
Introduction
Tumors affect the skeleton by causing either metastatic
bone disease or humoral hypercalcemia of malignancy
(HHM). Recent evidence indicates that in both situa-
tions, the major mediator is the tumor peptide parathy-
roid hormone–related peptide (PTHrP). In metastatic
osteolytic bone disease without hypercalcemia, neutral-
izing antibodies to PTHrP inhibit localized osteolytic
destruction of bone in nude mice inoculated with
human breast-cancer cells that have metastasized to the
marrow cavity (1). In HHM, there is convincing evidence
that treatment with neutralizing antibodies to PTHrP
mitigates the biological effects of PTHrP and lowers
serum calcium concentrations in nude mice bearing
human squamous-cell carcinomas (2, 3).

Although hypercalcemia has been more extensively
studied, osteolytic bone metastasis is both a cata-
strophic and more common complication of human
cancers, most notably breast and lung cancer. Approx-
imately 200,000 Americans die of these cancers each
year, and the vast majority have bone metastases, which
cause considerable suffering and morbidity, including
intractable pain, pathological fracture, hypercalcemia,
and nerve compression syndromes (4, 5). A large pro-

portion of the tumor burden may be found in the
skeleton in patients with advanced disease.

Bisphosphonates, which have been approved for use
in HHM for over a decade, are now also available for
treatment of osteolysis associated with breast cancer
and have proved very successful. Treatment with these
compounds has led to a decrease by approximately
50% in skeleton-related events associated with
metastatic breast cancer (6, 7). These events include
episodes of intractable pain, the need for analgesics,
radiation therapy, the incidence of fracture, and
hypercalcemia. Bisphosphonates, however, have had
another beneficial effect — they have been associated
with a decrease in tumor burden. This effect has been
shown in both clinical studies (8) and experiments in
animals (9). The mechanism responsible has been
debated (10). Although bisphosphonates may cause
an increase in tumor-cell apoptosis in vivo (11), the
mechanism may be indirect.

In this study, we have evaluated the effects of com-
pounds that reduce the secretion of PTHrP in vivo in
animal models of tumor-associated osteolysis and
HHM. In the model of osteolysis, human breast-cancer
cells inoculated systemically seed to bone and produce
PTHrP locally, which in turn leads to osteolytic bone
lesions without hypercalcemia. In the model of HHM,
human squamous carcinoma cells inoculated subcuta-
neously cause hypercalcemia due to massive produc-
tion of PTHrP without metastasis (12). We found two
closely related analogs of guanine that inhibit secretion
of PTHrP by breast-cancer and lung-cancer cells both
in vitro and in vivo and that reduce the size and num-
ber of osteolytic bone lesions and the degree of HHM
in these two in vivo models of PTHrP excess.
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Methods
Cells. The human breast-cancer cell line MDA-MB-231
(13), The human breast-cancer cell line stably trans-
fected with the luciferase reporter gene MDA-
231F9AD/Luc (14), the human lung-cancer cell line
RWGT2 (1), and the human osteoblast-like cell line
MG63 were cultured in DMEM (Mediatech, Herndon,
Virginia, USA) containing 10% FCS (HyClone Labo-
ratories, Logan, Utah, USA), 1% penicillin/strepto-
mycin, and 1% L-glutamine (Mediatech). The mouse
osteoblast clonal cell line 2T3 (15) was cultured in 
α-MEM (Mediatech) containing 10% FCS (HyClone
Laboratories), 1% penicillin/streptomycin, and 1% 
L-glutamine (Mediatech). Cells were cultured in a
37°C atmosphere of 5% CO2 and 95% O2.

The human breast-cancer cell line MCF-7 (16) was cul-
tured in Iscove’s Modified Dulbecco’s Medium (IMDM;
Mediatech) containing 10% FCS (HyClone Laborato-
ries), 1% penicillin/streptomycin, and L-glutamine
(Mediatech). The human breast-cancer cell line ZR-75
(17) was cultured in RPMI (Mediatech) containing 10%
FCS (HyClone Laboratories), 1% penicillin/strepto-
mycin, and L-glutamine (Mediatech). All cells were cul-
tured in a 37°C atmosphere of 5% CO2 and 95% O2.

To test the effects of compounds on PTHrP secretion
by MDA-MB-231 or RWGT2 cells, 104 cells/ml were
plated onto 48-well plates (Costar, Cambridge, Massa-
chusetts, USA). When the cells were 90% confluent,
they were washed with PBS, and compounds contain-
ing 250 µl serum-free DMEM/0.1% BSA (Sigma-
Aldrich, St. Louis, Missouri, USA) were added. Com-
pounds were tested at 0, 0.001, 0.01, 0.1, 1, and 10 µM.
Conditioned media were collected after 48 hours and
stored at –70°C for measurement of PTHrP concen-
trations, and the cells in each well were counted to cor-
rect the PTHrP concentration of the conditioned
media. To prepare the MDA-MB-231 and RWGT2 cells
for right-flank intramuscular injection, cells were
trypsinized, washed twice with PBS, and resuspended
in PBS to a final concentration of 107 cells/100 µl. To
prepare the MDA-MB-231 or MDA-231F9AD/Luc cells
for injection in the left cardiac ventricle, cells were
trypsinized, washed twice with PBS, and resuspended
in PBS to a final concentration of 105 cells/100 µl.

Animals. Animal protocols were approved by the Insti-
tutional Animal Care and Use Committee at the Uni-
versity of Texas Health Science Center at San Antonio
and were conducted in accordance with the NIH Guide
for the Care and Use of Laboratory Animals. Athymic
nude mice (Harlen Industries, Houston, Texas, USA),
4–6 weeks of age, were housed in a laminar flow isola-
tor hood with a 12 hour light/l2 hour dark cycle. Water
and autoclaved mouse chow (Ralston-Purina, St. Louis,
Missouri, USA) were provided ad libitum.

Whole-blood samples for determination of blood ion-
ized-calcium concentrations were obtained by retroor-
bital puncture. Blood samples for measurement of
PTHrP concentrations were similarly obtained and col-
lected on ice into pediatric vacutainer tubes containing

EDTA (Becton Dickinson, Rutherford, New Jersey,
USA) and 400 KIU/ml of aprotinin (Sigma-Aldrich).

Oligonucleotides. Oligonucleotides were synthesized on
an Oligo 1000M automated synthesizer (Beckman,
Fullerton, California, USA). The primer sets used were
β2-microglobulin sense, 5′-CCAGCAGAGAATGGAAAGTC-
3′, and antisense, 5′-GATGCTGCTTACATGTCTCG-3′; and
PTHrP sense, 5′-TCCATCCAAGATTTACGGCG-3′, and
antisense, 5′-CCTGCAATATGT CCTTGGAAGG-3′.

Bone metastasis. To investigate whether compounds
inhibit bone metastasis, female athymic nude mice
(five mice per group) were inoculated with MDA-MB-
231 tumor-cell suspensions (105 cells/100 µl of PBS)
in the left cardiac ventricle on day 0. Administration of
the compound was begun the following day or when
lesions became evident. On days 14, 21, and 28, radi-
ographs were obtained and analyzed as described
below. On day 28, all bones and soft tissues were fixed
in formalin for histological analysis. Necropsy was per-
formed on all mice, and those with tumor in the chest
were excluded from analysis, because this indicated
that the tumor inoculum did not properly enter the
left cardiac ventricle.

To investigate whether compounds inhibit bone
metastasis independently of the PTHrP promoter, on
day 0 we inoculated female athymic nude mice (five
mice per group) in the left cardiac ventricle with
MDA-MB-231 tumor-cell suspensions (105 cells/100
µl PBS) stably transfected with the cDNA for human
Prepro-PTHrP by the cytomegalovirus promoter. This
tumor-cell line expresses 100 pM PTHrP/24 hours, as
compared with the wild-type MDA-MB-231 cell line,
which expresses 8.4 pM PTHrP/24 hours. Adminis-
tration of the compound was begun the following
day. On days 14 and 21, radiographs were obtained
and analyzed as described below. On day 21, all bones
and soft tissues were fixed in formalin for histologi-
cal analysis as described below.

Local tumor growth. To investigate whether com-
pounds inhibit tumor growth, MDA-MB-231 tumor-
cell suspensions (107 cells/100 µl PBS) were injected
into the right flank of female athymic nude mice.
Tumor volume was measured with calipers and calcu-
lated by the following formula of an ovoid: tumor vol-
ume = (4/3)π × L/2 (W/2)2, where L equals midaxis
length and W equals midaxis width.

Tumor burden. To investigate how compounds affect
tumor burden, female athymic nude mice (five mice per
group) were inoculated with MDA-231F9AD/Luc
tumor-cell suspensions (105 cells/100 µl PBS) in the left
cardiac ventricle on day 0. Administration of the com-
pound was begun the following day. On day 28, all
hind-limb tibias and adrenal glands were processed to
measure luciferase activity as described below.

Hypercalcemia. To investigate whether compounds
inhibit hypercalcemia, male athymic nude mice (five
mice per group) were inoculated with RWGT2 tumor-
cell suspensions (107 cells/100 µl PBS) in the right
flank on day 0. Administration of the compound was
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begun the following day (prevention) or when hyper-
calcemia became evident (treatment). On days 7, 11,
and 14, whole-blood samples were tested for ionized-
calcium ion PTHrP concentrations to assess the effec-
tiveness of compounds as described below.

Measurement of whole-blood ionized-calcium concentra-
tions. Whole-blood ionized-calcium concentrations
were measured with the use of a Ciba Corning 634 ISE
Ca++/pH analyzer (Corning Medical and Scientific,
Medfield, Massachusetts, USA) and adjusted to pH
7.4. Samples were run in duplicate, and the mean
value was recorded.

PTHrP assay. Immunoreactive PTHrP concentrations
were measured in the conditioned media of com-
pound-treated MDA-MB-231 cells with the use of a
two-site immunoradiometric assay kit (Nichols Insti-
tute, San Juan Capistrano, California, USA). PTHrP
concentrations were determined from a standard
curve generated by adding recombinant PTHrP (1–86)
to unconditioned media.

Radiographs and measurement of osteolytic-lesion area. To
follow the development of lesions, mice were anes-
thetized, placed in a prone position against the films
(X-OMAT AR; Eastman Kodak Co., Rochester, New
York, USA), and exposed at 35 kVp for 6 seconds with
the use of a Faxitron radiographic inspection unit
(model 43855A; Faxitron X-ray Corp., Buffalo Grove,
Illinois). Films were developed with the use of an RP 
X-OMAT processor (model M6B; Eastman Kodak Co.).
The area of osteolytic bone metastases was calculated
with the use of a computerized image-analysis system.
Quantification of lesion area was performed with
image-analysis software (JAVA, Jandel Video Analysis;
Jandel Scientific, San Rafael, California, USA).

Bone histology and histomorphometry. Forelimb and
hindlimb long bones were removed from mice at sacri-
fice, fixed in 10% buffered formalin, decalcified in 14%
EDTA, and embedded in paraffin wax. Sections were
cut, placed on poly-L-lysine–coated glass slides, and
stained with hematoxylin, eosin, orange G, and phlox-
ine. The following variables were measured in repre-
sentative midsections of tibias and femurs to assess
tumor involvement: total bone area, total tumor area,
and osteoclast number expressed per millimeter of
tumor–bone interface. Histomorphometric analysis
was performed on an OsteoMeasure System (Osteo-
metrics, Atlanta, Georgia, USA).

Luciferase activity. To evaluate tumor burden at sacri-
fice, the bone marrow of the hindlimb tibia was flushed
with PBS into Eppendorf tubes. Samples were cen-
trifuged at room temperature at 1,000 g for 5 minutes,
and the supernatant was removed. Pellets were resus-
pended in 100 µl of 1× luciferase reporter lysis buffer
(Promega, Madison, Wisconsin, USA). Adrenal glands
were dissected and placed in 100 µl of 1× luciferase
reporter lysis buffer. After a 15 minute incubation at
room temperature, sample tubes were vortexed and
spun down at 4°C at 10,000 g for 15 minutes, and 
the supernatant was harvested and stored at –70°C.

Luciferase activity was measured with the Luciferase
Assay System (Promega), and protein concentrations
were measured with the Bio-Rad DC Protein Assay (Bio-
Rad Laboratories, Hercules, California, USA).

PTHrP promoter activity assay. To assess the inhibito-
ry effects of compounds on PTHrP promoter activity,
we used the 4.3 kb 5′-flanking region (–4335/+3) and
the 1.1 kb 5′-flanking region (–1120/+3) of the human
PTHrP gene. The fragments were ligated into the mul-
tiple cloning site of the pGL3-Basic firefly luciferase
reporter vector (Promega). The constructs were stably
transfected into MDA-MB-231 cells, and the cells were
cloned by limiting dilution. The construct with the 1.1
kb 5′-flanking region responded in the same manner
as the construct with the 4.3 kb 5′-flanking region to
treatment with 2.5 mM dexamethasone, the control
used in the assay. The activity assays for the PTHrP 5′-
flanking region were run in 96-well tissue-culture
plates (Becton Dickinson, Franklin Lakes, New Jersey,
USA). A total of 5 × 103 cells in DMEM/10% FCS were
added to each well and allowed to incubate at 37°C in
5% CO2 and 95% O2 for 24 hours. The MDA-MB-231
cells containing the PTHrP/luciferase constructs were
washed twice in PBS, and treatment with compounds
in DMEM/2.5% FCS was begun. Twenty-four hours
later, firefly luciferase activity was assayed with the
Luciferase Assay System (Promega), and protein con-
centrations were measured with the Bio-Rad DC Pro-
tein Assay (Bio-Rad Laboratories). All compounds that
were inhibitory at concentrations of 1 µM or less in the
PTHrP promoter activity assay (i.e., inhibition greater
than that caused by 2.5 mM dexamethasone) were test-
ed for cytotoxicity by Trypan blue exclusion. Any com-
pounds that were cytotoxic were excluded from fur-
ther analysis. To demonstrate the specificity of the
compounds for the PTHrP promoter, we tested the
effects of compounds on other promoters unrelated to
PTHrP that were operatively linked to the firefly
luciferase gene. These included the cAMP response ele-
ment/serum response element (CRE/SRE), the 769 bp
cytomegalovirus enhancer and immediate-early (CMV)
promoter, the SV40 promoter (pGL3-Promoter Vector,
Promega), the mouse (–2712/+165) bone mor-
phogenic protein 2 (BMP-2) promoter, the mouse
(–2372/+258) BMP-4 promoter, and the human
(–1243/+6) interleukin 6 (IL-6) promoter. Any com-
pounds that demonstrated inhibition of firefly
luciferase activity coupled to the aforementioned pro-
moters were excluded from further analysis.

Several random libraries of diverse chemical com-
pounds comprising aromatics; nitrogen, oxygen, and
sulfur heterocycles; terpenoids; quaternaries; meso-
meric betaines; quinines; polypeptides; tropanes; alkyl,
heteroalyl, and aralkyl piperidines; hetero- and aralkyl-
phosphonates; sulfonamides; quarternary amines; and
marketed generic drugs totaling 9,600 compounds
were examined at concentrations of 10 µM. These
compounds were obtained from MicroSource (New
Haven, Connecticut, USA).
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Isolation of cellular RNA. In six-well tissue-culture plates
(Greiner, Frickenhausen, Germany), 2 × 105 MDA-MB-
231 cells were cultured in DMEM (Mediatech), 10% FCS
(HyClone Laboratories), 1% penicillin/streptomycin,
and 1% L-glutamine (Mediatech). Cells were cultured
for 24 hours in a 37°C atmosphere of 5% CO2 and 95%
O2. Cells were washed twice in PBS, and the compound
was added in DMEM, 2.5% FCS, 1% penicillin/strepto-
mycin, and 1% L-glutamine. Stock 1 mM solutions of
purine, 6-thioguanine, and 6-thioguanosine (Sigma-
Aldrich) were prepared in DMEM, 2.5% FCS, 10%
DMSO, and 2% methyl-β-cyclodextrin (Sigma-Aldrich).
Cells were cultured for 24 hours in a 37°C atmosphere
of 5% CO2 and 95% O2. Cells were washed twice in PBS,
and RNA was isolated on the basis of the method of
Chomczynski and Sacchi (18).

Reverse transcription. Reverse transcription of all samples
was performed under the following conditions: 2 µg of
total RNA, 0.5 µg of oligo(dT)12-18, and 12 µl of sterile,
distilled water. Samples were incubated for 10 minutes
at 70°C and quick-chilled on ice. The denatured RNA
was added to 50 mM Tris-HCl (pH 8.3), 75 mM KCl, 3
mM MgCl2, 10 mM DTT, 0.5 mM deoxynucleotide
triphosphates (dNTPs), and 200 U Superscript II RNase
H− reverse transcriptase (Gibco BRL; Life Technologies

Inc., Rockville, Maryland, USA) to a final volume of 20
µl. Mixtures were incubated for 50 minutes at 42°C and
inactivated by heating at 70°C for 15 minutes.

Competitive PCR. To correct for any variation in RNA
content and cDNA synthesis, all samples were equal-
ized on the basis of their β2-microglobulin content.
Procedures have been described elsewhere in detail
(19–21). Briefly, human-specific primer sets were used
to identify steady-state mRNA concentrations for the
housekeeping gene β2-microglobulin and PTHrP. Ten
nanograms of sample cDNA were coamplified in a
Perkin Elmer DNA Thermal Cycler 480 (Norwalk, Con-
necticut, USA) with human-specific β2-microglobulin
over 32 cycles in the presence of five fourfold serial dilu-
tions of the internal standard pQA1, generously pro-
vided by G. van der Pluijm (Leiden University Medical
Center, Leiden, the Netherlands).

Competitive PCR was performed under the follow-
ing conditions: 50 µl of reaction volume containing 20
mM Tris-HCl (pH 8.4), 50 mM KCl, 2 mM MgCl2, 0.2
mM dNTPs, 1 U Taq DNA polymerase (Gibco BRL;
Life Technologies Inc.), 0.25 µM sense and antisense
primers, 10 ng of cDNA, and pQA1 internal standard
to be coamplified. Cycle conditions were as follows:
initial denaturing at 94°C for 30 seconds and 32 cycles
at 94°C for 30 seconds, 56°C for 30 seconds, and 72°C
for 60 seconds, followed by 1 cycle at 72°C for 2 min-
utes. Electrophoresis of 10 µl of aliquots of all samples
were run on 1.25% agarose gels (Gibco BRL; Life Tech-
nologies Inc.) containing 0.5 µg of ethidium bromide
per milliliter. Gel images were captured using the
EDAS Image Capture System (Kodak DC120 camera,
Kodak Digital Science 1D 3.0.2 software; Eastman
Kodak Co.) and analyzed with the Quantity One 4.2.2
software package (Bio-Rad Laboratories). The internal
standard pQA1 amplicon for β2-microglobulin had a
size of 370 bp, and the sample amplicon size for 
β2-microglobulin was 268 bp.

Steady-state PTHrP mRNA expression. After normaliza-
tion of samples to β2-microglobulin, steady-state
mRNA concentrations were determined for PTHrP.
Procedures have been described elsewhere in detail
(21). Briefly, semiquantitative PCR was performed
under the following conditions: 50 µl reaction volume
containing 20 mM Tris-HCl (pH 8.4), 50 mM KCl, 2
mM MgCl2, 0.2 mM dNTPs, 1 U Taq DNA polymerase
(Gibco BRL; Life Technologies Inc.), 0.25 µM sense
and antisense PTHrP primers, and sample cDNA nor-
malized to β2-microglobulin. Cycle conditions were as
follows: initial denaturing at 94°C for 30 seconds and
32 cycles at 94°C for 30 seconds, 56°C for 30 seconds,
72° C for 60 seconds, followed by 1 cycle at 72°C for 2
minutes. Electrophoresis of 10 µl of aliquots of all
samples were run on 1.25% agarose gels (Gibco BRL;
Life Technologies Inc.) containing 0.5 µg of ethidium
bromide per milliliter. Gel images were captured with
the EDAS Image Capture System (Kodak DC120 cam-
era, Kodak Digital Science 1D 3.0.2 software; Eastman
Kodak Co.) and analyzed with the Quantity One 4.2.2
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Figure 1
(a) Effects of 6-thioguanine on PTHrP content in the media of cul-
tured MDA-MB-231 cells plated onto 48-well plates and grown to
near confluence. Cells were washed and treated with serum-free
media containing 6-thioguanine in the indicated concentrations for
48 hours. PTHrP concentrations in conditioned media were correct-
ed for cell number. The detection limit of the assay is ∼0.5 pM/L. (b)
Effects of 6-thioguanosine on PTHrP content in the media of cul-
tured MDA-MB-231 cells plated onto 48-well plates and treated as
described in a. (c) Effects of purine on PTHrP content in the media
of cultured MDA-MB-231 cells plated onto 48-well plates and treat-
ed as described in a. (d) Effects of dexamethasone on PTHrP content
in the media of cultured MDA-MB-231 cells plated onto 48-well
plates and treated as described in a. Values in all panels represent
means ± SEM (n = 3 per group). Ctrl, control. *P < 0.05.



software package (Bio-Rad Laboratories). The sample
amplicon size for PTHrP was 423 bp.

Cytokine assay. Immunoreactive IL-6, IL-11, or VEGF
concentrations were measured in the conditioned
media of compound-treated MDA-MB-231, RWGT2,
MCF-7, and ZR-75 cell lines with the use of quantitative
sandwich enzyme immunoassay kits (R&D Systems,
Minneapolis, Minnesota, USA). This assay utilizes a
monoclonal antibody specific for IL-6, IL-11, or VEGF
precoated onto a microplate. Samples were prepared as
follows: cell lines were plated in six-well plates at a den-
sity of 2.5 × 105 cells/well, incubated for 24 hours at
37°C, and washed twice in PBS. Cells were incubated for
24 hours with the compound, and conditioned medi-
um was removed and stored at –70°C until analysis.

Statistical analysis. All results are expressed as means ±
SEM. Data were analyzed by the paired two sample for
means t test. The log-rank test (Wilcoxon survival) was
used to analyze survival data. A P value less than 0.05
was considered significant.

Results
Identification of compounds that inhibit PTHrP production.
In a search for compounds that regulate PTHrP pro-
duction by cancer cells, we examined a number of

anticancer agents that have previously been reported
to have beneficial effects in patients with advanced
disease. Among these compounds were the
nucleotide analogs 6-thioguanine and 6-thioguano-
sine, which effectively reduced PTHrP production in
both MDA-MB-231 cells (Figure 1, a and b) and
RWGT2 cells (Figure 2, a and b) at 1, 10, and 100 µM.
These compounds did not affect cell proliferation as
determined by 3H-thymidine uptake (data not
shown). Purine, an analog of 6-thioguanine and 
6-thioguanosine, did not reduce PTHrP production
in MDA-MB-231 cells (Figure 1c) or RWGT2 cells
(Figure 2c) at concentrations from 0.001 to 100 µM.
Dexamethasone has been reported to significantly
reduce PTHrP production in MDA-MB-231 cells (22),
but the inhibitory effects exerted by the nucleotide
analogs were significantly more striking at concen-
trations 2500-fold lower than those required for glu-
cocorticoid-dependent effects (compare Figure 1b
with Figure 2b and Figure 1d with Figure 2d).

Effects of 6-thioguanine and 6-thioguanosine on
PTHrP promoter activity and steady-state PTHrP
mRNA concentrations in MDA-MB-231 cells. To test
the effects of these guanosine analogs on PTHrP pro-
moter activity, we used MDA-MB-231 cells stably
transfected with the firefly luciferase gene operatively
linked to the 1.1 kb fragment of the 5′-flanking region
of the PTHrP gene. After 24 hours of treatment with
6-thioguanine (1 and 10 µM) and 6-thioguanosine (1
and 10 µM), there was an approximately 70% decrease
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Figure 2
(a) Effects of 6-thioguanine on PTHrP content in the media of cul-
tured RWGT2 cells plated onto 48-well plates and grown to near
confluence. Cells were washed and treated with serum-free media
containing 6-thioguanine in the indicated concentrations for 48
hours. PTHrP concentrations in conditioned media were corrected
for cell number. The detection limit of the assay is ∼0.5 pM/L. (b)
Effects of 6-thioguanosine on PTHrP content in the media of cul-
tured RWGT2 cells plated onto 48-well plates and treated as
described in a. (c) Effects of purine on PTHrP content in the media
of cultured RWGT2 cells plated onto 48-well plates and treated as
described in a. (d) Effects of dexamethasone on PTHrP content in
the media of cultured RWGT2 cells plated onto 48-well plates and
treated as described in a. Values in all panels represent means ± SEM
(n = 3 per group). Ctrl, control. *P < 0.05.

Figure 3
(a) Effect of 6-thioguanine on the 1.1 kb 5′-flanking region of the
PTHrP gene. (b) Effect of 6-thioguanosine on the 1.1 kb 5′-flank-
ing region of the PTHrP gene. (c) Effect of purine on the 1.1 kb 
5′-flanking region of the PTHrP gene. (d) Effect of dexamethasone
on the 1.1 kb 5′-flanking region of the PTHrP gene. Values in all
panels represent means ± SEM (n = 3 per group). Ctrl, control;
Untr, MDA-MB-231 cells stably transfected with the 1.1 kb 
5′-flanking region/luciferase reporter gene. *P < 0.05.



in firefly luciferase activity (Figure 3, a and b). Purine,
an analog of 6-thioguanine and 6-thioguanosine (Fig-
ure 3c), had no effect.

To confirm the specificity of the effects, we tested
9,600 randomly defined chemical compounds from a
diverse commercial library (MicroSource). Only 
6-thioguanine and one other compound were found
to specifically inhibit the PTHrP promoter activity in
the absence of cell toxicity. We tested 6-thioguanine
and a series of other antimetabolite compounds on
other promoters unrelated to PTHrP, which were oper-
atively linked to firefly luciferase. These promoters
included CRE/SRE in MG63 cells, the CMV promoter
in MDA-MB-231 cells, the BMP-2 promoter in 2T3

cells, the BMP-4 promoter in 2T3 cells, and the 
IL-6 promoter in MG63 cells. Only 6-thioguanine
and the closely related compound 6-thioguano-
sine specifically inhibited the PTHrP promoter
construct without affecting the aforementioned
promoter activities (Table 1).

To determine the effects of 6-thioguanine and
6-thioguanosine on steady-state PTHrP mRNA
concentrations, MDA-MB-231 cells were treated
for 24 hours with 0.1, 1, 10, or 100 µM 6-thiogua-
nine or 6-thioguanosine followed by extraction of
RNA. After β2-microglobulin normalization,
steady-state mRNA concentrations of PTHrP
(after treatment with 0.1, 1, 10, or 100 µM purine,
6-thioguanine, or 6-thioguanosine) were quanti-

fied (Figure 4b). Purine did not affect steady-state
mRNA concentrations of PTHrP, whereas 100, 10,
and 1 µM 6-thioguanine and 6-thioguanosine re-
duced steady-state mRNA concentrations of PTHrP
by as much as 50%.

Effects of 6-thioguanine and 6-thioguanosine on IL-1, IL-6,
IL-11, and VEGF production in various cell lines. To confirm
the specificity of these compounds on PTHrP produc-
tion, two additional human breast-cancer cell lines,
MCF-7 and ZR-75, and four other cytokines were
examined, including IL-1, IL-6, IL-11, and VEGF. We
compared the effects of the compounds on the pres-
ence of cytokines in the conditioned media of cells cul-
tured for 48 hours. The cytokines were measured by
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Table 1
Comparison of the inhibitory effects of 6-thioguanine and 6-thioguano-
sine on various promoter-luciferase constructs in various host-cell lines

Cell line Promoter construct % inhibition
6-Thioguanine 6-Thioguanosine

(1 µM) (1 µM)

MDA-MB-231 PTHrP-luciferase 69 ± 2.4A 64 ± 3.1A

MG63 CRE/SRE-luciferase 3 ± 0.3 4 ± 0.1
MDA-MB-231 CMV-luciferase 9 ± 0.6 7 ± 0.5
2T3 BMP2-luciferase 4 ± 0.2 5 ± 0.1
2T3 BMP4-luciferase 3 ± 0.4 3 ± 0.4
MG63 IL6-luciferase 1 ± 0.01 1 ± 0.04

Cell-culture conditions are described in the Methods. AP < 0.05.

Figure 4
(a) Competitive PCR analysis of β2-microglobulin mRNA levels in MDA-MB-231 cells treated with 6-thioguanosine. Ten nanograms of cDNA
from MDA-MB-231 cells treated with 10 µM 6-thioguanosine were amplified with five fourfold serial dilutions of pQA1 internal standard
(IS). The cDNA was amplified under the following PCR conditions: 32 cycles, annealing temperature of 56°C, and 2 mM MgCl2. (b) Effect
of purine, 6-thioguanine, and 6-thioguanosine on steady-state mRNA levels of PTHrP in MDA-MB-231 cells. After normalization of cDNA
to β2-microglobulin from MDA-MB-231 cells treated with 0.1, 1, 10, or 100 µM purine, 6-thioguanine, or 6-thioguanosine, samples were
amplified under the following semiquantitative PCR conditions: 32 cycles, annealing temperature of 56°C, and 2 mM MgCl2. Human spe-
cific sense and antisense primers to PTHrP were used. The figure represents the detection and quantitation of steady-state mRNA levels of
PTHrP when treated with 100, 10, 1, and 0.1 µM purine, 6-thioguanine, or 6-thioguanosine, expressed as treated-to-control (T/C) ratios.
Purine did not affect steady-state mRNA levels of PTHrP, whereas 100, 10, and 1 µM 6-thioguanine and 6-thioguanosine reduced steady-
state mRNA levels of PTHrP by as much as 50%.



ELISA (Tables 2–4). IL-1 could not be detected with or
without compounds. IL-6 was present in the condi-
tioned media (360.4 ± 6.9 ng/ml) but was unaffected by
either compound in concentrations of 10, 1, 0.1, and
0.01 µM (means + SEM, n = 3). Similarly, IL-11 was
present (239.9 ± 3.1 ng/ml) but was unaffected by
either compound in the same concentration ranges.
VEGF was present in concentrations of 1258.2 ± 33.8
ng/ml but was also unaffected by addition to cells of
any of the concentrations of either compound.

Effects of 6-thioguanine and 6-thioguanosine on breast-can-
cer metastases to bone. To determine the effects of 
6-thioguanine and 6-thioguanosine on the capacity of
human breast-cancer cells to cause osteolytic bone
lesions, 6-thioguanine and 6-thioguanosine were
studied in female nude athymic mice injected with
MDA-MB-231 cells. Representative radiographs were
taken during the course of the experiments to quan-
tify the progression of metastasis. In untreated mice,
the tumor lesion area was 3.97 ± 1.48 mm2, as com-
pared with 0.74 ± 0.14 mm2 in mice treated daily with
6-thioguanine (1.0 mg/kg/day, P < 0.05) (Figure 5a).
Radiographs taken 28 days after tumor inoculation
(Figure 5b) show that the untreated group had an
osteolytic-lesion area of 9.63 ± 0.88 mm2. Daily treat-
ment with 6-thioguanosine (0.1 mg/kg/day) reduced
the osteolytic-lesion area to 2.36 ± 1.53 mm2 (P < 0.05)
(Figure 6a). Radiographs taken 28 days after tumor
inoculation (Figure 6b) illustrate the similar efficacy
of 6-thioguanosine in decreasing the area of osteolyt-
ic bone lesions. Mice treated with 6-thioguanine (0.5
mg/kg/day) or 6-thioguanosine (0.5 mg/kg/day)
beginning on day 15, after bone lesions had formed,
had a significant reduction in osteolyt-
ic-lesion area from 7.05 ± 0.81 mm2 in
the untreated group to 3.16 ± 0.54 mm2

in the group treated with 6-thioguanine
(P < 0.05) and 3.39 ± 084 mm2 in the
group treated with 6-thioguanosine 
(P < 0.05) (Figure 7).

Because radiographic methods assess
only bone destruction and do not direct-
ly measure tumor area in bone, histo-
morphometric analysis of hindlimb
bones was performed. The untreated-
tumor group had an osteoclast number

per millimeter of tumor–bone interface of
15.62 ± 0.93. In mice treated with 6-thio-
guanine (1.0 mg/kg/day), the osteoclast
number per millimeter of tumor–bone
interface was 2.81 ± 1.74; for 6-thioguano-
sine treatment (1.0 mg/kg/day), the osteo-
clast number per millimeter of tumor–
bone interface was 4.07 ± 2.53. Both 
6-thioguanine and 6-thioguanosine sig-
nificantly reduced the osteoclast number
per millimeter of tumor–bone interface, as
compared with the effects in mice that
were not treated (P < 0.05) (Figure 8).

In two separate experiments, the survival of mice
treated with 6-thioguanine and 6-thioguanosine was
examined. In the first experiment (Figure 9a), all mice
in the untreated-tumor group had died by day 35,
whereas 80% of the mice treated from day 1 with 
6-thioguanine or 6-thioguanosine (1.0 mg/kg/day) were
still alive (P < 0.05). In the second experiment (Figure
9b), all mice in the untreated tumor group had died by
day 32, whereas 80% of the mice treated from day 15
with 6-thioguanine or 6-thioguanosine (1.0 mg/kg/day)
were still alive (P < 0.05).

Specificity of effects of 6-thioguanine and 6-thioguanosine on
PTHrP promoter activity in vivo. The data in Figures 1 and
2 indicate that 6-thioguanine and 6-thioguanosine
inhibit PTHrP expression in vitro. To confirm that the
target of these compounds in vivo is the PTHrP pro-
moter, we examined the effects of 6-thioguanine and 
6-thioguanosine on human breast-cancer cells trans-
fected with PTHrP driven by a strong nonspecific gener-
al promoter. MDA-MB-231 cells stably transfected with
the cDNA for human preproPTHrP driven by a CMV
promoter were inoculated into the left cardiac ventricle
of female nude athymic mice, and the capacity of the
inoculum to cause osteolytic bone lesions was assessed.
This tumor-cell line expresses 100 pM PTHrP/24 hours,
as compared with the wild-type MDA-MB-231 cell line,
which expresses 8.4 pM PTHrP/24 hours. Representative
radiographs were taken during the course of the experi-
ments to quantify the progression of metastasis.

Mice injected with the MDA-MB-231 cells overex-
pressing PTHrP were treated with either 6-thioguanine
or 6-thioguanosine. On day 21, the untreated-tumor
group had an osteolytic-lesion area of 4.7 ± 2.3 mm2, as
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Table 2
Comparison of the effects of dexamethasone, 6-thioguanine, and 6-thioguanosine
on IL-6 production (pg/ml) by MDA-MB-231, RWGT2, MCF-7, and ZR-75 cell lines

Cell line Treatment
Control Dexamethasone 6-Thioguanine 6-Thioguanosine

(1.0 mM) (10 µM) (10 µM)

MDA-MB-231 360.4 ± 6.9 18.9 ± 0.6A 430.4 ± 21 395.8 ± 38
RWGT2 116.9 ± 1.7 120.9 ± 9.3 104.5 ± 30.8 95.8 ± 5.8
MCF-7 3.3 ± 0.2 1.7 ± 0.5A 1.5 ± 0.7A 3.5 ± 0.9
ZR-75 ND ND ND ND

Values represent means ± SEM (n = 3 per group). ND, not detected. AP < 0.05.

Table 3
Comparison of the effects of dexamethasone, 6-thioguanine, and 6-thioguanosine
on IL-11 production (pg/ml) by MDA-MB-231, RWGT2, MCF-7, and ZR-75 cell lines

Cell line Treatment
Control Dexamethasone 6-Thioguanine 6-Thioguanosine

(1.0 mM) (10 µM) (10 µM)

MDA-MB-231 239.9 ± 3.1 100.9 ± 2.5A 192.6 ± 21 206.8 ± 8.6
RWGT2 ND ND ND ND
MCF-7 ND ND ND ND
ZR-75 ND ND ND ND

Values represent means ± SEM (n = 3 per group). ND, not detected. AP < 0.05.



compared with an osteolytic lesion area of 3.9 ± 0.7 mm2

for mice treated with 6-thioguanine (1.0 mg/kg/day)
(Table 5). On day 21, the untreated-tumor group had an
osteolytic-lesion area of 7.2 ± 1.0 mm2, as compared
with an osteolytic lesion area of 8.5 ± 1.9 mm2 in mice
treated with 6-thioguanosine (1.0 mg/kg/day) (Table 5).
Thus, unlike their effects on osteolytic lesions caused by
wild-type MDA-MB-231 cells, the purine analogs did
not reduce the area of osteolytic lesions caused by
tumor cells overexpressing PTHrP by the CMV pro-
moter. These findings are consistent with the premise
that 6-thioguanine and 6-thioguanosine exert their
inhibitory effects by selectively affecting PTHrP expres-
sion driven by the endogenous promoter.

Effects of 6-thioguanine and 6-thioguanosine on tumor
growth and tumor burden. To determine the effects of 
6-thioguanine and 6-thioguanosine on tumor growth
and tumor burden, athymic nude mice bearing MDA-
MB-231 cells were studied. Tumor growth was analyzed
after intramuscular injection of 107 MDA-MB-231 cells.
Treatment with 6-thioguanine or 6-thioguanosine
began the following day and continued for 21 days, after
which the mice were sacrificed and tumors were excised,
measured, and weighed. Neither 6-thioguanine nor 6-
thioguanosine, administered subcutaneously at con-
centrations that are effective in inhibiting breast cancer
metastasis to bone (1.0 mg/kg body weight/day), had an
effect on the weight of tumors growing at the site of
implantation (Figure 10a).

Tumor burden in bone was analyzed after intracar-
diac injection of 105 MDA-231F9AD/Luc cells (MDA-
MD-231 cells stably transfected with the firefly
luciferase reporter gene) into female athymic nude
mice, with 6-thioguanine or 6-thioguanosine treatment
beginning the following day. On day 28, at sacrifice,
bone marrow was flushed from the femurs and tibias
of the mice and analyzed for luciferase activity. The 
6-thioguanine administered subcutaneously at 1.0
mg/kg/day significantly reduced tumor burden in
bone marrow from 2.34 ± 0.31 luciferase U/mg protein
in the untreated group to 0.52 ± 0.12 luciferase U/mg
protein in the treated group. The 6-thioguanosine
reduced tumor burden in bone marrow to 0.71 ± 0.84
luciferase U/mg protein as measured by luciferase activ-
ity in the metastatic tumor cells (P < 0.05) (Figure 10b).

Effects of 6-thioguanine and 6-thio-
guanosine on hypercalcemia. To deter-
mine the effects of 6-thioguanine
and 6-thioguanosine on HHM
caused by a human tumor, the com-
pounds were administered to male
athymic nude mice previously
injected with RWGT2 cells, which
express massive amounts of PTHrP
leading to increased systemic con-
centrations. The effects of the com-
pounds were assessed on whole-
blood ionized-calcium and serum
PTHrP concentrations. The com-

pounds were administered daily for 10 days (10
mg/kg/day subcutaneously) after injection of the
RWGT2 cells in two schedules, the first at the time of
inoculation of the tumor cells and the second after
hypercalcemia became evident by measurement of
whole-blood ionized-calcium concentrations.

In the first set of experiments, 6-thioguanine or 6-
thioguanosine was administered daily (10 mg/kg/day
subcutaneously) from the time of injection of RWGT2

1566 The Journal of Clinical Investigation | November 2002 | Volume 110 | Number 10

Table 4
Comparison of the effects of dexamethasone, 6-thioguanine, and 6-thioguanosine on
VEGF production (pg/ml) by MDA-MB-231, RWGT2, MCF-7, and ZR-75 cell lines.

Cell line Treatment
Control Dexamethasone 6-Thioguanine 6-Thioguanosine

(1.0 mM) (10 µM) (10 µM)

MDA-MB-231 1258.2 ± 33.8 1068.2 ± 14.5 1041.9 ± 56.8 1203.5 ± 47.7
RWGT2 1232.5 ± 13.7 1328.9 ± 46.8 1300.9 ± 30.7 1367.7 ± 59.4
MCF-7 167.1 ± 3.4 180.1 ± 2.0 56.5 ± 7.2A 134.6 ± 8.0A

ZR-75 99.0 ± 1.5 99.8 ± 2.3 97.0 ± 1.1 89.2 ± 9.7

Values represent means ± SEM (n = 3 per group). AP < 0.05.

Figure 5
(a) Effect of 6-thioguanine on the area of osteolytic lesions. Osteolyt-
ic-lesion area was assessed by Faxitron (model 43855A, Faxitron X-ray
Corp.) and computerized image analysis of hindlimb radiographs.
MDA-MB-231 tumor cells were inoculated on day 0. Treatment with
6-thioguanine (1.0 mg/kg/day subcutaneously) was begun on the fol-
lowing day. Vertical arrows indicate the days of treatment. Values rep-
resent means ± SEM (n = 5 per group). *P < 0.05. (b) Representative
radiographs of hindlimbs from mice bearing MDA-MB-231 tumors 28
days after tumor inoculation with and without treatment with 
6-thioguanine (Figure 6a). Arrows indicate osteolytic lesions.



cells until the tenth day. Figure 11a shows that 
6-thioguanine significantly decreased the mean whole-
blood ionized-calcium concentration and also reduced
the mean serum PTHrP concentration (Figure 11b); 
6-thioguanosine had similar inhibitory effects on
whole-blood ionized-calcium (Figure 11c) and serum
PTHrP concentrations (Figure 11d).

The effectiveness of 6-thioguanine and 6-thioguano-
sine in preventing further elevation of whole-blood ion-
ized-calcium and serum PTHrP concentrations after
hypercalcemia was present was also examined. In those
experiments, 6-thioguanine or 6-thioguanosine was
administered daily (10 mg/kg/day subcutaneously)
beginning 11 days after RWGT2 injection. Again, 6-thio-
guanine (Figure 12, a and b) and 6-thioguanosine (Fig-
ure 12, c and d) significantly reduced whole-blood ion-
ized-calcium and serum PTHrP concentrations.

Discussion
We have identified guanosine nucleotide analogs as hav-
ing the capacity to specifically decrease production of
PTHrP by human cancer cells associated with localized

osteolysis and HHM. We have found that in preclinical
animal models of these two distinct syndromes associ-
ated with excess PTHrP production, there is reduction
in localized osteolysis and hypercalcemia, respectively.

Clinical and experimental evidence indicates that
tumor-produced PTHrP is a major possible candidate
for the osteoclastic bone resorption present at sites of
breast cancer metastatic to bone (23–25). Multiple
studies have shown the importance of PTHrP pro-
duction by breast-cancer cells that have metastasized
to bone. PTHrP was detected by immunohistochem-
istry (23) and in situ hybridization (24) in 92% of
breast-cancer metastases in bone, as compared with
only 17% of similar metastases to nonbone sites. This
observation prompted speculation that production of
PTHrP as a bone-resorbing agent may contribute to
the tendency for breast cancers to cause osteolytic
metastases. Positive immunohistochemical staining
for PTHrP was found in 56% of 155 primary breast
tumors from normocalcemic women, and PTHrP
expression was positively correlated with the develop-
ment of bone metastases and hypercalcemic episodes
(26). PTHrP expression was detected by RT-PCR in 37
of 38 primary breast cancers, and subsequent devel-
opment of bone metastases was associated with a
higher expression of PTHrP (25). In another study,
PTHrP was detected by immunohistochemistry in
83% of patients who developed bone metastases, as
compared with 38% in those who developed lung
metastases without recurrence (27).

Osteolytic bone lesions are most frequent in patients
with carcinoma of the breast, carcinoma of the lung,
and myeloma, the same cancers that are associated with
hypercalcemia. Until recently, therapy for bone
metastatic lesions was directed solely at the tumor cells.
This treatment usually involved chemotherapy or hor-
monal therapy, local field irradiation, radionuclide
therapy, or surgery (28–30). The advent of bisphos-
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Figure 6
(a) Effect of 6-thioguanosine on the area of osteolytic lesions in mice
bearing MDA-MB-231 cells after intracardiac injection. Osteolytic-
lesion area was assessed by Faxitron (model 43855A, Faxitron X-ray
Corp.) and computerized image analysis of hindlimb radiographs.
MDA-MB-231 tumor cells were inoculated on day 0. Treatment with
6-thioguanosine (0.1 mg/kg/day subcutaneously) was begun on the
following day. Vertical arrows indicate the days of treatment. Values
represent means ± SEM (n = 5 per group). *P < 0.05. (b) Represen-
tative radiographs of hindlimbs from mice bearing MDA-MB-231
tumors 28 days after tumor inoculation with and without treatment
with 6-thioguanosine (Figure 7a). Arrows indicate osteolytic lesions.

Figure 7
Effect of 6-thioguanine and 6-thioguanosine on the area of osteolytic
lesions. Osteolytic-lesion area was assessed by Faxitron (model
43855A, Faxitron X-ray Corp.) and computerized image analysis of
hindlimb radiographs. MDA-MB-231 tumor cells were inoculated on
day 0. Treatment with 6-thioguanine or 6-thioguanosine (0.5
mg/kg/day subcutaneously) was begun on day 15. Vertical arrows
indicate the days of treatment. Values represent means ± SEM
(n = 5 per group). *P < 0.05.



phonates over the last decade has changed this per-
spective somewhat; treatment now includes therapy
specifically designed to combat osteoclastic bone
resorption. It is apparent from clinical studies that the
use of bisphosphonates reduces skeleton-related events
in advanced breast cancer (31, 32). These data suggest
that drugs that inhibit bone resorption may be useful
adjuvant therapies in patients with malignant disease,
and such drugs may have the unanticipated benefit of
limiting the growth of tumor cells in the skeleton. As
the osteolysis associated with metastatic bone disease
is mediated by osteoclastic bone resorption, and as fac-
tors that stimulate osteoclastic bone resorption — such
as PTHrP — enhance the destruction of bone by
tumors, it is logical to consider therapy with inhibitors
of bone resorption to delay this progression.

HHM was the first identified consequence of
tumor-produced PTHrP in patients with cancer. In
this syndrome, PTHrP produced by cancer cells inter-
acts with PTH receptors in bone and kidney to cause
hypercalcemia, osteoclast-mediated bone resorption,
and increased nephrogenous excretion of cAMP and
phosphate (33). The PTHlike properties of PTHrP,
and particularly the increase in osteoclastic bone
resorption, are responsible for the hypercalcemia.
Approximately 80% of hypercalcemic patents with
solid tumors have detectable or increased plasma
PTHrP concentrations (34). Plasma PTHrP concen-
trations are low or undetectable in normal human
subjects (35). Mice bearing RWGT2 cells have HHM,
but the circumstances are not the same as in patients
with the clinical syndrome. The RWGT2 tumors grow
to enormous size after subcutaneous implantation,
reaching 25% of the body weight of tumor-bearing
mice in just over 2 weeks, and they produce massive
circulating PTHrP concentrations (two to three times
the concentrations found in patients with HHM) and

severe hypercalcemia. Reductions were seen in both
PTHrP and whole-blood ionized-calcium concentra-
tions when 6-thioguanine was administered to mice
after the tumor was established. The decreases were
clear but relatively modest, since the tumor was also
growing rapidly at the time the compound was
administered. Similar decreases are apparent when
neutralizing antibodies to PTHrP are used (3). When
the compounds are administered from the time of
tumor inoculation, there is no increase in PTHrP or
whole-blood ionized-calcium concentrations.

Treatment of hypercalcemia due to cancer involves
treatment of the underlying tumor. Unfortunately,
since this is often not effective or cannot be accom-
plished with the rapidity needed when the patient is
faced with life-threatening hypercalcemia, therapy
should also be directed against the mechanisms respon-
sible for the hypercalcemia. In essentially all patients
with HHM, there is an increase in osteoclastic bone
resorption. Current medical therapy is aimed at inhibit-
ing bone resorption and promoting renal calcium excre-
tion. Our earlier data have shown the efficacy of neu-
tralizing antibodies to PTHrP (3), which provides the
rationale for directing therapy at PTHrP production or
its effects. Bisphosphonates have become the most use-
ful antiresorptive agents for the treatment of hypercal-
cemia. Bisphosphonates vary in potency but are poorly
absorbed and are most effective in treating hypercal-
cemia when given intravenously. There is clear evidence
that tumor-produced factors can modulate the end-
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Figure 8
Effect of 6-thioguanine and 6-thioguanosine on osteoclast number
per millimeter of tumor per bone. Data represent histomorphome-
tric analysis of hindlimbs from mice with osteolytic lesions. MDA-
MB-231 tumor cells were inoculated on day 0. Treatment with either
6-thioguanine or 6-thioguanosine (1.0 mg/kg/day subcutaneously)
was begun on the following day. Measurements are of the number
of osteoclasts per millimeter of tumor adjacent to bone
(tumor–bone interface) from the midsections of tibias and femurs
of mice. Values represent means ± SEM (n = 5 per group). 6-TG, 
6-thioguanine; 6-TGu, 6-thioguanosine. *P < 0.05.

Figure 9
(a) Effect of 6-thioguanine and 6-thioguanosine on survival. MDA-MB-
231 tumor cells were inoculated on day 0. Treatment with 6-thiogua-
nine or 6-thioguanosine (1.0 mg/kg/day subcutaneously) was begun
on the following day. (b) Effect of 6-thioguanine and 6-thioguanosine
on survival. MDA-MB-231 tumor cells were inoculated on day 0. Treat-
ment with 6-thioguanine or 6-thioguanosine (1.0 mg/kg/day subcu-
taneously) was begun on day 15. For both panels, the log-rank test
(Wilcoxon survival) was used to analyze survival data. *P < 0.05 was
considered significant (n = 5 per group).



organ effects of PTHrP as well as its secretion from
tumors. We have shown that when Chinese hamster
ovarian (CHO) cells are transfected with PTHrP and
inoculated into nude mice, the mice develop hypercal-
cemia as well as increased osteoclastic bone resorption
(36). When CHO cells expressing transfected IL-6 are
inoculated into these mice, the hypercalcemia and bone
resorption mediated by PTHrP are potentiated by stim-
ulation of the production of early osteoclast precursors
(37). Likewise, TGF-αhas been shown to enhance the
hypercalcemic effects of PTHrP in an animal model of
malignancy-associated hypercalcemia (1) and to modu-
late the effects of PTHrP on bone (38, 39). IL-1α and
PTHrP may have synergistic effects in vivo (39), where-
as tumor necrosis factor α (TNF-α) enhanced the hyper-
calcemic effect of PTHrP by increasing the pool of com-
mitted osteoclast progenitors, with a subsequent
increase in osteoclastic bone resorption (40).

Other tumor-associated factors appear to be impor-
tant regulators of PTHrP expression and secretion by
tumors. EGF has been shown to stimulate PTHrP
expression in a keratinocyte line (41) as well as a mam-
mary epithelial line (42), whereas TGF-α enhanced
PTHrP expression in a human squamous-cell carcino-
ma of the lung (43). IL-6, TNF-α, insulin growth factor
1, and insulin growth factor 2 may increase the produc-
tion of PTHrP in vitro by a human squamous-cell carci-
noma (44). TGF-β, which is abundant in bone, is
released in active form by resorbing bone and is
expressed by some breast-cancer cell lines (45, 46) and
cancer-associated stromal cells (47). It has been shown
to enhance secretion of and to stabilize the mRNA for
PTHrP in a renal-cell carcinoma (48) as well as in a squa-
mous-cell carcinoma (49, 50). Other data (51) demon-
strate that this relationship also exists in a human
breast adenocarcinoma–cell line, MDA-MB-231.

The data presented here raise new possibilities for tar-
geted therapy in patients with clinical syndromes of

PTHrP excess, not only for osteolytic lesions caused by
metastatic breast cancer but also for PTHrP–mediated
hypercalcemia. These results show that 6-thioguanine
and 6-thioguanosine mediate their actions by inhibit-
ing PTHrP mRNA and protein expression by cancer
cells, and they confirm the central role that PTHrP
plays in the pathophysiology of osteolytic metastasis
caused by breast cancer as well as in HHM caused by
squamous-cell carcinoma.

Guanosine metabolites have been used for many years
in the treatment of patients with cancer (52, 53). They
have been used predominantly in the treatment of
childhood leukemias and are second- or third-line
agents for these disorders. The effects of guanosine
metabolites as anticancer agents are modest. They work
through their antimetabolite action, resulting in incor-
poration into DNA, with subsequent prevention of cell
proliferation (54). Our results suggest that these same
metabolites inhibit PTHrP production, possibly by
direct interaction with the PTHrP promoter. It is inter-
esting to note that the only antimetabolites that inhib-
ited PTHrP expression were those related to guanosine.
These guanosine analogs also showed considerable
specificity for the PTHrP promoter, with no evidence of
effects on other promoters that we examined, including
the PTH promoter. An interesting issue will be whether
the dose required for these agents to inhibit metastasis
to bone is less than that for an antitumor effect. Our
preliminary data using these models suggest that a
lower dose is indeed required, and if this is the case, the
toxicity profile for guanosine analogs would be very
favorable for their use as antiosteolytic agents.

Corticosteroids have had a checkered history as cyto-
toxic agents in the treatment of patients with cancers.
They are clearly useful in patients with lymphomas
and in the treatment of acute leukemia (55, 56). Dex-
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Table 5
Comparison of the effect of 6-thioguanine and 6-thioguanosine on
area (mm2) of osteolytic lesions in mice bearing MDA-MB-231 cells
stably transfected with PTHrP driven by the CMV promoter and over-
expressing PTHrP, as compared with mice bearing wild-type MDA-
MB-231 cells

MDA-MB-231 cells
Experiment 1 Wild type Stably transfected

Control 0 0
Tumor 6.0 ± 1.9 4.7 ± 2.3
Tumor + 6-thioguanine 0.4 ± 0.2A 3.9 ± 0.7

Experiment 2

Control 0 0
Tumor 6.7 ± 1.2 7.2 ± 1.0
Tumor + 6-thioguanosine 1.6 ± 0.8A 8.5 ± 1.9

Osteolytic lesion area was assessed by Faxitron (model 43855A, Faxitron
X-ray Corp.) and computerized image analysis of hindlimbs. MDA-MB-231
tumor cells overexpressing PTHrP or wild-type MDA-MB-231 cells were
injected on day 0. Treatment with 6-thioguanine or 6-thioguanosine (1.0
mg/kg/day subcutaneously) was begun on the following day. Values repre-
sent means ± SEM (n = 5 per group). AP < 0.05.

Figure 10
(a) Effect of 6-thioguanine and 6-thioguanosine on tumor weight.
Tumor weight was assessed after intramuscular injection of MDA-
MB-231 tumor cells on day 0. Treatment with 6-thioguanine or 
6-thioguanosine (1.0 mg/kg/day subcutaneously) was begun on
the following day and and treated daily for the duration of the
experiment. (b) Effect of 6-thioguanine and 6-thioguanosine on
tumor burden in bone. Tumor burden in bone was assessed fol-
lowing intracardiac injection of MDA-MB-231 F9AD/Luc tumor
cells on day 0. Treatment with 6-thioguanine or 6-thioguanosine
(1.0 mg/kg/day subcutaneously) was begun on the following day
and treated daily for the duration of the experiment. Values repre-
sent means ± SEM (n = 5 per group). Ctrl, control; 6-TG, 6-thiogua-
nine; 6-TGu, 6-thioguanosine. *P < 0.05.



amethasone has been shown to effectively decrease
PTHrP transcriptional activity and expression of
PTHrP protein (57). Corticosteroids also hold an
important place in the initial treatment of patients
with myeloma, having a well-demonstrated cytotoxic
effect (58). However, their place in the treatment of
patients with solid tumors is difficult to ascertain.
They also have a varied history in their use as agents in
the treatment of hypercalcemia (59). Our data suggest
that when used in very large, suprapharmacologic
doses, as compared with doses used as treatments in
the past, corticosteroids do in fact inhibit osteolysis
caused by metastatic human breast cancer when the
human breast-cancer cells are inoculated directly into

the left ventricle of mice (22). This effect is associated
with impairment of PTHrP expression.

There is a great need to identify new interventions
designed to specifically target clinical syndromes of
PTHrP excess. The guanosine metabolites compared
favorably with the bisphosphonates in the treatment of
metastatic osteolysis in this model. The bisphospho-
nates also cause beneficial effects both on tumor bur-
den and on osteolysis, as we have shown with the
guanosine metabolites (14). However, the mode of
action of bisphosphonates is entirely different that of
guanosine metabolites. The bisphosphonates exert
their effects by causing inhibition of osteoclast activi-
ty. It remains to be seen whether bisphosphonates will
have synergistic effects with the guanosine metabolites.
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Figure 11
(a) Effect of 6-thioguanine on blood ionized-calcium concentrations
in male athymic nude mice bearing RWGT2 cells. Treatment with 
6-thioguanine was begun on the following day. Vertical arrows indi-
cate the days of treatment. We administered 6-thioguanine (10
mg/kg/day subcutaneously) for the first 10 days of the experiment.
Final blood samples were obtained 1–2 hours after 6-thioguanine
was given. (b) Effect of 6-thioguanine on serum PTHrP concentra-
tions in male athymic nude mice bearing RWGT2 cells. Treatment
with 6-thioguanine was begun on the following day. Vertical arrows
indicate the days of treatment. We administered 6-thioguanine (10
mg/kg/day subcutaneously) for the first 10 days of the experiment.
Final blood samples were obtained 1–2 hours after 6-thioguanine
was given. (c) Effect of 6-thioguanosine on blood ionized-calcium
concentrations in male athymic nude mice bearing RWGT2 cells.
Treatment with 6-thioguanosine was begun on the following day.
Vertical arrows indicate the days of treatment. We administered 
6-thioguanosine (10 mg/kg/day subcutaneously) for the first 10
days of the experiment. Final blood samples were obtained 1–2
hours after 6-thioguanosine was given. (d) Effect of 6-thioguano-
sine on serum PTHrP concentrations in male athymic nude mice
bearing RWGT2 cells. Treatment with 6-thioguanosine was begun
on the following day. Vertical arrows indicate the days of treatment.
We administered 6-thioguanosine (10 mg/kg/day subcutaneously)
for the first 10 days of the experiment. Final blood samples were
obtained 1–2 hours after 6-thioguanosine was given. Values in all
panels represent means ± SEM (n = 5 per group). *P < 0.05.

Figure 12
(a) Effect of 6-thioguanine on blood ionized-calcium concentra-
tions in male athymic nude mice bearing RWGT2 cells. Treatment
with 6-thioguanine (10 mg/kg/day subcutaneously) was begun on
day 11, after hypercalcemia became evident. Vertical arrows indi-
cate the days of treatment. Final blood samples were obtained 1–2
hours after the fourth dose of 6-thioguanine was given. (b) Effect
of 6-thioguanine on serum PTHrP concentrations in male athymic
nude mice bearing RWGT2 cells. Treatment with 6-thioguanine
(10 mg/kg/day subcutaneously) was begun on day 11, after hyper-
calcemia became evident. Vertical arrows indicate the days of
treatment. Final blood samples were obtained 1–2 hours after the
fourth dose of 6-thioguanine was given. (c) Effect of 6-thioguano-
sine on blood ionized-calcium concentrations in male athymic
nude mice bearing RWGT2 cells. Treatment with 6-thioguanosine
(10 mg/kg/day subcutaneously) was begun on day 11, after hyper-
calcemia became evident. Vertical arrows indicate the days of
treatment. Final blood samples were obtained 1–2 hours after the
fourth dose of 6-thioguanosine was given. (d) Effect of 6-thio-
guanosine on serum PTHrP concentrations in male athymic nude
mice bearing RWGT2 cells. Treatment with 6-thioguanosine (10
mg/kg/day subcutaneously) was begun on day 11, after hypercal-
cemia became evident. Vertical arrows indicate the days of treat-
ment. Final blood samples were obtained 1–2 hours after the
fourth dose of 6-thioguanosine was given. Values in all panels rep-
resent means ± SEM (n = 5 per group). *P < 0.05.



There is considerable potential for the use of guano-
sine metabolites in patients with bone disease caused
by breast cancer. It seems likely that guanosine
metabolites may find a place either alone or in combi-
nation with other agents such as the bisphosphonates.
Our data support the notion that after studies to
determine a safe dose have been performed, a ran-
domized clinical trial is required to determine the
effects of guanosine metabolites in the treatment of
patients with metastatic breast cancer when PTHrP is
likely to be responsible for the osteolysis.

In conclusion, we have described a promising new
approach to the treatment of patients with breast can-
cer metastatic to bone and HHM caused by PTHrP
excess. Our data is consistent with the “vicious-cycle”
hypothesis (60, 61) — namely, that PTHrP production
by breast-cancer cells in the bone microenvironment
leads to bone resorption, which in turn leads to release
of local growth factors from bone that are responsible
for further aggressive behavior of the tumor cell and
PTHrP expression. The guanosine metabolites have the
capability of limiting PTHrP expression, thereby
inhibiting this vicious cycle and decreasing the growth
of the tumor cells in the bone microenvironment by
this indirect mechanism.
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