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Results
Immunohistochemistry of DMP1 in rat bone

To characterize the polyclonal antibodies against the rat DMP1-1,
DMP1-2, DMP1-3, and DMP1-4 peptides, we performed immunohisto-
chemistry on rat bones using these antibodies. Analyses using anti-
DMP1-1 or -DMP1-2 antibodies revealed immunoreactivity in the
osteocytes and their surrounding bone matrix (Figs. 2a, b). By contrast,
analyses using anti-DMP1-3 or -DMP1-4 antibodies revealed immuno-
reactivity in the pericanalicular matrix rather than in osteocytes (Figs.
2¢, d). All these antibodies revealed no immunoreactivity in osteo-
blasts (Figs. 2a-d). These patterns of immunoreactivity in osteocytes
and osteocyte-related matrix were consistent with the previously re-
ported osteocytic expression of DMP1. From these observations, we
concluded that the polyclonal antibodies correctly recognize local
DMP1 in the bone.

Identification of circulating DMP1 in blood

To confirm the presence of DMP1 in circulating blood, we extracted
immunoreactive products from rat plasma by affinity chromatogra-
phy using antibodies against DMP1-1 or DMP1-3, and analyzed
these products by LC-MS/MS. The LC-MS spectra of the immunoreac-
tive products affinity-extracted with the polyclonal antibody against
DMP1-1 (which recognizes for NH,-terminal fragments of DMP1) re-
vealed the YQNTESESSEER, SEESKGDHEPTSTQDSDDSQDVEFSSR, and
SKEESNSTGSTSSSEEDNHPK peptides of rat DMP1 (Fig. 1). Likewise, the
LC-MS spectra of the immunoreactive products affinity-extracted with
the polyclonal antibody against DMP1-3 (which recognizes COOH-

terminal fragments of DMP1) revealed the same three peptides. These
findings confirmed that DMP1 was present in circulating blood, and
that these antibodies could detect the circulating DMP1.

Development and characteristics of rat DMP1 immunoassay

Previous studies demonstrated that cleavages at four sites within
DMP1 produce NH,- and COOH-terminal fragments, with only a small
amount of DMP1 remaining uncleaved [4,5]. In fact, ELISA using pairs
of antibodies that recognized uncleaved DMP1 did not have sufficient
sensitivity to detect circulating DMP1 (data not shown). We selected
pairs of antibodies that recognized either the NH,- or COOH-terminal
fragments. In sandwich ELISA 1-2, polyclonal antibodies against the
DMP1-1 and DMP1-2 peptides of the NH,-terminal fragment were
used, with anti-DMP1-1 as the capture antibody and HRP-conjugated
anti-DMP1-2 as the detection antibody (Fig. 1). In sandwich ELISA
4-3, polyclonal antibodies against the DMP1-3 and DMP1-4 peptides
of the COOH-terminal fragment were used, with anti-DMP1-4 as the
capture antibody and HRP-conjugated anti-DMP1-3 as the detection
antibody (Fig. 1). Dilutions of recombinant rat DMP1 were used for
the standard curve.

The sensitivity of the assay was calculated to be 4.04 pg/mL for ELISA
1-2 and 2.51 pg/ml for ELISA 4-3 using NCCLS methods. The precision
was determined using three spiked QC samples (high, middle, and low).
Intra-assay variations (n = 24) were less than 5.7% for ELISA 1-2
(Table 1) and less than 8.6% for ELISA 4-3 (Table 2}, and inter-assay var-
iations (n = 6) were less than 6.3% for ELISA 1-2 (Table 1) and less than
8.2% for ELISA 4-3 (Table 2). Blood samples, collected either as EDTA
plasma or serum, exhibited no appreciable differences in the detectable
concentration of immunoreactive DMP1 (data not shown). Dilution

Fig. 2. Immunohistochemistry of local DMP1 in rat bone. (a) Immunostaining with antibody against DMP1-1 was seen in osteocytes and their surrounding bone matrix. (b) Immunostain-
ing with antibody against DMP1-2 was seen in osteocytes and their surrounding bone matrix. (c) Immunostaining with antibody against DMP1-3 was seen in pericanalicular matrix rather
than in osteocytes. (d) Immunostaining with antibody against DMP1-4 was seen in pericanalicular matrix rather than in osteocytes. (a)~(d) Immunostaining with antibodies against
DMP1-1, 2, 3,4 was not seen in osteoblasts, Insets in (2)-(d) show a higher magnification of osteocytes. Ob; osteoblast, Per; periosteum. Counterstaining was performed with hematoxylin,

Original magnification, x 400. (Inset) Original magnification, x 700,
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Table 1 Table 3
Intra- and interassay precision of three control rat plasma samples in DMP1 ELISA 1-2. Recovery of rat DMP1 in ELISA 1-2.
Intraassay variation (n = 24) Interassay variation (n = 6) Theoretical value Measured value Recovery
Mean 4 SD Mean & SD Sample no. (pg/mL) (pg/mL) (%)
Rat EDTA plasma
Sample (pg/mL) V®  (pg/ml) VR Sample 1 537.7 4868 905
Low control 81.5 + 3.74 46 83.8 £ 531 63 Sample 2 459.6 4237 922
Medium control 306.5 + 13.64 45 307.0 + 1329 43 Sample 3 4205 386.0 91.8
High control 1049.1 + 59.39 57 10813 4 36.36 34 Rat serum
R ber of d . Sample 4 9593 889.3 927
e de“?“?‘“‘amns Sample 5 8812 838.8 952
: standard deviation Sample 6 842.1 7635 907
CV: coefficient of variation
Table 2 Table 4
Intra- and interassay precision of three control rat plasma samples in DMP1 ELISA 4-3, Recovery of rat DMP1 in ELISA 4-3.
Intraassay variation (n = 24) Interassay variation (n = 6) Theoretical value Measured value Recovery
Mean + SD Mean + SD Sample no. (pg/mlL) (pg/mL) (%)
Rat EDTA plasma
Sample (pg/ml) v®  (pg/ml) v® Sample 1 13428 13034 971
Low control 901+ 778 86 87.0£7.13 82 Sample 2 12647 12171 96.2
Medium control 306.0 + 18.75 6.1 3186 &+ 2357 74 Sample 3 1225.7 11825 96.5
High control 1045.7 -+ 68.87 6.6 11215 + 50.90 45 Rat serum
- number of determinations Sample 4 2179.6 21264 976
Sl.)' standard deviation Sample 5 2101.5 2041.7 972
. Sample 6 2062.4 20022 97.1

CV: coefficient of variation

linearity was determined from three plasma samples (from 12, 18, and
96-week-old rats) in triplicate after serial dilution (ranging from 1:16 to
1:1024) with assay buffer; graphs of these were approximately parallel
to the standard curve (Fig. 3). Plasma samples from three normal rats
were incubated at 4 °C for 24 h or 37 °C for 1 h, and the DMP1 levels
in these plasma samples were compared with those of the same plasma
samples stored at —80 °C. In ELISA 1-2, the DMP1 concentration in
plasma of 12-week-old rats incubated at 4 °C and 37 °C was 97.7 +
20.9% (mean =+ SD) and 99.0 & 21.5% (mean + SD) of the concentra-
tion in control plasma stored at — 80 °C. In ELISA 4-3, the DMP1 con-
centration in plasma of 12-week-old rats incubated at 4 °C and
37 °C was 94.5 4+ 21.3% (mean + SD) and 91.3 4 18.5% (mean +
SD) of the concentration in control plasma stored at —80 °C.

Studies in which recombinant rat DMP1 was added to 40- or 80-fold
diluted rat EDTA plasma, yielded recoveries of 90.5-92.2% in ELISA 1-2
(Table 3) and 96.2-97.1% in ELISA 4-3 (Table 4). Studies in which
recombinant rat DMP1 was added to 40- or 80-fold diluted rat serum,
yielded recoveries of 90.7-95.2% in ELISA 1-2 (Table 3) and of
97.1-97.6% in ELISA 4-3 (Table 4).
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Age-associated decrease of circulating DMP1 levels in male rats

We determined reference levels for circulating DMP1 in normal
male rats of various ages (2-96 weeks). Both ELISA 1-2 and ELISA 4-3
showed that circulating DMP1 concentrations significanlly decrease
with age (Fig. 4). During rapid skeletal growth (2-12 weeks), mean
DMP1 values measured by ELISA 4-3 were over three times higher
than those measured by ELISA 1-2. However, mean DMP1 values in
old animals (72 and 96 weeks) were almost the same when measured
by either ELISA.

Correlations between levels of DMP1 and other biochemical markers

We also measured the levels of the other biochemical markers of
bone metabolism in normal male rats of various ages (2-96 weeks)
(Fig. 5) and assessed the correlations between the levels of DMP1
and these other markers. Both osteocalcin and Dkk-1 levels tended to
decrease with age. Both Trap5b and SOST levels were increased at
8 weeks and decreased after 12 weeks. Among all bone markers,
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Fig. 3. Linearity of dilution studied in rat DMP1 ELISA assays. Each data point of ELISA 1-2 (left) or ELISA 4-3 (right) represents the mean of three separate measurements. Linear regression

equations, together with the squares of the correlation coefficients (R?), are shown.
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Fig. 4. DMP1 concentrations in plasma from male rats of various ages. Circulating DMP1 concentrations were evaluated in 2- (n = 5), 4~ (n = 5), 8- (n = 6), 12- (n = 6), 18- (n = 6),
24- (n = 5),72- (n = 5), and 96~ (n = 5) week-old male Wistar rats by DMP1 ELISA 1-2 (left) and ELISA 4-3 (right). Values are expressed as means + SD of DMP1 concentrations at
each age. All comparisons between results from different age groups are shown, with p < 0.05 indicating a significant difference (*).

DMP1 levels measured by ELISA 1-2 had the highest positive correlation
with DMP1 levels measured by ELISA 4-3 (Table 5). Among the other
biochemical markers, DMP1 levels measured by both ELISAs 1-2 and
4-3 had the highest positive correlation with levels of Dkk-1, and the
second highest positive correlation with the levels of osteocalcin;
DMP1 levels were less highly correlated with the levels of Trap5b and
SOST (Table 5).

Discussion

DMP1 is a noncollagenous bone matrix proteins produced by osteo-
cytes [1]. Due to its highly acidic nature, DMP1 can bind to calcium,
thereby regulating matrix mineralization [3]. Observations made in
DMP1-null mice and humans with DMP1 mutations associated with
autosomal-recessive hypophosphatemic rickets (ARHR) have shown
that impairment of DMP1 results in elevated serum FGF23, which regu-
lates phosphate homeostasis, and in pathological changes of bone min-
eralization [6,7]. However, the biological function of DMP1 is not yet
fully understood. Considering that DMP1 is predominantly produced

2 4 8 12 18 24 72 96 (weeks)

in osteocytes, whereas other bone matrix proteins such as osteo-
calcin, osteopontin, and bone sialoprotein are produced in osteoblasts
[1,15-17], DMP1 in circulating blood is a candidate marker for osteocyte
activity. To investigate the biological significance of DMP1, we devel-
oped new sandwich ELISAs for measuring rat DMP1 and used these
assays to monitor age-related changes in circulating DMP1 levels. In
addition, we analyzed the correlations between levels of DMP1 and
other biochemical markers of bone metabolism.

We developed sandwich ELISAs for rat DMP1 using two pairs of
polyclonal antibodies with high affinity to rat DMP1. These polyclonal
antibodies were characterized by immunohistochemical and LC-MS/
MS studies. In immunohistochemical analyses of rat bone using these
antibodies, we observed immunoreactivity in osteocytes and peri-
canalicular matrix, as previously reported. LC-MS/MS analyses of rat
plasma-derived immunoreactive products affinity-extracted with our
polyclonal antibodies revealed the presence of DMP1 in circulating
blood. It is generally accepted that a small fraction of bone matrix pro-
tein, such as osteocalcin, is released from the bone into the circulation,
where it can be detected by immunoassay [8]. Similarly, a small fraction

2 4 8 12 18 24 72 96(weeks)

Fig. 5. Plasma levels of other biochemical markers. Plasma levels of the other biochemical markers were evaluated in 2- (n = 5), 4- (n = 5), 8- (n = 6), 12- (n = 6), 18- (n = 6),
24- (n = 5),72- (n = 5),and 96- (n = 5) week-old male Wistar rats. Values are expressed as means =+ SD of plasma levels of the indicated biochemical markers at each age. All
comparisons between results from different age groups are shown, with p < 0.05 indicating a significant difference (*). (a) Osteocalcin levels, The levels at 72 and 96 weeks were
off the register because of the low level of plasma osteocalcin. (b) Trap5b levels. (¢) Dkk-1 levels. (d) SOST levels.
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Table 5

Correlations between levels of DMP1 and other biochemical markers.
DMP1 levels vs. Other bone markers R P
DMP1 by ELISA 1-2 DMP1 by ELISA 4-3 0986 <0.001
DMP1 by ELISA 1-2 TRAP 0515 <0.001
DMP1 by ELISA 1-2 Osteocaldn 0.800 <0.001
DMP1 by ELISA 1-2 Dkk-1 0.921 <0.001
DMP1 by ELISA 1-2 SOST 0453 0.002
DMP1 by ELISA 4-3 TRAP 0512 <0.001
DMP1 by ELISA 4-3 Osteocalcin 0.833 <0.001
DMP1 by ELISA 4-3 DKkk-1 0910 <0.001
DMP1 by ELISA 4-3 SOST 0417 0.005

of DMP1, synthesized by osteocytes in the bone, is likely to be released
into the blood circulation. Taken together, the novel sandwich ELISAs
established with our polyclonal antibodies, which can detect both circu-
lating DMP1 and local bone DMP1, can accurately detect circulating
DMP1, which reflects local bone conditions. Further, the results of re-
covery of recombinant DMP1 and dilution of plasma samples strongly
suggested that both ELISA 1-2 and ELISA 4-3 recognized the circulating
DMP1 and the standard with similar affinities. The sensitivity of these
assays was sufficient to detect circulating DMP1 in healthy male rats
of various ages.

Theoretically, ELISAs 1-2 and 4-3 could both detect uncleaved
DMP1 as well as the NH,- and COOH-terminal fragments, respectively.
However, protein-chemistry analysis has shown that full-length DMP1
is a precursor that is cleaved into NH,-terminal 37-kDa and COOH-
terminal 57-kDa fragments [4]. Furthermore, it is nearly impossible to
detect and extract full-length DMP1 from bone matrix because of the
very small quantity of full-length protein in the bone [5]. Indeed, as
already noted, ELISAs using pairs of antibodies that recognized un-
cleaved DMP1 did not have sufficient sensitivity to detect circulating
DMP1 (data not shown). Therefore, we conclude that ELISA 1-2 pre-
dominantly detects circulating NH,-terminal fragments of DMP1, and
ELISA 4-3 predominantly detects circulating COOH-terminal fragments
of DMP1.

Immunoassays using ELISAs 1-2 and 4-3 revealed the same general
tendency of reduction in circulating DMP1 levels as a function of age,
but there were some differences in measurements obtained using the
two ELISAs. The mean values for circulating COOH-terminal DMP1 dur-
ing rapid skeletal growth (2-12 weeks) were over three times higher
than those of circulating NH,-terminal DMP1. On the other hands,
the means of the COOH-terminal and NH,-terminal DMP1 in samples
from older animals (72 and 96 weeks) were almost the same between
the two ELISAs. These findings indicated that higher levels of COOH-
terminal DMP1 are released from bone tissue during increased produc-
tion of bone matrix (2-12 weeks), probably due to a difference between
the properties of the COOH-terminal and NH,-terminal fragments.
Biochemical studies have shown that NH,-terminal DMP1 exists as a
proteoglycan [19], whereas COOH-terminal DMP1 is highly phosphory-
lated [4]. In addition to these differences in biochemical properties,
our immunohistochemical studies showed that NH,-terminal DMP1
detected by antibodies specific for DMP1-1 and -2 was predominantly
localized in osteocytes and the surrounding bone matrix, whereas
COOH-terminal DMP1 detected by antibodies specific for DMP1-3 and
-4 was predominantly localized in the pericanalicular matrix in
mineralized bone. Maciejewska et al. [20] also reported differences in
dental-tissue distribution of the NH,- and COOH-terminal fragments:
in their study, NH,-terminal DMP1 was restricted to the non-
mineralized regions of the tooth predentin, whereas COOH-terminal
DMP1 was restricted to the mineralized tooth dentin. Thus, COOH-
terminal DMP1 seems to be distributed in mineralized tissue. These dif-
ferences in biochemical properties and tissue distribution may be relat-
ed to the higher level of circulating COOH-terminal DMP1 relative to
NH,-terminal DMP1 during rapid growth, but our study has some

limitation to understand it. Functional analyses using genetically
engineered mice have shown that proteolytic processing of DMP1 is es-
sential to bone formation and mineralization [21], and that the COOH-
terminal DMP1 contains the functional domain that controls osteocyte
maturation and bone mineralization [22]. Thus, circulating COOH-
terminal DMP1, which can be measured by DMP1 ELISA 4-3, may repre-
sent a novel marker for osteocyte maturation and bone mineralization.

To explore the relevance of circulating DMP1 as a marker of bone
metabolism, we compared levels of DMP1 and other biochemical
markers of bone metabolism. We observed that DMP1 levels had the
highest positive correlation with levels of Dkk-1, the second highest
positive correlation with levels of osteocalcin, and lower positive corre-
lations with levels of Trap5b and SOST. Because DMP1 levels had a high
correlation with levels of osteocalcin (a well-known bone-formation
marker) [23] and a lower correlation with levels of Trap5b (a well-
known bone resorption marker) [24], DMP1 may be a marker of bone
formation rather than bone resorption. Some investigators have sug-
gested that osteocalcin is released during bone resorption because a
large fraction of synthesized osteocalcin is incorporated into bone;
therefore, osteocalcin is also considered to be a marker of bone turnover
that indicates the balance between bone formation and resorption [25].
In comparison with osteocalcin produced by mature osteoblasts on
the bone surface [26], DMP1 produced by osteocytes within the bone
is even more fully incorporated into the inner bone. Therefore, DMP1
should be also released more specifically during bone resorption. We
think that this is why DMP1 levels correlate not only the levels
of osteocalcin but also the levels of Trap5b. Second, considering that
Dkk-1 and SOST act as osteocyte-derived negative regulators of bone
formation via inhibition of the Wnt signaling pathway [27-30], the
high correlation between DMP1 and Dkk-1 levels and lower correlation
between DMP1 and SOST levels are seemingly contradictory. However,
the expression patterns of these proteins are not identical: Dkk-1 is
expressed in osteoblasts and osteocytes [27], whereas SOST is expressed
exclusively in osteocytes [29]. Thus, it is thought that Dkk-1 distributed
in superficial bone is easily released into circulating blood, but that SOST
distributed only in the inner portion of bone is not easily released into
circulating blood. These differences in expression patterns of Dkk-1
and SOST may cause larger differences in the correlation rates between
the levels of each protein pair. Third, the highest correlation between
circulating Dkk-1 and DMP1 levels and the second highest correlation
between circulating osteocalcin and DMP1 levels were observed in
this study. These high correlations between the levels of each protein
pair may be due to the similar expression patterns of these proteins.
That is, osteocalcin is expressed in highly differentiated osteoblasts
[26], Dkk-1 in osteoblasts and osteocytes [27], and DMP1 in immature
osteocytes [1]. These proteins are expressed at transitional stage of
osteoblast-to-osteocyte and distributed in superficial bone and are
easily released from it, and hence the circulating levels of these proteins
can show similar dynamic state. In addition, based on these situations,
circulating DMP1 may be a marker of immature osteocytes rather than
mature osteocytes. Further studies are needed to evaluate the signifi-
cance of circulating DMP1.
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Abstract Prenatal bowing of the long bones is often associated
with severe bone dysplasias. We report a child who presented
marked bowing of the long bones at birth but showed a rela-
tively benign postnatal course with spontaneous improvement
of bowing. The fetal imaging showed normal skeletal mineral-
ization and normal chest and abdominal circumferences despite
the limb bowing and shortening. Decreased serum alkaline
phosphatase activity and elevated urine phosphoethanolamine
was biochemically evident, and compound heterozygous mu-
tations in the tissue-nonspecific alkaline phosphatase
(TNSALP) gene were identified, which confirmed the diagno-
sis of a benign form of prenatal hypophosphatasia. Benign
prenatal hypophosphatasia should be considered in the differ-
ential diagnosis of congenital bowing of the long bones.

Keywords Benign prenatal hypophosphatasia - Congenital
bowing ofthe long bones - Tissue-nonspecific alkaline
phosphatase

Introduction

Prenatal bowing of the long bones occurs in a number of severe
bone dysplasias, including osteogenesis imperfecta, cam-
pomelic dysplasia, thanatophoric dysplasia and hypophos-
phatasia. Hypophosphatasia is a rare inherited disorder caused
by deactivating mutations within the gene that encodes the
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tissue nonspecific isoenzyme of alkaline phosphatase
(TNSALP). Inorganic pyrophosphate (PPi), a TNSALP sub-
strate and inhibitor of mineralization, accumulates extracellu-
larly, causing rickets or osteomalacia [1]. Traditionally,
hypophosphatasia has been classified as being in prenatal,
infantile, childhood and adult forms. Those with dental mani-
festations but no apparent skeletal disease have been called
odontohypophosphatasia [2]. The prenatal or infantile forms
are often lethal but enzyme-replacement therapy could improve
these life-threatening hypophosphatasias [3]. In 1999, Pauli
et al. [4] reported four patients who showed intrauterine defor-
mity but had a benign postnatal course. These patients were
diagnosed with benign prenatal hypophosphatasia or “Bent but
not broken” hypophosphatasia. More than 200 different defects
have been identified in TNSALP [5] and these can be autoso-
mal recessive or autosomal dominant inheritance, which helps
to explain the extreme range of severity of the disease. Here we
describe a boy who presented prenatal bowing of the long
bones suggestive of a severe dysplasia but showed favorable
postnatal development. Molecular and biochemical analyses
confirmed the diagnosis of the sixth form of hypophosphatasia,
a benign prenatal hypophosphatasia.

Case report

The boy was the second child of non-consanguineous healthy
parents (Table 1). Screening US in the second trimester was
thought to show femoral shortness and bowing, thus the
mother was referred to our hospital for further assessment.
The femoral lengths at 28 weeks and 36 weeks of gestation
were 28.1 mm (-8 SD) and 49 mm (—5.8 SD), respectively.
But there was no evidence of abnormalities in chest size,
abdominal circumference and bone mineralization.

The infant was delivered at 37 weeks of gestation with birth
weight of 2,580 g (=1 SD), length 0of 41.5 cm (=3.5 SD) and
head circumference of 32.5 cm (—1 SD). Apgar scores were 8
and 9 at 1 and 5 min, respectively. Shortening and bowing of

@ Springer
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Table 1 Patients’ summaries

Original case Second case
Prenatal ultrasound Femoral shortness Femoral
and bowing shortness
Condition at birth
Gestational age (weeks) 37 38
Length (cm) 41.5 (-3.5SD) 43.7 (-2.5SD)
Weight (g) 2,580 (—1SD) 3,020 (0SD)
Head circumference (cm) 325 (-1SD) 33.7 (-0.5SD)
Radiographs at neonatal period
Rickets - -
Bowing Femurs, tibias, Femurs, radius,
fibulas, humeris ulnas
Short femurs + +
Bowdler spur Bilateral fibulae -
Extremity skin dimples + +
Other clinical concerns Bilateral clubfeet -
Delayed developing tooth Not mentioned +
Tentative diagnosis Kyphomelic Caffey
dysplasia disease
Age hypophosphatasia 4 1
diagnosed (years)
Biochemical data at diagnosis of hypophosphatasia
Serum ALP TU/L 139 254
Urinary PEA umol/day 1,4174 900.8
TNSALP mutation p.F327L, p-R30X,
¢.1559delT p-F327L
Last evaluation
Age (years) 5 2
Height (SD) -1.5 -2
Bowing improvement ++ +

HPP Hypophosphatasia, ALP Alkaline phosphatase, PE4 Phosphoe-
thanolamine, TNSALP tissue-nonspecific isoenzyme of alkaline phospha-
tase, SD Standard deviation

the upper and lower limbs, skin dimples on the right forearm
and the right lower leg, and bilateral clubfeet deformities were
recognized neonatally. Initial radiographs taken on the day of

Fig.1 Anteroposterior
radiographs of the lower limbs. a
A neonatal film shows severe
symmetrical bowing and
shortening of the long tubular
bones with mild metaphyseal
widening. b A film at the age of 4
months clearly demonstrates
bilateral fibular spur (arrow)

@ Springer

birth showed severe symmetrical bowing and shortening of
the long tubular bones with mild metaphyseal widening, and
normal ossification of the long bones, skull, vertebrae and ribs
(Fig. 1a). A tentative diagnosis of atypical kyphomelic dys-
plasia was made on the basis of shortening and bowing of the
long bones with metaphyseal involvement.

Retrospective reviews of additional radiographs clearly dem-
onstrated the presence of characteristic bony spurs in bilateral
fibulae, which looked like the Bowdler spur (Fig. 1b). Laboratory
tests including normal serum calcium of 5.0 mEq/l and phospho-
rus of 5.6 mg/dl, decreased alkaline phosphatase (ALP) of 139 TU/
L, and elevated levels of urine phosphoethanolamine (PEA) of
1,417 micro-mol/mg (upper limit of normal is 44 micro-mol/mg)
were suggestive of a diagnosis of hypophosphatasia. Genomic
DNA was extracted from peripheral blood leukocytes and se-
quencing analysis confirmed the compound heterozygous muta-
tions (¢.979T>C; p.F327L and ¢.1559delT) in the TNSALP gene.

Physical evaluations at the age of 5 years demonstrated no
evidence of limb bowing. The lineal growth was normal with
the child’s height of 102.9 cm (—1.5 SD). Bowing of the long
bones spontaneously improved and fibular spurs disappeared,
although the skin dimples still remained (Fig. 2a, b).

Discussion

The differential diagnosis of long bone bowing in utero includes
severe disorders that have very poor outcomes and early lethal-
ity such as prenatal hypophosphatasia, osteogenesis imperfecta,
thanatophoric dysplasia, achondrogenesis and campomelic dys-
plasia [6]. Despite the severity of long bone bowing, the radio-
graphic evidence of normal bone ossification, normal chest size
and normal scapular configuration could differentiate our case
from these severe diseases. The Bowdler spur, a bony spur
emanating from the midshaft of the fibula toward a subjacent
skin dimple, is considered a specific radiographic indicator of
hypophosphatasia [7]. Assay of serum ALP activity, and quan-
tification of two natural substrates of TNSALP that accumulate
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Fig. 2 A 5-year-old boy with prenatal hypophosphatasia. a Ante-
Toposterior radiograph of the lower limbs shows improvement of the long
bone bowing and disappearance of bilateral fibular spurs. b Clinical
photo of the right lower limb demonstrates a residual skin dimple

endogenously in hypophosphatasia (pyridoxal 5-phosphate
[PLP] in plasma and PEA in urine) will provide biochemical
evidence of hypophosphatasia. Ultimately, definitive diagnosis
was made based on molecular testing [8].

Recently, a second boy presented to our institution with benign
prenatal hypophosphaatsia (Table 1). The infant was delivered at
38 weeks of gestation with a birth weight of 3,020 g (mean),
length of 43.7 cm (—2.5 SD) and head circumference of 33.7 cm
(—0.5 SD). Clinical findings at the age of 2 months included
shortening and bowing of the thighs and forearms with skin
dimples over the site of bilateral forearm angulations. Initial
radiographs showed symmetrical bowing and shortening of the
femora, radii and ulnae without obvious evidence of fracture or

Fig. 3 Anteroposterior
radiographs in a 2-month-old boy
with prenatal hypophosphatasia.
a Shortening and bowing of
bilateral femora with relatively
normal tibiae and fibulae. b
Marked bowing of the radii and
ulnae without evidence of fracture

bony spurs (Fig. 3a, b). The humeri, tibiae and fibulae seemed to
be normal. The thorax and the vertebral bodies were also normal
and the skull was well ossified. He showed normal psychomotor
development except for delayed tooth eruption. Laboratory tests
revealed low serum ALP of 126 IU/L and elevated levels of urine
PEA of 900.8 micro-mol/mg. DNA analysis confirmed the
compound heterozygous mutations (¢.88C>T; p.R30X and
c979T>C; p.F327L) in the TNSALP gene. Radiographic
evaluations at the age of 2.5 years demonstrated persistent
but less marked limb shortening and bowing (Fig. 4a, b).
The lineal growth was normal with his height of 81 cm
(-2 SD).

Mild forms of hypophosphatasia mostly result from het-
erozygosity for dominant severe alleles or from compound
heterozygosity for severe and moderate alleles [8]. Moderate
alleles produce significant residual ALP activity, while severe
alleles do not usually have enzymatic activity. The F327L
mutation has been shown to retain around 70% of enzymatic
activity compared with the wild-type protein. On the other
hand, ¢.1559delT mutant identified in the index case, almost
completely lost its activity. Michigami et al. [8] reported that
patients with F327L mutation in one of the alleles exhibited a
relatively mild phenotype despite its prenatal onset, while the
¢.1559delT mutation was associated with severe forms of
hypophosphatasia (prenatal lethal and infantile forms) when
not found in patients with the F327L mutation.

Spontaneous improving hypophosphatasia should be added
to the list of disorders presenting with prenatal or perinatal
bowing of the long bones. We presented several clinical and
radiographic characteristics of this specific disease, including
congenital bowing and shortening of the long tubular bones that
spontaneously improve with time, the Bowdler spur, skin dim-
ples over the site of deformities, tooth abnormalities, and
normal ossification of the skull, vertebrae and thorax. Char-
acteristic fetal imaging, including normal bone mineraliza-
tion, normal chest and abdominal size, and improvement of
limb bowing late in the second trimester could lead to the
diagnosis of benign prenatal hypophosphatasia, which is a
treatable disease.

42_) Springer
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Fig. 4 Anteroposterior
radiographs in a 2.5-year-old boy
with prenatal hypophosphatasia.
a Partial improvement of the
femoral bowing with cortical
thickness at the concave side. b
Complete healing of the forearm
bowing
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this mutation activates GC-B. In the absence of CNP, cGMP levels in cells expressing V883M-GC-B were increased
more than 20 fold compared to cells expressing wild-type (WT)-GC-B, and the addition of CNP only further
increased cGMP levels 2-fold. In the absence of CNP, maximal enzymatic activity (Vmax) of V883M-GC-B was in-
creased 15-fold compared to WT-GC-B but the affinity of the enzymes for substrate as revealed by the Michaelis
constant (Km) was unaffected. Surprisingly, CNP decreased the Km of V883M-GC-B 10-fold in a concentration-
dependent manner without increasing Vmax. Unlike the WT enzyme the Km reduction of V883M-GC-B did not
require ATP. Unexpectedly, V883M-GC-B, but not WT-GC-B, failed to inactivate with time. Phosphorylation ele-
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Bone growth vated but was not required for the activity increase associated with the mutation because the Val to Met substi-

CGMP tution also activated a GC-B mutant lacking all known phosphorylation sites. We conclude that the V883M

2;';?:;:21)1&“ mutation increases maximal velocity in the absence of CNP, eliminates the requirement for ATP in the
CNP-dependent Km reduction, and disrupts the normal inactivation process.

© 2013 Elsevier Inc. All rights reserved.

Introduction as an enzyme assay where ATP is not present, the activity of GC-B is pos-

C-type natriuretic peptide (CNP) stimulates long bone growth and
inhibits meiotic resumption in oocytes by activating the enzyme vari-
ously known as guanylyl cyclase (GC)-B, natriuretic peptide receptor
(NPR)-2 or NPR-B, which catalyzes the synthesis of the intracellular sig-
naling molecule, cGMP [1-3]. GC-B is a homodimer containing an extra-
cellular ligand-binding domain, a single membrane-spanning region,
and an intracellular highly phosphorylated kinase homology domain,
dimerization domain and C-terminal GC catalytic domain [4].

CNP binding increases GC-B activity by two mechanisms. It increases
the maximal rate of cGMP production called maximal velocity (Vmax)
and it also increases the affinity of the enzyme for GTP that is observed
as a reduction in the Michaelis constant — the GTP concentration re-
quired to reach half the Vmax. Under non-physiologic conditions such

Abbreviations: CNP, C-type natriuretic peptide; GC, guanylyl cyclase; NP, natriuretic
peptide; WT, wild type.
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itive cooperative as demonstrated by a Hill coefficient of greater than 1.
This means that GTP binds an allosteric site that increases the affinity of
the catalytic site for GTP. However, under biological conditions where
ATP concentrations are at or above 1 mM, the Hill coefficient of GC-B
is 1 because the allosteric site is occupied by ATP not GTP. Recently,
we demonstrated that ATP is required for the CNP-dependent reduction
in the Km of GC-B [5,6]. Finally, in broken cell assays, ATP also increases
GC-B activity by providing the phosphate that is added to the serine and
threonine residues on the enzyme that is necessary for activation by
CNP [7,8].

GC-B was identified in rat chondrocytes in 1994 [9], but the ability of
natriuretic peptides to stimulate skeletal growth was first observed in
transgenic mice overexpressing BNP in 1998 [10]. Subsequent bone cul-
ture studies indicated that CNP, not BNP, increased the proliferative and
hypertrophic zones of the murine growth plate, which increases the
length of long bones [10]. CNP also increases the earliest stage of endo-
chondral bone development ~ the condensation of mesenchymal pre-
cursor cells - as well as stimulates glycosaminoglycan synthesis and
extracellular matrix production [11,12]. Consistent with the require-
ment of CNP and GC-B in normal long bone growth in mammals, mice
lacking either CNP or GC-B were dwarfs [13,14], and mice lacking the
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natriuretic peptide clearance receptor (NPR-C) that degrades CNP
exhibited skeletal hyperplasia [15,16]. In contrast, mice lacking BNP dis-
play no skeletal abnormalities [17]. Importantly, CNP and CNP analogs
were recently shown to increase long bone growth in murine models
of achondroplasia [18-20].

Homozygous inactivating mutations in both alleles of GC-B were
identified in humans with acromesomelic dysplasia, type Maroteaux
(AMDM) dwarfism [21-23], and heterozygous mutations in GC-B were
associated with non-pathological reductions in human stature [24].
Conversely, mutations associated with CNP overexpression were identi-
fied in patients with skeletal overgrowth [25,26], and a genome-wide as-
sociation study identified correlations between genetic mutations that
regulate CNP or NPR-C expression and height in Northwestern European
populations [27].

In 2012, Miura et al. identified a conserved valine to methionine
missense mutation at position 883 in the catalytic domain of human
GC-B (V883M-GC-B) in three generations of a Japanese family with
skeletal overgrowth, fragile bones and elevated blood cGMP concen-
trations [28]. Importantly, how this mutation increases GC-B activity
was not determined. Here, we show that this single residue substitu-
tion increases the maximal velocity of GC-B in the absence of CNP and
that CNP reduces the Km of V883M-GC-B an order of magnitude with-
out ATP or without increasing maximal velocity. Unexpectedly, the
V883M substitution blocked the normal inactivation process.

Materials and methods
Reagents

125.cGMP radioimmunoassay kits and 3?P-o-GTP were from Perkin
Elmer (Waltham, MA). CNP-22 was purchased from Sigma (St. Louis,
MO). The plasmids encoding the N-terminally HA-tagged form of
WT human GC-B (HA-WT-GC-B) [22] and HA-V883M-GC-B plasmids
[28] have been described. The plasmids expressing rat GC-B-7A
and GC-B-7E were also previously described [29,30]. The ATDC5
chondrocytes were from ATCC (www.atcc.org).

Cells and transfections

293 neocells were maintained and transiently transfected by the
HEPES-calcium-phosphate precipitation method as previously reported
[30].

. Whole cell cGMP elevation assays

Cyclic GMP concentrations were measured by radioimmunoassay
in ethanol extracts of transiently transfected 293 cells that were
pre-incubated with 1 mM isobutylmethyl xanthine, a general phospho-
diesterase inhibitor, for 10 min before being incubated with increasing
concentrations of CNP as previously described [31].

Guanylyl cyclase assays

Crude membranes were prepared at 4 °C in phosphatase
inhibitor buffer consisting of 50 mM 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid — pH 7.4, 50 mM NaCl, 20% glycerol,
50 mM NaF, 1 mM EDTA, 0.5 pM microcystin and 1x Roche prote-
ase inhibitor cocktail. All assays were performed at 37 °C in a cock-
tail containing 25 mM HEPES pH 7.4, 50 mM NaCl, 0.1% BSA,
0.5 mM isobutylmethyl xanthine, 1 mM EDTA, 0.5 M microcystin,
5 mM phosphocreatine, 0.1 pg/ul creatine kinase and 5 mM MgCl,.

The single substrate concentration GC assays were performed
using *?P-GTP as substrate in the presence of 1 mM ATP and 1 mM
GTP at 37 °C for 3 min as previously described [31]. For the desensiti-
zation assays, the reaction was performed using a pool of crude mem-
branes. The reaction was initiated by the addition of pre-warmed

cocktail. At the designated times, 0.1 ml aliquots were removed and
added to ice-cold tubes containing 0.5 ml zinc acetate to stop the re-
action. Alumina column chromatography purified the 32P-cGMP,
which was quantified by Cerenkov counting [32].

Substrate-velocity assays were performed for the indicated times
with the indicated GTP concentrations. The resulting cGMP concen-
trations were determined by radioimmunoassay as described [33].
When included, free manganese concentrations in the assays were
2 mM. Because enzymatic activity was not completely linear with
time, the kinetic parameters obtained under these conditions are con-
sidered “apparent”.

Western blotting

293T cells were transfected with the indicated constructs,
immunoprecipitated, fractionated by reducing SDS-PAGE and blotted
to an Immobilon membrane for immune-detection as previously de-
scribed [34]. The blot was blocked and probed with at 1/2500 dilution
of rabbit serum 6328 followed by incubation with a 1/20,000 dilution
of goat anti-rabbit IRDye 680 conjugated antibody and visualized on a
LI-COR instrument as previously described [35].

Statistical analysis

Statistics and graphs were generated with Prism 5 software. Student's
paired t-test determined significance where p < 0.05 was considered
significant. The vertical bars within the symbols represent the SEM.
Where not visible the bars are contained within the symbol. ECs
values were calculated based on the nonlinear curve fitting equation
Y = Top = X / (ECsp + X). Substrate-velocity curves were analyzed
using an allosteric sigmoidal model to generate Hill coefficients.

Results

Cyclic GMP is elevated more than twenty-fold in cells expressing
GC-B-V883M

HEK293 cells were transiently transfected with human isoforms of
HA-WT-GC-B or HA-V883M-GC-B. Two days later, the cells were incu-
bated in the presence of increasing concentrations of CNP for 3 min
and intracellular ¢cGMP concentrations were determined (Fig. 1A).
Basal (no CNP) cGMP concentrations were elevated 21-fold in cells ex-
pressing HA-V883M-GC-B compared to cells expressing HA-WT-GC-B.
Maximal concentrations of CNP increased cGMP concentrations
29-fold in HA-WT-GC-B expressing cells but only 2-fold in cells express-
ing HA-V883M-GC-B. The ECs for CNP activation was not significantly
different between the WT and mutant enzymes, consistent with the
mutation not affecting the affinity of CNP for GC-B.

Plasmids expressing WT and GC-B-V883M were also transiently
transfected into ATDC5 mouse chondrocytic cells that endogenously ex-
press GC-B. Since these cells express phosphodiesterases 1 and 5, we
pretreated them with a general phosphodiesterase to emphasize
¢GMP synthesis by GC-B [36]. Overexpression of WT-GC-B slightly ele-
vated cyclic GMP concentrations in the ATDC5 cells, but overexpression
of the GC-B-V883M mutant resulted in cGMP levels that were more
than four-fold higher than those observed in cells transfected with the
WT enzyme (Fig. 1B). These data indicate that the increased basal activ-
ity associated with the V883M mutation occurs in a natural cellular en-
vironment for GC-B and is consistent with the increased plasma cGMP
concentrations measured in patients expressing V883M-GC-B [28].

Basal enzymatic activity of V883M-GC-B is elevated but expression is
reduced

GC activity was measured in crude membranes from 293 cells ex-
pressing green fluorescent protein (GFP) as a control, WT-GC-B,
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Fig. 1. Basal cGMP concentrations are markedly elevated in cells expressing
V833M-GC-B. A, 293 cells transiently expressing HA-WT-GC-B or HA-V883M-GC-B
were incubated with the indicated concentrations of CNP for 3 min and then intracel-
lular cGMP concentrations were determined. The ECsgs for the two enzymes were not
significantly different, p = 0.42. B, ATDC5 cells were transiently transfected with plas-
mids expressing WT-GC-B or GC-B-V883M and ¢GMP concentrations were measured
in basal (no CNP) serum-starved cells 2 days later. Cyclic GMP concentrations in cells
expressing WT-GC-B were slightly higher than those observed in un-transfected cells
(p <0.01), but levels in cells expressing GC-B-V883M were 4.3-fold higher than
those in cells expressing WT-GC-B (p < 0.03).

HA-WT-GC-B or HA-V883M-GC-B under basal (1 mM Mg?*GTP),
hormone-stimulated (1 mM Mg?*GTP, 1 mM ATP and 1 uM CNP), or
detergent-stimulated (1 mM Mn?*GTP and 1% Triton X-100) condition
(Fig. 2). Enzyme analysis was performed in the 293 cells because they
do not express detectable endogenous GC activity [6], which allows
more definitive interpretation of the data because most tissues and
cell lines express more than one GC.

GC activity measured in crude membranes from GFP transfected cells
was insignificant under all conditions. Consistent with the whole cell
c¢GMP analysis describe in Fig. 1, basal GC activity was low for
WT-GC-B and HA-WT-GC-B but was elevated 28-fold over WT levels
for HA-V883M-GC-B. Saturating concentrations of CNP and ATP stimu-
lated WT-GC-B and HA-WT-GC-B similarly (>50-fold). However, GC ac-
tivity of HA-WT-GC-B was almost double that of the WT enzyme lacking
the HA tag, consistent with higher expression of the HA-tagged receptor.
As in whole cells, CNP and ATP activated HA-V883M-GC-B about
two-fold in enzyme assays. GC activity of HA-V883M-GC-B measured
in the presence of detergent was lower than that observed for
HA-WT-GC-B, which is consistent with reduced expression of
HA-V883M-GC-B compared to HA-WT-GC-B. Western analysis of
SDS-PAGE fractionated immunoprecipitated enzymes confirmed that
the more slowly migrating, completely processed species (upper band)
was expressed at lower levels than the comparably processed forms of
the tagged or untagged WT version of GC-B (Fig. 2, inset). We previously
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Fig. 2. GC activity but not the protein level of V883M-GC-B was elevated in the absence of
CNP. Crude membranes from 293 cells transfected with plasmids expressing the indicated
constructs were assayed for GC activity under the conditions indicated in the figure legend
and text. Bars within the symbols indicate the range of duplicate determinations. This fig-
ure is representative of two independent assays. The inset shows a Western blot of the in-
dicated forms of GC-B purified from 293 cells transiently transfected with the indicated
constructs. The numbers on the left indicate the molecular weight of standards.

demonstrated that only the upper band of GC-B is phosphorylated and
that phosphorylation is required for CNP-dependent activation of GC-B
[8.29].

Maximal velocity of HA-GC-B-V883M is elevated

To determine how the mutation increased the enzymatic activity
of GC-B, substrate-velocity curves were generated for HA-WT-GC-B
and HA-V883M-GC-B with or without 1 pM CNP in the absence of
ATP (Fig. 3A). Basal activity of the WT enzyme was low and CNP in-
creased Vmax 12-fold without decreasing the Km. Consistent with
previous observations [6], WT-GC-B was positive cooperative as indi-
cated by a Hill slope of 1.3. In contrast, basal maximal velocity of the
mutant enzyme was elevated 15-fold compared to WT-GC-B and the
Km was unchanged. The Hill coefficient was 0.9, suggesting slight
negative cooperativity. CNP failed to increase the maximal velocity
of HA-V883M-GC-B, but reduced the Hill slope 0.4 units and the Km
10-fold. Thus, the V883M mutation increases basal maximal velocity,
reduces the Hill coefficient and allows CNP to reduce the Km in the
absence of ATP. In contrast, the reduction in Hill coefficient and Km
for the WT enzyme was previously shown to be completely depen-
dent on the presence of ATP [5]. These data are consistent with the
V883M mutation producing a structural change in GC-B that locks it
into a conformation that mimics that of the ATP-bound state. They
also indicate for the first time that the CNP-dependent changes in
the Vmax and Km of GC-B are separate but related processes.

CNP reduces the Hill coefficient and Km of HA-V883M-GC-B in a
concentration-dependent manner in the absence of ATP

Substrate-velocity curves were generated for HA-V883M-GC-B in
the presence of increasing concentrations of CNP to evaluate the
concentration-dependence of CNP on reductions in the Hill coefficient
and Michaelis constant (Fig. 3B). ATP was not included in these ex-
periments. In the absence of CNP, no cooperativity was observed,
but increasing concentrations of CNP progressively increased the
amount of negative cooperativity while concomitantly decreasing
the Km. These data indicate that CNP converts HA-V883M-GC-B to a
strongly negative cooperative enzyme. Similarly, in the absence of
CNP, the Km of the mutant enzyme was high; but in the presence of
increasing concentrations of CNP, the Km dropped progressively
while maximal velocity was unaffected.
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Fig. 3. Kinetic characterization of V883M-GC-B. GC activity shown in panels A-D was measured for 9 min in crude membranes from 293 cells transiently expressing either HA-GC-B-WT
or HA-GC-B-V883M. Bars within symbols indicate the SEM. Tables below each figure show Vmax, Km and Hill coefficient (ny). A. Maximal velocity of HA-V883M-GC-B is elevated in the
absence of CNP. GC activity was measured in the presence or absence of 1 uM CNP and the indicated concentrations of Mg?*GTP where n = 4. The # indicates a significant difference from
HA-WT-GC-B-CNP at p < 0.05. The ## indicates a significant difference from HA-V883M-GC-B-CNP at p < 0.03. B. CNP decreases the Hill coefficient and Km for HA-V883M-GC-B in a
concentration-dependent manner in the absence of ATP. GC activity was measured in the presence or absence of increasing concentrations of CNP and the indicated concentrations of
Mg?+GTP where n = 4. * and ** indicate a significant difference from no CNP values where p < 0.05 and 0.01, respectively. C. ATP does not affect the Hill coefficient or Km of
HA-V883M-GC-B. GC activity was measured in the presence or absence of 0.1 mM ATP, 1 uM CNP and the indicated concentrations of Mg? *GTP where n = 4. The * indicates a significant
difference from HA-WT-GC-B (—) ATP at p < 0.05. D. HA-V883M-GC-B is negative cooperative. GC activity was measured with the indicated concentrations of Mn?*GTP and 1% Triton
X-100 where n = 6. The * indicates a significant difference from the corresponding value obtained for the WT enzyme at p < 0.05; inset. Double reciprocal plots were generated from the
raw data to demonstrate a concave upward curve indicative of positive cooperativity or a slightly downward curve indicative of negative cooperativity.

ATP does not allosterically activate V883M-GC-B

We recently determined that CNP reduces the Hill coefficient and Km
of WT-GC-B by a process that requires ATP binding to an allosteric site in
the catalytic domain [6]. Therefore, we investigated whether the V883M
mutation affected these processes as well. Substrate-velocity curves
were generated for HA-WT-GC-B and HA-V883M-GC-B in the presence
of 1 uM CNP with or without 0.1 mM ATP. With the WT enzyme, ATP re-
duced the Km 6-fold and the Hill coefficient 0.3 units without affecting
the Vmax (Fig. 3C). However, ATP failed to reduce the Km or Hill coeffi-
cient or increase the Vmax of HA-V883M-GC-B. These data are consistent
with a scenario where the V883M mutation causes a conformational
change in GC-B that abolishes the need for ATP in the CNP-dependent re-
duction in Hill coefficient and Km.

HA-V883M-GC-B is slightly negative cooperative when manganese is
used as a cofactor

Substrate-velocity curves were also generated on membranes
expressing HA-WT-GC-B or HA-V883M-GC-B under non-physiologic,
detergent conditions using manganese-GIP as substrate (Fig. 3D).
Substrate-velocity curves generated under these conditions were pre-
viously shown to be positive cooperative for GC-A [37]. Vmax was
lower when measured under these conditions but the Km/S0.5 was

strikingly lower compared to physiologic activation conditions. Maxi-
mal velocity was not different between the WT and mutant GC-B en-
zymes. The substrate-velocity curve for HA-WT-GC-B was positive
cooperative as demonstrated by concave upward reciprocal plots and
a Hill coefficient of 1.3 (Fig. 3D, inset). To our knowledge, this is the
first demonstration of positive cooperativity for GC-B when assayed
under detergent-stimulated conditions. In contrast to HA-WT-GC-B,
HA-V883M-GC-B was weakly negative cooperative as indicated by a
slightly concave downward curve and a Hill coefficient of 0.9 (Fig. 3D,
inset), which is consistent with the slight negative cooperativity ob-
served for V883-GC-B when assayed under basal conditions.

HA-V883M-GC-B is resistant to desensitization

Cyclic GMP concentrations in cells expressing V883M-GC-B were
highly elevated two days after transfection (Fig. 1), which suggests that
the mutant enzyme was not completely desensitized or downregulated.
In contrast, CNP activated WT-GC-B was shown to desensitize in less
than one hour [8]. Therefore, we examined whether the V833M muta-
tion disrupted the inactivation of GC-B.

GC activity was measured on membranes from cells expressing
HA-WT-GC-B or HA-V883M-GC-B for up to 2 h to evaluate the effect
of the V883M mutation on the inactivation of GC-B as a function of
time (Fig. 4, top panel). WT GC activity was determined in the
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Fig. 4. V883M-GC-B is resistant to desensitization. A. GC assays were conducted on
crude membranes from 293 cells transfected with HA-WT-GC-B or HA-V883M-GC-B
for the period of time indicated in the presence of 1 mM GIP, 1 mM ATP and
5 mM Mg?*Cl, with or without 1 M CNP. Each value represents 4 determinations.
The asterisks indicate a significant difference from corresponding values obtained in
membranes expressing WT-GC-B at p < 0.02. B. Whole 293 cells transfected with
HA-WT-GC-B or HA-V883M-GC-B were incubated with 1 uM CNP for the indicated
times. Membranes were then prepared and assayed for GC activity in the presence of
1 mM GTP, 1 mM ATP and 5 mM Mg2*Cl,. N = 4. The asterisks indicate significance
from the O time point value where p < 0.05. The bars within the symbols indicate
SEM in all panels.

presence of CNP, whereas mutant activity was determined in the
presence and absence of CNP. The GC activity of the WT enzyme de-
clined with time and was inactive after 60 min. In contrast, the GC ac-
tivity of the mutant receptor was linear for the duration of the assay
regardless of whether CNP was included in the assay.

We also examined the inactivation of the WT and mutant enzymes
under whole cell conditions. In this experiment, intact cells were treat-
ed with 1 uM CNP for 0, 30 or 90 min then membranes were prepared
from the cells and assayed for GC activity for 3 min (Fig. 4, bottom
panel). The WT enzyme demonstrated a time-dependent inactivation
similar to that previously reported for GC-B expressed in 3T3 cells [8].
However, exposure of the V883M-GC-B to saturating concentrations
of CNP failed to inactivate the enzyme after 30 or 90 min. Together,
these data indicate that the Val substitution at position 883 not only in-
creases the maximal velocity of the enzyme, it also disrupts the normal
desensitization process.

Activation of GC-B by the V883M substitution does not require
phosphorylation

CNP only activated a GC-B construct containing alanine substitutions
for the first six phosphorylation sites identified in GC-B (S513, T516,
S518, $523, S526, T529) two-fold as opposed to greater than 30-fold
for WT-GC-B [29], whereas the analogous substitutions left GC-A
completely unresponsive to NP stimulation [38]. These observations
led to the idea that phosphorylation is required for NP-dependent acti-
vation of GC-A and GC-B. Here, we asked whether phosphorylation is
also required for the V883M mutation to increase GC-B activity.

To do this, we mutated Val-883 to Met in the rat GC-B-7A con-
struct that contains alanine substitutions for the first six identified
sites plus Ser-522, which is not phosphorylated [29]. We also created

a constitutively phosphorylated mimetic version of rat GC-B-V883M
by mutating Val-883 to Met in GC-B-7E. Rat GC-B-7E contains gluta-
mate substitutions for the first six identified sites as well as Ser-489,
a newly identified putative site that reduces the Km of GC-B when
phosphorylated [30].

Introducing the Val-883-Met mutation into WT-GC-B increased basal
activity 39-fold, whereas the same mutation in the dephosphorylated
form of the enzyme (GC-B-7A) increased activity 17-fold (Fig. 5). How-
ever, introduction of the V883M mutation into the GC-B-7E construct in-
creased activity 68-fold. Thus, phosphorylation is not required for the
elevated basal activity associated with the V883M mutation, but phos-
phorylation results in greater activation since the WT and phosphoryla-
tion mimetic enzymes (GC-B-7E) were activated to a greater degree
than the non-phosphorylated enzyme (GC-B-7A).

Discussion

Characterization of the missense mutant revealed several important
changes in GC-B that occurred as a result of this single amino acid sub-
stitution. First, basal maximal velocity was dramatically increased. Sec-
ond, the CNP-dependent reduction in Km was rendered independent of
ATP, and thirdly, the normal desensitization process was inactivated.
Another worthy point of discussion is that the V883M-GC-B mutant is
the first example of a GC where ligand binding reduces the Km without
increasing maximal velocity. Thus, the kinetic analysis of this mutant
allowed the separation of the maximal velocity increasing effects of li-
gand binding from the Km reducing effects of ligand binding for the
first time. This mutant enzyme also provides unequivocal support for
the new GC-B activation model where CNP binding increases activity
by reducing the Km as well as increasing maximal velocity [6].

Early studies indicated that product formation by membrane GCs in
the presence of detergent is positive cooperative [39,40]. We found that
GC-B is positive cooperative under basal conditions as well as when
assayed in the presence of Mn?"GTP and Triton X-100. However, the
single V883M mutation converts the enzyme from positive cooperative
to slightly negative cooperative when assayed under both physiologic
and detergent-activated conditions. Interestingly, CNP increased the
degree of negative cooperativity of V883M-GC-B in a concentration-
dependent manner.
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Fig. 5. The GC-B-V883M mutation activates a dephosphorylated version of GC-B. The
V883M mutation was introduced into WT-GC-B, constitutively phosphorylated (7E)
or constitutively dephosphorylated (7A) forms of GC-B. 293 cells were transiently
transfected with plasmids expressing the indicated GC-B constructs. GC assays were
performed for 3 min in the presence of 0.1 mM GTP, 1 mM ATP and 5 mM Mg2*Cl,
with or without 1 M CNP. Each value represents 6 determinations. The bars within
the symbols indicate SEM. The values above the brackets indicate the fold-difference
above basal values.
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The reduction in Km and increase in negative cooperativity appear CNP alone markedly decreased the Km of GC-B-V883M, a phenomenon
paradoxical. We hypothesize that the V883M mutant locks the enzyme that requires ATP with the WT enzyme. Since cooperativity is
into a conformation that mimics an ATP bound state. This hypothesis is maintained, this suggests that the mutation does not destroy the ability
supported by low or no cooperativity under basal conditions and the in- of GTP to bind to the allosteric site but rather modifies how GTP binding
ability of ATP to change the activity of the mutant enzyme. In addition, to the allosteric site affects the catalytic site. However, an alternative
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Fig. 6. Activation models for wild type and mutant GC-B. The models are described in detail under the Discussion section. The blue spheres indicate known phosphorylation sites in
the kinase homology domain of GC-B. The white 883M indicates that the Val to Met mutation is in the catalytic domain. The abbreviations are: CNP, C-type natriuretic peptide; Km,
Michaelis constant; ny, Hill coefficient; and Vmax, maximal velocity.
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explanation is that the reduction in the Hill coefficient results from in-
creased inhibition resulting from GTP binding to a site independent of
the allosteric site. This third GTP binding site would explain the appear-
ance of negative cooperativity while also allowing for the Km reduction
resulting from the previously identified allosteric site. It is also possible
that the V883M mutation could increase the affinity of GC-B for the
products of the reaction (pyrophosphate and cGMP), which would re-
sult in reduced GC activity and apparent negative cooperativity. [mpor-
tantly, since the V833M mutation did not affect Vmax when measured
in the presence of detergent and manganese, it suggests that the
mutation modifies the conformation of the active site under physiologic
conditions and does not directly interact with the substrate.

Near linear ¢cGMP production with time by HA-V883M-GC-B
assayed both in the presence and absence of CNP indicated that
HA-V883M-GC-B is resistant to desensitization. Experiments with al-
anine and glutamate substituted receptors indicated that unlike CNP ac-
tivation of WT-GC-B, the increased activity observed with the V883M
mutation does not require phosphorylation of the kinase homology do-
main, although activation was greater with the phosphorylated and
phosphomimetic enzymes. The lack of dependence on phosphorylation
for activity of the mutant enzyme may contribute to its resistance to
desensitization.

Itis surprising how much the single amino acid substitution changes
the regulation of GC-B (Fig. 6). In the absence of CNP and ATP, maximal
velocity of WT-GC-B was low, affinity for substrate was low (high Km),
and cooperative was significant and positive. In contrast, under the
same conditions, maximal velocity of V883M-GC-B was high, affinity
for substrate was low, and cooperativity was low and negative. Addition
of ATP in the absence of CNP abolished positive cooperativity of the WT
enzyme due to ATP replacing GTP at the allosteric site [6], but had no
effect on the mutant enzyme under identical conditions. CNP alone in-
creased maximal velocity of the WT enzyme, but it did not decrease
the Km in the absence of ATP. In contrast, CNP alone failed to increase
maximal velocity of the mutant enzyme but decreased the Km
ten-fold in the absence of ATP. Finally, CNP reduced the cooperativity
of both enzymes, but the WT enzyme went from positive to no
cooperativity, whereas the mutant went from slightly negative cooper-
ative to very negative cooperative.

In conclusion, we established a molecular mechanism for how a single
amino acid substitution in GC-B activates the enzyme, which results in
abnormally long and fragile human bones. It will be interesting to deter-
mine the prevalence of this mutation in humans and other species.
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Extracellular Phosphate as a Signaling
Molecule

Toshimi Michigami
Department of Bone and Mineral Research, Osaka Medical Center and Research Institute for
Maternal and Child Health, Izumi, Osaka, Japan

Abstract
Phosphorus is involved in various biological processes including membrane integrity, main-
tenance and inheritance of genetic materials, energy metabolism, intracellular signalingand
skeletal mineralization. In addition, accumulating evidences have indicated that alteration
in the levels of extracellular inorganic phosphate (Pi) itself triggers signaling to regulate gene
expression and cellular functions in some cell types. In bone cells such as osteoblasts and
chondrocytes, extracellular Pi modulates cell proliferation, differentiation, mineralization
and apoptosis. In extraskeletal tissues, extracellular Pi also exerts various effects. For exam-
ple, increased extracellular Pi results in the calcification associated with the upregulation of
osteoblast marker genes in vascular smooth muscle cells. As to the mechanistic aspects, it is
suggested that an increase in extracellular Pi triggers signal transduction via the PiT1 type
Il sodium/phosphate (Na*/Pi) cotransporter and ERK1/2 pathway. Unicellular organisms
such as bacteria and yeast sense the environmental Pi with a protein complex located in the
plasma membrane, which regulates the expression of multiple genes involved in Pi uptake
and metabolism to adapt to its availability. In mammals that are multicellular organisms, Pi
availability should be sensed both at a cellular level to regulate the function of each cell and
as a whole body to maintain the Pi homeostasis of the extracellular fluid. Although the re-
sponsiveness to the increased extracellular Pi suggests the existence of Pi-sensing mecha-
nism in mammalian cells as well, it is unknown whether the sensing of Pi availability at a
cellular level and that at a whole-body level share the same pathway or not. This chapter will
review the findings regarding the regulation of various cellular functions by extracellular Pi,
and also discuss the current concept on the mechanism for Pi-sensing.

Copyright © 2013 S. Karger AG, Basel

Phosphorus is critical in various biological processes including membrane integ-
rity, synthesis of deoxyribonucleic acid (DNA) and ribonucleic acid (RNA), en-
ergy metabolism and intracellular signaling. In vertebrates, phosphorus is also
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essential in skeletal mineralization. In human adults, approximately 85% of the
total phosphorus exists in bone as complex with calcium in hydroxyapatite crys-
tals deposited onto the collagen matrix. Fifteen percent of phosphorus is present
in soft tissues with only 0.1% in the extracellular fluids [1]. Phosphorus in serum
is present mainly as inorganic phosphate (Pi) in the form of free ions HPO;™ and
H,POyj, and the former is dominant in physiological pH. The majority of the in-
tracellular phosphate ion exists as bound form or inorganic phosphate esters,
phospholipids, or phosphorylated intermediate molecules involved in various
biochemical processes. The concentration of Pi in the extracellular fluid and cyto-
sol is about 10~* and 2 x 107 M, respectively. The intracellular concentration of
Pi is maintained by membrane transporters, which function dependently on so-
dium (Na*) gradient across the plasma membrane [1].

In mammals, Na*-coupled Pi cotransporters have been classified into three
families, based on the amino acid sequence and structural similarity [2]. All co-
transporters are multispanning membrane proteins. The type I Na*/Pi cotrans-
porter belongs to the solute carrier family 17 (SLC17), and is known as NPT1 in
humans. In addition to the Pi transport activity, type I cotransporters transport
organic anions, and their physiological roles are not fully established. Type II
Na*/Pi cotransporters are assigned to SLC34, and include NPT2a, NPT2b and
NPT2c. Npt2a and Npt2c were shown to be predominantly expressed at the
brush border membrane of proximal tubular epithelial cells, and responsible for
the renal reabsorption of Pi. On the other hand, Npt2b is expressed in various
tissues including small intestine, and has been revealed to be responsible for in-
testinal apical Na*/Pi cotransport. Type III Na*/Pi cotransporters are classified
as SLC20 family, which includes PiT1 (SLC20A1) and PiT2 (SLC20A2). These
proteins are widely expressed, and were originally identified as retroviral recep-
tors Glvr-1 and Ram-1, respectively [2].

In addition to the profound roles of phosphorus in various biological pro-
cesses, it has been implicated that extracellular Pi itself functions as a signaling
molecule that regulates gene expression and modulates cell behavior. This chap-
ter will review the recent findings on the regulation of cellular function by ex-
tracellular Pi. In addition, current concept on the sensing mechanism of envi-
ronmental Pi will be discussed.

Roles of Extracellular Pi in Skeleton

In mammals, renal reabsorption and intestinal absorption of Pi are central to
control Pi balance [1]. Prolonged deficiency of Pi due to the abnormal absorp-
tion or reabsorption results in the poorly mineralized bone characteristic of rick-
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ets or osteomalacia, indicating the critical role of phosphorus in skeletal miner-
alization. Recently, it has been revealed that extracellular Piregulates the various
cellular functions in skeleton other than mineralization.

Alkaline phosphatase is the enzyme that hydrolyses pyrophosphates and the
protein-bound form of phosphate to produce Pi and increase its concentration
in the extracellular microenvironment. During the early phase of osteoblast dif-
ferentiation, the expression of the gene for alkaline phosphatase gradually in-
creases. Using a murine osteoblastic cell line MC3T3-E1 cells, Beck et al. [3]
found that a decrease in extracellular Pi production due to the inhibition of al-
kaline phosphatase activity caused a decreased expression of osteopontin, which
is involved in the regulation of mineralization. Then, they further demonstrated
that the increased Pi levels in the culture medium strongly induced the expres-
sion of osteopontin, and firstly indicated that extracellular Pi itself functions as
a specific signal that regulates the gene expression in osteoblastic cells [4]. The
authors also performed a combined proteome and microarray investigation in
MC3T3-E1 cells to identify the molecules comprehensively whose expression
levels were altered in response to treatment with the higher concentration of ex-
tracellular Pi [5]. Among the molecules whose amount was increased in re-
sponse to Pi, some were found to be involved in the regulation of cell cycle, pro-
liferation and DNA synthesis [5]. Thus, the extracellular Pi in microenviron-
ment seems to regulate both proliferation and differentiation of osteoblasts.

Extracellular Pi plays a role in regulating chondrogenesis as well. Chondrogen-
esis is a multistep process involving the mesenchymal condensation of undifferen-
tiated cells, the proliferation of chondrocytes, and differentiation into hypertrophic
chondrocytes, followed by mineralization. As chondrocytes mature, the concentra-
tion of Pi increases in the extracellular milieu. The progressive accumulation of Pi
ion starts from the proliferative zone and peaks in the hypertrophic zone [6].

Terminally differentiated chondrocytes in growth plate undergo mineral-
ization associated with apoptosis. Several studies have indicated that high lev-
el of Pi in the microenvironment of mature chondrocytes induces apoptosis
[7-9]. Sabbagh et al. [7] demonstrated that the decreased level of extracellular
Pi impaired the apoptosis of hypertrophic chondrocytes and lead to rickets in
the hypophosphatemic Hyp mouse, a murine model for human X-linked hy-
pophosphatemia. Their data implicate that extracellular Pi plays a critical role
for the regulated apoptosis of hypertrophic chondrocytes via the activation of
the caspase-9-mediated mitochondrial pathway. Mansfield et al. [8] linked the
apoptosis of mature chondrocytes directly to the elevation in environmental
Piconcentration and the concomitant rise in intracellular Pilevels, and showed
that the effect of Pi on chondrocyte apoptosis was calcium dependent. More
recently, Sugita et al. [9] reported that Pi-regulated apoptosis of hypertrophic
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