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ABSTRACT

BACKGROUND: In Chronic Kidney Disease serum phosphorus elevations stimulate PTH

production causing severe alterations in bone-vasculature axis. PTH is the main regulator of

Receptor activator of NFKB (RANK)/RANK ligand (RANKL)/osteoprotegerin (OPG) system,

essential for bone maintenance, which also plays an important role in vascular smooth

muscle cells (VSMCs) calcification. The discovery of a new RANKL receptor, leucine-rich

repeat-containing G-protein-coupled receptor 4 (LGR4), important for osteoblast

differentiation but with unknown role in VC, led us to examine LGR4 contribution in high

P/high PTH-driven vascular calcification (VC).

METHODS: In vivo studies were conducted in subtotally nephrectomized rats fed normal or

high phosphorus diet, with and without parathyroidectomy. Parathyroidectomized rat were

supplemented with PTH 1-34 to achieve physiological serum PTH levels). In vitro studies

were performed in rat aortic VSMCs cultured in control medium, calcifying medium (CM) or

CM plus 10-7 vs 10-9M PTH.

RESULTS: Rats fed high phosphorus, significantly increased aortic calcium content.

Similarly, calcium deposition was higher in VSMCs exposed to CM. Both conditions were

associated with increased RANKL and LGR4 and decreased OPG aorta expression, and

exacerbated by high PTH. Silencing of LGR4 or PTH1R attenuated the high PTH-driven

increases in calcium deposition. Furthermore, PTH1R silencing and pharmacological

inhibition of protein kinase (PK) A, but not of PKC, prevented the increases in RANKL and

LGR4 and decreased OPG. Treatment with PKA agonist corroborated that LGR4 regulation

is a PTH/PKA-driven process.

CONCLUSIONS: High PTH increases LGR4 and RANKL and decreases OPG expression in

aorta, thereby favoring vascular calcification. The hormone's direct pro-calcifying actions

involve PTH1R binding and PKA activation.

Key words: PTH and vascular calcification, leucine-rich repeat-containing G-protein-coupled

receptor 4 (LGR4), Receptor activator of NFKB (RANK)/RANK ligand (RANKL/OPG) system,

high phosphorus.
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Bullet points:

What is already known about this subject:

1. Parathyroid hormone (PTH) plays a key role in CKD-MBD, its elevations has been

associated with increases in vascular calcification. In addition, PTH is the main regulator

of the RANK/RANKL/OPG system.

2. The effects of LGR4 activation in bone are opposite to those known of RANK activation.

3. The LGR4 action in bone results in inhibition of resorption and stimulation of formation by

increasing osteoblast maturation and mineralization. Thus, the effects of the LGR4

receptor in bone are opposite to those known of the RANK receptor.

4. So far, the role of LGR4 in vascular calcification and the role of PTH linked to the LGR4

actions had not been studied.

What this study adds:

1. This is the first study that evaluates the possible role of LGR4 in vascular calcification. In

uremic hyperphosphatemic rats with high PTH, LGR4 aortic expression markedly

increased and co-localized with RANKL in the areas of vascular calcification.

2. The silencing of LGR4 gene in vascular smooth muscle cells (VSMCs) completely

prevented PTH-induced calcification, despite high RANKL and low OPG levels.

3. The silencing of PTH1R prevented increases in RANKL, decreases in OPG expression

and significantly attenuated the increases of LGR4 gene expression.

4. LGR4, but not RANK, plays a relevant role in vascular calcification. LGR4 regulation is a

PTH/PKA-driven process.

What impact this may have on practice or policy:

1. Vascular calcification and the decrease in bone mass are frequent disorders associated

to ageing and CKD. Both have been recently linked to several common pathogenetic

factors included the RANK/RANKL/OPG system.
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2. So far, the therapeutic approaches on the RANK/RANKL/OPG system has been based in

the action of decoy receptors that binds RANKL, (OPG and the human monoclonal

antibody Denosumab), without known independent actions on bone and vessels.

3. The LGR4–driven dependent effects on bone, together with the novel actions on vascular

calcification found and described for the first time in the present study, may have a

relevant impact in the development of new therapeutic agents in this field.
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ABBREVIATIONS

ATCC: American Type Culture Collection

Ca: Calcium

cAMP: adenylyl cyclase/cyclic AMP

CKD: Chronic Kidney Disease

CM: Calcifying Medium

CRF: Chronic Renal Failure

FBS: Fetal Bovine Serum

FSK: Forskolin

FGF23: Fibroblast Growth Factor 23

RIA: Radioimmunoassay

GAPDH: glyceraldehyde-3-phosphate dehydrogenase

HP: High phosphorus

LGR4: leucine-rich repeat-containing G-protein-coupled receptor 4

NX: PartialNephrectomy

NP: Normal Phosphorus

OPG: Osteoprotegerin

PK: Protein Kinase

P: Phosphorus

PTH: Parathormone

PTH1R: Parathormone Receptor 1

PTX: Parathyroidectomy

RANK: Receptor Activator for Nuclear Factor κ B

RANKL: Receptor Activator for Nuclear Factor κ B ligand

VC: Vascular Calcification

VSMC: Vascular Smooth Muscle Cells
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INTRODUCTION

The RANK / RANKL / OPG system is an essential regulator of bone maintenance and

recent studies attribute to this system an important role in vascular calcification [1-2]. In

bone, osteoblasts synthesize and secrete RANKL that binds in the osteoclast precursors to

its transmembrane receptor RANK allowing their maturation, activation and survival. In

addition, osteoblasts secrete OPG, a soluble decoy receptor of RANKL, which prevents the

binding of RANKL to RANK, thus regulating osteoclastogenesis [3]. Some factors, such as

parathormone (PTH), currently elevated in chronic kidney disease (CKD) patients, promote

osteoclasts differentiation indirectly by increasing osteoblast production of RANKL [3].

Continuous infusion of PTH causes catabolic effects on bone, stimulating RANKL and

inhibiting OPG expression via protein kinase A in stromal/osteoblastic cells [4-6]. In contrast,

intermittent administration of PTH has anabolic effects in bone partially due to the inhibition

of antiosteogenic proteins, such as sclerostin [7]. High concentrations of PTH are also

associated with increases in the calcification of vascular smooth muscle cells (VSMCs) in

vivo [8-9] and in vitro [10]. However, the mechanisms involved in PTH regulation of vascular

calcification are not fully understood.

Recent studies have shown that vascular smooth muscle cells express the 3 members

of the RANK / RANKL / OPG system [11-12]. The discover that the OPG knockout mouse

develops osteoporosis and severe arterial calcification [13], the fact that RANKL expression

is increased in calcified arterial tissue [14] and that RANKL induces VSMCs calcification in

vitro [11, 15] suggest that the RANK / RANKL / OPG axis could be an important autocrine /

paracrine system involved in vascular calcification. Until a few years ago, RANK was

considered the sole receptor for RANKL, however, in 2016, it was reported that the

leucine-rich repeat-containing G-protein-coupled receptor 4 (LGR4, also known as GPR48)

is also an important receptor for RANKL [16]. LGR4 binds RANKL, suppressing canonical

RANK signalling during osteoclast differentiation [16] and also regulates osteoblast

differentiation in vivo and in vitro [17]. LGR4 is widely expressed in bone heart, aorta, kidney,

stomach, adrenal gland, intestine and other tissues [18-19]. Moreover, LGR4 plays important

roles in vascular tone, energy balance and lipid metabolism homeostasis, being essential for

diverse biological processes including regulation of cardiovascular function [18]. However, its

involvement in VSMCs calcification has not been characterized.

The objective of this in vivo and in vitro study is to analyze the involvement of the

RANKL receptor LGR4 in VSMCs calcification and their regulation by PTH.
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MATERIALS AND METHODS

In vivo experimental design

Animal model. The protocol was approved by the Laboratory Animal Ethics

Committee of Oviedo University.

The study was performed using 4-months-old (350-400g) male Wistar rats. First,

microsurgical parathyroidectomy (PTX) was performed in a group of rats, and a PTX-sham

operation in the remaining rats. In the PTX group only the rats with serum calcium (Ca)

levels < 7.5 mg/dL and intact PTH (PTH1-84) < 50 pg/mL, were considered successfully

parathyroidectomized (92% PTX success) (Figure 1). Ten days after, in the PTX animals and

in a group of PTX-sham operated rats, chronic renal failure (CRF) was induced by partial

nephrectomy (NX) (removal of the right kidney and infarction of 3/4 of the left kidney) [20].

Simultaneously with the NX, in all PTX animals, pellets (Innovative Research of America, FL,

USA) were subcutaneously implanted. To provide a continuous pellet infusion of PTH the

only PTH available was PTH 1-34; 5 µg/kg/day of PTH 1-34 was infused to groups 4 and 5

with the aim to achieve normal serum levels of PTH 1-34 (30-40 pg/mL) in these two groups

of NX PTX rats [10]. In addition, despite the infusion was done with PTH 1-34, also serum

PTH 1-84 was measured for comparison in all groups. In the NX PTX-sham rats also

subcutaneous pellets were implanted to receive vehicle (Sigma-Aldrich, MO) (Figure 1).

All the NX animals (with or without PTX) were divided according to the diet they

received: normal phosphorus (P) diet (NP) (0.6% P and 0.6% Ca) (Panlab,Spain) or high P

diet (HP) (0.9% P and 0.6% Ca) (Panlab, Spain). Rats were housed in wire cages and

received food and water ad libitum. After 14 weeks, rats were placed in metabolic cages for

24 hours for urine collection prior to sacrifice by exsanguination using isofluorane

anaesthesia, serum samples were drawn for analyses. Aortas were removed, washed twice

with saline solution and divided into 3 pieces: used for RNA extraction, Ca content

determination, and for the histological studies.

In vitro assessment of vascular calcification

Primary cell culture. Primary VSMC cultures were obtained from aortas of normal

non manipulated 2-months-old Wistar rats using explants as previously described [21], cells

between passage 2 and 8 were used. In each experiment, 3 wells per condition were used

and all experiments were repeated 3 times.
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Induction of primary VSMC calcification.

Primary VSMCs seeded at 10,000 cell/cm2 in 6-well plates (Corning Costar), were

grown in Dulbecco Modified Eagle Medium (DMEM) supplemented with 10% fetal bovine

serum (FBS) and 1% penicillin/streptomycin (Lonza, Belgium) to subconfluence. The growing

medium was replaced by DMEM (Lonza) (1.8 mM Ca) with 1% FBS and final concentration

of 3 mM P [calcifying medium (CM)] or 1 mM P [non-calcifying medium (non-CM)] as control.

As in previous studies (data not shown) CM induced increases in osteogenic differentiation

markers (runx2, osterix, etc). Cells were also exposed to 2 different PTH 1-34

concentrations (10-7 or 10-9 M) for 5 days, replacing the medium every 48 hours. Cells were

collected to quantify Ca deposition and to obtain total RNA and protein. In additional

experiments the VSMCs were exposed also during the same period (5 days), to 4 different

culture mediums conditions (control medium, CM, CM + 10-7 M PTH and CM + 10-9 M PTH),

with different Ca concentration, regular-normal (1.8 mM) and low (1.5 mM and 1.2 mM).

Small interfering RNA for PTH1R and LGR4. VSMCs were seeded at 10,000

cell/cm2 in 6-well plates. Next day, after reaching 60-70% confluency, cells were transfected

overnight with siRNA Smart Pool for the LGR4 gene or the PTH1R gene (Thermo Scientific),

using the DharmaFECT transfection reagent, following the manufacturer’s instructions.

Transfection with a scramble sequence (mock) was used with the same concentrations and

exposure times as a negative control. VSMCs were then cultured for 5 days in calcifying

media and then Ca deposition and LGR4, RANKL and OPG expression were assessed.

PTH signalling pathways. To examine the involvement of protein kinase A (PKA) or

protein kinase C (PKC) signalling pathways in RANKL, OPG and LGR4 responses, VSMCs

were seeded at 10,000 cell/cm2 in 6-well plates. For the inhibition studies, cells were pre

incubated with either H-89, a chemical specific PKA inhibitor, (10-5 M, Sigma-Aldrich) or

Staurosporine, a PKC inhibitor (10-8 M, Selleckchem) for 30 minutes before the addition the

non-CM, CM or CM plus 10-7 M PTH 1-34 for additional 3 hours. To corroborate signalling

pathway, VSMCs were cultured with 10-5M Forskolin (FSK), a specific PKA agonist, for 3

hours. Cells were collected to obtain total RNA to analyze PRH1R, RANKL, OPG and LGR4

expression.

Analytical and technical procedures
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Biochemical markers. Serum creatinine, Ca and P and urinary creatinine were

measured using a multichannel auto analyzer (Hitachi 717; Boehringer Mannheim, Berlin,

Germany). PTH (1-34) was measured by RIA rats array (Phoenix Pharmaceutical Inc,

USA).Serum intact PTH (1-84) and FGF23 were measured by a sandwich ELISA

(Immunotopics, USA and Kainos Laboratories, Japon). Serum calcitriol was measured by

RIA (IDS, UK).

Aortic and VSMCs calcification analysis. A piece of 5 mm of the abdominal aorta

or VSMCs cells were homogenized in 0.6 N NaCl and gently shaking at 4ºC for 24 hours.

After, sample centrifugation, Ca content was determined in the supernatant by the

o-cresolphtalein complexone method [22] (Sigma). The pellet was re-suspended in lysis

buffer (125 mM Tris, 2% SDS, pH 6.8), for protein extraction and quantification by Lowry

method (Bio Rad). Ca content was normalized to total cell protein and expressed as µg

Ca/mg protein.

To perform the Von Kossa staining, another fragment of the abdominal aorta was

embedded in paraffin. Five sections 5 µm thick were obtained using a Polycut microtome

(Reicher-Jung), and stained following Von Kossa’s method.

Inmunohistochemistry. Tissue RANKL and LGR4 localization were assessed by

immunohistochemistry in 5 µm paraffin sections, incubated overnight at 4ºC with primary

antibodies against RANKL (1:100; Santa Cruz Biotechnology) and LGR4 (1:100; Santa Cruz

Biotechnology). Then, they were washed and incubated with biotinylated secondary antibody

following the manufacturer’s instructions (Dako REAL EnVision). Semiautomatic image

analysis software (Leica QWIN standard version 2.3, Leica Microsystems) was used. A

negative control without primary antibody was used to set the level of the lowest detectable

staining intensity.

Western Blot. Total protein extracts from VSMCs were collected, quantified by the

Bradford assay (Bio-Rad) and equal amounts of protein were separated by sodium dodecyl

sulphate–polyacrylamide gel electrophoresis and transferred to polyvinylidene difluoride

(PVDF) membranes (Amersham Hybond). Western blot analyses were performed following

manufacturer’s protocol with specific antibodies: RANKL (1:500; Santa Cruz Biotechnology),

RANK (dilution 1:500; Santa Cruz Biotechnology), OPG (1:500; Santa Cruz Biotechnology),

LGR4 (1:200; Santa Cruz Biotechnology), PTH1R (1:200; Santa Cruz Biotechnology) and

glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (dilution 1:3000;Santa Cruz

Biotechnology). Secondary antibody binding was detected with ECL Western Blotting

Detection Kit (Amersham BioSciences) and the ChemiDoc Gel Imaging System Model XRS

(Bio-Rad) and quantified using QuantityOne 1-D Analysis Software v4 (Bio-Rad).
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Total RNA isolation, cDNA synthesis and quantitative PCR. A fragment of the

abdominal aorta from the rats was homogenized in an ultraturrax (OmniHT) in

(Sigma-Aldrich) and VSMCs cultures were collected in TRI™ Reagent, following

manufacturer's instructions. Total RNA concentration and purity were quantified by UV-Vis

spectrophotometry (NanoDrop Technologies) measuring its absorbance at 260 and 280 nm.

Reverse transcription was performed with a High Capacity cDNA Reverse Transcription Kit

(Applied Biosystems) following the manufacturer's instructions. Gene expression was

measured by qRT PCR using a Stratagene Mx 3005 P (Agilent Technologies). TaqMan

Real-time PCR amplification was performed with gene-specific primers (Gene Expression

Assays from Applied Biosystems) for RANKL, RANK, OPG, LGR4 and PTH1R. GAPDH was

used as housekeeping gene. The relative quantitative evaluation of target genes was

performed by comparing threshold cycles using the ΔΔCt method [23]. Statistical analysis.

Statistical comparison between groups was carried out by using one-way ANOVA and

Student’s t-test. Bivariate correlation analyses were performed. The results were expressed

as mean ± standard deviation. Differences were considered significant when p<0.05. All

statistical analyses were performed using SPSS17.0 for Windows (SPSS, Chicago, IL).

RESULTS

In vivo Study

Biochemical parameters and renal function

The NX rats showed the expected reduction in creatinine clearance, the lowest renal

function was observed in those fed a HP diet. In addition, NX rats fed a HP diet (group 3)

reached also the highest serum levels of P, FGF23 and PTH 1-34 (Table1). As expected, in

the PTX rats the subcutaneous PTH pellet maintained serum PTH 1-34 at similar levels to

the sham group but failed to maintain serum Ca levels (NX PTX NP, group 5, Table 1).

Serum PTH 1-84 values were: 833±497in group1, 1229±562 in group 212082±6566 in group

3 and undetectable in groups 4 and 5. Serum P remained in similar values but FGF23

showed a significant decrease (group 3 vs group 5), serum calcitriol levels were lower in the

PTX groups (Table 1).

Aortic Ca content
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After 14 weeks, the aortic Ca content (Fig 2A) of all NX groups significantly increased

with respect to Sham, but was remarkable higher in the group of Nx rats without

parathyroidectomy fed high-P diet (NX HP-group 3). The parathyroidectomy significantly

reduced the remarkably high aortic Ca content observed in group 3 (group 3 vs. group 5; Fig

2A). In the latter, (NX PTH HP group) the 5 the rats with the highest serum PTH 1-34 values

(77.10 ± 29.3pg/mL) -more than double-, than the PTH values of the 4 rats with the lowest

serum PTH 1-34 values (31.9 ± 5.2), showed  similar serum Ca values.

Aortic expression of RANKL, OPG, RANK, LGR4 and PTH1R.

The NX groups showed a significant increase in aortic RANKL gene expression (Fig

2B) and a decrease in OPG expression (Fig 2C). These changes at gene level expression

were remarkable in the NX fed a HP diet, which showed the highest serum PTH values and

RANKL expression (group 3 table 1, and Figure 2B) In the NX PTX HP (group 5), the

changes in aortic RANKL and OPG expression were minor (Fig 2B and C) concurring with

the lower serum PTH (Table 1). No significant changes were observed in vascular RANK

expression (Fig 2D).LGR4, the novel receptor for RANKL, followed a similar pattern as its

ligand RANKL in the NX (group 2 - 2.8 fold increase - group 3 - 6.5 fold increase groups 4 -

2.0 fold increase - and group 5 - 1.8 fold increase -) (Fig 2B and 2E). An important and

relevant finding was that RANKL and its receptor LGR4 were co-localized together around

calcified areas stained positive for Von Kossa (Fig 2F). The PTH1R expression in the aortas

of rats did not differ in the different groups (Sham 1±0.66, NX NP 1.33±1.00, NX HP

1.16±1.02, NX PTX NP 1.05± 1.56, NX PTX HP 0.84±0.53).

In vitro Study

VSMCs calcification and RANKL, OPG, RANK and LGR4 expression

Exposure of primary cultures of rat VSMCs to the CM (3 mM P and 1.8 mM Ca)

significantly increased the Ca content of the VSMCs in 5 days. PTH (10-7 M) further

exacerbated the increases in Ca content, while 10-9 M PTH did not (Fig 3A). Similar results

were obtained in the cell line A7r5 (VSMC from rat aorta, ATCC; data not shown).

When the VSMCs were incubated not only with PTH but also with different Ca

concentrations, as expected, the highest results in the VSMCs Ca content were observed

with the use of PTH 10-7 and normal Ca (1.8M). However, in all cases, -even with the use of

low Ca concentration in the medium (1.5-1.2M), the calcifying effect of the combination of P
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(3mM) plus high PTH (10-7M) was observe, though less pronounce than with 1.8M (data not

shown).

RANKL expression followed the same pattern as Ca content, while OPG expression

showed opposite results (Fig 3B, 3C and 3F). No significant changes were observed in

RANK expression (Fig 3D).

Similar to RANKL expression (Fig 3B and F), LGR4 was significantly increased in

cells exposed to the CM; this increment was remarkable high when cells were treated with

10-7 M PTH (Fig 3E and 3F). In all the experiments, the higher gene expression of the

RANKL and LGR4 were observed with the highest PTH concentration used (10-7M).

PTH Dependent Calcification Pathway

Due to the important effect of high PTH in VSMCs exposed to CM the

characterization of the pathway by which high PTH (10-7 M) influences calcium deposition by

VSMC was investigated silencing LGR4 expression. The silencing of LGR4 (70-85%

silencing success at gene expression level; data not shown) drastically reduced the Ca

content (2.73 times) when 10-7 M PTH was used as stimulus (Fig. 4A) with no significant

changes in RANKL and OPG (Fig 4B, 4C and 4D).

To better understand the signalling pathway by which PTH regulates the expression

of LGR4, RANKL and OPG, the PTH1R expression was silenced (74-83% silencing success

at gene expression level; data not shown). The reduction in PTH1R expression was able to

prevent the increase in Ca content under the stimulation of CM plus 10-7 M PTH (Fig 5A),

likewise, the increases in RANKL expression (Fig 5B and 5E), and LGR4 expression (Fig 5D

and 5E), and the decrease in OPG expression (Fig 5C and 5E).

The next step was to examine the involvement of PKA and PKC signalling pathways

in the PTH RANKL, OPG and LGR4 responses. Treatment of VSMCs with the PKA inhibitor

H-89, (but not with the PKC inhibitor staurosporin) significantly reduced the ability of 10-7 M

PTH to induce RANKL (Fig. 6A) and LGR4 (Fig. 6C) and to inhibit OPG (Fig. 6B) mRNA

expression.

Furthermore, the treatment of VSMCs with the PKA specific agonist forskolin (FSK)

significantly increased RANKL (Fig. 6D) and LGR4 (Fig. 6F) and reduced OPG (Fig 6E)

expression. These changes induced by 10-5 M FSK (the PKA specific agonist), were even

greater than those produced by 10-7 M PTH. Even 10-6 M FSK (3 to 10 times lower than the

concentration used in previous studies) [6, 24] showed a greater effect in RANKL, LGR4

and OPG mRNA expression (supplementary figure 1) than 10-7 M PTH.
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DISCUSSION

To our knowledge, this is the first report that implicates LGR4, the novel receptor for

RANKL, in the VSMCs calcification process, both in vivo and in vitro. In addition, it presents

novel signalling data showing the role of LGR4 and PTH/PTH1R in VSMCs calcification.

Vascular calcification is closely linked to decreased bone mass [25-26], one of the

most common causes of morbidity and also one of the leading causes of mortality in the

elderly population. These disorders are markedly aggravated in patients with CKD [27-33]

who develop disturbances in mineral metabolism associated with abnormal bone formation,

and mineralization, as well as vascular and soft tissue calcifications [34]. High serum P, a

common finding in CKD patients, directly stimulates PTH synthesis and secretion and

parathyroid gland hyperplasia [35-41]. These P/PTH interactions create a vicious cycle as

high PTH elevates bone resorption and consequently serum P, in patients that present great

difficulties in the renal handling of P to maintain normal serum P levels.

Although high PTH induces high bone turnover [8], its role in vascular calcification is

not fully understood. Low and high serum PTH are frequently associated with severe

vascular calcification [8, 33]. Even though experimentally high PTH has shown not to be able

to induce vascular calcification alone [42], a synergistic effect between high PTH and high P

has been described, probably due to the indirect and deleterious effect of PTH through its

capacity to increase bone turnover and osteoclast activity [42]. Previous studies from our

group showed that high concentrations of PTH further increase the calcification induced by

high serum P in uremic rats and in cultures of VSMCs [10, 43]. Furthermore, in that setting

the silencing of PTH1R, the prevalent PTH receptor in VSMC cells, partially abolished the

pro-calcifying effect of high PTH demonstrating a PTH/PTH1R-driven induction of VSMCs Ca

deposition [10].

Herein, we studied the effect of high or normal PTH on vascular calcification in the

presence of normal and high serum P, using a rat model with chronic renal failure (that

resembles CKD in humans), with and without parathyroid glands, the latter supplemented

with subcutaneous pellets in order to achieve normal serum PTH levels. A limitation of this

study was that despite the administration of PTH 1-34 normalized its levels, failed to

normalize serum Ca probably due to; a) the skeletal resistance to PTH in CRF, as in CRF

higher PTH is needed to increase bone resorption and release of Ca. Low serum Ca levels

despite high concentrations of PTH 1-34 infused was also observed in a previous study, with
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a similar design [8] demonstrating the importance of the resistance to PTH action in bone in

CRF to mobilize Ca; and b) to the serum calcitriol levels.

In fact the NX HP PTX plus PTH 1-34 supplementation (group 5), showed significant

lower serum PTH values than its non-PTX equivalent (group 3), but with the degree of renal

failure obtained, the PTH values achieved with the PTH infusion were not enough to control

the Ca - P homeostasis, despite more than half of the rats duplicated the PTH normal PTH

values, which were the target values of the PTH 1-34 infusion. The low serum Ca levels may

also explain the lower FGF23 levels observed in the PTX nephrectomized versus non-PTX

nephrectomized rats as it has been already shown [44].

The effect of PTH in vascular calcification is still a matter of debate and it has been

speculated that PTH signaling could be a counter regulatory mechanism attenuating the

progression of vascular calcification [55]. However, it seems the PTH effect is highly

dependent on the PTH concentrations. In a previous publication from our group, the dose-

response of PTH in vascular calcification was analysed using different PTH1-34

concentrations (10-11M to 10-6 M) in the rat VSMC line A7r5. The results showed a

U-shaped relationship, the calcification was attenuated by the addition of PTH 1-34, at low

concentrations (10-11 M to 10-8). By contrast, high PTH concentrations (>10-7 M), increased

VSMC calcification induced by the CM. These opposing effects were found not only in the Ca

deposition, but also in the expression of osteogenic and vascular contractile genes [10].

However, our results differ from others [45], because they have used different models,

type of cells, and different forms to induce calcification including the use of serum containing

inhibitors of mineralization such as fetuin-A including the use [46]. Also the forms of PTH

administration differs (intermittent versus continuous protocol), which are associated with

different effects in bone, anabolic and catabolic respectively.

The RANK / RANKL / OPG pathway is a well known essential regulator of bone

status [3], in addition, recent studies also attribute to this system an important role in

vascular calcification [11, 13-14]. As in previous reports [11, 15, 47], our in vivo and in vitro

results showed that high P increased Ca content and RANKL, decreased OPG and it had no

effect on RANK expression. Moreover, in vitro, high PTH with no increase in P (non CM)

induced small changes in RANKL and OPG, but it did not influence Ca content

(supplementary figure 2), suggesting that even when high PTH is present, a minimum P

threshold is required to induce vascular calcification.

Denosumab, a human monoclonal antibody against RANKL mimics the actions of

OPG and it has been widely used since more than 10 years ago to increase bone mass and
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decrease bone fractures [48]. Even though it was thought that Denosumab may influence

vascular calcification, the FREEDOM study with osteoporotic women showed that the

frequency of progression of calcification of the aorta and adverse cardiovascular events were

similar between women in the placebo groups and treated with Denosumab [49].

Previous studies have not analyzed the role of LGR4 in vascular calcification because

RANK was considered the only signalling receptor for RANKL (OPG is a decoy receptor).

The recent discovery of LGR4 as a second functional receptor for RANKL in bone [16], led

us to investigate its role in the vascular system. This is an attractive and intriguing field of

research as it is well know than VSMCs, under several stimuli related to disturbances in

mineral metabolism currently present in CKD, undergo a trans differentiation to an osteoblast

phenotype.

The LGR4 extracellular domain competes with RANK and binds RANKL; as a result

LGR4 inhibits in vivo osteoclast differentiation [16]. Deletion of LGR4 expression in mice

results in delay in osteoblast differentiation and mineralization during embryonic bone

formation. Postnatal bone remodelling is also significantly affected in the LGR4 (-/-) mice

including the reduction of bone formation rate, bone mineral density and osteoid formation,

whereas the activity and number of osteoclasts are increased.[17] When in vivo and in vitro

the mechanisms involved in LGR4 regulation of osteoblast differentiation were examined, a

decrease in the expression of bone differentiation markers, such as Runx2 and osteocalcin

in the LGR4-/- femur and also a reduction in alkaline phosphatase activity in primary cultures

LGR4-/- osteoblasts was observed [17]. In addition, LGR4 (and also LGR5 and LGR6) have

been identified as the second class receptors for the R-spondins (R-spos) a family of

secreted proteins that have emerged as important regulators of Wnt signalling [50-51]

forming complexes with recognised Wnt modulators such us Frizzled/Lrp [52]. In 2016,

LGR4 was described as a key receptor for R-spo2 activating the canonical Wnt/β catenin

signalling to promote osteoblast differentiation and maturation [53-55].

Due to the important role of PTH in osteoblast function, also the participation of

PTH1R has been investigated with no relevant results [17]. However, how PTH regulates

LGR4 has not been analyzed yet. In humans, a nonsense mutation in LGR4 has been

strongly associated with low bone mineral density and osteoporotic fractures [56] but none of

the mentioned studies examined the role of LGR4 in vascular calcification. In addition, so far,

the influence of CKD with their concomitant bone and mineral disorders has never been

evaluated in this setting.

The inverse relationship between vascular calcification and bone mass and

mineralization has been repeatedly shown in the literature mainly in general population and

15



osteoporotic patients with severe vascular calcification. LGR4 is expresses by osteoblasts, it

is associated with increases in Runx2 and osteocalcin and it has been suggested that

miR-34c could be involve in this process promoting osteoclast differentiation through

targeting LGR4 [57]. This area is still full of questions and gaps to be solved but it seems that

LGR4 may have also a role of counteracting the elevated osteoclastogenesis produced by

catabolic PTH, which is the case in CKD. It can be hypothesized that LGR4 may have a

protective role in bone but a negative effect in vessels, favoring vascular calcification, these

findings makes LGR4 an interesting molecule to be further studied to clarify its

pathophysiological role in the paradoxical and complex field of the bone and vascular axis.

Based upon the evidence demonstrating the deleterious impact of LGR4 ablation on

bone formation, we hypothesized that LGR4 may play a pathogenetic role in the process of

vascular calcification because VSMCs undergo a phenotypic transformation to osteblast like

cells, and thus, in that environment LGR4 may play a role in the process of vascular

calcification. Indeed, herein, we demonstrated that in VSMCs, LGR4 expression followed the

same pattern as RANKL expression. In addition, it was found that RANKL and LGR4

co-localized in the calcified areas of the aortas. In both models, in vivo (aortas) and in vitro

(VSMCs), the increases in LGR4 paralleled the increases in RANKL and Ca content (figures

2 and 3). Also, in both models a high PTH either as a consequence of CRF plus high P diet

(group 3, Table 1) or by the addition of PTH to de medium (10-7M PTH) were associated with

the highest level of LGR4, RANKL and Ca content (figures 2 and 3). The importance of

LGR4 is further supported by the fact the silencing of LGR4 partially abolished the

pro-calcifying effect of high PTH, without changes in RANKL or OPG expression (figure 4).

By contrast, RANK silencing did not abolish the calcifying effect of high PTH

(supplementary figure 3). This result was expected, because RANK is expressed in

osteoclasts but not in osteoblasts. In our study, we used VSMCs phenotipically transformed,

-due to the culture medium conditions-, in osteoblast like cells, thus we were not expecting

changes in RANK, however we did expect changes in LGR4 as it is expressed in

osteoblasts.

PTH upregulates RANKL mRNA and inhibits OPG gene expression in osteoblasts [5,

58-59]. The PTH1R is coupled to Gαs-mediated activation of the adenylyl cyclase/cyclic

AMP (cAMP)/protein kinase A (PKA) signaling pathway and also to Gαq-mediated activation

of the phospho-lipase/protein kinase C (PKC) signaling cascade. The main PTH control over

bone remodelling genes is described through the cAMP/PKA signalling pathway [60]. PKA is

also necessary and sufficient for the effect of PTH on both RANKL and OPG genes [5-6].
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Thus, based in the likely importance of PTH in the regulation of RANK / RANKL /

OPG, the pathway implicated in LGR4 regulation by PTH was investigated. In the in vivo

model the PTH1R expression in the aortas of rats did not differ in the different groups. We

were not able to find studies measuring the PTH1R expression in the aorta of uremic animals

to be compared with our results. However, there are in vivo and in vitro data, though

contradictory, related with the impact of uremia on the expression of PTH1R in bone and

kidney. Some authors find PTH1R downregulation [61-63], meanwhile other found

overexpression [64]. Moreover renal but not bone PTH1R expression increased in response

to PTH (1-34) [65]. Not only uremia, but also Angiotensin II has been found that increases

the PTH1R expression in the aorta [66].

In the in vitro studies, in agreement with previous studies [10], the silencing of

PTH1R, the prevalent PTH receptor in VSMC cells, reduced the effect of high PTH, and as a

consequence, the Ca deposition was reduced. As expected, PTH1R silencing prevented the

increases in RANKL, the decreases in OPG expression and, significantly attenuated the

increases of LGR4 gene expression (figure 5). There were no changes in RANK. The results

of the silencing experiments support the hypothesis that LGR4, but not RANK, plays an

important role in vascular calcification through a PTH-driven process. As the latter may occur

through protein kinase pathways both PKA and PKC involvement were evaluated.

When VSMCs were pre-incubated with a chemical specific inhibitor of PKA (H-89),

both, the increases in RANKL and LGR4 as well as the decreases in OPG expression

induced by high PTH, were prevented. On the contrary, the pre-incubation with the PKC

specific inhibitor (Staurosporine) did not affect RANKL, LGR4 or OPG expression (figure 6 A,

B and C). These results demonstrated the LGR4 regulation by PTH is a PTH/PKA driven

process in the same way that PTH RANKL stimulating and OPG inhibiting processes are

also PKA dependent processes. a finding that was corroborated with the PK agonist

Forskolin (FSK) [6], which induced RANKL and LGR4 and inhibited OPG mRNA expression(

figure 6 D, E and F).

Unfortunately, it was not possible to analyse the effect of PKA and PKC inhibitors on

the PTH-driven Ca deposition in VSMC due to the high cell death rate observed upon the

short incubation required to modulate RANK, OPG and LRG4 gene expression, a fact which

made not possible the use of these inhibitors during the 4-5 days of incubation of VSMC

exposed to calcifying media which are necessary to observe significant changes in Ca

deposition.

In summary, in vivo, in a CRF model, with high serum P and PTH as calcifying

stimuli, the aortic expression of LGR4 and its ligand RANKL increased, while OPG
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decreased, these changes were associated with an increase in aortic Ca content. In vitro, the

same stimuli, namely high P and high PTH, induced VSMC calcification (figure 7). The

silencing of the LGR4 abolished the procalcifiying effect of PTH and the silencing of PTH1R

reduced the increases in Ca content, RANKL and LGR4 and the decreases in OPG. Further

experiments demonstrated the PTH activation is a PTH / PKA driven process. Furthermore,

the silencing of LGR4 partially abolished the pro-calcifying effect of high PTH, indicating that

LGR4 could play and important and so far unknown role in the process of calcification of the

VSMCs.
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TABLES

Table 1. Creatinine clearence, Serum PTH 1-34, Calcium, Phoshorus and FGF23

levels in the different groups of rats. Double Sham, sham-operated forn PTX and NX; NX

subtotal nephectomyzed rats; NP Normal P diet; HP High P diet; PTX, parathyroidectomized

rats supplemented with PTH 1-34; Values are expressed as mean±SD. *p<0.05 versus

Sham, †p<0.05 versus NX NP, ‡p<0.05 versus NX HP, Δ p<0.05 versus NX PTX NP.

GROUP 1
Double Sham

(n=8)

GROUP 2
NX NP
(n=8)

GROUP 3
NX HP
(n=6)

GROUP 4
NX PTX NP

(n=9)

GROUP 5
NX PTX HP

(n=9)
Creatinine clearence
(mL/min) 2.7±0.5 1.0±0.14* 0.5±0.3*† 0.8±0.4* 0.5±0.2*†

Serum PTH 1-34 (pg/mL) 31.6±10.1 43.9±21.4 94.2±27.9*† 43.4±26.9‡ 36.5±9.6‡

Serum Ca (mg/dL) 10.2±0.2 10.4±0.3* 9.1±1.0*† 7.2±0.8*†‡ 5.8±0.5*†‡

Serum P (mg/dL) 4.0±0.4 4.5±0.5* 13.8±3.8*† 11.0±2.6*† 14.0±5.6*†

Calcitriol 37.5 ± 20.0 37.3 ± 20.4 38.6 ± 25.8, 13.4 ± 12.4 8.4 ± 3.5

Serum FGF23(mg/dL) 326±147 409±130 1140±85*† 705±293*†‡ 612±434

FIGURE AND FIGURE LEGENDS
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Figure 1. Experimental design. ; SHAM,sham-operated; PTX, parathyroidectomy; NX,

nephrectomy.

Figure 2. Effect of high P and high PTH in aorta calcification in vivo. Aortic Ca content

(A) by o-cresolphtalein complexone method; expression of RANKL (B), OPG (C), RANK (D)

and LGR4 (E) of the control and CRF rats after 14 weeks evaluated by qRT PCR. Data

represent mean ± standard deviation. *p<0.05 versus Sham, #p<0.05 versus NX NP,

δp<0.05 versus NX HP. Representative sections of aorta obtained from a rat NXHP groups

stained with von Kossa and immunohystochemistry of LGR4 and RANKL (F) Original

magnification, ×10.

Figure 3. Effect of PTH in VSMC calcification in vitro. Ca content quantification by

o-cresolphtalein complexone method (A); expression, determined by qRT PCR, of RANKL

(B), OPG (C), RANK (D) and LGR4 (E) of the VSMC cultured in non calcifying media (Non

CM) or calcifiying media (CM, 3mM P) with 0, 10-7 and 10-9M PTH 1-34 for 5 days . Data

represent mean ± standard deviation. *p<0.05 versus control, #p<0.05 versus CM, δp<0.05

versus CM plus 10-7M PTH. Representative Western blot of RANKL, OPG, RANK, LGR4 and

GAPDH (F).

Figure 4. Role of LGR4 in VSMC calcification in vitro. Mock transfection (scramble, white

bars) or LGR4 silencing (black bars), of VSMC cultured in non calcifying media (Non CM) or

calcifiying media (CM, 3 mM P) with 0 and 10-7 M PTH 1-34 for 5 days, to determine Ca

content by o-cresolphtalein complexone method (A); expression by qRT PCR of RANKL (B)

and OPG (C). Data represent mean ± standard deviation. *p<0.05 versus each control –Non

CM- (in white bars transfected with scramble, in black bars LGR4 silencing), #p<0.05 versus

same group transfected with scramble. Representative Western blot of LGR4, RANKL, OPG

and GAPDH (D).

Figure 5. Characterization of the pathway for 10-7 M PTH VSMC calcification in vitro:
Role of PTH1R. Mock transfection (scramble, white bars) or PTH1R silencing (black bars),

of VSMC cultured in non calcifying media (Non CM) or calcifiying media (CM, 3mM P) with 0

and 10-7M PTH 1-34 for 5 days, to determine Ca content by o-cresolphtalein complexone

method (A); expression by qRT PCR of OPG (B), RANKL (C), and LGR4 (D). Data represent

mean ± standard deviation. *p<0.05 versus each control –Non CM- (in white bars control

transfected with scramble, in black bars PTH1R silencing control), #p<0.05 versus same

group transfected with scramble. Representative Western blot of, PTH1R, RANKL, OPG

LGR4 and GAPDH (E).
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Figure 6. Characterization of the pathway for 10-7 M PTH VSMC calcification in vitro:
Activation of PKA or PKC signalling pathways. RANKL, OPG and LGR4 expression

determined by qRT PCR of VSMCs treated with 10-5 M PKA inhibitor (H-89) or 10-8 M PKC

inhibitor (Staurosporine) in non-CM, CM and CM plus 10-7 M PTH 1-34 for 3 hours (A) or

treated with 10-5 M PKA agonist Forskolin (FSK), in non-CM, CM and CM plus 10-7 M PTH for

3 hours (B). *p<0.05 versus control (Non CM) of the same group of treatment (white bars),

#p<0.05 versus CM of the same group of treatment (grey bars), δp<0.05 versus CM plus 10-7

M PTH of untreated cells (black bars).

Figure 7. Diagram of the possible action of the PTH in the calcification of the VSMC in
the presence of high P. PTH binds to its PTH1R receptor (major PTH receptor in the

VSMC). Through the activation of PKA the expression of LGR4 (new receiver of RANKL) and

RANKL is increased and that of OPG decreases. This would increase the calcification of the

VSMC.

SUPPLEMENTARY FIGURES

Supplementary figure 1. RANKL (A), OPG (B) and LGR4 (C) expression determined by
qRT PCR of VSMCs treated with 10-6 M PKA agonist Forskolin (FSK), in non-CM, CM
and CM plus 10-7 M PTH for 3 hours. *p<0.05 versus control (Non CM) of the same group

of treatment (white bars), #p<0.05 versus CM of the same group of treatment (grey bars),

δp<0.05 versus versus CM plus 10-7 M PTH of the same group of treatment (black bars).

Supplementary figure 2. Role of PTH in VSMC calcification in the absence of high P in
vitro. Ca content quantification by o-cresolphtalein complexone method (A); expression,

determined by qRT PCR, of RANKL-white bars-, OPG -grey bars-, and LGR4 (B) of the

VSMC cultured in non calcifying media (Non CM) with 0, 10-7 and 10-9M PTH 1-34 for 5 days.

Data represent mean ± standard deviation. *p<0.05 versus control, #p<0.05 versus P,

δp<0.05 versus P+10-7M PTH.

Supplementary figure 3. Role of RANK in VSMC calcification induced by high P and
PTH in vitro. Mock transfection (scramble, white bars) or RANK silencing (black bars), of

VSMC cultured in non calcifying media (Non CM) or calcifiying media (CM, 3mM P) with 0

and 10-7M PTH 1-34 for 5 days, to determine Ca content by o-cresolphtalein complexone

method (A); expression by qRT PCR of LGR4, RANKL, and OPG (B). Data represent mean

± standard deviation. *p<0.05 versus each control (in white bars transfected with mock, in

black bars RANKL silencing), #p<0.05 versus same group transfected with mock.
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