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Abstract
Hypophosphatasia is caused by mutations of the 
tissue-non-specific alkaline phosphatase (TNSALP) 
gene with deficiency of dentin structure. The aim 
of this study was to examine whether TNSALP 
mutation in dental pulp cells contributes to dentin 
dysplasia in hypophosphatasia. Mutation analysis 
showed that compound heterozygous mutations of 
TNSALP were identified in three hypophosphata-
sia patients, including 3 novel mutation sites. 
Exfoliated teeth from the patients showed abnor-
mal dentin mineralization and loss of cementum, 
as assessed by ground sections and scanning elec-
tron microscope analysis. Dental pulp cells iso-
lated from one of the patients showed a significantly 
reduced TNSALP activity and mineralization 
capacity when compared with those in dental pulp 
cells from the unaffected individuals. Our results 
suggested that dentin dysplasia in hypophosphata-
sia may be associated with the decreased mineral-
ization ability of dental pulp cells.

KEY WORDS: hypophosphatasia, tissue-non-
specific alkaline phosphatase, gene mutation, den-
tal pulp cells.

Introduction

Hypophosphatasia is an inherited disorder of bones and teeth, manifested by 
defective mineralization and a deficiency in alkaline phosphatase activity. 

Clinical manifestation varies from stillbirth without mineralized bone to early 
tooth loss without bone symptoms. Systemic phenotypes include osteochon-
dral spurs protruding from the limbs, rachitic deformities of the chest, osteo-
porosis, and hypercalcemia (Kozlowski et al., 1976; Sinico et al., 2007). The 
typical oral manifestation of hypophosphatasia is premature loss of primary 
teeth. This defect prompted many affected individuals to seek dental care, 
when hypophosphatasia was subsequently diagnosed (Lundgren et al., 1991).

Dysplasia or aplasia of cementum was histologically observed in hypo-
phosphatasia and has been proposed to be the primary reason for the early 
exfoliation of teeth (Bruckner et al., 1962: e1-Labban et al., 1991; Olsson
et al., 1996; Hu et al., 2000). Irregular dentin calcification and enlarged pulp 
chambers were also observed in individuals with hypophosphatasia (Beumer 
et al., 1973; Jedrychowski and Duperon, 1979; Olsson et al., 1996).

The tissue-non-specific alkaline phosphatase (TNSALP) gene was identified 
to be the causative gene of hypophosphatasia (Taillandier et al., 2001; Watanabe 
et al., 2005; Michigami et al., 2005; Brun-Heath et al., 2005, 2007). TNSALP 
cleaves extracellularly to inorganic pyrophosphates (PPi) to release inorganic 
phosphate (Pi). Since Pi is required for hydroxyapatite crystallization, the abil-
ity of TNSALP to hydrolyze PPi to Pi is essential for mineralized tissue forma-
tion (Whyte, 1994; Mornet et al., 2001; Harmey et al., 2004).

Dental pulp cells are capable of differentiating into odontoblast-like cells 
with excreting extracellular matrix and forming mineralized nodules in vitro 
(Couble et al., 2000; Yokose et al., 2000). Isolation and culture of dental pulp 
cells from individuals with hypophosphatasia will help us to evaluate whether 
the dentin mineralization process was affected in hypophosphatasia.

In this study, to explore whether TNSALP alteration in dental pulp cells of 
hypophosphatasia contributed to dentin dysplasia, we examined the exfoliated 
teeth from persons with hypophosphatasia and analyzed genetic variations of 
the TNSALP gene in three Chinese children with hypophosphatasia. In addi-
tion, we assessed TNSALP activity in dental pulp cells of persons with hypo-
phosphatasia.

Materials & Methods

The protocol for this study was approved by Peking University Health 
Science Center’s Ethical Committee (IRB00001052–06060). Three unrelated 
Chinese children (aged 5-6 yrs), clinically diagnosed as having hypophospha-
tasia (Mornet, 2008), were included in this study with informed parental 
consent.
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Gene Mutation Analysis

The patients, their parents, and 112 unaffected individuals with 
no evidence of hypophosphatasia were examined for TNSALP 
gene mutation.

We collected 2 mL of peripheral blood from each individual. 
Genomic DNA was isolated from leukocytes by means of the 
QIAmp Blood Kit (Qiagen, Hilden, Germany). Twelve exons of 
the TNSALP gene were amplified by PCR with specific primers 
(Appendices 1, 2). The PCR products were sequenced by an 
autocycle sequencing method (Bioasia, Shanghai, China).

Ground Sections

The exfoliated upper primary central incisors from Patient I 
were used for ground sections. Avulsed primary central incisors 
from trauma were collected and used as controls. The teeth were 
cut along the long axis, and ground into sections of 80 to 100 µm 
in thickness. After dehydration in a graded ethanol concentra-
tion series, and clearing in xylene, the sections were sealed with 
neutral balsam, and examined by microscopy.

Scanning Electron Microscopy (SEM)

Tooth samples were fixed in 4% paraformaldehyde and ultrasoni-
cally cleaned for 30 min in 10% sodium hypochlorite solution, 
which was changed every 5 min and finally replaced by 0.9% 
sodium chloride. The samples were dried at 37°C for 24 hrs, then 
sputter-coated with gold. The root surfaces were observed under 
SEM, with 15.0 KV (S-4800, Hitachi, Tokyo, Japan).

Dental Pulp Cell Culture

The deciduous upper lateral incisors of Patient I were quite 
mobile and interfered with the making of the space maintainer 
and therefore were extracted. The dental pulp was isolated, and 
the apical 2 mm was discarded. The dental pulp was treated with 
3 mg/mL type I collagenase (Sigma, St. Louis, MO, USA) and 4 
mg/mL dispase (Sigma), washed, and cengtrifuged. The cells 
were cultured in alpha-MEM (GIBCO/BRL, Grand Island, NY, 
USA) supplemented with 10% FBS (Hyclone, Logan, UT, USA), 
2 mM L-glutamine (Nacalai Tesque, Kyoto, Japan), 100 U/mL 
penicillin, and 100 µg/mL streptomycin at 37°C in 5% CO2.

The retained deciduous incisors from three unaffected chil-
dren (aged 5-6 yrs) were extracted for failure of exfoliation, and 
their dental pulp cells were isolated as controls.

Mineral Induction

To induce mineralization, we added 10 mM β-glycerophosphate 
(Fluka, St. Louis, MO, USA), 10−7M dexamethasone (Sigma), 
and 50 µg/mL L-ascorbic acid-2-phosphate (Sigma) to the cul-
ture medium. The cells were subjected to von Kossa staining 3 
wks later for evaluation of mineralized nodule formation (Okabe 
et al., 2006).

Alkaline Phosphatase Activity Test

The dental pulp cells from the patient and unaffected children 
were cultured and collected at 100% confluence and 3 wks after 

confluence. The cells were rinsed 3x with PBS and subjected to 
lysis in 2 mL 0.1% Triton X-100 in 0.01 M PBS at 4°C over-
night. The activities of alkaline phosphatase (ALP) in the lysates 
were measured with the ALP Kit (Biosino Bio-technology and 
Science Inc., Beijing, China) according to the manufacturer’s 
instructions. Absorbance was measured at 405-nm wavelength 
with an auto analyzer system (Hitachi 7180, Tokyo, Japan). One 
unit of the activity was defined as the enzyme-liberated 1 µmol 
product/min at 37°C. Statistical significance of the differences 
was evaluated by the paired-samples t test.

Results

Phenotype of Hypophosphatasia

All three patients showed premature loss of deciduous teeth. 
Patient I was of particular interest due to the patient’s bone phe-
notype and 2 newly discovered mutations. The patient’s height 
and weight at birth were within unaffected ranges (50 cm and 
3.8 kg, respectively). It was found that the patient had 10 decid-
uous teeth lost at age 5 (Fig. 1a). Panoramic radiographs showed 
reduced alveolar bone, enlarged pulp chambers, and abnormal 
morphology of the unerupted first permanent molars. The 
enamel of the first permanent molars was very thin compared 
with that of unaffected controls. The occlusal surface of the 
crown was rough and granular, with uneven translucency (Fig. 
1b). The patient had the deformity known as ‘pigeon breast’, but 
no respiratory complications. Radiographs of the patient’s legs 
showed exostosis in the bilateral knee joints (Fig. 1c). The 
serum alkaline phosphatase levels of the patient, her mother, and 
father were 8 U/L, 20 U/L, and 48 U/L, respectively. The patient 
was the only affected one in her pedigree (Appendix 3).

Patient II and Patient III were also the only affected ones in 
their own pedigrees. These two patients suffered from premature 
loss of primary teeth as well, but without bone signs (see detail 
in the Table and Appendices 4,5).

TNSALP Gene Mutated in the Three
Hypophosphatasia Patients

Six compound heterozygous mutations in the TNSALP gene 
were identified in the three patients. Each patient carried 2 
mutations, 1 of paternal origin and 1 of maternal origin (Table). 
These nucleotide changes were not detected among 112 unre-
lated healthy individuals.

Of the 6 mutations identified, 3 are novel for TNSALP 
(Table). Of the 3 novel mutations, 1 was located within exon 10 
and led to a predicted tyrosine to histidine amino acid change 
(Y371H); the other 2 were located at exon-intron junction 
regions (intron 9, 997+1 G>T and intron 5, 472+1 G>A). Patient 
I carried 2 of the 3 novel mutations, located in exon 10 and 
intron 9, respectively.

Characteristics of Teeth from Hypophosphatasia 
Patients

Ground sections revealed that there was no cementum structure 
on the root surface of the hypophosphatasia patient. The Tomes’ 
granular layer, which is located near the end of dentinal tubules, 
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was much thicker when compared with that of the healthy 
children (Figs. 2a, 2b). Interestingly, at the middle regions of 
the patients’ tooth crowns, the terminus of dentinal tubules 
close to the dentin-enamel junction (DEJ) appeared as a dark 
granular region (Figs. 2c. 2d). SEM showed that the root sur-
face structure of the patient was partially missing, while the 
root surfaces of unaffected children were smooth and homog-
enous (Figs. 2e, 2f).

Decrease of TNSALP Activity and Mineralization of 
Dental Pulp Cells from the Hypophosphatasia Patient

Dental pulp cells isolated from the patient and an unaffected 
child showed fibroblast-like morphology. No obvious morpho-
logical differences were observed between the cells from the 
hypophosphatasia patient and the unaffected child.

The TNSALP activity of the dental pulp cells from the 
unaffected children was dramatically increased at 3 wks post-
confluence, while the TNSALP activity of the dental pulp cells 
from the patient failed to show any increase. The level of 
TNSALP activity in the patient’s dental pulp cells was 10 times 
lower than that of the unaffected children (p < 0.01) (Fig. 3a). 
Von Kossa staining revealed the presence of mineralized nod-
ules in dental pulp cells when cultured under osteo/odontogenic-
inductive conditions. However, there were fewer, and smaller, 
mineralized nodules in the cells from the patient compared with 
those from the unaffected children (Figs. 3b, 3c).

Discussion

In the present study, we found 6 compound heterozygous muta-
tions in 3 unrelated hypophosphatasia patients and observed 
disturbances of dentin structures in these patients. Dental pulp 
cells isolated from the patient with 2 novel mutations showed 
lower TNSALP activity and lower capacity for forming mineral-
ized nodules, which may contribute to dentin dysplasia.

Patient I possessed a novel missense mutation of exon 10 and 
a novel mutation of an exon-intron junction (intron 9, 997+1G>T). 
The novel mutation within exon 10 led to a predicted tyrosine to 
histidine (Y 371H), located in the 12-Å sphere around the phos-
phate group at an active site of TNSALP (Le Du and Millán, 
2002). The active site is the center of catalytic activity of TNSALP. 
Although severe forms of hypophosphatasia usually develop if 
missense mutations locate within the 15-Å sphere around the phos-
phate group of TNSALP, there are exceptions whereby several 
missense mutations within this region showed only moderate 
hypophosphatasia (Mornet et al., 2001). The current novel mis-
sense mutation of exon 10 may be another case of the exceptions, 
due to the fact that patient I did not show severe clinical symptoms.

Patient I showed the most relatively severe clinical manifes-
tations among the three affected individuals in this study. 
Theoretically, mutations in the exon-intron junction may affect 
RNA splicing and lead to accumulation of abnormal transcripts 
and reduction of protein expression (Barese et al., 2005; Vetrini 
et al., 2006). The mutation located at this patient’s exon-intron 
junction region (intron 9, 997+1G>T) may combine with the 
mutation in exon 10 to produce aberrant functional TNSALP. 
Thus, this patient may have the most severe clinical manifesta-
tions among the three affected individuals in this study.

In the present study, the activity of TNSALP of the dental 
pulp cells from Patient I was significantly lower than that of the 
dental pulp cells from the unaffected children. Previous study 
showed that dental pulp cells stop proliferation to differentiate 
once the cells reach confluence, and then TNSALP activity 
begins to increase continually and reaches the peak at 2 to 3 wks 

Figure 1.  Clinical features of Patient I. (a) Intra-oral photograph of 
Patient I at 5 yrs old, showing premature exfoliation of primary teeth. 
(b) Panoramic radiograph of Patient I at 5 yrs old, showing reduced 
alveolar bone, enlarged pulp chambers, and abnormal morphology of 
unerupted first permanent molars. (c) Radiograph showing exostosis in 
the bilateral knee joints in Patient I at 5 yrs old.
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Table. Clinical and Genetic Features of the Three Patients in This Study

Mutation  

Patients
Tooth 
Loss

Pigeon 
Chest Exostosis

Short 
Stature Nucleotide Origin Type References

I ++ + + + 997+1G>T
(intron9)
1162T>C
(exon10)

Father

Mother

Splice junction alteration

Mis-sense mutation

Novel

Novel

II ++ - - + 472+1G>A
(intron5)
1120G>A
(exon10)

Mother

Father

Splice junction alteration

Mis-sense mutation

Novel

Versailles lab. 2004*

III +++ - - + 668G>A
(exon7)
1120G>A
(exon10)

Mother

Father

Mis-sense mutation

Mis-sense mutation

Mumm et al. (2002)**

Versailles lab. 2004*

*From http://www.sesep.uvsq.fr/Database.html.
**From Mumm et al. (2002).

Figure 2.  Microstructural changes in the teeth from hypophosphatasia 
patient compared with those from unaffected children. Ground sections 
of the teeth at the middle third region of roots (100X) from (a) 
unaffected children and (b) hypophosphatasia patients revealed that 
there are resorbed lacunae at the root surfaces of the patients, and 
Tomes’ layer was abnormally thick with no apparent cementum 
structure. Ground sections of the teeth at the labial middle region of 
crowns (400X) from (c) unaffected children and from (d) 
hypophosphatasia patients showed that the terminus of dentinal 
tubules close to the DEJ in the patients displays a dark granular 
unmineralized region. SEM images of the root surfaces (30X) of teeth 
from (e) unaffected children and from (f) hypophosphatasia patients 
revealed that the root surface of the unaffected control is smooth and 
homogenous, while the surface structure of the patient was partially 
missing. Abbreviations: T, Tomes’ layer; D, dentin; C, cementum; E, 
enamel; DEJ, dentino-enamel junction.
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Figure 3.  TNSALP activity and mineralization ability of dental pulp 
cells from a hypophosphatasia patient. (a) TNSALP activity of dental 
pulp cells from patient I was comparable with that of unaffected 
children when cells reached confluence, but was significantly lower 
than that of unaffected children at 3 wks after confluence. N = 3. Von 
Kossa staining of dental pulp cells from (b) unaffected children and 
from (c) hypophosphatasia patient I showed that nodules formed in the 
patient were fewer and smaller than those of the unaffected children. 
Abbreviations: C, complete confluence; 3W, 3 wks after confluence.

after confluence (Liu et al., 2005). TNSALP activity peaks coin-
ciding with the onset of mineralization (Suri et al., 2008) and 
cleaves inorganic pyrophosphates (PPi) extracellularly, with 
release of inorganic phosphate (Pi), which is essential for 
hydroxyapatite crystallization (Whyte, 1994; Mornet et al., 
2001). Defects in TNSALP activity lead to increased levels of 
pyrophosphate and influence the mineralization process. 
Consistently in our study, the decrease of TNSALP activity in the 
dental pulp cells from the patient actually led to reduced miner-
alization as detected by von Kossa staining. Our results provided 
evidence to support the hypothesis that mutations of TNSALP 
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may alter the mineralization ability of dental pulp cells and there-
fore contribute to dentin dysplasia in hypophosphatasia patients.

In conclusion, this study is the first to show that the dental 
pulp cells from hypophosphatasia patients had lower TNSALP 
activity along with reduced mineralization capacity, which may 
be associated with the dentin dysplasia of hypophosphatasia.
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