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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 phe-
nomena 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
studies were 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 devoid
of its signal peptide, or of its nuclear localization sequence. The results showed that PTHrP deletion
in MC reduced their proliferation even in the presence of serum and increased their apoptosis when
serum-deprived. PTH1R activation by PTHrP(1–36) or PTH(1–34) had no effect on proliferation but
improved MC survival. Transfection of MC with PTHrP devoid of its signal peptide significantly
increased their proliferation and minimally reduced their apoptosis. Overexpression of PTHrP
devoid of its nuclear localization sequence protected cells from apoptosis without changing their
proliferation. Wild type PTHrP transfection conferred both mitogenic and survival effects, which
seem independent of midregion and C-terminal PTHrP fragments. PTHrP-induced MC proliferation
was associated with p27Kip1 down-regulation and c-Myc/E2F1 up-regulation. PTHrP increased MC
survival through the activation of cAMP/protein kinase A 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 mainly through the paracrine pathway. Thus, PTHrP
appears as a probable actor in MC injuries. (Endocrinology 154: 853–864, 2013)

Mesangial cells (MC) play a key role in both physio-
logical and pathological functioning in the glom-

erulus. In normal conditions there is little mesangial
turnover. However, aberrant proliferation of MC oc-
curs in immune-mediated glomerular diseases, includ-
ing IgA nephropathy and lupus nephritis (1). MC apo-
ptosis 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 glo-
merulonephritis, MC apoptosis tends to balance the ex-
cessive proliferation of MC. This ends in either homeo-
static cicatrization or progression into glomerulosclerosis
and loss of kidney function (5, 6).

The parathyroid hormone-related protein (PTHrP),
originally identified as the factor responsible for malig-
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nant hypercalcemia (7), was later found to be widely ex-
pressed in fetal and adult tissues, where it acts locally,
rather than in an endocrine manner (8). PTHrP has a con-
stitutive expression but may also be up-regulated by in-
flammatory cytokines (9, 10). Full-length PTHrP under-
goes posttranslational processing, which gives rise to a
family of mature secretory peptides (11). Peptides with the
N-terminal PTH-like region, like PTHrP(1–36), bind to
and activate the PTH/PTHrP receptor (PTH1R), whereas
midregion and C-terminal peptides are functionally active
through yet uncharacterized receptors (11). Cytosolic
PTHrP can also use a bipartite multibasic nuclear local-
ization signal to translocate to the nucleus and 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, whereas it is
antiproliferative through the paracrine one (12, 13). In
renal epithelial and pancreatic � cells, mitogenic effects of
PTHrP have been reported through the paracrine pathway
(14, 15). PTHrP has also been shown to regulate cell ap-
optosis. 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 ob-
served in prostate cancer cells, where intracrine PTHrP
increases and paracrine PTHrP decreases survival (18).

In different animal models of renal disease, overexpres-
sion of PTHrP has been reported in the glomerulus, sug-
gesting a role of PTHrP in the initiation or evolution of the
pathology (19–23). In vivo, PTHrP seems not to be ex-
pressed in MC under physiological conditions, but immu-
noreactive PTHrP was present in MC after protein over-
load in the rat and in diabetic nephropathy in the mouse
and patients (19, 23). A role for PTHrP has been suggested
in the pathogenesis of inflammatory or autoimmune dis-
eases (24).

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, 25). 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) (26, 27). Transgenic mice allow specific
knockdown of PTHrP by 4-hydroxy-tamoxifen (4-OH-

Tam) treatment in cells expressing alpha smooth muscle ac-
tin (�SMA), which is the case in MC in culture. Stable trans-
fection of MC was also performed with different constructs
of human PTHrP: PTHrP devoid of its nuclear localization
signal (�NLS), so only active through paracrine pathway,
PTHrP devoid of its signal peptide (�SP) with only intracrine
action, and wild type (WT) PTHrP (please see Supplemen-
tal Figure 1 published on The Endocrine Society’s Jour-
nals Online web site at http://endo.endojournals.org). Al-
together, our results show that PTHrP induces MC
proliferation through the intracrine pathway, while it re-
duces apoptosis through both paracrine and intracrine
pathways.

Materials and Methods

Mouse strains
Homozygous PTHrP-floxed (PTHrPL2/L2) mice were cross-

mated with �SMA-Cre-ERT2(tg/0) mice (26, 27). Male �SMA-
Cre-ERT2/PTHrPL2/L2 (PTHrPCreloxP) mice as well as male
C57BL/6 mice (Janvier, Le Genest-Saint-Isle, France) were used
to prepare MC in primary culture. Mice breeding, maintenance,
and experiments were in compliance with guidelines of the Eu-
ropean Community and the French government concerning the
use of animals.

MC 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-wk-old mice were
subjected to sequential sieving (125, 71, and 53 �m) and sedi-
mentation for extraction of glomeruli, which were set in culture
in DMEM (Life Technologies, Saint Aubin, France) enriched
with 30% fetal bovine serum (FBS) and 1% antibiotics (penicil-
lin/streptomycin, Life Technologies). MC outgrew from the
glomeruli in about 1 wk. Cells were further grown for 1 wk in
DMEM with high D-valine content (2.5 mg/ml, Sigma-Aldrich,
Saint Quentin Fallavier, France) for the elimination of fibro-
blasts. 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 passages 4 and 16.

Fluorescent immunocytochemistry
Cells growing in glass chamber slides (Lab-Tek II, Nalge

Nunc, Rochester, New York) 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 a 40-min exposure to block-
ing buffer (3% BSA in PBS), cells were incubated for 1 hour at
room temperature with the specific primary antibodies diluted in
blocking buffer, and then for 1 hour in the dark with the appro-
priate Alexa-conjugated IgG secondary antibodies (Life Tech-
nologies). Nuclei were stained by bisbenzimide H 33342 (HOE
33342, Sigma-Aldrich). After final washes, cells were mounted
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with Moviol and visualized by fluorescence-microscopy (Eclipse
E800,Nikon,Tokyo, Japan)usingNIS-elementsprogram(Nikon).

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

PTHrP deletion in MC and transfection with the various hu-
man PTHrP-HA constructs were verified by immunocytochem-
istry, as detailed in the next two paragraphs. The activation of the
phosphoinositide-3-kinase (PI3-K)/Akt pathway by PTHrP was
visualized with antiphospho(S473)-Akt (Cell Signaling, Ozyme,
Saint Quentin-en-Yvelines, France). Finally, the presence and
distribution of Na�/H� exchanger regulatory factors 1 and 2
(NHERF1 and NHERF2), as well as their colocalization with the
PTH1R, were looked for 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 �M, Sigma-Aldrich). Control MC were treated with the
solvent (1% ethanol final concentration). To verify PTHrP gene
excision, DNA was extracted by the phenol/chloroform method,
and recombination of PTHrP floxed alleles was verified by PCR
using the strategy shown in Figure 1; primers are shown in 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). The effect on PTH1R expression was ver-
ified by Western blot. Control and PTHrP-excised MC were used
within four passages after excision.

MC transfection
MCCreloxP were seeded in 6-well plaques, grown for 24 hours,

and transfected with plasmids (2 �g) encoding for one of three
HA-tagged human PTHrP(1–139) constructs (Supplemental
Figure 1): PTHrP-�NLS, PTHrP-�SP, or the PTHrP-WT, as re-
ported previously (12, 28). MC transfected with the empty plas-
mid vector (pcDNA3) were taken as control. Transfection was
performed with Lipofectamine 2000 (Life Technologies) accord-

ing to the manufacturer’s protocol. Stably transfected cells were
selected by geneticin treatment (G418, 300 �g/ml, Life Technol-
ogies). 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 four pas-
sages after transfection.

Real time RT-PCR
Total RNA was extracted from MC using the RNeasy kit

(Qiagen, Courtaboeuf, France) according to the manufacturer’s
protocol. Five micrograms total RNA were reverse transcribed in
a reaction buffer (Life Technologies) with nonspecific primer
p(dT)15 (Roche Diagnostics, Meylan, France), at 37°C for 1
hour. 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 three 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 con-
fluence, cells were serum-deprived for 24 hours 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) (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
3 days by FACS. Briefly, cells were harvested, washed with PBS,
fixed, and permeabilized by 70% ethanol for 1 hour at 4°C. Cells
were then washed again with PBS, treated with RNAse (50 �g/
ml) for 1 hour at 37°C, stained with propidium iodide (1 mg/ml,
Sigma-Aldrich) for 10 min, and filtered through a 60-�m nylon
mesh (Merck Millipore) before analysis using FACSort flow cy-
tometer (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, Califor-
nia). 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, by a 24-hour serum depri-
vation. Medium was then changed for DMEM � 20% FBS or
DMEM � 0.1% BSA 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)
(100 nM). FACS analysis of apoptotic cells was performed on
both floating and adherent cells, as described previously (29).
Briefly, cells were harvested, stained with Annexin V-FITC
(Roche Diagnostics) and propidium iodide (5 �g/ml; Sigma-Al-
drich) in a dark chamber at 4°C for 10 min and fixed in 1%
formol before analysis using FACSort flow cytometer (BD Bio-
sciences). The fraction of viable and apoptotic cells was deter-
mined using FCS Express software (DeNovo Software). All ex-
periments were performed at least three times in triplicate.
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920 923

920 923loxPloxP

exon 4

923
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255 bp
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Figure 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.
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Bromodeoxyuridine (BrdU) incorporation
MC were seeded in 96-well plate (20 000 cells/ml), grown for

24 hours before being rendered quiescent in serum-deprived me-
dium for the next 24 hours. 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) (1,
10, 100 nM daily treatment), PTH(1–34) (10 nM; NeoMPS),
PDGF-BB (10 ng/ml), or the corresponding vehicle. In other
studies, BrdU incorporation was analyzed in PTHrP-excised
MCCreloxP, in cells stably transfected with the PTHrP constructs
(sometimes in the presence of the PTH1R selective antagonist
(Asn10, Leu11, D-Trp12)-PTHrP(7–34)amide, 1 �M; Bachem,
Weil-am-Rhein, Germany), and finally in PTHrP-excised
MCCreloxP exposed for 24 hours to conditioned medium ob-
tained from pcDNA3, PTHrP-�SP, or PTHrP-WT-transfected
MC. BrdU incorporation studies were performed according to
the protocol of the manufacturer (Calbiochem, Merck KGaA,
Darmstadt, Germany).

Terminal deoxynucleotidyltransferase dUTP nick
end labeling (TUNEL)

For the evaluation of apoptotic cells by TUNEL, MC were
seeded on glass slides (Lab-Tek II), maintained 24 hours in
DMEM � 20% FBS and synchronized for 24 hours 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) (1, 10, 100 nM), PTH(1–34) (1 and 10
nM), PTHrP(107–111) (100 nM; a gift from Dr P. Esbrit), Asn10,
Leu11, D-Trp12)-PTHrP(7–34)amide (1 �M; Bachem), forskolin
(1 �M; Sigma-Aldrich), protein kinase A (PKA) inhibitor (H89,
1 �M; Sigma-Aldrich), PI3-K inhibitor (LY294002, 20 �M; Sig-
ma-Aldrich), or protein kinase C (PKC) inhibitor (Gö6983, 5
�M; Sigma-Aldrich), alone or in combination as indicated in the
appropriate Figures. Treatments with the inhibitors began 1
hour before the addition of PTHrP(1–36). Apoptosis was also
determined in PTHrP-excised MCCreloxP and in cells stably trans-
fected with the PTHrP constructs, sometimes in the presence of
the PTH1R selective antagonist. Apoptotic cells were detected by
the commercial In Situ Cell Death Detection kit (Roche Diag-
nostics) following the manufacturer’s specifications. Nuclei were
stained by HOE 33342. Cells were subsequently analyzed by
fluorescence-microscopy (Nikon Eclipse E800) using NIS-ele-
ments program. At least 10 successive images were taken in each
condition. The percentage of apoptotic cells was calculated with

the help of Image J program (National Institutes of Health,
Bethesda, Maryland).

Direct cyclic AMP measurements
MC were seeded in 25-cm2 flasks. After 24 hours of growth,

they were made quiescent by serum-deprivation for 24 hours.
Cells were pretreated for 15 min by 3-isobutyl-1-methyl-xan-
thine (200 �M; Sigma-Aldrich) and sometimes by the PTH1R
antagonist, (Asn10, Leu11, D-Trp12)-PTHrP(7–34)amide (100
nM). Cells were then exposed for 15 min to PTHrP(1–36) (1–300
nM), PTH(1–34) (100 nM), forskolin (10 �M), or isoproterenol
(100 nM; Sigma-Aldrich). The reaction was stopped by aspira-
tion 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 1,300g 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, Strasbourg, France). Protein con-
centration was determined in each sample by the Lowry method
(30). Total cAMP levels were expressed as picomoles per milli-
gram 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 12 000g
at 4°C for 5 min. Protein concentration was determined by the
Lowry method (30). Protein expression was analyzed by Western
blot using the semidry iBlot (Life Technologies). The primary
antibodies used were: anti-HA (1/6000, Roche Diagnostics), an-
ti-Akt (1/200, Santa Cruz), antiphospho(Thr308)-Akt (1/200,
Santa Cruz), antiphospho(S473)-Akt (1/500, Cell Signaling), an-
ti-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 antiglyceralde-
hyde-3-phosphate-dehydrogenase (GAPDH) (1/1000, Merck
Millipore). The appropriate horseradish peroxidase-conjugated
secondary antibody was used. Chemiluminescence was detected
(Immobilon Western kit, Merck Millipore) and visualized (Fu-
sion Fx7, ViberLourmat, Marne-la-Vallée, France).

Table 1. Nucleotide Sequences of the Primers Used for PCR or Real-time RT-PCR

Primer Sequence 5� to 3�

Mouse gene Forward Reverse

Semi-quantitative PCR
PTHrP floxed 920: TTTGGAGGG TGC TCA CTTAGAGCAA 923: CAGCAAACCAT GGTGAGGCTCATCA

922: GTCTTCCTCACAGCCAAGACTGACT
myogenin TTACGTCCATCGTGGACAGC TGGGCTGGGTGTTAGCCTTA

Real-time RT-PCR
mouse PTHrP CAGCCGAAATCAGAGCTACC CTCCTGTTCTCTGCGTTTCC
human PTHrP CAAGATTTACGGCGACGATT GAGAGGGCTTGGAGTTAGGG
PTH1R GGGCACAAGAAGTGGATCAT GGCCATGAAGACGGTGTAGT
18S CATGGCCGTTCTTAGTTGGT CGCTGAGCCAGTCAGTGTAG
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Statistical analysis
Results are expressed as means � SEM. Statistical analysis

was performed when appropriate using Student t test, one-way
or two-way ANOVA followed by Tukey multiple comparison
test. Statistics were run with SigmaStat (SPSS Inc, Chicago, IL).
Differences with P � .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 day 0, before FACS analysis over
3 days (Figure 2A). In the presence of serum, more than 30%
of MC were proliferating, a value that decreased to 10% in
serum-deprivedcells. Inthelatercells,dailyPTHrPtreatment
(100 nM) did not modify the proliferation level. However,

PDGF-BB, a known mitogen for MC
(10 ng/ml, added only on day 0), in-
creased MC proliferation at day 1 be-
fore its effects faded later. 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 ob-
served (Figure 2B).

MC proliferation was also as-
sessed by BrdU incorporation in se-
rum-deprived media in the presence
of incrementing PTHrP(1–36) con-
centrations (1–100 nM) (Figure 2C)
or with PDGF-BB (Figure 2D). Here
again, PTHrP showed no effect on
cell proliferation over the 3-day ex-
periment, whereas PDGF-BB in-
creased BrdU incorporation (P �
.001). PTH(1–34) (10 nM) also had
no effect on BrdU incorporation
(Figure 2C), confirming that the ac-
tivation of the PTH1R was unable to
induce changes in MC proliferation.

Excision of PTHrP gene in
MCCreloxP reduces MC
proliferation

We verified PTHrP gene excision
in terms of DNA, mRNA, and pro-
tein (Figure 3). PTHrP gene deletion
was stable over 5 wk (Figure 3, A and
B), resulted in a 90%–99% decrease

in PTHrP mRNA (Figure 3C) and absence of PTHrP pro-
tein in all the cells (Figure 3D). PTH1R expression was
maintained although at a lower level (Figure 3E).

To determine whether endogenous PTHrP has any effect
on MC proliferation, PTHrP-excised MCCreloxP were com-
pared to control cells by FACS analysis (Figure 4A). Re-
sults showed a decrease in MC proliferation in PTHrP-
deleted cells even in the presence of serum (P � .001).
Serum withdrawal reduced MC proliferation of about
30% in control MCCreloxP and 50% in PTHrP-deleted cells
(P � .001). Finally, the addition of exogenous PTHrP(1–
36) had no impact on cell proliferation, whether tested on
control or PTHrP-excised cells. Similar results were ob-
tained on BrdU incorporation (Figure 4B). These obser-
vations suggest that endogenous PTHrP significantly reg-
ulates MC proliferation but not through PTH1R
activation.
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Figure 2. Effect of exogenous PTHrP(1–36) and PTH(1–34) on MC proliferation. The effect on
MC proliferation has been studied in murine MCBl6 prepared from C57BL/6 mice kidneys. A, B,
Proliferation of MC was analyzed by FACS on 3 days, in the 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
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incrementing PTHrP(1–36) concentrations (1, 10, and 100 nM; n � 8) or 10 nM PTH(1–34) (n �
5) (C), or PDGF-BB (10 ng/ml) (n � 4) (D). Exogenous PTHrP(1–36) or PTH(1–34) were devoid of
any effect on MC proliferation. Results are shown as means � SEM. Tukey test, ** P � .01 and
*** P � .001.
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PTHrP increases MC proliferation through
intracrine pathway, via c-Myc, E2F1, and p27Kip1

PTHrP has been shown to induce proliferation through
the intracrine pathway in VSMC (12). To further inves-
tigate whether a similar effect is responsible for PTHrP-
mediated proliferation in MC, cells were stably trans-
fected with HA-tagged PTHrP-WT, -�NLS, or -�SP. HA
immunostaining, as expected, showed only cytoplasmic
localization of PTHrP-�NLS, whereas PTHrP-WT and
PTHrP-�SP were seen in both nuclei and cytoplasm (Sup-
plemental Figure 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 Figure 4).

BrdU incorporation analysis on
day 1 (Figure 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 the ab-
sence of serum (P � .001). The in-
crease in proliferation rate was sim-
ilar in PTHrP-WT and PTHrP-�SP
transfected cells, whereas prolifera-
tion was not different between
PTHrP-�NLS and pcDNA3 trans-
fected cells. Moreover, the mitogenic
effect of PTHrP-WT overexpressing
cells was not affected by blocking the
PTH1Rwith (Asn10,Leu11,D-Trp12)-
PTHrP(7–34) amide (Figure 5A). Fi-
nally, the conditioned medium from
these cells, expected to contain the
secreted fragments of PTHrP, even
those acting via yet unknown recep-
tors, was also inactive, supple-
mented or not with the antagonist
(Figure 5B). 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 (Figure 5B). This result ex-
cludes that some mitogenic factors
were released into the medium by
PTHrP-�SP overexpression. It has

been described that nuclear PTHrP induces VSMC pro-
liferation by enhancing c-Myc expression that targets
p27Kip1 to proteosomal degradation (31). Similar path-
ways seem to be induced in MC (Figure 5C). Indeed, c-
Myc expression was enhanced in MC overexpressing
PTHrP-WT or PTHrP-�SP, and decreased after knock-
down of PTHrP in MC. One principal cell-cycle transcrip-
tion factor, E2F1, displayed the same profile. 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 day 2 by FACS (Figure 6A) and TUNEL
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analysis (Figure 6B). Serum deprivation increased the
number of apoptotic MC, and this increase was more im-
portant in MC after PTHrP knockdown (P � .01). No
difference was seen between control and PTHrP-excised
cells in the presence of serum. Exogenous PTHrP(1–36)
rescued MC by reducing apoptosis in both control and
PTHrP-deleted cells (Figure 6, A and B), and this effect was
dose dependent (Figure 6C). A similar effect was observed
with PTH(1–34) and forskolin, whereas PTHrP(107–
111), the functional pentapeptide of osteostatin [PTHrP
(107–139)], was inactive (Figure 6C). Moreover, the ad-
dition of a specific PTH1R antagonist to the culture media
of serum-starved MC increased their apoptosis (P � .01)
(Figure 6C), indicating that, under basal conditions, en-
dogenously expressed PTHrP seems to confer resistance to
MC apoptosis through PTH1R activation.

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 hours of
serum deprivation. The results showed that overexpres-
sion of any of the three PTHrP forms conferred resistance
to apoptosis, particularly with PTHrP-WT (39%, P �

.001) and PTHrP-�NLS (31%, P � .001), and less with
PTHrP-�SP (8.4%, P � .05) (Figure 6D). Moreover,
PTHrP-WT–induced resistance to apoptosis was com-
pletely reversed by the PTH1R antagonist (Figure 6E).
Altogether, these data indicate that PTHrP contributes to
MC survival mainly by the autocrine/paracrine pathway.

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
(Figure 7A), a response shared with PTH(1–34), forskolin,
and isoproterenol. PTHrP(1–36)-induced accumulation
of cAMP was selectively decreased by the PTH1R antag-
onist, (Asn10, Leu11, D-Trp12)PTHrP(7–34)amide.
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PTHrP has also been shown to promote cell survival
through PI3-K/Akt activation in renal carcinoma cells, re-
nal 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 (Figure 7B), and confirmed for
Ser473 by immunostaining (Supple-
mental Figure 5).

To see if the PTHrP(1–36) effect
on MC survival is associated with the
activation of cAMP/PKA or Akt
phosphorylation, we used serum-de-
prived PTHrP-excised MCCreloxP, a
situation in which MC apoptosis is
maximal. A 24-hour cell exposure to
PTHrP(1–36) reduced apoptosis an-
alyzed by TUNEL, a response that
was reversed by inhibitors of PKA
(H89, 1 �M) or PI3-K (LY249002,
20 �M) (Figure 7C). Otherwise, an
inhibitor of PKC (Gö6983, 5 �M)
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 path-
ways in PTHrP-induced MC
survival.

Discussion

PTHrP is a locally active cytokine
with well-known effects on prolifer-
ation and apoptosis in different cell
types through distinct intracrine or
paracrine pathways. PTHrP was
found to be up-regulated in MC after
protein overload in rat, as well as in
human and experimental diabetic
nephropathies (19, 23, 32). Here we
explored the effects of intracrine and
paracrine PTHrP on the two afore-
mentioned processes on mouse MC
in primary culture. Our results show
that intracrine PTHrP enhances
MC proliferation, whereas para-
crine PTHrP exerts a major anti-
apoptotic effect.

We first analyzed 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 (1–100 nM, once or daily treatment) or the time
point considered (1–3 days). PTH(1–34), another ligand
of the PTH1R, was similarly inactive. In contrast, MC re-
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sponded to PDGF-BB by an increase in proliferation. Our
results with PTHrP(1–36) differ from those reported pre-
viously by Soifer et al. (20) and Bosch et al. (25) 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 hours),
which ended with MC hypertrophy.
As in mouse MC, PTHrP(1–36)
stimulated cAMP accumulation in
human MC (25), while its signaling
pathway has not been identified in
rat MC. However, cAMP accumula-
tion was described to be antimito-
genic in these cells (33–35). We
therefore searched for any antipro-
liferative effect of PTHrP on MC and
again found none. We think that the
contrast between our results and
those of the studies on human and rat
MC may be related to species dis-
crepancies or differences in the pop-
ulation doubling times.

Next, we wanted to see if endog-
enous PTHrP exerts any effect on
MC proliferation. For this purpose,
we used MC obtained from CreloxP
transgenic mice that allowed condi-
tional PTHrP gene excision by
4-OH-Tam treatment in cells ex-
pressing �SMA (26, 27). This was
feasible because MC in culture ex-
press this protein. One important
observation is that the deletion of en-
dogenous PTHrP in MC reduced
their proliferation even in serum-
supplemented media. Attempts to re-
store MC proliferation by the addi-
tion of exogenous PTHrP(1–36)
were again unsuccessful. It is worth
mentioning that PTHrP gene exci-
sion slightly decreased PTH1R pro-
tein, but a functional PTH1R was
still present, as shown by the effects
of paracrine PTHrP on survival. On
the other hand, the overexpression
of PTHrP-WT elicited a mitogenic
effect on MC. These results indicate
that another PTHrP fragment or
pathway accounted for the prolifer-
ative effect. In fact, post-transla-

tional modifications of PTHrP through proteolytic cleav-
age may generate different secreted fragments, such as
PTHrP(67–86), PTHrP(38–64), PTHrP(38–94) in the
midregion, or PTHrP(107–139) in the C-terminal tail (11,
36). Among these, PTHrP(67–86) and PTHrP(107–139)
have been shown to inhibit breast cancer cell proliferation
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(37), whereas PTHrP(107–139) through its active penta-
peptide PTHrP(107–111), but also PTHrP(38–64), in-
creased proliferation of osteoblasts and epithelial pulmo-
nary cells, respectively (38, 39). In addition, PTHrP(38–
94) was shown to inhibit breast cancer cell proliferation
through nuclear translocation (40). We therefore tested
the conditioned medium from MC overexpressing
PTHrP-WT, but found no effect on cell proliferation. On
the other hand, PTHrP(1–108) has been shown to reach
cell nucleus in a PTH1R-dependent manner (41). How-
ever, PTH1R blockade by a selective antagonist did not
change MC proliferation. Altogether, these results ex-
clude any effect on mitogenesis of secreted PTHrP frag-
ments, whether linked to the activation of PTH1R or yet
unknown receptor(s), or to the PTH1R-mediated inter-
nalization of some fragments.

Otherwise,PTHrPacting through intracrinepathwayhas
been shown to increase proliferation in VSMC (12, 13) or
prostate and colon cancer cells (42, 43). We observed similar
inductionofproliferation incellsoverexpressingPTHrP-WT
or PTHrP-�SP, with PTHrP-�NLS lacking any mitogenic
effect. These results indicate that only intracrine PTHrP was
responsible for the MC mitogenesis. In addition, the absence
of mitogenic effect on 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 de-
creased it. p27Kip1 is a well-known inhibitor of the cell cycle,
and MC mitogens such as PDGF-BB and basic fibroblast
growth factor diminish p27Kip1 expression in MC (44). Nu-
clear PTHrP has also been shown to target p27Kip1 to pro-
teasomal degradation in VSMC (13, 31). In addition, trans-
fection of MC with PTHrP-WT or PTHrP-�SP increased
c-Myc and E2F1 protein levels, whereas PTHrP deletion re-
duced them. E2F1 is required for cell cycle progression and
was found, as well as the proto-oncogen c-Myc, to be up-
regulated in proliferating MC in vitro and in vivo (45, 46).
Intracrine PTHrP-induced expression of c-Myc was also as-
sociated with VSMC proliferation (31). The 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
(47–49).

MC apoptosis characterizes the initial event of experi-
mental mesangial proliferative glomerulonephritis. How-
ever,apoptosis isalsoseen inadvancedstageswhenexcessive
MC proliferation occurs (50). In this study, we report an
antiapoptotic function of PTHrP in MC, and to the best of
our knowledge, this has not been described previously. Our
results show that PTHrP gene deletion or PTH1R antago-

nism increased the number of apoptotic cells subsequent to
serum withdrawal, which indicates that under basal condi-
tions, PTHrP is sufficiently produced and secreted by cul-
tured MC to enhance their survival. Otherwise the treatment
with PTHrP(1–36) or the overexpression of PTHrP (WT,-
�NLS,-�SP) reduced MC apoptosis. Survival response was
particularly marked in cells transfected with PTHrP-WT or
PTHrP-�NLS, suggesting that PTHrP mainly acted through
the autocrine/paracrine pathway. This was confirmed by the
rescue of apoptotic PTHrP-deleted MC through exogenous
PTHrP(1–36) treatment. The activation of the PTH1R
seems to be particularly important because 1) PTH1R an-
tagonism increased MC apoptosis induced by serum depri-
vation, 2) the enhanced survival of cells transfected with
PTHrP-WT was completely reversed by a selective antago-
nist, 3) PTH(1–34) also decreased MC apoptosis and 4)
PTHrP(107–111) was devoid of any effect in our study, al-
though PTHr(107–139) increased osteoblastic cell survival
(51).Theseresultsare inaccordancewithresults seeninother
cell types. PTHrP was shown to protect renal fibroblasts,
tubuloepithelial cells, pancreatic �-cells, and renal carci-
noma cells against apoptosis principally through the auto-
crine/paracrine pathway (52–54). However, the nuclear
translocation of PTHrP also was associated with enhanced
survival in chondrocytes (16).

We next examined the signaling pathways that mediate
theantiapoptoticeffectsofPTHrPinMC.Thestimulationof
the PTH1R has been classically associated with adenylyl cy-
clase and PKA activation (55). The PTH1R can also bind to
NHERF1 and NHERF2 and recruit PLC�, leading to PKC
activation (56). Our results show that the activation of the
PTH1R by PTHrP or PTH elicits a large increase in cAMP.
Both agonists, as well as the direct activation of the cAMP/
PKA pathway by forskolin, enhanced MC survival. Interest-
ingly,wealsofoundthatPTHrPactivatesAkt inMCthrough
the phosphorylation of both Thr308 and Ser473. The PI3-
K/Aktsignaling isakeypathway involved incell survival (57,
58). Our group reported previously that Akt activation was
responsible for PTHrP-induced cell survival in renal carci-
noma cells (17). Here, we show that inhibition of both the
PI3-K/AktandcAMP/PKApathways,butnotPKC, reversed
the antiapoptotic effects of PTHrP in MC. These results are
in agreement with those of other studies (52, 59). The com-
plete 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 ex-
ample,NF�B,Bad,andGSK-3�,whichmaybedifferentially
phosphorylated by each PKA and Akt. They contribute to
MC survival in response to PDGF and insulin (60, 61), but
many other candidates also exist. Additional studies are
needed to clarify this point.
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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 (56). In this
respect, we found that NHERF1 and NHERF2 were ex-
pressed in our cells, but surprisingly NHERF1 was local-
ized to the nucleus (Supplemental Figure 6). Multiple
coimmunoprecipitation analysis did not show any inter-
action between PTH1R and NHERF1 or NHERF2 (M.
Hochane, personal data), and colocalization was not
found by immunostaining (Supplemental Figure 6).

In conclusion, this study reveals the complexity of
PTHrP signaling in MC. PTHrP is a mitogenic and a sur-
vival factor through intracrine and paracrine pathways,
respectively. PTHrP shares many effects with PDGF, in-
creasing proliferation and survival, and stimulating Akt
phosphorylation. Given the prominent role of these pro-
cesses in the progression of glomerulonephritis, PTHrP
may be a potential actor in this pathology. Additional
studies are needed to evaluate the role of PTHrP in this
context in vivo. The clinical relevance of PTHrP also
should be considered through analysis of PTHrP expres-
sion in human samples of glomerulonephritis.

Acknowledgments

The authors thank Andrew Karaplis (McGill University, Mon-
tréal, Canada) for the gift of PTHrPL2/L2 mice, Daniel Metzger
(Institute of Genetics and Molecular and Cellular Biology, Stras-
bourg, France) for the generation of the �SMA-Cre-ERT2/
PTHrPL2/L2 mice, and Pedro Esbrit (Fundación Jiménez Díaz,
Madrid, Spain) for the gift of PTHrP(107–111). The authors also
gratefully acknowledge the expertise of Jochen Barths for the
FACS analysis and Stéphanie Mathé for secretarial assistance.

Address all correspondence and requests for reprints to:
Mazène Hochane, Ph.D., or Mariette Barthelmebs, Ph.D., Insti-
tut National de la Santé et de la Recherche Médicale U682,
Equipe Cancer du Rein et Physiopathologie Rénale, Faculté de
Médecine, 11 rue Humann, F-67085 Strasbourg, France.
E-mails: alicante81@yahoo.com; barthelm@unistra.fr.

This work was supported by Institut National de la Santé et
de la Recherche Médicale, the University of Strasbourg, and the
French Ministry of Higher Education.

Disclosure Summary: The authors have nothing to disclose.

References

1. de Zubiria Salgado A, Herrera-Diaz C. Lupus nephritis: an overview
of recent findings. Autoimmune Dis. 2012;2012:849684.

2. Ott U, Aschoff A, Pocock J, et al. DNA fragmentation in chronic
glomerulonephritis: an immunohistological analysis. Nephron Clin
Pract. 2007;105:c18–28.

3. Liu L, Qiu W, Wang H, et al. Sublytic C5b-9 complexes induce
apoptosis of glomerular mesangial cells in rats with Thy-1 nephritis
through role of interferon regulatory factor-1-dependent caspase 8
activation. J Biol Chem. 2012;287:16410–16423.

4. Bagchus WM, Jeunink MF, Elema JD. The mesangium in anti-Thy-1
nephritis. Influx of macrophages, mesangial cell hypercellularity, and
macromolecular accumulation. Am J Pathol. 1990;137:215–223.

5. Baker AJ, Mooney A, Hughes J, Lombardi D, Johnson RJ, Savill J.
Mesangial cell apoptosis: the major mechanism for resolution of
glomerular hypercellularity in experimental mesangial proliferative
nephritis. J Clin Invest. 1994;94:2105–2116.

6. Kashihara N, Sugiyama H, Makino H. Mechanisms for induction of
apoptosis and glomerular disease. Nephrol Dial Transplant.
1999;14 Suppl 1:52–54.

7. Suva LJ, Winslow GA, Wettenhall RE, et al. A parathyroid hor-
mone-related protein implicated in malignant hypercalcemia: clon-
ing and expression. Science. 1987;237:893–896.

8. Philbrick WM, Wysolmerski JJ, Galbraith S, et al. Defining the roles
of parathyroid hormone-related protein in normal physiology.
Physiol Rev. 1996;76:127–173.

9. Eto M, Akishita M, Ishikawa M, et al. Cytokine-induced expression
of parathyroid hormone-related peptide in cultured human vascular
endothelial cells.BiochemBiophysResCommun. 1998;249:339–343.

10. Funk JL, Cordaro LA, Wei H, Benjamin JB, Yocum DE. Synovium
as a source of increased amino-terminal parathyroid hormone-re-
lated protein expression in rheumatoid arthritis. A possible role for
locally produced parathyroid hormone-related protein in the patho-
genesis of rheumatoid arthritis. J Clin Invest. 1998;101:1362–1371.

11. Wysolmerski JJ. Parathyroid hormone-related protein: an update.
J Clin Endocrinol Metab. 2012;97:2947–2956.

12. Massfelder T, Dann P, Wu TL, Vasavada R, Helwig JJ, Stewart AF.
Opposing mitogenic and anti-mitogenic actions of parathyroid hor-
mone-related protein in vascular smooth muscle cells: a critical role
for nuclear targeting. Proc Natl Acad Sci U S A. 1997;94:13630–
13635.

13. Fiaschi-Taesch N, Sicari BM, Ubriani K, et al. Cellular mechanism
through which parathyroid hormone-related protein induces prolifer-
ation in arterial smooth muscle cells: definition of an arterial smooth
muscle PTHrP/p27kip1 pathway. Circ Res. 2006;99:933–942.

14. Guthalu Kondegowda N, Joshi-Gokhale S, Harb G, et al. Parathy-
roid hormone-related protein enhances human ss-cell proliferation
and function with associated induction of cyclin-dependent kinase
2 and cyclin E expression. Diabetes. 2010;59:3131–3138.

15. Garcia-Ocana A, De Miguel F, Penaranda C, Albar JP, Sarasa JL,
Esbrit P. Parathyroid hormone-related protein is an autocrine mod-
ulator of rabbit proximal tubule cell growth. J Bone Miner Res.
1995;10:1875–1884.

16. Henderson JE, Amizuka N, Warshawsky H, et al. Nucleolar local-
ization of parathyroid hormone-related peptide enhances survival of
chondrocytes under conditions that promote apoptotic cell death.
Mol Cell Biol. 1995;15:4064–4075.

17. Agouni A, Sourbier C, Danilin S, et al. Parathyroid hormone-related
protein induces cell survival in human renal cell carcinoma through the
PI3KAktpathway: evidence foracritical role for integrin-linkedkinase
and nuclear factor kappa B. Carcinogenesis. 2007;28:1893–1901.

18. Bhatia V, Mula RV, Weigel NL, Falzon M. Parathyroid hormone-
related protein regulates cell survival pathways via integrin
alpha6beta4-mediated activation of phosphatidylinositol 3-kinase/
Akt signaling. Mol Cancer Res. 2009;7:1119–1131.

19. Izquierdo A, Lopez-Luna P, Ortega A, et al. The parathyroid hor-
mone-related protein system and diabetic nephropathy outcome in
streptozotocin-induced diabetes. Kidney Int. 2006;69:2171–2177.

20. Soifer NE, Van Why SK, Ganz MB, Kashgarian M, Siegel NJ, Stew-
art AF. Expression of parathyroid hormone-related protein in the rat
glomerulus and tubule during recovery from renal ischemia. J Clin
Invest. 1993;92:2850–2857.

21. Santos S, Bosch RJ, Ortega A, et al. Up-regulation of parathyroid

Endocrinology, February 2013, 154(2):853–864 endo.endojournals.org 863

The Endocrine Society. Downloaded from press.endocrine.org by [${individualUser.displayName}] on 19 October 2015. at 10:08 For personal use only. No other uses without permission. . All rights reserved.



hormone-related protein in folic acid-induced acute renal failure.
Kidney Int. 2001;60:982–995.

22. Ortega A, Ramila D, Izquierdo A, et al. Role of the renin-angiotensin
system on the parathyroid hormone-related protein overexpression
induced by nephrotoxic acute renal failure in the rat. J Am Soc
Nephrol. 2005;16:939–949.

23. Largo R, Gomez-Garre D, Santos S, et al. Renal expression of para-
thyroid hormone-related protein (PTHrP) and PTH/PTHrP receptor in
a rat model of tubulointerstitial damage. Kidney Int. 1999;55:82–90.

24. Funk JL. A role for parathyroid hormone-related protein in the
pathogenesis of inflammatory/autoimmune diseases. Int Immuno-
pharmacol. 2001;1:1101–1121.

25. Bosch RJ, Rojo-Linares P, Torrecillas-Casamayor G, Iglesias-Cruz
MC, Rodriguez-Puyol D, Rodriguez-Puyol M. Effects of parathy-
roid hormone-related protein on human mesangial cells in culture.
Am J Physiol. 1999;277:E990–995.

26. Wendling O, Bornert JM, Chambon P, Metzger D. Efficient tem-
porally-controlled targeted mutagenesis in smooth muscle cells of
the adult mouse. Genesis. 2009;47:14–18.

27. He B, Deckelbaum RA, Miao D, et al. Tissue-specific targeting of the
pthrp gene: the generation of mice with floxed alleles. Endocrinol-
ogy. 2001;142:2070–2077.

28. de Miguel F, Fiaschi-Taesch N, Lopez-Talavera JC, et al. The C-
terminal region of PTHrP, in addition to the nuclear localization
signal, is essential for the intracrine stimulation of proliferation in vas-
cular smooth muscle cells. Endocrinology. 2001;142:4096–4105.

29. Dormoy V, Beraud C, Lindner V, et al. LIM-class homeobox gene
Lim1, a novel oncogene in human renal cell carcinoma. Oncogene.
2010;30:1753–1763.

30. Lowry OH, Rosebrough NJ, Farr AL, Randall RJ. Protein measure-
ment with the Folin phenol reagent. J Biol Chem. 1951;193:265–275.

31. Sicari BM, Troxell R, Salim F, Tanwir M, Takane KK, Fiaschi-
Taesch N. c-myc and skp2 coordinate p27 degradation, vascular
smooth muscle proliferation, and neointima formation induced by
the parathyroid hormone-related protein. Endocrinology. 2012;
153:861–872.

32. Ortega A, Romero M, Izquierdo A, et al. Parathyroid hormone-related
protein is a hypertrophy factor for human mesangial cells: Implications
for diabetic nephropathy. J Cell Physiol. 2012;227:1980–1987.

33. Ito C, Yamamoto H, Furukawa Y, et al. Role of cyclins in cAMP
inhibition of glomerular mesangial cell proliferation. Clin Sci
(Lond). 2004;107:81–87.

34. Li X, Zarinetchi F, Schrier RW, Nemenoff RA. Inhibition of MAP
kinase by prostaglandin E2 and forskolin in rat renal mesangial cells.
Am J Physiol. 1995;269:C986–991.

35. Chini EN, Choi E, Grande JP, Burnett JC, Dousa TP. Adrenomedul-
lin suppresses mitogenesis in rat mesangial cells via cAMP pathway.
Biochem Biophys Res Commun. 1995;215:868–873.

36. Wu TL, Vasavada RC, Yang K, et al. Structural and physiologic
characterization of the mid-region secretory species of parathyroid
hormone-related protein. J Biol Chem. 1996;271:24371–24381.

37. Luparello C, Burtis WJ, Raue F, Birch MA, Gallagher JA. Parathy-
roid hormone-related peptide and 8701-BC breast cancer cell growth
and invasion in vitro: evidence for growth-inhibiting and invasion-pro-
moting effects. Mol Cell Endocrinol. 1995;111:225–232.

38. Hastings RH, Asirvatham A, Quintana R, et al. Parathyroid hor-
mone-related protein-(38–64) regulates lung cell proliferation after sil-
ica injury. Am J Physiol Lung Cell Mol Physiol. 2002;283:L12–21.

39. Cornish J,CallonKE,LinC,XiaoC,Moseley JM,Reid IR.Stimulation
ofosteoblastproliferationbyC-terminal fragmentsofparathyroidhor-
mone-related protein. J Bone Miner Res. 1999;14:915–922.

40. Luparello C. Midregion PTHrP and human breast cancer cells. Sci-
entificWorldJournal. 2010;10:1016–1028.

41. Lam MH, House CM, Tiganis T, et al. Phosphorylation at the cy-
clin-dependent kinases site (Thr85) of parathyroid hormone-related
protein negatively regulates its nuclear localization. J Biol Chem.
1999;274:18559–18566.

42. Tovar Sepulveda VA, Falzon M. Parathyroid hormone-related pro-
tein enhances PC-3 prostate cancer cell growth via both autocrine/
paracrine and intracrine pathways. Regul Pept. 2002;105:109–120.

43. Bhatia V, Saini MK, Falzon M. Nuclear PTHrP targeting regulates
PTHrP secretion and enhances LoVo cell growth and survival. Regul
Pept. 2009;158:149–155.

44. Shankland SJ, Pippin J, Flanagan M, et al. Mesangial cell prolifer-
ation mediated by PDGF and bFGF is determined by levels of the
cyclin kinase inhibitor p27Kip1. Kidney Int. 1997;51:1088–1099.

45. Inoshita S, Terada Y, Nakashima O, Kuwahara M, Sasaki S,
Marumo F. Roles of E2F1 in mesangial cell proliferation in vitro.
Kidney Int. 1999;56:2085–2095.

46. Qiu LQ, Sinniah R, Hsu SI. Role of differential and cell type-specific
expression of cell cycle regulatory proteins in mediating progressive
glomerular injury in human IgA nephropathy. Lab Invest. 2004;
84:1112–1125.

47. Wang C, Hou X, Mohapatra S, et al. Activation of p27Kip1 Ex-
pression by E2F1. A negative feedback mechanism. J Biol Chem.
2005;280:12339–12343.

48. Bagui TK, Cui D, Roy S, et al. Inhibition of p27Kip1 gene tran-
scription by mitogens. Cell Cycle. 2009;8:115–124.

49. Iwanaga R, Komori H, Ishida S, et al. Identification of novel E2F1
target genes regulated in cell cycle-dependent and independent man-
ners. Oncogene. 2006;25:1786–1798.

50. Savill J. Regulation of glomerular cell number by apoptosis. Kidney
Int. 1999;56:1216–1222.

51. Alonso V, de Gortazar AR, Ardura JA, Andrade-Zapata I, Alvarez-
Arroyo MV, Esbrit P. Parathyroid hormone-related protein (107–
139) increases human osteoblastic cell survival by activation of vas-
cular endothelial growth factor receptor-2. J Cell Physiol. 2008;
217:717–727.

52. Ortega A, Ramila D, Ardura JA, et al. Role of parathyroid hormone-
related protein in tubulointerstitial apoptosis and fibrosis after folic
acid-induced nephrotoxicity. J Am Soc Nephrol. 2006;17:1594–
1603.

53. Cebrian A, Garcia-Ocana A, Takane KK, Sipula D, Stewart AF,
Vasavada RC. Overexpression of parathyroid hormone-related pro-
tein inhibits pancreatic beta-cell death in vivo and in vitro. Diabetes.
2002;51:3003–3013.

54. Massfelder T, Lang H, Schordan E, et al. Parathyroid hormone-
related protein is an essential growth factor for human clear cell
renal carcinoma and a target for the von Hippel-Lindau tumor sup-
pressor gene. Cancer Res. 2004;64:180–188.

55. Musso MJ, Plante M, Judes C, Barthelmebs M, Helwig JJ. Renal
vasodilatation and microvessel adenylate cyclase stimulation by syn-
thetic parathyroid hormone-like protein fragments. Eur J Pharma-
col. 1989;174:139–151.

56. Mahon MJ, Donowitz M, Yun CC, Segre GV. Na(�)/H(�) ex-
changer regulatory factor 2 directs parathyroid hormone 1 receptor
signalling. Nature. 2002;417:858–861.

57. Hanada M, Feng J, Hemmings BA. Structure, regulation and func-
tion of PKB/AKT–a major therapeutic target. Biochim Biophys
Acta. 2004;1697:3–16.

58. Manning BD, Cantley LC. AKT/PKB signaling: navigating down-
stream. Cell. 2007;129:1261–1274.

59. Hastings RH, Araiza F, Burton DW, Bedley M, Deftos LJ. Parathy-
roid hormone-related protein regulates apoptosis in lung cancer cells
through protein kinase A. Am J Physiol Cell Physiol. 2004;287:
C1616–1622.

60. Shimamura H, Terada Y, Okado T, Tanaka H, Inoshita S, Sasaki S.
The PI3-kinase-Akt pathway promotes mesangial cell survival and
inhibits apoptosis in vitro via NF-kappa B and Bad. J Am Soc Neph-
rol. 2003;14:1427–1434.

61. Hiromura K, Monkawa T, Petermann AT, Durvasula RV, Shank-
land SJ. Insulin is a potent survival factor in mesangial cells: role of
the PI3-kinase/Akt pathway. Kidney Int. 2002;61:1312–1321.

864 Hochane et al Mitotic and Survival Effects of PTHrP Endocrinology, February 2013, 154(2):853–864

The Endocrine Society. Downloaded from press.endocrine.org by [${individualUser.displayName}] on 19 October 2015. at 10:08 For personal use only. No other uses without permission. . All rights reserved.


