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ABSTRACT 

Glomerulonephritis is characterized by the proliferation and apoptosis of mesangial cells 
(MC). The parathyroid-hormone related protein (PTHrP) is a locally active cytokine that 
affects these phenomena in many cell types, through either paracrine or intracrine pathways. 
The aim of this study was to evaluate the effect of both PTHrP pathways on MC proliferation 
and apoptosis. In vitro studieswere based on MC from male transgenic mice allowing PTHrP-
gene excision by a CreLoxP system. MC were also transfected with different PTHrP 
constructs: wild type PTHrP (PTHrP-WT), PTHrP devoid of its signal peptide (PTHrP-∆SP) 

or of its nuclear localization sequence (PTHrP-∆NLS). The results showed that PTHrP 
deletion in MC reduced their proliferation even in presence of serum and increased their 
apoptosis when serum-deprived. Treatment with exogenous PTHrP(1-36) had no effect on 
proliferation but improved MC survival. Transfection of MC with PTHrP-∆SP significantly 
increased their proliferation and partially reduced their apoptosis. Overexpression of PTHrP-
∆NLS protected MC from apoptosis induced by serum deprivation without changing their 
proliferation rate. PTHrP-WT transfection conferred both mitogenic and survival effects. 
PTHrP-induced MC proliferation was associated with p27Kip1 downregulation and c-
Myc/E2F1 upregulation. PTHrP increased MC survival through the activation of cAMP/PKA 
and PI3-K/Akt pathways. These results reveal that PTHrP is a cytokine of multiple roles in 
MC, acting as a mitogenic factor only through an intracrine pathway, and reducing apoptosis 
through both paracrine and intracrine pathways. Thus, PTHrP appears as a probable actor in 
MC injuries.  
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INTRODUCTION 

Mesangial cells (MC) play a key role in both physiological and pathological functioning in 
the glomerulus. In normal conditions there is little mesangial turnover. However, aberrant 
proliferation of MC occurs in immune-mediated glomerular diseases, including IgA 
nephropathy and lupus nephritis (1). MC apoptosis is another characteristic of human and 
experimental glomerulonephritis (2, 3). Experimental models of glomerulonephritis show 
initial mesangiolysis linked to excessive MC apoptosis (4). Later during glomerulonephritis, 
MC apoptosis tends to balance the excessive proliferation of MC. This ends into either 
homeostatic cicatrization or progression into glomerulosclerosis and loss of kidney function 
(5, 6). 

The parathyroid-hormone related protein (PTHrP), originally identified as the factor 
responsible of malignant hypercalcemia (7), was later found to be widely expressed in foetal 
and adult tissues where it acts locally rather than in an endocrine manner (8). PTHrP has a 
constitutive expression but may also be upregulated by inflammatory cytokines (9, 10). A 
role for PTHrP has been suggested in the pathogenesis of inflammatory/autoimmune diseases 
(11). The N-terminal PTH-like region of PTHrP allows it to interact with the PTH receptor 
(PTH/PTHrP receptor or PTH1R) in an auto/paracrine fashion. Cytosolic PTHrP can also use 
a bipartite multibasic nuclear localization signal (bNLS) to translocate to the nucleus and to 
act through an intracrine pathway (12). PTHrP effects on proliferation have been described in 
many cell types. These effects are largely pathway and cell-dependent. In vascular smooth 
muscle cells (VSMC), PTHrP has been shown to induce proliferation through the intracrine 
pathway, while it is antiproliferative through the paracrine one (12, 13). In renal epithelial 
and pancreatic β cells mitogenic effects of PTHrP have been reported through the paracrine 
pathway (14, 15). PTHrP has also been shown to regulate cell apoptosis. PTHrP is most often 
a survival factor either through intracrine or paracrine pathways, as shown in chondrocytes 
and renal carcinoma cells, respectively (16, 17). Opposite effects of the two pathways were 
also observed in prostate cancer cells where intracrine PTHrP increases, while paracrine 
PTHrP decreases survival (18). 

In different animal models of renal disease, overexpression of PTHrP has been reported in the 
glomerulus, suggesting a role of PTHrP in the initiation or evolution of the pathology (19-
23). In vivo, PTHrP seems not to be expressed in MC under physiological conditions, but 
immunoreactive PTHrP was present in MC after protein overload in the rat or in diabetic 
nephropathy in the mouse and patients (19, 23). The effects of PTHrP on MC proliferation 
have been analyzed in few studies. An increase in [3H]-thymidine incorporation was reported 
when exogenous PTHrP(1-36) was added to the culture media of rat or human MC (20, 24). 
However, the effect of intracrine PTHrP on MC proliferation has not yet been considered, 
and whether PTHrP has any effect on MC apoptosis remains unknown.  

The aim of this work was to elucidate the effects of paracrine and intracrine PTHrP on MC 
proliferation and apoptosis. For this purpose, MC in primary culture were obtained from 
C57BL/6 mice kidneys (MCBl6) and from transgenic mice carrying a CreLoxP system for 
PTHrP (MCCreloxP) (25, 26). Transgenic mice allow specific knockdown of PTHrP by 4-
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hydroxy-tamoxifen (4-OH-Tam) treatment in cells expressing alpha smooth muscle actin 
(�SMA) which is the case in MC in culture. Stable transfection of MC was also performed 
with different constructs of human PTHrP: PTHrP devoid of its NLS (∆NLS), so only active 

through paracrine pathway, PTHrP devoid of its signal peptide (∆SP) with only intracrine 
action, and wild type PTHrP (WT) (supplemental Fig. 1). Altogether, our results show that 
PTHrP induces MC proliferation through the intracrine pathway, while it reduces apoptosis 
through both paracrine and intracrine pathways. 

MATERIALS AND METHODS 

Mouse strains 

Homozygous PTHrP-floxed (PTHrPL2/L2) mice were crossmated with αSMA-Cre-ERT2(tg/0) 

mice (25, 26). Male αSMA-Cre-ERT2/PTHrPL2/L2 (PTHrPCreloxP) mice as well as male 
C57BL/6 mice (Janvier, Le Genest Saint Isle) were used to prepare MC in primary culture. 
Mice breeding, maintenance and experiments were in compliance with guidelines of the 
European Community and the French government concerning the use of animals. 

Mesangial cell culture 

MC in primary culture were derived from glomeruli isolated from the PTHrPCreloxP mice 
(MCCreloxP) and C57BL/6 mice (MCBl6). Briefly, kidneys obtained from 6-week old mice 
were subjected to sequential sieving (125, 71 and 53 µm) and sedimentation for extraction of 
glomeruli which were set in cultured in DMEM (Life Technologies, Saint Aubin, France) 
enriched with 30% foetal bovine serum (FBS) and 1% antibiotics (penicillin/streptomycin, 
Life Technologies). MC outgrew from the glomeruli in about 1 week. Cells were further 
grown for 1 week in DMEM with high D-valine content (2.5 mg/ml, Sigma-Aldrich, Saint 
Quentin Fallavier) for the elimination of fibroblasts. MC were then maintained in DMEM 
supplemented with 20% FBS and 1% antibiotics at 37° C in a 10% CO2 atmosphere. Serum-
free media was supplemented with 0.1% BSA. MC were used between passage 4 and 16. 

Fluorescent immunocytochemistry  

Cells growing in glass chamber slides (Lab-Tek II , Nalge Nunc, Rochester, USA) were used 
at 60% confluence. Cells were fixed in 4% paraformaldehyde in PBS for 15 min, washed 
with PBS and permeabilized with 0.1% Triton X-100 in 1 mM glycine-PBS for 10 min. After 
40 min exposure to blocking buffer (3% BSA in PBS), cells were incubated for 1 h at room 
temperature with the specific primary antibodies diluted in blocking buffer, and then for 1 h 
in the dark with the appropriate Alexa-conjugated IgG secondary antibodies (Life 
Technologies). Nuclei were stained by bisBenzimide H 33342 (HOE 33342, Sigma-Aldrich). 
After final washes, cells were mounted with Moviol and visualized by fluorescence-
microscopy (Nikon Eclipse E800) using NIS-elements program.  

The characterization of MC was performed by positive staining to anti-Thy1.2 and anti-
�SMA antibodies (Sigma-Aldrich), and negative staining for a marker of epithelial cells, anti-
pancytokeratin (Abcam, Paris, France). HK-2 cells, a renal epithelial cell line (ATCC CRL-
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2190, LGC France, Illkirch, France), Mes-13, a mesangial cell line (ATCC CRL-1927) and 
murine VSMC in primary culture were used as positive/negative controls (supplemental Fig. 
2). HK-2 and Mes-13 cells were grown in DMEM supplemented with 10% FBS.  

PTHrP deletion in MC and transfection with the various human PTHrP-HA constructs were 
verified by immunocytochemistry as detailed below. The activation of the PI3-K/Akt 
pathway by PTHrP was visualized with anti-phospho(S473)-Akt (Cell Signaling, Ozyme, 
Saint Quentin-en-Yvelines, France). Finally, the presence and distribution Na+/H+ exchanger 
regulatory factors 1 and 2 (NHERF1 and NHERF2) were looked for, as well as colocalisation 
with the PTH1R, with specific antibodies (NHERF1: Abcam; NHERF2 and PTH1R: Santa 
Cruz, TebuBio, Le Perray-en-Yvelines, France).  

PTHrP gene excision 

MCCreloxP were seeded in 25 cm2 flasks at low confluence (20-30%) and treated for three 
alternative days with 4-OH-Tam (5 µM, Sigma-Aldrich). Control MCs were treated with the 
solvent (1% ethanol final concentration). To verify PTHrP gene excision, DNA was extracted 
by phenol/chloroform method and recombination of PTHrP floxed alleles was verified by 
PCR using the strategy depicted on Fig. 1 with primers shown on Table 1. The presence of 
amplicons was verified by electrophoresis in 1.5% agarose gel. PTHrP deletion was also 
verified by RT-PCR (primers on Table 1) and immunofluorescence staining using 
monoclonal anti-PTHrP(34-53) antibody (PTH2E11, IGBMC, Strasbourg, France). Effect on 
PTH1R expression was verified by Western blot. Control and PTHrP-excised MC were used 
within 4 passages after excision. 

Mesangial cell transfection 

MCCreloxP were seeded in 6 well plaques, grown for 24 h and transfected with plasmids (2 µg) 
encoding for one of three HA-tagged human PTHrP(1-139) constructs (supplemental Figure 
1): PTHrP-∆NLS, PTHrP-∆SP or the wild type PTHrP (PTHrP-WT) as previously reported 
(12, 27). MC transfected with the empty plasmid vector (pcDNA3) were taken as control. 

Transfection was performed with Lipofectamine 2000 (Life Technologies) according to the 
manufacture’s protocol. Stably transfected cells were selected by geneticin treatment (G418, 
300 µg/ml, Life Technologies). Transfection efficacy was verified by immunostaining with 
an anti-HA antibody (Merck Millipore, Saint Quentin-en-Yvelines) and RT-PCR for the 
expression of the human PTHrP isoforms. The expression of PTH1R was verified by RT-
PCR and Western blot. PTHrP-transfected MC were used within 4 passages after 
transfection. 

Real time RT-PCR 

Total RNA was extracted from MC using the RNeasy kit (Qiagen) according to the 
manufacturer’s protocol. Five �g of total RNA were reverse transcribed in a reaction buffer 
(Life Technologies) with non-specific primer p(dT)15 (Roche Diagnostics, Meylan, France), 
at 37°C for 1 h. Quantitative real-time PCR reaction was performed with the "LightCycler-
FastStart DNA Master SYBR Green  kit (Roche Diagnostics). The sense and antisense 
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primers are given in Table 1. Each sample was analyzed 3 times and quantified with the 
analysis software for LightCycler (Roche Diagnostics). 

Fluorescence-Activated Cell Sorting (FACS) flow cytometry 

For the evaluation of proliferating cells, MC were seeded in 25 cm2 flasks with DMEM+20 
% FBS. At 60-70% of confluence, cells were serum-deprived for 24 h in order to render them 
quiescent. Medium was then changed for DMEM+20% FBS or DMEM+0.1% BSA. Some 
groups were treated with PTHrP(1-36) (1, 10 or 100 nM daily treatment; NeoMPS, Illkirch, 
France) or with platelet-derived growth factor-BB (PDGF-BB, 10 ng/ml; Sigma-Aldrich). 
Studies were also performed on control and PTHrP-excised MCCreloxP, and on the MC stably 
transfected by the PTHrP constructs. Cells proliferation was analyzed over three days by 
FACS. Briefly, cells were harvested, washed with PBS, fixed and permeabilized by 70% 
ethanol for 1 h at 4°C. Cells were then washed again with PBS, treated with RNAse (50 
µg/ml) for 1 h at 37°C, stained with propidium iodide (1 mg/ml, Sigma-Aldrich) for 10 min 
and filtered through a 60-µm nylon mesh (Merck Millipore) before analysis using FACSort 
flow cytometer (BD Biosciences, Pont de Claix, France). The fraction of proliferating cells 
(cells in phase S+G2/M) was determined using FCS express software (DeNovo Software, Los 
Angeles, CA). All experiments were performed at least three times in triplicate. 

For the evaluation of apoptotic cells, MC were seeded in 25 cm2 flasks and rendered 
quiescent as above. Medium was then changed for DMEM+20% FBS or DMEM+0.1% BSA 
in order to induce apoptosis for 1 or 2 days. Here again, PTHrP-excised and PTHrP-
transfected MC were used, and some groups were treated with exogenous PTHrP(1-36) (1-
100 nM). FACS analysis of apoptotic cells was performed on both floating and adherent cells 
as described previously (28). Briefly, cells were harvested, stained with Annexin V-FITC 
(Roche Diagnostics) and propidium iodide (5 µg/ml, Sigma-Aldrich) in a dark chamber at 
4°C for 10 min and fixed in 1% formol before analysis using FACSort flow cytometer (BD 
Biosciences). The fraction of viable and apoptotic cells was determined using FCS express 
software (DeNovo Software). All experiments were performed at least three times in 
triplicate. 

Bromodeoxyuridine (BrdU) incorporation 

MC were seeded in 96-well plate (20,000 cells/ml), grown for 24 h before being rendered 
quiescent in serum-deprived medium for the next 24 h. The medium was then changed for 
DMEM+20% FBS or DMEM+0.1% BSA for the following days (1-3 days). Some groups 
were treated with PTHrP(1-36) (100 nM), PDGF-BB (10 ng/ml) or the corresponding 
vehicle. In an other study, MC deleted of endogenous PTHrP expression (PTHrP-excised 
MCCreloxP) were synchronized before being exposed for 24 h to conditioned medium obtained 
from both pcDNA3- and PTHrP-�SP-transfected MC. BrdU incorporation studies were 
performed according to the protocol of the manufacturer (Calbiochem, Merck KGaA, 
Darmstadt, Germany).  

Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) 
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For the evaluation of apoptotic cells by TUNEL, MC were seeded on glass slides (Lab-Tek 
II®), maintained 24 h in DMEM+20% FBS and synchronized for 24 h in DMEM+0.1% BSA. 
Apoptosis was induced by serum-deprivation, changing the medium for DMEM+0.1% BSA 
with or without treatments: PTHrP(1-36).(100 nM), PKA inhibitor (H89, 1 µM, Sigma-
Aldrich), PI3-K inhibitor (LY294002, 20 µM, Sigma-Aldrich) or PKC inhibitor (Gö6983, 5 
µM, Sigma-Aldrich), alone or in combination as indicated in the appropriate Figures. 
Treatments with the inhibitors began 1 h before the addition of PTHrP(1-36). Apoptotic cells 
were detected by the commercial “In situ cell death detection” kit (Roche Diagnostics) 
following the manufacturer’s specifications. Nuclei were stained by HOE 33342. Cells were 
subsequently analyzed by fluorescence-microscopy (Nikon Eclipse E800) using NIS-
elements program. At least 10 successive images were taken in each condition. The percent 
of apoptotic cells was calculated with the help of ImageJ program (NIH, USA).  

Direct cyclic AMP measurements 

MC were seeded in 25 cm2 flasks. After 24-h growth, they were made quiescent by serum-
deprivation for 24 h. Cells were pretreated for 15 min by 3-isobutyl-1-methyl-xanthine 
(IBMX 200 µM, Sigma-Aldrich) and sometimes by the PTH1R antagonist, (Asn10,Leu11,D-
Trp12)-PTHrP(7-34) amide (100 nM, Bachem, Weil-am-Rhein, Germany). Cells were then 
exposed for 15 min to PTHrP(1-36) (1-300 nM), PTH(1-34) (100 nM, NeoMPS), forskolin 
(10 µM, Sigma-Aldrich) or isoproterenol (100 nM, Sigma-Aldrich). The reaction was 
stopped by aspiration of the incubation medium, followed by the addition of 0.5 ml of 0.1 M 
HCl supplemented with 1% Triton-X100 for cell lysis during 20 min at 37°C. The lysed cells 
were scrapped and samples were centrifuged at 1300 x g for 10 min at 4°C. Cyclic AMP 
concentrations were determined in the supernatants and in the incubation media, using a 
“Direct enzyme immunoassay” kit (Assay Designs, Euromedex, Souffelweyersheim, France). 
Protein concentration was determined in each sample by the Lowry method (29). Total cAMP 
levels were expressed as pmol/mg of protein. 

Western blot 

MC proteins were extracted at 4°C with the lysis buffer (50 mM Tris-HCl, 150 mM NaCl, 
1% NP-40) supplemented with 0.5% proteases and phosphatases inhibitors (Sigma-Aldrich). 
The supernatants were collected after centrifugation at 12000 x g at 4°C for 5 min. Protein 
concentration was determined by the Lowry method (29). Protein expression was analyzed by 
Western blot using the semi-dry iBlot (Life Technologies). The primary antibodies used were 
as follows: anti-HA (1/6000, Roche Diagnostics), anti-Akt (1/200, Santa Cruz), anti-
phospho(Thr308)-Akt (1/200, Santa Cruz), anti-phospho(S473)-Akt (1/500, Cell Signaling), 
anti-p27Kip1 (1/500, Epitomics, CliniSciences, Nanterre, France), anti-c-Myc (1/5000, Sigma 
Aldrich), anti-E2F1 (1/200, Santa Cruz), anti-PTH1R (1/200, Santa Cruz) and anti-
glyceraldehyde-3-phosphate-dehydrogenase (GAPDH) (1/1000, Merck Millipore). The 
appropriate horseradish peroxydase-conjugated secondary antibody was used. 
Chimioluminescence was detected (Immobilon Western kit, Merck Millipore) and visualized 
(Fusion Fx7, Viber Lourmat, Marne-la-Vallée, France). 
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Statistical analysis 

Results are expressed as means ± SEM. Statistical analysis was performed when appropriate 
using Student’s t test, one-way or two-way ANOVA followed by Tukey’s multiple 
comparison test. Statistics were run with SigmaStat® (SPSS Inc, Chicago, USA). Differences 
with P < 0.05 were considered statistically significant.  

RESULTS 

Exogenous PTHrP(1-36) has no effect on MC proliferation  

The effect of PTHrP(1-36) has been first studied on MCBl6. Quiescent cells were exposed to 
DMEM+20% FBS or DMEM+0.1% BSA at D0, before FACS analysis over three days (Fig. 
2A). In presence of serum, more than 30% of MC were proliferating, a percent which 
decreased to 10% in serum-deprived cells. In the later cells, daily PTHrP treatment (100 nM) 
did not modify the proliferation level. However, PDGF-BB, a known mitogen for MC (10 
ng/ml, added only on D0), increased MC proliferation at D1 before its effects faded later. In 
order to see if PTHrP(1-36) may conversely reduce MC proliferation, PTHrP(1-36) was 
added daily to MC grown in serum-supplemented media. Here again, no change in cell 
proliferation was observed (Fig. 2B). 

MC proliferation was also assessed by BrdU incorporation in serum-deprived media in 
presence of incrementing PTHrP(1-36) concentrations (1 to 100 nM) (Fig. 2C) or with 
PDGF-BB (Fig. 2D). Here again, PTHrP showed no effect on cell proliferation all over the 
three-day experiment, while PDGF-BB increased BrdU incorporation (P<0.001). 

Excision of PTHrP gene in MCCreloxP reduces MC proliferation 

We verified PTHrP gene-excision in terms of DNA, mRNA and protein (Fig. 3). PTHrP gene 
deletion was stable over 5 weeks (Fig. 3A, 3B), resulted in 90-99% decrease in PTHrP 
mRNA (Fig. 3C) and absence of PTHrP protein in all the cells (Fig. 3D). PTH1R expression 
was maintained although at a lower level (Fig. 3E). 

To determine whether endogenous PTHrP has any effect on MC proliferation, PTHrP-excised 
MCCreloxP were compared to control cells by FACS analysis (Fig. 4A) and BrdU incorporation 
(Fig. 4B). Results showed a decrease in MC proliferation in PTHrP-deleted cells even in 
presence of serum (P <0.001). Serum withdrawal reduced MC proliferation of about 30% in 
control MCCreloxP and 50% in PTHrP-deleted cells (P <0.001). Finally, the addition of 
exogenous PTHrP(1-36) had no impact on cell proliferation, whether tested on control or 
PTHrP-excised cells. These observations suggest that endogenous PTHrP significantly 
regulates MC proliferation but not through PTH1R activation.  

PTHrP increases MC proliferation through intracrine  pathway, via c-Myc, 
E2F1 and p27Kip1 
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PTHrP has been shown to induce proliferation through the intracrine pathway in VSMC (12). 
To further investigate whether a similar effect is responsible of PTHrP-mediated proliferation 
in MC, cells were stably transfected with HA-tagged PTHrP-WT, -∆NLS or -∆SP. HA-

immun staining as expected, showed only cytoplasmic localization of PTHrP-∆NLS, while 

PTHrP-WT and PTHrP-∆SP were seen in both nuclei and cytoplasm (supplemental Fig. 3). 
The transfected cells expressed high levels of the human PTHrP forms, at least 50 fold higher 
than the mouse endogenous isoform, and had no effect on PTH1R expression (supplemental 
Fig. 4).  

BrdU incorporation  analysis on D1 (Fig. 5A) showed that MC transfected with either 
PTHrP-WT or PTHrP-∆SP proliferated more than those transfected with  PTHrP-∆NLS or 
empty plasmid (pcDNA3). This was particularly clear in absence of serum (P <0.001). 

Moreover, the increase in proliferation rate was similar in PTHrP-WT and PTHrP-∆SP 
transfected cells while, on the other hand, proliferation was not different between PTHrP-

∆NLSand pcDNA3-transfected cells. These findings indicate that only intracrine PTHrP is 
mitogenic. 

Next, to gain more insight into the possible mechanisms involved in the intracrine effects of 
PTHrP, we showed that conditioned medium from PTHrP-∆SP transfected MC did not 
increase BrdU incorporation in cells deleted from endogenous PTHrP (Fig. 5B). This result 
excludes that some mitogenic factors were released into the medium by PTHrP-∆SP 
overexpression. It has been described that nuclear PTHrP induces VSMC proliferation by 
enhancing c-Myc expression that targets p27Kip1 to proteosomal degradation (30). Similar 
pathways seem to be induced in MC (Fig. 5C). Indeed, c-Myc expression was enhanced in 
MC overexpressing PTHrP-WT or PTHrP-∆SP, and decreased after knockdown of PTHrP in 
MC. One principal cell-cycle transcription factor, E2F1, displayed the same profil. 
Conversely, p27Kip1 expression was decreased in MC overexpressing PTHrP-WT and 
enhanced in PTHrP deleted MC.  

PTHrP is a survival factor for MC  

MC apoptosis was tested in control and PTHrP-deleted MCCreloxP at D2, by FACS (Fig. 6A) 
and TUNEL analysis (Fig. 6B). Serum deprivation increased the number of apoptotic MC, 
and this increase was more important in MC after PTHrP knockdown (P< 0.01). No 
difference was seen between control and PTHrP-excised cells in presence of serum. 
Exogenous PTHrP(1-36) rescued MC by reducing apoptosis in both control and PTHrP-
deleted cells (Fig. 6A and 6B), and this effect was dose-dependent (Fig. 6C).  

To further verify the pathway through which PTHrP elicits cell survival, quiescent MC stably 

transfected with one of the PTHrP constructs (WT, ∆NLS, ∆SP) or the empty vector were 
analyzed by FACS after 24 h of serum deprivation. The results showed that overexpression of 
any of the three PTHrP forms confered resistance to apoptosis, particularly with PTHrP-WT 
(39%, P <0.001) and PTHrP-∆NLS (31%, P < 0.001), and less with PTHrP-∆SP (8.4%, P 
<0.05) (Fig. 6D). Altogether, these data indicate that PTHrP contributes to MC survival 
mainly by the auto/paracrine pathway.  
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cAMP/PKA and PI3-K/Akt pathways are involved in PTHrP–induced MC 
survival  

PTH1R activation by PTHrP was classically associated with the cAMP/PKA pathway. This is 
also the case in MC. PTHrP induced a dose-dependent accumulation of cAMP (Fig. 7A), a 
response shared with PTH(1-34), forskolin and isoproterenol. PTHrP(1-36)-induced 
accumulation of cAMP was selectively decreased by the PTH1R antagonist, (Asn10,Leu11,D-
Trp12)PTHrP(7-34) amide. PTHrP has also been shown to promote cell survival through PI3-
K/Akt activation in renal carcinoma cells, and renal fibroblasts and epithelial cells (17, 22). 
On MC, PTHrP(1-36) induced time-dependent phosphorylation of Akt at both Thr308 and 
Ser473 as shown by Western blot (Fig. 7B), and confirmed for Ser473 by immunostaining 
(supplemental Fig. 5).  

To see if PTHrP(1-36) effect on MC survival is associated with the activation of cAMP/PKA 
or Akt phosphorylation, we used serum-deprived PTHrP-excised MCCreloxP, a situation where 
MC apoptosis is maximum. A 24-hour cell exposure to PTHrP(1-36) reduced apoptosis 
analysed by TUNEL, a response that was reversed by inhibitors of PKA (H89, 1 µM) or PI3-
K (LY249002, 20 µM) (Fig. 7C). Otherwise, an inhibitor of PKC (Gö6983, 5 µM) decreased 
basal apoptosis of MC by itself, and was unable to block PTHrP-induced response. These 
data highlight the critical role of the PI3-K/Akt and cAMP/PKA pathways in PTHrP-induced 
MC survival. 

DISCUSSION 

PTHrP is a locally active cytokine with well-known effects on proliferation and apoptosis in 
different cell types through distinct intracrine and/or paracrine pathways. PTHrP was found 
to be upregulated in MC after protein overload in mouse, as well as in human and 
experimental diabetic nephropathies (19, 23, 31). Here we explored the effects of intracrine 
and paracrine PTHrP on the two aforementioned processes on mouse MC in primary culture. 
Our results show that intracrine PTHrP enhances MC proliferation while paracrine PTHrP 
exerts a major antiapoptotic effect.   

We first analysed the effect of PTHrP(1-36) on the proliferation of MC prepared from 
C57BL/6 mice kidneys. Treatment with PTHrP(1-36) did not elicit any mitogenic effect on 
MC, whatever the dose used (1 to 100 nM, once or daily treatment) or the time point 
considered (1 to 3 days). In contrast, MC responded to PDGF-BB by an increase in 
proliferation. This result with PTHrP(1-36) differs from those previously reported by Soifer 
et al.(20) and Bosch et al.(24) on rat and human MC respectively, in which PTH1R activation 
by PTHrP(1-36) increased MC proliferation. In a recent study, Ortega et al.(32) also found 
that PTHrP(1-36) exerted a short-lasting proliferative effect of human MC (24 h), which 
ended with MC hypertrophy. As in mouse MC, PTHrP(1-36) stimulated cAMP accumulation 
in human MC (24), while its signaling pathway has not been identified in rat MC. However, 
cAMP accumulation was described to be anti-mitogenic in these cells (33-35). We therefore 
searched for any anti-proliferative effect of PTHrP on MC and again found none. We think 
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that the contrast between our results and those of the studies on human and rat MC may be 
related to species discrepancies or differences in the population doubling times.  

Next, we wanted to see if endogenous PTHrP exerts any effect on MC proliferation. For this 
purpose, we used MC obtained from CreloxP transgenic mice that allowed conditional 
PTHrP gene-excision by 4-OH-Tam treatment in cells expressing �SMA (25, 26). This was 
feasible because MC in culture express this protein. One important observation is that the 
deletion of endogenous PTHrP in MC reduced their proliferation even in serum-
supplemented media. Attempts to restore MC proliferation by the addition of exogenous 
PTHrP(1-36) were again unsuccessful. It is worth mentioning that PTHrP gene-excision 
slightly decreased PTH1R protein but a functional PTH1R was still present as shown by the 
effects of paracrine PTHrP on survival. This inferred that other PTHrP fragment and/or 
pathway accounted for the proliferative effect. In fact, post-translational modifications of 
PTHrP through proteolytic cleavage may generate different secreted fragments of PTHrP 
such as PTHrP(67-86), PTHrP(38-64), PTHrP(38-94) in the midregion or PTHrP(107-139) in 
the C-terminal tail (36). Among these, PTHrP(67-86) and PTHrP(107-139) have been shown 
to inhibit breast cancer cells proliferation through yet-unknown receptor(s) (37), and 
PTHrP(38-64) increases epithelial alveolar pulmonary cells proliferation (38). Also, 
PTHrP(38-94) was shown to inhibit breast cancer cells proliferation through nuclear 
translocation (39). We did not directly investigate the impact of these fragments on MC 
proliferation. However, the transfection of MC with PTHrP-�NLS did not show any effect on 
mitogenesis. Indeed, PTHrP-�NLS is truncated between 88-91 and 102-106, which means 
that fragments like PTHrP(67-86), (38-64) and (107-139) may exist, only a fragment 
containing a NLS, PTHrP(38-94), will be modified. Thus, the absence of any effect on 
proliferation in MC overexpressing PTHrP-�NLS excludes a probable role of these 
fragments on our cells.  

Otherwise, PTHrP acting through intracrine pathway has been shown to increase proliferation 
in VSMC (12, 13), or prostate and colon cancer cells (40, 41). The overexpression of PTHrP-
WT or PTHrP-�SP elicited a mitogenic effect on MC. The absence of difference in the 
induction of proliferation in cells overexpressing PTHrP-WT or PTHrP-�SP, together with 
PTHrP-�NLS lacking any mitotic effect, indicate that only intracrine PTHrP was responsible 
of the MC mitogenesis. In addition, the absence of mitogenic effect on PTHrP-deleted MC 
exposed to conditioned media from MC transfected with PTHrP-�SP suggests that PTHrP-
induced proliferation is related to a direct intracellular effect of PTHrP but not to the release 
of other mitogenic factors in the medium. We next showed that PTHrP deletion increased 
p27Kip1 protein level, and PTHrP-WT overexpression decreased it. p27Kip1 is a well-known 
inhibitor of cell cycle, and MC mitogens such as PDGF-BB and basic fibroblast growth 
factor (bFGF) diminish p27Kip1 expression in MC (42). Nuclear PTHrP has also been shown 
to target p27Kip1 to proteasomal degradation in VSMC (13, 30). In addition, transfection of 
MC with PTHrP-WT or PTHrP-�SP increased c-Myc and E2F1 protein levels, while PTHrP 
deletion reduced them. E2F1 is required for cell cycle progression and was found, as well as 
the proto-oncogen c-Myc, to be upregulated in proliferating MC in vitro and in vivo (43, 44). 
Intracrine PTHrP-induced expression of c-Myc was also associated with VSMC proliferation 
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(30). p27Kip1 level seemed normal in MC transfected with PTHrP-�SP. These cells showed 
particularly high levels of c-Myc and E2F1 which may exert opposite regulations on p27Kip1 
expression (45-47). 

MC apoptosis characterizes the initial event of experimental mesangial proliferative 
glomerulonephritis. However, apoptosis is also seen in advanced stages when excessive MC 
proliferation occurs (48). In this study, we report an anti-apoptotic function of PTHrP in MC 
and, at our best knowledge, this has not been described previously. Our results show that 
PTHrP-gene deletion increased the number of apoptotic cells subsequent to serum 
withdrawal, while the treatment with PTHrP(1-36) or the overexpression of PTHrP (WT,-
�NLS,-�SP) reduced it. Survival response was particularly marked in cells transfected with 
PTHrP-WT or PTHrP-�NLS, suggesting that PTHrP mainly acted through the auto/paracrine 
pathway. This was confirmed by the rescue of apoptotic PTHrP-deleted MC through 
exogenous PTHrP(1-36) treatment. These results are in accordance with results seen in other 
cell types. PTHrP was shown to protect renal fibroblasts, tubuloepithelial cells, pancreatic β-
cells and renal carcinoma cells against apoptosis principally through the auto/paracrine 
pathway (49-51). The nuclear translocation of PTHrP was also associated with enhanced 
chondrocyte survival after serum deprivation (16).�

We next examined the signaling pathways that mediate the anti-apoptotic effects of PTHrP in 
MC. The stimulation of the PTH1R has been classically associated to adenylyl cyclase and 
PKA activation (52). The PTH1R can also bind to NHERF1 and NHERF2 and recruit PLCβ, 
leading to PKC activation (53). Our results show that the activation of the PTH1R by PTHrP 
elicits a large increase in cAMP. Interestingly, we also found that PTHrP activates Akt in MC 
through the phosphorylation of both Thr308 and Ser473. The PI3-K/Akt signaling is a key 
pathway involved in cell survival (54, 55). Our group reported previously in renal carcinoma 
cells that Akt activation was responsible of PTHrP-induced cell survival (17). Here, we show 
that inhibition of both the PI3-K/Akt and cAMP/PKA pathways, but not PKC, reversed the 
anti-apoptotic effects of PTHrP in MC. These results are in agreement with other studies (49, 
56). The complete reversion of PTHrP-induced survival in MC through the inhibition of 
either PKA or Akt suggests that these two factors may work in concert to activate or inhibit 
the same downstream signaling pathway. Possible targets are for example NFκB, Bad and 

GSK-3β, which may be differentially phosphorylated by each PKA and Akt. They contribute 
to MC survival in response to PDGF and insulin (57, 58), but many other candidates also 
exist. Further studies are needed to clarify this point. 

We noticed that PKC inhibition solely diminished MC apoptosis but did not reverse the 
response to PTHrP. In fact, interaction between PTH1R and NHERF1/2 has been shown to be 
necessary for PKC activation (53). In this respect, we found that NHERF1 and NHERF2 
were expressed in our cells, but surprisingly NHERF1 was localized to the nucleus 
(supplemental Fig. 6). Multiple co-immunoprecipitation analysis did not show any interaction 
between PTH1R and NHERF1 or NHERF2 (M. Hochane, personal data), and colocalization 
was not found by immunostaining (supplemental Fig. 6).  
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In conclusion, this study reveals the complexity of PTHrP signaling in MC. PTHrP is a 
mitogenic and a survival factor through intracrine and paracrine pathways, respectively. 
PTHrP shares many effects with PDGF, increasing proliferation and survival, and stimulating 
Akt phosphorylation. Given the prominent role of these processes in the progression of 
glomerulonephritis, PTHrP may be a potential actor in this pathology. Further studies are 
needed to evaluate the role of PTHrP in this context in vivo. The clinical relevance of PTHrP 
should also be considered through analysis of PTHrP expression in human samples of 
glomerulonephritis. 
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LEGENDS TO FIGURES 

FIG. 1.Genomic structure of the floxed allele of PTHrP (L2) and the deleted allele (L-) after 
4-OH-Tam treatment. PCR strategy using the primer pairs 920-923 and 922-923 to analyze 
Cre-mediated excision of exon 4. 

FIG. 2. Effect of exogenous PTHrP(1-36) on MC proliferation. The effect of exogenous 
PTHrP(1-36) on MC proliferation has been studied on murine MCBl6 prepared from C57BL/6 
mice kidneys. (A, B) Proliferation of MC was analyzed by FACS upon three days, in presence 
(FBS 20%) or absence of serum (BSA 0.1%), with or without PTHrP(1-36) or PDGF-BB (n = 
4-7 per group). Proliferation of MC was also assayed by BrdU incorporation in serum-
deprived media after exposure to incrementing PTHrP(1-36) concentrations (1, 10 and 100 
nM; n = 8) (C), or PDGF-BB (10 ng/ml) (n = 4) (D). Exogenous PTHrP(1-36) was devoid of 
any effect on MC proliferation. Results are shown as means ± SEM. Tukey’s test, ** P<0.01 
and *** P < 0.001. 

FIG. 3. PTHrP gene excision in MC. MC were prepared from αSMA-Cre-ERT2/PTHrP L2/L2 
mice kidneys (MCCreloxP), and treated in vitro by 4-OH-Tam (5 µM) for three alternative days. 
(A) PCR analysis on DNA showing the amplification of the 550 bp fragment from the deleted 
L- allele in PTHrP-excised MC while the band of 255 bp disappeared. Myogenin (250 bp) 
was used as a housekeeping gene. (B) Expression of PTHrP DNA 255 bp fragment in 
MCCreloxP as a ratio vs myogenin, 1 and 5 weeks after treatment with 4-OH-Tam. (C) 
Expression of PTHrP mRNA as a ratio vs 18S mRNA, 1 and 5 weeks after treatment with 4-
OH-Tam. (D) Immunofluorescent staining of PTHrP in control (b) and PTHrP-excised 
MCCreloxP (c), using a monoclonal anti-PTHrP(34-53) antibody. No PTHrP staining was 
observed in the MC after 4-OH-Tam treatment (excised MCCreloxP), as was also the case in 
control MCCreloxP in the absence of the primary antibody (a). (E) Effects of PTHrP knockdown 
on PTH1R immunoblot. Results are given as means ± SEM, n=5. Student t test, ** P<0.01 
and *** P < 0.001 versus control. 

FIG. 4.MC proliferation following deletion of PTHrP.PTHrP gene was excised (Excised 
MCCreloxP) or not (Control MCCreloxP) by 4-OH-Tam treatment. MC proliferation was 
evaluated by FACS (A) and BrdU incorporation (B). MC were synchronized for 24 h, before 
proliferation was analyzed at D1 in presence (FBS 20%) or in absence of serum (BSA 0.1%). 
Serum-deprived MC were also treated with PTHrP(1-36) at 100 nM. PTHrP-excised MC 
showed significantly less proliferation than control cells even in presence of serum. Addition 
of exogenous PTHrP had no effect on MC proliferation. Results are given as means ± SEM, n 
= 8 (FACS) and n = 4 (BrdU). Tukey’s test, * P < 0.05 and *** P < 0.001.  

FIG. 5. MC proliferation after transfection with various constructs of PTHrP. (A) Control 
MCCreloxP were transfected with constructs of PTHrP devoid of its intracrine (∆NLS) or 

paracrine (∆SP) effects, as well as with the wild type form (WT) and the empty vector 
(pcDNA3). MC proliferation was assayed by BrdU incorporation over 24 h, in presence or 
absence of serum. Intracrine (PTHrP-∆SP) but not auto/paracrine PTHrP (PTHrP-∆NLS) is 
mitogenic for MC. (B) MC proliferation was also assessed by BrdU incorporation over a 24-
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hour period during which the cells were exposed to conditioned medium, without FBS, 

obtained from MC transfected with PTHrP-∆SP or with the empty vector. The conditioned 
medium from MC overexpressing a PTHrP form exclusively active by the intracrine pathway 
did not modify MC proliferation. Results are given as means ± SEM, n = 5. Tukey’s test, * P 
< 0.05 and *** P < 0.001. (C) Representative immunoblots for c-Myc, E2F1 and p27Kip1 of 
control MCCreloxP and PTHrP-excised MCCreloxP, as well as of MC overexpressing PTHrP-WT, 
PTHrP-∆SP or the empty vector (pcDNA3). GAPDH is used as a housekeeping protein 
control on the same membrane. 

FIG. 6. Anti-apoptotic effects of PTHrP on MC. PTHrP gene excision was induced as shown 
previously. MC were synchronized for 24 h and apoptosis was induced by serum-deprivation 
for an additional 24-hour (D1) or 48-hour period (D2). One group was treated with PTHrP(1-
36) at 100 nM. Apoptosis, analyzed by both FACS (A) and TUNEL (B), was higher in 
PTHrP-excised MCCreloxP and was partially reversed by treatment of the cells with PTHrP(1-
36). (C) Incrementing PTHrP(1-36) concentrations from 1 to 100 nM (n = 8) showed dose-
dependency. (D) Transfection of control MCCreloxP with various constructs of PTHrP (WT, 

∆NLS, ∆SP or empty vector) decreased MC apoptosis assessed by FACS, particularly with 

the WT and ∆NLS constructs, while the ∆SP one had minimal effects. PTHrP active by the 
auto/paracrine pathway appears as a survival factor for MC. Results are given as means ± 
SEM, n = 9 (FACS) and n = 3 (TUNEL). Tukey’s test, * P < 0.05, ** P < 0.01 and *** P < 
0.001. 

FIG. 7. Signaling pathways activated by PTHrP and involvement in PTHrP-induced MC 
survival. (A) Control MCCreloxP were synchronized for 24 h. After 15 min pretreatment with 
200 µM IBMX, MC were incubated for 15 min with increasing concentrations of PTHrP(1-
36) (1-300 nM). Cyclic AMP was measured by enzyme immunoassay in cell lysates and 
culture medium. Data are expressed as pmol/mg protein and given as means ± SEM, n = 3. 
Tukey’s test, * P < 0.05 and *** P < 0.001. (B) Quiescent control MCCreloxP were exposed or 
not to 100 nM PTHrP(1-36) for 5 to 15 min. Representative immunoblots for Akt 
phosphorylated at Thr308 or Ser473, and total Akt are shown. Experiments were repeated at 
least three times with similar results. (C) PTHrP-excised MCCreloxP were synchronized for 24 
h. Apoptosis was induced by serum-deprivation for an additional 24-hour period during which 
the cells were exposed to PTHrP(1-36) at 100 nM, with or without a PKC inhibitor (Gö6983, 
5 µM), a PI3-K inhibitor (LY294002, 20 µM) or a PKA inhibitor (H89, 1 µM). Apoptosis was 
analyzed by TUNEL. Data show that the PKA and PI3-K pathways contribute to PTHrP-
induced MC survival. Results are given as means ± SEM of three independent experiments. 
Tukey’s test, * P < 0.05 and *** P < 0.001 versus the corresponding control group; § P < 
0.05 versus the BSA group. 
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Supplemental Figure 2.. MC characterization by immunostaining. MC, Mes-13 and

MCCreloxP, showed specific positive staining to Thy1.2 (a,c) andαSMA (f, h) while

they were negative to cytokeratin (p, r), a marker of epithelial cells. Aortic smooth

muscle cells (AoSMCs) and human renal epithelial cells (HK-2) were used as positive

control for αSMA (i) and cytokeratin (t) immunostaining, respectively.Initial

amplification x400, except for some pictures (e, j, o, p-t) x200.
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Supplemental Figure 3. Visualizat ion by H A immunofluo rescent stain ing o f the

PTHrP-HA constructs after stable transfect ion in MCCreloxP: PTHrP devoid of

the NLS sequence (PTHrP-�NLS-HA) encod ing fo r the paracrine-acting isoform,

PTHrP devo id o f the s ignal pept ide (PT HrP-�SP-HA) act ing on ly by the

in tracrine pathway, and wild type PTHrP(1-139) (PTHrP-WT-HA). MC

transfected w ith the empty p lasmid (pcDNA3) were taken as control. Ant i-HA

immunostaining showed that the localization o f PT HrP-�NLS is almost

exclusive ly cytoplasmic, with dense granules in the Go lgi/secretory pathway

around the nuclei. Wild type PTHrP and PTH rP-�SP were both present in the

nuclei o f all cel ls, whatever they were div iding or not. PTHrP-WT and PTH rP-

�SP local ized also in the cytoplasm w ith a granu lar pattern for PTHrP-WT

(arrow) and a diffuse one for PTHrP-�SP. All the cel ls w ere posit ive fo r ant i-H A,

w ith the except ion of the cel ls transfected w ith the empty plasmid (control). In itial

amp lification x400 .
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ABSTRACT 

Mesangial cell (MC) injury is a prominent feature in glomerulonephritis. Activated MC secrete 
inflammatory mediators which induce cell apoptosis. Parathyroid hormone-related protein is a locally 
active cytokine that enhances cell survival and is upregulated by pro-inflammatory factors in many 
cell types. The aim of this study on murine MC in primary culture, was to analyze the regulation of 
PTHrP expression by inflammatory cytokines, and to evaluate whether PTHrP itself acts as a pro-
inflammatory and/or survival factor on MC. Our results showed that IL-1� (10 ng/mL) and TNF-� (10 
ng/mL) rapidly and transiently upregulated PTHrP expression in MC. The effects of IL-1β were both 
transcriptional and post-transcriptional, with stabilization of the PTHrP mRNA by HuR. Proteome 
Profiler Array analysis showed that PTHrP itself elicited the release of cytokines within 2 hours, 
mainly IL-17 (4-fold increase), IL-16, IL-6 and IL-1�. PTHrP also stimulated sustained expression (2-
4 h) of chemokines, mainly RANTES/CCL5 and MIP-2/CXCL2 (8-fold increase), TARC/CCL17, I-
TAC/CXCL11, MIP-1�/CCL4 and MCP-1/CCL2. Moreover, PTHrP markedly enhanced Cox-2 

expression in terms of mRNA (over 20-fold) and proteins through the activation of NFκB pathway, 
and induced MC survival via the Cox-2 products. Finally, PTHrP overexpression in MC blunted the 
apoptotic effects of IL-1� and TNF-�. Altogether, these findings suggest that PTHrP might function 
both as a booster for inflammatory processes and as a negative feedback loop preserving MC survival.   

�

�

�

�



�EK�
�

INTRODUCTION 

Mesangial proliferative glomerulonephritis is characterized by an initial inflammatory 
response with immune cell influx, and expression of cytokines and growth factors (Sethi and 
Fervenza). Disease starts with mesangial cells (MC) injury leading to mesangial 
transformation into myofibroblast-like cells. Activated MC express �-smooth muscle actin 
(�SMA), upregulate multiple inflammatory mediators like the inducible cyclooxygenase-2 
(Cox-2) and release many cytokines/chemokines  (Anders et al., 2003). Mesangiolysis 
followed by MC migration, proliferation and matrix expansion can also occur. Apoptosis is 
the major mechanism of mesangiolysis (Bagchus et al., 1990). Tumor necrosis factor-� (TNF-
�) and interleukin-1� (IL-1�) are prominent inflammatory mediators that have been 
implicated in the initiation and evolution of renal inflammation (Kluth and Rees, 1996). Both 
factors can be produced by, and activate MC and further induce leukocytes infiltration 
through the induction of chemokine expression and release. TNF-� produced locally or by 
infiltrating leucocytes is also an important pro-apoptotic factor of MC (Hsu et al., 1996).  

The parathyroid hormone-related protein (PTHrP) is an ubiquitously expressed protein with 
cytokine-like properties. PTHrP has been found to be upregulated in many inflammatory 
conditions where it contributed to local injury (Funk, 2001). IL-1� and TNF-� induced PTHrP 
expression in endothelial cells and synovial fibroblasts (Eto et al., 1998; Ferguson et al., 1995; 
Funk et al., 1998). In the later cells, PTHrP led to IL-6 upregulation (Funk et al., 1998). In 
vascular smooth muscle cells (VSMC), PTHrP induced MCP-1 expression through the 
activation of its membranous receptor PTH1R (Martin-Ventura et al., 2003). PTHrP is also 
released by lymphocytes where it is able to stop DNA synthesis and lymphocytes proliferation 
(Adachi et al., 1990). When septic shock was induced in mice by a sublethal endotoxin 
injection, PTHrP was rapidly upregulated in all organs, with its most important levels found 
in the kidneys (Funk, 2001). The neutralization of PTHrP improved animal’s survival 
suggesting a pivotal role of PTHrP in inflammatory process (Funk, 2001).  

PTHrP was upregulated in MC in rat in a model of protein overload and in diabetic 
nephropathies in rats and humans (Izquierdo et al., 2006; Largo et al., 1999; Ortega et al., 
2012). We have previously shown that PTHrP exerts anti-apoptotic effects on mouse MC in 
culture when added exogenously or when overexpressed in the cells (Hochane et al., 2010). 
However, whether inflammatory factors, like IL-1� and TNF-�, can regulate PTHrP 
expression in MC is presently not known. In addition, the contribution of PTHrP in MC 
inflammation, characterized by the secretion of cytokines/chemokines or the expression of 
other inflammatory mediators like Cox-2 has still not been addressed.  

The aim of this study was to analyze the regulation of PTHrP expression by inflammatory 
cytokines in MC, and to evaluate whether PTHrP itself acts as a pro-inflammatory factor on 
MC. Our results show that both IL-1� and TNF-� upregulate PTHrP expression in MC. 
PTHrP itself elicits the release of cytokines and chemokines and enhances the expression of 
Cox-2 by activating the NFκB pathway. PTHrP induces MC survival via Cox-2 products, and 
is able to modulate cytokine-induced MC apoptosis. 
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RESULTS             

IL-1 ββββ and TNF-αααα induce overexpression of PTHrP in MC 

Serum-starved MC were exposed to IL-1β (10 ng/ml) for 8 h (Figure 1A). This treatment 
induced a rapid (within the first hour), marked (18-fold at 2 h) and transient increase in 
PTHrP mRNA. The kinetic of this response was comparable to IL-1β-induced overexpression 
of the inducible Cox-2 (supplementary Figure S1A). Under the same experimental conditions, 

the treatment of MC with TNF-α (10 ng/ml) induced a time-dependent increase in PTHrP 
transcripts, which peaked at a higher level (72-fold at 4 h) and remained elevated over 24 h 
(26-fold) (Figure 1B). PTHrP-induced overexpression was confirmed in term of protein by 
immunocytochemistry (Figure 1C). PTHrP specific immunostaining was scarce in control 
MC, while all cells expressed high level of the protein 24 h after treatment with the cytokines. 

IL-1β had no effect on PTH1R expression in MC both at mRNA and protein level 
(Supplementary Figure S1C and S1D). 

We next aimed to investigate whether the effects of IL-1β on PTHrP mRNA were 

transcriptional. When MC were pretreated with actinomycin D (Act D), IL-1β-induced 
overexpression of PTHrP mRNA was completely abolished (Figure 1D). Post-transcriptional 
mechanisms involving mRNA stabilization by HuR have previously been reported for PTHrP 
(Danilin et al., 2010). To address this possibility, MC were treated or not with IL-1β for 30 
min before being transcriptionally arrested by Act D (time 0). PTHrP mRNA decreased by 
half within 30 min in control cells, but the decreased was weakened in IL-1β treated cells 
(Figure 1E). To assess whether HuR is involved in this response, HuR was 

immunoprecipitated in lysates from MC treated or not by IL-1β. High levels of PTHrP mRNA 

were present in the HuR precipitates after IL-1β treatment (Figure 1F). The formation of 
HuR-mRNA complexes was visualized by the translocation of HuR immunostaining from the 
nuclei to the cytoplasm after cytokine treatment (supplemental Figure S2).  

PTHrP elicits the release of cytokines and chemokines on MC 

In order to explore whether PTHrP itself acts as a pro-inflammatory cytokine on MC, we used 
proteome Profiler Arrays (coated specifically with antibodies for mouse cytokines and 
chemokines) on MC treated (or not) with PTHrP(1-36) (100 nM) for 2 and 4 h. The histogram 
(Figure 2) documents results after 2 h stimulation with PTHrP compared to control. The 
corresponding histogram for the 4 h results is given in supplementary Figure S3. Data showed 
that the basal level of expression of cytokines/chemokines was highly variable, the levels of 
IL-1ra and TIMP-1 being 1000-fold higher than that of IL-1β, MIP-2 and RANTES for 
example (note that results are presented on a log scale). The effects of PTHrP were best 
represented by the fold change vs the control group at each time point (Figure 3). It appeared 
that PTHrP increased the expression of many factors (over 1.5-fold change), with two 
different profiles. In the first set, the increase in most pronounced after a 2 h stimulation with 
PTHrP and decreased at 4 h, with prominent effects on different interleukins, IL-17, IL-16, 
IL-6, IL-1a, IL-4, IL-10, IFNγ, sICAM, G-CSF and GM-CSF (Figure 3A). In a second set, 
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PTHrP induced persistent increase in chemokines, the major changes concerning RANTES 
and MIP-2, but also TARC, I-TAC and MCP-1 (Figure 3B). The increase in MCP-1 protein 
(1.7-fold at 2 h) was preceded by an early increase in MCP-1 mRNA (2-fold at 30 min) 
(Figure 4A). 

PTHrP enhances expression of Cox-2 in MC by the NFκκκκB pathway 

Next, we examined the expression of inducible Cox-2 which is commonly induced by 
inflammatory cytokines. Our results showed a major increase in Cox-2 expression following 
PTHrP treatment, with a 25-fold increase in Cox-2 mRNA (0.5 to 2 h), and an increase in 
Cox-2 protein which persisted over 8 h (Figure 4B and 4C). In parallel, PTHrP had no effect 
on thromboxane A synthase (TxA-S) mRNA, and minimally affected inducible prostaglandin 
E2 synthase 1 (PGE2-S1) (supplementary Figure S4A). Minimal and transient overexpression 
(2-fold at 30 min) of growth factors (VEGF and PDGF) was also found after exposure of MC 
to PTHrP (supplementary Figure S4B). However, PTHrP induced its own expression in an 
important and prolong manner (6-fold at 2 h) (Figure 4D), but did not change the mRNA 
expression of its receptor, PTH1R (supplementary Figure S4B). 

To further explore how PTHrP induces overexpression of Cox-2, we analyzed the effects of 
PTHrP on the NFκB pathway. In MC, PTHrP(1-36) (100 nM) markedly enhanced, within 10 

min, phosphorylation of the p65 subunit of NFκB (Figure 5A) and induced translocation of 
phosphylated p65 to the nuclei (Figure 5B). Furthermore, PTHrP-induced increase in Cox-2 
mRNA expression was abolished in the presence of BAY 11-7085, an inhibitor of IKKβ 
(Figure 5C). Similarly, BAY 11-7085 abolished PTHrP-induced upregulation of self-
expression. These results suggest that overexpression of PTHrP, like that of Cox-2, by PTHrP 
needs an intact canonical NFκB pathway. We recently showed that PTHrP activated the 
cAMP/PKA pathway in MC, as well as the PI3-K/Akt ones (Hochane et al., 2012). The 
inhibition of these pathways by selective inhibitors of PKA (H89) and PI3-K (LY294002) 
abolished PTHrP-induced upregulation of Cox-2 (Figure 5D). Altogether, our results indicate 
that PTHrP enhances Cox-2 expression by activating both the cAMP/PKA and the PI3-K/Akt 

pathways which might converge on a common effector, NFκB. 

Cox-2 is involved in PTHrP-induced survival of MC 

We reported previously that PTHrP is a survival factor for MC (Hochane et al., 2010) and that 

NFκB pathway is essential for survival of renal cell carcinoma cell (Sourbier et al., 2007). We 

tested therefore whether Cox-2, a NFκB target gene, is involved in PTHrP-induced MC 
survival. For this study, we used MC with a high apoptotic level as seen in quiescent PTHrP 
excised MCCreloxP subjected to 24 h serum starvation(Hochane et al., 2010). In these cells, 
treatment with exogenous PTHrP(1-36) (100 nM) reduced the number of apoptotic cells from 
37.3 ± 1.4% to 23.1 ± 1.3% (P < 0.001) and this response was abolished in the presence of 
NS389, a specific Cox-2 inhibitor (Figure 6A). Exogenous PGE2 however was not able to 
mimic the effects of PTHrP on the same cells. Altogether, these results are consistent with the 
involvement of a Cox-2 product, other than PGE2, in the survival effect of PTHrP.    
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PTHrP modulates IL-1ββββ and TNF-αααα induced apoptosis in MC 

Treatment with either IL-1β or TNF-α for 24 h increased the apoptosis induced by serum 
starvation in control MCCreloxP (Figure 6B) and in pcDNA3 (empty vector) transfected cells 
(Figure 6C). Deletion in endogenous PTHrP (excised MCCreloxP) enhanced the number of 
apoptotic cells under control conditions and in response to IL-1β or TNF-α (two way 
ANOVA, cell factor P< 0.001). However, we did not find any significant interaction (cell x 
treatment factors), thus excluding potentiation of the apoptotic responses in PTHrP deleted 
cells (Figure 6B). On the other hand, in MC overexpressing PTHrP-WT after stable 
transfection, not only was basal level of apoptosis reduced, but the responses to both IL-1β 

and TNF-α were also damped (cell x treatment interaction, P < 0.001) (Figure 6C). These 

results show that endogenous PTHrP is able to modulate IL-1β and TNF-α-induced apoptosis 
in MC. 

DISCUSSION 

MC injury is a prominent feature in many glomerular diseases. MC secrete inflammatory 
mediators that induce leukocyte infiltration and activation at the site of the injury, and further 
enhance the local production of cytokines and chemokines (Anders et al., 2003). An 
overexpression of PTHrP was reported in multiple inflammatory conditions (Funk, 2001), 
including renal tissues in both glomerular and tubulointerstitial compartments (Izquierdo et 
al., 2006; Largo et al., 1999). In this study, we show that both IL-1� and TNF-� elicit a time-
dependent overexpression of PTHrP in mouse MC in primary culture. TNF-�-induced 
response was sustained over 24 h in terms of PTHrP mRNA and proteins. The response 
elicited by IL-1� peaked after 2 h and was normalized after 8 h in terms of mRNA, but PTHrP 
protein was still present after 24 h. This suggested a sustained translation of PTHrP mRNA. 
Indeed, our results indicate that IL-1� not only enhanced transcription of PTHrP mRNA, but 
also prolonged the stability of the transcript. Such an effect has been previously reported for 
IL-1� on other target genes like Cox-2, particularly through modulation of HuR shuttling 
from nucleus to cytoplasm (Cok et al., 2003). HuR selectively binds to AU-rich elements of 
the 3’-untranslated region (3’UTR) of short-lived target mRNAs and delay their degradation 
(Brennan and Steitz, 2001). HuR was found previously to stabilize PTHrP mRNA through 
binding to its 3’UTR in renal carcinoma cells (Danilin et al., 2010). Here, we show that IL-1� 
treatment of MC caused HuR shuttling from nuclei to cytoplasm. Additionally, PTHrP-
mRNA successfully co-immunoprecipitated with HuR protein in treated MC but not in 
control cells. Altogether, these results suggest that IL-1β stimulation increases binding of 
HuR to PTHrP mRNA, which facilitates PTHrP mRNA export from the nucleus and increases 
its half-life, therefore contributing to PTHrP upregulation.  

Treatment of MC with PTHrP(1-36) also induced the expression of a panel of cytokines and 
chemokines. Among the cytokines, the most important increases (> 2-fold over control cell) 

was observed for IL-17, IL-16, IL-6 and IL-1�, while other factors (IL-4, IL-10, IFNγ, 
sICAM, G-CSF and GM-CSF) were upregulated but to a lesser extent. It is noteworthy that 
these increases were short lasting, with peaks 2 h after PTHrP treatment, and no residual 
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effect after 4 h. Some of these cytokines like IL-17 and IL-16 were never shown before to be 
expressed in MC. IL-17 was mainly expressed in immune cells, particularly Th17 
lymphocytes ((Pappu et al., 2011). IL-17 interacts with an ubiquitous receptor (IL-17R1) and 
synergically triggers pro-inflammatory responses. IL-4 and IL-10 exert anti-inflammatory 
effects and are thought to activate macrophages of type M2c implicated in apoptotic cells 
uptake and injury resolution (Anders and Ryu, 2011). Rather than the transient expression of 
the aforementioned cytokines, PTHrP induced a more sustained expression of chemokines 
like RANTES/CCL5, MIP-2/CXCL2, TARC/CCL17, I-TAC/CXCL11, MIP-1�/CCL4 and 
MCP-1/CCL2. These chemokines coordinate leukocyte migration toward the sites of 
inflammation (Segerer and Alpers, 2003). Our results indicate that PTHrP is capable of 
eliciting an important and rapid inflammatory response in MC through the upregulation of 
pro- and anti-inflammatory cytokines and chemokines. These findings are in line with 
previous studies reporting PTHrP-induced MCP-1, RANTES and IL-6 overexpression on 
VSMC and cortical epithelial cells in culture (Martin-Ventura et al., 2003; Ramila et al., 
2008).  

We further looked if PTHrP was able to induce other inflammatory mediators in MC. The 
kinetic study of PTHrP on MC showed a rapid overexpression of Cox-2 mRNA that was 
stable over 2 hours, while the protein was still upregulated 8 h post-treatment. iNOS was also 
overexpressed by PTHrP but to a lesser extent. Cox-2 and many of the cytokines/chemokines 
induced by PTHrP have been reported as target genes of NF�B (Guijarro and Egido, 2001). 
We looked whether PTHrP was capable of activating this signaling pathway in MC. Here, we 
show that PTHrP triggers NF�B activation, with rapid translocation of the p65/RelA subunit 
from the cytoplasm to nuclei associated with p65 phosphorylation. Moreover, PTHrP-induced 
upregulation of Cox-2 was blocked by an inhibitor of IκB kinase (IKK), and by PKA and PI3-
K inhibition. These findings suggest that PTHrP activates the canonical NF�B pathway, and 
that both cAMP/PKA and PI3-K/Akt pathways contribute to the upstream cascade stimulated 
after PTH1R activation. NF�B activation by PTHrP has been previously shown to be involved 
in MCP-1 upregulation in VSMC and epithelial cells (Martin-Ventura et al., 2003; Ramila et 
al., 2008), and in IL-6 overexpression in osteoblastic cells (Guillen et al., 2002). 

PTHrP induced its own overexpression in MC, with a kinetic similar to that of Cox-2, and this 
response was abrogated by the IκB kinase inhibitor. Sequence analysis of the PTHrP P2 
promoter has previously revealed the presence of NF�B binding sites, and PTHrP was 
constitutively expressed in T-cell lymphoma through P2 promoter transactivation by p50/c-
Rel, an effect inhibited with BAY 11-7085 (Nadella et al., 2007). TNF-α and IL-1β are potent 
stimuli for NF�B activation (Hsu et al., 1996; Stylianou et al., 1992), and they operate 
similarly in MC (Chang et al., 2006). It is thus probable that the increase of PTHrP expression 

induced by both TNF-α and IL-1β in our murine MC occurs through the same pathway. 

We have recently shown that PTHrP promotes survival of MC in primary culture after serum 
deprivation (Hochane et al., 2010). The present study corroborates this finding. Indeed, 
exogenous PTHrP(1-36) reversed apoptosis in MC, maximally enhanced by serum 
deprivation and endogenous PTHrP knockdown. Moreover, we showed that Cox-2 was an 
essential actor in this effect of PTHrP because a selective Cox-2 inhibitor reversed PTHrP-
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induced survival. Of interest, Cox-2 overexpression induced by either adenoviral-mediated 

delivery of the Cox-2 gene (AdCox-2) or treatment with interleukin-1β was previously shown 
to prevent apoptotic features in MC (Ishaque et al., 2003). PGE2 and PGI2 were the major 
prostaglandin metabolites in AdCox-2 cells. The treatment of MC with PTHrP resulted in a 
transient upregulation of the inducible PGE2 synthase 1 isoform. However, PGE2 did not 
mimic the anti-apoptotic effect of PTHrP in our hands, suggesting the implication of other 
prostaglandins. This point needs further studies.  

TNF-� and IL-1� are secreted by infiltrating macrophages and glomerular cells in 
glomerulonephritis, where apoptosis plays a role in the resolution of mesangial 
hypercellularity (Baker et al., 1994). Both TNF-� and IL-1� were shown in vitro to induce 
apoptosis of MC (Bohler et al., 2000), and IL-1� activates the same receptor as IL-1β. The 

ability of TNF-α to induce apoptosis is an intensively studied area of research. Cox-2 

overexpression in MC opposed TNF-α-induced apoptosis (Ishaque et al., 2003; Sugiyama et 
al., 1999)). We therefore wondered whether endogenous overexpression of PTHrP in MC was 
able to modulate IL-1� or TNF-�-induced apoptosis. Indeed, when PTHrP expression was 
enhanced in MC by stable transfection with human PTHrP-WT, we observed that the 
apoptotic responses to both cytokines became clearly blunted. However, when MC were 
deleted of PTHrP, basal apoptosis was increased but the additional apoptotic responses 
induced by IL-1� or TNF-� remained unchanged. These results suggest that a high level of 
endogenous PTHrP overexpression is needed for the blunting of the cytokines-induced 
apoptosis. These levels might be present, when exposed to the cytokines, in PTHrP-WT-
transfected MC, but not in control cells, or not all over the day. Another possibility lies in the 
deregulation of PTH1R. A downregulation of this receptor has previously been reported on 
other cells (Funk et al., 1995; Katz et al., 1992). In our study, we did not found any change in 
the PTH1R expression in MC following treatment with IL-1�. The effects of TNF-� on this 
parameter have not been looked for up to now.  

In conclusion, we have shown in the present study that PTHrP is overexpressed in murine MC 
when exposed to pro-inflammatory cytokines, IL-1� or TNF-�. PTHrP itself acted as an 
inflammatory cytokine, enhancing the expression of interleukins (mainly IL-17, IL-16, IL-6 
and IL-1�), chemokines (mainly RANTES/CCL5, MIP-2/CXCL2, TARC/CCL17, I-
TAC/CXCL11, MIP-1�/CCL4 and MCP-1/CCL2) and Cox-2. PTHrP activated the NF�B 
pathway and appeared as a survival factor for MC via the Cox-2 metabolites. Finally, PTHrP 
overexpression in MC blunted the apoptotic effects of IL-1� and TNF-�. Altogether, these 
findings suggest that PTHrP might function both as a booster for inflammatory processes and 
as a negative feedback loop preserving MC survival.    

CONCISE METHODS 

Mesangial cell culture 

MC in primary culture were derived from glomeruli isolated from C57BL/6 mice (Janvier, Le 
Genest Saint Isle). Briefly, kidneys from 6-week old mice were subjected to sequential 
sieving (125, 71 and 53 µm) and sedimentation for extraction of glomeruli which were set and 
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cultured in DMEM (Life Technologies, Saint Aubin, France) enriched with 30% foetal bovine 
serum (FBS) and 1% antibiotics (penicillin/streptomycin, Life Technologies). MC outgrew 
from the glomeruli in about 1 week. Cells were further grown for 1 week in DMEM with high 
D-valine content (2.5 mg/ml, Sigma-Aldrich, Saint Quentin Fallavier) for the elimination of 
fibroblasts. They had the expected characteristics of MC, with positive immunostaining for 
anti-Thy1.2 and anti-�SMA, and negative one for a marker of epithelial cells, anti-
pancytokeratin. MC were then maintained in DMEM supplemented with 20% FBS and 1% 
antibiotics at 37° C in a 10% CO2 atmosphere. MC were used between passage 4 and 16. 
Before any study, MC were synchronized for 24 h in serum-free media supplemented with 
0.1% bovine serum albumin (BSA), and cells were maintained in serum-free media during the 
treatments, IL-1� (10 ng/ml, BioVendor, Euromedex, Souffelweyersheim, France), TNF-� 
(10 ng/ml, Sigma-Aldrich), PTHrP(1-36) (100 nM, NeoMPS, Illkirch, France) or solvent 
(control). 

Some studies were also done on MC obtained from homozygous PTHrP-floxed (PTHrPL2/L2) 
mice (He et al., 2001) crossmated with αSMA-Cre-ERT2(tg/0) mice(Wendling et al., 2009). The 
corresponding MC (CMCreloxP) were then used to knockdown endogenous expression of 
PTHrP, by treating the cells for three alternative days with 4-OH-Tam (5 µM, Sigma-
Aldrich). Control and PTHrP-excised MC were used within 4 passages after excision.  

MC were also transfected with a plasmid (2 µg) encoding for a human PTHrP(1-139) 
construct (de Miguel et al., 2001; Massfelder et al., 1997) (wild type PTHrP or PTHrP-WT) or  
with the empty plasmid vector (pcDNA3) as control. Transfection was performed with 
Lipofectamine 2000 (Life Technologies) according to the manufacturer’s protocol. Stably 
transfected cells were selected by geneticin treatment (G418, 300 µg/ml, Life Technologies). 
PTHrP-WT transfected MC expressed high levels of hPTHrP (at least 50-fold higher than the 
mouse endogenous level).  

Real-time quantitative reverse transcription-PCR analysis 

Total RNA was extracted from MC using the RNeasy kit (Qiagen) according to the 
manufacturer’s protocol. Five �g of total RNA were reverse transcribed in a reaction buffer 
(Life Technologies) and non-specific primer p(dT)15 (Roche Diagnostics, Meylan, France), at 
37°C for 1 h. Quantitative real-time PCR reaction was performed with the "LightCycler-
FastStart DNA Master SYBR Green  kit (Roche Diagnostics). The sense and antisense 
primers are given in table 1. Each sample was analyzed 3 times and quantified with the 
analysis software for LightCycler (Roche Diagnostics). Results are expressed as normalized 
ratios vs 18S mRNA, the value of which is set at 1 for the control groups. 

To evaluate the effects of IL-1� on PTHrP transcription, MC were pretreated (15 min) with 
Act D (5 µg/ml, Sigma-Aldrich). To evaluate the effects of IL-1� on mRNA stability, Act D 
treatment was given 30 min after exposure of MC to the cytokine. To evaluate the effects of 
PTHrP on Cox-2 mRNA after blockade of specific pathways, MC were treated 1 h before 
addition of PTHrP with inhibitors for IKKβ (BAY 11-7085, 10 µM,  Merck Millipore, 
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Molsheim, France), PKA (H89, 1 µM, Sigma Aldrich), or PI3-K (LY294002, 20 µM, Sigma 
Aldrich).  

HuR-PTHrP mRNA complex pull-down assay 

MC were seeded in 75 cm2 flasks, synchronized and treated for 1 h with IL-1� or solvent. Pull 
down assay was performed according to the procedure published elsewhere.(Peritz et al., 
2006) Briefly, cells were lysed using PLB buffer (100 mM KCl, 5 mM MgCl2, 10 mM 
HEPES, 1mM dithiothreitol, 2 mM vanadyl-ribonuclease, 100 U/ml RNase Out, 0.05% NP-
40 and 25 µl/ml of protease inhibitors cocktail, in RNase free water). Lysates containing 
proteins and RNA were precleared using 20 µl of protein A/G plus-Agarose beads/0.5 mg cell 
protein (Santa Cruz, TebuBio, Le Perray-en-Yvelines, France). Beads were discarded and 
supernatants incubated with either mouse monoclonal anti-HuR antibody (2 µg/0.5 mg 
protein, Santa Cruz) or corresponding IgG1 (internal control) overnight at 4°C over rollers. 
Fifty µl of beads/0.5 mg protein were added for further 4 h incubation at 4°C. After 
centrifugation (5 min at 3,000g), beads were incubated for 30 min at 50°C in a shaking water 
bath with 100 µl PLB buffer supplemented with 0.1% SDS and 30 µg/ml proteinase K. RNA 
was extracted by the use of phenol-chloroform-isoamyl alcohol mixture, further purified using 
RNeasy Microkit (Qiagen)], and processed as described in RT-PCR methods to quantify 
PTHrP mRNA. 

Western blot 

MC proteins were extracted at 4°C with the lysis buffer (50 mM Tris-HCl, 150 mM NaCl, 1% 
NP-40) supplemented with 0.5% proteases and phosphatases inhibitors (Sigma-Aldrich). The 
supernatants were collected after centrifugation at 12000 x g at 4°C for 5 min. Protein 
concentration was determined by the Lowry method.(Lowry et al., 1951) Protein expression 
was analyzed by Western blot using the semi-dry iBlot (Life Technologies). The primary 
antibodies used were as follows: anti-PTH1R (1/200, Santa Cruz), anti-Cox-2 (1/200, Santa 
Cruz), anti-NF�B p65-phospho(S536) (1/200, Santa Cruz), anti-NF�B p65 (1/200, Santa 
Cruz). Protein gel loading was visualized on each membrane with an anti-glyceraldehyde-3-
phosphate-dehydrogenase (GAPDH) antibody (1/1000, Merck Millipore). The appropriate 
horseradish peroxydase-conjugated secondary antibody was used. Chemiluminescence was 
detected (Immobilon Western kit, Merck Millipore) and visualized (Fusion Fx7, Vilber 
Lourmat, Marne-la-Vallée, France). 

Fluorescent immunocytochemistry  

Cells plated in glass chamber slides (Lab-Tek II , Nalge Nunc, Rochester, USA) were serum-
depleted and treated with IL-1�, TNF-�, PTHrP(1-36) or solvent. Cells were then fixed in 4% 
paraformaldehyde in phosphate buffer saline (PBS) for 15 min, washed with PBS and 
permeabilized with 0.1% Triton X-100 in 1 mM glycine-PBS for 10 min. After blocking with 
3% BSA in PBS for 40 min, cells were incubated for 1 h at room temperature with the 
specific primary antibodies diluted in blocking buffer, and then for 1 h in the dark with the 
appropriate Alexa-conjugated IgG secondary antibodies (Life Technologies). Nuclei were 
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stained by bisBenzimide H 33342 (HOE 33342, Sigma-Aldrich). After final washes, slides 
were mounted with Moviol and visualized by fluorescence-microscopy (Nikon Eclipse E800) 
using NIS-elements program. The following antibodies were used: monoclonal mouse anti-
PTHrP(34-53) (PTH2E211, 1/100, IGBMC, Illkirch, France), rabbit polyclonal anti-NF�B 
p65-phospho(S536) (1/100, Abcam, Paris, France), and mouse monoclonal anti-HuR (1/100, 
Santa Cruz).  

Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) 

For the evaluation of apoptotic cells by TUNEL, MC were seeded on glass slides (Lab-Tek 
II®), maintained 24 h in DMEM+20% FBS and synchronized for 24 h in DMEM+0.1% BSA. 
Apoptosis was induced by serum-deprivation for a further 24-h period, with or without the 
following treatments: IL-1� (10 ng/ml), TNF-� (10 ng/ml), PTHrP(1-36) (100 nM), 
prostaglandin E2 (PGE2, 1 µM, Cayman, Interchim, Montluçon, France), Cox-2 inhibitor 
(NS389, 10 µM, Sigma-Aldrich) as indicated in the appropriate Figures. Apoptotic cells were 
detected by the commercial “In situ cell death detection” kit (Roche Diagnostics) following 
the manufacturer’s specifications. Nuclei were stained by HOE 33342. Cells were 
subsequently analyzed by fluorescence-microscopy (Nikon Eclipse E800) using NIS-elements 
program. At least 10 successive images were taken in each condition. The percent of 
apoptotic cells was calculated with the help of ImageJ program (NIH, USA).  

Proteome array analysis 

The proteome Profiler Arrays (Mouse cytokine Array Panel A) were used according to the 
manufacturer’s protocol (R&D systems, Lille, France). MC were seeded in 75 cm2 flasks and 
grown up to 80% confluence. Cells were then treated for 2 or 4 h with PTHrP(1-36) (100 
nM). The cells were lysed and lysate was added to the membrane array, and incubated 
overnight with the detection antibody cocktail. After washing, secondary antibody 
(streptavidin-horseradish peroxidase, 1/2000 dilution) was added and protein signals were 
detected by enhanced chemiluminescence. Analysis was done on total cell lysates. Duplicate 
signal spots on the array were quantified using Bio1D software (Vilber Lourmat). Results are 
expressed as the average pixel density for each cytokine, after background signal subtraction 
(determined from the negative control spots on the array). 

Statistical analysis 
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Table 1:Nucleotide sequences of the primers used for real-time RT-PCR 
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LEGENDS TO FIGURES 

Figure 1.Effects of IL-1ββββ and TNF-αααα on PTHrP expression in MC. Kinetics of the PTHrP 

mRNA expression over the 8 hours following exposure of the MC to IL-1β (10 ng/ml) (A), or 

over the 24 hours following TNF-α (10 ng/ml) (B). PTHrP mRNA was expressed as a 
normalized ratio to 18S mRNA. (C) Representative immunostaining of PTHrP in MC 
exposed to IL-1β or TNF-α (10 ng/ml) for 24 hours. Merged pictures with PTHrP (red) and 
nuclei (blue) are given. Both cytokines enhanced PTHrP protein expression (b, d) when 
compared to control cells (c). (D) Act D pretreatment (5 µg/ml, 15 min before IL-1β) 

abolished the increase in PTHrP mRNA expression induced by IL-1β. (E) The addition of Act 

D 30 min after IL-1β showed enhanced stability of PTHrP mRNA after IL-1β treatment. (F) 
Pull-down assay was used to analyze the interaction of HuR with PTHrP mRNA. HuR was 
immunoprecipitated and PTHrP mRNA amplified by RT-PCR. PTHrP mRNA-HuR complex 
was increased after IL-1β treatment. PTHrP mRNA was not detected when 
immunoprecipitation was performed with control IgG1 (not shown). Results are shown as 
means ± SEM (n = 3-6 per group). Statistical analysis by t-test or ANOVA followed by 
Tukey’s test vs control, * P<0.05, ** P<0.01 and *** P < 0.001. 

Figure 2. Effects of PTHrP (100 nM) on cytokines and chemokines expression in MC. 
Total protein extracts of either untreated MC (control) or MC treated with 100 nM PTHrP for 
2 hours were analyzed on proteome profiler arrays specific for mouse cytokines. The array 
signal was analyzed using Bio1D software. Histogram shows quantitative analysis of the pixel 
density obtained by software analysis. Values represent the mean of duplicate signals spots 
for each protein (log scale).  

Figure 3. Relative changes in cytokines/chemokines levels after treatment of MC with 
100 nM PTHrP for 2 or 4 h. Relative fold change for a given protein represents the 
comparison of the average pixel density signals from PTHrP-treated vs control MC on 
corresponding arrays for each time. A value of 1 corresponds to no change. Values higher that 
1.5 were considered as important. 

Figure 4. Effects of PTHrP on MCP-1, Cox-2 and PTHrP expression in MC. Kinetics of 
the effects of PTHrP (100 nM) on mRNA expression by RT-PCR for MCP-1 (A), Cox-2 (B) 
and PTHrP (D). Results are given as means ± SEM (n = 3). Statistical analysis by ANOVA 
and Tukey’s test, ** P < 0.01 and *** P < 0.001 vs time-related control. (C) Representative 
immunoblots for Cox-2 protein expression in MC after 4 or 8 h treatment with PTHrP(1-36) 
(100 nM) compared with control MC. GAPDH is used as a housekeeping protein control on 
the same membrane. Experiments were repeated at least three times with similar results.  

Figure 5: PTHrP-induced activation of the NF-kB pathway contributes to Cox-2 
upregulation. (A) Quiescent MC were exposed to 100 nM PTHrP for 10 min. Western blot 
shows the rapid increase (within 10 min) in p65 phosphorylation on Ser536 after treatment of 
MC with PTHrP(1-36). (B) Representative fluorescent immunostaining showing PTHrP(1-
36)-induced translocation of the activated p65 subunit (phosphorylated on Ser536) from the 
cytoplasm to the nuclei. (C) Expression of Cox-2 mRNA by RT-PCR after treatment of MC 
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for 1 h with PTHrP(1-36), with or without pretreatment with an IKKβ inhibitor (BAY 11-
7085, 10 µM). Results show that PTHrP-induced increase in Cox-2 expression is abolished in 
the presence of BAY 11-7085. (D) Expression of Cox-2 mRNA by RT-PCR after treatment of 
MC for 1 h with PTHrP(1-36), with or without pretreatment with inhibitors of PKA (H89, 10 
µM) or PI3-K (LY294002, 20 µM) .Results are shown as means ± SEM (n = 5-10 per group). 
Statistical analysis by ANOVA and Tukey’s test, ** P<0.01, *** P < 0.001 vs control; #P < 
0.001 vs PTHrP-treated group without inhibitor. 

Figure 6.Effects of PTHrP on MC apoptosis. (A) Synchronized MC were serum-deprived 
for 24 h and treated with PTHrP(1-36) or PGE2. Results show that PTHrP, but not PGE2, 
induced MC survival, and that this response was suppressed by pretreatment with a Cox-2 
inhibitor (NS389, 10 µM). (B, C) The effects of PTHrP on MC apoptosis induced by IL-1β or 

TNF-α were analyzed by TUNEL in quiescent MC by serum-deprivation for a 24-hour 

period, with or without addition of the cytokines (IL-1β or TNF-α, 10 ng/ml) by TUNEL. (B) 

Effects of IL-1β and TNF-α on apoptosis in control MCCreloxP and PTHrP-excised MCCreloxP. 

MC were prepared from αSMA-Cre-ERT2/PTHrP L2/L2 mice kidneys (MCCreloxP), and treated 

in vitro by 4-OH-Tam (5 µM) for endogenous PTHrP knockdown. (C) Effects of IL-1β and 

TNF-α on apoptosis in MC overexpressing wild type PTHrP (PTHrP-WT) or the empty 
plasmid (pcDNA3). PTHrP deletion enhanced the basal and cytokine-induced MC apoptosis, 
while PTHrP overexpression markedly damped the apoptotic responses. Results are given as 
means ± SEM (n = 3). Statistical analysis by ANOVA and Tukey’s test, * P < 0.05 and *** P 
< 0.001 vs control group; # P < 0.001 vs the corresponding group in control MCCreloxP or �
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Supplementary Figure S1: (A) Kinetic analysis of Cox-2 mRNA expression over the 8 h

following exposure of MC to IL-1β (10 ng/ml). (B) IL-1β-induced stabilization of Cox-2

mRNA when MC were treated by Act D 30 min after the cytokine. (C, D) PTH1R expression

over the 8 or 24 h following IL-1β treatment. PTH1R expression remained unchanged, both at

mRNA by RT-PCR (normalized ratiovs 18S) (C), and at protein by Western blot (D). Mean±

SEM (n=3). Statistical analysis by ANOVA followed by Tukey’s testvs control.* P < 0.05, ** P

< 0.01 and *** P < 0.001.
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Supplementary Figure S2: Representative fluorescent immunostaining showing the nuclear

localisation of HuR in control MC and its translocation to the cytoplasm in MC after 30 min

exposure to IL-1β (10 ng/ml). Such a translocation occurs when HuR is associated with the AU

motif of mRNA and prevents mRNA degradation.
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Supplementary Figure S3: Effects of PTHrP(1-36) (100 nM) on cytokines and chemokines

expression in MC at 4 h post-treatment. Total protein extracts of either untreated MC (control) or

MC treated with 100 nM PTHrP for 4 h were analyzed on proteome profiler arrays specific for

mouse cytokines. The array signal was analyzed using Bio1D software. Histogram show

quantitative analysis of the pixel density obtained by software analysis. Values are the mean of

duplicate signals spots for each protein.
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Supplementary Figure S4: Kinetic of the effects of 100 nM PTHrP(1-36) on the mRNA

expression of various factors in MC. (A) RT-PCR analysis showed an immediate and

transient increase in PGE2 synthase 1 (PGE2-S1) and iNOS, while Thromboxane A

synthase (TxA-S) expression remained unchanged (B) PTHrP(1-36) also increased the

mRNA expression of VEGF and PDGF but did not change the expression of its receptor

(PTH1R). The mRNA levels were expressed as normalized ratios vs 18S mRNA, and ratio

were set at 1 for the control groups. Results are given as means ± SEM (n = 3). ANOVA and

Tukey’s test,* P < 0.05, ** P < 0.01, *** P < 0.001 vs corresponding control..
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RESUME 

Dans les cellules mésangiales (CM) in vitro, la PTHrP apparaît comme un acteur 

multifonctionnel. Surexprimée par les cytokines, elle induit elle-même la sécrétion de 

cytokines et chimiokines. Elle est aussi un facteur de croissance et de survie des CM. Dans 

cette étude, nous avons cherché à vérifier si la PTHrP était surexprimée dans le glomérule 

dans un contexte pathologique associant inflammation/apoptose et prolifération des CM, puis, 

dans un deuxième temps, de cerner son rôle en bloquant ses effets dans le modèle 

expérimental animal choisi.  

Nous avons choisi le modèle de glomérulonéphrite mésangio-proliférative induit par le 

venin de serpent Habu (HSV) Trimeresurus flavoviridis. Nous avons retrouvé les 

caractéristiques décrites dans la littérature, en terme de mésangiolyse, prolifération et 

inflammation. Les résultats que nous présentons sont préliminaires et ne concernent que 

l’expression de la PTHrP dans le modèle. Au 1er jour après l’injection du venin, la PTHrP 

était surexprimée dans les glomérules lésés (immunohistochimie), avec probablement une 

localisation intranucléaire. Cette surexpression était aussi présente à J1 dans les glomérules 

isolés à partir de reins de souris traitées par le venin (ARNm). Enfin, sur des CM en culture, 

le venin majorait directement l’expression de la PTHrP. 
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INTRODUCTION 

L’ensemble des travaux que nous avons réalisés sur les cellules mésangiales (CM) en 

culture primaire m’a permis de mieux comprendre la complexité des effets de la PTHrP dans 

ces cellules. Elle apparaît comme un facteur intégré au contexte inflammatoire, surexprimé 

par les cytokines et induisant elle-même la sécrétion des cytokines et chimiokines, formant 

ainsi une boucle d’amplification des processus. Mais, en activant la voie de NFκB et de la 

Cox-2, elle est aussi un facteur de survie des CM pondérant les effets pro-apoptotiques du 

TNF-α et de IL-1β. Enfin, par la voie intracrine, elle est un facteur de croissance des CM.  

Il était important dès lors de vérifier si la PTHrP était surexprimée dans le glomérule 

dans un contexte pathologique associant inflammation, apoptose et prolifération des CM, 

puis, dans un deuxième temps, de cerner son rôle en bloquant ses effets dans le modèle 

expérimental animal choisi. Nous avons choisi le modèle induit par le venin de serpent Habu 

(HSV) Trimeresurus flavoviridis comme modèle de glomérulonéphrite mésangioproliférative. 

C’est l’un des modèles chez la souris ayant les caractéristiques souhaitées, le modèle par 

injection d’anticorps anti-Thy1.1, largement utilisé chez le rat, n’étant pas réalisable chez la 

souris. Les deux modèles se ressemblent mais la mésangiolyse, c'est-à-dire la destruction de 

l’architecture du mésangium, est maximale au 1er jour post-injection de HSV, alors qu’elle 

culmine au 6ème jour dans le modèle anti-Thy1.1 (Dimmler et al., 2003). La cinétique des 

évènements initiaux impliqués dans le modèle HSV a été bien décrite (Cattell and Bradfield, 

1977). Un agrégat de plaquettes se forme dans les capillaires glomérulaires (10 min), avec 

perte des cellules endothéliales et digestion de la matrice mésangiale (premières heures) et 

formation de lésions focales de mésangiolyse (24h) (Cattell and Bradfield, 1977; Haas et al., 

2007; Kitamura et al., 1995). Les plaquettes, puis les CM elles-mêmes, sont une source de 

PDGF impliqué dans la prolifération des CM à partir de J1 (Barnes and Abboud, 1993), ainsi 

que probablement l’endothéline-1 qui est aussi surexprimée au même moment (Dimmler et 

al., 2003). La prolifération des cellules glomérulaires est maximale de J5 à J7, alors que 

l’apoptose culmine à J14 (Nakao et al., 1998). Le VEGF est surexprimé à partir de J3 dans les 

podocytes (Haas et al., 2007). La restauration des cellules endothéliales est rapide et va de 

pair avec la néoformation de capillaires (Kitamura et al., 1995). Un traitement des souris par 

le VEGF165 accélère d’ailleurs les processus de réparation dans le modèle de 

glomérulonéphrite par HSV (Masuda et al., 2001b). La nature inflammatoire de la pathologie 

a été démontrée par l’expression de MCP-1, IL-6 et TNF-α, dès la 8ème heure, avec un pic à 
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48h (Kubo et al., 2002). L’infiltration en neutrophiles polynucléaires et en 

monocytes/macrophages a également été décrite (J1-J7) (Kubo et al., 2002; Nakao et al., 

1998). Deux interleukines, IL-6 et IL-12, souvent impliquées dans les glomérulonéphrites, ne 

jouent cependant aucun rôle dans ce modèle comme le montrent des études sur des souris 

knockout pour ces facteurs (Eitner et al., 1997; Vieira Neto et al., 2009).  

Le HSV a une composition complexe. Le venin est riche en différents isoenzymes de la 

phospholipase A2, une enzyme clé dans la synthèse de médiateurs de l’inflammation (Chijiwa 

et al., 2000), et en diverses métalloprotéases qui sont hémorragiques, induisent l’apoptose des 

cellules endothéliales (Masuda et al., 2001a; Wu et al., 2001) ou encore dégradent la matrice 

extracellulaire du mésangium. Le venin peut aussi induire l’apoptose en induisant un stress 

oxydatif via les ROS comme cela a été montré sur des cellules cancéreuses (Sun et al., 2003). 

Une seule étude a été réalisée in vitro pour évaluer un effet direct du venin sur les CM de rat 

(Kubo et al., 2002). Les auteurs montrent que le venin diminue la viabilité des CM à une 

concentration de 1000 ng/mL, mais augmente leur prolifération et l’expression de MCP-1 à 

100 ng/mL. 

L’objectif de cette étude était 1) de vérifier si la PTHrP était surexprimée dans le 

glomérule dans le modèle HSV, puis 2) d’évaluer si la PTHrP jouait un rôle dans l’évolution 

de la pathologie. Les résultats que nous présentons ici sont préliminaires. Ils ne concernent 

que le premier point. Les travaux sur le second point sont en cours. 

RESULTATS 

Caractéristiques de la glomérulonéphrite induite par le HSV 

À la dose of 3 mg/kg injectée à nos souris C57BL/6, une mésangiolyse focale a été observée 

dans environ 30% des glomérules des reins des souris traitées par le HSV, alors que les reins 

des souris contrôles en étaient totalement dépourvus. La mésangiolyse était particulièrement 

marquée le 1er jour après l’injection de venin, puis déclinait dès le 3ème jour post-injection 

comme le montrent les images en coloration hématoxyline/éosine (Figure 1). Comme attendu, 

les cellules mésangiales sont activées, ré-expriment αSMA et sont dans un état de 

prolifération comme le montre le marquage au Ki67 (Figure 1). Dans les glomérules des reins 

des souris contrôles, les cellules mésangiales sont quiescentes et n’expriment pas αSMA. 
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Surexpression de la PTHrP dans la glomérulonéphrite induite par le HSV 

L’immunomarquage par fluorescence de la PTHrP était très faible, sinon absent, dans les 

glomérules des reins contrôles. Par contre, comme attendu, les tubules entourant les 

glomérules sont bien marqués, qu’il s’agisse de tubules proximaux ou distaux (Figure 1). 

Après l’injection du venin, un marquage intense de la PTHrP est observé immédiatement, dès 

le 1er jour, dans les glomérules lésés. Ce marquage est amoindri au 3ème jour. Toutes les 

cellules du flocculus glomérulaire semblent exprimer la PTHrP. Un co-marquage sera 

nécessaire pour confirmer l’expression non seulement dans les cellules mésangiales, mais 

aussi les podocytes et les cellules endothéliales. De manière intéressante, il semble qu’un 

marquage intense soit présent dans certains noyaux (Figure 1). Cependant nos images en 

microscopie à fluorescence n’ont pas été faites en microscopie confocale, et vu l’épaisseur des 

coupes (7 µm), il est difficile de conclure. Ce point mérite d’être documenté davantage 

puisque la PTHrP exerce ses effets mitogéniques en agissant par la voie intracrine.  

Surexpression de la PTHrP dans les glomérules isolés de souris traitées par 
le HSV 

Sur les glomérules préparés à partir des reins de souris injectées avec le venin, la majoration 

de l’expression de la PTHrP a été confirmée en terme d’ARNm au 1er jour post-injection 

(Figure 2). Cette surexpression revient à la normale dès le 3ème jour et reste basse au 7ème jour 

post-injection. L’expression du récepteur de la PTHrP/PTH, le R-PTH1, est majorée de même 

à J1, se normalise à J3, mais est à nouveau élevée au 7ème jour post-injection. C’est le seul 

paramètre, avec le TGF-β1, sur lequel nous avons observé cette évolution biphasique. 

Nos résultats sur les glomérules confirment l’activation des cellules mésangiales par 

l’augmentation de l’expression de αSMA, et l’implication de processus inflammatoires par la 

surexpression d’une chimiokine, MCP-1, et l’induction de l’expression de la Cox-2. Nous 

avons aussi trouvé une augmentation de l’expression du PDGF (ARNm), avec une cinétique 

comparable à celle de la PTHrP (majoration précoce à J1), mais la surexpression du VEGF 

n’atteignait pas la significativité. Le TGF-β1 était surexprimé (ARNm) à J1 puis aussi plus 

tardivement à J7. 

Effet direct du HSV sur les cellules mésangiales en culture 

Afin de mieux évaluer un éventuel lien direct entre le venin et la PTHrP, nous avons évalué 

les effets du venin directement sur des cellules mésangiales de souris en culture primaire. 
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Lorsque les cellules ont été exposées à HSV (200 ng/mL), une surexpression de la PTHrP 

(ARNm) a été observée dès la 2ème heure, suivie d’une surexpression après 24 h (Figure 3A). 

Dans les mêmes conditions expérimentales, l’expression du PDGF (ARNm) était aussi 

majorée dès la 2ème heure de contact avec le venin (Figure 3A). Nous n’avons pas analysé 

d’autres facteurs pour le moment sur ce modèle. 

Puisque le HSV induit l’apoptose de certaines cellules et que nous avons montré par ailleurs 

que la PTHrP était un facteur de survie, nous avons évalué les effets du venin sur l’apoptose 

des cellules mésangiales par TUNEL. Sur des cellules mésangiales contrôles, l’exposition au 

venin pendant 24h n’induit pas d’apoptose à la dose que nous avons testée (Figure 3B). 

Cependant, sur des cellules mésangiales délétées en PTHrP endogène (CMCreloxP excisées, par 

traitement au 4-OH-Tam), non seulement le niveau basal des cellules apoptotiques était 

majoré par l’absence de PTHrP, mais un effet pro-apoptotique du venin était révélé (ANOVA, 

interaction significative cellule x traitement, P < 0.001). Ces résultats suggèrent que la PTHrP 

endogène protège les cellules mésangiales d’un effet pro-apoptotique du HSV. 

DISCUSSION et PERSPECTIVES 

Etude in vivo : glomérulonéphrite mésangioproliférative induite par le HSV  

Dans cette étude, nous avons pu reproduire de manière satisfaisante le modèle de 

glomérulonéphrite mésangioproliférative induite par le HSV chez la souris. En effet, nous 

avons observé histologiquement la mésangiolyse précoce à J1, associée à des signes 

d’activation des CM dont témoigne l’expression de αSMA (sur les coupes, et en ARNm dans 

les glomérules isolés). Une prolifération des cellules glomérulaires a également pu être 

observée dès J1 et à J3 par le marquage anti-Ki67, et des marqueurs de l’inflammation étaient 

majorés (MCP-1 et Cox-2). Nous n’avons pas vu à J3 d’hypercellularité glomérulaire, mais 

les prélèvements obtenus à J7 n’ont pas encore été analysés. Nous n’avons pas cherché non 

plus à vérifier l’infiltration en leucocytes puisque, pour ce faire, il vaudrait probablement 

mieux ne pas « laver » les reins au moment de leur prélèvement. 

Il faut noter que les cinétiques décrites dans la littérature ne sont pas toujours exactement les 

mêmes selon les équipes. Cette variabilité des réponses, nous l’avons expérimentée dans le 

choix de la dose de venin. En effet, de nombreux travaux sur les souris C57BL/6 utilisent une 

dose de 5 mg/kg par voie intraveineuse. A cette dose, et également à la dose de 4 mg/kg, 

toutes nos souris sont mortes. L’origine de notre venin (fourni par Latoxan à Valence, seul 
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fournisseur français) peut en être la cause, tout comme l’injection par voie jugulaire 

(généralement l’injection est faite dans la veine caudale), ou une injection plus ou moins 

rapide. 

Sur ce modèle HSV, le résultat le plus intéressant que nous ayons obtenu était la 

surexpression de la PTHrP dans les glomérules lésés. Cette surexpression était 

particulièrement importante à J1, puis régressait à J3. Ce profil était en accord avec nos 

résultats sur les glomérules isolés de souris HSV, avec une majoration de l’ARNm de la 

PTHrP exclusivement à J1. Sur les glomérules, la cinétique d’expression du PDGF et de 

VEGF (en ARNm), deux facteurs de croissance qui ont été impliqués dans cette pathologie 

(Barnes and Abboud, 1993; Haas et al., 2007), était comparable à celle de la PTHrP. Il sera 

intéressant, dans une future étude, de rajouter des animaux sacrifiés à J2 qui semble être le 

point d’acmé de l’expression du PDGF-A (Barnes and Abboud, 1993) et peut-être aussi de la 

PTHrP. A partir de J7, les CM prolifèrent généralement moins (Nakao et al., 1998), un effet 

auquel pourrait participer le TGF-β1 dont l’expression est majorée à J7 dans notre étude. Le 

TGF-β1 induit en effet un arrêt du cycle cellulaire et favorise l’hypertrophie mésangiale 

(Ortega et al., 2012). A partir de J7 apparaîssent aussi des processus d’apoptose qui 

permettent de réduire l’hypercellularité mésangiale. C’est un effet dans lequel la PTHrP 

pourrait intervenir, compte tenu de nos résultats in vitro sur les CM. Nous n’avons cependant 

pas observé de surexpression de la PTHrP à J7, du moins en terme d’ARNm. De manière 

intéressante, l’expression du R-PTH1 semble majorée à J7, et nous savons que la PTHrP 

exerce ses effets anti-apoptotiques majoritairement par la voie autocrine/paracrine. 

Nos résultats actuels ne nous permettent pas de déterminer dans quel type de cellule la PTHrP 

est surexprimée. Pour cela, des co-marquages seront nécessaires, les CM étant déterminées 

par un marquage positif avec des anticorps anti-desmine, anti-Thy1.2 ou anti-αSMA, les 

podocytes par un anticorps anti-néphrine, les cellules épithéliales par un anticorps anti-

cytokératine, les cellules endothéliales par un anticorps anti-facteur VIII et les 

monocytes/macrophages par un anticorps anti-ED1. A la vue de nos résultats actuels, il 

semblerait que PTHrP soit surexprimée dans toutes les cellules glomérulaires. 

Une autre observation très intéressante est la localisation probable de la PTHrP dans le noyau 

de certaines cellules, ce qui nous concerne directement puisque la PTHrP exerce ses effets 

mitogéniques sur les CM par voie intracrine. Là encore, il nous faudra améliorer nos outils 

d’imagerie et recourir à la microscopie confocale comme déjà évoqué ci-dessus.  
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Etude in vitro : effets du HSV sur les cellules mésangiales 

Notre étude est la seconde de toute la littérature à évaluer les effets directs de HSV sur les CM 

en culture. La concentration de venin que nous avons testée (200 ng/ml) est bien inférieure à 

la concentration altérant la viabilité des cellules (Kubo et al., 2002). Nous observons une 

majoration de l’expression de la PTHrP 2h après l’exposition des CM au HSV. L’expression 

du PDGF était également augmentée, ce qui n’a pas été décrit jusqu’à présent. Ces effets sont 

liés à une action directe du venin sur les CM, mais le mécanisme peut en être complexe. Il 

pourrait impliquer la synthèse de prostaglandines puisque le venin est riche en la 

PLA2(Chijiwa et al., 2000), un stress oxydatif via les ROS (Sun et al., 2003), ou encore 

l’activation de la voie NFκB et/ou la synthèse de cytokines majorant secondairement 

l’expression de la PTHrP.   

Perspectives : Etude in vivo sur le modèle HSV avec neutralisation des effets 
de la PTHrP 

Pour répondre à la question de savoir si la PTHrP joue un rôle dans l’évolution de la 

glomérulonéphrite induite par le HSV, une seconde étude sera réalisée où les animaux seront 

traités pendant la durée de l’étude par un anticorps monoclonal de souris anti-PTHrP(34-53) 

(IGBMC, Illkirch) neutralisant la PTHrP endogène, ou par un IgG non immun de souris 

(groupe contrôle). Pour le traitement par l’anticorps anti-PTHrP(34-53), une dose de 120 

µg/souris/jour par voie intra-péritonéale a donné précédemment de bons résultats dans un 

modèle de fibrose rénale induite par l’obstruction unilatérale de l’uretère chez la souris (Denis 

Raison, résultats personnels). Il est clair que ces traitements ne pourront interférer qu’avec les 

effets autocrine/paracrine de la PTHrP, c'est-à-dire avec ses effets anti-apoptotiques et sa 

contribution à l’inflammation. Nous n’avons pas d’outil actuellement pour contrer les effets 

intracrine de la PTHrP impliqués dans la prolifération. Les souris CreLox pour la PTHrP, où il 

est possible d’invalider l’expression de la PTHrP dans les cellules exprimant αSMA, et c’est 

le cas des CM activées, ne nous paraissent pas souhaitables. En effet, l’invalidation de la 

PTHrP y conduit à des modifications majeures sur les fonctions rénales (baisse du débit 

sanguin rénal et de la filtration glomérulaire), ce qui en soit, aggraverait la pathologie. Une 

solution serait de pouvoir cibler directement les CM pour y surexprimer une PTHrP-�NLS, 

inactive par voie intracrine. Ceci pourrait se faire avec des liposomes ciblant directement les 

CM, comme cela a été décrit récemment chez la souris, en couplant les liposomes à un 

anticorps dirigé contre l’intégrine α8 exprimée à la surface des CM (Scindia et al., 2008) 
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Pour évaluer avec précision les effets de la PTHrP, nous aurons besoin de pouvoir quantifier 

différents paramètres sur lesquels elle est susceptible d’agir en fonction de nos résultatsin 

vivo : 

- la prolifération des cellules glomérulaires (nombre de cellules en prolifération / 

glomérule) par marquage Ki67, ou par une technique au BrdU (injection de BrdU dans les 

heures précédant le sacrifice) ; 

- le nombre de cellules en apoptose par glomérule, par marquage TUNEL sur les coupes de 

tissus ; 

- l’inflammation locale, tant en nombre de cellules infiltrées, monocytes/macrophages 

(marquage ED1 ou F4/80), lymphocytes T (marquage CD3), qu’en terme d’expression de 

RANTES/CCL5, MIP-2/CXCL2, MCP-1/CCL2, IL-17 et Cox-2 (ARNm et/ou protéines sur 

les glomérules isolés) ; 

- l’histologie des glomérules sera importante pour juger visuellement des effets ; 

- enfin, un prélèvement d’urine sera fait avant le sacrifice des animaux, ainsi qu’un 

prélèvement de sang lors du sacrifice ; nous pourrons ainsi évaluer la protéinurie et la 

créatininémie, deux marqueurs de glomérules pathologiques. 

Cette étude devrait nous renseigner si la PTHrP contribue à l’évolution de la glomérulo-

néphrite mésangioproliférative dont le modèle induit par le HSV reproduit les 

caractéristiques. 

� �
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LEGENDES DES FIGURES 

Figure 1.Glomérulonéphrite induite par le HSV chez la souris et expression de la 

PTHrP. Une mésangiolyse focale apparaît rapidement après injection intraveineuse de HSV 

(4 mg/kg) chez la souris. La mésangiolyse est plus marquée à J1 puis régresse à J3 après 

l’injection du venin comme le montre les images après marquage hématoxiline/éosine (HE). 

Les cellules mésangiales restantes après mésangiolyse sont marquées positivement à αSMA 

et au Ki67 (flèches). Les glomérules des reins de souris contrôles présentent une faible 

expression de la PTHrP, mais l’immunomarquage en fluorescence de la PTHrP augmente 

immédiatement après induction de la pathologie par le HSV. A J1, le marquage de la PTHrP 

était observé dans certains noyaux de cellules (flèches).  

Figure 2. Expression de la PTHrP dans les glomérules isolés de souris traitées par le 

HSV. Les glomérules ont été isolés à partir de reins de souris comme décrit dans Matériel et 

Méthodes. Une étude cinétique a été réalisée, comparant des souris contrôles aux souris 

traitées par HSV (de J1 à J7 post-traitement). L’expression de divers facteurs (PTHrP, R-

PTH1, PDGF, VEGF, TGF-β1, MCP-1, Cox-2 et αSMA) a été analysée par RT-PCR. Les 

résultats (moyenne ± ESM, n=3) sont donnés en rapport normalisé par l’expression de 

l’ARNm de 18S sur les mêmes échantillons, une valeur de 1 étant ensuite attribuée au groupe 

contrôle. Les résultats ont été analysés par ANOVA avec localisation des différences entre 

groupes par un test de Tukey. ** P < 0.01, *** P < 0.001 vs groupe contrôle.  

Figure 3.Etudes du HSV sur des cellules mésangiales en culture primaire.  (A) Les 

cellules mésangiales ont été exposées au HSV (200 ng/mL) pendant 2, 4, 6 ou 24 h avant d’en 

extraire l’ARN total. L’expression de la PTHrP et du PDGF a été analysée par RT-PCR. Les 

résultats (moyenne ± ESM, n=3) sont donnés en rapport normalisé par l’expression de 

l’ARNm de 18S sur les mêmes échantillons, une valeur de 1 étant ensuite attribuée au groupe 

contrôle. Les résultats ont été analysés par ANOVA à deux facteurs, avec localisation des 

différences entre groupes par un test de Tukey. ** P < 0.01, *** P < 0.001 vs groupe 

contrôle. (B) Les effets du HSV ont été évalués sur l’apoptose des cellules mésangiales par 

TUNEL. Des cellules normales (Control CMCreloxP) et des cellules délétées en PTHrP 

endogène (Excised CMCreloxP) ont été utilisées. Les résultats sont présentés en moyenne ± 

ESM (n=6) et ont été analysés par ANOVA à deux facteurs, avec localisation des différences 

entre groupes par un test de Tukey. *** P < 0.001 vs groupe contrôle ; # P < 0.001 vs le 

groupe correspondant dans les cellules normales (Control CMCreloxP). 
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