Role of PTH1R internalization in osteoblasts and bone mass using
a phosphorylation-deficient knock-in mouse model
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Abstract

Phosphorylation, internalization, and desensitization of G
protein-coupled receptors, such as the parathyroid hormone
(PTH) and PTH-related peptide (PTHrP) receptor
(PTH1R), are well characterized and known to regulate
the cellular responsiveness in vitro. However, the role of
PTHIR receptor phosphorylation in bone formation and
osteoblast functions has not yet been elucidated. In previous
studies, we demonstrated impaired internalization and
sustained cAMP stimulation of a phosphorylation-deficient
(pd) PTHIR in vitro, and exaggerated cAMP and calcemic
responses to s.c. PTH infusion in pdPTHIR knock-in
mouse model. In this study, we examined the impact of
impaired PTH1R phosphorylation on the skeletal pheno-
type of mice maintained on normal, low, and high calcium
diets. The low calcium diet moderately reduced (P<<0-05)

bone volume and trabecular number, and increased
trabecular spacing in both wild-type (WT) and pd mice.
The effects, however, seem to be less pronounced in the
female pd compared to WT mice. In primary calvarial
osteoblasts isolated from 2-week-old pd or WT mice, PTH
and PTHrP decreased phosphorylated extracellular signal-
regulated kinases 1/2 (pERK1/2), a member of mitogen-
activated protein kinase, and cyclin D1, a G;/S phase cyclin,
in vitro. In contrast to WT osteoblasts, down-regulation of
cyclin D1 was sustained for longer periods of time in
osteoblasts isolated from the pd mice. Our results suggest
that adaptive responses of intracellular signaling pathways
in the pd mice may be important for maintaining bone
homeostasis.
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Introduction

Parathyroid hormone (PTH) and PTH-related peptide
(PTHrP) activate a common G protein-coupled receptor
(GPCR), PTHI1R, which stimulates multiple signaling
cascades including the adenylate cyclase/protein kinase A
(PKA), phospholipase C/protein kinase C, and mitogen-
activated protein kinases (MAPKs) leading to various
biological effects including anabolic and catabolic actions in
bone (Datta & Abou-Samra 2009). Activation of GPCRs by
agonists leads to receptor phosphorylation, internalization of
the ligand receptor complexes, and desensitization of the
hormonal response. Internalization results in dissociation of
the agonist from the receptor, and recycling/recovery of the
receptor back to the cell membrane and/or its degradation
(Letkowitz et al. 1998). Down-regulation of PTHIR and
decreased PTH responsiveness have been extensively studied
in renal and osteoblastic cells in vitro (Chao & Forte 1982,
Tamayo ef al. 1982, Abou-Samra et al. 1989, Mitchell &
Goltzman 1990, Bellorin-Font et al. 1995, Jongen et al. 1996)
and in patients with chronic renal failure in vivo (Olgaard et al.
1982, Gordeladze et al. 1987, Drueke 1996). Phosphoryl-
ation-deficient PTHIR (pdPTH1R) does not internalize
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normally after PTH challenge; moreover, that display
sustained intracellular cAMP response to PTH (Tawfeek
et al. 2002). Homozygous knock-in (KI) pdPTHIR mice
exhibit decreased serum PTH and phosphate levels and
prolonged, exaggerated cAMP and calcemic responses to
s.c. PTH infusion (Bounoutas et al. 2006). The sustained
elevation of cAMP after PTH challenge, the increased
calcemic response to PTH infusion, and the adaptive serum
PTH and phosphorus levels in the pdPTH1R mice suggest
that agonist-dependent phosphorylation of the PTH1R plays
an important role in receptor function. However, the skeleton
of the pdPTH1R mice appeared largely normal.

Our previous studies showed that PTHIR activation
up-regulates MAPK phosphatase-1, and down-regulates
pERK-MAPK and cyclin D1 in differentiated mature
osteoblasts (Chen et al. 2004, Datta et al. 2005, 2010). The
physiological role of PTHIR phosphorylation, internal-
ization, and desensitization in bone cells and skeletal
development remains largely unknown. In this study, we
challenged the pdPTH1R mice with low and high calcium
diets to examine the calcemic and skeletal responsiveness
during adaptation to extreme diet conditions. Our skeletal
analysis suggests that lacking PTH1R phosphorylation in the
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female mice is possibly protective compared to male pd
mice on a low calcium diet. In addition, distinct molecular
regulation in primary osteoblasts was observed in pdPTHIR
KI mice.

Materials and Methods

Mice

We generated a pdPTHIR KI mouse model using
homologous recombination technology as described
(Bounoutas ef al. 2006). The murine PTH1R gene was cloned
from a 129Sv] mouse strain genomic library. A targeting vector
was constructed in pcDNA1 that contains an Xhol-EcoRI
genomic fragment bearing the seven serine to alanine
mutations, a neo-tk cassette flanked by LoxP sites from the
pFLOX vector, and an EcoRI fragment from the noncoding
region of the PTHIR gene. The vector was linearized with
Xhol, purified on agaorse gel, and electroporated into
embryonic stem (ES) cells. ES colonies were then screened
by Southern blot after Kpnl digestion using an external
probe (Bounoutas et al. 2006). After transient transfection
with cre recombinase, ES cell colonies were selected. Two ES
cell colonies were used to generate the KI mice.

All animal protocols were performed in compliance with
the Institutional Animal Care and Use Committee for the Use
and Care of Animals.

PCR genotyping of pd KI mice

For routine genotyping, PCR analyses were carried out on
DNA extracted from tail biopsies. The sequences of the
forward and reverse primers are CCTAAACTCC-
CACTGTCCTT and CCTCAGGTTCTTGATTCACT
respectively, flanking the LoxP insertion site. The sizes of
the PCR products are 150 and 450 bp for wild-type (WT)
and pdPTHI1R alleles respectively.

High, low, and normal calcium diet study

Four-week-old animals were placed in new cages with
different diets containing 0:6% (normal), 0-02% (low), or
2% (high) calcium (Harlan Teklad, Madison, WI, USA) until
they became 8 weeks old. The experimental conditions (age
of mice at the start of experiment, amounts of calcium in
the chow, and duration of the experiment) were selected
based on a previous experience of the Endocrine Unit
Laboratory at the Massachusetts General Hospital, Boston,
MA, USA. Retro-orbital blood samples were used to measure
PTH, calcium, and phosphate using an ELISA kit for PTH
(Immunotopics, San Clemente, CA, USA) or colorimetric
assay for calcium and phosphorus (Fisher, Pittsburgh, PA,
USA). Bone mineral density (BMD) was measured by
PIXImus. Animals were then killed and fixed, and L5
vertebra, distal, and mid-shaft femora were analyzed by
micro-computed tomography (micro-CT).
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Skeletal phenotyping and micro-CT analysis

Micro-CT analyses were performed on the proximal tibiae,
distal femora, and L5 vertebrae of WT and pd mice using
3D eXplore Locus micro-CT scanner (GE Healthcare
Biosciences, London, ON, Canada) at John D Dingell VA
Medical Center (Detroit, MI, USA) or UCT40 (Scanco
Medical AG, Basserdorf, Switzerland) at the Orthopedic
Biomechanics Laboratory, Beth Israel Deaconess Medical
Center, and Harvard Medical School (Boston, MA, USA).
The bones were dissected free of soft tissues and fixed in
10% neutral buffered formalin for 48 h. Images were
reconstructed with an isotropic resolution of 27 pm.
Scanning procedure also included the use of a calibration
phantom (array of materials at known densities). Analysis
of bone parameters was performed using MicroView
software (MicroView, GE Healthcare Biosciences). Bone
regions of interest were manually segmented using the
advanced region of interest (ROI) tool in MicroView.
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Figure 1 Effect of dietary calcium on serum PTH, total calcium,
and phosphate levels of the WT and the pd mice. Four-week-old
wild-type and pd littermate mice were fed with the normal (0-6%),
high (2%), and low (0-02%) calcium diets for 4 weeks, and retro-
orbital venous blood samples were collected at the end of week 4
of a special diet. (A) PTH, (B) total calcium, and (C) phosphate were
measured by ELISA. Data are means+s.p. (n=6 from each group).
a, P<0-05 pd versus WT; b, P<0-05 low or high calcium diet
versus normal diet. H, high calcium diet; L, low calcium diet;

N, normal calcium diet. pd, phosphorylation-deficient PTH1R;
WT, wild-type.
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Bone volume (BV), total volume (TV), trabecular
separation (TbSp), and trabecular number (TbN) were
analyzed within this ROI using the bone analysis module

in MicroView.

Primary osteoblast culture

Primary osteoblasts were isolated from calvaria of 2-week-old
mice by serial digestion (Datta et al. 2005). Briefly, calvaria
was dissected, isolated, and subjected to sequential digestions
in collagenase A (2 mg/ml) and trypsin (0-25%) for 20, 40,
and 90 min. Cells from the third digest were rinsed, counted,
and plated in aMEM containing 10% FBS, 100 U/ml
penicillin, and 1 pg/ml streptomycin. Primary cultures were
used without passage.
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Alkaline phosphatase and von Kossa staining

Primary cells were plated in 6-well plates with a density of
2X 107 cells/well, and the medium was replaced twice weekly
until the cells were nearly confluent. The medium was
changed to osteogenic medium with the addition of ascorbic
acid (50 pg/ml) and B-glycerophosphate (10 mM). The cells
were cultured for 5-21 days, and the medium was replaced
every 2—3 days with or without 100 nM PTH. Histochemical
staining and alkaline phosphatase (ALKP) activity were
determined at day 5 using Sigma Fast BCIP/NBT tablets
(B5655) and plotted. The mineralization assays were
performed using the von Kossa method. At the end of
19 day culture period, the cells were fixed with 95%
EtOH and stained with AgNOj to detect phosphate deposits
in bone nodules as described (Marsh et al. 1995). The deposits
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Figure 2 Effect of dietary calcium on bone mineral density (BMD) of the WT and the pd mice. Four-week-old WTand pd littermate mice were
fed with the normal (0:6%), high (2%), and low (0-02%) calcium diets for 4 weeks. At the end of week 4 of a special diet (8 weeks of age),
bone parameters were measured by either PIXImus or micro-CT. Data on the low and high calcium diets were normalized by dividing each
BMD value to its corresponding normal diet value, and the fold changes relative to a normal diet are plotted. A value of 1-0 equals the
corresponding BMD value on a normal diet. Data are means+s.p. (n=6 from each group). a, P<0-05 pd versus WT; b, P<0-05 special
calcium diet versus normal diet. H, high calcium diet; L, low calcium diet; pd, phosphorylation-deficient PTH1R; WT, wild-type. BMD values
of normal diet are for (A), female pd mice, 0-0408 +£0-0014; female WT mice, 0-04294+0-0012; male pd mice, 0-04484 +0-0026; male WT
mice, 0-04476 +0-0016; for (B), female pd mice, 0-05649 4+ 0-0022; female WT mice, 0-:06019 £0-0019; male pd mice, 0-06711 +0-0079;
male WT mice, 0-06583 40-0053; for (C), female pd mice, 0-04859 +0-0033; female WT mice, 0-05463 +0-005; male pd mice, 0-05407
+0-0051; male WT mice, 0-05087 +0-0039; for (D), female pd mice, 0-05164 4+0-0028; female WT mice, 0-05444 +0-0027; male pd
mice, 0:06199 £0-0095; male WT mice, 0-06169+0-0072; for (E), female pd mice, 0-297 +0-0238; female WT mice, 0-346+0-0309;
male pd mice, 0-35857 +0-04; male WT mice, 0-34843 +0-0283; for (F), female pd mice, 0-01489+0-0016; female WT mice, 0-01847
+0-0015; male pd mice, 0-013634+0-0011, male WT mice, 0-01301 £0-001.
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of calcium were shown by the formation of opaque
mineralized nodules. The number of nodules was counted
and plotted as percent relative expression compared to
untreated cells. Undifferentiated proliferating osteoblasts
were used as a negative control.

Analysis of mRNA by real-time PCR

Total RNA was extracted from primary osteoblasts using
TRIZOL reagent (Invitrogen), and cDNAs were prepared
using the TagMan Reverse Transcription assay system
(Applied Biosystems, Foster City, CA, USA). The yield
and purity of RNA were estimated spectrophotometrically
using A260/A280 ratio. Real-time PCR was performed
using StepOnePlus system (Applied Biosystems) using
FAM-labeled primers (cyclin D1, # Mm00432359;
GAPDH, # Mm99999915; ALKP, # MmO01187117;
osteocalcin (OCN), # AIAAAG1; Applied Biosystems).
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was

used as an internal control.

SDS-PAGE and western analysis

SDS-PAGE and western blot analysis were performed as
described previously (Datta ef al. 2005). Calvarial osteoblasts
were differentiated for 7 days with ascorbic acid (50 pg/ml)
and B-glycerophosphate (10 mM) as above and induced with
100 nM PTH or PTHrP for 10 min to 5 h for subsequent
experiments. Following induction, cells were washed twice
with cold PBS, scraped, and lysed for 30 min at 4 °C
following sonication with RIPA buffer containing protease
inhibitors (Sigma). Cell lysates were cleared by centrifugation
at 14 000 g for 45 min. An aliquot of each lysate was removed
for protein concentration determination. SDS-PAGE was
performed in 10-12% polyacrylamide. Each lane was loaded
with 40-80 pg protein of cell lysates. For a given western blot
analysis, all lanes received equal protein loads. Pre-stained
molecular weight standards were run in parallel lanes.
After electrophoresis, the proteins were transferred to a
polyvinylidene fluoride (PVDF) membrane (Bio-Rad
Laboratories, Inc.) in 25 mM Tris—HCI, 192 mM glycine,
20% v/v methanol, and 0-01% SDS (pH 8-5) using a semi-dry
transfer system (Hoefer, Amersham Biosciences, Piscataway,
NJ, USA). Residual protein binding sites on the membrane
were blocked by TBST (20 mM Tris—HCI, pH 7-6, 137 mM
NaCl, and 0-5% Tween-20) containing 5% nonfat dry milk
for 3-12 h. The membranes were then incubated with the
primary antiserum at room temperature. After washing with
TBST, a HRP-conjugated secondary antibody was added for
20-60 min. The protein bands were visualized by autoradiog-
raphy using an enhanced chemiluminescence detection
system (Pierce, Rockford, IL, USA). The protein band
intensities on the autoradiograms (all with exposures within
the linear range of the film) were quantified using Scion
software (Frederick, MD, USA).
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Results

Characteristics of the pdPTHIR KI mice

The high and low calcium diets did not result in significant
differences in body weight between WT and pdPTHIR
genotypes in male or female mice (not shown).

Serum PTH levels were significantly decreased in female pd
mice compared to WT mice fed a normal diet (Fig. 1A). Ina
low calcium diet, a significant rise in PTH level was observed in
both female and male pd and WT mice compared to a normal
or a high calcium diet (Fig. 1A). No significant difference in
total serum calcium and phosphate levels was observed
between WT and pd KI mice fed with a normal diet in both
genders (Fig. 1B and C). While serum calcium level was
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Figure 3 Effect of dietary calcium on bone mineral content (BMC)
of the WT and the pd mice. Four-week-old WT and pd littermate
mice were fed with the normal (0-6%), high (2%), and low (0-02%)
calcium diets for 4 weeks. At the end of week 4 of a special diet
(8 weeks of age), bone parameters were measured by either PIXImus
or micro-CT. Data on the low and high calcium diets were
normalized by dividing each BMC value to its corresponding
normal diet value, and the fold changes relative to a normal diet are
plotted. A value of 1-0 equals the corresponding BMC value on

a normal diet. Data are means=s.p. (=6 from each group).

a, P<0-05 pd versus WT; b, P<0-05 special calcium diet versus
normal diet. H, high calcium diet; L, low calcium diet; pd,
phosphorylation-deficient PTHTR; WT, wild-type. BMC values

of a normal diet are for (A), female pd mice, 0-297 £0-0238;
female WT mice, 0-346 +0-0309; male pd mice, 0-35857 +£0-04;
male WT mice, 0-34843 +0-0283; for (B), female pd mice,
0-0148940-0016; female WT mice, 0-018474+0-0015; male pd
mice, 0-01363+0-0011; male WT mice 0-:01301£0-001.
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increased in WT and pd female mice fed with a high calcium
diet compared to a normal or a low calcium diet, no change
in serum calcium was noted in male WT or pd mice fed with
the normal, low, or high calcium diets (Fig. 1B). Although
both female WT and pd mice showed a tendency of decreased
serum phosphate levels on a low calcium diet compared to
a normal or a high calcium diet (Fig. 1C), the difference was
significant (P<<0-05) only in pd mice, not in WT mice,
compared to a normal diet. In contrast, both WT and pd
males showed significantly (P<<0-05) lower phosphate levels
in a low calcium diet compared to a normal or a high calcium
diet (Fig. 1C). Our previous study showed that following
12 h starvation, 8-week-old pd mice exhibit decreased
serum phosphate level compared to WT mice in a normal
diet (Bounoutas et al. 2006). Effect of dietary phosphorus on
serum concentration is a well-known phenomenon; this may
explain why no significant difference in phosphate levels is
observed between WTand PD mice in the present study where
the mice were not starved for 12 h before serum sampling.

Changes in BMD and bone mineral content in WT and pd mice
fed the low and high calcium diets

Figs 2 and 3 show the changes in total BMD, spine and
femur BMD, and bone mineral content (BMC) in WT and
pd female or male mice fed a low or a high calcium diet

compared to a normal diet. The values for total BMD and
total BMC are included in the legends of Figs 2 and 3
respectively, and the fold changes of total BMD and total
BMC in the high and low Ca diets with respect to a
normal diet are plotted. The high calcium diet increased
the total and spine BMD and total BMC in pd female mice
compared to WT female mice (Figs 2A and C and 3A and
B). In contrast, no change in total BMC was observed
between pd and WT male mice (Fig. 3A). Both pd and
WT females and males showed a dramatic decrease in total,
spine, femoral, and diaphyseal BMD when fed with a low
calcium diet (Fig. 2A-D). When corrected to body weight,
only pd female mice and WT male mice fed with a high
calcium diet showed a significant increase in BMC/weight
(Fig. 3B). In contrast, the low calcium diet significantly
decreased BMC/weight in both genders for each genotype
(Fig. 3B).

Micro-C'T analysis of tibiae, femora, and L5 vertebrae of
8-week-old mice fed with the normal and low calcium diets

Since the BMD and BMC were dramatically decreased in
pd and WT mice fed with a low calcium diet, we
performed a detailed micro-CT analysis of 8-week-old
tibiae, femora, and L5 vertebrae of these mice (Tables 1
and 2). The low calcium diet decreased the BV/TV,

Table 1 Micro-computed tomography analysis of vertebrae and femora of the WTand the pd female mice

WT females pd females
Normal diet Low Ca Normal diet Low Ca

L5 Vert

BV/TV (%) 22:84+1-5 12-44+1-4" 22:74+1-3 11-24+1-1*
TbTh (mm) 52:940-7 48-2+1-0" 52-:241-5 49-6+1-3"
TbN (1/mm) 4-5840-23 3-374+0-32% 4-5340-33 2:77+0-17%%
ThSp (mm) 207412 296+33" 215+18 364+20%"
Conn 158:6+15-9 87-5+14-6 166-9+13-6 81-8+20-11
SMI 1154017 1-9840-13" 1-264+0-19 2:06+0-18"
MinD 920420 661+25" 897427 665+32"
Distal femur

BV/TV (%) 10-03+1-37 5-92+0-49" 10-90+1-09 7-06+0-85%"
TbTh (mm) 53-542-0 48-8+1-8" 51-241-5* 50-041-2
TbN (1/mm) 3-224+0-29 2-4340-13% 3-7340-35* 2-61+0-13*%
TbSp (mm) 315432 4154211 266+ 29* 3854251
Conn 70-4+7-1 38:2+4-5% 88-6+16-3* 52:4410-8**
SMI 2:7940-22 2:9240-11 2-:8040-10 2:7640-12%
MinD 913445 686+20" 8814+11* 7194447
Mid-shaft femur

TA 1-674+0-05 1-4640-09" 1-60+0-07* 1-4840-08"
BA 0-62540-029 0-31340-033" 0-61040-044 0-402+0-030*"
MA 1-050+0-053 1-146+0-082F 0-986+0-039* 1-081+0-061**
BA/TA (%) 37-34+1-9 21-542-17 382415 27-141-4%"
Cort Thick 143-5+10-4 78:14+9-4" 146:0+8-7 97-1+5-9%*
Cort MinD 1409+ 14 1299+ 36" 1409+15 13404271

WT, wild-type; pd, phosphorylation-deficient PTH1R; Ca, calcium. Values are mean+s.0. (n=6 from each group);
*P<0-05 versus WT; TP<0-05 low calcium diet versus normal. BV/TV, bone volume/total volume; TbTh, trabecular
thickness; TbN, trabecular number; MinD, mineral density; Conn, connectivity; SMI, structure model index; TA, total
area; BA, bone area; MA, marrow area; Cort Thick, cortical thickness; Cort MinD, cortical mineral density.
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Table 2 Micro-computed tomography analysis of vertebrae and femora of the WT and the pd male mice

WT males pd males
Normal diet Low Ca Normal diet Low Ca

L5 Vert

BV/TV (%) 27-941-5 17-4+117 26:3+1-4* 16-241-2%1
TbTh (mm) 50-3+1-9 48-4+0-8" 50-9+1-3 48-2+1-0"
TbN (1/mm) 5-9940-30 4-0840-26" 5-5840-36* 4-2340-18"
ThSp (mm) 15749 241+17° 171 4+14* 233+13"
Conn 278-2430-2 140-04+17-6" 264:2+35:2 137-3+22:6"
SMI 1-04+0-12 1-60+0-17* 1-26+0-16* 1-88+0-167*F
MinD 919+37 7204247 896437 7264+36"
Distal femur

BV/TV (%) 17-01+4-07 8-:68+0-96 18-34+4-10 8-98+0-99"
TbTh (mm) 55-8+8-3 49-0+1-17 53-3+4-8 48-1+1-6"
TbN (1/mm) 4734043 3-2040-33" 4674066 3-45+0-28"
ThSp (mm) 208424 301+£13" 213433 291+24"
Conn 154-9+28-8 67-8+10-6" 176-1+44-1 75-54+15-3"
SMI 2:4140-019 2:79+0-11% 2:1840-38 2:78+0-11%
MinD 934449 7034317 908+78 7534337
Mid-shaft femur

TA 1-86+0-14 1-58+0-07" 1-884+0-21 1-6040-06"
BA 0-736+0-088 0-33340-049" 0-758+0-111 0-38640-082"
MA 1-12940-096 1-25040-043" 1-11840-120 1-213+0-052"
BA/TA (%) 39-443-2 21-0+2-3" 40-34+2-7 24-0+4-4%
Cort Thick 164-5+18-9 74-8+10-8" 164-44+15-4 85-14+15-5"
Cort MinD 1402421 1276430" 1380+13* 1283 +25"

WT, wild-type; pd, phosphorylation-deficient PTH1R; Ca, calcium. Values are mean+s.p. (n=6 from each group);
*P<0-05 versus WT; TP<0-05 low calcium diet versus normal. BV/TV, bone volume/total volume; TbTh, trabecular
thickness; TbN, trabecular number; MinD, mineral density, Conn, connectivity; SMI, structure model index; TA, total

area; BA, bone area; MA, marrow area; Cort Thick, cortical thickness; Cort MinD, cortical mineral density.

trabecular thickness (TbTh) and TbN, and mineral density
(MinD) and connectivity (Conn), and increased the TbSp
in the vertebrae and distal femur. Similarly, the low calcium
diet decreased the mid-shaft bone strength parameters, total
area (TA), bone area (BA), (BA/TA), cortical thickness
(Cort Thick), and cortical mineral density (Cort MinD),
and increased the marrow area (MA) in both the pd and the
WT mice (Tables 1 and 2).

Comparing the pd mice to the WT mice revealed that
the low calcium diet affected more dramatically several of
the micro-CT parameters of bones of the pd female than
those of the WT female. The low calcium diet negatively
affected several of the bone parameters of the L5 vertebra in
the pd female mice compared to the WT female mice. For
instance, the low calcium diet decreased L5 TbN to a lower
level in the pd females than in the WT females (2:77 £0-17
versus 3:371+0-32; P<0-05) and increased the L5 and
TbSp more in the pd females than in the WT females
(364 £ 20 versus 296+ 33; P<0-05). In contrast, the bone
parameters of the distal femur (BV/TV, TbN, TbSp, and
Conn) and the mid-shaft (BA, BA/TA, Cort Thick,
and Cort MinD) were positively affected by the pd
genotype (Table 1). In contrast to the female mice, there
was no significant difference in most of the micro-CT
parameters of bones between the male pd and the male WT
mice (Table 2).
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Effect of impaired PTH1R phosphorylation on mineralization
of primary calvarial osteoblasts isolated from 2-week-old
pdPTH1R mice

To understand the cellular mechanism leading to the changes
in bone mass observed in pd mice, we examined whether
primary calvarial cells obtained from WT and pd mice
contained the same number of osteoprogenitor cells. No
significant group differences in total osteoblasts per calvaria
were found (data not shown). Calvarial cells from 2-week-old
mice were plated in 6-well plates, and degree of differentiation
(colony-forming unit (CFU)-ALKP and ALKP activity) and
mineral deposition (von Kossa staining and CFU osteoblasts)
were assessed. Compared to undifferentiated negative controls,
differentiated cells showed significant mineralization in
osteoblasts isolated from the WT and the pd mice (Fig. 4A).
There was minimum to no difference in mineralization
between the osteoblast cultures isolated from either male or
female pd mice compared to respective WT controls.
Continuous PTH treatment significantly down-regulated
mineralized nodule formation in both WT and pd osteoblasts
(Fig. 4A). ALKP activity was significantly increased in
PTH-treated osteoblasts compared to untreated cultures isolated
from the WT or the pd male and female mice (Fig. 4B). Gene
expression analysis showed significant down-regulation of
OCN mRNA expression in both WT and pd cells following
continuous PTH treatment (Fig. 4C). In contrast, the changes
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Figure 4 Effect of PTH on differentiation of primary calvarial osteoblasts isolated from the WT and the pd mice.
(A) Representative von Kossa staining of primary calvarial osteoblasts isolated from the WT and the pd mice. The
cells were differentiated with ascorbic acid and B-glycerophosphate for 19 days with or without 100 nM PTH.
Following von Kossa staining, mineralized bone nodules of phosphate deposits were counted. The results are
expressed as percent relative expression of bone nodules without PTH treatment. Results from representative culture
plates are shown. (B) Primary calvarial osteoblasts isolated from the WT and the pd mice were differentiated for

5 days as above, with and without PTH. Results from representative ALKP staining of 5 day differentiated cultures are
shown. ALKP activity was measured in duplicate plates, and the results are expressed as fold change with respect to
untreated cells. (C) Real-time PCR analysis was performed to analyze RNA extracted from differentiated WT and pd
calvarial osteoblasts with and without PTH treatment. GAPDH was used as an internal control. Results are expressed
as mean =£s.0. from five to six independent experiments. a, P<0-001. P, PTH; pd, phosphorylation-deficient PTH1R;

WT, wild-type; N, undifferentiated control.

in ALKP mRNA levels with PTH treatment of early-
differentiated osteoblast cultures were not significant (Fig. 4C).

pPERK-MAPK and cyclin D1 are down-regulated following
PTHUYP treatment in primary calvarial osteoblasts isolated
from the WT and the pd mice

To determine whether impaired PTHIR phosphorylation
and internalization are important for the molecular regulation
of osteoblasts, we cultured primary cells from pd and WT
littermates or age-matched controls and differentiated them
for 7 days. While there were no differences in the total
ERK1/2 protein levels, results indicated significant down-
regulation of pERK1/2 in WT and pd calvarial osteoblastic
cells following 100 nM PTH or PTHrP treatment for 10 min
(Fig. 5). PTH or PTHrP significantly down-regulated protein
(Fig. 6A) or mRNA (Fig. 6B) expression of cyclin D1 at 5 and

www.endocrinology-journals.org

1 h of incubation respectively in WT and pd cells. However,
unlike in the WT cells, the pd cells exhibited a sustained
down-regulation of cyclin D1 protein expression after 24 h
incubation with PTH or PTHrP (Fig. 6A).

Discussion

Several hormonal systems have been characterized in vitro that
describe internalization of GPCRs and desensitization of the
hormonal responses. Desensitization of GPCRs involves
GPCR kinases (GRKs) that phosphorylate C-terminal serine
and threonine residues of agonist-stimulated GPCRs and
binding of the members of the B-arrestins (Pitcher et al. 1998,
Oakley et al. 2001). B-Arrestin 1 and 2 knockout mice and
transgenic mice with targeted overexpression of a peptide
inhibitor of GRK2 have been used to study the role of
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Figure 5 Expression of pERK1/2 in differentiated primary calvarial
osteoblasts isolated from the WT and the pd mice. Differentiated
calvarial osteoblasts were treated with 100 nM PTHrP (Pr), PTH (P),
or vehicle (V) for 10 min. Total cellular protein was harvested.
Western blot analyses were performed for total ERK1/2 and
phosphorylated ERK1/2. Densitometric analyses were performed,
normalized to total ERK1/2, and plotted. Representative data from at
least three to four independent experiments are shown. Data are
expressed as mean=s.p. ¢, P<0-05 versus V. pd, phosphorylation-
deficient PTH1R; WT, wild-type.

internalization and phosphorylation in GPCR actions in vivo
(Harding et al. 2001), and bone anabolic effects of GRK
inhibitor expressed in osteoblasts have been described
(Spurney et al. 2002). The physiological actions of PTHIR
involve classic G protein-mediated signaling and possibly
include multiple GRKs. An influence for B-arrestin 2 in
receptor internalization, bone remodeling, and anabolic
effects of intermittent PTH(1-34) administration was
reported using P-arrestin 2 KO mice (Ferrari & Bouxsein
2009). The bone phenotype due to the loss of B-arrestin 2 in
the KO mice may arise from disruption of the functions of a
large number of signaling molecules, which include
disruption of PTH1R internalization. To specifically under-
stand the physiological role of PTHIR internalization on
calcium homeostasis, our group previously developed a KI
mouse model, in which the normal Pth1r gene was replaced
with an internalization-impaired pdPTH1R mutant. The
pdPTHIR mouse is the only animal model for a
phosphorylation-deficient GPCR knocked in the locus of
the normal gene using homologous recombination tech-
nology. The pd mice showed an exaggerated calcemic
response when compared with control animals, given the
same dose of PTH(1-34) infused s.c. over 3 days (Bounoutas
et al. 2006). Since serum calcium was normal in the basal state
of the pd mouse possibly due to adaptive responses in PTH
and phosphate homeostasis, we have used the high and low
calcium diets to challenge the adaptive response. Here, we
show that a low calcium diet impacts skeletal phenotype of
the pdPTHIR and the WT mice without affecting
normal growth.

Our previous study showed that under a normal diet, the
genetically modified pd animals exhibited normal calcium
levels, but PTH levels were one third of those in controls
indicating that homeostasis could be maintained only by
threefold suppression of PTH secretion (Bounoutas et al.
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2006). In this study, we observed that serum PTH levels were
suppressed by a high calcium diet in the WT mice but not
in the pd mice. However, serum PTH levels were increased
in a low calcium diet for both the WT and the pd mice.
Interestingly, the low calcium diet did not affect the serum
calcium levels but dramatically increased PTH levels;
this indicates that adaptive homeostasis responses prevented
hypocalcemia both in the WT mice and in the pd mice.
In contrast, the high calcium diet increased serum calcium
levels only in the female mice. The latter observation
suggests a gender-specific mechanism in the maintenance
of calcium homeostasis following the high calcium diet.
For instance, the low calcium diet resulted in secondary
hyperparathyroidism in the WT and the pd mice with
similar PTH levels. However, the female pd mice showed
significantly lower phosphorus levels on a low calcium diet
compared to a normal diet; and both the WT male mice and
the pd male mice showed decreased phosphorus in response
to a low calcium diet. The lower phosphate level in the female
pd mice in a low calcium diet suggests increased PTH action
on renal proximal tubular phosphate reabsorption.

In the basal state, loss of PTH1R phosphorylation does not
significantly impact bone parameters in the adult mouse.
When these mice were stressed with a low calcium diet, we
observed bone loss both in the pd and the WT littermates,
which was differently affected by the genotype, mostly in
female mice, in a site-specific manner. The micro-CT bone

A wr pd wr pd
5h 24h 5h 24h 24h 5h 24 h 5h
Cyclin D1 = gt o e @ e o = e (—— ==
Actin = S —— e D -

V.V PrPr VPr VNPrPPVPr VP VP VPVP

WT pd

5h 24 h 5h 24h

2
Z .
E%% 0 ¢ c
N3 g 08
T
ESS 06 b
258 os .
3 02 2 a ad
0.0
VPP VPrP VPP VPrP
WT pd
B 2L 1.2
E=o) L
53¢
o',\_%
583
<o
€S8
3

V PrP V PrpP

Figure 6 Expression of cyclin D1 in differentiated primary calvarial
osteoblasts isolated from the WT and the pd mice. Differentiated
calvarial osteoblasts were treated with 100 nM PTHrP (Pr), PTH (P),
or vehicle (V) for either 5-24 h (A) or 1 h (B). Total cellular protein or
RNA was harvested. (A) Western blot analyses were performed for
cyclin D1 and actin (loading control). Densitometric values were
normalized and plotted. (B) Real-time PCR analysis was performed
for cyclin DT mRNA, normalized with GAPDH, and plotted.
Representative data from at least three to four independent
experiments are shown. Data are expressed as mean =s.p.

a, P<0-001 versus V; b, P<0-01 versus V; ¢, P<0-05 versus V.
pd, phosphorylation-deficient PTH1R; WT, wild-type.
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parameters of the L5 vertebra were negatively affected by the
pd genotype in the female mice, i.e. the low calcium diet
caused more bone loss in the L5 vertebrae of the pd female
mice than in the WT female mice. In contrast, those of the
distal femur and femur shaft were less affected by the pd
genotype during the low calcium diet challenge. This suggests
that the molecular and cellular mechanisms affecting bone
formation and resorption in the vertebrae and the femur are
likely to be different.

PTH stimulates PTH1R to increase intracellular cAMP,
which in turn activates PKA leading to phosphorylation of
the cAMP-response element-binding protein (CREB).
CREB interacts with B-catenin and regulates its function
(Hecht et al. 2000, Takemaru & Moon 2000). Recently, it
has also been proposed that modulation of PB-catenin
signaling by cAMP and PKA during stimulation with PTH
increases osteoclastogenesis and contributes significantly to
the differences observed between Wnt- and PTH-driven
responses (Romero et al. 2010), i.e. anabolic or catabolic
effect. Bone loss during a low calcium diet is most likely
multifactorial, which involves negative calcium balance
complicated by secondary hyperparathyroidism aiming at
maintaining normocalcemia at the expense of advanced
bone resorption. Different bones might be affected
differently by the negative calcium balance and/or by the
secondary hyperparathyroidism. Bone loss during a low
calcium diet apparently exhibits a sexual dimorphism. Since
the low calcium diet was initiated at 4 weeks of age and
ended at 8 weeks of age, and since ovarian functions in
female mice mature approximately at week 6 of age whereas
testicular functions in male mice mature at approximately
week 8, it is possible that the differential exposure to
gonadal steroid may be responsible for the difference in
bone phenotype between male and female during a low
calcium diet.

Although loss of PTH1R internalization does not have an
effect on overall bone phenotype, the bone changes,
summarized in Table 3, appear to be quite complex, showing
mixed results that cannot be fully explained. It is not clear
why in the mid-shaft femur the pd genotype appears to
possibly partially protective, at least in the females. We can
only speculate that sex hormones in combination with
impaired internalization of the receptor may contribute to the
observed differences in bone response. Sexual dimorphism in
skeletal growth, bone loss, and maturation of osteoblasts, or
sensitivity to PTH has been described previously using mice
deficient in estrogen receptor-o, androgen receptor, or both
(Vidal et al. 2000, Vandenput et al. 2001, Sims et al. 2002,
Tozum et al. 2004). The differences in skeletal phenotype
between the male or the female pd mice when challenged
with a high or a low calcium diet further suggest contribution
of discrete signaling pathways and not a consequence of
impaired phosphorylation of PTHIR only. It is known that
interaction of several signaling molecules such as Na™/H™
exchanger regulatory factor (NHERF), calmodulin, calpain,
and subunits of the GTP-binding proteins influences the
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Table 3 Summary of changes in bone parameters in the male and
the female pd mice relative to the WT mice caused by the low
calcium diet

Parameters pd males pd females
L5 Vert
BV/TV (%) 1 o
TbTh (mm) < <
TbN (1/mm) < !
TbSp (mm) < 1
Conn = P
SMI 1 <
MinD < <
Distal femur
BV/TV (%) < 1
TbTh (mm) < P
TbN (1/mm) < 1
TbSp (mm) < !
Conn = 1
SMI < !
MinD 1 DN
Mid-shaft femur
TA =S =S
BA < 1
MA < 1
BA/TA (%) < 1
Cort Thick = 1
Cort MinD < 1

1, increase; |, decrease; <, no change; pd, phosphorylation-deficient
PTH1R; BV/TV, bone volume/total volume; TbTh, trabecular thickness; TbN,
trabecular number; MinD, mineral density, Conn, connectivity; SMI,
structure model index; TA, total area; BA, bone area; MA, marrow area;
Cort Thick, cortical thickness; Cort MinD, cortical mineral density.

signaling properties of PTHIR (Mahon et al. 2002, 2006,
Mahon & Segre 2004, Mahon & Shimada 2005, Shimada
et al. 2005). Therefore, adaptive responses in these or other
molecules may play a role in calcium, phosphate homeostasis
and anabolic action, causing a mild phenotype of the pd mice.
Regardless of the mechanism, this model may facilitate
understanding altered mechanisms of skeletal defects and
treating skeletal disorders.

This study suggests that impaired phosphorylation and
internalization of PTH1R alone do not significantly impact
osteoblast proliferation, differentiation, or mineralization. We
have previously demonstrated that down-regulation of cyclin
D1 following PTH or PTHrP treatment induces growth
arrest in differentiated osteoblasts (Datta et al. 2005); these
regulatory events were associated with bone formation in vivo
(Datta et al. 2007). We hypothesized that PTHIR regulation
of the osteoblast cell cycle plays an important role in its bone
anabolic action. Therefore, we have conducted these
experiments with the pd osteoblasts, which show sustained
PTHIR activity, to explore the molecular mechanism of
bone formation. Interestingly, the exaggerated/sustained
cAMP response in the pd mice (Bounoutas et al. 2006)
reflected the molecular response to PTH in primary calvarial
osteoblasts. The down-regulation of cyclin D1 following
PTH or PTHrP treatment was sustained in the pd osteoblasts

Journal of Endocrinology (2010) 207, 355-365

363

Downloaded from Bioscientifica.com at 08/22/2022 11:02:56PM
via free access



364 N s DATTA and others

Phosphorylation-deficient PTH1R in

osteoblasts

compared to the osteoblasts isolated from the WT or the
heterozygous mice. The in wvitro osteoblast phenotype is
therefore to be contrasted with the mild
phenotype. We conclude from these experiments that there

in vivo bone

are no major differences in molecular regulation of PTH or
PTHrP on osteoblasts between the WT and the pd mice, and
may partially contribute to similar bone phenotype in these
animals. Taken together, it is likely that adaptive responses of
intracellular signaling pathway and lower serum PTH
concentration in vivo may be important for maintaining
bone homeostasis of the pd mice very close to normal.
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