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a b s t r a c t

Normal bone mineralization requires phosphate oversaturation in bone matrix vesicles, as well as normal
regulation of phosphate metabolism via the interplay among bone, intestine, and kidney. In turn,
derangement of phosphate metabolism greatly affects bone function and structure. The type III sodium-
dependent phosphate transporters, PiT-1 and PiT-2, are believed to be important in tissue phosphate
metabolism and physiological bone formation, but their requirement and molecular roles in bone remain
poorly investigated. In order to decipher the role of PiT-2 in bone, we examined normal bone devel-
opment, growth, and mineralization in global PiT-2 homozygous knockout mice. PiT-2 deficiency
resulted in reduced vertebral column, femur, and tibia length as well as mandibular dimensions. Micro-
computed tomography analysis revealed that bone mineral density in the mandible, femur, and tibia
were decreased, indicating that maintenance of bone function and structure is impaired in both
craniofacial and long bones of PiT-2 deficient mice. Both cortical and trabecular thickness and mineral
density were reduced in PiT-2 homozygous knockout mice compared with wild-type mice. These results
suggest that PiT-2 is involved in normal bone development and growth and plays roles in cortical and
trabecular bone metabolism feasibly by regulating local phosphate transport and mineralization pro-
cesses in the bone. Further studies that evaluate bone cell-specific loss of PiT-2 are now warranted and
may yield insight into complex mechanisms of bone development and growth, leading to identification
of new therapeutic options for patients with bone diseases.

© 2017 Elsevier Inc. All rights reserved.

1. Introduction

Bone is a rigid and hard organ that forms the vertebrate skel-
eton. Bone is mainly composed of hydroxyapatite, a form of
calcium-phosphate (Pi) crystal, other minerals, and bone matrix
proteins such as collagen and non-collagen fibrils [1]. Bone for-
mation and its ongoing remodeling are critical for skeletal health.
Both processes are mainly governed by osteoblasts, osteoclasts, and
osteocytes under the coordination of a variety of minerals including
Pi, morphogens, hormones, and cytokines [2e4].

Experimental studies have shown that Pi promotes proliferation
and differentiation of pre-osteoblasts and osteoblasts, and the
mineralization of bone matrix as well as inhibition of osteoclastic
activity [5e7]. Notably, for normal bone mineralization, Pi over-
saturation in the bonematrix vesicles is critical [8]. Pi metabolism is
tightly regulated by the balance among intestinal Pi uptake, renal Pi
resorption, and the exchange between intracellular space and bone,
which is controlled by various hormones [9]. Therefore, derange-
ment of Pi metabolism in the bone is believed to greatly affect bone
function and structure. When Pi is depleted in the body, bone
mineral density (BMD) decreases and the bone quality degrades,
ultimately leading to bone deformity and fragility fracture [10,11].

There is a growing interest in the type III sodium-dependent Pi
transporter family, which harbors just twomembers: Slc20a1/PiT-1
and Slc20a2/PiT-2. These two transporters are expressed ubiqui-
tously in all organs at low levels, and thus were erroneously
thought to play a minor role in maintaining homeostatic levels of
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intracellular Pi [12,13]. However, recent studies have shown that
PiT-1 is involved in matrix vesicle formation and bone minerali-
zation [14]. Bourgine et al. recently reported that hypomorphic
mice with just 15% of normal expression of PiT-1 developed slightly
shorter femurs than controls, but failed to display bone minerali-
zation defects in vivo, possibly due to an observed upregulation of
PiT-2 in this line, indicating a potentially important role of PiT-2 in
the bone regulation [15]. PiT-1 and PiT-2 have also been suggested
to regulate maternal-fetal Pi transport during development [16,17].
More recently, PiT-1 loss driven by the col2a1 promoter on a
Phospho1 null background inhibited bone formation in mice,
leading to defects in skeletal mineralization as well as biogenesis
and function of collagen derived matrix vesicles [18]. Previous
studies have shown that PiT-2 is expressed in bone cells such as
osteoblasts, chondrocytes in the growth plate, and osteoclasts
[19e23]. However, little is known about the role of PiT-2 in
skeletogenesis.

The aim of the present study was to test the hypothesis that PiT-
2 mediates normal bone development, growth, and mineralization.
In the study, we performed bone micro-computed tomography
(micro CT) scans and assessed bone length and BMD in global PiT-2
homozygous knockout (PiT-2 KO) mice, which recapitulate many
features seen in PiT-2 deficiency in humans [24]. We also calculated
bonemorphometric parameters. Herein, we report for the first time
that BMD and dimensions of the craniofacial and long bones were
indeed significantly reduced in PiT-2 deficient mice.

2. Materials and methods

2.1. Animal work

Protocols were in compliance with the NIH Guidelines for the
Care and Use of Laboratory Animals and have been approved by the
Institutional Animal Care and Use Committee at the University of
Washington. All mice were maintained in a specific pathogen-free
environment and housed in a climate-controlled 12 h day/night
cycle and provided food and water ad libitum. Mice were fed a
standard chow containing 0.98% Pi.

C57BL/6NTac-Slc20a2<tm1a (EUCOMM)Wtsi>/Ieg (Slc20a2 þ/
�) mice were purchased from the European Mouse Mutant Archive
(EMMA) and used to generate PiT-2 KO mice and their wildtype
(WT) littermates [24]. Ten-week-old male and female mice were
euthanized by carbon dioxide asphyxiation, frozen, and analyzed,
post-thaw, by micro CT as detailed below.

2.2. Micro CT

Micro CT scans were performed at the Small ANimal Tomo-
graphic Analysis (SANTA) facility located at the Seattle Children's
Research Institute using a SkyScan 1076 instrument (Skyscan,
Kontich, Belgium). Full body scans were performed at an isotropic
resolution of 34.42 mm (60 kV, 170 mA, 0.5 mm Aluminum filter,
120 ms exposure, rotation step of 0.6�, 180� scan, and 3 frame
averaging). Raw data were reconstructed using the software NRe-
con V1.6.9 (SkyScan) and 3D rendered images of each dataset were
generated using the Drishti V2 Volume Exploration software
(http://sf.anu.edu.au/Vizlab/drishti).

2.3. Analysis of bone length and BMD

Length of vertebral column, femur, and tibia was measured us-
ing 3D rendered images. To compare mandibular morphology,
mandibular height and length to the angular process and condylar
process were also determined. BMD was measured at the
mandibular ramus and distal femur using a standardized volume of

interest (VOI) sphere created using micro CT scan software (Sky-
scan) following calibration with commercially supplied calcium
hydroxyapatite phantoms of known density: 0.25 (min) and 0.75
(max) g/cm3 (Skyscan). Measurements were performed on each
side (hemi-mandibles) and averaged for each mouse.

2.4. Quantitative assessment of static bone morphological
parameters by micro CT

Morphological analysis of mouse femurs and determination of
static bone parameters were performed as described previously
[25]. Two regions were quantitatively analyzed in mice: the cortical
bone region from 2.0 to 2.5 mm above the growth plate at the distal
metaphysis; and the trabecular bone region from 0.1 to 1.1 mm
above the growth plate at the distal metaphysis. From the recon-
structed scan data, we calculated the following static bone pa-
rameters: bone volume/total volume; bone surface/total volume;
trabecular number; trabecular thickness; trabecular separation;
cortical bone area; total bone area; cortical bone area/total bone
area; and cortical thickness. For each parameter, micro CT-derived
standard bone morphometry nomenclature, symbols, and units
were used [26].

2.5. Statistical analyses

Data are expressed as mean ± S.E.M. Differences between
groups were analyzed by un-paired t-test. Statistical significance
was assessed at P < 0.05. All statistical analyses were conducted by
JMP version 13.2 (SAS Institute, NA, USA).

3. Results

3.1. The impact of PiT-2 deficiency on body weight and bone length

Global PiT-2 KO and WT mice were identified by genotyping
using DNA extracted from tail biopsy specimens (Fig. 1A). Gross
body size of female PiT-2 KO mice appeared to be smaller than WT
mice (Fig. 1B) and this was supported by body weight measure-
ments (Fig.1C). Bone lengthmeasured on the 3D renderedmicro CT
data confirmed that PiT-2 deficiency resulted in shorter length of
the vertebral column, femur, and tibia thanWTmice (Fig. 1DeG). In
addition, measurements of mandibular height (measurements 2, 3
and 4 in Fig. 2A) and length to the angular process (measurement 5
in Fig. 2A) were 8e10% smaller than controls (Fig. 2B and C). Of
note, the length to the condylar process (measurement 1 in Fig. 2A)
was only 5% smaller (Fig. 2C), consistent with the relative elonga-
tion of the condylar process that is evident when scaling and
overlaying PiT-2 KO and WT hemi-mandibles (Fig. 2B), indicating
an impact of PiT-2 loss on the primary growth center of the
mandible.

3.2. PiT-2 deficiency decreased BMD in systemic bone

All scans, reconstructions, and 3D rendering were performed
using the same settings for all animals, allowing for direct visual
comparison between specimens. This visual analysis identified
several bone abnormalities. Most notable was an apparent decrease
in BMD in the maxilla, mandible, occipital bones, ribs, scapula,
sternum, and vertebrae (as shown in the lateral upper body views
in Fig. 3A) as well as in enamel mineral density in incisors and
molars in male PiT-2 KO mice. Subsequent quantification of
mandible BMD revealed a significant decrease in both male and
female PiT-2 deficient mice compared with WT mice, as shown in
Fig. 3B.
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