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Abstract

A variety of solid tumors secrete proteins that are immunoche-
mically distinct from parathyroid hormone (PTH) but activate
PTH-responsive adenylate cyclase. Such PTH-like proteins
have been proposed as mediators of the hypercalcemia and
hypophosphatemia frequently associated with malignancies.
Wepurified to apparent homogeneity a PTH-like protein with
a molecular weight of 6,000, that is produced by human renal
carcinoma cells. The amino-terminal sequence of the PTH-like
protein and that of human PTHwere found to display at least
five identities in the first 13 positions. The purified protein
bound to PTH receptors, activated adenylate cyclase in renal
plasma membranes, and stimulated cAMP formation in rat
osteosarcoma cells. The PTH-like protein reproduced two ad-
ditional effects of PTH, stimulation of bone resorption in fetal
rat limb bone cultures and inhibition of phosphate uptake in
cultured opossum kidney cells. These properties are consistent
with a role for PTH-like proteins as mediators of the syndrome
of malignancy-associated hypercalcemia.

Introduction

The possibility that malignant tumors could cause hypercalce-
mia by producing a substance resembling PTH was first sug-
gested in 1941 by Albright, based on the coexistence of hypo-
phosphatemia and hypercalcemia in a patient with renal carci-
noma (1). It was subsequently noted that radioimmunoassays
for PTH detected a cross-reacting substance in serum from
patients with malignancy complicated by hypercalcemia (2).
In most patients with squamous carcinomas or renal adeno-
carcinomas, hypercalcemia was characterized by a decreased
renal phosphate threshold and by increased urinary excretion
of nephrogenous cAMP, the PTH-dependent component of
urinary cAMP(3).
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Recently, squamous and renal carcinomas have been
shown to secrete proteins that, like PTH, activate adenylate
cyclase in bone and kidney, yet are immunochemically dis-
tinct from PTH (4, 5). These proteins may also reproduce
some of the physiological effects of PTH, as partially purified
preparations have bone-resorbing (6, 7) and phosphaturic ac-
tivity (8). Elaboration of PTH-like proteins by solid tumors is
strongly correlated with development of hypercalcemia (6).
These findings suggest a causative role of tumor-derived PTH-
like proteins in hypercalcemia complicating solid tumors.

The human renal carcinoma cell line 786-0 was obtained
from a hypercalcemic patient and produces hypercalcemia
when grown as xenografts in the nude mouse (4). Here we
report that a purified protein from 786-0 cultures binds to high
affinity PTH receptors in renal plasma membranes and
mimics the physiologic effects of PTH in renal cells and bone
explants. Homology between the amino-terminal sequence of
the tumor protein and human PTH may account for their
shared properties.

Methods

Purification. 4-d collections of medium containing 5 AMleupeptin and
I AMpepstatin were obtained from confluent 786-0 cells (clone KEC),
which were maintained as described (4). Conditioned medium (12-14
liter, stored at -20°C) was thawed and stirred for 2 h with 2.5 g/liter
controlled-pore glass beads (Sigma Chemical Co., St. Louis, MO).
After beads were washed with 50% ethylene glycol, activity was eluted
with 2 M tetramethylammonium chloride. The eluate was dialyzed
into 0.05 M sodium acetate, pH 6.2, and applied to a column of
Sephadex CM-25, which was eluted with a linear gradient of 0-1 M
NaCl. Active fractions (eluting at 18-25 mMho) were made 0.1% in
TFA' and applied to a 25 cm X 4.6 mmHPLCcolumn (Vydac 218
TP54; The Separations Group, Hesperia, CA); activity was eluted with
a gradient (0-95%) of N-propanol in 0.1% TFA at 0.16% min-'. Frac-
tions with activity were lyophilized and redissolved in 0. 1%TFA, then
injected onto a 2.1 cm x 4.6 mmHPLCcolumn (Vydac 218TP52. 1),
which was developed with an N-propanol gradient (0-47.5%) in 0.1%
TFA at 0.079% min-'. Active fractions were lyophilized and incubated
for 2 h at 37°C in 1% SDS, 10% glycerol, 0.0625 MTris, pH 6.8. Gel
electrophoresis was then carried out on a 9-26% polyacrylamide gra-

1. Abbreviations used in this paper: bPTH( 1-34), bovine parathyroid
hormone (1-34); Gpp(NH)p, 5'-guanylyl imidodiphosphate; OK,
opossum kidney; TFA, trifluoroacetic acid.
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dient in 0.1% SDS (9) with equine myoglobin and its cyanogen bro-
mide fragments (Diversified Biotech, Newton Center, MA) as stan-
dards. Gel slices (1 mm)were eluted into 0.01 Macetic acid containing
10% (vol/vol) Extractagel D (Pierce Chemical Co., Rockford, IL).

PTHbioassays. PTH-like bioactivity was assayed as stimulation of
cAMP formation in cultures of UMR-106 rat osteosarcoma cells (10)
or stimulation of adenylate cyclase activity in canine renal plasma
membranes (4). Results at serial dilutions were averaged, and are re-
ported as the quantity of bPTH( 1-34) required to produce an equiva-
lent response.

Receptor binding assay. Binding of '25I-labeled PTH-like protein to
the PTH receptor in canine renal plasma membranes was assayed as
described for '25I-bPTH(1-34) (1 1), except that bound and free hor-
mone were separated by microcentrifugation rather than filtration.
Whenpresent, Gpp(NH)p was incubated with the reaction mixture for
25 min at 30'C before addition of labeled peptides. The PTH-like
protein in 100 ,l of gel eluate was labeled with chloramine T (12). The
labeled protein was separated from reactants by chromatography on
Sephadex LH-20 as described (1 1), and purified by HPLCon a Vydac
218TP52.1 column, using a 0-95% gradient of N-propanol in
0.1% TFA.

Bone-resorbing activity. Bone resorbing activity was determined as
previously reported ( 13), as release of 45Ca from prelabeled 19-d fetal
rat limb bones cultured for 72 h in Dulbecco's modified Eagle's me-
dium supplemented with 15% heat-inactivated horse serum and 0.5
MMindomethacin.

Sodium-dependent phosphate uptake. Opossum kidney (OK) cells
(clone 1 G-9) were grown to confluence in 24 well plates (Costar, Hia-
leah, FL), as described (14). Cultures were transferred to 0.25 ml of
uptake medium (14) and incubated for 2 h at 370C with test agents.
Influx measurements were begun by addition of fresh uptake medium
containing 0.1 mM[32P]K2HP04 (1 MCi/well). After 3 min at 37°C,
wells were rapidly washed thrice with 3 ml of ice-cold wash solution
(14). The monolayer was solubilized in 0.1% SDSfor determination of
phosphate uptake. Sodium-independent phosphate uptake, deter-
mined by replacement of NaCl in uptake medium by 137 mMN-
methyl-D-glucamine chloride, was subtracted from total uptake to cal-
culate sodium-dependent uptake. Total and Na-independent phos-
phate uptake was linear for at least 5 min.

Sequence determination. Polyacrylamide gels (0.5 or 0.75 mm)
were preelectrophoresed for 1 h with 0.5 mMsodium thioglycolate in
the upper reservoir; during electrophoresis the upper reservoir con-
tained 0.1 mMglutathione. Gel slices were eluted into 10 mMacetic
acid. Eluates with PTH-like activity were spotted on aminopropyl-
substituted glass fiber filters, prepared as described (Applied Biosys-
tems Protein Sequencer User Bulletin 25; Applied Biosystems, Foster
City, CA), and electroeluted for 40 min at 30 V in 0.15 MN-ethyl-
morpholine, pH 8.3. Filters were soaked in polybrene (60 mg/ml) and
dried. Automated Edman degradation was performed on an Applied
Biosystems model 470A Protein Sequencer.

Results

Polypeptides with PTH-like bioactivity were purified from me-
dium conditioned by 786-0 cells. The results in Table I are
representative of three separate preparations. A 6,000-mol wt
species (estimated by SDSgel electrophoresis) had 55-80% of
the total PTH-like activity. Minor species (in descending order
of abundance) had molecular weights of - 3,400, 8,000, and
15,000 (data not shown). The small quantity of purified mate-
rial precluded precise assessment of mass and hence specific
activity. However, the purified 6,000 Dcomponent containing
2.4 ugeq of activity had 2 ,ug protein by Coomassie Blue
staining, giving an estimated specific activity of 1.2 mgeq
bPTH(1-34)/mg protein in the osteosarcoma cell bioassay.

Table I. Purification of PTH-like Protein

Specific
Step Protein Activity activity Recovery

mg ugeq ugeq/mg %

(osteosarcoma
assay)

Conditioned medium 1360 42.6 0.031 -

1. Controlled pore glass 147 30.4 0.207 71.4
2. CM-Sephadex 8.75 13.5 1.57 31.7
3-4. HPLCX2 0.11 4.6 41.4 10.8
5. SDSgel

electrophoresis
6000 D - 2.3 (0.10)* - 5.4
3400 D - 0.93 (0.06) - 2.2

* Activity in renal adenylate cyclase assay.

The potencies, relative to bPTH( 1-34), of the purified 6,000 D
and 3,400 D forms were about 20-fold lower in the renal ade-
nylate cyclase assay than in the osteosarcoma cell assay. Simi-
lar potency differences were previously found using partially
purified material (10). The 6,000 D species in gel eluates was
further characterized, as described below.

It had previously been inferred that to activate adenylate
cyclase, tumor-derived PTH-like proteins bind to the PTH
receptor (4, 5). This issue was investigated in ligand-binding
studies. Purified PTH-like protein retained bioactivity after
iodination with chloramine T (data not shown). Labeled
PTH-like protein bound to canine renal plasma membranes
competitively with PTH (Fig. 1). Similar concentrations of
unlabeled bPTH( 1-34) (EC50 = 0.1 nM) were required to in-
hibit the binding of 1251-labeled PTH-like protein and 125I1
bPTH(1-34), suggesting that both labeled peptides occupied
the same binding sites. Addition of Gpp(NH)p (0.1 mM) re-
sulted in 96% inhibition of labeled PTH binding and 72%
inhibition of binding of the labeled PTH-like protein.

The most prominent skeletal effect of PTH is activation of
bone resorption. Table II shows that the PTH-like protein also
had bone-resorbing activity. Although the experiments do not
permit a precise assignment of potency, effects of 1 nM PTH
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Figure 1. Competitive
inhibition by bPTH( 1-
34) of the binding of la-
beled PTHand labeled
PTH-like protein to ca-

a 'ooo nine renal membranes.
T -~~~~~~~~30035
800 or Added was 8300 cpm

1255I-bPTH(I-34) (.)

fSD400 \\ u200 and 6600 cpm "5I-la-beled PTH-like protein
200- ,,100 (o). Binding in the ab-

0.01 1
10 100 sence of membranes

bPTH (1-34), nM was 1.3 cpm for 1251.
bPTH(1-34) and 90.8 cpm for '25I-labeled PTH-like protein and was
subtracted. Nonspecific binding was <5% of total binding for 125I_
bPTH( 1-34) and was 25% of total binding for 125I-labeled PTH-like
protein. Results are presented as mean ± SEMof triplicate determi-
nations from one experiment. The experiment was performed three
times with similar results.
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Table II. PTH-like Protein has Bone-resorbing Activity

Addition Concentration 45Ca release P value*

nMor nMeq %

(osteosarcoma assay)
Exp. 1 None 17.6 ± 1.0

bPTH (1-34) 1.0 66.8 ± 2.8 <0.001
PTH-like protein 6.5 (0.3)t 69.0 ± 3.1 <0.001
Eluate control 22.4 ± 4.3 NS

Exp. 2 None 21.2 ± 0.6
bPTH (1-34) 0.3 50.5 ± 7.5 <0.001

1.0 70.1 ± 5.3 <0.001
3.0 87.1±3.4 <0.001

PTH-like protein 3.3 (0.15) 75.2 ± 4.9 <0.001

Eluate control bones were incubated with a gel eluate from a lane
with no sample. Values are mean±SEMof responses of four bones
per point.
* Compared with no additions by ANOVA.
t Values in parentheses are concentrations based on potency in renal
adenylate cyclase assay.

were equivalent to those of 3.3 nMeq of the PTH-like protein
(0.15 nMeq in the renal adenylate cyclase assay) suggesting
that the potency of the PTH-like protein for bone resorption is
intermediate between its potency in the other two assays.

To determine whether PTH-like protein also mimics the
effect of PTH on renal phosphate transport, their effects on
sodium-dependent phosphate uptake in OK cells were com-
pared (Fig. 2). PTH induced a concentration-dependent inhi-
bition of phosphate uptake. Preliminary experiments indi-
cated that at 3 nM PTH inhibition was maximal (data not
shown). Purified PTH-like protein also induced a concentra-
tion-dependent decrease in phosphate uptake (P < 0.05 by
one-way ANOVA). The potency of PTH-like protein with re-
spect to phosphate uptake was similar to its potency for acti-
vation of renal adenylate cyclase.

The amino-terminal sequence of PTH-like protein was de-
termined by automated Edman degradation of two prepara-
tions of the purified protein. The consensus sequence obtained
is as follows:

99 Figure 2. Inhibition of so-
C dium-dependent phosphate
o 8- uptake in OKcells by PTH-

,, QL I l like protein and PTH. Cells
M E 7 \ were incubated with bPTH(1-

cL E I - 34) (A) or PTH-like protein
_ 6' (A); cultures were adjusted to0 N an equal volume of gel eluate,
Q 05- using eluate from a gel lane
EI with no sample. The activity of

Z PTH-like protein was deter-
4, mined in the renal adenylate

0.0003 0.003 0.03 0.3 cyclase assay. The Na-indepen-
PTH equivalents, nM dent uptake of phosphate was

105 ± 24 pmol/3 min per mgprotein and was unaffected by the
PTH-like protein. Results are the means ± SEMof four wells. The
experiment was performed three times with similar results.

Cycle num-
ber 1 2 3 4 5 6 7 8 9 10 11 12 13

PTH-like
Protein Ala-Val-Ser--X-- -X--Gln-Leu-Leu--X- --X--Lys--X-- Lys

Human
PTH Ser- Val-Ser-Glu- Ile -Gln-Leu-Met-His-Asn- Leu-Gly-Lys

The yield at cycle 2 (valine) was in the range of 5 to 8 pmol for
each sequencer run. An Xdenotes an unknown assignment for
the position due to high background in the sequence analyses.
In one degradation alanine was observed at position 5 and
proline at position 9, but these assignments could not be con-
firmed in the subsequent sequence analysis. The sequence of
human PTH (15) is shown for comparison. Five amino acid
identities between the two peptides were noted in the first 13
positions.

Discussion

The predominant form of a PTH-like protein purified from
conditioned culture medium of a human renal carcinoma cell
line has a molecular weight of - 6,000 by gel electrophoresis.
Evidence for purity of this form includes the finding of a single
stained band corresponding to the peak of activity, and the
finding of a single amino-terminal peptide sequence in two
independent preparations. Insufficient quantities of the puri-
fied material were available to allow determination of mass,
but based on estimates from protein staining, the potency for
stimulation of cAMPin osteosarcoma cells is similar to that of
PTH. However, the PTH-like protein is about 20-fold less
potent (relative to PTH) in a renal adenylate cyclase assay than
in the osteosarcoma cell bioassay. The relative insensitivity of
renal adenylate cyclase to the PTH-like protein has been re-
ported previously (10). Although no evidence was found for
preferential degradation of the PTH-like protein under adenyl-
ate cyclase assay conditions (10), differential degradation of
the protein, heterogeneity of PTH receptors, and differences in
receptor-adenylate cyclase coupling remain as possible expla-
nations for this finding.

The PTH receptor identified by radioligand binding stud-
ies in canine renal plasma membranes is coupled to adenylate
cyclase (11). The present finding that a PTH-like protein
shares this site thus provides direct support for the view that
activation of renal adenylate cyclase by this protein results
from occupation of the PTH receptor. This confirms previous
inferences based upon inhibition of adenylate cyclase activa-
tion by competitive antagonists of PTH (4, 5). Further evi-
dence that the PTH-like protein, as well as PTH, binds to
adenylate cyclase-coupled receptors is provided by the inhibi-
tion of binding by Gpp(NH)p. The sensitivity of PTHbinding
to guanine nucleotides probably results from an interaction of
the PTH receptor with a guanine nucleotide binding compo-
nent of the adenylate cyclase complex (1 1).

The purified PTH-like protein, like PTH itself, produced
dose-dependent inhibition of sodium-coupled phosphate
transport in OKcells. This transporter (14) is similar to the
apical transporter in mammalian kidney, whose inhibition by
PTH produces phosphaturia via a cAMP-dependent mecha-
nism. PTH-induced inhibition of sodium-dependent phos-
phate uptake in OKcells also appears to be mediated by cAMP
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(16). It is thus likely that the PTH-like protein inhibits phos-
phate transport by activating adenylate cyclase-coupled PTH
receptors. Inhibition of renal phosphate transport in vivo by a
partially purified preparation of PTH-like factor has pre-
viously been reported (8).

The purified PTH-like protein is also a potent bone-resorb-
ing substance. The potency of conditioned medium of 786-0
cells for stimulation of bone resorption was about five-fold
greater than the potency for activation of renal adenylate cy-
clase (7). The potency of purified PTH-like protein for stimu-
lation of bone resorption is similar. Thus much of the bone-
resorbing activity secreted by 786-0 cells may be attributable to
the PTH-like protein.

The purification of PTH-like proteins from extracts of
human breast carcinoma (17) and from conditioned medium
of a human squamous lung carcinoma cell line, BEN(18), has
recently been accomplished.2 The amino-terminal sequence of
the PTH-like protein from both sources is identical to that
reported here (18, 19), with additional identities to human
PTH at three positions not identified in the present work
(4Glu, 9His, and '2Gly), for a total of eight identities in the
amino-terminal 13 residues. Alanine, identified at the amino-
terminus in the PTH-like protein, is present at that position in
bovine and rat PTH. It is likely that high-affinity binding of
PTH-like protein to the PTH receptor is attributable to its
structural similarity to PTH. The substitution of 8Leu for 8Met
probably accounts for the resistance of PTH-like protein to
inactivation under oxidizing conditions (17) (e.g., iodination
with chloramine T), as the sensitivity of PTHto oxidation has
been attributed to formation of 8-methionine sulfoxide (20).

The PTH-like proteins isolated from BENcells and breast
carcinoma have molecular weights of about 17,000-18,000.
Extracts of a human lung carcinoma contain a 7,000-9,000
molecular weight PTH-like protein with an N-terminal se-
quence identical to that of the larger form (19). This smaller
form, as well as the multiple species isolated from 786-0 me-
dium in the present study, could be proteolytic fragments of a
larger protein similar or identical to that from BENcells and
breast carcinoma. If so, the finding of bioactive 6,000 and
3,400 molecular weight forms may indicate that, as with PTH,
the biologic activity of PTH-like proteins resides in a relatively
restricted (presumably amino-terminal) domain.

Further studies are needed to establish the role, if any, for
PTH-like proteins and for bone-resorbing growth factors and
cytokines in the syndrome associated with hypercalcemia in
malignancy. However, the similarities between PTH-like pro-
teins and PTH itself, both in amino-terminal sequence and in
biological activity, raise the possibility that PTH-like proteins
could be responsible for the syndrome, including excessive
bone resorption, increased nephrogenous cAMP, and phos-
phaturia. It should now be possible to clarify the normal and
pathophysiological roles of the PTH-like proteins.
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