiation, the developing tooth shares similar regulatory pathways
with other ectodermal organs. (Thesleff’ & Sharpe, 1997) Calcified tissues of the tooth comprise enamel,
dentine, and cementum. The main component is the dentine which is produced from the odontoblasts.
(Lumsden, 1988) Odontoblasts are differentiated from ectomesenchymal cells that possess a cranial neural
crest origin. Many studies have demonstrated that odontoblast differentiation involves genes and signaling
cues such as bone morphogenetic proteing (BMP), fibroblast growth factors (FGF), and wingless (WNT)
signaling molecules as well as transcription factors such as Rumnx? and Pax9. (Ramanathan, Srijava,
Sukurmnaran, Zain, & Kasim, 2018; Sun et al., 2013; Tummers, Thesleff, & Evolution, 2009; T. Wang, Xu, &
communications, 2010)

Mzxd (Msh homeobox 1) and its main protein-protein interactor Pax@ (paired box gene 9) are both
transcription factors working together during odontogenesis. (Nakatomi et al, 2010) Msx1 and Pax9 mutation
or deletion were associated with some oral phenotypes, including tooth agenesis. (Bonczek, Balcar, & Sery,
2017) The transforming growth factor alpha (TGFa) regulates the transcription of genes, cell proliferation,
differentiation, death, adhesion, migration, and p ositioning. Genetic variations in these genes can lead to tooth
agenesis. (Phan et al., 2016; A. Vieira, Meira, Modesto, & Murray, 2004) Fibroblast growth factor (FGF)
plays a significant role in craniofacial development and controls the balance among skeletal cell growth,
differentiation, and apoptosis. (Xiong, Li, Cai, & Chen, 2017)

One of the most common congenitally missing teeth is the mandibular second premolar. (Rakhshan,
2015; Relling & Poulsen, 2009) In the patients with second premolar missing, the primary second molars
might be retained in some cases (Bergendal, 2008) while some cases required an intervention such as auto-
transplant, (Bokelund, Andreasen, Christensen, & Kjaer, 2013; Ok & Yilmaz, 2019), orthodontic treatment
with space closure (Fines, Rebellato, & Saiar, 2003), or implants with an implant-supported restoration.
(Borzabadi-Farahani, 201 2; EliaSova, Marek, & Kaminek, 2014) Regenerative dentistry is a trending concept
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that uses stem cells to restore tooth structure. For cell-based regeneration of damaged dental tissues using
bioengineering strategies, it requires an understanding of molecular mechanisms and biological processes
involved in tooth function and vitality (Volponi, Zaugg, Neves, Liu, & Sharpe, 2018)

This study investigated gene expression profiles of mandibular second premolars intending to reveal
gene expression patterns of dental pulp cells by RNA -sequencing technique and demonstrate an expression
of significant odontogenic genes (Cunha et al., 2020; Ramanathan et al., 201 8) these findings could apply to
dental tissue engineering and tackle clinical problems such as eruption disturbance and a tooth missing,

2. Objectives
To analyze gene expression profiles of dental pulp cells derived from mature mandibular second
premolar teeth.

3. Materials and Methods
3.1 Cell isolation and culnire

The research protocol was submitted for approval to the Human Ethics Committee, Faculty of
Dentistry, Chulalongkom University. Inform consents were obtained from participants. Teeth scheduling for
extraction according to dental treatment plan were collected for cell isolation. The mandibular second
premolar teeth obtained from 2 unrelated participants were employed. The data of teeth (tooth number, cusp,
root) were pictured and recorded. Briefly, dental pulp tissues were gently removed and minced. Cell isolation
was performed by explant protocol. Cells were maintained in Dulbecco's Modified Eagle's Medium (Gibceo,
Carlsbad, CA, USA) supplemented with 109 fetal bovine serum (Gibco), 2 mM L-glutamine (Invitrogen,
Carlsbad, CA, USA), 100 Units/ml penicillin (Invitrogen), 100 pg/ml streptomycin (Invitrogen), and 250
ng/ml amphotericin B (Invitrogen) at 37°C in a humidified 5% CO; atmosphere. The culture medium was
changed every 3 days. Cells from passage 4 were used for RNA isolation and analy sis.

3.2 RNA preparation and sequencing

RNA isolation was performed using RNeasy kit (Qiagen, Valencia, CA, USA) according to the
manufacturer’s protocol with DNasel treatmment. RNA was eluted from the colurmn using nuclease-free water.
Further, RNA quality was examined using a Bioanalyzer (Agilent 2100, Agilent Technologies, Santa Clara,
CA, USA). Total 14 RNA (1 pg) were used for mRNA library preparation. The RNA samples were sent to
Tllumina Inc. to synthesize cDNA and performed following their protocols.

3.3 RNA-Seq analysis
RNA-Seq Analysis was carried out using RNA-Seq Alignment and RNA-Seq Differential
Expression program (Illumina Inc.). Reactome program was used for pathway analysis.

4. Results and Discussion
4.1 Results

RINA-Seq Alignment program was used to analyzed raw data from 2 mandibular second premolar
teeth for 2 rounds and the aligned data from the first round and second round were used simultaneously in
differential analysis. RNA-Seq Differential Expression program was used for data analysis after alignment.
Homo sapiens (UCSC hgl9) was used as a reference genome. From total 27,914 genes, 9,946 genes were not
expressed. From the remaining expressed 17,968 genes, top-20 genes with the most expression were shown
in Table 1. MA-plot analysis was shown in Figure 1.
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Table 1 list of 20 top-expression genes

Tooth
Gene
Sample 1 Sample 2 Mean count

1l COLIA2 347285.89 720341.07 533813.5
2. ACTE 360057 .80 348383.84 3542208
3. COLIAI 356972.07 341019.60 348995.8
4. EEFIAL 263796.29 3661 86.36 3149913
5 VIM 289188.06 270188.50 279688.3
&  TGFBI 50263.65 411307.27 230785.5
7. ACTGi 211085.99 193315.21 202200.6/
8 FTHI 48299.71 350915.16 199607 4
4. THESI 222719.50 163533.09 1931263
10, GREMI 105511.83 267795.60 186653.7
1. PENE 26762.53 329865.62 1783141
12, GAPDH 131272.26 216535.09 173903.7
13, IGFBFS 94387.68 250384.91 172386.3
4. COL&aA3 118588.87 210611.13 164600.0
15. TIMP3 45765.42 253683.76 1497246
16, FLMNA 178216.23 108365.23 1432007
7. FSTLI 80682.70 140907.00 1107953
18, COLEaA2 65960.32 129411.05 97685.7

19, COL3A2 58002.94 129550.85 93776.9

15 J

10

Log2(Fold Change)
L=]

=10 =

-15
o1 1 10 100 1K 10K 100K i

Normalized Mean Count

Figure 1 MA-plot provides an overall of the expression genes, with the log;FC on the Y-axis and mean of normalized
counts in X-axis (A red block shows top 20-ranked expressed genes)
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From the top 20 genes expression, there were 8 major pathways involved according to the Reactome
program analysis: 1) Extracellular matrix organization pathway, 2) Immune system, 3) Signal transduction,
4) Nervous system development, 5) Metabolism of proteins, 6) Hemostasis, 7) cell-cell communication, 8)

vesicle-mediated transport (Figure 2, Table 2)

Table 2 Most related pathway from top 20 genes (Sort by p-value)

Pathway 5
p-value FDR* Gene involvement

1. Infegrin cell surface 2.67¢10 4.84¢-08 COLIAL, COLIAZ COLSA2, COLGAZ,
interactions (E)** COLGAS, FNI, THESI

2. Syndecan interactions (E)** 2.81e-09 2.53e-07 COLIAL, COLIA2, COLSA2, FNI, THES!

3. ECM proteoglycan (E)** 8.13e-09 4.88e-07 COLIAL, COLIAZ, COL3AZ, COLEAZ,

COLGAS, FNI

4. Collagen chain 2.21e-08 9.96e-07 COLIAL, COLIAZ, COL3AZ, COLGAZ,
frimerizati on(E)** COLaAs

5. Non-integrin membrane- 1.11e-07 3.99¢-06 COLIAL, COLIA2, COLSAZ, FNI, THESI
ECM interactions (Ey**

6. Assembly of collagen fibrils 1.76e-07 5.08e-06 COLIAL, COLIAZ, COL3AZ, COLEAZ,
and other multimeric COLAA3
structures (E)**

7. Collagen degradation (E)** 2.03¢-07 5.08¢-06 COLIAL, COLIA2, COLSA2, COLGA2,

CQOLEA3

8. Degradation of extracellular 3.22e-07 6.53¢-06 COLIAL, COLIAZ, COLSAZ, COLGAZ,
mairix (Ey** COLGAS, FNI

9. Collagen biosynthesis and 3.26e-07 6.53e-06 COLIAL, COLIAZ, COLSAZ, COLGAZ,
modifying enzymes (E)** COLEA3

10. MET activates PTK2 4.38e-07 7.89e-06 COLIAL COLIAZ, COL3AZ, FNI
signaling

11. Collagen formation (E)** 1.51e-06 2.10e-05 COLIAL, COLIAZ, COL3AZ, COLEAZ,

COLEA3

12, Signaling by receptor 1.56e-06 2.10e-05  ACTB, ACTG, COLIAL, COLIAZ, JOLSAZ,
Tyrosine kinages COLaAZ, COL&AS, FNI, THES

13. MET promotes cell motility 1.69¢-06 2.10e-05 COLIAL COLIAZ, COLSAZ, FNI

14. GP1b-IX-V activation 1.75¢-06 2.10¢-05 COLIAL, COLIA2, FLNA
signaling

15. Extracellular matrix 2.22e-06 2.67e-05 COLIAL, COLIAZ, COL3AZ, COLEAZ,
organization (E)** COLads, FNI, THES?

16. Interleukin-4 andinterleukin-  2.85¢-06 3.13¢-05 COLIAZ, FNI, VIM
13 signaling

17. Cell-extracellular matrix 6.88¢-06 6.88¢-05 ACTE, ACTGI, FLNA
interactions

18. Platelet activation, signaling 1.70e-05 1.70e-04 COLIAL COLIA2, FLNA, FNIi, THBESI,
and aggregation TIP3

19. Signaling by PDGF 2.13e-05 1.92e-04 COLSAZ, COLGAZ, COLaA3, THESI

20. Signaling by MET 2.33¢-05 2.10e-04 COLIAL, COLIAZ, COLSAZ, FNI

*FDR =False Discovery Rate, ¥*E =Extracellular matriz pathway
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Figure 2 Significant pathways according to the top 20 expressed genes created by Reactome program. The related
pathways are highlighted in yellow color.

Significant genes Jor odontogeng sis

From the literature reviews, The genes that play an important role in odontogenesis consisting of
WNT6, WNTI0A, WNTI0B, PITXI, PITX2 FOXI3, LEFI, BMP2, BMP4 MSXI, MSX2, TBX2 PAXY,
RUNX2, RUNX3, LHX6, LHX7, LHXS, BARX!, DIX1, DIX2 DLX3, DLX5, DLX6 ALX3, ALX4, TFGA,
FGF3, FGF8 FGFI0, FGFI3, GLI2 and GLI3 (Cunha et al., 2020, Ramanathan et al., 2018) were used for
analysis. From 33 genes, 28 genes were expressed while 5 genes were not expressed in mature adult premolar
teeth (Table 3, Figure 3).

4.2 Discussion

Tooth development is related to genetic and environmental factors. Genetics play a role in
determining the shape, size, number and position of tooth. (Azzaldeen, Watted, Mai, Borbély, & Abu-
Hussein, 2017, Cunha et al., 2020; Lee et al., 2012; Ramanathan et al., 2018) Many studies in mice and
laboratory have found many genes that are important for tooth development but there is still a lack of
knowledge about gene expression in adult human teeth. In this study, we evaluate the gene expression profiles
of the hDPCs of mandibular second premolar by RNA-sequencing technique and investigate the significant
genes (WNT6, WNTI104, WNTI0B, PITX1, PITX2, FOXI3, LEF1, BMP2 BAP4 MSXI, MSX2 TBX2 PAXY,
RINX2 RUINX3, LHX6, LHX7, [HXS, BARXI, DILX1, DLX2 DLX3 DLX3, DLX6 ALX3, ALX4, TFGA,
FGF3 FGFS FGFIi0, FGFi3 GLI2 and GLI3)(Cunha et al., 2020; Ramanathan et al., 2018) that play an
important role in odontogenesis.

From 17,968 expressed genes, we targeted the top 20 expressed genes. Some genes are associated
with tooth formation such as FNI, COLIAL COLIA2, TGFBI IGFBP3, and TIMP3. Fibronectin (FNI)
showed a greater level in odontoblasts and the fibronectin protein is involving in the organization of
extracellular matrix. (Kadler, Hill, & Canty-Laird, 2008) Furthermore, the studies in primary tooth buds
showed that FNT was involved in cell movement via actin organization in cell cytoskeleton. (Hu, Parker, &
Wright, 2015) The FNI is also a biomarker for head and neck squamous cell carcinoma because it has a
strong association with EMT (Epithelial-mesenchymal transition) and tumor invasion/metastasis. (X. Liu et
al., 2020)
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Table 3 Expression of important odontogenic genes

Tooth
Gene
Sample 1 Sample 2 Nean count

1. WNTE 0.16 11.16 5.66
2. WNTIOA 0.16 8.89 4.53
3. WNTIOB 5.54 542 5.48
4. PITXI 38.20 313.35 175.77
8. «RIAD 1.07 40.10 20.59
6. FOXI3 0 0 0

7. LEFI 507.46 506.12 506.79
5. BMPZ 1189.62 9294.88 524225
% BMP4 2327.84 3836.17 3082
10, MEXI 4167.62 4896.81 453221
11 M3EXZ 339572 3818.90 3607 31
12, TBX2 3778.70 472435 4251.52
13 PAXY 1049.14 464.40 756.77
14, RUNXZ 1099.77 927.38 101357
15 RUMX3 1610.34 1453.59 153196
i, LHXs 9.92 47.69 28.80
17, LHX7 0 0 0
18 LHXS 94928 694.47 821.88
19 BARXI 1045.63 2322.37 1684.00
200 DLY] 852.20 467.98 660.09
21, DLXZ2 418.82 158.11 288.47
22, DLXS 744.98 437.07 591.03
23. DLXS 2973.63 1772.74 2373.19
24, DLXG 55631 388.40 472.36
25 ALX3 0 0 0
26, ALX4 66.05 79.58 72.81
27, TGFA 1.70 5.87 379
25 FGF3 0 0 0]
2¢. FGF8 0 0 0
30 FGFIQ 2.69 27.92 15.30
31. FGF13 0.16 15.68 7.92
32 GLI2 566.44 456.07 511.26
33, GLI3 1102.78 179123 144700

COL1A2 encodes for alpha-2 type 1 collagen (the most common collagen type in humans) and plays
role in collagen formation. (Schrader et al., 2018) COLIAL (collagen type 1, alpha 1) plays a crucial role in
osteoblasts and odontoblasts® activities. (Winning, El Karim, & Lundy, 2019; Y. Xiong et al., 2019)
Mutations in these genes (COLIA L COL1AZ) are associated with osteogenesis imperfecta and dentinogenesis
imperfecta in humans. (Andersson et al., 2017)

TGFBI gene (transformed growth factor-beta-induced gene) encodes an extracellular matrix
connective protein that can bind integrin to extracellular matrix protein and plays an essential role in
embryonic development and many cell activities. (Thapa, Lee, & Kim, 2007) Many researchers have studied
the relationship between overexpressed TGFBI and different kinds of tumors including oral squamous cell
carcinoma. (B. Han et al., 2015; Ozawa et al., 2016; B.-j. Wang et al., 2019)
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Figure 3 Bar charts show expression of selected genes, with the level of expression (mean count) on the Y-axis and the
selected genes on X-axis

GREMI is an inhibitor of osteogenesis (BMP antagonist). Inhibition of this gene results in an
increased expression of RUNXZ, BSP, ALE, and OPN (osteogenic markers) while overexpression of GREAMI
inhibited adipose-derived stem cells senescence and increased telomerase activity which had an anti-aging
effect. (Liu et al., 2020) IGFBPS (Insulin-like growth factor binding protein 5), the member of IGFs family,
has been shown to enhance the growth, remodeling, and repair of bone cells. In periodontitis patients, JGFBPS
expression is significantly decreased in periodontal ligament and gingival crevicular fluid whereas JGFBPS
overexpression could promote periodontal tissue regeneration and anti-inflammation of periodontal tissues.
(Han et al., 2017; Liu et al., 2015)

TIMP3 is one member of tissue inhibitors of metalloproteinase (TIMPs). The balancing between
TIMPs and MMPs regulates tissue remodeling, cell proliferation, cell cycle progression, and
odontoblast/ameloblast differentiation. (Yoshiba et al., 2006; Yoshiba et al., 2003) FLNA gene, found in
dental pulp, plays a role in cytoskeletal rearrangement in the differentiation of neural progenitors.
(Gnanasegaran, Govindasamy, & Abu Kasim, 2016)

Eaxpression of important genes for odontogenesis
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WNNTs and BMPs signaling pathways regulate the microenvironment and molecular cross-talk
between stem cells in both humans and mice. (Mitsiadis & Graf, 2009) FNT6 plays a significant role in
human tooth development by promoting migration and differentiation of human dental pulp cells. (Li et al.,
2014) WNTIOA is related to cell-matrix interactions regulating odontoblast differentiation and cusp
morphogenesis. (Yamashiro et al., 2007) FWNTI0B is particularly expressed in the dental epithelium. (Sarkar
& Sharpe, 1999) BMP2 and BAIP4 are expressed in odontoblasts and ameloblasts during embryonic tooth
development until post-natal tooth cytodifferentiation. Deletion of Bmp2 gene in early odontoblast affects
molars and incisors, with thin dentin in a crown and reduced blood vessels/pericytes in dental pulp (Yang et
al., 2012) while deletion of BAMP4 results in both odontogenesis and amelogenesis disrupted, with
hypomineralized enamel and thin dentin. (Gluhak-Heinrich et al., 2010) In this study, BMP2 and Bmp4 have
a high expression while WNT6, WNT1(4, and WNTI0B have a low expression. It is indicated that BMPs still
have arole in normal dental pulp mature mandibular second premolar teeth more than WINTs.

FGFS gene induces BMP4 and AMSXI expression in dental epithelium while MSXY triggers BAIP4
in the ectomes enchyme with a feedback loop. BAfP4 positive feedback loop can induce both ASX7 and AMLSXZ,
on the other hand, TBX? negative feedback regulates BAIP4 and AMSXT expression. (Saadi et al., 2013) This
mechanism is crucial for the proliferation and determination of cranial neural crest cells until tooth
differentiation. AMSX7 is expressed in the mesenchyme of all teeth from the dental placode stage to the bell
stage in tooth development. AZSX2 expression is observed in both epithelial and mesenchymal compartments
of all developing teeth. (Duverger & Morasso, 2008) From our results, BAMP4, TBX2, MSX1 and MSX2 were
still expressed in normal dental pulp cells of mature lower second premolars but FGFS was not expressed.
Noticeably, MSX7 and ASAZ deletion resulted in a cessation of tooth development at the placode stage for
both incisors and molars. (Bei, Stowell, & Maas, 2004; Duverger & Morasso, 2008) The missense mutation
and frameshift insertion mutation of MSX7 caused an absence of second premolars and third molars. (Abid,
Simpson, Petridis, Cobourne, & Sharpe, 2017; Vastardis, Karimbux, Guthua, Seidman, & Seidman, 1996)

Distal-less (DLX) families are also related to tooth morphogenesis. They are expressed along
proximo-distal axis of the branchial arch. The expression of DIX] and DEX2 during tooth development are
induced by FGF§ and BAIP4. At the molar area, DL.XT and DLX2 expression regulate the mesenchymal gene
expression of both the maxillary and mandibular process but only DLXZ is expressed in the distal epithelium
of incisors area. (Suryadeva & Khan, 2015) The null mutation of both DixJ and Dix2 in mice showed that the
developing maxillary molars were arrest at epithelial thickening stage, however, the development of incisors
and mandibular molars were still maintained. (Duverger & Morasso, 2008) At the early stage of tooth
formation, DEX5 and DILX6 are expressed only proximal mesenchyme of mandibular process but later
expressed in the mesenchyme of all teeth. (Duverger & Morasso, 2008) DLX3 expressed in mesenchymal of
developing tooth, inhibits proliferation of dental pulp cells through inactivation of WINTs signaling. (Zhan et
al, 2018) The mutation of DLX3 in humans affected the thickness and microhardness of enamel
(amelogenesis imperfecta). (Kim et al., 2016)

PITX1 is expressed in mesenchyme and dental epithelium of developing incisors and molars
throughout all stages of odontogenesis. It has synergistic interaction with TBX7 and BARXI. Deletion of Pitxi
gene in mice causing abnormal tooth morphology of mandibular molars. (Mitsiadis & Drouin, 2008) PITX2
is a marker of tooth development. It is regulated positively by FGFS and negatively by BASP4. Axenteld-
Reiger syndrome, a condition with tooth hypoplasia and hypodontia, is associated with the mutation of PITX2.
(Intarak et al., 2018) LHXG is induced by PITXZ and LHX6 has negative feedback to repress PITXZ. (Zhang
et al., 2013) LHX6 and LHX7 are expressed in the dental mesenchyme. Zfix6 and £Ax7 double mutant mice
showed an absence of molar teeth but mutant mice with at least one allele of either Lix6 or Lhax7 can develop
molar teeth suggesting that two genes have an overlap function in odontogenesis. (Denaxa, Sharpe, &
Pachnis, 2009)

PAXY, which is induced by FGFS and repressed by BAMP2/BALP4, is the marker for determining the
exact site for tooth germ appearances. (Hlouskova et al., 2015) G£72 and GLI3, major component mediators
of Sonic Hedgehog (Shh) signaling pathway, have also be related to tooth agenesis. (Vieiraet al., 2013) FGFs
family have important roles in craniofacial development but our results from mature teeth showed that FGFs
had low expression (FGFI0, FGF13) or were not expressed (FGF3, FGFS8). FGF3 is associated with upper

[337]

i ey af
Eublished ol

) #ee |
ine: Copyri Iversity

247



RSU International Research Conference 2021

https://rsucon.rsu.ac th/proceedings 30 APRIL 2021

lateral incisors tooth formation. (Cunha et al., 2020) Deletion of Fgfi@ in mice causes a lack of cervical loop
formation. (Harada et al., 2002)

The present results may promote further studies to investigate the gene expression in all tooth types
(incisors, canine, premolar, molars) and the functions and molecular roles of genes and regulatory
mechanisms in adult human dental pulp cells. Furthermore, these may advance knowledge about genetic
engineering and stem-cell based therapy in regeneration medicine.

5. Conclusion

In conclusion, by applying RNA-seq to dental pulp cells of mandibular second premolar teeth, we
identified and reported the top 20 expressed genes and the most significant involving pathways. Apart from
these results, we also investigated the genes that have important roles in odontogenesis and showed that
BMP2, BMP4, and MSX1 were expressed whereas FGF3, FGFS LHX7, ALX3, and FOXI3 genes were not
observed in the mature adult teeth.
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