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phosphatase activity. A missense mutation (c.346G>A) of TNSALP gene, which converts Ala to Thr at position
116 (according to standardized nomenclature), was reported in dominantly transmitted hypophosphatasia
patients (A.S. Lia-Baldini et al. Hum Genet. 109 (2001) 99-108). To investigate molecular phenotype of
TNSALP (A116T), we expressed it in the COS-1 cells or Tet-On CHO K1 cells. TNSALP (A116T) displayed not

gzmz:ze only negligible alkaline phosphatase activity, but also a weak dominant negative effect when co-expressed
Genetic disease with the wild-type enzyme. In contrast to TNSALP (W, wild-type), which was present mostly as a non-
Hypophosphatasia covalently assembled homodimeric form, TNSALP (A116T) was found to exist as a monomer and
Inborn error of metabolism heterogeneously associated aggregates covalently linked via disulfide bonds. Interestingly, both the monomer
Tissue-nonspecific alkaline phosphatase and aggregate forms of TNSALP (A116T) gained access to the cell surface and were anchored to the cell
membrane via glycosylphosphatidylinositol (GPI). Co-expression of secretory forms of TNSALP (W) and
TNSALP (A116T), which are engineered to replace the C-terminal GPI anchor with a tag sequence (his-tag or
flag-tag), resulted in the release of heteromeric complexes consisting of TNSALP (W)-his and TNSALP
(A116T)-flag. Taken together, these findings strongly suggest that TNSALP (A116T) fails to fold properly and
forms disulfide-bonded aggregates, though it is indeed capable of interacting with the wild-type and reaching

the cell surface, therefore explaining its dominant transmission.
© 2010 Elsevier B.V. All rights reserved.
1. Introduction manifestation of hypophosphatasia, inorganic pyrophosphate is
thought to play a crucial role as a negative regulator at the site of
Hypophosphatasia is a genetic disease caused by various muta- mineralization. That is, TNSALP enhances the mineralization by

tions in the tissue-nonspecific alkaline phosphatase (TNSALP) gene hydrolyzing pyrophosphate to phosphate, and therefore, decline in
[1-4]. To date, a total of 224 mutations have been reported worldwide the activity due to mutations in the TNSALP gene leads to various
as of Oct. 2010 (http://www.sesep. uvsq.fr/03_hypo_ mutations.php). degrees of hypomineralization [2,3]. Symptom of hypophosphatasia
Hypophosphatasia is characterized by reduced levels of serum varies widely and in general its severity is inversely related to serum
alkaline phosphatase activity and defective bone and teeth mineral- alkaline phosphatase levels of the patients. Clinically, hypopho-
ization. One of two natural substrates which relate to clinical sphatasia is classified into five major categories depending on the
age at diagnosis: perinatal, infantile, childhood, adult and odonto
forms. Recently, the perinatal form is further divided into lethal and
benign types [4]. Severe hypophosphatasia (perinatal and infantile
Abbreviations: DMEM. Dulbecco's modified min 1 medium: ER forms) is transmitted in an autosomal recessive way, while mild
endoplasrxi:/il:?gt?;ﬂum: GPi, gl?coifs(;l;sr;lgatlidsling;g{?g?jmeés;?xg:phrarzied;ﬁr?;’sitol—' ,hy pophosghatasm (ledhOOd’ adult and odonto forms) is transmitted
specific phospholipase C; TNSALP, tissue-nonspecific alkaline phosphatase; TNSALP in a recessive or dominant way.
(A116T), TNSALP with an alanine to threonine substitution at position 116; TNSALP Severe hypophosphatasia patients are homozygote or compound
(D306V), TNSALP with an aspartate to valine substitution at position 306; TNSALP (W), the heterozygotes with severe mutations, while mild form results from
WE"EWPF TNS/’(;L,P thor. Tel: + 8125 227 2827 . 48195 227 2831 compound heterozygosity for severe and moderate mutations or single
Ef’;;;j‘;‘;‘;f;gi z‘éag;'eni,‘;ii;ta_u.acjp & oéa?.x. : heterozygosity for severe mutations [5]. Mutations in TNSALP gene
! Present address: Kitasato Junior College of Health and Hygienic Sciences, Minami- not only reduce the enzyme activity of TNSALP mutant proteins
Uonuma 949-7241, Japan. to a various degree, but also residual activities often exhibit different

0925-4439/$ - see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.bbadis.2010.12.002
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enzymatic properties from TNSALP (W) [6], probably providing
additional variability in clinical symptoms. Apart from their direct
effects on the catalytic function, TNSALP mutant proteins display a
different magnitude of trafficking defects. We, along with other groups,
have reported that defective trafficking of TNSALP mutant protein
contributes a molecular mechanism of hypophosphatasia [7-12]. In
one extreme case where T is deleted at 1559 of TNSALP ¢DNA, this
frame-shift TNSALP with an additional 80-amino acid extension at the
C-terminus failed to be modified by glycosylphosphatidylinositol (GPI)
and resultantly is released into the medium [13,14].

There is an increasing number of mild hypophosphatasia with a
dominant negative effect [5,15-17]. These dominant-type TNSALP
mutants suppress the enzyme activity of TNSALP (W) to a various
degree when they are co-expressed in a cell [5,15-17]. Thus this
inhibition of the enzyme activity implies that TNSALP mutant proteins
with a dominant effect and TNSALP (W) are able to interact with each
other and form heteromeric enzyme complexes. However, molecular
characterization of dominantly inherited TNSALP mutations has not
been studied in detail so far. In this report, we examined the molecular
defect of TNSALP (A116T, according to standardized nomenclature,
where the ATG initiator codon is numbered as 1). Extensive study on
familial pedigree and its laboratory data unequivocally show that
TNSALP (A116T) is dominantly transmitted [17,18]. Also, the co-
expression data showed that TNSALP (A116T) inhibits TNSALP (W)
albeit to a lesser degree compared to other dominant negative mutants
suchas TNSALP (D378V) and TNSALP (G63V) [17]. Surprisingly, our data
indicate that the replacement of alanine with threonine at position116
of TNSALP (A116T) renders TNSALP incompetent to form a dimeric
structure and resultant monomeric polypeptides associate with each
other to become disulfide-bonded high-molecular mass aggregates.
Moreover, we have also indicated that TNSALP (W) is trapped in the
aggregate of TNSALP (A116T) when they are co-expressed.

2. Materials and methods
2.1. Materials

Express®>S®3S protein labeling mix (>1000 Ci/mmol) was obtained
from Dupont-New England Nuclear (Boston, MA.), and“C-methylat-
ed proteins and enhanced chemiluminescence (ECL®) Western
blotting detection reagent, peroxidase-conjugated donkey anti-
(rabbit IgG) and Protein A-Sepharose CL-4B from Amersham
Pharmacia Biotech (Arlington Heights, IL, USA); pALTER®-MAX,
Altered sites® Il mammalian mutagenesis system from Promega
(Madison, WJ, US.A.); G418 and pansorbin from Calbiochem (La Jolla
CA, US.A.); Lipofectamine Plus Reagent from Invitrogen (Carlsbad, CA,
U.S.A.); phosphatidylinositol-specific phospholipase C (PI-PLC) from
BIOMOL International, L.P. (Plymouth Meeting, PA, U.S.A.); aprotinin,
baker's yeast alcohol dehydrogenase, bovine serum albumin, doxy-
cycline, and ANTI-FLAG®M2 Agarose from Sigma Chemical Co.
(St. Louis, MO.U.S.A.); Ni-NTA (nickel-nitrilotriacetic acid ) resin and
plasmid Midi-kit from Qiagen (Hilden, Germany); pTRE2 and BD®
CHO-K1 Tet-On cell line and Tet system approved Fetal bovine serum
from Clontech (Palo Alto, CA, US.A.); sulphosucciniimidyl N-(D-
biotinyl)-6-aminohexane from Dojindo Laboratories (Kumamoto,
Japan); antipain, chymostatin, elastatinal, leupeptin and pepstatin A
from Protein Research Foundation (Osaka, Japan); bovine liver
catalase and hygromycin from Wako Pure Chemicals (Tokyo, Japan).
Antiserum against recombinant human TNSALP was raised in rabbits
as described previously [19].

2.2. Plasmids and transfection
The pALTER-MAX® encoding TNSALP (W) was constructed as

described previously [9]. Mutations were introduced at specific sites
using Altered sites® II mammalian mutagenesis system essentially

according to the manufacturer’s protocol [10]. Oligonucleotides used
are: TNSALP (A116T), 5-CCCACACAGGTACGTAGTGGCGGTGCC-3';
TNSALP (W) his-tag, 5'-GCAGCAAGGCTGCCTGCCTAGTGATGGT-
GATGGTGATGGCTGGCAGGAGCACA-3'; TNSALP (W or A116T) flag-
tag, 5'-GCAGCAAGGCTGCCTGCCTACTTATCGTCGTCATCCTTGTAA-
TCGCTGGCAGGAGCACA-3'. The DNA sequence of the mutation sites
was verified by DNA sequence analysis. The ¢DNA encoding TNSALP
(W) or TNSALP (A116T) was further subcloned into pTRE2 to establish
stable cell lines. Transfection and screening of stable cell lines were
performed essentially according to the manufacturer's protocol. Tet-
On cells, which successfully produced TNSALP (W) or the mutant
TNSALP in the presence of doxycycline, but not in its absence, were
identified using immunofluorescence. Established Tet-On cells were
cultured and passaged in the absence of doxycycline until they were
used for experiments. For immunoblotting or immunofluorescence
studies, the cells were cultured in the presence of 1 pg/ml doxycycline
for 24 h before used. Alternatively, cells were cultured 0.2 pg/ml of
doxycycline for 14 h before biosynthetic experiments. For transient
expression, COS-1 cells [(1.0-1.3)x10° cells/35-mm dish] were
transfected with 0.8 pg of each plasmid using Lipofectamine Plus
according to the manufacturer's protocol as described previously [10]
and the transfected cells were incubated for 24 h in 5% C0,/95% air
incubator before use. COS-1 cells were cultured in Dulbecco's
modified Eagle's minimum essential medium (DMEM) supplemented
with 10% fetal bovine serum [10].

2.3. Metabolic labeling and immunoprecipitation

For pulse-chase experiments, cells were preincubated for 0.5-1 h
in the methionine/cysteine-free DMEM and labeled with 50-100 pCi
of [**S] methionine/cysteine for 0.5h in the fresh methionine/
cysteine-free MEM. After a pulse period, cells were washed and
chased in the DMEM as described previously [10]. After metabolic
labeling, the medium was removed, and the cells were lysed in 0.5 ml
of lysis buffer [1% (w/v) Triton X-100/0.5% (w/v) sodium deoxycho-
late/0.05% (w/v) SDS in PBS]. A protease inhibitors cocktail (antipain,
aprotinin, chymostatin, elastatinal, leupeptin, pepstatin A) was added
to cell lysates and media (10 pg each/ml). The lysates were incubated
for 20 min at 37 °C to extract TNSALP. The lysates and media were
subjected to immunoisolation as described previously [10]. The
immune complexes/protein A beads were boiled in the absence or
presence of 1% (v/v) 2-mercaptoethanol, and then analyzed by SDS/
PAGE [9% (w/v) gels], followed by fluorography [7]. For sequential
purification of soluble forms of heteromeric TNSALPs, the medium
was adjusted to 20 mM imidazole and incubated with Ni-chelate resin
in the presence of 20 mM imidazole. After washing the resin with PBS
containing 20 mM imidazole, TNSALP-his was released with PBS
containing 200 mM imidazole. This fraction was diluted 3-fold with
PBS and mixed with anti-flag antibody beads. After washing with PBS
containing 500 mM NaCl and then PBS, TNSALP-flag was released by
boiling in the presence of SDS.

2.4. Miscellaneous procedures

Immunofluorescence for alkaline phosphatase was performed as
described previously [9,10]. Electric transfer of proteins and subse-
quent procedures were described as before [19]. Proteins on
membranes were detected with ECL® Western blotting detection
reagents. Cell surface biotinylation and PI-PLC digestion were carried
out as described previously [8,10]. Sucrose-density-gradient centri-
fugation was performed as described previously [8]. Protein and
alkaline phosphatase assays were performed as described previously
[7,10]. One unit of alkaline phosphatase activity is defined as nmoles
of p-nitrophenylphosphate hydrolyzed per min at 37 °C.
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3. Results
3.1. Transient expression of TNSALP (A116T) in COS-1 cells

In order to define the molecular property of TNSALP (A116T), the
wild-type enzyme and this mutant protein were expressed in COS-1
cells ectopically. In contrast to TNSALP (W), TNSALP (A116T)
exhibited only negligible alkaline phosphatase activity as shown in
Fig. 1A. In agreement with the previous report [17], when co-
expressed with the wild enzyme, the activity of TNSALP (W) was
slightly suppressed by TNSALP (A116T), indicative of a dominant
negative effect of the latter (Fig. 1B). We have previously shown that
the wild-type enzyme is synthesized as a 66 kDa form with high
mannose-type oligosaccharides and is converted to a 80 kDa mature
form with complex-type oligosaccharides as it migrates from the
endoplasmic reticulum (ER) to the Golgi apparatus and finally is
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Fig. 1. Transient expression of TNSALP mutant proteins in COS-1 cells. (A) COS-1 cells
were co-transfected with plasmids encoding TNSALP (W) or TNSALP (A116T) in various
ratios (1: 0, 0.9: 0.1, 0.5: 0.5, 0.1: 0.9, 0: 1, X axis). The transfected cells were
homogenized and assayed for alkaline phosphatase activity (expressed in % wild
enzyme, Y axis). The dotted line expects variation of the enzyme activity in the
recessive model. The values are the means of two independent experiments. (B) The
cells expressing TNSALP (W) (lanes 1 and 4), TNSALP (A116T) (lanes 2 and 5) or
TNSALP (D306V) (lanes 3 and 6) were steadily labeled with [*°S] methionine/cysteine
for 3 h and lysed for immunoadsorption using anti-TNSALP antibody. Each immuno-
precipitate was analyzed by SDS-PAGE under a reducing (lanes 1-3) or non-reducing
condition (lanes 4~6), followed by fluorography. An arrowhead indicates the top of the
resolving gel, while a double arrowhead indicates the top of the stacking gel. Left lane,
'C-methylated protein markers of 200, 97.5, 66, 46 kDa, from the top of the gel.

localized on the cell surface as a GPl-anchored protein [7,20]. Besides,
these two molecular species are thought to exist as a non-covalently
assembled homodimer at least in transfected COS-1 cells [8].

Transfected cells were continuously labeled with [>°S] methio-
nine/cysteine and then TNSALP was immunoprecipitated with an
antibody against TNSALP, followed by SDS-PAGE under a reduced or
non-reducing condition/fluorography. Both the 66 and 80 kDa forms
were apparent in the cells expressing TNSALP (W) (Fig. 1, lane 1).
Similarly, the 80 kDa mature form was also found in the cells
expressing TNSALP (A116T) but not in the cells expressing TNSALP
(D306V) (Fig. 1, lanes 2 and 3). The aspartic acid at position 306 is
closely involved in the coordination of Ca®* [21] and TNSALP (D306V)
is retained in the endoplasmic reticulum (ER), followed by ubiquiti-
nation and degradation in proteasomes [10]. Under a non-reducing
condition, a small amount of aggregates was detected even in the cell
expressing TNSALP (W) (Fig. 1, lane 4), probably due to shortage of
GPI precursors in transiently transfected cells [14]. On the other hand,
larger amounts of the aggregate were found in the cells expressing
TNSALP (A116T) or TNSALP (D306V) (Fig. 1, lanes 5 and 6).

3.2. Expression of TNSALP (A116T) in the Tet-On conditional expression
system

To determine if the aggregation of TNSALP (A116T) is due to an
excessive amount of this mutant generated in transiently transfected
cells, we attempted to establish Tet-On CHO K1 cells expressing
TNSALP (A116T) in response to doxycycline. Immunofluorescence
pattern of Tet-On cells expressing TNSALP (A116T) was indistin-
guishable from that of the cells expressing TNSALP (W) (Fig. 2A). Both
TNSALP (W) and the TNSALP mutant were observed on the cell
surface only in the presence, but not in the absence of the antibiotic
(data not shown). In accordance with the result of transiently
transfected cells, TNSALP (A116T) lacked the enzyme activity as
shown in Fig. 2B. Next, the steady state expression level of TNSALP
(A116T) was assessed by immunoblotting. No protein band was
observed in the absence of doxycycline. Only the 80 kDa band was
detected in the cells expressing TNSALP (W) irrelevant to a reducing
or non-reducing conditions (Fig. 3A, lanes 2 and 6). In contrast, in
addition to the 80kDa band a large amount of disulfide-bonded
aggregate appeared in the established cell expressing the mutant
protein (Fig. 3A, lanes 4 and 8). The presence of the 66 kDa form in the
cells expressing TNSALP (A116T) but not TNSALP (W) raises a
possibility that some part of TNSALP (A116T) exits from the ER only
at a reduced rate (Fig. 3A, lanes 4 and 8). To further examine the
aggregation state of TNSALP (W) and TNSALP {A116T), we subjected
each cell lysate to sucrose-density-gradient centrifugation and then
the fractions were analyzed by SDS-PAGE under a non-reducing
condition as shown in Fig. 3B. Most of TNSALP (W) was recovered in
fractions 7 and 8, where alcohol dehydrogenase (141 kDa) also
appeared, demonstrating that TNSALP (W) exists as a homodimeric
enzyme in Tet-On CHO. As SDS breaks this homodimeric structure
even in the absence of a reducing reagent, the dimer was not detected
on the gel. Markedly, a considerable fraction of TNSALP (A116T)
appeared with bovine serum albumin (68 kDa) (Fig. 3B, fractions 5
and 6), strongly indicating that TNSALP (A116T) is incapable of
assuming a correct tertiary structure and it tends to form disulfide-
bonded aggregates with heterogeneous sizes, instead of a dimer.

3.3. Biosynthetic study of TNSALP (A116T) in the established cell line

To examine the biosynthesis of TNSALP (A116T) in detail, pulse-
chase studies were carried out. The mutant protein is synthesized as
the 66 kDa form (Fig. 4, lane 1), however, the disulfide-bonded
aggregate started to appear during a 30-min pulse labeling time
(Fig. 4, lanes 1 and 5) and was present throughout the chase periods
(Fig. 4, lanes 6-8). This indicates that part of the newly synthesized
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Fig. 2. Expression of TNSALP (W) and TNSALP (A116T) in established Tet-On cells.
(A) Established cells harboring a pTRE2 encoding TNSALP (W) or TNSALP (A116T) were
cultured for 24h in the presence of doxycycline (1ug/ml) and processed for
immunofluorescence using anti-TNSALP serum. (B) Like in (A), the cells were induced
to express TNSALP (W) or TNSALP (A116T). The cell homogenates were assayed for
alkaline phosphatase activity. The values are the means of two independent experiments.
The specific activity was expressed in unit mg™! protein. ND denotes not detected.

66 kDa form of TNSALP (A116T) aggregates in the ER before it moves
to the Golgi. At a 30-min chase period, the 80 kDa form was clearly
detected under a reducing condition, while this mature form was less
clear under a non-reducing condition (Fig. 3, lanes 2 and 6), indicating
that a considerable amount of the 80 kDa form is in an aggregate state
in the established cell. Also, we noticed that newly synthesized
TNSALP (A116T) was decreased in its total intensity during the
experiment. Longer chase experiments suggest that TNSALP (A116T)
is less stable than the wild-type enzyme (Fig. 4B).

3.4. Cell surface appearance of disulfide-bonded aggregates of TNSALP
(A116T)

The presence of the 80 kDa mature form in the aggregate raises a
possibility that the high-molecular mass aggregate of TNSALP
(A116T) synthesized in the ER moves to the Golgi, acquires terminal
sugar residues during passage across the Golgi stack and finally is
conveyed to the cell surface. Next, we examined the molecular species
of TNSALP (A116T) exposed on the cell surface. Biosynthetic studies in
combination with cell surface biotinylation (Fig. 5A) or digestion with
PI-PLC (Fig. 5B) were performed. Not only the 80 kDa mature form,
but also the aggregate on and near the top of the gel were reactive
with a non-permeable biotinylation reagent. Furthermore, PI-PLC,
which cleaves the GPI anchor portion from the TNSALP molecule,
rendered the aggregate as well as the 80 kDa form released into the
medium, indicating that both molecular species reside on the cell
surface via the GPI anchor.
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Fig. 3. Molecular size of TNSALP (W) and TNSALP (A116T). (A) The cells harboring pTRE2
encoding TNSALP (W) or TNSALP (A116T) were cultured for 24 h in the absence (lanes 1,3,
5, and 7) or presence (lanes 2, 4, 6, and 8) of doxycycline (1 pg/ml) and then the cell
homogenates (5 pg each) were analyzed by immunoblotting. An arrowhead indicates the
top of the resolving gel. (B) The established cells were induced to express TNSALP (W) or
TNSALP (A116T) like in (A). Each cell lysate was layered on the top of a linear sucrose
gradient consisting of 5% (w/w) sucrose and 35% (w/w) sucrose and centrifuged at 4 °C for
18 hat 163,000g. Each 400 il of fraction was collected from the top of the gradient (total 12
fractions). Each 20 pl of the fractions was subjected to SDS-PAGE under a non-reducing
condition, followed by immunoblotting. Size marker: b (bovine serum albumin, 68 kDa,
a (alcohol dehydrogenase, 141 kDa) and ¢ (catalase, 250 kDa).

3.5. INSALP (W) and TNSALP (A116T) interact with each other

Dominantly transmitted TNSALP mutant protein including TNSALP
(A116T) are known to suppress the catalytic activity of TNSALP (W) to
various degrees when they are expressed together (Fig. 1A) [15-17].
However, direct association between TNSALP (W) and a dominant
negative TNSALP mutant protein has not been demonstrated to date.
To confirm if TNSALP (W) and TNSALP (A116T) interact with each
other, we co-expressed secretory versions of TNSALP (W) and TNSALP
(A116T), which are modified by either a C-terminal his or flagtags
(Fig. 6). TNSALP-his and TNSALP-flug, which possess each tag
sequence instead of a C-terminal prosequence serving as a GPI anchor
signal sequence, are secreted into the medium as a dimeric enzyme
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Fig. 4. Biosynthetic study of TNSALP (A116T). (A) The cells harboring pTRE2 encoding
TNSALP (A116T) were cultured for 14 h in the presence of 0.2 ug/ml of doxycycline before
experiments. The cells were pulse-labeled with [335] methionine/[**S]cysteine for 30 min
(lanes 1, 5), and chased for 30 min (lanes 2 and 6), 1 h (lanes 3 and 7) and 2 h (lanes 4
and 8) as described in Materials and methods. The immunoprecipitates were divided into
two equal portions, followed by SDS-PAGE under reducing (lanes 1-4) or non-reducing
condition (lanes 5-8)/fluorography. Left lane, the same '*C-methylated protein markers as
in Fig. 1. (B) The cells harboring pTRE2 encoding TNSALP (W) or TNSALP (A116T)
were cultured like in A. The cells were pulse-labeled for 30 min (lane 1 and 5) and
chased for 2 h (lane 6),4 h (lanes 2 and 7), 6 h (lanes 3 and 8) and 8 h (lanes 4 and 8).
The immunoprecipitates were analyzed by SDS-PAGE under a reducing condition/
fluorography. Left lane, the same '*C-methylated protein markers as in Fig. 1.

[6,19]. The levels of TNSALP in the media were more or less similar
whether TNSALP (W)-his was co-expressed with TNSALP (W)-flag or
TNSALP (A116T)-flag as assessed by direct immunoprecipitation using
anti-TNSALP (Fig. 6, lanes 1 and 2). However, the aggregate was
observed only in the culture medium of the cells expressing TNSALP
(W)-his and TNSALP (A116T)-flag (Fig. 6, lane 2), implying that the
GPI anchor portion of TNSALP (A116T) is not responsible for the
formation of the aggregation. After being eluted with imidazole
from the Ni-NTA agarose, the aggregate was no more evident (Fig. 5,
lane 4). This is probably because TNSALP-flag/TNSALP-flag is not
absorbed to the resin among the three possible combinations [TNSALP
(W)-his/TNSALP (W)-his, TNSALP (W)-his/TNSALP (A116T)-flag,
TNSALP (A116T) -flag/TNSALP-flag], resulting in the lower ratio of
TNSALP (A116T)-flag to TNSALP (W)-his in the eluate. By a subsequent
immunoadsorption using the anti-flag antibody, both the 80 kDa form
and the aggregate were captured (Fig. 6, lane 6), indicating that TNSALP

(W) is able to interact with the 80 kDa form non-covalently and the
aggregate form of TNSALP (A116T) covalently, respectively.

4. Discussion

Based on 3D structure, TNSALP missense mutations associated
with hypophosphatasia are classified as 1) active site or active site
vicinity, 2) active site valley, 3) homodimer interface, 4) crown
domain, 5) calcium site or calcium site vicinity and 6) others [21]. So
far mutations with a dominant effect are restricted to three regions:
active site, homodimer and the crown domain [5]. A116T is assigned
to active site or active site vicinity, as serine at position 110 is an active
center of TNSALP [21]. The patients heterozygous for TNSALP (A116T)
displayed enamel hypoplasia and premature loss of fully rooted
primary anterior teeth [18], corresponding to adult or odonto
hypophosphatasia. Familial pedigree analysis demonstrated that
TNSALP (A116T) is dominantly transmitted [17,18]. Milder pheno-
types are probably attributed to its weak dominant negative effect on
the wild-type enzyme, as shown by co-expression study (Fig. 1A) [17].
Initially we thought that TNSALP (W) and TNSALP (A116T) monomers
form a simple non-covalently assembled hetero-dimer when they
are co-expressed, however, their interaction turned out to be more
complex.

To gain insight into the molecular mechanism of mild hypopho-
sphatasia caused by this particular dominant negative mutation, we
expressed TNSALP (A116T) as well as TNSALP (W) in COS-1 cells and
Tet-On CHO K1 cells. Cell surface appearance of TNSALP (A116T) is
indistinguishable from that of the wild enzyme as evaluated by
immunofluorescence (Fig. 2). However, whether expressed in COS-1
cells transiently or Tet-On conditional expression system, TNSALP
(A116T) does not exhibit measurable alkaline phosphatase activity.
Besides, we found that TNSALP (A116T) tends to generate the
disulfide-bonded high-molecular mass aggregate in contrast to a
non-covalently assembled dimer structure of TNSALP (W) (Fig. 3A
and B). The aggregate form of TNSALP (A116T) appeared in the cell
within a 30-min pulse period, indicating that this aggregate is
produced in the ER (Fig. 4). Surprisingly, the disulfide-bonded
aggregate as well as the 66 kDa monomeric form of TNSALP
(A116T) are transport-competent and appear on the cell surface as
judged by cell surface biotinylation and PI-PLC digestion (Fig. 5).

To determine if TNSALP (A116T) is capable of interacting with
TNSALP (W), we took an advantage that TNSALP (W) can be secreted
as a homodimeric protein if its C-terminal prosequence serving as a
GPI anchor signal is appropriately replaced with his or flag-tag [6,19].
Co-expression of TNSALP (W)-his and TNSALP (A116T)-flag in COS-1
cells allowed us to demonstrate that the wild and the mutant TNSALP
interact with each other and are secreted into the medium (Fig. 6).
Although the sequential affinity procedure is not quantitative, our
finding strongly suggests that TNSALP (W) and TNSALP (A116T) form
heterogeneous complexes and are anchored to the cell membrane via
GPI in patients carrying this particular dominantly transmitted
missense mutation.

Mornet's group has reported that dominant negative effects of
TNSALP mutant proteins on the wild-type enzyme vary from one
mutation to another {5,17]. TNSALP (D378V) and TNSALP (G63V)
inhibit the enzyme activity far more strongly than TNSALP (A116T)
does when co-expressed with TNSALP (W) [17]. On the other hand,
TNSALP (G249V) exerts its dominant effect without suppressing the
wild-type enzyme activity. TNSALP (G249V) likely sequesters the
wild-type enzyme at the Golgi, thus blocking its cell surface
appearance when co-expressed with the wild-type [22]. In this
study our results demonstrated that the substitution of alanine with
threonine at position 116 of TNSALP abrogates its tertiary structure.
TNSALP (A116T) exits as a monomeric polypeptide and its randomly
cross-linked aggregates via disulfide bonds. Considering that its
dominant negative effect is weak [17], it is likely that only a small
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Fig. 5. Cell surface appearance of TNSALP (A116T). The cells harboring pTRE2 encoding TNSALP (A116T) were cultured for 14 h in the presence of 0.2 pg/ml of doxycycline and
subjected to cell surface biotinylation or PI-PLC digestion. (A) After being steadily labeled with [35] methjonine/cysteine for 3 h, the cells were washed and incubated with biotin
succinimidylester on ice. The cell lysate was immunoprecipitated using anti-TNSALP antibody. The immune complexes were divided into two equal parts: One part is directly
analyzed by SDS-PAGE under a non-reducing condition/fluorography as total TNSALP, while the other was boiled, diluted and further incubated with streptavidin beads before
analysis (cell surface). Left lane, the same '*C-methylated protein markers as in Fig. 1. An arrowhead indicates the top of the resolving gel. (B) The cells were steadily labeled like in
(A) and further incubated in the absence (—) or presence (-+) of PI-PLC in the DMEM. The cells and media were subjected to immunoprecipitation and then analyzed by SDS-PAGE
under a non-reducing condition/fluorography. Left lane, the same '*C-methylated protein markers as in Fig. 1. An arrowhead indicates the top of the resolving gel.

portion of newly synthesized TNSALP (W) may be associated with
TNSALP (A116T) and entrapped in the aggregate when co-expressed,
while the rest of the TNSALP (W) is able to assemble into the native

His-tag W W W W W W

FLAG-tag W AT16T

Anti-TNSALP

Ni-NTA Ni-NTA/ Anti-FLAG
Fig. 6. Interaction between TNSALP (W) and TNSALP (A116T). COS-1 cells were
transfected with cDNAs coding TNSALP (W)-his and TNSALP (W)-flag (lanes 1,3 and 5)
or TNSALP (W)-his and TNSALP (A116T)-flag (lanes 2, 4 and 6). The cells were labeled
with [**S] methionine/cysteine for 8 h. Each culture medium was collected and divided
into three equal portions and was adsorbed with anti-TNSALP antibody (lanes 1 and 2),
Ni-chelate beads (lanes 3 and 4) or Ni-chelate beads and subsequently with anti-flag
antibody (lanes 5 and 6). Left lane, the same '*C-methylated protein markers as in
Fig. 1. An arrowhead indicates the top of the resolving gel.

homodimeric structure with a full enzyme activity. This result, along
with others, leads to a speculation that molecular mechanisms
whereby mild hypophosphatasia exerts its dominant negative effects
are highly variable.

Contrast to mild one with phenotypes of such as premature loss of
deciduous teeth and pseudo-fracture, severe hypophosphatasia
develops rickets or osteomalacia and sometimes hypercalcemia and
vitamin Bg-dependent seizures [2-4]. The causative mutations for
severe forms are transmitted in a recessive trait and also found to
affect the TNSALP molecule to varying degrees, resulting in a complete
loss or marked reduction of the catalytic function. Residual activities
of these TNSALP mutants even exhibit different catalytic properties
compared with the wild-type enzyme [6]. In addition, some TNSALP
mutants showed folding and trafficking defects [7-12,20,23]. These
broad effects of the mutations on the TNSALP molecule contribute the
remarkably variable expressivity of this inborn error of metabolism.
Obviously, more works will be necessary to be done until we will get a
whole picture of molecular basis of hypophosphatasia.

There is no established medical treatment for hypophosphatasia.
However, several attempts have recently been made to aim at
developing the cure for this rare disease [24-26]. Especially, an
enzyme replacement therapy using a soluble human recombinant
TNSALP with a bone-targeted deca-aspartate motif is promising [24]
and clinical trials are underway in Canada and the United States.
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Circulating Levels of Soluble a-Klotho Are Markedly
Elevated in Human Umbilical Cord Blood
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Context: Fetal serum levels of calcium and phosphate are higher than those in the maternal levels.
Although a-Klotho is known to participate in calcium and phosphate metabolism in adults, its role
in the perinatal period remains unknown.

Objective: This study aimed to determine the baseline levels of soluble a-Klotho in fetuses and
compare them with those in neonates, mothers, and adults to clarify whether a-Klotho is involved
in the fetal-specific regulation of calcium and phosphate metabolism.

Design and Setting: We conducted a cross-sectional evaluation of healthy babies (at birth and/or
at 4 d after birth), their mothers, and adult volunteers at one hospital.

Participants: Twenty-one healthy mothers, their babies (23 in total, including two pairs of twins),
and 25 adult volunteers participated in the study.

Main Outcome Measures: We measured the serum levels of soluble a-Klotho and fibroblast growth
factor 23 (FGF23).

Results: In cord blood, the level of a-Klotho was markedly higher (3243 = 1899 pg/ml) than levels
in neonates at d 4 (582 = 90 pg/ml), mothers (768 + 261 pg/ml), and adult volunteers (681 *+ 140
pg/ml} (P < 0.001), whereas the fetal level of FGF23 was lower than levels in the other subjects. The
levels of soluble a-Klotho were negatively correlated with those of FGF23 in cord blood. Immu-
nohistochemistry demonstrated that a-Klotho was predominantly expressed in syncytiotropho-
blasts in normal term placenta.

Conclusion: Levels of soluble a-Klotho are markedly elevated in cord blood and might be useful as a
biomarker for mineral metabolism in the fetus. (J Clin Endocrinol Metab 96: E943-E947, 2011)

etal mineral homeostasis is regulated differently from
F adult homeostasis. The levels of serum calcium and
phosphate in the fetus are higher than the maternal levels
during late gestation. PTH and PTHrP are known to be
involved in calcium homeostasis (1,2). On the other hand,
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the regulatory mechanism of the fetal phosphate level is
poorly understood (3).

The a-Klotho gene encodes a single-pass transmem-
brane protein, which was originally identified as an aging-
related gene (4). In adults, a-Klotho contributes to the

*v.0. and H.A. contributed equally to this work.
Abbreviations: FGF23, Fibroblast growth factor 23; 25-OHD, 25-hydroxyvitamin D; TRPV,
transient receptor potential vanilloid.
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regulation of calcium and phosphate homeostasis. In the
parathyroid, a-Klotho binds to Na*/K*-ATPase to regu-
late PTH secretion and is involved in transepithelial cal-
cium transport (5). a-Klotho is also involved in the acti-
vation of transient receptor potential vanilloid (TRPV) 5
in the kidney (6), indicating its central role in the mainte-
nance of calcium homeostasis. In addition, a-Klotho par-
ticipates in phosphate homeostasis by cooperating with
fibroblast growth factor 23 (FGF23) and the FGF receptor
(7). FGF23 reduces the serum phosphate level both by
suppressing phosphate reabsorption and activating vita-
min D in the proximal tubules (8-10).

Although a-Klotho is predominantly expressed in the
kidney, parathyroid, and choroid plexus, it is also ex-
pressed in other tissues including the placenta (4). Its ex-
pression in the placenta has led us to hypothesize that
a-Klotho might play a role in fetal mineral homeostasis as
well as in postnatal homeostasis.

In addition to the transmembrane form, a-Klotho also
exists in a soluble form. The soluble form, which is pro-
duced by the shedding of the transmembrane protein, is
detectable in serum, cerebrospinal fluid, and urine (6, 11).
Although soluble a-Klotho is considered to be a humoral
factor (12), its regulatory mechanisms and functions are
largely unknown, and it is considered that FGF23 signal-
ing requires the transmembrane form of the protein.

Recently, a sandwich ELISA for soluble a-Klotho has
been established (13). In the present study, we used this
assay to measure the serum levels of soluble a-Klotho in
cord blood at birth and compared them to the levels in
neonates, mothers, and adults. We found that high levels
of soluble a-Klotho are present in cord blood and analyzed
the relationship between those of soluble a-Klotho and
FGF23 in cord blood. To the best of our knowledge, this
is the first report on the measurement of soluble a-Klotho
levels in perinatal blood samples.

Subjects and Methods

Study participants

We recruited healthy pregnant women, their babies, and adult
volunteers and obtained informed consent from all participants
or their legal guardians. The institutional review board of Osaka
University Hospital approved this study. The inclusion criteria
were an unremarkable medical history, physical examination,
and screening laboratory test results for endocrine and metabolic
function. The exclusion criteria were premature or postmature
infant delivery (gestational age under 37 wk and over 42 wk,
respectively), and the neonate being light or heavy for their de-
livery date (birth weight under —1.5 sp and over 1.5 sp,
respectively).

Twenty-one mothers and their babies (n = 23, including two
pairs of twins) were enrolled. For comparison, 25 healthy adult

J Clin Endocrinol Metab, June 2011, 96(6):E943-E£947

volunteers ranging in age from 27 to 48 yr (11 males and 14
females) were also enrolled.

Blood analyses

After the delivery of the neonate, we immediately obtained
cord blood samples from the umbilical vein, before the placenta
was delivered. We also collected blood from the neonates at d 4
after birth in the morning and fasting morning blood from their
mothers and the adult volunteers. The maternal blood was ob-
tained within 24 h of the delivery. The participants were under
no dietary restrictions during the study.

After we had collected the blood samples, we separated the
serum instantly and stored it at —80 C until analysis. We mea-
sured the levels of serum soluble a-Klotho and intact FGF23 in
all samples. The serum soluble a-Klotho levels were measured
using an ELISA kit provided from Kyowa Hakko-Kirin (Tokyo,
Japan) (13). The intra- and interassay coefficients of variation
ranged from 2.7 t0 9.8% (13). The serum levels of intact FGF23
were determined using a commercial sandwich ELISA kit
{Kainos Laboratories, Inc., Tokyo, Japan) (14). Serum calcium,
phosphate, intact PTH, 25-hydroxyvitamin D (25-OHD), albu-
min, and creatinine levels were also measured in the samples
except for those from neonates. We corrected the levels of cal-
cium in the samples displaying hypoalbuminemia (albumin <
4.0 g/dl) as reported previously (15).

Immunohistochemistry

Normal human placenta (gestational age, 38 wk) was ob-
tained from an uncomplicated pregnancy. The specimen was
fixed in 10% neutral buffered formalin, embedded in paraffin,
and cut into 4-um-thick sections. Antigen retrieval was per-
formed using 10 mM citrate buffer (pH 5.9) for 15 min at 98 C.
The sections were stained using anti-a-Klotho antibody (sc-
22218; Santa Cruz Biotechnology, Santa Cruz, CA) and goat
ImmunoCruz Staining System (Santa Cruz Biotechnology). The
slides were counterstained with hematoxylin. Normal goat IgG
was used as a negative control.

Statistical analyses

The results are expressed as the mean * sp. We compared bio-
chemical parameters and soluble a-Klotho and FGF23 levels
among the groups by ANOVA, followed by the Tukey-Kramer
method. The relationship between soluble a-Klotho and FGF23 in
cord blood samples was analyzed using Pearson’s correlation test.

All statistical analyses were conducted using JMP software
version 8.0.1 (SAS Institute Inc., Cary, NC).

Results

Levels of soluble a-Klotho in cord blood are
higher than those in neonates, mothers, and
adults

The biochemical findings are shown in Table 1. Serum
calcium, phosphate, intact PTH, 25-OHD, albumin, and cre-
atinine levels were within the normal range in both the
mother and adult groups (16). As previously reported, serum
calcium and phosphate levels were significantly higher,
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TABLE 1. Biochemical parameters

Cord blood Mother Adult
(n = 23) (n=21) (n = 25)
Calcium (mg/d)® 105+ 0.43 9.44 + 0.34° 9.42 * 0.29°
Phosphate (mg/dl) 4.93 + 0.65 3.66 = 0.59° 3.62 = 0.50°

Intact PTH (pg/ml) 7.11 = 5.22 26.5 + 12.257 36.4 = 9.80°
25-OHD (ng/mi)  8.95 + 3.47 13.3 = 6.459 15.0 = 4.43¢
Albumin (g/dl) 3.53 + 0.38 3.15 + 0.42°¢ 4.60 + 0.27°
Creatinine (mg/dl) 0.49 = 0.09 0.48 = 0.08° 0.69 = 0.10°

Data are expressed as mean =+ sp and were compared among the cord
blood group, mother group, and adult volunteer group using the
ANOVA test.

@ The calcium values were corrected using the following formula in
cases involving hypoalbuminemia (Alb < 4.0 g/dl): corrected calcium
(mg/dl) = measured calcium (mg/dl) + 4 — albumin (g/dl) (15).

b p < 0.0001 vs. cord blood; <P < 0.01 vs. cord blood; ? P < 0.05 vs.
cord blood; € P < 0.0001 vs. adult; f P < 0.01 vs. adult.

whereas serum intact PTH levels were lower in the cord
blood than in the sera of the mother and adult volunteers (3).

The levels of soluble a-Klotho in the cord blood were
markedly higher than those in the other groups (P <
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(0.0001) (Fig. 1A). The mean value for soluble a-Klotho in
the cord blood was 3243 = 1899 pg/ml, whereas those in
the sera of the neonates at d 4, mothers, and adult volun-
teers were 582 * 90, 768 *= 261, and 681 + 140 pg/ml,
respectively. There was no significant difference among
the samples from neonates at d 4, mothers, and adults.

On the other hand, the levels of FGF23 in cord blood were
significantly lower than those in other groups (P < 0.0001,
vs. neonate and adult; P < 0.0005, vs. mother) (Fig. 1B). The
mean value for FGF23 in cord blood was 8.61 = 6.48 pg/ml,
whereas those in the neonates, mothers, and adult volunteers
were 28.4 + 20.5, 26.7 = 15.1, and 34.6 = 7.69 pg/ml,
respectively.

Negative correlation between the levels of soluble

a-Klotho and FGF23 in cord blood samples
Then, using only the cord blood samples (n = 23),
we examined the relationship between the levels of sol-
uble a-Klotho and FGF23. We found that soluble
a-Klotho levels were inversely correlated with FGF23
levels (R* = 0.20; P < 0.05) (Fig. 1C).

A * B Expression of a-Klotho in
<10y | * ! f ok 1 . .
- S— = syncytiotrophoblasts in term
0] %] A placenta
10 80
= 80 - i . . .
E 7 z 70 Immunohistochemical staining dem-
B . g 60+ - g
S607 . 2 5 L : onstrated that a-Klotho was predomi-
. 4 A . .
g 01 & 8 :g_ . i . ne%ntly expressed in syn.cynotrophoblasts
3 50 - ;I £ 204 * i | ¥ with some expression in endothelium of
o] e e I 13 [ ¥ fetal vessels and connective tissue of villi
CordBlood Day4 CordBlood Day4 Fig. 1D).
O " Mother  Adult SO T Mother  Adult 8
Baby (n=23) (n=21) (=25 Baby (n=23) (n=21) (@=285)
C D
9.5 Discussion
9 = L]
205 : In the current study, we found that the
R . Is of soluble a-Klotho in cord vei
RPN e T levels of soluble a-Klotho in cord vein
S blood that inflow to fetus after the ex-
s . * = . .
I . e change of gas and nutrients in the pla-
6.5 centa were markedly higher than those
6 — in neonates, mothers, and adults (Fig.
6 5 w0 15 20 25 30 1A). Immunohistochemical staining of
FGF23 (pg/ml)

FIG. 1. A and B, Comparison of serum soluble a-Klotho (A) and FGF23

control.

(B) levels among the
cord blood, neonate at d 4, mother, and adult volunteer groups by ANOVA. *, P < 0.0001;
** P < 0.0005. Closed circles, triangles, squares, and open circles denote the values for the
cord blood, neonate, mother, and adult volunteer groups, respectively. The long and short
bars represent the mean and sp, respectively. C, Correlation of serum levels of a-Klotho with
FGF23 in cord blood samples according to Pearson’s correlation test. a-Klotho was log-
transformed to reduce skewness. R? = 0.20; P < 0.05. D, Representative image of normal
human term placenta stained with antibody against a-Klotho. e-Klotho was predominantly
expressed in syncytiotrophoblasts (arrowheads). Normal goat IgG was used as a negative

the placenta revealed that syncytiotro-
phoblasts that originate from fetus pre-
dominantly expressed a-Klotho (Fig.
1D). Although we cannot exclude the
possibility that other fetal tissues also
contribute, it is likely that the syncy-
tiotrophoblast is one of the major
sources of the soluble a-Klotho circu-
lating abundantly in the fetus. The
lower level of soluble a-Klotho in neo-
nates at d 4 compared with that in cord
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blood supports the idea that the protein is derived from the
placenta.

In contrast to the high levels of soluble a-Klotho, the
levels of FGF23 in cord blood were lower than those in the
other samples. This result was consistent with the findings
of a previous report (17). Considering a report demon-
strating that FGF23 expression in fetal rat bones was
much lower than that in young adult rat bones (18), the
low levels of FGF23 in cord blood might be due to the low
expression of FGF23 in fetal tissues. In addition, it may
suggest that the FGF23 in the mother’s blood is not trans-
ferred to the fetus through the placenta.

We found a negative correlation between soluble
a-Klotho and FGF23 levels in the cord blood samples.
This result was also compatible with the data reported by
Yamazaki et al. (13) in which samples from healthy chil-
dren and adult volunteers were analyzed. Although the
precise mechanism is unknown, the high level of soluble
a-Klotho circulating in the fetus may contribute to the low
level of intact FGF23 in cord blood.

We also performed multiple regression analysis and
found that soluble a-Klotho was one of the determinants
of the levels of phosphate (Supplemental Table 1, pub-
lished on The Endocrine Society’s Journals Online web site
at http://jcem.endojournals.org). Serum calcium level also
might be associated with that of a-Klotho, although the P
value was 0.07. It has been reported that TRPV6 is in-
volved in maternal-fetal calcium transport in mouse mod-
els (19). Moreover, Lu et al. have recently reported that
a-Klotho activated not only TRPVS but also TRPV6 (20).
Given these results, soluble a-Klotho may contribute to
the establishment of the fetomaternal calcium gradient
also. However, considering the observation that the ab-
sence of a-Klotho in mice leads to hypercalcemia and hy-
perphosphatemia after birth (4), it remains to be deter-
mined whether the high levels of o-Klotho is an
epiphenomenon in response to the higher serum calcium
and phosphate, or is causing some of the biochemical fea-
tures of fetuses. Even so, we can say that the measurement
of soluble a-Klotho in cord blood as a biomarker might be
useful in management of some genetic neonatal conditions
such as hypercalcemia and hypophosphatemia. Measure-
ment of calcium and phosphate during the perinatal pe-
riod in the a-Klotho-deficient mice and generation of syn-
cytiotrophoblast-specific a-Klotho-knockout mice might
provide further insight into the roles of Klotho in fetal
mineral metabolism.

In conclusion, the levels of soluble a-Klotho in cord
blood were markedly high, and syncytiotrophoblasts in
placenta were likely to be one of the major sources. Soluble
a-Klotho in cord blood might be useful as a biomarker for
calcium and phosphate metabolism in fetus.
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Hypophosphatasia now draws more attention of
both clinicians and researchers: A Commentary on
prevelance of c. 1559delT in ALPL, a common
mutation resulting in the perinatal (lethal) form

of hypophosphatasias in Japanese and effects

of the mutation on heterozygous carriers

Keiichi Ozono and Toshimi Michigami

Journal of Human Genetics advance online publication, 10 February 2011; doi:10.1038/jhg.2011.6

ypophosphatsia is a skeletal disease due

to an inborn error of metabolism char-
acterized by deficient activity of the tissue-
nonspecific alkaline phosphatase.l? Alkaline
phosphatase (ALP) is a membrane-bound
metalloenzyme that consists of a group of
isoenzymes encoded by four different gene
loci: tissue-nonspecific, intestinal, placental
and germ-cell ALP. Tissue-nonspecific alka-
line phosphatase is expressed in almost all
cells and three organs, liver, bone and kidney,
have high activity of ALP. Thus, tissue-
nonspecific alkaline phosphatase is also called
ALP liver/bone/kidney (ALPL). The mouse
counter part is called Akp2. Tissue-
nonspecific alkaline phosphatase hydrolyzes
inorganic  pyrophosphate, an inhibitor
of mineralization, and increases the local
concentration of inorganic phosphate. There-
fore, hypomineralization of skeleton and
rachitic change of bone is associated with
hypophosphatasia.

Hypophosphatasia is highly variable in its
clinical expression. On the basis of the age of
manifestation and its severity, hypophospha-
tasia is divided into six subtypes (Table 1).
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The most severe form of hypophosphatasia is
a perinatal form, which is also called a lethal
form. This form presents clinically either
before or in the newborn period. The patients
with this form exhibit severe defect of bone
mineralization including craniotabes, bone
deformity, short stature and narrow chest,
and suffer from respiratory failure (Figure 1).
However, some patients of this form can
survive because of advances in neonatology.?
Recently, non-lethal benign form of perinatal
hypophosphatasia has been recognized,
which is associated with no apparent defects
of mineralization.*® An infantile form is
characterized by infantile onset and often
associated with poor weight gain, hypercalce-
mia and respiratory difficulties. This form
shows still rather high mortality. A childhood
form is manifested at the age of 2 or 3 with
premature loss of teeth, rachtic change of
long bones and mild short stature. An adult
form is sometimes associated with pathologic
bone fracture and an odonto types means a
form of only teeth manifestation. Diagnosis
of hypophosphatasia is made on the basis of
the clinical features, skeletal X-ray findings
and low activity of ALP associated with
elevation of its substrate, such as phos-
phoethanolamine, inorganic pyrophosphate
and pyridoxal-5"-phosphate. 'We described
diagnostic criteria of hypophosphatasia pro-
posed by the Japanese Hypophosphatasia
Study Group at http://www.bone.med.osaka-
u.ac.jp/english/b5/.

Hypophosphatasia is usually inherited in
an autosomal recessive manner, but can be
expressed in an autosomal dominant manner
in milder forms.® The ALPL gene is located
on the short arm of chromosome 1 (1p36.1-
p34), and contains 12 exons. The product
consists of 507 amino acids including resi-
dues of the signal peptide. Hypophosphatasia
is caused by various mutations in the ALPL
gene. Currently, more than 200 mutations of
the ALPL gene in patients with hypopho-
sphatasia have been registered in the ALPL
gene mutations database (http://www.sesep.
uvsq.fr/Database.html). Most  mutations
described to date are missense mutations
(80%), and the remainder was several dele-
tion and insertion mutations of one to four
nucleotides. Large deletions of the gene are
rare (1.3%). Correlations of genotype and
phenotype have been reported on the basis
of clinical data of the patients with hypopho-
sphatasia, enzymatic activity and computer-
assisted modeling.?

We previously reported that the most and
the second-most frequent mutations in Japa-
nese patients are T1559del and F310L, respec-
tively.> These mutations are renamed to
c.1559delT and p.F327 L, respectively, based
on the recent standardized nomenclature.
Interestingly, both mutations are unique to
Japanese. The common mutations, ¢.1559delT
and p.F327 L, are associated with lethal and
the perinatal non-lethal forms of hypopho-
sphatasia, respectively. This is an example of
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Table 1 Subtypes of hypophosphatasia and features

Subtypes Onset

Features

Perinatal lethal
Perinatal non-lethal

Fetus, neonate
Fetus, neonate

Infantile Infant

Childhood Child, especially toddlers
Adult Adulthood

Odonto Not indicated

Respiratory failure, severe mineralization defect, convulsion
Bone deformity

Failure to thrive, hypercalcemia

Premature loss of teeth, rickets-like changes

Fragile bone

Teeth involvement only

Figure 1 X-ray of legs of a neonate of hypophosphatasia. Severe rachitic changes of metaphysis of long
bones are characteristic to hypophosphatasia. Bone deformity is also recognized.

the genotype-phenotype relationship, consis-
tent with the enzymatic activity of the mutant
ALP proteins; ¢.1559delT caused a complete
loss of activity, whereas p.F327 L retains some
residual activities. Therefore, genotyping
patients with hypophosphatasia may help to
predict their prognosis. In Europe, the E174K
(renamed to p.E191K) mutation is reported
to be frequent with a frequency of 31% in
patients with mild hypophosphatasia.” As the
E174K is associated with the same rare hap-
lotype, the E174K mutation is surmised to be
an ancestral mutation. However, the allele
frequency of the E174K mutation is not
investigated in normal population. In this
issue of the journal, Watanabe et al.® reported
prevelance of ¢. 1559delT in ALPL, a common
mutation resulting in the perinatal (lethal)
form of hypophosphatasias in Japanese.
According to the article, the frequency is
one per 480 (1/480), resulting in 1/920000
homozygotes, because de nove mutation
seems extremely rare. The frequency indicates

more than one patient with this homozygous
mutation is born per year in Japan, which has
~ 1100000 newborns per year. In our experi-
ence of examination of mutation in the ALPL
gene in 42 patients with hypophosphatasia,
homozygous mutation of ¢.1559delT was
found in 17% patients. Thus, around seven
patients with hypophosphatasia per year may
be born in Japan based on the small number
of examination. The carrier frequency for the
mutant allele is estimated to be 1/25 in the
Manitoba Mennonite community in Canada,
which has the highest incidence rate for
severe form of hypophosphatasia.®

There is no established medical treatment
to cure hypophosphatasia, but there are some
specific treatments for complications of
hypophosphatasia.! In severe form of hypo-
phosphasia, patients often suffer from intract-
able convulsions. This complication was also
reported in akp2~'~ mice.!® The convulsion
can be controlled by administration of vita-
min B6 because abnormal metabolism of

Journal of Human Genetics

vitamin B6 leading to the deficient y-amino-
butyric acid in brain is observed in akp2~/~
mice. In an infantile form of hypophospha-
tasia, patients tend to have hypercalcemia
because of low bone formation. Low cal-
cium-containing milk is recommended for
hypercalcemia. Recently, treatment with para-
thyroid hormone 1-34, teriparatide, has been
reported to improve bone formation,
although its effect is still controversial.!l12
Bone marrow transplantation has been
reported to treat several patients with hypo-
phosphatasia.'> However, a method must be
developed that improves the survival of
donor mesenchymal cells in patients. Like-
wise, other congenital enzyme defect disor-
ders, such as Hurler or Hunter disease,
recombinant enzyme replacement therapy is
being attempted in hypophosphatasia.
Recombinant bone-targeted ALP therapy
is effective in terms of mineralization and
life-span in akp2~/~ mice.!* The therapy is
now on clinical trial and expected to be
available in near future.
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Disturbed endochondral ossification in
X-linked hypophosphatemia (XLLH) indicates an
involvement of phosphate (Pi) in chondrogenesis.
We studied the role of the sodium-dependent Pi
co-transporters  (NPT), which are a
widely-recognized regulator of cellular Pi
homeostasis, and its downstream events in
chondrogenesis using Hyp mice, the murine
homologue of human XLH. Hyp mice showed
reduced apoptosis and mineralization in
hypertrophic cartilage. Hyp chondrocytes in
culture displayed decreased apoptosis and
mineralization compared with wild-type (WT)
chondrocytes, while glycosaminoglycan synthesis,
an early event in chondrogenesis, was not altered.
Expression of the type II NPT Pir-I and Pi
uptake were diminished and intracellular ATP
levels were also reduced in parallel with
decreased caspase-9 and caspase-3 activity in
Hyp chondrocytes. The competitive NPT
inhibitor phosphonoformic acid (PFA) and ATP
synthesis inhibitor 3-bromopyruvate (3-BrPA)
disturbed endochondral ossification  with
reduced apoptosis in vivo and suppressed
apoptosis and mineralization in conjunction with
reduced Pi uptake and ATP synthesis in WT
chondrocytes. Overexpression of Pit-1 in Hyp
chondrocytes reversed Pi uptake and ATP
synthesis and restored apoptosis and
mineralization. Our results suggest that cellular
ATP synthesis consequent to Pi uptake via Pit-1
plays an important role in chondrocyte apoptosis
and mineralization and that chondrogenesis is
ATP-dependent.

Endochondral ossification is critical to the
development and growth of mammalians. The
process begins with condensation of
undifferentiated mesenchymal cells and these cells

differentiate into proliferating chondrocytes which
express type II, type IX, type XI collagen and
sulfated  glycosaminoglycans  (GAG) ().
Proliferating chondrocytes further differentiate into
hypertrophic chondrocytes expressing type X
collagen, undergo apoptosis, mineralize and
ultimately replaced by bone. Disturbance of the
endochondral ossification leads to a variety of
skeletal disorders.

The genetic disease X-linked hypophosphatemia
(XLH) is the most common form of inherited
rickets in humans and is related to the dominant
disorder of phosphate (Pi) homeostasis (2). XLH is
shown to be caused by inactive mutations of the
PHEX gene and characterized by
hypophosphatemia secondary to renal Pi wasting,
growth retardation due to disturbed endochondral
ossification, osteomalacia resulting from reduced
mineralization and abnormally-regulated vitamin D
metabolism (3). Hyp mice also display similar
biochemical and phenotypic abnormalities with
human XLH including  hypophosphatemia,
osteomalacia and skeletal abnormalities. Hyp mice

thus are a mouse homologue of the human XLH (4).

Previous studies reported that Hyp mice exhibited
disorganized hypertrophic cartilage with reduced
apoptotic chondrocytes and hypomineralization (5).
We have previously reported that osteoclast number
was decreased in Hyp mice compared with
wild-type (WT) mice and high-Pi diet partially
restored this, showing that Pi influences
osteoclastogenesis and suggesting this Pi effect on
osteoclastogenesis may be associated with the
pathogenesis of abnormal skeletogenesis in Hyp
mice (6). However, it remains unclear whether
disturbed Pi homeostasis influences endochondral
ossification leading to abnormal skeletogenesis in
Hyp mice. In this context, it is noted that
intracellular Pi levels decrease and extracellular Pi
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levels prominently increase from the proliferating
to the hypertrophic zone during chondrogenesis
(7-10), suggesting that cellular Pi levels are
associated with chondrocyte differentiation.

Cellular Pi levels are controlled by the
sodium-dependent Pi co-transporters (NPT) (11).
Previous studies reported that the type III NPT
(Pit-1) was expressed in hypertrophic chondrocytes
during endochondral ossification in mice (12) and
that the expression of the type Ila NPT (Npt2a) and
Pit-1 was also detected in chick chondrocytes (13).
Moreover, it has been demonstrated that Pi
modulates chondrocyte differentiation (14-19) and
apoptosis (13,20).

Based on these earlier results, we hypothesized
that the NPT/Pi system plays a critical role in the
regulation of chondrocyte differentiation. We found
that Pir-/ expression in chondrocytes is decreased
in Hyp mice compared to WT mice and that Piz-1
regulates  apoptosis and  mineralization in
chondrocytes through modulating intracellular ATP
synthesis and apoptotic signaling activity. On the
other hand, Hyp chondrocytes showed no changes
in GAG synthesis, which is an early event in
chondrogenesis. Our findings suggest that ATP
synthesis mediated by Pi influx via Piz-1 is critical
in the regulation of late chondrogenesis including
apoptosis and mineralization and that the
differentiation of cartilage is an ATP-dependent
event.

EXPERIMENTAL PROCEDURES

Animals - All mice used were of the C57BL/6J
strain. Normal mice were purchased from
Nihon-Dobutsu Inc. (Osaka, Japan). Hyp mice were
initially obtained from The Jackson Laboratory (Bar
Harbor, ME), and were produced by cross-mating
homozygous Hyp females (Hyp/Hyp) to
hemizygous Hyp males (Hyp/Y). All animal
experiments were performed according to the
guideline of the Institutional Animal Care and Use
Committee of Osaka University Graduate School of
Dentistry.

Isolation and culture of mouse growth plate
chondrocytes - Growth plate chondrocytes were
isolated from the ribs of 4-week-old normal and
Hyp mice by sequential digestion with 0.2% trypsin
(Invitrogen, Carlsbad, CA) for 30 minutes and 0.2%
collagenase (Wako Pure Chemical Industries Ltd.
Osaka, Japan) for 3 hours as previously report (21).
Isolated cells were plated onto 100-mm tissue
culture dishes at a density of 1x10° cells in
o-minimum essential medium (o-MEM: Sigma, St.
Louis, MO) supplemented with 10% FCS (Valley
Biomedical Inc., Winchester, VA), 2 mmol/L

L-glutamine and 0.1 mg/mL kanamycin. Two days
later, to induce chondrogenesis and cartilage nodule
formation, cells were plated at 3x10° cells/well onto
24-well plates or at 5x10* cells/well on 96-well
plates coated with type I collagen (Nitta Gelatin Inc
Osaka, Japan) and cultured in the differentiation
medium consisting of Dulbecco’s modified Eagle
medium (DMEM: Sigma) supplemented with 10%
FCS, 50 ug/mL ascorbic acid and 100 ng/mL
recombinant human bone morphogenetic protein-2
(rthBMP-2, Astellas Pharma Inc. Tokyo, Japan) for 7
days. From day 5 to day 7, to promote matrix
mineralization, 5 mM B-glycerophosphate was
added to the differentiation medium.

2

Reverse transcription-polymerase chain reaction
(RT-PCR) and real-time PCR - Total RNA from
chondrocytes was prepared using RNeasy kit
(QIAGEN Inc., Valencia, CA) and
reverse-transcribed with SuperScript II reverse
transcriptase (Invitrogen). The primer sequences for
mouse Nptl, mouse Npt2a, GAPDH and B-actin are
available on request. PCR assays were performed
using Taq DNA Polymerase (New England Biolabs
Inc., Ipswich, MA) and dNTP Mix (Promega Corp.
Madison, WI). Real-time PCR assays were
performed using a  LightCycler  system
(Roche Diagnostics) according to the
manufacturer’s instructions. Each reaction was
carried out with QTAGEN QuantiTect SYBR Green
PCR Master Mix. The expression levels of mRNA
are indicated as the relative expression normalized
by GAPDH. The primer sequences are available on
request. Each procedure was repeated at least four
times to assess reproducibility.

Measurement of Na-dependent Pi uptake - Assay
for Na-dependent Pi uptake by growth plate
chondrocytes was performed essentially as
described (22). Briefly, confluent cells cultured in
24 well Costar microtiter dishes were incubated in 2
ml of uptake solution (150 mmol/L NaCl, 1.0
mmol/L CaCl,, 1.8 mmol/L MgSO,, 10 mmol/L
HEPES, pH 7.4) at 37°C for 5 min. Transport was
then initiated by replacing the uptake solution with
fresh uptake solution (2 ml), supplemented with 0.1
mmol/L. KH,PO,, and containing 3 pCi/mL of
KH,"”PO, (MP Biomedicals Inc, Irvine, CA). Cells
were then incubated for 5 min at 37°C, and the
reaction was stopped by the addition of ice-cold
uptake solution supplemented with 150 mmol/L
choline chloride substitution for NaCl. The same
solution was then used to wash the cells three times
(2 ml per wash), dissolved in 0.2 N NaOH, and the
P activity was counted on a scintillation counter.
As a control, Na-independent Pi transport was
measured in the same way, except that NaCl was
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replaced by choline chloride in the uptake solution.
Data were expressed as nanomoles of Pi per
milligram of cellular protein per 5 min and
Na-dependent Pi transport was calculated by
subtracting Na-independent Pi transport from total
Pi transport.

Alcian blue staining - Cell layers in 24-well plates
were fixed with 3.7% formaldehyde for 10 minutes
and with 70% ethanol for 5 minutes at room
temperature. After fixation, cells were incubated
with 5% acetic acid (pH 1.0 adjusted with HCI) for
5 minutes and stained with 1% alcian blue dye
(Wako Pure Chemical Industries Ltd.) in 5% acetic
acid for 10 minutes. The alcian blue staining was
quantified using an NIH Image 1.63 software.

Alizarin red staining - Cell layers in 24-well plates
were fixed with 3.7% formaldehyde for 10 minutes
and with 95% ethanol for 10 minutes at room
temperature. After fixation, mineralized nodules
were stained with 1% alizarin red-S (Wako Pure
Chemical Industries Ltd.) at pH 6.4 for 10 minutes
at room temperature. The stained samples were
washed three times with water and then air dried.
The alizarin red staining was quantified using an
NIH Image 1.63 software.

Treatment with NPT inhibitor - In vitro:
Chondrocytes were treated with phosphonoformic
acid (PFA or foscarnet, Sigma), which is a
competitive inhibitor of NPT (23), at concentrations
of 10°M to 10° M in the differentiation medium
from day 1 to day 7. In vivo: Mice received PFA as
described (24). PFA injection (ip, 1,000 mg/kg body
weight) was started at 21-day-old and daily injected
for 10 days into C57BL/6J mice. Histological
analysis was performed at 31-day-old. Control mice
received vehicle PBS.

Knockdown of Npt2a and Pit-1 by siRNA -
Chondrocytes were seeded at a density of 5x10°
cells in 100-mm tissue culture dishes in a-MEM
supplemented with 10% FCS and 2 mmol/L
L-glutamine. The sequences of Stealth RNAi
duplex oligoribonucleotides for mouse Npr2a and
mouse  Pir-I are available on  request.
Npt2a-targeted, Pit-I-targeted, or negative control
(medium GC, siNEGATIVE, Invitrogen) Stealth
RNAI duplex oligoribonucleotides was added to 1
mL serum-free Opti-MEM I Reduced-Serum
Medium (Invitrogen) in a final concentration of 24
nM respectively. In a separate tube 20 uL
Lipofectamine RNAIMAX (Invitrogen) were
diluted in 1 mL serum-free Opti-MEM I
Reduced-Serum Medium. After adding the siRNA

solution to the Lipofectamine solution, the final
transfection mixture was incubated for 20 min at
room temperature. This transfection mixture was
applied to the cells. After 48 hours, RNA extraction
was performed for RT-PCR and transfected
chondrocytes were plated onto 24-well plates or
96-well  plates to determine  Pi-transport,
intracellular ATP levels, caspase activity and
apoptosis.

Pit-1 overexpression - The ¢cDNA was subcloned
into the 5°-Xhol-BamHI-3’ site of pcDNA3.1/Zeo
(Invitrogen). Cells were transfected using
FuGENE™-6 (Roche Diagnostics Inc) according to
the manufacturer's protocol. After 48 hours of
transfection, RNA extraction was performed for
RT-PCR or transfected chondrocytes were re-plated
onto 24-well plates or 96-well plates to determine
Pi-transport, intracellular ATP levels, caspase
activity and apoptosis. The cDNA for mouse Pit-1
in the plasmid pBluescript was a generous gift of Dr.
Kenichi Miyamoto (University of Tokushima
Graduate School, Tokushima, Japan).

Histology and TUNEL staining - Tibiae were
harvested, washed with PBS, fixed with 4%
paraformaldehyde in 0.1 M phosphate buffer (pH
7.4) overnight, decalcified in 4.13% EDTA at room
temperature for 2 weeks, and embedded in paraffin.
Four-micrometer-thick sections were made and
stained with hematoxylin and eosin. Apoptotic cells
were identified by using the DeadEnd Fluorometric
TUNEL System (Promega Corp.). After treatment
with 10 mg/mL proteinase K for 10 min at room
temperature, sections were incubated with rTdT
incubation buffer for 1 hour at 37°C, rinsed,
counterstained with 1 pg/mL
4’,6-Diamidino-2-phenylindole ~ (DAPI,  Vector
Laboratories, Ltd., Burlingame, CA) and mounted
with  Fluoromount-G (Southern Biotechnology
Associates Inc, Birmingham, AL). The green
TUNEL emission was analyzed under fluorescein
filter set to view the green fluorescence of
fluorescein at 520 nm and blue DAPI at 460 nm.

Measurement of apoptotic cell death - DNA
fragmentation was measured using Cell Death
Detection ELISA PLUS kit (Roche Diagnostics Inc),
which detects the cytoplasmic histone-associated
DNA fragments (mono- and oligonucleosomes) by
photometric enzyme-immunoassay. Briefly, after
differentiation of chondrocytes in 96-well plates,
cell lysates were used for ELISA procedure,
following the manufacture’s protocol. DNA
fragmentation was quantified at 405 nm. Results
were normalized to cellular protein concentration.
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Measurement of caspase-9 and caspase-3 activity -
Activity of caspase-3 and caspase-9 was measured
using the Caspase-Glo 3/7 Assay kit (Promega) and
the Caspase-Glo 9 Assay kit (Promega) according
to the manufacturer’s instructions. Chondrocytes
were cultured at a density of 5 x 10* cells/well for 5
days in 96-well plates in the differentiation medium
and processed for caspase-9 and caspase-3 activity
assays. The luminescence was measured using a
luminometer (TD-20/20, Tuner Designs, Sunnyvale,
CA). Results were normalized to cellular protein
concentration.

Measurement of intracellular ATP levels -
Intracellular ATP levels were measured by using
ATP Assay kit (Calbiochem, Darmstadt, Germany).
This assay utilizes luciferase to catalyze the
formation of light from ATP and luciferin.
Luminescence was measured using a TD-20/20
luminometer. Chondrocytes were cultured at a
density of 5 x 10* cells/well for 24 hours in 24-well
plates and processed for ATP bioluminescence
assays. Results were normalized to cellular protein
concentration.

Treatment with ATP synthesis inhibitor - In vitro:
3-bromopyruvate (3-BrPA, Sigma), a strong
alkylating agent that abolishes cell ATP production
via the inhibition of both glycolysis and oxidative
phosphorylation (25-27), was added at 10° M~107
M in the differentiation medium from day 1 to day
7. In vivo: 3-BrPA (20 pg/kg of body weight) was
intraperitoneal injected daily for 10 days into
C57BL/6]J mice. Control mice received vehicle
PBS.

Statistical Analysis - Data were presented as mean
+/- SEM. Raw data were analyzed by
Mann-Whitney’s U test or one-way analysis of
variance followed by a post hoc test (Fisher’s
projected least significant difference) (StatView,
SAS Institute Inc., Cary, NC) with a significance
level of p < 0.05.

RESULTS

Reduced apoptosis and mineralization in growth
plate cartilage in Hyp mice - It has been reported
that apoptosis is a prerequisite to mineralization of
chondrocytes (28). Previous studies including ours
have reported that the growth plate cartilage in Hyp
mice is hypomineralized (5,6). We, therefore,
examined apoptosis in the growth plate cartilage in
Hyp mice compared to WT mice. Histological
examination revealed that hypertrophic cartilage
was elongated and disorganized in Hyp mice
(Figure 1 A, left). In conjunction with this, TUNEL

staining  showed  decreased apoptosis in
hypertrophic cartilage in Hyp mice (Figure 1A,
right and Figure 1B). Consistent with these in vivo
results, chondrocytes isolated from Hyp mice (Hyp
chondrocytes) in culture showed decreased
apoptosis assessed by DNA fragmentation using a
commercially-available ELISA kit (Figure 1C) and
mineralization determined by alizarin red staining
(Figure 1D, bottom). Quantification of alizarin red
staining was shown in Figure 1F. However, GAG
synthesis that takes place at an early stage of
chondrogenesis was not altered in Hyp
chondrocytes as determined by alcian blue staining
(Figure 1D, top) Alcian blue staining was quantified
in Figure 1E.

Cellular events involved in reduced apoptosis in
Hyp chondrocytes - Since activation of caspase-9
and caspase-3 is an important step that leads to
apoptosis, the activity of caspase-9 and caspase-3
was next determined in WT and Hyp chondrocytes
in culture. The activity of caspase-9 (Figure 2A)
and caspase-3 (Figure 2B) was significantly
decreased in Hyp chondrocytes. Adenosine
triphosphate (ATP) has been reported to be critical

in the activation of caspase-9 and caspase-3 (29, 30).

Accordingly, we determined intracellular ATP
levels in WT and Hyp chondrocytes and found that
intracellular ATP levels in Hyp chondrocytes were
significantly —reduced compared with WT
chondrocytes (Figure 2C). Collectively, these
results suggest that decreased ATP levels impaired
caspase signals and following apoptosis in Hyp
chondrocytes.

Disturbed Pi homeostasis in Hyp chondrocytes - It
has been described that Pi (polyphosphate) is a
source of ATP (31). Accordingly, we next examined
whether Pi uptake was changed in Hyp
chondrocytes. As expected, we found that Pi uptake
was significantly less in Hyp chondrocytes than WT
chondrocytes (Figure 3A). Since cellular Pi uptake
is under the control of NPT (11), NPT expression in
Hyp chondrocytes was subsequently determined.
RT-PCR showed that the type III NPT Pit-I
expression was decreased in Hyp chondrocytes
(Figure 3B) and real-time PCR demonstrated Pit-1
expression was reduced at early stages of
chondrocyte culture (Figure 3C). Consistent with
our results, previous studies also reported that
an increase in Pit-1 expression at early stage
was associated with late chondrocyte
differentiation (16, 18). On the other hand, there
was no difference in the type II Npt2a expression
between WT and Hyp chondrocyte (Figure 3B and
Figure 3D). The type I Nptl expression was not
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