detected in WT and Hyp chondrocytes (Figure 3B).
These results suggest that Pi uptake via Pit-1 is

specifically involved in the regulation of
chondrogenesis including apoptosis and
mineralization.

Suppression of chondrocyte differentiation by NPT
inhibitor - To verify whether a decrease in Pi uptake
due to reduced Pit-1 expression is responsible for a
reduction in ATP levels in Hyp chondrocytes, we
determined the effects of phosphonoformic acid
(PFA or foscarnet), which is a competitive inhibitor
of Pi uptake via NPT (23), on intracellular ATP
levels. PFA (10°-10° M) reduced Pi-uptake in
chondrocytes in a dose-dependent manner (data not
shown). PFA (10° M) profoundly reduced
intracellular ATP levels (Figure 4A). Of note, PFA
treatment caused disorganization of growth plate
cartilage (Figure 4B, left) and significantly
decreased the number of TUNEL-positive
chondrocytes in the hypertrophic cartilage (Figure
4B, right and Figure 4C) in a similar manner to
those seen in Hyp mice. Consistent with these in
vivo results, PFA markedly inhibited mineralization
of chondrocytes in a dose-dependent manner
(Figure 4D, bottom and 4E), while GAG synthesis
was not affected by PFA treatment (Figure 4D, top).
Furthermore, PFA also inhibited caspase-9 (Figure
4F) and caspase-3 activity (Figure 4G). We

determined serum Pi levels in PFA-treated mice.

There was a trend of decreased serum Pi levels
in PFA-treated mice but it was not significantly
different (Figure 4H). The results are consistent
with the notion that Pi uptake via Pir-1 is closely
associated with late chondrogenesis including
apoptosis and mineralization through reducing ATP
synthesis. These results also suggest an
important role for intracellular Pi over
extracellular Pi in the regulation of apoptosis
and ATP synthesis in chondrocytes.

Suppression of chondrocyte differentiation by NPT
SiRNA - To further and more specifically verify the
role of Pit-1 on chondrocyte differentiation, we
performed knock-down experiments using small
interfering RNA (siRNA) for Pit-1. As control,
Npt2a was also knocked-down. siPit-1 and siNpt2a
profoundly reduced Pit-1 and Npt2a mRNA levels
in WT chondrocytes, respectively (Figure 5A).
Pit-1 knock-down by siPit-1 significantly decreased
Pi-uptake (Figure 5B), intracellular ATP levels
(Figure 5C), caspase-9 (Figure 5D) and caspase-3
activity (Figure 5E). In parallel with these,
apoptosis (Figure 5F) and mineralization (Figure
5G and 5H) were also suppressed. In contrast,
knock-down of Npt2a by siNpt2a had no effects on

apoptosis  and  mineralization and  other
determinations (Figure 5B, 5C, 5D, 5E, 5F, 5G, and
SH). These data suggest that Pit-I specifically
controls Pi uptake and following cascades of
ATP-dependent caspase signaling, apoptosis and
mineralization in chondrocytes.

Recovery of differentiation in Hyp chondrocytes by
Pit-1 overexpression - As an alternative approach to
confirm a critical role of Pit-/ in apoptosis and
mineralization in chondrocytes, we next examined
the effects of Pit-1 overexpression on Hyp
chondrocytes. Pit-1 overexpression significantly
increased Pi uptake (Figure 6A) and intracellular
ATP levels (Figure 6B) in Hyp chondrocytes.
Furthermore, Pit-1 overexpression also stimulated
caspase-9 (Figure 6C) and caspase-3 activity
(Figure 6D), apoptosis (Figure 6E) and
mineralization (Figure 6F and 6G). WT
chondrocytes also showed significantly increased Pi
uptake (Figure 6A), intracellular ATP levels (Figure
6B), caspase-9 (Figure 6C) and caspase-3 activity
(Figure 6D), apoptosis (Figure 6E) and
mineralization (Figure 6F and 6G) by Pit-1
overexpression. These results further suggest that
Pit-1 is critical in the regulation of Pi uptake and
following cascades of ATP-dependent caspase
signaling, apoptosis and mineralization in
chondrocytes.

Suppression of chondrocyte differentiation by ATP
synthesis inhibitor - To further examine the role of
intracellular ATP in chondrocyte differentiation, we
studied the effects of the ATP synthesis inhibitor
3-bromopyruvate  (3-BrPA).  3-BrPA  (10°M)
significantly reduced intracellular ATP levels in WT
chondrocytes in culture (data not shown).
Caspase-9 (Figure 7A) and caspase-3 activity
(Figure 7B) were also significantly decreased in
3-BrPA-treated chondrocytes. More importantly,
3-BrPA treatment significantly decreased the
number of TUNEL-positive chondrocytes in the
hypertrophic zone in mice (Figure 7C and Figure
7D). 3-BrPA inhibited chondrocyte mineralization
in a dose-dependent manner (Figure 7E and 7F).
However, GAG synthesis was not affected by
3-BrPA (Figure 7E). The serum Pi levels in
3-BrPA-treated mice were not significantly
different from control mice (Figure 7G),
suggesting an important role for intracellular Pi
over extracellular Pi. These results suggest that
ATP synthesis is important for chondrocytes to
undergo apoptosis via caspase signaling and
advance to mineralization.
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DISCUSSION

In the present study, we explored the role of Pi/NPT
system in chondrogenesis using Hyp mice
compared with WT mice. We found that Hyp mice
exhibited a widened and disorganized hypertrophic
zone with reduced chondrocyte apoptosis compared
with WT mice. In addition, PFA (a competitive
inhibitor of Pit-1) or 3-BrPA (an ATP synthesis
inhibitor) markedly caused elongation and
disorganization of hypertrophic cartilage with
reduced apoptosis in WT mice in a similar manner
to Hyp mice. It is noted that the disorders in the
hypertrophic zone were most severe in Hyp
mice compared with PFA- or 3-BrPA-treated
mice, despite that the number of
TUNEL-positive cells are comparable in these
mice. We postulate that the disorders in Hyp
mice are congenital and irreversible and thus
most severe, whereas the disorders seen in
PFA- and 3-BrPA-treated mice are due to

transient exposure of these agents and
reversible and thus less severe.
Consistent with these in vivo results, Hyp

chondrocytes in culture exhibited decreased activity
of the apoptotic signaling including caspase-9 and
caspase-3 and apoptosis and mineralization
following to reduced Pi uptake and cellular ATP
synthesis. Furthermore, PFA or 3-BrPA diminished
caspase-9 and caspase-3 activity, apoptosis and
mineralization in conjunction with a reduction in Pi
uptake and ATP synthesis in WT chondrocytes. Hyp
primary chondrocytes displayed a decrease in Pit-1
(type III NPT) mRNA expression compared with
WT chondrocytes, while there was no difference in
type Ila NPT mRNA expression between WT and
Hyp chondrocytes. WT and Hyp chondrocytes
expressed no type I NPT mRNA. Meanwhile, GAG
synthesis, which is an early event in chondrogenesis
was not reduced in Hyp chondrocytes and PFA and
3-BrPA or knockdown of Pis-1 failed to decrease
GAG synthesis in WT chondrocytes. Pit-1
overexpression restored apoptosis and
mineralization in Hyp chondrocytes. Taken together,
these results suggest that Pi uptake via Pit-/ and
consequent ATP synthesis are critical in the
regulation of late chondrogenesis including
apoptosis and mineralization. These results also
suggest that the disruption of cellular Pi
homeostasis ~ causes abnormal endochondral
ossification due to a reduction of ATP synthesis in
Hyp mice. In support of our study, Zalutskaya et al
(32) have recently described that Pi activates
mitochondrial apoptotic pathways and promotes
endochondral ossification.

2

ATP synthesis and chondrogenesis - A notable and
novel finding obtained in this study is that 3-BrPA
inhibits apoptosis and mineralization in growth
plate hypertrophic cartilage in vivo and primary
chondrocytes in vitro. 3-BrPA is an alkylating agent
that decreases cellular ATP via inhibition of
hexokinase in glycolysis and is shown to promote
cancer cell death through activation of

mitochondrial pathway of apoptosis or necrosis (33).

Of note, ATP-depleting effect of 3-BrPA is
prominent only in tumor cells but not apparent in
non-transformed cells (34). Hence, it has been
proposed that 3-BrPA could be an anti-cancer agent
for varieties of cancers. In addition to these effects
on cancers, our results show that 3-BrPA inhibits
the differentiation of cartilage, suggesting that ATP
generation is also necessary for non-transformed
chondrocytes  to  differentiate  and  that
chondrogenesis is thus an energy-dependent
biological event.

Decreased Pit-1 expression and Hyp skeletal
phenotype - Decreased Pi-uptake in Hyp
chondrocytes is likely primarily due to reduced
Pit-1 mRNA expression. Type Ila NPT expression
was not diminished in Hyp chondrocytes and type I
NPT was not expressed in chondrocytes. Earlier
reports described that disturbed endochondral
ossification was not rescued by Pi supplementation
in Hyp mice (35-37), suggesting that intrinsic
factors are involved. Miao et al (5) showed that
reduced expression of PHEX and MMP-9 was
associated with cartilage abnormalities in Hyp mice.
Our results suggest that Pit-] is one of these
intrinsic  factors responsible for the abnormal
chondrogenesis seen in Hyp mice as well.

Regulation of Pit-1 expression - The mechanism
underlying down-regulation of Piz-/ expression in
Hyp chondrocytes is unknown. Recent studies have
reported that stanniocalcin 1 (STC1) increases Pit-1
mRNA expression in osteoblasts (38) and STC1 and
STC2 have been shown to regulate Pi-uptake in
chicken chondrocytes (39). STCI stimulates renal
Pi uptake and increases Pit/ expression in
osteoblasts (40), whereas STC2 inhibits the Pit]
expression and renal Pi uptake (38). Thus, STC1
and STC2 have an opposite action in the regulation
of Pit-1 expression. Therefore, it is intriguing to
examine whether STC1 or STC2 is involved in the
Pit-1 expression in chondrocytes. In preliminary
experiments, we determined the expression of Stcl
and Stc2 mRNA in WT and Hyp chondrocytes using
RT-PCR and real-time PCR. The Stc2 mRNA was
expressed in both WT and Hyp chondrocytes at the
same level (data not shown). However, the
expression of Stcl mRNA was decreased in Hyp

010z ‘9 JequiedaQ uo “isjue) noAlinobnosusyoyysog nsing exesQ e 510°0g/ mmm Woly pepeojumoq



chondrocytes compared with WT chondrocytes
(data not shown). These results suggest that STC1
but not STC2 regulates Pit-I expression in
chondrocytes.

Involvement of fibroblast growth factor23 -
Fibroblast growth factor 23 (FGF23) is a hormone
that regulates serum Pi levels (41). FGF23 requires
Klotho for its signaling as the co-receptors in
addition to the canonical FGFRI(Illc) (42, 43).
Mice transgenic for FGF23 displayed a reduction in
Npt2a expression in the renal proximal tubules (44),
indicating that FGF23 is a negative regulator of

osteocytes and cementocytes (45). However, we
were not able to demonstrate FGF23 expression in
primary mouse chondrocytes by RT-PCR. Further
studies are needed to elucidate the relationship
between FGF23 signaling and Pis-/ expression in
cartilage.

In conclusion, we have found in the present study
that chondrogenesis is modulated by cellular Pi
uptake via Pit-1 and cellular ATP synthesis and thus
is a biological event that depends on mitochondrial
energy generation. We believe that these findings
should provide us with a novel concept and

Npt2a expression, raising the possibility that alternative approaches to study the cellular
Klotho-dependent FGF23 signaling regulates Pit-1 differentiation that occurs in physiological
expression in chondrocytes as well. FGF23 conditions and also to analyze the skeletal
expression was predominantly localized in abnormalities seen in congenital hypophosphatemic
osteoblasts, cementoblasts, and odontoblasts, with a disorders such as XLH.
sporadic expression in some chondrocytes,
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FIGURE 1. Apoptosis and related events in Hyp chondrocytes. 4, Histological examination of
chondrocyte apoptosis. Hematoxylin/eosin staining (left) and TUNEL staining (right) were performed using
tibiae of 4-week-old WT and Hyp mice. Hypertrophic zone is marked with dotted line and scale bar indicates
200 um. Representative pictures obtained out of numerous sections of four mice from each group are shown.
B, Number of TUNEL-positive cells in tibial growth plate of WT and Hyp mice. C, Quantitative
determination of chondrocyte apoptosis. Cells were cultured in the differentiation medium in 96-well plates
for 7days. The determination was conducted using the Cell Death Detection ELISA PLUS after

differentiation. Data are shown as apoptotic activity. D, Histochemical staining of WT and Hyp chondrocytes.

Cells were cultured for 7days in the differentiation medium and stained with alcian blue for GAG synthesis
(top) and with alizarin red-S for mineralization (bottom). E, Quantification of alcian blue staining. F,
Quantification of alizarin red staining. Results are expressed as mean +/- SEM of four separate experiments.
*Significantly different from WT chondrocytes (p<0.05).

FIGURE 2. Activity of apoptotic signaling pathways. 4, Caspase-9 activity in WT and Hyp chondrocytes.
B, Caspase-3 activity in WT and Hyp chondrocytes. Activity was measured using the Caspase-Glo 9 and
Caspase-Glo 3/7 assay kit after differentiation. C, Intracellular ATP levels in WT and Hyp chondrocytes.
Cells were cultured at a density of 1 x 10* cells/well in 96-well plates for 24 hours. ATP levels were
measured using the ATP assay kit.

FIGURE 3. Characterization of Hyp chondrocytes. 4, Time-course of Pi uptake in WT (open circle) and
Hyp (solid circle) chondrocytes. Cells were cultured for 7days in the differentiation medium and Pi uptake
was determined as described in Experimental Procedures. B, Expressions of Np¢1, Npt2a and Pit-1 mRNA in
WT and Hyp chondrocytes. Total RNA isolated from chondrocytes cultured for 24 hours was used for
RT-PCR analysis using the primer pairs. B-actin was amplified as control. C, Time-dependent expression of
Pit-1 mRNA by real-time PCR. D, Time-dependent expression of Npt2a mRNA by real-time PCR. The
amount of Npt2a and Pit-1 of WT chondrocytes at day 0 was designated as 1.0 and normalized to GAPDH.
Results are expressed as mean +/- SEM of four separate experiments. *Significantly different from WT
chondrocytes (p<0.05).

FIGURE 4. Effects of PFA on chondrocyte differentiation. 4, Intracellular ATP levels. Cells were cultured
in the presence of 10°M PFA. ATP levels were measured using the ATP assay kit. B, Histological
examination of chondrocyte apoptosis. Hematoxylin/eosin staining (left) and TUNEL staining (right) were
performed on tibial sections from 31-day-old control and PFA-treated mice. Hypertrophic zone is marked
with dotted line and scale bar indicates 200 pum. Representative pictures obtained out of numerous sections
of four mice from each group are shown. C, Number of TUNEL positive cells in tibial growth plate of
control and PFA-treated mice. D, Histochemical staining of chondrocytes. Cells were cultured in the
presence of 10° M PFA and stained with alcian blue for GAG synthesis (top) and alizarin red-S for
mineralization (bottom). E, Quantification of alizarin red staining. F, Caspase-9 activity. G, Caspase-3
activity. Cells were cultured in the presence of 10°M PFA. Activity was measured using the Caspase-Glo 9
and Caspase-Glo 3/7 assay. H, Serum Pi levels. Results are expressed as mean +/- SEM of four separate
determinations. *Significantly different from control (p<0.05).

FIGURE 5. Npt2a and Pit-1 knockdown by siRNA in chondrocytes. 4, siRNA for siNEGATIVE
(Control), siNPT2a or siPIT-1 was transfected in chondrocytes and the expression of NPT2a, Pit-1 or
GAPDH was analyzed by RT-PCR. B, Pi-uptake in siNEGATIVE- (Control), siNPT2a- and
siPIT-1-transfected chondrocytes was determined in the presence of 3 pCi/mL of KH,**PO,. C, Intracellular
ATP levels in siNEGATIVE- (Control), siNPT2a- and siPIT-1-transfected chondrocytes. D, Caspase-9
activity in siNEGATIVE- (Control), siNPT2a- and siPIT-1-transfected chondrocytes. E, Caspase-3 activity in
siNEGATIVE- (Control), siNPT2a- and siPIT-1-transfected chondrocytes. F, Quantitative determination of
chondrocyte apoptosis in siNEGATIVE- (Control), siNPT2a- and siPIT-1-transfected chondrocytes. G,
Histochemical staining of siNEGATIVE- (Control), siNPT2a- and siPIT-1-transfected chondrocytes. Cells
were cultured and stained with alcian blue for GAG synthesis (top) and alizarin red-S for mineralization
(bottom). H, Quantification of alizarin red staining. We repeated the experiments twice using different
preparation of primary chondrocytes and obtained the identical results. Results are expressed as mean
+/- SEM of two separate determinations.*Significantly different from control (p<0.05).
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FIGURE 6. Effects of Pit-1 overexpression in chondrocytes. 4, Empty vector (Control) or Pit-1 was
transfected in WT and Hyp chondrocytes. Pi-uptake was determined in the presence of 3 pCi/mL of
KH,*PO,. B, Intracellular ATP levels in Control or Pit-I-transfected WT and Hyp chondrocytes. C,
Caspase-9 activity in control and Pit-I-transfected WT and Hyp chondrocytes. D, Caspase-3 activity in
control and Pit-/-transfected WT and Hyp chondrocytes. E, Quantitative determination of apoptosis in
control and Pit-I-transfected WT and Hyp chondrocytes. F, Histochemical staining of control and
Pit-1-transfected WT and Hyp chondrocytes. Cells were cultured and stained with alizarin red-S for
mineralization. Pit-1 expression was confirmed by RT-PCR. G, Quantification of alizarin red staining. We
repeated the experiments twice using different preparation of primary chondrocytes and obtained
the identical results. Results are expressed as mean +/- SEM of two separate determinations. *Significantly
different from WT control (p<0.05). *Significantly different from Hyp control (p<0.05).

FIGURE 7. Effects of 3-BrPA on chondrocyte apoptosis and calcification. 4, Effects of 3-BrPA on
caspase-9 activity. B, Effects of 3-BrPA on caspase-3 activity. Cells were treated with 10°® M 3-BrPA for 7
days and measured for caspase activity. C, Histological examination of chondrocyte apoptosis.
Hematoxylin/eosin staining (left) and TUNEL staining (right) were performed on tibial sections from
31-day-old control and 3-BrPA-treated mice. Hypertrophic zone is marked with dotted line and scale bar
indicates 200 um. D, Number of TUNEL-positive cells in tibial growth plate of control and 3-BrPA-treated
mice. E, Histochemical staining of chondrocytes. Cells were cultured for 7days in the presence of 10° and
10° M 3-BrPA and stained with alcian blue for GAG synthesis (top) and alizarin red-S for mineralization
(bottom). G, Quantification of alizarin red staining. H, Serum Pi levels. Results are expressed as mean +/-
SEM of four separate experiments. *Significantly different from control (p<0.05).
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Figure 3

www jbc.org at Osaka Furitsu Boshihokensougouiryou Center, on December 6, 2010
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Figure 4
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Figure 4

www.jbc.org at Osaka Furitsu Boshihokensougouiryou Center, on December 6, 2010
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Figure 5

www.jbc.org at Osaka Furitsu Boshihokensougouiryou Center, on December 6, 2010
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Figure 7

www.jbc.org at Osaka Furitsu Boshihokensougouiryou Center, on December 6, 2010
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Abstract

Hypophosphatasia (HPP), caused by mutations in the gene ALPL encoding
tissue-nonspecific alkaline phosphatase (TNALP), is an inherited systemic skeletal disease
characterized by mineralization defects of bones and teeth. The clinical severity of HPP varies
widely from a lethal perinatal form to mild odontohypophosphatasia showing only dental
manifestations. HPP model mice (4kp2™") phenotypically mimic the severe infantile form of
human HPP; they appear normal at birth but die by two weeks of age due to growth failure,
hypomineralization, and epileptic seizures. In the present study, we investigated the feasibility
of fetal gene therapy using the lethal HPP model mice. On day 15 of gestation, the fetuses of
HPP model mice underwent transuterine intraperitoneal injection of AAV serotype 9
expressing bone-targeted TNALP. Treated and delivered mice showed normal weight gain and
seizure-free survival for at least 8 weeks. Vector sequence was detected in systemic organs
including bone at 14 days of age. ALP activities in plasma and bone were consistently high.
Enhanced mineralization was demonstrated on X-ray images of the chest and forepaw. Our
data clearly demonstrates that systemic injection of AAV9 in utero is an effective strategy for
the treatment of lethal HPP mice. Fetal gene therapy may be an important choice after

prenatal diagnosis of life-threatening HPP.
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Introduction

Hypophosphatasia (HPP), caused by a deficiency in tissue-nonspecific alkaline
phosphatase (TNALP), is an inherited disease characterized by mineralization defects. HPP is
a clinically heterogeneous disease and is classified according to severity and age at diagnosis
(Mornet, 2007; Whyte, 2010). Perinatal and infantile forms of HPP are usually severe, and
life expectancy is less than one year in most cases. The major cause of death is respiratory
failure associated with a narrow chest and pyridoxine-responsive seizures are also observed in
some severely affected cases (Whyte, 2010; Nakamura et al., 2010). The childhood and adult
forms of HPP show milder phenotypes and odontohypophosphatasia causes premature loss of
deciduous teeth without evidence of skeletal disease. Perinatal HPP is more common in Japan
than in other countries and is the fifth most common form of fetal-diagnosed skeletal
dysplasia (Satoh et al., 2009).

There is no established treatment for HPP, but several experimental approaches have
been attempted to treat TNALP knockout mice (AkpZ'/'). The phenotype of these mice mimics
that of severe infantile HPP; the animals appear normal at birth, but rapidly develop growth
failure, epileptic seizures, and hypomineralization, and die by two weeks of age. Recently,
Millan et al. reported that Akp2'/ “mice can be treated by repeated injection of bone-targeted
TNALP with deca-aspartates at the C terminus (INALP-D10) (Millan et al., 2008). Based on
these data, new clinical trials of enzyme replacement therapy (ERT) for patients with infantile
and childhood HPP have been initiated ( http://clinicaltrials.gov/). Another important

possibility for treatment of HPP is gene therapy. We have recently demonstrated that a single
3



