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Abstract Bone turnover is regulated by local concentrations of cytokines such as osteoprotegerin (OPG) and receptor activator of
nuclear factor kappaB ligand (RANKL). To explore the in vivo biological function of Opg and the mechanism of osteoporosis due to
deficiency of Opg, Opg knockout mice have been generated through homologous recombination. Opg” mice exhibit a sharply decrease
in bone density and strength as expected. The number of osteoclasts in Opg™ mice significantly increases. Morphologically, osteoclasts
appear more cuboidal in shape in Opg”™ mice than those of wt mice, suggesting that active osteoclastogenesis occurs in the absence of
Opg. In consistent with this finding, an increase of osteoblast activity was also observed with accelerated mineral accumulation rate by
histomorphometric measurement and elevated serum alkaline phosphatase activity (ALP) in Opg~~ mice. Interestingly, more than 50%
of 2-month-old Opg”~ mice manifest medial calcification of aorta with comparable serum concentrations of calcium and phosphorus to
wt mice. In conclusion, Opg”~ mice have a high-bone-turnover type osteoporosis. The aortic calcification in Opg™~ mice is not due to
abnormality of calcium and phosphorus metabolism. The mechanism underlying aortic calcification in Opg”~ mice needs to be further

investigated.
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Osteoporosis is a skeletal disorder characterized
by low bone density and compromised bone strength
predisposing to an increased risk of fracture.
Consequences of osteoporosis can be serious. An
average of 24% of hip fracture in patients aged 50
years and over die in the year after fracture ™.
Nowadays it has become one of major public health
Arterial
calcification is ectopic mineral deposition. It occurs

concerns with its increasing prevalence.

with advancing age, often leads to serious clinical
consequences (such as myocardial infarction, stroke
and sudden death) ™.
osteoporosis frequently occur together and share many
of the same risk factors. A recent clinical study even
found that a significant age-independent association

Arterial calcification and

between the degree of aortic calcification and bone
density, and a strong inverse relation between gains in
vascular calcification and bone loss®. However, the
common mediators of vascular and bone cell biology
have long remained elusive.

Osteoprotegerin (OPG) is a glycoprotein as a
soluble member of the tumor necrosis factor receptor
superfamily. Opg deficient mice have shown severe
osteoporosis and early onset arterial calcification ™.
RANKL is a membrane-bound protein of the tumor
necrosis factor ligand family that is expressed on the
osteoblast cell surface and has been shown to play a
major role in osteoclast differentiation along with
macrophage colony stimulating factor. RANKL binds
to its receptor RANK on hematopoietic cells and
initiates a cascade of signaling events that leads to
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osteoclast differentiation. As a decoy receptor for
RANKL, OPG can prevent its interaction with the
cognate receptor RANK. It has been shown to be a
potent inhibitor of bone resorption through interfering
osteoclast survival, differentiation and biological
activity in witro P.  Therefore the unbalance of
OPG/RANKL can lead to bone loss in Opg deficient
mice. But the molecular mechanism of Opg in the
progress of vascular calcification is still unclear™.

To further clarify the mechanism involving Opg
as a crucial link between the bone and vascular
systems, we have generated Opg knockout mice. Here
we report that Opg ™'~ mice indeed develop a high-
bone-turnover type osteoporosis. The
calcification in Opg~'~ mice was observed. But serum
calcium and phosphorus
normal, indicating that aortic calcification is not due to
abnormal calcium and phosphorus metabolism.

aortic

concentration remains

1 Materials and methods

1.1 Materials

X-pPNT plasmid was provided by Dr. Pandolffi
from Memorial Sloan-Kettering Cancer Center. PCR
product cloning vector pGEM-Teasy was purchased
from Promega Company. Cell culture medium and
reagents were from Invitrogen and Chemicon.
C57BL/6J and 129S1/Sv mouse strains were bred by
Shanghai Research Center for Model Organisms. All
molecular biology reagents were from Takara and
NEB. Goat anti-OPG polyclonal antibody was from
Santa Cruz. HRP labeled rabbit anti-goat antibody was
from Sigma. PCR primers were synthesized by
Shanghai San Gong Bio-technique LTD. The primer
sequences are described as follows: OPG5’ armU, 5’
CGTAGGATCCGTACCTCAGCCTCTGAAGAT 3',
OPGS' armD, 5" TCGGTCTAGACAGGAGCTAG-
AAGAGACACA 3'; OPG3" armU, 5" ACCGTC-
GACAGCCAGACAGCAGCTAAC 3', OPG3'armD,
5" GTGGCGGCCGCACAGCCAGGACTGTCAACA
3"; OPGS5'JIDU, 5" ACCCACCATCTTCACTCAC-
TTCTG 3', OPG5'IDD, 5" GCATCGCCTTCTAT-
CGCCTTCTTG 3"; OPG3'JDU, 5" GCTACCGG-
TGGATGTGGAAT 3', OPG3'JDD, 5" CAAATT-
CGTGCTCAGGTTAT 3', OPGWT, 5' GTAACGC-
CCTTCCTCACACTCACA 3'; OPG5PU, 5" AAAA-
GGGCCAAAATCAAAATAATA 3’ , OPGSPD,
5" AGAGGGCAGAAGTGAGTGAAGATG 3’ ;
OPG3PU, 5" AGAGGGCAGAAGTGAGTGAAGATG
3", OPG3PD, 5" GGAAAACACCGGCCCTACTA-
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CATA 3'; OPGRTU, 5" GTGGAAGGGCAAG-
AGCGTCGTG 3', OPGRTD, 5" CCAGAAGGG-
CCCGGAAGTAGTCA 3.

1.2 Construction of gene targeting vector

The 5’ and 3’ homologous arms were amplified
from ES cell genomic DNA by PCR using primer pairs
of OPG5" armU, Opg5'armD and Opg3'armU, Opg3’
armD, respectively. Targeting vector X-pPNT-Opg was
constructed by inserting 5’ arm into BamH 1 and
Xba 1 site, and 3’ arm into Sal I and Not | site. The
vector was confirmed by restriction endonuclease
digestion and DNA sequencing.
1.3 Electroporation and screening of positive ES
clone

The CJ7 ES cell line was maintained to passage
13 in witro. Actively growing cells were trypsinized
and resuspended in PBS buffer (with Ca*, Mg*) at a
density of 1.2 x107 cells/ml. Mix 0.8 ml of cell
suspension with 30 pg of linearized targeting vector
(digested with Not 1 ) in an electroporation cuvette
(0.4 cm, Bio-Rad). For electroporation, cells were
exposed to a single pulse at 240 V, 500 wF (Bio-Rad
Gene Pulser II ),
dishes containing a feeder layer.
electroporation,

and replated to two 10 cm
24 hours after
drug selection was performed by
adding 400 mg/L G418 and 2 pmol/L gancyclovir.
Drug resistant colonies were picked after 7 ~8 day
selection. Genomic DNA was isolated from ES cells in
48-well plate. Positive colonies were identified by
PCR using primers: Opg5'JDU and Opg5'JDD, Opg3’
JDU and Opg3'JDD, respectively. A 4.5 kb fragment
from 5’ arm recombinant DNA and a 5 kb fragment
from 3’ arm recombinant DNA should be observed.
Southern blot was carried out by using ES cell
genomic DNA digested with EcoR V, and two probes
of 586 bp fragment amplified by PCR using Opg5 and
3PU, and 815 bp fragment amplified by PCR using
Opg5 and 3PD, respectively.
1.4 Production of chimeras

To generate chimeric mice, 15~20 recombinant
ES cells were injected into C57BL/6J blastocysts, and
then transferred into uterus of pseudopregnant mice.
Pups were born and the degree of chimerism could be
judged according to their coat-color combination.
1.5 Breeding of gene knockout mice

Male chimeras which chimeric rate is above 50%
were mated with C57BL/6J female. Offspring derived
from an ES cell-derived gamete would have grey hairs.
After genotyping, mice heterozygous for Opg gene



- 262 - S FESE IR THR

Prog. Biochem. Biophys. 2007; 34 (3)

knockout were intercrossed to generate homozygous
mice and backcrossed to 129Sv background.
1.6 Genotyping of Opg knockout mice

Genotyping was identified by PCR with OpgWT,
Opg5’ JDU and Opg5’ JDD primers in the same
reaction system. 4.0 kb and 4.5 kb fragments could be
separately amplified in Opg"’'* (wild type) and Opg~'~
mice (homozygous), both fragments in Opg" '~ mice
(heterozygous). Opg expression was detected by
routine RT-PCR and Western blot.
1.7 Phenotype analysis for Opg™ mice

The gross phenotypes,
development,

such as appearance,

body weight, behavior, etc. were
observed on a regular basis.
performed prior to the gross dissection on a soft X-ray
system. Serum calcium, phosphorous and ALP activity
were analyzed using automated equipment (Beckman,
Fullerton, CA). Major organs were weighed and all

tissues were fixed in formalin and embedded in

Radiography was

hematoxylin, and counter-stained with eosin. Mineral
density and bone mineral content were determined
from left tibial metaphysis and tibial cortical shaft of
mice using Mettler Toledo Balance (AG204, Swiss).
All  mice were injected with Tetracycline
hydrochloride (Sigma-Aldrich Corp, 30 mg/kg body
weight) 7 and 2 days prior to sacrifice for in vivo
fluorescent labeling of mineralization sites. To
evaluate bone quality, the mechanical characters of
femora were measured by three-point bending test
using the Instron Mechanical Testing Machine
(Instron- 5543, USA).

2 Results

2.1 Generation of Opg~ mice

Mouse Opg gene contains five exons encodes 401
amino acids including a signal peptide and seven
structural domains. A targeting vector was constructed
containing a 3.3 kb short arm and a 3.9 kb long arm of

paraffin, sectioned on a microtome, stained with homologous fragments flanking a PGk-neo cassette. A
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Fig. 1 Opg gene targeting strategy
(a) Schematic representation of gene targeting at the Opg locus. (b)Southern blot analysis by using ES cells genomic DNA digested with EcoR V. +/+:

Wild ES clone; +/—: Positive targeted clone. (¢) Genotyping of Opg knockout mice by PCR. 4.0 kb and 4.5 kb fragments could be separately amplified in

Opg** (wild type) and Opg”~ mice (homozygous mice), both fragments in Opg”~ mice (heterozygous mice). (d) RT-PCR and (e) Western blot analysis of

RNA and protein from liver of wild-type (+/+), heterozygous (+/-), and homozygous (-/-) Opg knockout mice. The absence of Opg expression in Opg™™

mice was confirmed at both mRNA and protein levels.
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409 bp region between exon 2 and intron 2 was
replaced by PGk-neo cassette. The exon 2 encodes first
two and part of third cysteine-rich domains. The
strategy for targeted deletion of mouse Opg gene is
outlined in Figure la. This strategy could effectively
disrupt the coding region for the first two cysteine-rich
domains of Opg that are required for its activity.
Meanwhile, after homologous recombination it can
also introduce a translation stop codon in-frame,
preventing translation of any downstream Opg
sequence. Chimeras generated from positive targeted
clones transmitted the mutation through the germ line.
Following heterozygous mating, homozygotes were
identified and distinguished from heterozygotes and
wild-type mice by PCR (Figure 1c). RT-PCR and
Western blot analysis failed to detect Opg expression
in Opg™"- mice (Figure 1d,e). Opg~'~ mice had a normal
morphological appearance and were viable and fertile.
2.2 Opg™ mice exhibit osteoporosis and aortic
calcification

Radiographic analysis of the skeleton of 2-month-

()

old Opg~"~ mice revealed a significant decrease in bone
mass compared to wild-type littermates, and this low
bone mass phenotype was observed in all mutant
animals analyzed regardless of sex and at all stages
analyzed (Figure 2a, b). Quantification of bone density
in 2-month-old Opg-deficient mice and wild-type
littermates was performed. The bone density in the
Opg~'~ mice at 2 month of age is (0.90+0.08) g/cm’
versus (1.23+0.09) g/cm® in wt mice (P < 0.01). To
evaluate bone quality, bone strength was measured on
femurs by three-point bending test (Table 1). Opg~'~
mice display a significant decrease in ultimate load,
ultimate stress and Young’s modulus compared with wi
mice. Sections of thoracic aorta were stained with
hematoxylin, and counter-stained with eosin. As
shown in Figure 2¢ and 2d, normal arterial smooth
muscle was stained as light pink in color, and calcified
tissue was stained in dark blue. About 50% of 2- to
3-month-old Opg ="'~
calcification in aorta.

mice exhibits medial vascular

Fig. 2 Opg~ mice exhibit osteoporosis and aortic calcification
(a, b) Radiographs of 2-month-old mice show decreased bone mineral density of leg, pelvis and vertebrae in

Opg~'~ mice compared with wild-type. (¢, d) Opg

calcification (H&E stained, 40x).

mice exhibite medial calcification (arrow) of aortic

Table 1 Bone mineral density and strength of wt and Opg™ mice

Groups BMD/(g-cm™) Ultimate load /N
wt 1.23 + 0.09 21.27 + 7.45
Opg'~ 0.90 + 0.08" 11.59 + 4.38Y

Ultimate stress /MPa Young’s modulus/GPa

122.50 + 30.72 4.92 + 1.89

62.16 + 29.46" 1.49 = 0.83Y

DCompared with wt mice, P < 0.01 (n = 10).
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2.3 High bone turnover in Opg deficiency mice
Enzyme
determine the level of
phosphatase activity (TRAP),
stains osteoclasts red. The number of osteoclasts is
sharply increased in the trabecular bone of
2-month-old Opg~'~ mice ((3.50+0.35)/mm »s. (0.79+
0.10)/mm, P<0.01). The same result was also observed

histochemistry was performed to
tartrate-resistant  acid

that can specifically

in cortical bone (Figure 3b). The increased osteoclasts
may lead to enhanced bone resorption which results in
significant loss of bone mass. Osteoblasts along the
bones of Opg~'~ mice were more cuboidal than those in
The number of cuboidal osteoblasts per
millimeter of trabecular bone perimeter in 2-month-old

wt mice.

(a)

Opg '~ mice is increased about threefold ((14.66
0.99)/mm ws. (5.53 £0.41)/mm, P<0.01). The bone

-/~ mice is also

mineral accumulation rate in Opg
significantly increased compared with those in
Opg~'~ mice ((42.50+10.08) pm / day vs. (21.67 =
4.92) wm/day, P < 0.01). Consistent with this
finding, an increase of osteoblast activity evidenced by
morphological change of osteoclasts, elevated serum
alkaline phosphatase activity (which can be a marker
of osteoblast activity) was also observed in mutant
mice. At 2 month of age, Opg” mice have significantly
elevated serum alkaline phosphatase activity compared
to wt mice ((418+23.07) U/L vs. (1149.12) U/L, P<
0.01) (Table 2).

Fig. 3 High bone turnover in Opg™ mice

(a, b) TRAP staining of femoral cortical shaft of wt and Opg~'~ mice. Yellow arrowheads indicate TRAP

positive osteoclasts. (¢, d) Arrows indicate osteoblasts along the bone surface (H&E stained,40 x ).

Osteoblasts of Opg~"~ mice appear more cuboidal in shape than those of wt mice.

Table 2 Bone turnover in wt and Opg~~ mice

Groups OC/(Numbers/mm)  OB/(Numbers /mm) MAR /(pnm/day) ALP/(U/L)
wi 0.79 £0.10 5.53 £0.41 21.67 £4.92 114 £9.12
Opg™ 3.50 £0.35" 14.66 +0.99" 42.50 + 10.08" 418 £23.07"

) Compared with wt mice, P < 0.01 (n = 10).
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24 Calcium and phosphorus metabolism in
Opg™ mice

The contents of calcium and phosphorus in Opg™' -
tibias were (11.74 +0.38) mg and (1.07 £0.21) mg,
respectively, compared to (12.32 + 0.22) mg and (1.53
+ 0.34) mg in wi tibias (P < 0.01). But there were no

significant differences in serum concentrations of
calcium and phosphorus between wi and Opg~'~ mice.
Our results show that calcium and phosphorus that
released from bone were not accumulated in peripheral
blood.

Table 3 Parameters of calcium and phosphorus metabolism in Opg”~ mice

Groups Bone calcium/mg Bone phosphorus/mg
wt 1232 £ 0.22 1.53 £ 0.34
Opg'~ 11.74 + 0.38" 1.07 £ 0.21Y

Serum calcium/(nmol - L) Serum phosphorus/(nmol - L™)

2.52 = 1.10 2.55 £0.38

2.45 + 0.05 2.99 + 0.55

Y Compared with wt mice, P < 0.01 (n=10).

3 Discussion

OPQG is expressed both in bone and vasculature as
reported by Bucay et al™. We have observed severe
osteoporosis and vascular calcification in Opg
In bone system, RANKL is an

essential cytokine for the formation and activation of

knockout mice.

osteoclasts and promotes bone resorption. This effect
could be antagonized by OPG as its endogenous
counterpart. But the exact role of OPG in normal or
pathological vascular biology remains unclear. Our
results show that the serum level of calcium and
phosphorus was not different between Opg -’ - and
wt mice . In rat model, Opg treatment prevents
warfarin-induced vascular calcification with normal
Those
results imply that arterial calcification observed in

concentrations of calcium and phosphorus ¥

Opg-deficient mice is not associated with
calcium/phosphate homeostasis.

Vascular calcification, long thought to result from
passive degeneration, involves a complex, regulated
process of biomineralization resembling osteogenesis.
Evidence indicates that proteins controlling bone
mineralization are also involved in the regulation of
vascular calcification®. We found increases both in the
number of cuboidal osteoblasts alone bone surface and
in bone formation rate in Opg deficiency mice. Due to
exhibiting osteoporosis in the mice, the active bone
formation was commonly explained by reflecting the
coupling between osteoclast-mediated resorption and
osteoblast-mediated bone synthesis. The enhancement
of bone mineralization function in Opg~'~ mice was
ignored. The aortic calcification in Opg™' - mice occurs
in the media arterial wall where arterial vascular

smooth muscular cells (AVSMCs) exist. Opg, Rankl

and Rank molecules are all expressed in the cells
which can be transformed to osteoblast-like cells and
have  mineralization function under  certain
conditions". So we postulated that OPG/RANKL is
important in vascular calcification through direct
effects on AVSMCs. Unbalance of OPG/RANKL
might results in arterial calcification by AVSMCs
phenotypic transition. To date, there are no reports
regarding potential biological effects of OPG on
AVSMCs calcification!, and such insights therefore
await further research.

It was reported that OPG gene homologous
deletion leads to Paget's disease and increase arterial
calcification in Paget's disease!"> *. Opg deficient mice
exhibited bone loss with an increase in both bone
resorption and formation, which just like high bone
turnover postmenopausal osteoporosis. In fact, bone
density in  postmenopausal
significantly decreases with the progression of aortic
Opg knockout mice
model is a suitable tool to further study the relation of
osteoporosis and vascular calcification. It will be
helpful for developing new therapeutic strategies for
bone and vascular system.

mineral women

calcification ', In conclusion,
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