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Abstract

Biomineralization is the process by which hydroxyapatite is deposited in the extracellular
matrix. Physiological mineralization occurs in hard tissues, whereas pathological calcification
occurs in soft tissues. The first step of mineralization is the formation of hydroxyapatite
crystals within matrix vesicles that bud from the surface membrane of hypertrophic
chondrocytes, osteoblasts, and odontoblasts. This is followed by propagation of hydroxyapatite
into the extracellular matrix and its deposition between collagen fibrils. Extracellular inorganic
pyrophosphate, provided by NPP1 and ANKH, inhibits hydroxyapatite formation. Tissue-
nonspecific alkaline phosphatase (TNAP) hydrolyzes pyrophosphate and provides inorganic
phosphate to promote mineralization. Inorganic pyrophosphate, pyridoxal phosphate, and
phosphoethanolamine are thought to be the physiologic substrates of TNAP. These
accumulate in the event of TNAP deficiency, e.g., in cases of hypophosphatasia. The gene
encoding TNAP is mapped to chromosome 1, consists of 12 exons, and possesses regulatory
motifs in the 5-untranslated region. Inhibition of TNAP enzymatic activity suppresses TNAP
mRNA expression and mineralization in vitro. Hypophosphatasia is an inherited systemic bone
disease characterized by hypomineralization of hard tissues. The phenotype of
hypophosphatasia is varied. To date, more than 200 mutations in the TNAP gene have been
reported. Knockout mice mimic the phenotypes of severe hypophosphatasia. Among the
mutations in the TNAP gene, ¢1559delT is frequent in the Japanese population. This
frameshift mutation results in the expression of an abnormally long protein that is degraded in
cells. DNA-based prenatal diagnosis using chorionic villus sampling has been developed, but
requires thorough genetic counseling. Although hypophosphatasia is untreatable at present,
the recent success of enzyme replacement therapy offers promise. The problems presented by
impaired mineralization in age-related chronic diseases, such as pathologic calcification and
decreasing physiological mineralization are growing in importance. Strategies for preventing
pathologic calcification using TNAP and NPP1 are in development. A nutrigenomic approach,
based on the relationship between TNAP gene polymorphism and bone mineral density, is also
discussed.
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Mineralization and Alkaline Phosphatase

Introduction

Biomineralization is the process by which minerals
are deposited within or outside the cells of a variety
of organisms'. In vertebrate tissues, the deposited
minerals are composed of hydroxyapatite, a calcium
phosphate, and are found in the extracellular matrix.
Physiological mineralization occurs in hard tissues,
Le. bone, growth-plate cartilage, and in dentin, in
which several tissue-specific cells are responsible for
mineralization®. In growth-plate cartilage,
mineralization occurs in the hypertrophic zone,
where late proliferative and early hypertrophic
chondrocytes are responsible for hydroxyapatite
formation*. In bone, osteoblasts lining the osteoid
are responsible for the formation of hydroxyapatite,
as are odontoblasts in teeth. In contrast to
physiological mineralization, pathological calcification
occurs in soft tissues. Articular cartilage,
cardiovascular tissues, and the kidney are prone to
pathological mineralization®. Aging is associated with
an increase in defective mineralization. The decrease
in bone mass that leads to osteoporosis is due to a
defect in physiological mineralization. Increasing
cardiovascular calcification increases morbidity and
mortality, and articular calcification results in joint
stiffness’. Interestingly, it is likely that similar
mechanisms underlie physiological and pathological
mineralization. Recent research has shown that
matrix vesicles play an important role in

mineralization®'.

Matrix Vesicles in the Mineralization

Matrix vesicles are extracellular, membrane-
invested vesicles, 50200 nm in diameter, that are
formed by polarized budding from the surface
membrane of chondrocytes, osteoblasts and
odontoblasts®. The signals that release matrix
vesicles are not well understood, although
concentrations of intracellular calcium and
extracellular phosphate may be important.

The lipid composition differs between the

membrane of the matrix vesicle and the membranes
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of the cells from which they originate. Matrix
vesicles are rich in several phospholipids, especially
phosphatidylserine, a lipid with a high affinity for
Ca™°. Matrix vesicles are also rich in annexins A2
(I), A5 (V), and A6 (VI), and in Ca ATPase, calbindin
Dok, carbonic anhydrase, collagen X, alkaline
( ALP ) , NPP1
pyrophosphatase phosphodiesterase 1), type III

phosphatase ( nucleotide

sodium-phosphate  (Na/Pi) cotransporter and
PHOSPHO1**,

Mineralization occurs in two steps®. It begins with
the formation of hydroxyapatite crystals within
matrix vesicles, followed by propagation of
hydroxyapatite through the membrane into the
extracellular matrix. Calcium-binding phospholipids
including phosphatidylserine, calcium-binding
proteins including calbindin Ds,, and bone
sialoprotein promote the accumulation of calcium
within matrix vesicles®. Annexins in the matrix
vesicles form a calcium channel and incorporate
calcium into the matrix vesicles™. Phosphates are
provided by the type III Na/Pi cotransporter located
on both the cell membrane and the matrix vesicle
membrane™. The cytosolic phosphatase PHOSPHO1
also  produces  phosphate by hydrolyzing
phosphocholine and phosphoethanolamine, which are
derived from membrane phospholipids by
phospholipase C"™. The origin of calcium ion and
phosphate in the matrix vesicles, however, has not
been fully elucidated. When the accumulation of
calcium and phosphate exceed the solubility point
for CaPO, CaPO., deposition in the form of
hydroxyapatite occurs within the matrix vesicles. In
the second step of mineralization, hydroxyapatite
crystals penetrate the matrix vesicle membrane and
are elongated into the extracellular space. This
elongation of hydroxyapatite requires appropriate
concentrations of calcium and phosphate outside the
matrix vesicles®’. The extracellular fluid in a growth-
plate matrix contains sufficient Ca** and inorganic
phosphate (Pi) to support continuous formation of
new hydroxyapatite crystals. The hydroxyapatite is
propagated in clusters around matrix vesicles and
fills the space between collagen fibrils in the skeletal

matrices. Matrix vesicles and neighboring collagen
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Fig. 1 Schematic illustration of the process of mineralization. Mineralization begins with

hydroxyapatite formation in the matrix vesicles budding from hypertrophic
chondrocytes and osteoblasts. Hydroxyapatite is formed from Ca?* incorporated by
the annexin calcium channel and from inorganic phosphate (Pi) that is provided by
type-III Na/Pi cotransporter and by PHOSPHO1, which hydrolyzes phosphocholine
(PCho) and phosphoethanolamine (PEA) derived from the membrane. The
hydroxyapatite crystals then penetrate the matrix vesicle membrane, elongate due
to the effect of tissue-nonspecific alkaline phosphatase (TNAP), and are deposited
between the collagen fibrils. Inorganic pyrophosphate (PPi), which inhibits
hydroxyapatite formation, is hydrolyzed by TNAP. PPi is generated by NPP1 and is
transported outside the cells by ANKH. This balance between the activities of

TNAP, NPP1, and ANKH is crucial for the second step of mineralization.

cooperate in this propagation step® The ratio of Pi to
inorganic pyrophosphate (PPi) is crucial in the
second step of mineralization. PPi, which inhibits the
formation of hydroxyapatite", is formed by NPP1
from nucleotide triphosphates. PPi is also provided
by ANKH (a homolog of the mouse progressive
ankylosis (ank) gene product), which is localized on
the membranes of hypertrophic chondrocytes and
osteoblasts”. ALP hydrolyzes PPi to generate Pi
The balance between the concentrations of PPi and
Pi is thought to be critical in mineralization” (Fig. 1).

Murine progressive ankylosis is a disorder
resulting from a naturally occurring mutation of the
ank gene (ank/ank), which causes hypermineralization
and progressive ankylosis in vertebrae'. ANKH is
the human homolog of the ank gene product, and
transports PPi from the cytosol to the extracellular
matrix”. Another hypermineralization mouse, the
tiptoe-walking mouse (tw/tw), shows calcification of
articular cartilage and aorta. The causative mutation
is present in the Enppl gene that encodes NPP1".

Enppl knockout mice also show a similar
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phenotype®. In humans, idiopathic infantile arterial
calcification (IIAC) is associated with mutations in
the ENPP1 gene". Heterozygous mutations of the
ANKH gene result in craniometaphyseal dysplasia,
which is characterized by overgrowth and sclerosis
of the craniofacial bones and abnormal modeling of
the metaphysis of tubular bones”. An increase in the
function resulting from dominant mutations of the
ANKH gene is calcium pyrophosphate dihydrate
deposition disease (CPPD), which is characterized by
chondrocalcinosis of articular cartilage resulting
from increased extracellular PPi*. In mice with a
double-knockout of Akp2™"~ (a knockout of the tissue-
nonspecific ALP gene) and ank/ank, or Akp2™" and
Enppl™'~, showed a seemingly normal phenotype,
which indicates that ALP, NPP1, and ANK regulate

mineralization in concert™®.

Alkaline Phosphatase

Alkaline phosphatases [ALPs; orthophosphoric-

monoester phosphohydrolase (alkaline optimum), EC.
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31.31] are membrane-bound ectoenzymes that
hydrolyze monophosphate esters at a high pH (pH
8-10)*. Human ALP is classified into 4 types—tissue-
nonspecific, intestinal, placenta, and germ cell—of
which the tissue-nonspecific type is ubiquitously
expressed in many tissues, including liver, bone, and
kidney, and is therefore referred to as the liver/
bone/kidney (LBK) type®. ALP is linked to the
membrane via glycosylphosphatidylinositol (GPI)
anchors by means of posttranslational modification.
Tissue-nonspecific alkaline phosphatase (TNAP) is
expressed on the cell membrane of hypertrophic
chondrocytes, osteoblasts, and odontoblasts, and is
also concentrated on the membranes of the matrix
vesicles budding from these cells*.

Although the three-dimensional structure of
TNAP has not been elucidated, computer
simulations of the three-dimensional structures of
human placental alkaline phosphatase (PLAP)* and
E. coli alkaline phosphatase® revealed structural
aspects of alkaline phosphatase. Human TNAP and
PLAP show 57% identity and 74% homology®.
Human PLAP is a homodimer with 2 disulfide bonds
and has 2 zinc-binding sites, a magnesium-binding
site, and a calcium-binding site in the interface
between monomers. The active site consists of 2 Zn-
binding sites, a Mg-binding site, and serine 102, to
which phosphate binds. Mammalian ALP has a
specific domain called the crown domain, which is a
flexible loop™. These structural features suggest the
possibility of catalytic activity in mutant ALPs®

The physiological substrates of TNAP are thought
to be PPi, pyridoxal 5-phosphate (PLP), and, perhaps,
phosphoethanolamine®**, TNAP hydrolyzes PPi
during the process of mineralization. This decreases
PPi, which is an inhibitor of hydroxyapatite
formation, and provides Pi for the formation of
hydroxyapatite. PLP, an activated form of vitamin
Bs, is needed as a cofactor in neuronal cells to form
neurotransmitters, dopamine, serotonin, histamine, y-
aminobutyric acid (GABA), and taurine®. PLP cannot
Instead, TNAP
dephosphorylates PLP to pyridoxal, which is able to

be transported into cells.

enter cells, after which it is transformed back to
PLP in neuronal cells, where PLP is involved in the

formation of neurotransmitters. It has not been
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confirmed that phosphoethanolamine is a substrate
of TNAP. Like PPi and PLP, phosphoethanolamine is
elevated in the serum and urine of TNAP knockout
mice and TNAP-deficient patients, but the
pathological significance of phosphoethanolamine
elevation is not known®.

The gene encoding human TNAP (the ALPL gene)
is mapped to chromosome 1p36.1-34* and consists of
11 coding exons (exon 2 to exon 12)”® and 2 leader
exons (exon 1B and 1L)*, whereas 3 tissue-specific
ALP genes are clustered on chromosome 2q34-37%%,
The first leader exon highly expressed in bone (exon
1B) has a TATA box in the 5-untranslated region.
Promoter activity of exon 1L, the second leader exon
expressed in liver, is weaker in human neutrophilic
granulocytes™ this is also the case for the murine
second leader exon in most tissues”. In addition to
the TATA box, 2 Spl binding sites and a retinoic
acid response element have been identified in the
regulatory region of exon 1B*® Sp3* progestin®,
granulocyte colony-stimulating factor (G-CSF)®, cyclic
AMP plus retinoic acid® are regulatory factors of
human TNAP expression and are known to increase
TNAP expression in human cells. Retinoic acid, an
activated form of vitamin A and a regulator of
growth, regulates TNAP expression through the
interaction of retinoic acid receptor complex and the
retinoic acid response element on the promoter
region of the TNAP gene® 1,25-Dihydroxyvitamin D
5 an activated form of vitamin Ds; and a regulator of
mineralization, also promotes TNAP expression, not
by increasing transcriptional activity, but by
posttranscriptional modulation via an increase in
TNAP mRNA stability”*. In addition, phosphates
TNAP. B-
Glycerophosphate activates both TNAP expression

activate the expression of
and mineralization®”. Inhibition of TNAP activity
suppresses mineralization and TNAP mRNA level in
vitro, which suggests that phosphate derived from -
glycerophosphate by TNAP regulates TNAP
expression™.

The TNAP knockout mouse was developed as a
model of TNAP deficiency™® The mouse has at
least 4 isozymes, of which the Akp2 gene
corresponds to the human ALPL gene®. Inactivation

of the mouse TNAP gene (Akp2™'") results in
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seizures, due to defective metabolism of PLP%, and
skeletal hypomineralization®, which indicates that
this knockout mouse is a model of severe form of
human TNAP deficiency, ie., hypophosphatasia®;
heterozygotes (Akp2*'") appear to be normal™
Hydroxyapatite crystal proliferation and growth is
inhibited in the matrix surrounding the matrix
vesicles of growth plate and bone in Akp2™" mice,
even though mineral crystals are initiated within
matrix vesicles”. Osteoblasts from Akp2~'~ mice
differentiate normally, but cannot initiate
mineralization in vitro®. Mineralization is delayed in

heterozygous osteoblasts™.
Hypophosphatasia

Hypophosphatasia (OMIM  # 241500, 241510,
146300) is a rare inherited systemic bone disease
caused by mutations of the ALPL gene™®. It is
characterized by hypomineralization of hard tissues
and is classified into at least 5 forms—perinatal,
infantile, childhood, adult, and odontohypophosphata-
sia—according to disease severity and age of onset™.
The perinatal form is the most severe, and often
results in the death of affected fetuses. The infantile
form occurs within 6 month of birth; respiratory
failure is the main cause of death. The childhood
form presents within 2 years of birth and is
characterized by milder symptoms, deformity of the
extremities, and premature loss of deciduous teeth.
The adult form of the disease presents during
middle age, with mild symptoms.
Odontohypophosphatasia is characterized by dental
manifestations, but not  skeletal defects *.
Hypophosphatasia is inherited as an autosomal
recessive trait, but, in some milder cases, autosomal
dominant inheritance was reported®®. To date, more
than 200 mutations in the ALPL gene have been
reported (http:;//www.sesep.uvsq.fr/Database.html)
The mutations are distributed widely in the ALPL
gene, although some specific mutations are frequent
in certain populations: ¢1559delT and p.F327L are
frequent in Japanese®® and p.E191K and p.D378V
are frequent in Caucasian®®. Relationships between
phenotypes and genotypes are not fully

understood”®; siblings with different phenotypes
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have been reported®”. The enzymatic activity and
characteristics of mutant proteins have been
investigated. Secreted-type mutant proteins had
different kinetic properties for PPi and PLP than
those of the routinely used artificial substrate, p-
nitrophenylphosphate”. When mutant cDNAs were
introduced to U.OS cells, the cells expressing more
than 35% of the enzymatic activity mineralize their
extracellular matrix via the addition of §-
glycerophosphate™

Although hypophosphatasia has been diagnosed
on the basis of ultrasonographic findings in fetuses
with the severe form of disease”, serum ALP
activity is the usual means of obtaining a diagnosis.
Measurement of the substrates of TNAP also has
diagnostic value. Although urinary PEA is easily
measurable and widely used, it is not
pathognomonic® Plasma PLP levels are sensitive™,
but contamination due to oral vitamin Bs
supplementation must be avoided® Elevation of
plasma PLP levels causes convulsions in some, but
not all, patients™ Plasma PPi levels also have
diagnostic value, although it is difficult to determine
whether an increase in plasma PPi directly reflects
accumulation of PPi in bone”™ DNA-based diagnosis
is the gold standard for diagnosis® although
sometimes only 1 mutation in an obligatory
homozygote is found® Prenatal diagnosis was
attempted by using chorionic villus sampling of ALP
activity; however, this method was not reliable
because of the difficulty in obtaining pure samples™.
DNA-based diagnosis using genomic DNA from the
chorionic villi is the most reliable method, assuming
the absence of maternal DNA contamination™”.
Because siblings with different phenotypes have
been reported, genetic counseling after prenatal
diagnosis must be carefully conducted™.

Among the mutations in the ALPL gene, a deletion
of thymine at nucleotide 1559 is important in
Japanese population®”. To date, this mutation has
only been found in Japanese, among whom it is the
most frequent mutation in the ALPL gene®* The
deletion causes a frameshift from leucine 503,
eliminates the stop codon at 508, and adds 80 amino
acids to the C-terminus®. Analysis of the expression
of ¢1559delT mutation revealed that the mutant

J Nippon Med Sch 2010; 77 (1)
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disulfide-bonded

undergoes polyubiquitination, and is then degraded

protein forms a aggregate,
in the proteasome®. The protein lacks a
glycosylphosphatidylinositol anchor, and a small
amount of the mutant proteins is released into
circulation®®. Sera from probands and heterozygous
parents show a high-molecular weight band in
electrophoresis®.

Attempt to treat hypophosphatasia have been
disappointing. The results of a trial of enzyme
replacement therapy (ERT) using the serum of a
patient with Paget disease were unsatisfactory™
Transplantation using bone fragments and cultured
osteoblasts was partially successful®. More recently,
mesenchymal stem cell transplantation was reported
to be successful®. In a Akp2™'~ mouse model, ERT
using a deca-aspartate-tagged enzyme that had high
affinity to hydroxyapatite was successful®. A clinical
trial using this modified enzyme is in progress.
However, because this therapy requires daily or
thrice-weekly injections of the enzyme, gene therapy
by means of a single injection may prove to be a

superior treatment.

Impaired Mineralization in Age-related

Chronic Diseases

Age-related chronic diseases are major health

issue in industrialized countries. Impaired
mineralization is a cause of a number of such
diseases, including osteoporosis, and calcification in
articular cartilage, aorta, and large arteries, as well
as valvular calcification in the heart’. The
mechanism underlying pathological calcification is
similar to that of physiological mineralization: the
presence of smooth muscle cells in the large arterial
wall leads to budding of matrix vesicles. However,
the factors that trigger this budding are not
known®. Once hydroxyapatite is formed in the
matrix vesicles, it propagates into the extracellular
matrix and forms calcified crystals. Uremia causes
hyperphosphatemia and pathological calcification in
aorta®. Increased TNAP activity has been reported
in aortas from uremic rats”. Enppl~’~ mice display
accelerated aortic calcification®, and induction of

TNAP into human vascular smooth muscle cells
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calcifies the extracellular matrix via addition of B-
glycerophosphate®. Therefore, suppression of TNAP
and activation of NPP1 is a strategy that might
prevent pathologic calcification®.

A decrease in physiological mineralization leads to
diminished bone mineral density and bone mineral
content, followed by osteoporosis”. There are several
factors that influence bone mineral density and
content” including TNAP. In addition, there are a
number of single nucleotide polymorphisms (SNPs)
in the human ALPL gene. One exonic SNP resulting
in an amino acid substitution is the 787T>C
(p.Y263H) polymorphism. In elderly women, the CC-
type (His residue at amino acid 263) was associated
with significantly higher bone mineral density, as
compared to TC-type and TT-type®. Expression of
the CC-type protein results in lower Km for p-
nitrophenylphosphate, an  artificial  substrate
routinely used in the ALP assay. These findings
suggest that the CC-type (His at 263) protein has
higher affinity for the substrate®. It is not known,
however, how this enzymatic property enhances
bone mineral density in elderly women. The
interaction between diet and genes is also important.
It is therefore essential to examine the relationship
between diet, especially calcium and phosphate
intake, and SNPs. This nutrigenomic approach
should lead to clues in developing individualized

nutrition plans that prevent osteoporosis.

Conclusions

Mineralization is a fundamental activity of living
things. Elucidation of the mechanisms underlying
mineralization is crucial not only for understanding
normal physiological development, but also for
treating impaired mineralization. The recent
increase in age-related impaired mineralization
should lead to a new focus on preventing impaired

mineralization and pathological calcification.

References

1. Boskey AL: Biomineralization: conflicts, challenges,
and opportunities. J Cell Biochem 1998; 30/31 Supple.
1 83-91.

2. Anderson HC: Molecular biology of matrix vesicles.



10.

11

12.

13.

14.

15.

16.

17.

18.

19.

10

H. Orimo

Clin Orthop Rel Res 1995; 314: 266—280.

Anderson HC: The role of matrix vesicles in
physiological and pathological calcification. Curr Opin
Orthop 2007; 18: 428-433.

van de Lest CHA, Vaandrager AB: Mechanism of
cell-mediated mineralization. Curr Opin Orthop 2007;
18: 434-443.

Kirsch T: Determinants of  pathological
mineralization. Curr Opin Rheumatol 2006; 18: 174—
180.

Wuthier RE: Lipid composition of isolated epiphyseal
cartilage cells, membranes and matrix vesicles.
Biochim Biophys Acta 1975; 409: 128-143.

Balcerzak M, Hamade E, Zhang L, et al.: The roles of
annexins and alkaline phosphatase in mineralization
process. Acta Biochim Pol 2003; 50: 1019-1038.

Kirsch T, Harrison G, Golub EE, Nah H-D: The roles
of annexins and type II and X collagen in matrix
vesicle-mediated mineralization of growth plate
cartilage. ] Biol Chem 2000; 275: 35577-35583.
Guicheux J, Palmer G, Shukunami C, Hiraki Y,
Bonjour JP, Caverzasio ]J: A novel in vitro culture
system for analysis of functional role of phosphate
transport in endochondral ossification. Bone 2000; 27:
69-74.

Yoshiko Y, Candeliere GA, Maeda N, Aubin JE:
Osteoblast autonomous Pi regulation via Pitl plays a
role in bone mineralization. Mol Cell Biol 2007; 27:
4465-4474.

Houston B, Stewart AJ, Farquharson C: PHOSPHO
1—a novel phosphatase specifically expressed at
sites of mineralisation in bone and cartilage. Bone
2004; 34: 629-637.

Roberts SJ, Stewart AJ, Sadler PJ, Farquharson C:
Human  PHOSPHO1 exhibits  high specific
phosphoethanolamine and phosphocholine
phosphatase activities. Biochem ] 2004; 382: 59-65.
Roberts S, Narisawa S, Harmey D, Millan ]JL,
Farquharson C: Functional involvement of
PHOSPHO1 in matrix vesicle-mediated skeletal
mineralization. ] Bone Miner Res 2007; 22: 617-627.
Addison WN, Azari F, Serensen ES, Kaartinen MT,
McKee MD: Pyrophosphate inhibits mineralization of
osteoblast cultures by binding to mineral, up-
regulating osteopontin, and inhibiting alkaline
phosphatase activity. ] Biol Chem 2007; 282: 15872—
15883.

Terkeltaub RA: Inorganic pyrophosphate generation
and disposition in pathophysiology. Am ] Physiol
Cell Physiol 2001; 281: C1-C11.

Ho AM, Johnson MD, Kingsley DM: Role of the
mouse ank gene in control of tissue calcification and
arthritis. Science 2000; 289: 265-270.

Okawa A, Nakamura I, Goto S, Moriya H, Nakamura
Y, Ikegawa S: Mutation in Npps in a mouse model of
ossification of the posterior longitudinal ligament of
the spine. Nat Genet 1998; 19: 271-273.

Johnson K, Goding ], Van Etten D, et al. Linked
deficiencies in extracellular PPi and osteopontin
mediate pathologic calcification associated with
defective PC-1 and ANK expression. ] Bone Miner
Res 2003; 18: 994-1004.

Rutch F, Ruf N, Vaingankar S, et al. Mutations in
ENPP1 are associated with ‘idiopathic’ infantile
arterial calcification. Nat Genet 2003; 34: 379-381.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Niirnberg P, Thiele H, Chandler D, et al:
Heterozygous mutations in ANKH, the human
ortholog of the mouse progressive ankylosis gene,
result in craniometaphyseal dysplasia. Nat Genet
2001; 28: 37-41.

Zaka R, Williams CJ: Genetics of chondrocalcinosis.
Osteoarthritis Cartilage 2005; 13: 745-750.

Hessle L, Johnson KA, Anderson HC, et al.: Tissue-
nonspecific alkaline phosphatase and plasma cell
membrane glycoprotein-1 are central antagonistic
regulators of bone mineralization. Proc Natl Acad Sci
USA 2002; 99: 9445-9449.

Harmey D, Hessle L, Narisawa S, Johnson KA,
Terkeltaub R, Millan JL: Concerted regulation of
inorganic pyrophosphate and osteopontin by Akp2,
Enppl, and Ank: an integrated model of the
pathogenesis of mineralization disorders. Am ]
Pathol 2004; 164: 1199-1209.

Harris H: The human alkaline phosphatases: what
we know and what we don’t know. Clin Chim Acta
1989; 186: 133-150.

Millan JL: In Mammalian alkaline phosphatases: from
biology to  applications in  medicine and
biotechnology, 2006, Wiley-VCH Verlag, Weinheim.
Micanovic R, Bailey CA, Brink L, et al: Aspartic
acid484 of nascent placental alkaline phosphatase
condenses with a phosphatidylinositol glycan to
become the carboxyl terminus of the mature
enzyme. Proc Natl Acad Sci USA 1988; 85: 1398-
1402.

Hoshi K, Amizuka N, Oda K, Ikehara Y, Ozawa H:
Immunolocalization of tissue non-specific alkaline
phosphatase in mice. Histochem Cell Biol 1997; 107:
183-191.

Miao D, Scutt A: Histochemical localization of
alkaline phosphatase activity in decalcified bone and
cartilage. ] Histochem Cytochem 2002; 50: 333-340.
Le Du MH, Stigbrand T, Taussig M], Ménez A,
Stura EA: Crystal structure of alkaline phosphatase
from human placenta at 18 A resolution. ] Biol
Chem 2001; 276: 9158-9165.

Sowadski JM, Handschumacher MD, Murthy HMK,
Foster BA, Wyckoff HW: Refined structure of
alkaline phosphatase from Escherichia coli at 2.8 A
resolution. ] Mol Biol 1985; 186: 417-433.

Le Du M-H, Millan JL: Structural evidence of
functional divergence in human alkaline
phosphatases. ] Biol Chem 2002; 277: 49808—-49814.
Mornet E, Stura E, Lia-Baldini A-S, Stigbrand T,
Ménez A, Le Du M-H: Structural evidence for a
functional role of human tissue nonspecific alkaline
phosphatase in bone mineralization. J Biol Chem
2001; 276: 31171-31178.

Fedde KN, Whyte MP: Alkaline phosphatase (tissue-
nonspecific isoenzyme) is a phosphoethanolamine
and pyridoxal-5-phosphate ectophosphatase: normal
and hypophosphatasia fibroblast study. Am J Hum
Genet 1990; 47: 767-775.

Smith M, Weiss M], Griffin CA, et al. Regional
assignment of the gene for human liver/bone/kidney
alkaline phosphatase to chromosome 1p36.1-p34.
Genomics 1988; 2: 139-143.

Weiss MJ, Ray K, Henthorn PS, Lamb B, Kadesch T,
Harris H: Structure of the human liver/bone/kidney
alkaline phosphatase gene. ] Biol Chem 1988; 263:
12002-12010.

J Nippon Med Sch 2010; 77 (1)



36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

43.

49.

50.

Mineralization and Alkaline Phosphatase

Matsuura S, Kishi F, Kajii T: Characterization of a 5™
flanking region of the human liver/bone/kidney
alkaline phosphatase gene: two kinds of mRNA from
a single gene. Biochem Biophys Res Commun 1990;
168: 993-1000.

Griffin CA, Smith M, Henthorn PS, et al: Human
placental and intestinal alkaline phosphatase genes
map to 2q34-q37. Am ] Hum Genet 1987; 41: 1025—
1034.

Martin D, Tucker DF, Gorman P, Sheer D, Spurr
NK, Trowsdale J: The human placental alkaline
phosphatase gene and related sequences map to
chromosome 2 band q37. Ann Hum Genet 1987; 51:
145-152.

Kiledjian M, Kadesch T: Analysis of the human
liver/bone/kidney alkaline phosphatase promoter in
vivo and in vitro. Nucleic Acids Res 1990; 18: 957-961.
Sato N, Takahashi Y, Asano S: Preferential usage of
the bone-type leader sequence for the transcripts of
liver/bone/kidney-type alkaline phosphatase gene in
neutrophilic granulocytes. Blood 1994; 83: 1093-1101.

Studer M, Terao M, Gianni M, Garattini E:
Characterization of a second promoter for the mouse
liver/bone/kidney-type alkaline phosphatase gene:
cell and tissue specific expression. Biochem Biophys
Res Commun 1991; 179: 1352-1360.

Orimo H, Shimada T: Regulation of the human
tissue-nonspecific  alkaline  phosphatase  gene
expression by all-trans-retinoic acid in SaOS-2
osteosarcoma cell line. Bone 2005; 36: 866—876.

Yusa N, Watanabe K, Yoshida S, et al.: Transcription
factor Sp3 activates the liver/bone/kidney-type
alkaline phosphatase promoter in hematopoietic cells.
J Leukoc Biol 2000; 68: 772-777.

Di Lorenzo D, Albertini A, Zava D: Progestin
regulation of alkaline phosphatase in the human
breast cancer cell line T47D. Cancer Res 1991; 51:
4470-4475.

Rambaldi A, Terao M, Bettoni S, et al.. Expression of
leukocyte alkaline phosphatase gene in normal and
leukemic cells: regulation of the transcript by
granulocyte colony-stimulating factor. Blood 1990; 76:
2565-2571.

Gianni M, Terao M, Norio P, Barbui T, Rambaldi A,
Garattini  E: All-trans retinoic acid and cyclic
adenosine  monophosphate  cooperate in the
expression of leukocyte alkaline phosphatase in
acute promyelocytic leukemia cells. Blood 1995; 85:
3619-3635.

Kyeyune-Nyombi E, Lau K-HW, Baylink D], Strong
DD: 125-Dihydroxyvitamin Ds; stimulates both
alkaline phosphatase gene transcription and mRNA
stability in human bone cells. Arch Biochem Biophys
1991; 291: 316-325.

Orimo H, Shimada T: Posttranscriptional modulation
of the human tissue-nonspecific alkaline phosphatase
gene expression by 1,25-dihydroxyvitamin Ds; in MG-
63 osteoblastic osteosarcoma cells. Nutr Res 2006; 26:
227-234.

Tenenbaum HC: Levamisole and inorganic
pyrophosphate inhibit B-glycerophosphate induced
mineralization of bone formed in vitro. Bone Miner
1987; 3: 13-26.

Orimo H, Shimada T: Effects of phosphates on the
expression of tissue-nonspecific alkaline phosphatase
gene and phosphate-regulating genes in short-term

J Nippon Med Sch 2010; 77 (1)

51.

52.

53.

4.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

cultures of human osteosarcoma cell lines. Mol Cell
Biochem 2006; 282: 101-108.

Orimo H, Shimada T: The role of tissue-nonspecific
alkaline phosphatase in the phosphate-induced
activation of alkaline phosphatase and mineralization
in Sa0S-2 human osteoblast-like cells. Mol Cell
Biochem 2008; 315: 51-60.

Waymire KG, Mahuren JD, Jaje JM, Guilarte TR,
Coburn SP, MacGregor GR: Mice lacking tissue non-
specific alkaline phosphatase die from seizures due
to defective metabolism of vitamin B-6. Nat Genet
1995; 11: 45-51.

Narisawa S, Frohlander N, Millan JL: Inactivation of
two mouse alkaline phosphatase genes and
establishment of a model of infantile
hypophosphatasia. Dev Dyn 1997; 208: 432-446.
Fedde KN, Blair L, Silverstein ], et al: Alkaline
phosphatase knock-out mice recapitulate the
metabolic and skeletal defects of infantile
hypophosphatasia. ] Bone Miner Res 1999; 14: 2015-
2026.

Anderson HC, Sipe ]B, Hessle L, et al: Impaired
calcification around matrix vesicles of growth plate
and bone in alkaline phosphatase-deficient mice. Am
J Pathol 2004; 164: 841-847.

Wennberg C, Hessle L, Lundberg P, et al.: Functional
characterization of osteoblasts and osteoclasts from
alkaline phosphatase knockout mice. ] Bone Miner
Res 2000; 15: 1879-1888.

Rathbun JC: “Hypophosphatasia”: a new
developmental anomaly. Am ] Dis Child 1948; 75:
822-831.

Whyte MP: Hypophosphatasia. In The Metabolic and
Molecular Bases of Inherited Disease (Scriber CR,
Beaudet AL, Sly WS, Valle D, eds), 8th ed. 2001; pp
5313-5329, McGraw-Hill, New York.

Silverman JL: Apparent dominant inheritance of
hypophosphatasia. Arch Int Med 1962; 110: 191-198.
Moore CA, Curry CJR, Henthorn P, et al: Mild
autosomal dominant hypophosphatasia: in utero
presentation in two families. Am ] Med Genet 1999;
86: 410-415.

Mornet E: Hypophosphatasia: the mutations in the
tissue-nonspecific alkaline phosphatase gene. Hum
Mutat 2000; 15: 309-315.

Mornet E: Hypophosphatasia. Orphanet ] Rare Dis
2007; 2: 40.

Orimo H, Goseki-Sone M, Inoue M, Tsubakio Y,
Sakiyama T, Shimada T: Importance of deletion of T
at nucleotide 1559 in the tissue-nonspecific alkaline
phosphatase gene in Japanese patients with
hypophosphatasia. ] Bone Miner Metab 2002; 20: 28—
33.

Michigami T, Uchihashi T, Suzuki A, Tachikawa K,
Nakajima S, Ozono K: Common mutations F310L and
T 1559del in the tissue-nonspecific alkaline
phosphatase gene are related to distinct phenotypes
in Japanese patients with hypophosphatasia. Eur ]
Pediatr 2005; 164: 277-282.

Hérasse M, Spentchian M, Taillandier A, Mornet E:
Evidence of a founder effect for the tissue-
nonspecific alkaline phosphatase (TNSALP) gene E
174K mutation in hypophosphatasia patients. Eur J
Hum Genet 2002; 10: 666—668.

Whyte MP, Mumm S, Deal C: Adult
hypophosphatasia treated with teriparatide. J Clin

11



67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

12

H. Orimo

Endocrinol Metab 2007; 92: 1203-1208.

Zurutuza L, Muller F, Gibrat JF, et al.: Correlations
of genotype and phenotype in hypophosphatasia.
Hum Mol Genet 1999; 8: 1039-1046.

Orimo H, Girschick H]J, Goseki-Sone M, Ito M, Oda K,
Shimada T: Mutational analysis and functional
correlation with phenotype in German patients with
childhood-type hypophosphatasia. ] Bone Miner Res
2001; 16: 2313-2319.

Macfarlane JD, Kroon HM, van der Harten ]J:
Phenotypically dissimilar hypophosphatasia in two
sibships. Am J Med Genet 1992; 42: 117-121.

Peach CA, Zhang Y, Wordsworth BP: Mutations of
the tissue-nonspecific alkaline phosphatase gene
(TNAP) causing a non-lethal case of perinatal
hypophosphatasia. Rheumatology 2007; 46: 1037-
1040.

Di Mauro S, Manes T, Hessle L, et al: Kinetic
characterization of hypophosphatasia mutations with
physiological substrates. J] Bone Miner Res 2002; 17:
1383-1391.

Orimo H, Goseki-Sone M, Hosoi T, Shimada T:
Functional assay of the mutant tissue-nonspecific
alkaline phosphatase gene using U,OS osteoblast-like
cells. Mol Genet Metab 2008; 94: 375-381.

Rudd NL, Miskin M, Hoar DI, Benzie R, Doran TA:
Prenatal diagnosis of hypophosphatasia. New Engl ]
Med 1976; 295: 146-148.

Igbal SJ, Brain A, Reynolds TM, Penny M, Holland S:
Relationship between serum alkaline phosphatase
and pyridoxal-5 ’ -phosphate levels in
hypophosphatasia. Clin Sci 1998; 94: 203—-206.

Russell RGG, Bisaz S, Donath A, Morgan DB, Fleisch
H: Inorganic pyrophosphate in plasma in normal
persons and in patients with hypophosphatasia,
osteogenesis imperfecta, and other disorders of bone.
J Clin Invest 1971; 50: 961-969.

Muller F, Oury JF, Bussiére P, Lewin F, Boué J:
First-trimester  diagnosis of hypophosphatasia.
Importance of gestational age and of purity of CV
samples. Prenat Diagn 1991; 11: 725-730.

Henthorn PS, Whyte MP: Infantile hypophosphatasia:
successful prenatal assessment by testing for tissue-
non-specific alkaline phosphatase isoenzyme gene
mutations. Prenat Diagn 1995; 15: 1001-1006.

Orimo H, Nakajima E, Hayashi Z, et al: First-
trimester prenatal molecular diagnosis of infantile
hypophosphatasia in a Japanese family. Prenat Diagn
1996; 16: 559-563.

Orimo H, Hayashi Z, Watanabe A, Hirayama T,
Hirayama T, Shimada T: Novel missense and
frameshift mutations in the tissue-nonspecific
alkaline phosphatase gene in a Japanese patient with
hypophosphatasia. Hum Mol Genet 1994; 3. 1683—
1684.

Goseki-Sone M, Orimo H, Iimura T, et al.. Expression
of the mutant (1735T-DEL) tissue-nonspecific alkaline
phosphatase gene from hypophosphatasia patients. J
Bone Miner Res 1998; 13: 1827-1834.

Komaru K, Ishida Y, Amaya Y, Goseki-Sone M,
Orimo H, Oda K: Novel aggregate formation of a
frame-shift mutant protein of tissue-nonspecific
alkaline phosphatase is ascribed to three cysteine

82.

33.

84.

85.

36.

a7.

88.

89.

90.

91.

92.

93.

9.

residues in the C-terminal extension: retarded
secretion and proteasomal degradation. FEBS ] 2005;
272: 1704-1717.

Whyte MP, McAlister WH, Patton LS, et al: Enzyme
replacement therapy for infantile hypophosphatasia
attempted by intravenous infusions of alkaline
phosphatase-rich Paget plasma: results in three
additional patients. J Pediatr 1984; 105: 926—933.
Cahill RA, Wenkert D, Perlman SA, et al.: Infantile
hypophosphatasia: transplantation therapy trial
using bone fragments and cultured osteoblasts. ]
Clin Endocrinol Metab 2007; 92: 2923-2930.

Tadokoro M, Kanai R, Taketani T, Uchio Y,
Yamaguchi S, Ohgushi H: New bone formation by
allogeneic mesenchymal stem cell transplantation in
a patient with perinatal hypophosphatasia. ] Pediatr
2009; 154: 924-930.

Millan JL, Narisawa S, Lemire I, et al: Enzyme
replacement therapy for murine hypophosphatasia. J
Bone Miner Res 2008; 23: 777-787.

El-Abbadi M, Giachelli CM: Arteriosclerosis, calcium
phosphate deposition and cardiovascular disease in
uremia: current concepts at the bench. Curr Opin
Nephrol Hypertens 2005; 14: 519-524.

Lomashvili KA, Garg P, Narisawa S, Millan JL,
O'Neill WC: Upregulation of alkaline phosphatase
and pyrophosphate hydrolysis: potential mechanism
for uremic vascular calcification. Kidney Int 2008; 73:
1024-1030.

Johnson K, Polewski M, van Etten D, Terkeltaub R:
Chondrogenesis mediated by PPi depletion promotes
spontaneous aortic calcification in NPPI-/- mice.
Arterioscler Thromb Vasc Biol 2005; 25: 686—691.
Shioi A, Katagi M, Okuno Y, et al.: Induction of bone-
type alkaline phosphatase in human vascular smooth
muscle cells: roles of tumor necrosis factor-o. and
oncostatin M derived from macrophages. Circ Res
2002; 91: 9-16.

Narisawa S, Harmey D, Yadav MC, O'Neill WC,
Hoylaerts MF, Millan JL: Novel inhibitors of alkaline
phosphatase suppress vascular smooth muscle cell
calcification. ] Bone Miner Res 2007; 22: 1700-1710.
NIH Consensus Development Panel on Osteoporosis
Prevention, Diagnosis, and Therapy: Osteoporosis
prevention, diagnosis, and therapy. JAMA 2001; 285:
785-795.

Liu Y-], Shen H, Xiao P, et al: Molecular genetic
studies of gene identification for osteoporosis: a 2004
update. ] Bone Miner Res 2006; 21: 1511-1535.
Goseki-Sone M, Sogabe N, Fukushi-Irie M, et al:
Functional analysis of the single nucleotide
polymorphism (787T>C) in the tissue-nonspecific
alkaline phosphatase gene associated with BMD. ]
Bone Miner Res 2005; 20: 773-782.

Sogabe N, Oda K, Nakamura H, et al: Molecular
effects of the tissue-nonspecific alkaline phosphatase
gene polymorphism 787T>C) associated with bone
mineral density. Biomed Res 2008; 29: 213-219.

(Received,  October 23, 2009)
(Accepted, November 13, 2009)

J Nippon Med Sch 2010; 77 (1)



