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Objective:	To	investigate	physical	characteristics	and	behaviours	of	dental	pulp	cells	
of	teeth	isolated	from	a	dentinogenesis	imperfecta	(DGI)	patient	with	a	novel	dentin	
sialophosphoprotein	(DSPP)	mutation.
Subjects and Methods:	Whole	exome	and	Sanger	sequencing	were	employed	to	iden-
tify	mutations.	Physical	characteristics	of	the	teeth	were	examined.	Pulp	cells’	behav-
iours	 including	 cell	 proliferation,	 colony-	forming	 unit,	 osteogenic	 differentiation,	
pluripotent	markers,	and	mesenchymal	stem	cell	markers	were	investigated.
Results:	 The	 proband	 had	 opalescent	 brown	 primary	 teeth	 with	 extensive	 loss	 of	
enamel.	 Mutation	 analysis	 revealed	 a	 novel	 heterozygous	 4-	bp	 deletion,	
c.1915_1918delAAGT	(p.K639QfsX674),	in	exon	5	of	the	DSPP	associated	with	DGI.	
Analysis	of	the	extracted	primary	incisor	demonstrated	a	decrease	in	brightness	but	an	
increase	in	yellow	and	red	chroma.	The	dentin	showed	reduced	mineral	density.	The	
dentinal	tubules	were	present	in	the	predentin,	but	progressively	collapsed	in	the	den-
tin.	The	pulp	cells	exhibited	markedly	reduced	CD105	expression,	decreased	cell	pro-
liferation,	and	smaller	colony-	forming	units.
Conclusions: We identified a novel mutation in the DSPP gene which disturbed dentin 
characteristics	and	pulp	cells’	behaviours.	Our	study	expands	the	mutation	spectrum	
and	understanding	of	pathologic	dentin	phenotypes	related	to	the	frameshift	deletion	
in	the	dentin	phosphoprotein	(DPP)	region	of	the	DSPP gene.
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1  | INTRODUCTION

Dentinogenesis	imperfecta	(DGI)	is	the	most	common	genetic	disorder	
of	the	dentin	with	reported	incidence	between	1	in	6,000	and	8,000	
(Kim	&	Simmer,	2007).	The	affected	teeth	exhibit	a	yellow-	brown	opal-
escent	colour,	bulbous	crown	with	constricted	short	roots,	and	oblit-
erated	pulp	chamber	(Levin,	Leaf,	Jelmini,	Rose,	&	Rosenbaum,	1983).	
Dentinogenesis	imperfecta	can	be	either	a	part	of	a	syndrome	or	iso-
lated.	Syndromic	DGI	is	usually	a	feature	of	osteogenesis	imperfecta,	

commonly	caused	by	mutations	in	the	genes	encoding	collagen	type	
1,	COL1A1 and COL1A2.	 Non-	syndromic	 or	 isolated	 DGI	 is	 caused	
by	heterozygous	mutations	in	the	dentin	sialophosphoprotein	(DSPP)	
gene	(Kim	&	Simmer,	2007;	O’Connell	&	Marini,	1999).	Dspp null mice 
displayed	dentin	malformations	similar	to	phenotypes	of	human	DGI	
suggesting	the	importance	of	DSPP	in	dentinogenesis	(Sreenath	et	al.,	
2003).

Dentin	 is	 a	 complex	 structure	 consisting	 of	 inorganic	 hydroxy-
apatite	crystals	and	organic	extracellular	matrix.	The	 type	 I	 collagen	
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and	the	non-	collagenous	proteins	(NCPs)	predominantly	the	DSPP	in	
the extracellular matrix form a main framework for growth and min-
eralisation	of	the	dentin	(Butler	&	Ritchie,	1995).	The	DSPP mRNA is 
translated	into	a	single	protein,	DSPP	which	is	cleaved	into	two	major	
NCPs,	 dentin	 sialoprotein	 (DSP)	 and	 dentin	 phosphoprotein	 (DPP)	
(MacDougall	 et	al.,	 1997;	 Sreenath,	 Cho,	 MacDougall,	 &	 Kulkarni,	
1999).	Expression	of	DSP	in	the	Dspp	null	mice	partially	rescued	the	
null	phenotype	in	terms	of	predentin	width,	dentin	volume,	and	inci-
dence	of	pulp	exposure	(Suzuki	et	al.,	2009).	The	sequential	extraction	
of	NCPs	showed	the	presence	of	DSP	in	the	extract	from	predentin	
while	 DPP	 existed	 in	 the	 extract	 of	 the	 inorganic	 phase	 of	 dentin	
(Huang	et	al.,	2008).	Both	proteins	are	sequentially	expressed	and	play	
specific	roles	during	dentinogenesis.

Human	 dental	 pulp	 stem	 cells	 (hDPSCs)	 constitute	 unique	mes-
enchymal	stem	cells	with	self-	renewal	capability,	multilineage	differ-
entiation,	 and	 clonogenic	 efficiency	 (Gronthos	 et	al.,	 2002).	 DPSCs	
have an ability to regenerate a dentin- like mineralised tissue lined with 
odontoblast-	like	cells	and	pulp-	like	fibrous	tissues	which	are	import-
ant	for	dentin	repair	(Gronthos,	Mankani,	Brahim,	Robey,	&	Shi,	2000).	
Dspp	null	mice	displayed	defective	dentin	and	changes	of	Runx2, Gli1, 
Numb, and Notch	expression	in	the	dental	pulp	cells	and	odontoblasts	
suggesting the role of DSPP	in	the	development	of	dentin-	pulp	com-
plex	 (Chen,	 Zhang,	 Ramachandran,	 &	 George,	 2016).	 Patients	 with	
DGI	have	suffered	from	severe	tooth	deterioration,	multiple	pulp	ex-
posure,	pulp	necrosis,	and	periapical	 infections.	Although	dentin	de-
fects	have	often	been	linked	with	pulp	pathology	in	DGI,	no	previous	
studies	have	investigated	the	role	of	dental	pulp	cells	associated	with	
particular	DSPP	mutations	contributing	to	DGI	phenotype.	This	study	
performed	comprehensive	analyses	of	oro-	dental	phenotypes,	genetic	
mutation,	physical	characteristics	of	DGI	tooth,	and	dental	pulp	cells’	
behaviours	associated	with	non-	syndromic	DGI.

2  | MATERIALS AND METHODS

2.1 | Enrolment of human subjects

A	Thai	boy	with	 isolated	DGI	was	recruited	 in	this	study.	The	study	
protocol	was	reviewed	and	approved	by	the	Human	Ethical	Review	
Board	at	the	Faculty	of	Dentistry,	Chulalongkorn	University,	Thailand,	
and	adhered	to	the	Tenets	of	the	Declaration	of	Helsinki.	Written	in-
formed	consent	was	obtained	from	all	participants.	Clinical	and	radio-
graphic	examinations	were	performed.	Blood	and	tooth	samples	were	
collected.

2.2 | Genetic analysis

Blood	 samples	 were	 collected	 from	 the	 proband,	 his	 mother,	 and	
his	stepfather.	The	proband’s	genomic	DNA	was	extracted	from	pe-
ripheral	blood	 leucocytes	and	sent	to	Macrogen,	 Inc.	 (Seoul,	Korea).	
Exome	 and	 Sanger	 sequencing	were	 performed	 as	 described	 previ-
ously	 (Porntaveetus,	 Srichomthong,	 Ohazama,	 Suphapeetiporn,	 &	
Shotelersuk,	2017).	The	DNA	sample	was	prepared	as	an	Illumina	se-
quencing	library.	The	sequencing	libraries	were	enriched	by	SureSelect	

Human	All	Exon	V5	(Agilent	Technologies,	Santa	Clara,	CA)	and	were	
sequenced	onto	Hiseq	4,000	(Illumina,	San	Diago,	CA).	The	raw	data	
per	exome	were	mapped	to	the	human	reference	genome	hg19	using	
Burrows–Wheeler	 Aligner	 (BWA).	 Variant	 calling	 was	 performed	
using	GATK	with	HaplotypeCaller.	Finally,	SNVs	and	Indels	were	an-
notated	using	SnpEff	and	annotation	databases,	dbpSNP	142,	1,000	
Genomes	Project,	ClinVar,	and	ESP.	The	variants	were	subsequently	
filtered	out	if	they	were	present	in	our	in-	house	database	of	500	un-
related	Thai	exomes.	The	variants	would	be	called	novel	if	they	were	
not listed in the Human Gene Mutation Database (www.hgmd.cf.ac.
uk/ac/index.php)	 and	 the	 Exome	Aggregation	Consortium	database	
(exac.broadinstitute.org).

2.3 | Physical characterisation

Dentin	 colour	 was	 measured	 as	 Hunter	 l,	 a,	 b	 colour	 scale	 by	
ShadeEye- NCC®	 (Shofu	 Inc.,	 Japan).	 Mineral	 density	 was	 deter-
mined	 using	 microcomputerised	 tomographic	 machine	 (μCT35,	
Scanco	 Medical,	 Switzerland).	 Dentin	 ultrastructure	 was	 exam-
ined	 using	 scanning	 electron	microscope	 (SEM;	Quanta	 250,	 FEI,	
Hillsboro,	 OR).	 Subsequently,	 specimens	 were	 decalcified,	 sec-
tioned,	 and	 stained	 with	 haematoxylin	 and	 eosin	 and	 Masson’s	
trichrome.

2.4 | Cell culture

Cells	were	isolated	from	the	remaining	dental	pulp	tissues	of	an	ex-
tracted	deciduous	incisor	from	the	proband	and	unaffected	controls.	
Tissue	 explant	 technique	was	 employed	 for	 cell	 isolation	 according	
to	previous	publications	(Nowwarote,	Pavasant,	&	Osathanon,	2015;	
Nowwarote,	 Sukarawan,	 Pavasant,	&	Osathanon,	 2017).	 Cells	were	
cultured	 in	 Dulbecco’s	 Modified	 Eagle	 Medium	 (DMEM,	 Gibco®)	
containing	10%	foetal	bovine	serum	(FBS,	Gibco®,	USA),	100	unit/ml	
penicillin,	100	μg/ml	streptomycin,	5	μg/ml	amphotericin	B,	2	mM	l-	
glutamine (Glutamax®)	at	37°C	in	5%CO2.	Cells	at	passages	3–5	were	
used	in	the	experiments.

2.5 | Flow cytometry

Cells	 were	 stained	 with	 FITC-	conjugated	 anti-	CD44	 antibody	 (BD	
Biosciences	Pharmingen),	PerCP-	CyTM5.5-	conjugated	anti-	CD90	an-
tibody	(BD	Biosciences	Pharmingen),	and	PE-	conjugated	anti-	CD105	
antibody	(BD	Biosciences	Pharmingen).	The	expression	was	analysed	
using	FACSCalibur	(BD	Bioscience).

2.6 | Cell proliferation assay

Cells	were	seeded	at	a	density	of	12,500	cells	per	well	 in	a	24-	well	
plate	and	treated	with	1	mg/ml	MTT	solution	(3-	[4,5-	dimethylthiazol
-	2-	yl]-	2,5-	diphenyltetrazolium	bromide,	USB	Corporation,	Cleveland,	
OH)	 for	 15	min	 at	 37°C.	 Formazan	 crystals	 were	 solubilised	 using	
DMSO	and	glycine	buffer.	The	absorbance	was	examined	at	540	mm	
with	a	microplate	reader.

http://www.hgmd.cf.ac.uk/ac/index.php
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2.7 | Colony- forming assay

Cells were seeded in 60 mm- diameter tissue culture dishes at a den-
sity of 500 cells/dish. Cells were maintained in growth medium for 
14 days and subsequently fixed with 10% formalin and stained with 
Coomassie blue.

2.8 | Osteogenic differentiation

Cells	were	maintained	in	growth	medium	supplemented	with	50	μg/ml 
ascorbic	acid,	10	mM	beta-	glycerophosphate,	and	100	nM	dexameth-
asone.	Mineral	deposition	was	examined	by	alizarin	red	S	staining	ac-
cording	to	previous	publications	(Nowwarote	et	al.,	2015,	2017).	The	
expression	of	osteogenic	marker	genes	was	evaluated	using	quantita-
tive	polymerase	chain	reaction.

2.9 | Polymerase Chain Reaction (PCR)

Total	RNA	was	extracted	with	RiboEx	total	RNA	isolation	solution	
(GeneAll,	 Seoul,	 South	Korea)	 and	quantified	 using	 a	Nanodrop®. 
RNA	 samples	 (1	μg)	 were	 converted	 to	 complementary	 DNA	
using	the	 ImPromII	kit	 (Promega,	Madison,	WI).	Semi-	quantitative	
PCR	was	 performed	 in	 a	 thermocycling	machine	 using	 Taq	 poly-
merase	 (Invitrogen).	 The	 product	 was	 electrophoresed	 in	 1.8%	
agarose	 gel	 and	 visualised	 by	 ethidium	 bromide	 staining.	 For	
quantitative	real-	time	PCR,	the	target	genes	were	amplified	using	
FastStart	Essential	DNA	Green	Master	(Roche	Diagnostic,	USA)	on	
MiniOpticon	real-	time	PCR	system	(Bio-	Rad).	The	expression	value	
was normalised to GAPDH	expression	and	the	mRNA	expression	of	
cells cultured in growth medium. Primer sequences are shown in  
Table	S1.

F IGURE  1 Pedigree,	clinical,	and	
radiographic	manifestations	of	the	proband.	
(a)	Diagram	demonstrates	a	pedigree	
of	the	proband’s	family.	The	blackened	
symbol	represents	the	clinically	affected	
individual.	(b-	d)	Frontal,	maxillary,	and	
mandibular	clinical	photographs	of	the	
proband	showed	severe	discolouration	
and	deteriorated	primary	teeth	at	2	years	
of	age.	(e-	g)	Dental	periapical	radiographs	
demonstrated the maxillary anterior 
teeth	with	large	pulp	cavities	(e),	and	the	
mandibular	and	maxillary	posterior	teeth	
with	narrow	pulp	(g,h).	(h)	Radiographic	
images at one- year recall illustrated the 
teeth restored with stainless steel crowns. 
The	primary	maxillary	right	central	incisor	
was	extracted	[Colour	figure	can	be	viewed	
at wileyonlinelibrary.com]

(a) (b)

(c) (d)

(e) (f)

(g) (h)

www.wileyonlinelibrary.com
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3  | RESULTS

3.1 | Clinical and radiographic investigations

The	proband	presented	at	two	and	a	half	years	of	age.	His	parents	
were non- consanguineous. His mother was healthy. His biological 
father	was	not	available	for	examination	 (Figure	1a).	The	proband’s	
primary	dentition	exhibited	generalised	dark	yellow-	brown	discolour-
ation,	extensive	enamel	deterioration,	and	dental	caries	with	multiple	
exposures	of	remaining	dentin	(Figure	1b-	d).	The	enamel	and	dentin	
were	 rapidly	 deteriorated	 soon	 after	 tooth	 eruption.	 Radiographic	
examinations revealed severe destruction of all four maxillary inci-
sors.	The	dental	pulps	of	maxillary	incisors	were	large	while	those	of	
molars	were	almost	obliterated	 (Figure	1e-	g).	The	dental	 treatment	
was	performed	under	general	anaesthesia.	The	maxillary	 right	cen-
tral	incisor	was	extracted	due	to	sinus	opening	at	labial	mucosa.	The	
remaining teeth were restored with stainless steel crowns cemented 
with	glass	ionomer	cement	(CX-	Plus;	Shofu,	Kyoto,	Japan).	The	sec-
ond	molars	were	sealed	with	glass	ionomer	cement	(GC	Fuji	VII)	at	a	
6 month recall visit. All teeth were in good condition at 1- year recall 
(Figure	1h).

3.2 | Analysis of physical characteristics of the 
DGI tooth

The	 extracted	 incisor	 was	 further	 evaluated	 for	 ultrastructure	 and	
physical	 properties	 compared	 with	 teeth	 from	 unaffected	 controls.	
The	DGI	 tooth	 showed	 opalescent	 dentin	 and	 extensive	 deteriora-
tion	 of	 the	 enamel	 and	 dentin	 (Figure	2a,b).	 Micro-	CT	 revealed	 an	
uneven	enamel	surface,	a	large	cavity	involving	the	tooth	crown,	and	
a	curved	 root	 (Figure	2c).	Cross	 section	 showed	a	 large	dental	pulp	
cavity	 containing	 a	 calcified	mass	 (Figure	2d).	Under	 scanning	 elec-
tron	microscope,	the	proband’s	tooth	demonstrated	amorphous	den-
tin	without	apparent	dentinal	 tubules	 (Figure	2e,f),	compared	to	the	
organised	tubules	found	in	a	control	tooth	(Figure	2g,h).	Histological	
sections	of	DGI	 tooth	demonstrated	 that	 the	dentinal	 tubules	were	
misshaped,	short,	irregular,	and	reduced	in	number	and	the	collagen-
ous	network	was	disorganised	(Figure	2i,j),	compared	to	those	of	the	
control	(Figure	2k,l).	Notably,	the	dentinal	tubules	of	DGI	tooth	were	
found	in	the	predentin,	but	became	sparsely	scattered	and	not	appar-
ent	in	the	rest	of	the	dentin,	suggesting	the	collapse	or	obliteration	of	
the tubules during dentinogenesis.

The	dentin	colour	of	DGI	tooth	appeared	to	be	darker	than	the	
control dentin as the Hunter colour scale L was 57.8 and 89.4 for 
DGI	 dentin	 and	 the	 control	 dentin,	 respectively.	 In	 addition,	 DGI	
dentin	 appeared	 redder	 and	yellower	 than	 the	 control	 (the	values	
of	dentin	in	DGI	and	control	tooth	were	0.7	and	-	1.2;	b	values	were	
16.0	and	10.2,	respectively).	Microcomputerised	tomography	analy-
sis	showed	reduced	mineral	density	in	the	DGI	dentin	(865.407	mg	
HA/cm2)	compared	to	the	control	(1,055.137	mg	HA/cm2).	The	min-
eral	density	of	the	enamel	of	DGI	teeth	(2083.856	mg	HA/cm2)	was	
comparable	to	the	control	 (2050.560	mg	HA/cm2).	The	pulp	stone	
observed	 in	DGI	 tooth	 showed	 the	mineral	 density	 of	 831.93	mg	
HA/cm2.

3.3 | Genetic investigation

Exome sequencing revealed a novel heterozygous frameshift dele-
tion,	c.1915_1918delAAGT	(p.K639QfsX674),	in	exon	5	of	the	DSPP 
gene	(NM_014208.3)	(Figure	3a,b).	The	variant	was	not	identified	in	
the	mother.	 As	 the	 proband’s	 biological	 father	 is	 not	 available,	 the	
heterozygous frameshift mutation could suggest an autosomal domi-
nant inheritance or a de novo	mutation.	The	mutation	was	located	in	
the	DPP	domain	which	contained	many	repetitive	DS	and	DSS	motifs	
(Figure	3c).

3.4 | Characterisation of cells isolated from DGI 
pulp tissues

Cells	 isolated	 from	 the	 dental	 pulp	 tissue	 of	 the	 extracted	 maxil-
lary	 right	 central	 incisor	 (referred	 as	 DGI	 cells)	 were	 characterised	
compared	 with	 those	 isolated	 from	 unaffected	 controls.	 DGI	 cells	
expressed	 mRNA	 of	 pluripotent	 markers	 (OCT4 and NANOG)	 and	
mesenchymal stem cell markers (CD44,	 and	CD73)	 similar	 to	 those	
cells	 from	 healthy	 donors	 (Figure	4a).	 For	 surface	 marker	 expres-
sion,	DGI	cells	exhibited	similar	levels	of	CD44	and	CD90	compared	
with	the	controls;	however,	a	marked	reduction	in	CD105	expression	
was	observed	 in	DGI	cells	 (Figure	4b).	Furthermore,	DGI	cells	had	a	
slight	decrease	 in	cell	number	at	day	7	compared	with	 the	controls	
(Figure	4c).	Although	colony-	forming	unit	ability	was	comparable	be-
tween	the	DGI	cells	and	the	controls,	colonies	of	DGI	cells	were	rela-
tively	smaller	in	size	compared	with	those	of	the	controls	(Figure	4d).

Osteogenic	differentiation	potential	was	investigated	by	culturing	
cells	in	osteogenic	induction	(OM)	medium.	After	maintaining	cells	for	
14	days,	mineral	deposition	was	evaluated	using	alizarin	red	S	staining	
(Figure	4e,f).	The	mRNA	expression	of	early	osteogenic	marker	genes,	
ALP and RUNX2,	was	 evaluated	using	 real-	time	quantitative	PCR	 at	
day	 7	 after	 induction.	 The	 results	 demonstrated	 that	 cells	 isolated	
from	the	dental	pulp	of	the	DGI-	affected	tooth	were	able	to	mineralise	
comparable	 to	 the	control	cells	 (Figure	4e).	The	upregulation	of	ALP 
and RUNX2	mRNA	expression	was	 observed	 in	 osteogenic	medium	
in	 cells	 isolated	 from	 the	DGI-	affected	 tooth	 and	 the	 control	 teeth	
(Figure	4f).	 DGI	 cells	 showed	 reduced	 expression	 of	RUNX2	 in	OM	
medium	compared	to	the	control	donor	cells	(Figure	4f).

4  | DISCUSSION

Our	 proband	 presented	with	 severe	 phenotypes	 of	DGI	 in	 primary	
dentition	including	defective	dentine	with	dark	brown	opalescent	col-
our,	broken	enamel,	and	rapid	progressive	attrition	of	the	teeth.	The	
lower	L*	value	and	higher	a*	and	b*	values	detected	in	the	DGI	tooth	
compared	to	those	of	controls	suggest	a	decreased	luminosity	but	en-
hanced	chromaticity	(yellowness	and	redness)	which	could	contribute	
to	 the	 opalescent	 colour	 of	 DGI	 dentine.	 Radiologically,	 DGI	 teeth	
showed	bulbous	crowns	with	cervical	constrictions,	small	and	narrow	
roots,	and	large	pulp	chambers	and	root	canals	of	the	anterior	teeth	
but	almost	obliterated	those	of	the	posterior	teeth.	A	calcified	mass	
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was	observed	 in	 the	 pulp	 cavity.	 The	mineral	 density	was	 reduced.	
Histologically,	 the	dentine	of	 an	affected	 tooth	 showed	a	 complete	
lack	of	dentinal	tubules	with	less	collagen	deposition.	These	illustrate	
several	anomalies	associated	with	DGI.

Mutations in the DSPP	 gene	 are	 responsible	 for	 non-	syndromic	
hereditary	DGI	 (Malmgren,	 Lindskog,	 Elgadi,	&	Norgren,	 2004;	Xiao	
et	al.,	2001;	Zhang	et	al.,	2001).	The	DSPP gene contains five exons 
encoding	the	most	abundant	non-	collagenous	protein	in	the	dentine.	
The	last	two	exons	of	DSPP	together	comprise	more	than	96	per	cent	
of the coding sequence. Exons 1–4 of the gene encode for DSP while 
exon	5	encodes	for	the	C-	terminus	of	DSP	and	the	whole	DPP	protein	
(Gu,	Chang,	Ritchie,	Clarkson,	&	Rutherford,	2000).	These	proteins	un-
dergo	several	post-	translational	modifications	involving	glycosylation	
and	phosphorylation	 to	 regulate	 induction	and	mineralisation	of	 the	
dentine.	Expression	of	a	DSP	transgene	in	the	Dspp null mice indicated 
the distinct roles of DSP and DPP in dentinogenesis. DSP regulated 
the	mineralisation	initiation,	whereas	DPP	controlled	the	mineral	mat-
uration	(Suzuki	et	al.,	2009).

A	large	number	of	in-	frame	indels,	non-	synonymous	single	nucleo-
tide	polymorphisms	(SNPs),	and	synonymous	SNPs	were	found	in	the	

DPP	coding	region	of	the	normal	population.	These	were	shown	to	be	
in	Hardy–Weinberg	equilibrium	(Song,	Wang,	Fan,	Su,	&	Bian,	2008).	
The	indels	usually	were	triplet	which	resulted	in	an	in-	frame	insertion	
or	deletion	of	amino	acids	and	length	variations	in	DPP.	The	variations	
that	 preserve	 the	 reading	 frame	 or	 a	 single	missense	variant	 in	 the	
DPP-	repeated	region	would	therefore	be	unlikely	to	cause	deleterious	
effects	on	protein	functions.	In	addition,	the	existence	of	wide-	ranging	
sequence	variations	in	DPP	could	contribute	to	the	phenotypic	varia-
tions in human teeth and involve in the evolution of human dentition.

The	exon	5	of	the	DSPP	gene	is	composed	of	more	than	200	tan-
dem	copies	of	a	nominal	9-	bp	repeat.	This	locus	is	therefore	prone	to	
the	formation	of	 indels	which	are	 likely	due	to	slip-	replication	events	
(Maciejewska	&	Chomik,	2012;	Suzuki	et	al.,	2009).	The	singleton	in-
dels are commonly observed in this region. We identified a novel het-
erozygous	frameshift	mutation	caused	by	a	deletion	of	four	base	pairs,	
c.1915_1918delAAGT	(p.K639QfsX674),	in	exon	5	of	the	DSPP gene. 
This	is	located	in	the	DPP	coding	region	which	is	required	for	dentine	
mineralisation.	The	mutation	is	expected	to	convert	the	reading	frame	
from	a	tandem	hydrophilic	and	phosphorylated	DDS	(serine,	serine,	as-
partic	 acid)	 repeats	 to	 a	 long	 range	of	hydrophobic	 amino	acids	 rich	

F IGURE  2 Ultrastructural	analysis	of	the	proband’s	primary	maxillary	incisor.	(a,	b)	Opalescent	dentin	and	extensive	deterioration	of	the	
enamel	and	dentin	were	observed.	(c)	Three-	dimensional	illustration	of	micro-	CT	demonstrated	irregular	enamel	surface	and	a	large	cavity	
involving	the	enamel	and	dentin.	(d)	Micro-	CT	cross	section	of	the	tooth	showed	a	calcified	mass	in	the	pulp	cavity.	(e,f)	Scanning	electron	
microscopic	images	revealed	amorphous	dentin	without	dentinal	tubules	in	the	proband.	(g,h)	The	control	dentin	showed	the	typical	structure	of	
organised	dentinal	tubules.	(i-	l)	Histological	sections	showed	scattered,	irregular,	and	reduced	dentinal	tubules	and	collagen	fibrils	in	the	proband	
(i,j),	compared	to	the	control	(k,l).	(e,	g),	unetched	condition;	(f,h),	37%	phosphoric	acid	etched	condition;	(i,k),	haematoxylin	and	eosin;	(j,l),	
Masson’s	trichrome;	pd,	predentin;	od,	odontoblasts.	Scale	bars	=	50	μm	[Colour	figure	can	be	viewed	at	wileyonlinelibrary.com]
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in	valine,	alanine,	and	isoleucine.	These	totally	change	the	constitution	
and	arrangement	of	hydrophilic	and	acidic	variants	of	DPP	protein	into	
hydrophobic	amino	acids	for	more	than	600	amino	acids	3′	to	the	de-
letion	site.	The	hydrophobic	carboxy-	terminal	domain	extends	past	the	
normal	stop	codon	until	a	new	stop	codon	is	reached	at	10	codons	later.

The	phosphorylated	 form	of	DDS	 repeat	 sequences	 in	 the	DPP	
protein	is	important	for	calcium	binding,	aggregation	of	collagen	fibrils,	
and	formation	of	nucleation	of	hydroxyapatite	(George	&	Hao,	2005;	
George	et	al.,	1996).	The	deficiency	of	serine	in	the	mutant	DPP	might	
result	in	a	decrease	in	phosphorylated	sites	and	amount	of	bound	cal-
cium	interfering	with	the	assembly	of	calcium	phosphate	into	apatite	
crystals.	Correspondingly,	a	decrease	in	mineral	density	was	observed	
in	our	DGI	dentine.	These	suggest	that	the	p.K639QfsX674	mutation	
could disturb the structure and function of DPP in dentine mineralisa-
tion.	As	all	the	previous	reported	DSPP frameshift mutations in exon 
5	 resulted	 in	DGI	or	DD,	 so	here	 the	 identified	mutation	 should	be	
responsible	for	the	dental	phenotypes	in	proband.	Further	functional	
studies	such	as	immunostaining	of	DSPP	protein	will	be	required	to	de-
termine	the	influence	of	this	novel	mutation	on	the	protein	functions.

Alterations	in	tooth	structures	have	been	inconsistently	reported	
in	the	permanent	teeth	which	were	found	in	patients	with	DGI.	The	

unorganised dentinal tubules with the reduction in size and number 
of	the	tubules	and	the	decreased	hardness	were	reported	in	the	per-
manent	teeth	of	DGI	patients	(Malmgren	et	al.,	2004;	Siar,	1986;	Song	
et	al.,	 2006).	 A	 previous	 study	 showed	 the	 irregular	 appearance	 of	
the	dentinal	 tubules	 in	 the	DGI	primary	 teeth	 (Davis,	Fearne,	Sabel,	
&	 Noren,	 2015).	 Dentine	 of	Dspp null mice exhibited lower elastic 
modulus	and	hardness	than	the	wild-	type	control	 (Nurrohman	et	al.,	
2016).	 In	contrast,	Col1a2oimmutant	mice,	which	exhibited	DGI	phe-
notypes,	demonstrated	higher	hardness	and	Young’s	modulus	 in	 the	
dentine	as	compared	with	the	wild-	type	mice	(Lopez	Franco,	Huang,	
Pleshko	 Camacho,	 Stone,	 &	 Blank,	 2006).	 The	 data	 suggested	 that	
clinical fragility of mutant teeth was not due to reduced hardness or 
Young’s	modulus,	but	to	defects	in	postyield	behaviour	or	fatigue	dam-
age	(Lopez	Franco	et	al.,	2006).	Our	proband	showed	reduced	dentine	
mineral	density	consistent	with	previous	reports	in	DGI	patients	and	
mice with Dspp	mutations.	These	suggest	that	the	mutations	in	Dspp 
could	affect	the	dentine	hardness	causing	tooth	fragility	and	rapid	de-
terioration of dental hard tissues.

Analysis of mouse Dspp revealed three binding sites for Runx2 
(MacDougall	 et	al.,	 1997).	 The	 RUNX2	 has	 been	 shown	 to	 involve	
in	multiple	 signallings	 and	 control	 the	 differentiation	 of	 dental	 pulp	

F IGURE  3 Genetic analysis of 
the	proband.	(a)	An	electropherogram	
demonstrated a novel heterozygous 
mutation,	c.1915_1918delAAGT	
(p.K639QfsX674),	in	exon	5	of	the	dentin	
sialophosphoprotein	(DSPP)	gene	in	the	
proband.	The	mutation	was	not	observed	in	
his	unaffected	mother	and	a	control.	(b)	The	
mutation was located in exon 5 of the DSPP 
gene.	(c)	The	amino	acids	were	altered	in	
the	DSS	repeating	region	of	the	dentin	
phosphoprotein	(DPP)	portion	[Colour	
figure can be viewed at wileyonlinelibrary.
com]
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cells	to	odontoblasts	during	dentinogenesis	(Yang	et	al.,	2014;	Zhang,	
Chang,	Sonoyama,	Shi,	&	Wang,	2008).	The	expression	of	Runx2, Gli1, 
Numb, and Notch	in	the	dental	pulp	cells	and	odontoblasts	was	altered	
in the Dspp	mutants	(Chen	et	al.,	2016).	Similarly,	DGI	cells	of	our	pa-
tient	showed	reduced	expression	of	RUNX2	in	OM	media.	These	lines	
of evidence suggest that DSPP might interact with RUNX2 in the den-
tal	pulp	cells	to	regulate	dentine	formation	and	mineralisation.

Although the DSPP mutation and lower RUNX2	expression	in	pulp	
cells	were	observed	in	our	patient,	the	DGI	cells	exhibited	similar	lev-
els	of	mineralisation	to	the	control.	This	phenomenon	can	be	explained	
as	follows.	First,	mineralisation	is	controlled	by	several	genes,	not	only	
DSPP and RUNX2	 (Yamada	&	Giachelli,	2017).	Phosphate/pyrophos-
phate	ratio	is	a	key	factor	in	mineralisation	process,	which	can	be	reg-
ulated by various genes including ALP, ANKH, and ENPP1	(Foster	et	al.,	
2008).	Second,	although	DPP	is	 important	to	dentine	mineralisation,	
other	small	integrin-	binding	ligand	N-	linked	glycoproteins	(SIBLINGs)	
including	dentine	morphogenetic	protein	1	(DMP1),	bone	sialoprotein	
(BSP),	and	osteopontin	(OPN)	also	participate	in	this	process	(Foster	
et	al.,	 2008;	Rodrigues	 et	al.,	 2012).	 Synchronised	 function	of	 these	
proteins	influences	the	dentine	mineralisation.

The	present	 study	 also	demonstrated	 the	 altered	 characteristics	
and	behaviours	of	DGI	cells.	These	cells	expressed	lower	CD105	than	

the	control	cells.	In	addition,	the	decrease	in	cell	proliferation	and	col-
ony	size	was	noted	while	the	osteogenic	differentiation	potency	was	
comparable	to	the	control.	In	addition	to	the	effects	of	DSPP	mutation,	
the	pathological	condition	of	dental	pulp	may	influence	the	changes	of	
pulp	cells;	 therefore,	DGI	cells’	characteristics	should	be	 interpreted	
with	 caution.	 Cells	 isolated	 from	 inflamed	 dental	 pulp	 tissues	were	
previously	 shown	 to	 have	 changes	 in	 inflammatory	 mediators	 such	
as tumour necrotic factor α	 and	 toll-	like	 receptors	 (Fawzy	El-	Sayed,	
Klingebiel,	&	Dörfer,	2016;	Yu	et	al.,	2014).	Nonetheless,	several	stud-
ies demonstrated no significant differences in cellular behaviours in-
cluding	 surface	 marker	 expression,	 proliferation,	 and	 differentiation	
abilities	of	 the	cells	 isolated	 from	 inflamed	and	healthy	pulp	 tissues	
of	 both	 primary	 and	 permanent	 teeth	 (Böttcher,	 Scarparo,	 Batista,	
Fossati,	&	Grecca,	2013;	Lee,	Zhang,	Karabucak,	&	Le,	2016;	Tandon,	
Saha,	Rajendran,	&	Nayak,	2010;	Yu	et	al.,	2014).	These	suggest	that	
infections	 mainly	 alter	 only	 inflammatory	 factors	 of	 the	 pulp	 cells,	
not cellular behaviours. With the limited numbers of cells from the 
proband,	the	potential	influences	of	inflammatory	factors	on	the	be-
haviours	of	DGI	cells	could	not	be	investigated	in	the	present	study.

CD105	(also	known	as	endoglin)	is	mainly	expressed	in	endothe-
lial	cells.	It	can	also	be	expressed	in	other	cell	types,	including	vas-
cular	 smooth	muscle	cells	and	 fibroblasts	 (Fonsatti	&	Maio,	2004).	

F IGURE  4 Characteristics	of	cells	isolated	from	dental	tissues	of	the	patient	with	dentinogenesis	imperfecta	(DGI).	(a)	The	mRNA	expression	
of	pluripotent	and	mesenchymal	stem	cell	markers	was	examined	using	semi-	quantitative	polymerase	chain	reaction.	(b)	Surface	marker	
expression	was	evaluated	using	flow	cytometry	analysis.	(c)	Cell	proliferation	was	determined	using	the	MTT	assay	at	days	1,	3,	and	7.	(d)	Colony	
formation	was	stained	with	Coomassie	blue	at	day	14.	(e)	Mineral	deposition	was	evaluated	by	alizarin	red	S	staining	at	day	14	after	induction.	(f)	
ALP and RUNX2	mRNA	expressions	were	examined	by	real-	time	quantitative	polymerase	chain	reaction	at	day	7	after	induction.	The	dotted	line	
indicated	the	expression	of	cells	cultured	in	the	growth	medium	[Colour	figure	can	be	viewed	at	wileyonlinelibrary.com]
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CD105	is	a	receptor’s	component	for	transforming	growth	factor-	β 
(Fonsatti	&	Maio,	2004).	It	has	been	introduced	as	one	of	the	mesen-
chymal	stem	cell	surface	markers	(Dominici	et	al.,	2006).	CD105	has	
crucial	 roles	 in	the	anti-	apoptosis	effect,	cell	migration,	and	angio-
genesis	(Fonsatti	&	Maio,	2004).	In	the	present	study,	CD105	mRNA	
expression	was	abundant	in	cells	isolated	from	DGI	and	the	control.	
However,	CD105	protein	expression	was	markedly	reduced	in	cells	
isolated	from	the	DGI	tooth.	The	infection	in	DGI	pulp	tissues	may	
play	a	 role	 in	CD105	 reduction	as	 it	has	been	previously	 reported	
that	an	 inflammatory	cytokine,	TNF-	α,	downregulated	CD105	pro-
tein,	but	not	mRNA	expression	in	vascular	endothelial	cells	(Li	et	al.,	
2003).	The	role	of	decreased	CD105	in	the	DGI	cells	requires	further	
investigations.

In	conclusion,	we	have	identified	a	novel	heterozygous	frameshift	
deletion,	 c.1915_1918delAAGT	 (p.K639QfsX674),	 in	 exon	 5	 of	 the	
DSPP	gene	associated	with	the	defects	in	dentin	mineralisation,	colla-
gen	arrangement,	and	formation	of	dentinal	tubules	in	non-	syndromic	
DGI.	This	 study	 expands	mutation	 spectrum	 of	 the	DSPP gene and 
provides	an	insight	into	how	DGI	influences	dentinogenesis,	pulp	cells,	
and	dental	treatment	leading	to	the	better	understanding	and	proper	
management of the disease.
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