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Abstract

A number of factors have been proposed as potential mediators
of the syndrome of humoral hypercalcemia of malignancy
(HHM), but to date no firm cause-and-effect relationship has
been established. Weattempted to establish such a relation-
ship by determining whether the presence or absence of ade-
nylate cyclase-stimulating activity (ACSA) in the media of
cultured tumor cells predicted the occurrence of the syndrome
of HHMwhen these cell lines were grown in nude mice in vivo.

Conditioned media from 35 human renal carcinoma cell
lines were surveyed for ACSAin the PTH-sensitive rat osteo-
sarcoma 17/2.8 cell assay. 12 lines were positive (mean, 13.7-
fold stimulation, range, 3.0 to 44.0), and 23 lines were negative
(mean, 1.2-fold stimulation, range, 0.9 to 1.5). Wewere suc-
cessful in establishing five of the positive and six of the nega-
tive lines in three to five nude mice per line. Mice implanted
with the positive lines uniformly became hypercalcemic (mean
serum calcium, 15.8 mg/dl), whereas mice implanted with the
negative lines uniformly remained normocalcemic (mean serum
calcium, 9.5 mg/dl), in spite of comparable mean tumor size.
Acid-urea tumor extracts from each of four hypercalcemic ani-
mals contained potent in vitro ACSA(mean, 15.9-fold stimula-
tion), while 5/5 extracts from normocalcemic animals did not
(mean, 1.4-fold stimulation).

Our study demonstrates that in this model system in vitro
ACSA is a reliable predictive marker for HHMin vivo.
Whether the protein responsible for this activity is also the
mediator of the bone resorption seen in HHMremains to be
demonstrated.

Introduction

The mechanisms mediating humoral hypercalcemia of malig-
nancy (HHM)1 have not been clearly defined. It appears that
PTH itself does not account for most cases of HHM(1), but
that the responsible factor is an as yet unidentified protein
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which causes hypercalcemia in vivo by stimulation of osteo-
clastic bone resorption (2) and possibly by increasing renal
tubular calcium reabsorption (3, 4). Although the nature of
this humoral factor(s) remains unknown, three potential medi-
ators have been proposed. These include PTH-like peptides
(5), transforming growth factor-like molecules (6, 7), and
bone-resorbing proteins distinct from either of these two
classes of proteins (8).

Since the relationship between PTH-like activity in vitro
and hypercalcemia in vivo is unresolved, we attempted to ex-
amine this relationship by determining whether the presence
or absence of adenylate cyclase-stimulating activity (ACSA) in
conditioned media from cultured human renal tumor cells
detected in vitro predicted the occurrence of hypercalcemia
when these same lines were grown in nude mice. We also
examined whether the presence of ACSAin extracts of tumors
grown in the mice correlated with the development of hyper-
calcemia in vivo.

Methods

Cell lines. 35 human renal cell carcinoma lines from surgical tissue
were established in culture between 1974 and 1982, as previously de-
scribed (9, 10). Cells were grown in Eagle's MEMsupplemented with
7.5% heat-inactivated fetal bovine serum, 200 IU/ml penicillin, and
200 ug/ml streptomycin. Cell lines were maintained at 370C in a
humidified atmosphere of 5% C02/95% air. Unconcentrated media
conditioned for 48 h by confluent cultures were used to assay for the
presence of ACSA.

Tumor production in nude mice. 4-6-wk-old outbred CR:NIH(S)
nu/nu mice were obtained from the National Institutes of Health,
Bethesda, MD. Except where indicated, mice were given water ad lib.
and standard rodent chow (autoclavable rodent laboratory chow 5010;
Ralston-Purina Co., St. Louis, MO)containing 1.0% calcium and 0.6%
phosphorus. Before inoculation, adherent cells were removed from
tissue culture flasks using a solution containing 0.5 g/liter trypsin and
0.2 g/liter EDTA(Gibco, Grand Island, NY) followed by mechanical
scraping. Each mouse received a subcutaneous injection of 0.2 ml of
culture medium containing 106 tumor cells. Each cell line was initially
inoculated into two mice.

In those mice in which tumors were established, tumor diameters
were measured and blood was obtained from the retro-orbital plexus at
24-wk intervals. Tumor size was calculated as length times width.
Serum calcium was measured by atomic absorption spectrophotome-
try (11). Animals carrying hypercalcemia-associated tumors were
killed when they became symptomatic due to hypercalcemia. Mice
carrying nonhypercalcemia-associated tumors were killed when tumor
size was at least 2 cm2. At the time of the killing, all tumors were
resected and stored at -70'C.

Preparation of tumor extracts. Acid-urea extracts of tumor tissue
were prepared as previously described (12). Briefly, frozen tumor tissue
was homogenized in 0.1 MTris, pH 7.4, followed by centrifugation at
15,000 g. The pellet was extracted with 8 Murea, 0.2 N hydrochloric
acid, 0.1 Mcysteine, and recentrifuged. The supernatant was dialyzed
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against distilled water and stored frozen before assay. In each case, 100
gl of unconcentrated tumor extract was assayed per well. Protein
added per well ranged from 0.69 to 1.09 mg.

Detection system for PTH-like ACSA. The detection system for
ACSAin conditioned medium and crude tumor extracts was the rat
osteosarcoma (ROS) cell assay (ROS assay), which employs a PTH-
sensitive clonal ROSline (17/2.8) and measures the accumulation of
3H cAMPin response to binding to PTHreceptors (1 3). The detection
limit of the assay is 5 X 10" M(1-34) bovine PTH (bPTH). In each
case, 100 jul of unconcentrated conditioned medium was assayed per
well. Conditioned medium from selected lines (see text) which stimu-
lated the ROSassay were also assayed in the presence of the synthetic
competitive PTH antagonist Me8"8, Tyre bPTH(3-34) amide (Pen-
insular Laboratories, Inc., Belmont, CA).

Clinical data on patients of origin. Of those five lines which stimu-
lated the ROSassay and which caused hypercalcemia when grown in
nude mice, clinical data were available on three of the patients of
origin. Two of these patients displayed severe hypercalcemia, and the
third was marginally hypercalcemic. Of the six lines which neither
stimulated the ROSassay nor caused hypercalcemia in nude mice,
clinical data available on five of the patients of origin indicated that
four were normocalcemic and one was slightly hypercalcemic, but
suffered from extensive bone metastases.

Necropsy. One tumor-bearing mouse per line was necropsied. Mul-
tiple sections of the following bones were examined histologically for
metastases: vertebral column, sternum, pelvis, humerus, radius,
femur, and tibia. Mice with no histologic evidence of tumor in these
sites were considered to be free from metastases.

Statistical analyses. Unless otherwise stated, results are expressed
as mean±standard deviation. Student's t test for unpaired observations
was used for all statistical analyses.

Results

ACSA of conditioned media. When unconcentrated condi-
tioned media from 35 renal cell carcinoma lines were surveyed
for ACSA, 12 lines (34%) were positive (mean fold stimulation,
13.7, range, 3.0 to 46.0) and 23 lines (66%) were negative
(mean fold stimulation, 1.2, range, 0.9 to 1.5) (Fig. 1). One
positive ("ROS positive") and seven negative ("ROS nega-
tive") lines were assayed on two occasions, and five "ROS
positive" and two "ROS negative" were assayed on multiple
occasions. These results were found to be entirely reproducible
over the course of two years, indicating no crossover between
positive and negative lines.
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To examine whether ACSAwas due to specific interaction
with the PTH receptor, conditioned media from those lines
that were positive in the ROSassay and were subsequently
established in nude mice were assayed in the presence of
Me8"8, Tyr34 bPTH-(3-34) amide. In all cases, activity was
inhibited at an antagonist concentration of 10-6 M(mean fold
stimulation before inhibition, 11.6, range, 3.2 to 22.2; after
inhibition, 2.2, range, 1.9 to 2.5). The dose-response curves of
ACSAfor three of those lines were examined, and closely par-
alleled that of synthetic bPTH-( 1-34) (Fig. 2).

Tumor growth in mice. Weattempted to grow a total of 18
lines in mice, 8 of these being ROSpositive and 10 ROS
negative. Wewere successful in establishing five ROS-positive
and six ROS-negative lines in a total of three to five mice per
line, with the exception of one positive line that was lost
through contamination after being established in one mouse.
The mean ROSactivity of the positive lines established in
mice was 8.7-fold stimulation over basal (range, 3.0 to 22.0),
and of the negative lines, 1.2-fold (range, 1.0 to 1.5) (Table I).
These values were not significantly different from the mean
ROSactivities of the entire collection of positive and negative
lines (P > 0.25).

Although there was variation in growth rate among ROS-
positive lines and among ROS-negative lines, there appeared
to be no overall difference in growth rate between the group of
positive lines and the group of negative lines (data not shown).
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Figure 1. In vitro ACSAin unconcentrated conditioned medium
from 35 renal cell carcinoma lines. Results are expressed as fold
stimulation over basal and are displayed on a log scale.
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Figure 2. ACSAof synthetic bPTH-(1-34) and conditioned media
from three ROS-positive lines. ACSAis expressed as fold stimulation
over basal and is the mean of two determinations. At maximum con-
centrations assayed, protein added per well was 0.61 mg for SK-RCI,
0.68 mg for SK-RC 10, and 0.52 mg for SK-RC52.
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Table L In vitro ACSA in Conditioned Media from Cultured HumanRenal Carcinoma Cell Lines Successfully Established in Nude
Mice, and Serum Calcium Levels in Animals Bearing the SameLines

Mean ROSactivity
Number of (fold stimulation Number of Mean serum

ROSassay category cell lines over basal) animals Mean tumor size calcium

cm2 mg/dl

Positive 5 8.7 16 4.6±1.8 15.8±2.1
Negative 6 1.2 27 5.3±2.3 9.5±1.1
p <0.05 NS <0.001

Measurement of serum calcium and tumor size revealed
that the mice implanted with ROS-positive cell lines uni-
formly became hypercalcemic when tumor size reached 2 cm2,
and the mice became increasingly hypercalcemic as tumors
increased in size (Fig. 3). By contrast, ROS-negative lines
failed to cause hypercalcemia in mice at any point during
tumor growth. At time of killing, the mice bearing ROS-posi-
tive tumors were significantly hypercalcemic (mean serum cal-
cium, 15.8 mg/dl) compared with those bearing ROS-negative
tumors (mean serum calcium, 9.5 mg/dl) in spite of compara-
ble mean tumor size (Table I).

To examine in more detail the mechanism of the hypercal-
cemia, and to exclude metasatic bone destruction, one tumor-
bearing mouse per line was submitted for necropsy. There was
no evidence of skeletal or visceral metastases.

To exclude intestinal hyperabsorption as the cause of hy-
percalcemia, three hypercalcemic mice carrying tumors from
three different ROS-positive tumors were fed a calcium-defi-
cient diet containing 0.02% calcium and 0.4% phosphorus for
14 d. In each case, despite dietary calcium restriction, serum
calcium levels increased with tumor growth (mean serum cal-
cium before calcium deficient diet, 14.5 mg/dl, after calcium-
deficient diet, 17.0 mg/dl).

ACSA in tumor extracts. Acid-urea tumor extracts from
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Figure 3. Relationship of serum calcium and tumor size in nude
mice bearing four ROS-positive and six ROS-negative cell lines.
Mean serum calcium levels of two to five mice per line are shown.
The normal range for serum calcium (mean±2 SD, n = 9) is shaded.
Line designations for ROS-positive lines were SK-RC 1, 10, 15, 38,
and 52, and for ROS-negative lines SK-RC 17, 18, 29, 31, 42, and 49.

four hypercalcemic mice bearing four different ROS-positive
lines and five nonhypercalcemic mice carrying five different
ROS-negative lines were assayed for ACSA. All tumor extracts
from hypercalcemic animals contained moderate to marked
ACSA (mean fold stimulation, 15.9, range, 4.6 to 13.2),
whereas extracts from nonhypercalcemic mice were devoid of
activity (mean fold stimulation, 1.4, range, 1.2 to 1.6).

Discussion

The role of PTH-like adenylate cyclase-stimulating proteins in
the pathogenesis of HHMis unclear, and results of studies
attempting to clarify this relationship have been conflicting. In
one study (14), two tumors with no PTH-like activity in vitro
caused hypercalcemia when grown in animals, whereas one
tumor with substantial PTH-like activity in vitro failed to
cause hypercalcemia in nude mice, suggesting that there is no
cause-and-effect relationship between the PTH-like factor and
hypercalcemia. By contrast, in another recent study (5), 18 of
20 tumor extracts from patients with HHMdisplayed PTH-
like activity in vitro, whereas only 4 of 27 control tumors
contained detectable activity, suggesting that the PTH-like ac-
tivity in these tumors is strongly correlated with the hypercal-
cemia seen in the patients of origin.

In our study, conditioned medium from 12 of 35 renal cell
carcinoma lines surveyed reproducibly stimulated the PTH-
sensitive ROSassay. This activity exhibited a dose-response
curve which closely paralleled that of PTHand was completely
inhibited by the competitive PTH inhibitor Nle8"8, Tyr34
bPTH-(3-34) amide, suggesting that the adenylate cyclase-
stimulating factor found in conditioned medium produces its
effect by specific interaction with PTHreceptors in vitro. The
present data suggest that this activity is closely related to the
tumor-derived factor(s) which causes hypercalcemia in vivo.
Thus, the presence of in vitro ACSAin conditioned medium
from lines that grew in nude mice uniformly predicted the
occurrence of hypercalcemia in these animals, whereas mice
implanted with lines negative for this activity remained nor-
mocalcemic, despite comparable tumor growth. In addition,
when tumor extracts from nine lines were examined for
ACSA, the presence or absence of ACSAcorrelated precisely
with the presence or absence of hypercalcemia in tumor-bear-
ing mice.

Necropsy examination of tumor-bearing mice showed no
evidence of bone metastases. This suggested that hypercalce-
mia in these animals was mediated by a tumor-derived hu-
moral factor and not by local osteolysis. In addition, failure of
a calcium-deficient diet to influence the serum calcium con-
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centration in tumor-bearing animals suggested hypercalcemia
was not attributable to intestinal calcium hyperabsorption.
These findings concur with those of Strewler et al., who
showed that hypercalcemia in nude mice bearing a human
renal cell carcinoma was humorally mediated and that in-
creased bone resorption was the cause of the hypercalcemia
(15, 16).

Our study demonstrates that in this model system, in vitro
ACSA is a reliable marker for HHMin vivo. Whether the
protein responsible for this activity is also the mediator of the
bone resorption seen in HHMremains to be demonstrated.
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