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ABSTRACT

Parathyroid hormone-related peptide (PTHrP) was originally isolated

from tumors associated with the development of hypercalcÃ©mie in vivo.
Analyses of PTHrP gene expression have demonstrated that PTHrP is also
produced in a wide variety of normal fetal and adult nonneoplastic tissues.
The results of recent experiments have demonstrated that PTHrP is a
growth factor-regulated gene, and different molecular forms of synthetic
PTHrP display variable activities in assays for growth factor-like proper
ties in vitro. We have studied the growth factor-like activity of PTHrP in

cells transfected with a human PTHrP(hPTHrP) expression vector. Trans
fected cell lines contained increased amounts of PTHrP mRNA transcripts
as assessed by Northern blot analysis. The PTHrP mRNA transcripts were
translated into immunoreactive hPTHrP as measured by radioimmunoas-

say, and conditioned medium from transfected cell lines stimulated cyclic
AMP(cAMP) formation in ROS 17/2.8 osteosarcoma cells. The transform
ing growth factor-ÃŸ-like properties of hPTHrP-producing NRK 49F clones
were examined using the large-colony transformation assay in soft agar.
PTHrP-producing NRK 49F clones did not form large colonies in the
presence of epidermal growth factor. In contrast, PTHrP-producing and
wild-type NRK 49F cells formed large colonies in the presence of epider
mal growth factor and transforming growth factor-ÃŸ. No effect on cell
growth was observed in PTHrP-producing NRK 49F rat kidney fibro-

blasts or mouse Mil 313 fibroblasts. In contrast, RGB 2.2 osteoblast cells
expressing the hPTHrP cDNA were growth inhibited. Incubation of wild-
type IÂ«'II 2.2 cells with synthetic hPTHrP(l-34] (at concentrations of

1.0-10.0 nM) also produced growth inhibition. PTHrP increased cAMP

formation in RCB 2.2 cells but not in NIH 3T3 or NRK 49F cells. Incu
bation of RCB 2.2 cells with dibutyryl cAMP was also associated with
inhibition of cell growth. The results of these studies demonstrate that
PTHrP may function as an autocrine growth inhibitor of specific cell
types, possibly through a cAMP-dependent pathway.

INTRODUCTION

Malignancy-associated hypercalcemia is associated with significant

morbidity and mortality in patients with neoplastic disease. The ob
servation that certain tumors associated with this syndrome contained
adenylate cyclase-stimulating activity led to the purification of a
PTHrP1 from tumor tissue ( 1-3). Functional studies of PTHrP bioac-

tivity HI vitro and in vivo have demonstrated that PTHrP and PTH
share similar biochemical properties and appear to act through a
common PTH/PTHrP receptor (4-10). The isolation of the cDNAs

and genes encoding PTHrP has facilitated studies of the tissue distri
bution of PTHrP gene expression (11-15). Analysis of rodent,

chicken, and human tissues using a combination of Northern blotting.
in situ hybridization, and immunocytochemistry has demonstrated that
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the PTHrP gene is expressed in a large number of normal tissues, as
well as neoplasms not associated with the development of hypercal
cemia (16-21).

Experiments in which primary cell cultures and immortalized cell
lines were used have demonstrated growth factor regulation of PTHrP
gene expression. Serum stimulated PTHrP gene expression in islet
cells (22), keratinocytes (23, 24), and vascular smooth muscle cells HI
vitro (25). An increase in PTHrP mRNA transcripts has also been
observed following exposure of cells to EGF, platelet-derived growth
factor, and TGF-ÃŸ(22-24, 26). Growth factor-like properties have

also been ascribed to different molecular forms of PTHrP. For exam
ple, antisera against PTHrP inhibited the growth of a human renal
carcinoma cell line (27), and PTHrP[ 1-34] suppressed DNA synthesis
in lectin-stimulated lymphocytes (28). Furthermore, inhibition of

PTHrP gene expression using PTHrP antisense RNA in a human
keratinocyte cell line resulted in stimulation of cell growth (29).

PTHrP has previously been shown to exhibit TGF-ÃŸ-likeproperties,
in that purified native PTHrP and 36Tyr-PTHrP[l-36] amide induced

epidermal growth factor-dependent transformation of NRK49F cells
in soft agar (30). In contrast PTHrP[l-34] and 4()Tyr-PTHrP[l-40]

had no effect on NRK cell transformation and failed to display TGF-
ÃŸ-likeproperties in 3 different assays for TGF-ÃŸactivity (31). To
study the transforming growth factor-like properties of PTHrP and to

determine whether PTHrP may function as an autocrine growth factor,
we have used gene transfer techniques to establish stable cell lines
expressing the hPTHrP cDNA HI vitro.

MATERIALS AND METHODS

Chemicals and Reagents. Chemicals and molecular biology grade re
agents were from Sigma (St. Louis. MO) or Boehringer Mannheim Canada
Ltd. (Toronto. Ontario). Nylon membranes came from Schleicher & Scheull
(Keene. NH). The PTHrP '-'I radioimmunoassay kit was a gift from Incstar
(Stillwater, MN). The cAMP I25I radioimmunoassay kit was from BTI Re

search Products (Stoughlon. MA). The epidermal growth factor was from
Collaborative Research Incorp. (Bedford MA). The transforming growth fac
tor-ÃŸwas from R&D Systems (Minneapolis. MN). Human PTHrP] 1-34] and
human PTH |l-34] were from Peninsula Laboratories. Inc. (Belmont. CA).

Cell Culture. NRK 49F and NIH 3T3 cells were purchased from American
Type Culture Collection and were grown at 37Â°Cin DMEM supplemented with

10% calf serum. RCB 2.2 cells (32) and ROS I7/2.8 cells (kindly provided by
Dr. J. E. Aubin, University of Toronto. Canada) were cultured in DMEM
supplemented with 10% fetal bovine serum.

RNA Analysis. Total cellular RNA was isolated by the guanidine isothio-

cyanate method as previously described (33). Total cellular RNA ( 10 jtg) was
separated on a I% agarose-tbrmaldehyde gel. transferred to a nylon membrane,
fixed with UV lighl. and hybridized overnight with '2P-labeled cDNA probes
(3 X 10'' cpm/ml of hybridization solution). The cDNA probes were labeled by
the random-priming technique (34) to a specific activity of 5 X 10s cpm//xg.

The conditions for prehybridization and hybridization have been described
(24). The blot was washed twice in IX SSC (IX SSC = 0.15 M sodium
chloride-0.015 M sodium citrate)-1 % sodium dodecyl sulfate at 55Â°Cfor 20

min with a final wash in 0.2x SSC-0.2% sodium dodecyl sulfate. The washed
membranes were exposed to Kodak X-Omat film at -70Â°C with intensifying

screens.
Growth Assays. Control cells and cells expressing transfected hPTHrP

were plated onto a 12-well (5 x IO4 cells/well) cell culture cluster (COSTAR.

Cambridge. MA) in DMEM supplemented with 10% calf serum. After com
pletely attaching to the plates, cells were washed with phosphate-buffered
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saline and cultured in medium supplemented with 0.5% serum (replaced daily)
for 3 days. Cells were harvested at 24-h intervals by trypsinizing cells and
counted by an electronic Coulter Counter (model Zt~). Each experiment was

carried out 3 times, with 3 wells per time. Statistical significance was calcu
lated with the unpaired Student's i test.

Radioimmunoassay for PTHrP. Cells were grown in triplicate (10-cm

culture dishes) in DMEM plus 10% calf serum until they were 90% confluent
and then incubated with DMEM plus 0.1% calf serum media for 24 h. The
conditioned medium was collected and extracted through C1K Sep-Pak car

tridges (Waters, division of Millipore, Midford. MA). Eluates were dried and
reconstituted in zero standard assay buffer from the Incstar PTHrP 125Iradio-

immunoassay kit. Assays were carried out in duplicate, with two dilutions per

sample analyzed in each assay.
cAMP Assay. Adenylate cyclase stimulating activity (ACSA) was assayed

indirectly by assessing stimulation of cAMP formation by conditioned medium
in cultures of ROS 17/2.8 rat osteosarcoma cells. The intracellular and secreted
cAMP was determined by radioimmunoassay. ROS 17/2.8 cells were plated
onto 12-well tissue culture clusters and incubated in DMEM plus 10% fetal

bovine serum. At confluence, the medium was removed, and the cells were
washed once with phosphate-buffered saline and preincubated for 5 min at
37Â°Cin fresh DMEM supplemented with 0.5% fetal bovine serum and 5 X
IO"4 M isobutyhnethylanthine. The preincubation medium was then replaced

with fresh incubation medium with or without aliquots of dried Sep-Pak eluates
of conditioned medium from wild-type or PTHrP-transfected cell lines. After
incubation for 10 min at 37Â°C.the reaction was terminated by addition of an

equal volume of ice-cold ethanol. The cells and media in ethanol were scraped
into tubes, frozen and thawed three times, and centrifuged at 10.000 rpm at 4Â°C

for 5 min. cAMP levels were determined using two dilutions of each sample
(3 wells per experimental observation) by radioimmunoassay (BTI). Similar
procedures were followed for the analysis of cAMP levels following incuba
tion with synthetic PTH/PTHrP for NIH 3T3. NRK 49F. and RCB 2.2 cells.
The cAMP values were normalized to the protein content of each well
(Bio-Rad assay).

NRK 49F Transformation Assay. Anchorage-independent growth was as
sayed as previously described (30. 31). Twelve-well dishes were filled with

2 ml of DMEM containing 10% calf serum and 0.5% noble agar (Difco) and
allowed to solidify. A single-cell suspension was prepared, and 40 (Â¿1of a 6 X

lOVml of cell suspension was mixed with 360 Â¡Ãºof plating agar (DMEM
containing 10% calf serum and 0.33% noble agar) with or without test pep-
tides. Test peptides included I nsi EGF. 50 PMTGF-ÃŸ.or 1-10 nsi PTHrP[l-
34] or PTH[I-34). The final suspension (300 Â¡u)was pipetted over the solid
agar base, and the cultures were incubated at 37Â°Cfor 14 days. Transformation

(large-colony formation) was assessed in unfixed and unstained cultures by

light microscopy. Single cells and colonies were counted in 4 random micro
scopic fields per culture well (3 culture wells per individual cell line and
treatment). Colonies were categorized as small (<IOO firn in diameter) or large
(>100 /^m). A minimum of 100 observations (individual cells or colonies) were
made in each microscopic field.

Transfection of PTHrP Expression Vector. The human PTHrP cDN A was
obtained from Dr. W. I. Wood (Genentech. Inc.. South San Francisco. CA). The
PTHrP-coding region (encoding the 181-amino acid sequence from the clone

described in Ret. 12) was subcloned into a mammalian expression vector
pSRINeo (35). The calcium phosphate precipitation method was used for cell
transfection. and 2 days after transfection. 1 mg/ml of G418-containing me
dium was added to select transfected cells for G418 resistance. Single-cell

clones were isolated by dilution cloning.

RESULTS

To study the growth factor-like properties of PTHrP in different

cells, rather than limiting our experiments to the addition of synthetic
forms of PTHrP to the medium (28), we transfected NRK 49F fibro-

blasts, NIH 3T3 fibroblasts, and RCB 2.2 osteoblasts with a hPTHrP
expression vector. G418-resistant clones were expanded, and RNA

was isolated from transfected clones for analysis of PTHrP mRNA
transcripts. G418-resistant cell lines transfected with the vector
pSRlneo alone were also analyzed, and none of the G418-resistant

clones contained readily detectable PTHrP mRNA transcripts (Fig. 1
and data not shown). In contrast, PTHrP mRNA transcripts were
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Fig. I. Northern blot analysis of PTHrP expression in transfected cell lines. Cell lines
were transfected with a PTHrP expression vector, and clones were selected for G418
resistance and expanded in culture. Total cellular RNA ( IO Â¿ig)was loaded in each lane.
G4l8-resistam clones transfected with the hPTHrP plasmid are designated lanes 1-7 for
RCB 2.2 and NIH 3T3 and lanes I-X for NRK 4UF cells: lane N. a G4l8-resistant clone

transfected with the pSRlneo expression vector alone. Lane P. PTHrP mRNA transcripts:
.4. actin mRNA transcripts. The blots were exposed for 12-24 h.

easily detectable in various G418-resistant clones following transfec

tion with the PTHrP expression vector (Fig. 1).
To determine whether the hPTHrP mRNA transcripts detected in the

transfected cell lines were translated into immunoreactive hPTHrP. we
utilized a human N-terminal hPTHrP assay for the analysis of hPTHrP
secretion into the medium of wild-type and PTHrP-transfected clones.

The results of the radioimmunoassay are shown in Fig. 2. No immu
noreactive hPTHrP was detectable in conditioned medium from wild-

type NIH 3T3 fibroblasts or RCB 2.2 cells in repeated determinations.
In contrast, conditioned medium from wild-type NRK 49F cells con

sistently contained small amounts of immunoreactive PTHrP. The
transfected clones expressing hPTHrP mRNA transcripts secreted sub
stantial amounts of immunoreactive hPTHrP (Fig. 2).

The demonstration that the transfected clones contained immunore
active hPTHrP did not necessarily indicate that the immunoreactive
PTHrP was bioactive. To assess the adenylate cyclase-stimulating
activity present in the conditioned medium from wild-type and trans

fected cells, aliquots of the conditioned medium were incubated with
ROS 17/2.8 cells, and the levels of cAMP generated were determined
by radioimmunoassay (Fig. 2). For each cell line (and clone) studied,
increased immunoreactive hPTHrP (as determined by radioimmu
noassay) was also associated with a marked increase in ACSA as
measured by the accumulation of cAMP. A somewhat variable rela
tionship between immunoreactive PTHrP and cAMP stimulation was
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Fig. 2. Radioiminunoassay of inmiunoreaetive PTHrP (iPTHrP) in. and cAMP forma
tion hy. conditioned medium from different cell lines. Conditioned medium was collected
for 24 h from different cell lines, and levels of immunoreactive PTHrP were determined
hy radioimmunoassay. The results are expressed as pinol PTHrP//ig protein/24 h. mean Â±
SEM. Conditioned medium (24-h collection) was incubated with ROS I7/2.8 cells, and

the tulal level of cAMP generated was determined by radioimmunoassay. cAMP results
are expressed as pmol cAMP/mg Ros cell protein, mean Â±SEM. WT. wild type.

detected. For example, although the 2 transfected NIH clones secreted
similar amounts of immunoreactive PTHrP. conditioned medium from
clone 7 contained twice the amount of ACSA in the ROS cell assay
(Fig. 2). The explanation for this difference is not known but may
possibly be attributable to clone to clone variability in the posttrans-

lational processing of PTHrP. resulting in the secretion of immunore
active PTHrP fragments with different bioactivities. A variable corre
lation between PTHrP immunoreactivity and bioactivity as assessed
by the cAMP stimulation assay has been reported (29).

The results of previous experiments have yielded contrasting results
regarding the transforming growth factor ÃŸ-likeproperties of PTHrP

(30, 31). Molecular forms of PTHrP containing structural modifica
tions at the amino terminus displayed variable potencies in assays for
transforming growth factor ÃŸ-likeactivity (30. 31). The TGF-ÃŸ-like
properties of the PTHrP-transfected NRK 49F clones were studied by
analyzing the growth of hPTHrP-transfected (and wild type) NRK 49F

cells in soft agar, with and without the addition of EGF. EGF alone
consistently produced small-colony (<!()() /j.m) formation in wild-
type and PTHrP-transfected NRK 49F cells (Fig. 3/4). In contrast,
TGF-ÃŸalone did not result in significant small-colony formation (only

2 small colonies per 100 observations). All of the NRK 49F clones
(Fig. 1) that expressed high levels of hPTHrP mRNA transcripts were
tested in the soft agar assay, and none of the clones formed large
colonies in soft agar in the presence of EGF. In contrast, the simul
taneous addition of EGF und TGF-ÃŸresulted in large-colony forma
tion in both wild-type and PTHrP-transfected clones (representative

examples shown in Fig. 3/4). Furthermore, incubation of NRK 49F
cells with EGF and either hPTH| 1-34] or hPTHrP[ 1-34] did not result
in large-colony formation in soft agar (Fig. 3/1).

To determine whether other cell types displayed a transformed
phenotype as a consequence of hPTHrP production. NIH 3T3 and
RGB 2.2 cells expressing transtected PTHrP were also analyzed in the
soft agar assay, with and without the addition of EGF and TGF-ÃŸ.
None of the PTHrP-transfected or wild-type NIH 3T3 and RGB 2.2

cells formed large colonies in soft agar alone, with or without the
addition of exogenous growth factors (EGF and TGF-ÃŸ).In contrast,

NIH 3T3 and RGB 2.2 cells stably transtected with the rax oncogene
did form large colonies in soft agar (Fig. 35).

The results of previous studies have shown that inhibition of PTHrP
gene expression alters the program of cellular growth in vitro (29), and
synthetic fragments of PTHrP added to different cells variably mod
ified the rate of cell growth in vitro (27, 28). Accordingly, we analyzed
the growth rate of wild-type and PTHrP-transfected NRK 49F fibro-

blasts, NIH 3T3 fibroblasts and RGB 2.2 bone cells. The total cell
number was assessed under basal growth conditions 24, 48. and 72 h
after plating. No significant differences in cell growth were observed
in the analysis of wild-type and hPTHrP-transfected NIH 3T3 and
NRK cell lines (Fig. 4). In contrast, hPTHrP-transfected RGB cells

consistently demonstrated a reduction in growth rate, and this differ
ence was detectable at 24. 48, and 72 h. To determine whether the
observed effects on cell growth could be reproduced by the addition
of exogenous hPTHrP[l-34], we incubated wild-type NIH 3T3, NRK
49F. and RGB 2.2 cell lines with different concentrations of hPTHrP-
11-34] for 24 h (Fig. 4). NIH3T3 and NRK 49F cells did not exhibit

altered cell growth following incubation with 0.5 to 10.0 nMhPTHrP.
In contrast. hPTHrP inhibited the growth of RGB 2.2 cells, in good
agreement with the results observed from analysis of the transfected
cell lines. This inhibition of cell growth was demonstrable at 1.0 nM
hPTHrP and was even more marked at 10 nM hPTHrP (Fig. 4).

PTH and PTHrP have previously been shown to modify cell growth
via a cAMP-dependent pathway (36). To examine the possibility that
the PTHrP-mediated inhibition of cell growth observed here was

mediated through elevation of intracellular cAMP. we incubated dif
ferent cell lines with synthetic PTH| 1-34] and PTHrP|I-34], follow

ing which the levels of cAMP were determined by radioimmunoassay.
Both PTH and PTHrP markedly stimulated cAMP accumulation in a
dose-dependent manner in the control ROS I7/2.8 cell line (Fig. 5).
No dose-dependent increases in cAMP accumulation were observed

following exposure of NIH 3T3 or NRK 49F cells to varying con
centrations of PTH or PTHrP (Fig. 5). In contrast, both PTH and
PTHrP stimulated cAMP accumulation in RGB 2.2 osteoblasts. in a
dose-dependent fashion. The results of these experiments suggested

that PTHrP may exert its effects on RGB 2.2 cell growth via a
cAMP-dependent pathway. To examine this possibility, wild-type

RGB 2.2 cells were plated in the presence of vehicle alone or various
concentrations of dibutyryl cyclic AMP for 72 h. The results of this
experiment (Fig. 6) demonstrated that increasing concentrations of
dibutyryl cAMP clearly inhibited the growth of RGB 2.2 cells in vitro.

DISCUSSION

PTHrP purified from a human breast carcinoma was reported to
exhibit TGF-ÃŸ-like properties, resulting in the stimulation of NRK

49F cell transformation and an increase in fibronectin biosynthesis by
dermal fibroblasts (30). The same investigators also reported that
synthetic 'Tyr-PTHrP[l-36)amide but not hPTH(l-34] induced

transformation in NRK 49F cells. The rate of cell transformation was
more rapid with platelet-derived TGF-ÃŸ,with large-colony formation

detected by day 6 of culture, whereas synthetic PTHrP showed a
progressive induction of large-colony formation over 13 days of cul-
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EGF TGFB EGF/TGFB

Fig. 3. A. effect of PTHrP on cell transforma
tion. Wild-type NRK 49F (NRK-wt) or NRK cells
transfected with a hPTHrP expression vector
(NRK-PTHrP) were plated in soft agar in triplicate
wells for 14 days, either without additions (C) or
with I PMof EOF alone, 50 p,wof TGF-ÃŸalone, or
with both I nM EGF and 50 pw TGF-ÃŸ.Represen
tative results from 4 separate experiments are
shown. A minimum of 100 observations (counted
as either single cells, small colonies, or large col
onies) were made in 4 different low-power fields

for each plate, and Ihe % colonies (colonies/
colonies + single cells), as well as the relative
number of small and large colonies, is shown below
each experimental condition. Identical results were
obtained with different PTHrP-expressing clones,
and the data shown for NRK-PTHrP are from clone
K from Fig. I. The ^ colony formation for wild-
type NRK cells treated with either 10 nM PTH|1-
34] or 10 RM PTHrP|l-34] for 14 days is shown
below. B. growth of PTHrP-transfected or ras-
transfected N1H 3T3 and RGB 2.2 cell lines in soft
agar. Cells were plated and grown as in A. PTHrP-
transfected cells were incubated with I n\i EGF.
NRK cells treated with EGF and TGF-ÃŸwere al
ways seeded as a positive control for the efficacy of
growth factor-induced transformation in soft agar.
Identical results (no large-colony formation) were
obtained with NIH-PTHrP clones 6 and 7. as well
as with RGB 2.2-PTHrP clones I and 3. NIH-ra.v
and RCB-rÂ«.s represent rcw-transfected clones

seeded in soft agar as a positive control for the
large-colony formation assay.

NRK-wt

â€¢¿�I
%Cotonies: smalhlarge 15:100:0 35:100:0 2:100:0 13:73:27

NRK-PTHrP

%Colonies:small:large 13:100:0 29:97:3 2:100:0 15:73:27

NRK-wt
EGF/PTHrP EGF/PTH

%Colomes:smal!:large 24:100:0 21:100:0

B
PTHrP-transfected Ras-transfected

+EGF

NIH 3T3

RGB 2.2

ture (30). In contrast, two different synthetic forms of hPTHrP,
PTHrP[l-34] and [4"Tyr]PTHrP[l-40], had no effect on fibronectin

biosynthesis, stimulation of NRK 49F large-colony formation, or in

hibition of colony formation by A549 human lung carcinoma cells
(31). One potential explanation for these contrasting observations is
that the precise molecular form(s) of hPTHrP used in these assays may
be crucial for the demonstration of TGF-ÃŸ-like activity in different

experiments.
To overcome the limitations of using synthetic forms of PTHrP in

experiments designed to test the growth factor-like properties of

PTHrP, we generated a number of stable cell lines that expressed a
transfected hPTHrP gene. We postulated that posttranslational pro
cessing of PTHrP by different cell lines may generate different mo
lecular forms of PTHrP that display bioactivity in vitro. In the course
of characterizing these transfected cell lines, we observed that wild-
type nontransfected NRK 49F cells secrete small amounts of immu-
noreactive PTHrP, and conditioned medium from wild-type NRK 49F

cells exhibits ACSA. suggesting that these cells are capable of pro
cessing endogenously produced PTHrP to generate biologically active
peptides. However, addition of EGF alone to the wild-type NRK 49F

cells used in our experiments was not sufficient for the induction of
large-colony formation, perhaps due to the low concentrations of
PTHrP present in the NRK 49F-conditioned media. It is possible that

the different results reported in the literature to date with the NRK 49F
transformation assay may reflect, in part, the utilization of different

batches of wild-type NRK 49F cells with varying amounts of endog

enous PTHrP production, and this should be taken into consideration
for future studies.

The introduction of the hPTHrP cDNA into NRK 49F cells resulted
in the isolation of NRK 49F clones that secreted large amounts of
hPTHrP bioactivity in vitro. Nevertheless, we did not observe large-
colony formation in our hPTHrP-expressing NRK 49F clones follow

ing the addition of EGF to the cell cultures. One explanation for these
negative results is that hPTHrP may not be processed appropriately to
produce fragments with TGF-ÃŸ-like properties in NRK 49F cells.

Alternatively, the increased levels of hPTHrP produced in and se
creted by transfected NRK 49F clones may not be sufficient for the
generation of TGF-ÃŸactivity as assessed by the NRK 49F transfor

mation assay in vitro.
Recent analyses of the posttranslational processing of PTHrP sug

gest that the pattern of processing is complex, with multiple peptides
liberated from the PTHrP precursor. SKRC-1 human renal carcinoma

cells and rat islet cells transfected with a human PTHrP cDNA con
tained 3 distinct amino-terminal species of PTHrP immunoreactivity.

as well as a novel midregion fragment (37). Different molecular forms
of PTHrP may also undergo posttranslational modification, because an
O-glycosylated amino-terminal form of PTHrP has been identified in

conditioned medium from human skin keratinocytes (38). Further
more, evidence from different biological studies suggests that PTHrP
encodes 3 distinct functional domains (amino-terminal, midregion.
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Fig. 4. Effect of PTHrP on cell growth rate in NIH 3T3. NRK W. and RCB 2.2 cell lines transfected with the hPTHrP expression vector and wild-type (WT) cell lines incuhaied
with different concentrations of PTHrPI 1-34] for 24 h. The growth rates of the two transtected clones containing the largest amounts of PTHrP niRNA transcripts Â¡ireshown along
wiih the growth rate of the wild-type nontransfecled cells. Cell numbers (mean Â±SEM) were counted in triplicate and were plotted against time in culture (days). No differences were
observed between the growth rate of wild-type cells and cells expressing the pSRInco expression plasmid alone (data not shown). Increasing concentrations of PTHrPI 1-34] were added
to cultures of wild-type RCB 2.2. NIH.3T3. and NRK 4Â°Fcells for 24 h, and the 'i< change in cell growth was plotted against the |PTHrP|. Poim (bun. mean ( Â±SEM) of triplicate
wells. The difference in growth rale between wild-type RCB and RCB-PTHrP clones was statistically significant at all times studied at P < ().(X)2.
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Fig. 5. Effect of PTH and PTHrP on cAMP accumulation in different cell lines. Cells
uere plated as described in "Materials and Methods," grown to confluence, washed twice

with phosphate-buffered saline, and incubated with 0.5 ml reaction medium (DMEM
supplemented with 0.5ri fetal bovine serum-0.5 m\i isohutylmethylanthine) for 5 min al
37CC. The medium was removed and replaced with fresh reaction medium containing

different concentrations of synthetic PTH or PTHrP. and cells were incubated at 37 C for
II) min. The levels ot'cAMP were determined by radioimmunoassay and are expressed as

pmol cAMP/mg cell protein, means Â±SEM. The values for cAMP (onlinntt'i on the the
right of the dolled line represent cAMP levels in ROS 17/2.S cells only.

and carboxy-terminal) that display differential activities in various
bioassays (39). Taken together, these observations predict that cell-

specific posttranslational processing may increase the potential bio
logical complexity of PTHrP produced by different cell types.

A number of previous studies have demonstrated that cell growth
may be modified via interactions through the PTH/PTHrP receptor.

PTH[ I-341 has been shown to exhibit mitogenic effects on embryonic

chick and rabbit fibroblasts (40). Neutralization of PTHrP using a
polyclonal antiserum raised against PTHrP[l-34] resulted in inhibi

tion of the growth of a human renal carcinoma cell line in vitro (27),
suggesting that PTHrP may function as a positive regulator of cell
growth in vitro. In contrast, PTHrP|l-34] suppressed DNA synthesis
in lectin-stimulated lymphocytes (28), raising the possibility that

PTHrP may also act as a negative regulator of cell growth. The results
of our studies demonstrated that PTHrP produced by transtected NIH
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Fig. 6. Effect of dibutyryl cyclic AMP on RCB 2.2 cell growth. Wild-type RCB 2.2
cells (5 X Kr1 cells) were plated in DMEM supplemented with l()r/r fetal boxine serum
and then switched to DMEM plus 0.5'} fetal bovine serum supplemented with different

concentrations of dibutyryl cAMP (DB cAMP). Cells were grown for a total of 72 h. and
the medium (plus dihulyryl cAMPt was replaced every 24 h. After 72 h. the cells were
harvested, cell viability was assessed by trypan blue exclusion, and cells were counted in
a Coulter Counter. The dala are expressed as cell numbers, means Â±SEM. The experi
ments were carried oui in triplicate on at least two different occasions.
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16.

17.

20.

3T3 or NRK 49F cells had no effect on the growth of these cell lines.
In contrast. RGB 2.2 clones that expressed hPTHrP consistently dem
onstrated a reduced growth rate, and this reduction in growth rate was
also observed following exposure of the wild-type cells to synthetic

PTHrP. Our experiments clearly demonstrated that a cyclic AMP
analogue was also capable of suppressing RGB 2.2 cell growth, rais
ing the possibility that PTHrP may exert its effects on cell growth via
a cAMP-dependent pathway.

Additional evidence implicating PTHrP in the control of cell
growth derives from experiments demonstrating that PTHrP is ex
pressed at a very early stage in mouse embryonic development, with
immunoreactive PTHrP detected by immunocytochemistry in the pre-

implantation mouse embryo (41). Furthermore, experiments using
antisense RNA to inhibit the expression of PTHrP in a human ker-

atinocyte cell line (29) demonstrated that the absence of endogenous
PTHrP mRNA transcripts and PTHrP bioactivity was associated with
enhanced growth of the HPK1A cell line, strongly suggesting that
endogenous PTHrP has growth inhibitory effects in vitro. The results
of the experiments described here prov ide additional evidence for the
hypothesis that PTHrP may function as an autocrine growth inhibitor
in viim.

The demonstration that PTHrP inhibits bone cell growth may have
biological relevance, in that different studies have locali/ed PTHrP in
osteoblasts //; vivo. Antisera directed against hPTHrP] 1-34] detected
strong PTHrP-immunopositive osteoblasts in areas of osteoid forma

tion (42). PTHrP was also localized to areas of developing bone
formation in the limb buds and calvarÃaof human fetal tissues (43).
Both osteoblasts and chondrocytes contained PTHrP immunopositiv-
ity using antisera directed against both PTHrP] 1-34] and PTHrP] 106-

141] (43). Furthermore, conditioned media from fetal rat long bones
in culture stimulated adenylate cyclase production, and this activity
was suppressed after preincubation with an antiserum directed against
the amino-terminal sequences of PTHrP (44). Taken together, these

experiments support a role for the local production of PTHrP by bone
cells in vivo.
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