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CKD-MBD: chronic kidney disease mineral bone disorder

CT: threshold cycle
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FGF-23: fibroblast growth factor 23
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Abstract:

Purinergic signalling mediates many cellular processes including embryonic development
and regulation of endocrine signalling. The ADP P2Neceptor is known to regulate bone

and stem cells activities, although relatively little is known about its role in bone
development. In this study we demonstrate, using contemporary techniques that deletion of
the P2Y3 receptor results in an age-dependent skeletal phenotype that is governed by
changes in phosphate metabolism and hormone levels. Neonatal and postnatal (2 weeks)
P2Y,3 receptor knock-out mice (KO) were indistinguishable from their wild type littermate
controls (WT). A clear bone phenotype was observed in young (4-week old) KO mice
compared WT controls, with 14% more trabecular bone, 35% more osteoblasts, 73% less
osteoclasts and a 17% thicker growth plate. Mature (>10 weeks of age) KO mice showed the
opposite bone phenotype with 14% less trabecular bone, 22% less osteoblasts and 10%
thinner growth plate. This age dependent phenotype correlated with serum fibroblast growth
factor-23 (FGF-23) and phosphorus levels which were 65% and 16% higher respectively in
young KO mice but remained unchanged in mature mice. These findings provided novel
insights for the role of the P2Y receptor in skeletal development via coordination with

hormonal regulators of phosphate homeostasis.
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Introduction

Purinergic signalling plays important roles in many pivotal events of biological preaeks,

as neurotransmission, cell growth, proliferation, and dﬁthThE) expression and function

of purinergic receptors occur throughout embryologic development and have been studied in
a wide variety of organisms and in many organs, including the heart, eye, skeletal muscle and
the nervous syster[I(Z). Several studies link purinergic signalling with the development of
skeletal system, mostly based on the involvement of purinergic receptors and their agonists in

chondrocyte proliferation, maturation and matrix mineralization and hence endochondral

ossification|(3

B) However, whether purinergic receptors regulate skeletal development via

an endocrine or paracrine manner is still unknown.

The P2Yi3 receptor, a member of the P2Y receptor subfamily and originally discovered in
2001, is a Gcoupled receptor with high affinity for ADP (9-L1). The R2Yeceptor as

widely detected in different tissues especially in the brain and pituitary of both human and
rodents 3) andasshown to be involved in various biological processes especially in
the neurological field (14-18). The PzZYreceptor was also showa affect osteoblast and

osteoclast activities directly (1L9) and regulate the differentiation direction towards osteoblast
from mesenchymal stem ceDZO), providing evidences that it may alagle in
endochondral ossification directly via regulating differentiation/function/proliferation of bone
cells. Furthermore, our recent findings demonstrated that depletion g R&¢éptor can

change the alkaline phosphatase (ALP) activity of osteoblasts and alter the eXira&&Ru
concentration in response to mechanical sti (21) indicating the involvement @f P2Y
receptor in phosphate metabolism. Importantly, the alteration of serum phosphate levels in
both human and rodents has been shown to cause changes in the primary phosphate

homeostasis regulator fibroblast growth factor 23 (FGH23) (22-24). These changes were

mainly causedy osteoblasts/osteocytes and result in skeletal development defects in both

human and rodem@. These data indicate that the PgYeceptor may mediate skeleton

development and bone modellimgan endocrine manner via hormones such as FGF23.

To test this hypothesis, we used R2Y¥eceptor knock-out (KO) mice as model and
performed whole mount alizarin red/alcian blue staining and M¥auCT) analysis on
neonatal mice to investigate the early skeletal development. Bone phenotype alteration was

also determined at different agere-puberty (2 weeks), puberty (4 weeks), mature (10



weeks) and cessation of longitudinal growth (16 weeks) usi and histomorphometry
analysis. To investigate the mechanism, serum ALP, phosphorus, calcium, and FGF23 level
were measured. The expression of the Fgf23 gene in samples from both mouse bone marrow

and osteoblast was determined.

Materialsand Methods

Mice

The KO mouse was generated on the C57BL/6J background as previously dibed (18). KO
and WT littermate controls were housed in the same environmentally controlled conditions
with a 12hr light/dark cycle at 22°C, with free access to 2018 Teklad Global 18% Protein
Rodent Diet containing 1.01% Calcium (Harlan Laboratories, Derby, UK) and water ad
libitum in sterile RB-3 cages. Mice were euthanized at neonatal (less than 24 hours), 2 weeks,
4 weeks, 10 weeks, and 16 weeks of age. Hind limbs were dissected free of attached soft
tissue for bone phenotype investigation. The lengths of tibiae and tail were measured ex vivo
using calibrated vernier callipers. All procedures complied with the UK Animals (Scientific
Procedures) Act 1986 and were reviewed and approved by the local Research Ethics
Committee of the University of Sheffield (Sheffield, UK).

Whole mount neonatal mice skeletal staining

Neonatal littermate mice (less than 24 hrs old) were skinned, eviscerated, and fixed in 90%
ethanol and dehydrated for at least 7 days. The samples were stained at room temperature in
0.1mg/mL Alcian Blue 8GX solution (Sigma-Aldrich Ltd, Poole, Dorset, UK) in ethanol with
20% glacial acetic acid for 3 days and then rehydrated through a graded series of 2thanol (

3 hrs rehydration in the concentration of 70%, 40%, 15% an®YHrhe samples were
placed in freshly prepared 1% KOH solution for two days until soft tissue was translucent,
followed staining in alizarin red solution (0.025M in 1% KOH) for 3 days and immersed in 1%
KOH solution for 3 times (2 ~ 3 hrs each time). The stained samples were then passed
through a graded series of glycerol (20%, 50% and 70% for 24 hrs each) and stored in 100%
glycerol. General skeletal development morphology was examined under a Technico
dissecting scope. Right femur length, mid shaft diameter, and ossification bone length were
all quantified using calibrated vernier callipers to address whethey;Pd€ptor deficiency

led to alteration in endochondral ossification.



uCT

The high-resolution SkyScan 1172 scanner (SkyScan, Kontich, Belgium) was used to
investigate the phenotype of bone micro-architecture. The X-ray source was operated at 50kV
and 200pA with a 0.5 mm aluminium filter. For whole neonatal mice skeleton, the whole
bodies were two-parts oversize scanned at the resolution of 17.2um and the region of interest
(ROI) was then selected to include all the tissues and then analyzed using Skyscan CTan
software (SkyScan, Kontich, Belgium). The parameters mainly included the bone volume
fraction (BV/TV), bone volume (BV), tissue volume (TV), and bone mineral density (BMD).
For the long bon@CT analysis, right tibiae were dissected free of soft tissue, fixed in 70%
ethanol, and then scanned at the resolution of 4.3um. Different ROIs were selected according
to age of the mice. Tibia proximal end trabecular morphometry of mature mice (above 10
weeks of age) was characterized by measuring structural parameters from a 1.0mm thick
trabecular abundant region which was 0.2mm lower than the growthte (19). For 2 and 4
weeks old mice, tibial trabecular was measured from a 0.5mm thick region which was 0.5mm
and 0.7mm below the top edge of growth plate respectively. The trabecular bone related
quantitative parameters measured included BV/TV, trabecular thickness (Tb.Th), trabecular
number (Tb.N), trabecular pattern factor (Tb.Pf), structure model index (SMI), degree of
anisotropy (DA), and BMD. BMD was expressed as gram of hydroxylapatite per cube
centimetre as shown beforﬂm). Three-dimensional (3D) models were also built to

determine any morphological changes.

Bone histomorphometry

The left tibiae were fixed in 10% buffered formalin and decalcified in 14.3% EDTA for 4
weeks. After embedded in paraffin wax, the samples were cut into sections by a Leica
Microsystems Microtome at 3 um in depth. The sections were then Tartrate resistant acid
phosphatise (TRAP) stained as described previously, using Naphthol AS-Bl phosphate
(Sigma-Aldrich Ltd, Poole, Dorset, UK) as an initial substrate for " (19). The nurinber o
osteoblasts (N.Ob/B.Pm), the proportion of surface occupied by osteoblasts (Ob.Pm/B.Pm),
the number of osteoclast (N.Oc/B.Pm), and the percentage of surface occupied by osteoclasts
(Oc.Pm/B.Pm) were determined on a 3 mm length of endocortical surface, starting 0.25mm
from the growth plate viewed on a light DMRB microscope (Leica Microsystems, Wetzlar,
Germany. The sections were also stained with Gill’s II haematoxylin (VWR international

Inc, Lutterworth, Leicestershire, UK ) and 1% aqueous eosin (VWR international Inc,
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Lutterworth, Leicestershire, UK) (H&E) to measure the average widths of growth plate and
the width of proliferation zone using a light DMRB microscope. All histomorphometric
parameters were based on the report of the ASBMR Histomorphometry nomen@ure (29)
and were obtained using the Osteomeasure bone histomorphometry software (Osteometrics
Decatur, GA, USA

TagMan assay

The expression alterations of Fgf23 was evaluated with a TagMan assay using total RNA
from primary osteoblasts isolated from neonatal mouse calvarias and long bone marrow
isolated from 9 weeks old mice, as described previo (19). Briefly, the total RNA was
extracted with TRl Reagent (Sigma-Aldrich Ltd, Poole, Dorset, UK) and the cDNA was
synthesized using Promega ImProifM reverse trancriptase (Promega, Southampton, YK

with Oligo(dT) 15 primer (Promega, Southampton, )Ukccording to manufacturer’s
instruction. The quantitative RT-PCR amplification of the TagMan assay was then performed
on an Applied Biosystems 7900HT Real-Time PCR system (Life Technologies Ltd, Paisley,
UK) with thermal cycling conditions: 2 mins at°&l) 10 mins at 94%, followed by 40

cycles of denaturation at 92 for 30 sec and extension at 58C7for 1 min ). The fold
changes of Fgf23 expression comparing between KO and WT was analysed using the
Applied Biosystems SDS 2.2.1 software (Life Technologies Ltd, Paisl€y,based on the
threshold cycle (CT) relative quantification met (31). Briefly, the quantification of Fgf23
cDNA was firstly normalized to the endogenous control gghactin (Acth and ACT
calculated (ACT = CTrgrz— CTan). The difference in expression between the WT and KO
mice was then expressed as AACT (AACT = ACTwr - ACTkp). Fold changes of expression

werefinally calculated by taking 2 to the power of the AACT (2°4°7).

Serum Biochemical Markers Analysis

Blood samples were collected from KO and age matched WT control mice (4 weeks for
young mice, 1&0 weeks for mature mice, n > 3) via intracardiac puncture under deep non-
recovery anaesthesia. Blood samples were then left to clot at room temperature and
concentrated at 4,000rpm for 10 mins. The top aqueous phase (serum) was isolated and stored
for further analysis. The serum Calcium, Phosphorus, and ALP were determined with

colorimetric methods (cresolphtalein, phosphomolybdate, and p-nitrophenyl phosphate



respectively) on Modular Analytics analyser (Roche Diagnostics, Basel, Switzerland). 25-0H
vitamin D3 was measured using an immunometric method with chemoluminescence on
Liaison (Diasorin, Saluggia, ltaly). FGF-23 ELISA kit (Kainos Laboratories Inc., Tokyo,
Japan) was used to measure the circulating FGF-23 levels. All procedures were performed

according to manufacturer’s instructions.

Statistic analysis
All data are expressed as mean + SEM. Statistical significance was tested for using an
unpaired t-test with Prism 5 software (GraphPad, La Jolla, CA, USA).

Results

Gross bone phenotype of neonatal KO mice

Littermates pups obtained from heterozygous breeding pairs were euthanized and genotyped
within 24 hours after birth. No obvious gross difference was observed and there was no
significant difference in body weight between KO and WT littermates (Figure 1A + B). KO
and WT littermate controls were tmeCT scanned and three-dimensional (3D) skeletal
models were constructed. Visual analysis of the 3D models revealed no morphological
abnormalities in the skeleton of KO mice (Figure 1C), with quantification of the scan data

confirming no significant differences between KO and WT littermate controls (Figure 1D).

Neonatal endochondral ossification in KO mice

To address whether P2y receptor deletion will lead to abnormal embryonic skeletal
development, especially in the endochondral ossification process, the neonatal pups were
skinned, eviscerated, and stained with alizarin red/alcian blue. After staining, the cartilage
and ossified bone was clearly stained as blue colour by alcian blue and red colour by alizarin
red respectively. All of the ossification centres in the vertebral bodies of the trunk in both KO
and WT were present, as is expected at birth. In the coccyx, only coccygeal 1 to 5 had
ossified in the majority of both KO and WT mice (Figure 1E). The whole length, mid shaft
diameter, and ossification bone length of right femurs were measured as shown irLFigure
using a calibrated vernier calliper, to address whether;@¢eptor deficiency leads to
alteration in endochondral ossification. No significant differences between KO and WT were
found in the whole femur length (3.89 + 0.hin versus 3.89 + 0.10 mm, p = 0.9740, Figure
1G), the percentage of ossified bone to whole femur length (53.5 £ 1.3 % versus 52.9,+ 1.8 %
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p = 0.7780, Figure 1H), or the mid shaft diameter (0.82 £ ®udversus 0.78 £ 0.03 mm, p
= 0.3044, Figure 11).

Changes in tibia trabecular parameters with age in KO mice

Analysis of the trabecular bone structure of the tibial region was performed wSihig
analysis. The trabecular bone mass increase and architecture changes with agdeealy be
distinguished in images from the 3D models of the tibial trabecular bone in different aged
mice (Figure 2A). QuantitativeCT data showed both WT and KO mice reached peak mass
(BVITV) at the age of 10 weeks. In WT mice, peak BV/TV plasshuntil 16 weeks,
however, in KO mice a drastic decrease in BV/TV (31.4%, p = 0.0035) occurred after peak
bone mass. In terms of relative bone volume, theeno significant differences at 2 weeks

of age, however KO mice had significantly higher BV/TV at 4 weeks of age (135%
0.0326) but significantly lower BV/TV at 10 weeks (14.4%, p = 0.0170) and 16 weeks of age
[37.5%, p < 0.009)] (Figure 2B). A similar trend was found in trabecular number (Tb.N),
where KO showed slightly increased Th. N at 4 weeks of age (6.5%, p =) hdB4
significantly lower Th. N at 10 weeks (21.8%, p = 0.0027) and 16 weeks of age [37.8%, p <
0.0002 )] (Figure 2C All the quantitativeuCT data are summarized in Table 1.

Changes in bone cells in KO mice

Cobblestone like osteoblasts and TRAP positive osteoclasts were easily identified and
guantified on the tibia endocortical surface (Figure 3A, 3B). At 4 weeks of age, KO mice
showed 35% more osteoblasts per mm bone (N.Ob/B.Pm, 71.15 + 3.61 versus 52.89 £ 5.61, p
= 0.0209) and 3 higher bone surface occupied by osteoblasts (Ob.Pm/B.Pm, 0.87 + 0.02
versus 0.65 + 0.04, p = 0.0005) than WT (Figure 3C, 3D). However, the N.Ob/B.Pm and
Ob.Pm/B.Pm were both significantly lower in KO mice than in WT mice at 16 weeks of age
. In terms of osteoclasts, KO mice had a significant reduction in both the number of
osteoclast per mm bone surface (N.Oc/B.Pm, 73% less, 1.11 + 0.22 versus 4.17 +=0.52, p
0.0003) and the percentage of bone surface occupied by osteoclasts (Oc.Pm/B.Pm, 70% less,
0.03 + 0.01 versus 0.10 = 0.01, p = 0.0001) compared to WT at 4 weeks of age (Figure 3E,
7.3F). The same reduction in N.Oc/B.Pm and Oc.Pm/B.Pm compared toadélse found

in mature mice tahe age of 16 wee <I 9).



Osteoblasts and osteoclasts were also identified and quantified in a trabecular bone abundant
region of the tibia, with a similar trend being detected. At 4 weeks of age, KO mice had 41%
higher N.Ob/B.Pm (42.38 + 9.14 versus 30.00 + 4.13, p = 0.2456) and 35% higher
Ob.Pm/B.Pm (0.40 £ 0.09 versus 0.29 £ 0.03, p = 0.3126) than WT on trabecular bone. KO
mice also demonstrated reduction in N.Oc/B.Pm (9.45 + 0.68 versus 11.02 £ 0.64, p = 0.1214)
and Oc.Pm/B.Pm (0.22 + 0.02 versus 0.27 + 0.02, p = 0.1303) compared to WT on trabecular
bone. In 16 weeks old mice, the N.Ob/B.Pm and Ob.Pm/B.Pm were both significantly lower
in KO mice than WT mice. However, there were no significant differences between KO and
WT mice in N.Oc/B.Pm and Oc.Pm/B.19).

Bone length changes with age in KO mice

To examine the effects of P2yreceptor depletion on bone growth, the lengths of the tibia
and tail [as indicators of growth raEfSZ)] at different ages (2 weeks, 4 weeks, 10 wdeks, a
16 weeks of age) were measured using calibrated vernier callipers. As expected both the
tibial and tail length of WT and KO mice increased with age. At 10 weeks of age, the tibia
length of the KO micevas 4% longer (17.12 + 0.04 mm versus 16.54 + 0.07 mm, p < 0.0001)
than that of WT. This difference in length was lost by 16 weeks (Figure 4A). The tails of the
KO mice were significantly longer than WT at 4 weeks (4% longer, 65.52 + 0.69 mm versus
62.78 + 0.42 mm, p = 0.0068) and 10 weeks (7% longer, 81.64 + 0.63 mm versus 76.43 +
0.46 mm, p < 0.0001). Again, this difference was lost by 16-weeks (Figure 4B).

Alterations in the structure of the growth plate in KO mice with age.

To determine whether P2Yreceptor deficiency could influence chondrocyte proliferation
and differentiation and hence endochondral ossification, the total width (excluding
ossification zone) and the width of the proliferation zone of the proximal end growth plates at
different ages were measured on the tibial H&E staining sections. Both KO and WT mice
showed growth plate narrowing with aging. Compared to WT mice, KO mice growth plate
showed a less organized pattern, especially in the proliferation zone (Figure 4C). At 4 weeks
of age, KO mice had 17% thicker total growth plate (254.5 w3 Yersus 218.1 + 5.2m, p

= 0.0001) and 18% wider proliferation zone (115.0 + 48 versus 97.4 5.3 um, p =
0.0321). However at 10 weeks of age, KO mice had significantly reduced growth plate width
(10%, 105.2 £ 2.9 um versus 117.0 £ 2.um, p = 0.0118) ané thinner proliferation zone
(17%, 56.5 £ 1.Qum versus68.3 + 1.0 um, p < 0.0001). The reduction in growth plate (13%,
106.3 £ 28 um versus 122.2 2.0 um, p = 0.0009) and proliferation zone widths (12%, 62.0
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+ 1.4 um versus 70.4 + 1.1 um, p = 0.0008) (Figure 4D, 4E) were also apparent in 16 weeks
old KO mice.

Changes in serum biochemical markers

Serum markers were examined to elucidate the systemic changes relevant to skeletal
development abnormity. Four week old KO mice showed a significant 16% increase in serum
phosphorus levels (9.06 £ 0.20 mg/dL versus 7.84 + 0.50 mg/dL, p = 0.0497) (Figure 5A) but
no significant difference in serum calcium levels (9.16 + 0.07 mg/dL versus 9.05 + 0.15
mg/dL, p = 0.5347) (Figure 5B), compared to age matched WT controls. The serum FGF23
level of KO was 65% higher than that of WT (111.0 £ 11.8 pg/mL versust6l03H pg/ml,

p = 0.0241) (Figure 5C), while there were significant decreases in the KO serum ALP level
(31%, 276.6 £ 21.7 UI/L versus 402.3 = 10.4 UI/L, p = 0.0001) and 25-OH initBf level

(24%, 56.0 £ 1.7 ng/mL versus 74.0 £ 4.6 ng/mL, p = 0.0232) (Figure 5D Hsfvever,

there were no significant differences in any of these markers between WT and KO mature

mice above 16 weeks of age.

Fgf23 gene expression in KO mice

To delineate the change in FGF-23 expression alteration after the deletion of P2ryl3 gene, a
TagMan array and real-time PCR were used to analyse Fgf23 gene expression in adNA fro
primary osteoblasts isolated from neonatal mouse calvaria and long bone marrow isolated
from 9 weeks old WT and KO mice with threshold cycle (CT) relative quantification method
. KO mice showed significantly increased Fgf23 expression compared to WT control (6.5
and 7.3 folds higher respectively in primary osteoblast and bone marrow samples).

Discussion

We have previously shown that the R2¥eceptor directly regulasbone turnover in mature
female mice) and there is also evidence that the A2¥eptorcan potentially interact

with systemic hormones. Given these observations and the known role of purinergic

signalling in developmerﬁ (3+8), we postulated that thePP&teptor may play a potential

role in skeletal development. Therefore in this study, we investigated the bone morphology of

different aged KO mice and demonstrated an age dependent bone phenotype.
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The gross phenotype including body weight and the whole skeleton investigatiomG3ing
analysis showed that there were no significant differences between neonatal KO and WT
mice littermates in any of the parameters measured. This was confirmed by the results from
whole mount alizarin red/alcian blue staining where there were no length or diameter
alterations in the ossified bone or cartilage of the long bone. These data indicated that
deletion of P2Y; receptor did not affect the mice skeletal development especially the

endochondral ossification at embryonic or neonatal stage.

However, the trabecular bone data obtained ugid@ demonstrated a clear age dependent
phenotype. At 2 weeks of age, KO mice showed no significant differences in the majority of
the trabecular bone parameters compared to WT mice, with the exception of significantly
thicker trabecular. When KO mice reach 4 weeks old, which overlaps with puberty of
C57BL/6J female mic4), there was a significant increase in trabecular bone volume
(BV/TV). This increase in trabecular bone of KO mice only existed for a short period of time
and diminished quickly. By the time the mice had reached maturity (between 10 and 16
weeks) the trabecular bone volume had become significantly less than WT. As previously
described ), this significant reduction in trabecular bone was a result of decreased
trabecular number and architecture changes (from plate like to rod like), rather than any
trabecular thickness alterations. Therefore, there was a clear trabecular phenotype switch with
aging in KO mice from more trabecular bone at about puberty age but less trabecular in
mature mice compared to WT. This phenotype switch was further confirmed and also
explained by the histomorphometry results. The 4 weeks old KO mice had more osteoblasts
compared to WT, while there were significantly less osteoblasts on both trabecular and
cortical bone surface in 16 weeks old KO mice. On the contrary, the alteration patterns of
osteoclasts at the two age point were the same with reduced osteoclast number at both ages
especially significant on the endocortical surface. Therefore, the bone phenotype changes

were mainly due to the changes of osteoblasts instead of osteoclasts.

The higher endocortical osteoblastic parameters in 4 weeks old KO mice might indicate
greater bone length rather than cross-sectional changes. This was confirmed with the
measurements of tibia and tail length which are easily obtained parameters for mice growth
rate ). Both 4 and 10 weeks old KO mice showed significantly longer tails, whilst the
length of the tibia was longer in KO mid®y 10 weeks of age. This could be due to the
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longitudinal long bone growth spurts that occur after onset of puy (36) and that tibial
bone length differences could only be detected in older KO mice such as 10 weeks old mice.
The growth plate is the main organ for longitudinal growth via chondrocyte proliferation and
differentiation ). From the measurements of the growth plates at different age points, 4
weeks old KO mice showed wider growth plate than WT mice especially in the proliferation

zone; the wider growth plate would lead to the longer bone phenotype detected at 10 weeks.

To elucidate whether the mechanism behind this age dependent bone phenotyps involve
phosphate metabolism and FGF23 function changes, the gene expression of Fgf23 was
compared between KO and WT in mRNA samples isolated from osteoblast and bone marrow.
Serum markers, including phosphorus, calcium, ALP, FGF23, and 25-OH vik@ninere

also examined and compared between age matched KO and WT cdigroégjulation of

Fgf23 expression was found in KO mice osteoblast and bone marrow RNA samples, which
was confirmed at protein level where serum FGF23 level of 4 weeks old KO was 65% higher
compared to WT controls. However, FGF23 levels showed no significant differences
between KO and WT when mice ob&da mature age. Hence, it is clear that the age
dependent bone phenotype change is correlated witle #terations of FGF23. In young

KO mice increased FGF23 levels correlates with increased osteoblast number and trabecular
bone mass, increase bone mineral density (Table 1), expanded growth plate, and longer bones
These changes could be due to the direct effect of the increased FGF23 produtfien on
skeletal system. Previous research has demonstrated that FGF23 can affect skeletal
development of mice only after 2 weeks of 32§ @), which can explain why therasv

no bone phenotype difference between KO and WT from neonatal to 2 weeks old. Increased
FGF23 also proved to stimulate osteoblastic proliferation but inhibit minera|i39, 40),

which would explain the significantly higher number of osteoblast observed on the
endocortical bone surface but reduced serum ALP level. However, the increased trabecular
bone mass seems contrary to the hypo-mineralization phenotype demonstrated by Mackenzie
et al in their FGF23 elevated Enppinodel @ This could be the result of higher serum
phosphate detected in the KO mice, meaning that osteoblasts could still fulfil their
mineralization, although functionally depres(The expanded growth plate may also be

due to overproduction of FGF23 which can widen the growth plate in rofents (42) and may
involve other systemic hormone such as PTH and vita3, 44). Indeed, the elevated
FGF23 level correlated ®24% decline in serum 26H vitamin D3 level, as expected, and

may contribute to the widening of the growth plate especially the proliferation zone since
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vitamin D has been shown to cause a decrease in proliferation of chondrocytes and deficiency
of vitamin D leads to an enlarged growth pI (45). This biochemical marker variation
including hyperphosphametia, higher FGF23, lower vitamin D and ALP levels in young KO
mice is reminiscent of the chronic kidney disease mineral bone disorder MB{D)-seen in

both humans and mouse mode6). However, the enhanced bone mass in young O mic

is contrary to bone mineralization deficiency characterized by CKD- (47). Therefore,
finding the exact mechanism behind this phenotype could provide a novel way to treat CKD-
MBD.

In contrast to the changes at a young age, when the KO mice reach mature age, the serum
level of phosphate, FGF23 and vitamin D showed no differences compared to age matched
WT. It is also interesting to note that the KO mice showed narrower and more disorganized
growth plate at mature age. This could be a result of down regulation of RhoA/ROCK
signalling after P2Y; receptor depletion, which could decrease chondrocyte proliferation;
previous studies have shown that RhoA/ROCK signalling positively correlates with
chondrocyte proliferation but suppresses the hypertrophic differentiation of chondrocytes in

the growth plat8).

The molecular mechanism behind the age dependent bone phenotype changes could be that
the variation of serum phosphate and FGF23 production provides a compensatory mechanism
after global deletion of the P2¥receptor. In young mice, elevated serum phosphate levels
caused increased secretion of FGF23, as suggested by previous@s (22, 49), which in turn
enhanced osteoblast proliferation. This would enable the direct negative effects igf P2Y
receptor depletion on bone ce19) to be overcome and veaddtio a high bone mass
phenotype. The reversal of the phenotype in mati®emice, when both serum phosphate

and FGF23 level return to normal, is most likely due to the direct result of; P@d€eptor
depletion on bone cells being the predominant effect resulting in decreased bone mass of KO
at this age as suggested in Wang et al., A' (19). The age dependent variation of serum
phosphate and FGF23 producticanthen in turn affect other systemic hormones such as the
negative regulation of vitamin D synthe(25). This would cadgeer vitamin D level in

young mice butl normal level in mature KO mice. The mechanism leading to age-related
serum phosphate changes could be via a direct crosstalk between FGF23 gedeptor

as they are both up-stream of MAPK signall, 50). However, a potential involvement of

the P2V, 3 receptor in phosphate renal reabsorption may also responsible, as previous reports

14



have demonstrated expression of the B2¥ceptor in both human and mouse kid@.(lZ)
P2Y,3 receptor may regulate the phosphate reabsorption via two possible mechanisms. The
first mechanism is possibly due to the direct molecular link between thg; Rstéptor and

the sodium-phosphate co-transporters NaPi-Il. TheP24&Ceptor is upstream of MAPK
(ERK1) kinase pathway while activation of ERK1/2 kinase can down-regulate thellNaPi-
,). Therefore, globally deleting the R2Yeceptor may lead tocreased NaPlk levels

and hence increase phosphate reabsorption. Interestingly, NaPi-lic expression was found to
be highest in weaning mice but decrease once fully we@d (52). This could explain why the
young KO mice have higher serum phosphate level but mature KO mice have normal serum
phosphate. The second potential mechanism is that the; R&¢ptor negatively regulates

ATP release and hence indirectly affects the phosphate reabsorption via other purinergic
receptors. Extracellular ATP was foumol be released across both apical and basolateral

membranes from nearly all renal cells (i.e. nerve terminals, renal endothelial and épithelia

cells) and to control renal tubular transport via various subtypes of P2 recgptorg.(53-57)
Various P2 receptors subtypes (R2Y2, Ya, Ys, P2X4, andP2X6) were identified in the

proximal tubules where approximately 80% of phosphate reabsorption occurs, indicating the
involvement of purinergic signalling in phosphate reabsor The P2Y¥ receptor,

an ATP/UTP receptor, was found to regulate the expression of the proximal tubule sodium-
phosphate co-transporter NaPi-Il in m(54). Interestingly, the fAB¥eptor was shown to
provide a negative feedback to ATP release in different cell types including red blood cells
and osteoblast9). Should this negative feedback pathway be a ubiquitous mechanism
and occur in the proximal tubule, then deletion of B2héceptor may lead to increased
extracellular ATP and hence affect phosphate reabsorption, coordinating with other P2
receptors in an age dependent manner. However, although the involvement of purinergic
signalling in the regulation of renal transport has becoming an expandingnfitdd past
decade, the exact roles of P2 receptors in renal phosphate reabsorption is unclear. Clearly,
further investigation on the role of P2¥eceptor in this process, especially in ATP regulated
phosphate reabsorption, is required and beyond the scope of this current study.

In conclusion, the age dependent bone phenotype caused by the global deletion ofshe P2Y
receptor provides evidence that the P2Meceptor plays an important role in moderating
skeletal development via two distinct manners. One is the endocrinal regulation of phosphate
and FGF23 homeostasis and predominantly happens in earlier age. The other is via the direct

regulation of bone cells in the process of bone remodelling and predominant occurs in mature

15



age. Further investigation of the P@Yeceptor’s role in phosphate homeostasis may advance
our knowledge of phosphate homeostatic mechanisms and provide potential targets to treat

phosphate metabolism related bone defects including both hypo and hyperphosphatemia.
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Table 1. Age related parameters of tibial trabecular bone ysig analysis.

2 Weeks Mean p 4 Weeks Mean p 10 Weeks Mean 16 Weeks Mean
percent percent percent percent
difference difference difference difference

BMD WT 0.97 + 0.006] 10.8% 0.98 + 0.009] 13.0% a | 1.04+0.009] 13.3% 1.15 + 0.007] 10.2%
(g/cr‘r?) KO 0.98 £ 0.011 1.01 £ 0.006 1.07 £0.009 1.15+£0.010
BVI/TV WT 3.58 +0.238] |2.3% 5.14 £ 0.104| 113.5% a 9.77 £ 0.317| |14.4% 9.17 £ 0.340]| |37.5%
KO 3.50 £0.255 5.83 +0.258 8.36 +0.412 5.73+0.634
Tb.Th WT 0.0246 + 12.4% a 0.028 + 16.7% a 0.038 + 19.4% 0.048 + 10.8%
(mm) 0.0002 0.0003 0.0006 0.0006
KO 0.0253 + 0.030 + 0.041 + 0.049 +
0.0001 0.0006 0.0006 0.0018
Th.N WT 1.45 + 0.093] |4.4% 1.83 + 0.036] 16.5% 2.61+0.112[ |21.8% 1.89 + 0.054] 37.8%
(Umm) | KO 1.39 + 0.105 1.95 + 0.098 2.04 +0.109 1.18 +0.132
Th.Pf WT 56.55 + 10.05% 41.77 + 15.7% 30.56 + 13.5% 26.18 + 121.5%
(/mm) 1.628 0.925 0.551 0.992
KO 56.52 + 39.39 + 31.63 + 3181+
0.969 1.456 1.150 1.607
Th.Sp WT 0.30 + 0.009| 14.1% 0.24 £ 0.010| 16.2% 0.19 + 0.005( 121.9% 0.23 + 0.003| 143.2%
(mm) KO 0.32 +0.010 0.23 +0.008 0.23 +0.009 0.33+0.024
SMI WT 2.27 +0.035] 11.2% 2.04 +0.019] 11.2% 2.03+0.026] 16.4% 2.13+0.031] 113.0%
KO 2.30+0.018 2.06 +0.040 2.17 £ 0.051 2.41+0.074
DA WT 4.25 +0.386( |22.9% 3.54+0.241| 14.1% 2.52+0.067| [2.5% 2.49+0.078| | 22.0%
KO 3.27 + 3.39+ 2.45 + 1.94 +
0.354 0.306 0.128 0.051

Values are mean = SEM
Mean percent difference = (Kfan— WTmea)/\WTmean* 100
4 p<0.05° p<0.01° p<0.001 (unpaired t-test)
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List of Figure Legends

Figure 1. Neonatal KO mice have a normal bone phenotype. KO and WT littermate

controls were obtained from heterozygous breeding pairs. Neonatal mice were genotyped and
euthanized within 24 hours after bir(h) Gross appearance of KO and WT littermates, scale
bar = 5.0 mm, an(B) body weight comparison, WT n = 14, KO n = 23. Whole skeletons of
pup were oversize scanned at the resolution ofuldizsing the Skyscan 11{&ZT machine

and analyzed to obta{i€) 3D models of the whole skeleton, scale bar = 5.0 mm(@nd

total bone volume fraction (BV/TV). The neonatal pups were also skinned, eviscerated, and
stained with alizarin red/alcian blue. After staining, the cartilage and ossified bone were
clearly stained as blue and red respectively, which can be seen on the dorsal view of the
stained pups, scale bar = 5.0 r{). (G) The whole length (marked with black linéj)

ossified bone length (marked with red line), &jdmid shaft diameter of right femurs were
measured using calibrated vernier callipers on the stained right hind limbs, scale bar = 2.0

mm (F). All values are mean £+ SEM, n = 8 unless specified (unpaired t-test).

Figure 2. Trabecular bone changes with agein KO mice. Right tibiae were isolated from

both KO and WT mice at age of 2 weeks, 4 weeks, 10 weeks, and 16 weeks. Proximal ends
of tibiae wee scanned at the resolution of 4.3um using the Skyscan 1172 uCT machine.

Using the Skyscan CTan and CTvol softwgfe, 3D models of trabecular region were built

to show the trabecular architecture changes with age, scale bar = 0.5 n{B), abecular

bone volume fraction (BV/TV) an(C) trabecular number (Tb.N) were calculated. All values
are mean + SEM, n = 8-*p<0.05,” p<0.01° p<0.001 (unpaired t-test).

Figure 3. Histomor phometry analysis showed age dependent changesin bone cellsin

KO mice. Left tibiae were obtained from 4 and 16 weeks old mice. Sections were prepared
and TRAP stained. A 3-mm length of endocortical surface 0.25mm away from the growth
plate wasviewed and quantified on a DMRB microscope using the Osteomeasure bone
histomorphometry softwaréA) Black arrow heads indicated cobble stone like osteoblasts
with large nucleus an@) TRAP positive osteoclasts on endocortical surface, scale bar = 50
pm.(C) N.Ob/B.Pm(D) Ob.Pm/B.Pm(E) N.Oc/B.Pm andF) Oc.Pm/B.Pm were then
evaluated. All values are mean = SEM, n 26<0.05,” p<0.01° p<0.001 (unpaired t-test).
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Figure 4. Bonelength and growth plate structural alteration with agein KO mice. (A)

The tibial lengths of different aged mice (2 weeks, 4 weeks, 10 weeks, and 16 weeks) were
measured from the lowest point of the distal end to the highest point of the proximal end
using calibrated vernier callipei®) The lengths of mice tail were also measured at 4 weeks,
10 weeks, and 16 weeks of age, using calibrated vernier callig¢rseft tibiae of mice at 4,

10 and 16 weeks of age were sectioned and H&E stained PZ = proliferation zone, scale bar =
100pum. The width of each section of growth plate was quantified including(D) the

measurement of the growth plate total width (including resting, proliferation, and

hypertrophic zones) ar(@&) the measurement on proliferation zone only. All values are mean

+ SEM, n = 6- 8, p<0.01,° p<0.001 (unpaired t-test).

Figure 5. Serum biochemical marker variation in young and old KO mice. (A)
PhosphorugB) calcium, andD) ALP were measured usimdodular Analytics analyser in
serum samples of 4 weeks and 20 weeks old mice, n {C}8erum FGF-23 level was
measured by ELISA in serum samples taken mice at 4 weeks and 16 weeks of ag&)n = 5.
Serum 25-0H vitamin D3 was measured using an immunometric method with
chemoluminescence, n = 3~4. All values are mean * SPM0).05,” p<0.001 (unpaired t-

test).

23



KO
KO

0 o 0
- - o - .
(6) wbispn Apog ALAG

(a 0] o

0.0

O

FIG. 1
A

C

E

i

) 1 1 L )

S ® © <% o 9

- o o o o o
(ww) Jeyawelp JNwWa4

H

(=
©o < N

W <+ ® N = o
(ww) ybus| Jnwa) 8joYA

WT

KO

[
=

(%) abejuaaiad suoq pauissO

24



BV/TV

154

10+

2 Weeks

) L ] ) ] ]
6 8 10 12 14 16 1
Weeks of Age

8

Tb. N (1/mm)

T T T T T T 1
6 8 10 12 14 16 18
Weeks of Age

25



DB 2k SO S 5‘5&:’&. ?
Ad AA Akl
WT 2 &

Vo, B “3'7’—“‘“_%"’3?#‘_-‘““3 P e, G0PERze L% e ey atii oy
e Sl N e
AA,AA “A AAA Am“ SOl e

DL :
KO o) e e
C \ D
_ 80- — 1.0- c —
e 7 0.8- 22 KO
£ T y E -
E - - / m 064 | =
o 4 / E 0.4 b
& a : B —
S 2 % 5 0.2- =
= i
4 weeks 16 weeks 4 weeks 16 weeks
E F
8- 0.20-
. 5 O wT
F'E 6- & + £ 0.154 T - &~ K2
é | — | o (o] _L
£ = - @ = 7
m g o
S P O
O 2-1 O 0.054
S //
0 7. 0.00
4 weeks 16 weeks 4 weeks 16 weeks

26



- WT
-0- KO

¢
—

10 12 14 16 18

g
Weeks of Age

c

c
—

1 1
g 8 °
g

(w) suoz uoneisyljold

150+

-2
e
o
<
Lo o
<<
L O u—
- O ©
-sm
()
IGW
- <
at ]
=N
L] r T T T T T o T T T 1
EEEERE g & & °
O () pu opeid:
A (ww) yibus) e1q1L (w) ppw aje(d YMOID
(1 O

27

10 weeks 16 weeks

4 weeks

10 weeks 16 weeks

4 weeks



FIG. 5

AN\
N //M

r
o © © < N o
-

(p/Bw) wnivle) wniasg

o

20 Weeks

4 Weeks

;_W/// N

r T T T T
0 8 6 4 2 nu
1

A (7p/Bw) snioydsoyd wnisg

(@]

&

O wt
Ea Ko

TN\

20 Weeks

I

500+

T
(=3
=3
o«

(1IN) 47V wnieg

T
(=1 (=]
=]

-

400
200+

4 Weeks

TM_//////

_|

16 Weeks

B\

1504

00

n

(Tw/Bd) £z494 wrueg

(=] o

4 Weeks

£Q

OR
DNz
H S
7.V
il <

£ & & -
(Twybu)

LL] €Q suweyn HO-GZ wnies

28



