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Abstract The pathogenesis of bone metastases may re-
quire the activation of osteoclasts by tumor-secreted fac-
tors, which promote important interactions with the bone
microenvironment. ‘We -utilized an intratibial model of
bone metastasis with bioluminescent imaging (BLI) to
measure the effect of osteoclast inhibition on the interac-
tion of human lung cancer cells with bone, and on tumor
growth. Mice were injected with luciferase-transduced tu-
mor cells (HARA, human pulmonary squamous carci-
noma) and divided into three groups: (1) untreated, (2)
twice weekly treatment with the bisphosphonate zoledronic
" acid (ZOL), or (3) osteoprotegerin (OPG). Histomorph-
ometry and imaging were used to evaluate tumor burden,
and parameters ‘of osteoclast activity. Mice in the treated
groups had increased bone density and decreased osteoclast
numbers in nontumor-bearing tibiae. There was greater
than 60% reduction in mean tumor volume in both treat-
ment groups when evaluated by -histomorphometry
(P=0.06 [OPG], P =0.07 [ZOL}). However, biolumi-
nescent imaging failed to show a reduction in tumor burden
due to wide variability in the data. Osteoclast numbers
along tumor-associated bone were significantly increased
compared to tumor-free bone, and were not reduced by
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either treatment. Rlasma calcium concentration was

_increased in all groups. Plasma tartrate-resistant acid

phosphatase 5b was reduced in both treatment groups.
Plasma PTHrP was significantly increased in the untreated

-tumor-bearing group, but was not significantly different in

the two treatment groups compared to normal mice. OPG
or ZOL did not change tumor cell proliferation, but ZOL
increased HARA cell apoptosis. OPG and ZOL reduced
tumor growth in the tibiae of treated mice, however, PTHrP
production by HARA cells may have resulted in a high
concentration in the bone microenvironment, partially
overriding the antiosteoclast effects of both OPG and ZOL..

Keywords Bioluminescent imaging - Bisphosphonate -
Bone metastasis - Histomorphometry © Hypercalcemia -
Mouse models - Osteoclast - Osteoprotegerin -
Parathyroid hormone-related protein © Zoledronic acid

Abbreviations

BLI bioluminescent imaging

Ir intraperitoneal

Luc luciferase

OPG .  osteoprotegerin

PTHrP parathyroid hormone-related protein

SCC squamous cell carcinoma

SQ subcutaneous

TAB  tumor-associated bone

TRACP tartrate-resistant acid phosphatase

YFP yellow-fluorescent protein
ZOL zoledronic acid
Introduction

Metastases to bone cause significant morbidity and con-
tribute to mortality in cancer patients. Death in association
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with cancer is more commonly due to complications from
metastases rather than from the primary tumor [1]. Dele-
terious effects. of bone metastases include bone pain,
pathologic fracture, spinal cord compression, and the
development of hypercalcemia [2]. Tumor-associated
hypercalcemia can result in nausea, vomiting, dehydration,
alteratlon of mental status, and renal failure [3].

Certain types of cancers more commonly metastasize to
bone. Tumors originating in the breast, prostate or lung
result in 80% of all bone metastases. Other types of can-
cers, such as gastrointestinal cancer, very rarely spread to
bone [4). The propensity of a certain type of cancer to
spread to bone strongly supports the ‘‘seed and soil”
hypothesis of Paget, namely that certain types of malignant
cells (the ‘seeds’) are attracted to, and grow preferentially
in, specific ‘soils’ (such as the bone microenvironment) [5].
Once the cells have implanted themselves in the bone
microenvironment, their continued survival and growth is
supported by the so-called ‘vicious cycle of bone destruc-
tion’. This cycle is characterized by the production of
various osteoclast-activating factors by the tumor cells
(parathyroid hormone related protein [PTHrP], interleu-
kins-1 and 6, tamor necrosis factor, and others). The acti-
vation of osteoclasts results in destruction of bone,
releasing bone-associated growth factors (such as trans-
forming growth factor-f, bone morphogenetic proteins,
platelet-derived growth factors, fibroblast growth factors,
and 'others)', which in turn stimulate the tumor cells to
proliferate and secrete more of the osteoclast-stimulating
factors [3]. The cycle results in both tumor growth and
increased destruction of bone, which contributes to
hypercalcemia. The osteoclast plays a central role in the
vicious cycle and makes an attractive therapeutic target.

There are several different mechanisms for cancer-
associated hypercalcemia, including ectopic secretion of
parathyroid hormone by tumor cells, tamor cell secretion of
the active form of vitamin D, local osteolytic hypercalce-
mia, and humoral hypercalcemia of malignancy (HHM)
[6]). In humoral hypercalcemia of malignancy (HHM) there
is production of humoral factors [e.g., PTHrP] by tumor
cells (in the primary tumor and its metastases) and secre-
tion of the factors into the systemic circulation. In the case
of PTHrP, hypercalcemia results from the stimulation of
PTHI receptors in both the kidoey (increasing calcium
reabsorption), and in bone (increasing osteoclastic bone
resorption). In local osteolytic hypercalcemia, a large tu-
mor burden in.bone is associated with localized osteoclast
activation and bone resorption, leading to the release of
calcium into the systemic circulation [7].

The human lung squamous carcinoma cell line (HARA)
used in this study represents a subtype of non-small cell
lung cancer (NSLC) which has a propensity to metastasize
to bone and is commonly associated with the production of
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PTHrP [7]. The normal keratinocyte both produces and
secretes PTHrP, thus it is not surprising that squamous cell
carcinomas are commonly associated with production of
this polyhormone [8]. PTHrP is a major contributor to
osteolytic (bone destructive) metastases due to its ability to
indirectly activate osteoclasts through the PTHI receptor on
osteoblasts and stromal cells. This pathway involves the
increased expression of RANKL (or ‘osteoclast differenti-
ation factor’) on the osteoblast or stromal cells, which binds
RANK on osteoclast precursors, resulting in osteoclast
differentiation/maturation and activation. Osteoprotegerin
(OPG) is a soluble decoy receptor for RANKL, and binding
of RANKL to OPG results-in the failure of RANK activa-
tion, and inhibition of osteoclast differentiation and acti-
vation [9]. The resorption of bone by mature osteoclasts
results in the release and activation of bone-associated
growth factors such as transforming growth factor-beta
(TGF-f), which can act in a paracrine action on nearby
tumor cells to upregulate the production of PTHrP by
increasing mRNA stability [10].

The importance of PTHrP to the development and pro-
gression of bone metastases has been demonstrated in
several rodent models of bone metastasis, including the
MDA-MB-231 breast cancer mouse model. Treatment of
mice with a monoclonal anti-PTHrP antibody after intra-
cardiac injection of MDA-MB-231 cells resulted in a
reduction in the formation of bone metastases and decreased
bone destruction [11]. Rabbani et al. [12] demonstrated that
overexpression of PTHrP in rat MatlLyLun prostate cancer
cells resulted in increased osteoclast activity in skeletal
metastases in an intracardiac injection model.

Several treatments for cancer-associated hypercalcemia
and metastases are currently available, including bis-
phosphonates [13, 14]. Bisphosphonates -are inorganic
pyrophosphate analogues which, upon administration, rap-
idly accumulate in bone and result in high levels in the bone
microenvironment. Bisphosphonates are internalized by os-
teoclasts, and result in decreased bone resorption due to
apoptosis of mature osteoclasts, suppression of osteoclasto-
genesis, and decreased function of mature osteoclasts [15].
More recently’ it has been demonstrated that nitrogen-con-
taining bisphosphonates can have direct effects on neoplastic
cells, including the induction of apoptosis, inhibition of
migration (by decreasing matrix metalloproteases), and
reduction in proliferation [16, 17]. Zoledronic acid is a
nitrogen-containing third generation bisphosphonate which
has demonstrated clinical efficacy in treating bone metastases
and hypercalcemia in several types of solid cancer (including
breast and non-small cell lung carcinoma) 18, 19].

The evaluation of osteoprotegerin for treatment of bone
metastases is less well developed. Administration of OPG
is expected to result in a Jocal reduction in the RANKIL/
OPG ratio and inhibition of osteoclastic bone resorption.
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Studies in mouse models of metastases have demonstrated
decreased tumor burden and less bone destruction with
OPG treatment using both breast and prostate cancer cells
lines [20, 21]. '

We investigated whether treatment with zoledronic acid
or OPG would decrease tumor burden and select plasma
parameters of fumor burden and bone resorption by
inhibiting osteoclastic bone resorption and tumor growth in
an intratibial injection model of bone metastasis of a hu-
man pulmonary squamous cell carcinoma (HARA).

Materials and methods
Cell line

‘HARA, a cell line derived from a human pulmonary
squamous cell carcinoma, was obtained from Dr. Haruo
Iguchi, Shikoku Cancer Center, Mafsuyama, Japan. The
original human patient had increased serum parathyroid
hormone-related protein (PTHrP) concentration and
hypercalcemia, but no apparent bone metastases. The cell
line expresses and secretes PTHrP, and mice given intra-
cardiac injections of HARA cells develop bone metastases
[22]. Cells were maintained in RPMI 1640 (Invitrogen Co.,
Carlsbad, CA) supplemented with 10% fetal bovine serum,
250 units/ml penicillin, and 250 pg/ml streptomycin (In-
vitrogen Co.) in a humidified 37°C incubator with 5% CO,.

Generation of lentiviral vectors and HARA
transduction

A 2,183 bp Luciferase/Yellow Fluorescent Protein fusion
construct flanked by Sful and Xhol was PCR amplified
from pCDNA3.1(+).yLuc-YFP (obtained from Dr. Chris-
topher Contag, Stanford University, Stanford; CA) and sub-
cloned into pCR4TOPO (Invitrogen Co., Carlsbad, CA),
excised, and gel purified. The Luc/YFP construct was
cloned into a retroviral vector, pHIVSIN-Luc (obtained
from Dr. Kathleen Boris-Lawrie, The Ohio State Univer-
stty, Columbus, OH), replacing a 1,491 bp Luc fragment in

the plasmid. The -new plasmid was named pHIVSIN-Luc/

YFP, Lentiviral vectors were produced by transient triple
transfection of 2937 cells (obtained from Dr. Michael
Lairmore, The Ohio State University, Columbus, OH) in
DMEM (Invitrogen Co., Carlsbad, CA) with 10% FBS
using calcium phosphate (Sigma—Aldrich Co., St. Louis,
MO) and 10 pg of packaging plasmid pCMVARR.2, 2 pug
of envelope plasmid pMD.G (both obtained from Dr.
Kathleen Boris-Lawrie) and pHIVSIN-Luc/YFP. The vec-
tor particles in the supernatant were filtered through a
0.2 pm filter and sedimented by ultracentrifugation at

6,500xg for 16 h at 4°C. The pellets were redissolved in
DMEM resulting in a 1,000-fold concentration. HARA
cells (in RPMI with 10% FBS) were transduced with
polybrene (8 pg/ml) (Sigma-Aldrich Co., St. Louis, MO)
and the virus by spin-inoculation at 2,700 rpm for 1 h at
32°C (HARA-YFP/Luc).

Mice, tumor inoculation

Male nu/nu mice were purchased from the Charles River
Laboratories (Wilmington, MA). Mice were housed in
microisolator cages, and were provided food pellets and
water ad libitum. Mice were anesthetized with 3.5 mg ke-
tamine/0.15 mg xylazine intraperitoneally (IP), and 50,000
HARA-YFP/Luc cells were suspended in 10 pl sterile
Dulbeccos’s PBS and injected through the skin into the
proximal left tibia using the tibial crest as a landmark.
Injections were performed using a 25-gauge needle and a
100 pl Hamilton syringe (Hamilton Co., Reno, NV). Mice
were imaged on day one post-injection, then weekly for
4 weeks.

Treatments

Mice were divided into three groups of 20 mice each. One
group was injected with HARA cells and did not receive
osteoprotegerin or zoledronic acid. The other two groups of
mice were treated twice weekly for 4 weeks with re-
combinant human Fc-osteoprotegerin, 50 pg/mouse, IP
(Amgen, Thousand Oaks, CA) or zoledronic acid,
0.625 pg/mouse, subcutaneously (SQ) (Novartis, Basel,
Switzerland). The first dose was administered the day be-
fore tumor cell injection. Twice weekly injections of
vehicle in untreated mice were not performed. Weekly
bioluminescent imaging (involving intraperitoneal injec-
tions of luciferin and anesthesia with box induction; details
below) was performed on all mice and equalized the levels
of stress experienced by each group.

Imaging

In vivo bioluminescent imaging was performed on a cooled
CCD IVIS™ system equipped with a 50 mm lens (Xeno- -
gen Corp., Alameda, CA). Results were analyzed using
LivingImage® software, version 2.2 (Xenogen Corp.).
Mice received IP injections of p-luciferin (Xenogen Corp.),
4.3 mg/mouse, dissoived in sterile PBS. The exact time of
luciferin injection was recorded. Mice were anesthetized
with 3% isofiurane/induction in a box system and 1.5%
isoflurane/maintenance via a nose cone delivery -system.
Oxygen was delivered at 11/min. Body temperature was
maintained thronghout imaging using a 37°C platform in
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the chamber. Lateral images of five mice were acquired
simultaneously at several set time points extending to a
maximum of 20 min after -luciferin injection (Fig. 1).
Integration times and binning varied depending on the
saturation level of the group of mice being imaged. Times
ranged from 10 s to 1 min, binning was small (4) or
medium (8), and the f/stop used was 1. Field of view
(FOV) was maintained at position C (20 cm). Pseudo-color
images of photon emissions were overlaid on grayscale
images of animals to aid in fixing spatial distribution of
signals. Photon quantitations were calculated within re-
gions of interest (ROIs) overlying the left tibias, as well as
a background determination from a signal-free region of
the mouse. Tumor burden at day 30 was determined by
dividing photons/s emission at day 30 by that from day 1.
This allowed normalization of data for the actual numbers
of cells initially injected.

Histopathology

Mice were sacrificed at 30 days post-injection, blood was
collected and plasma was separated using heparinized
Microtainer® tubes (Becton Dickinson, Franklin Lakes,
NJ) and stored at —80°C. Legs were separated at the cox-
.ofemoral joint, defleshed and fixed in 10% neutral-buffered
formalin for 24 h at 4°C. Legs were decalcified in 10%
EDTA, pH 7.4 at 4°C for 2-3 weeks. Decalcified tibias and
lungs were embedded in paraffin, cut into 5 um sections,
mounted on slides, and stained with hematoxylin and eosin.
Freshly cut sections of the tibias were also stained for os-
teoclasts utilizing tartrate-resistant acid phosphatase en-
.zyme histochemistry as described by van der Pluijm et al.
[23]. Briefly, 5 pm paraffin sections were rehydrated and
incubated “with substrate solution for 30 min containing
naphthol AS-BI phosphate as substrate dissolved in

Fig. 1 Bioluminescent imaging
of mice from the
osteoprotegerin-treated group.
Thirty days post-HARA
injection, after intraperitoneal
injection of luciferin. A region
of interest was used to analyze
the photons emitted/second
from a specified area. The
highest level of photon emission
corresponded to the orange/red
end of the color spectrum. The
fourth mouse was injected with
cells; photon emission was
present but very low. Note the
wide variability in turnor growth
in the mice
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Michelis veronal acetate buffer, hexazonium pararosaniline
as a coupler, and 10 mM of L(+)tartaric acid as an inhibitor
(Sigma—Aldrich Co., St. Louis, MO). Slides were count-
erstained with hematoxylin. Histomorphometry was per-
formed using the Bioguant Nova image analysis system
(Bioquant Image Analysis Corp., Nashville, TN), Trabec-
ular area of metaphyseal bone was measured in one
200 mm® window in each tibia. Osteoclast parameters
(perimeter and number) were measured in two windows in
each tibia (400 mm? total). Tumor area was measured in
four sections from each tibia. Osteoclast numbers and
perimeter were measured along tumor-associated bone by
evaluating one section from each tibia.

Plasma calcium concentration

Calcium concentration was measured using 10-jil of plas-
ma and a colorimetric assay performed on a dry chemistry
analyzer (VITROS DT60; Ortho-Clinical Diagnostics,
Rochester, NY). Ten nontumor-bearing age- and sex-mat-
ched nude mice were used as controls for normal plasma

calcium concentrations.

Plasma PTHrP concentration

Plasma PTHrP (1-86) concentration was measured using
a two-site immunoradiometric assay (Diagnostic Systems
Laboratories, Inc.,, Webster, TX). Radioactivity ‘was
measured using a gamma scintillation counter for I min.
Results were calculated using a log-log curve fit, then
converted to pmol/l. by multiplying pg/ml by 0.101.
Four nontumor-bearing age- and sex-matched nude mice
were used as controls for normal plasma PTHrP
concentrations.

Color Bar image

bin = 1.086230+08 § Min = -2.5557e+05
Max = 4.7032e-+07§ Max = 4.7032e+07

pfsecicm”2/sr
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Plasma TRACP 5b activity

Tartrate-resistant acid phosphatase 5b activity specific to
mouse osteoclasts was measured using a solid phase im-
munofixed-enzyme activity assay (MouseTRAP Assay)
(Immunodiagnostic Systems, - Inc., Fountain Hills, AZ).
Absorbencies were measured at 405 nm wavelength on an
UVmax Kinetic Microplate Reader (Molecular Devices,
Sunnyvale, CA).

Ki67 Immunohistochemistry

Ki-67 immunohistochemistry of tumors was performed at
The Ohio State University Hospitals, Department of Sur-
gical Pathology. Three 400x fields were evaluated for each
tumor. Proliferation rate was estimated by dividing the
number of positive tumor cells by the number of total tu-
mor cells counted in the three fields. The average number
of cancer cells counted per mouse was 1,100..

TUNEL Staining

Apoptosis was detected utilizing the TdT-FragBL™ DNA
fragmentation detection kit (Calbiochem, San Diego, CA).
The staining procedures were performed based on the
manufacturers’ recommendations. Briefly, after deparaffi-
nization, rehydration and washing in 1x TBS, tissues were
digested with proteinase K (20 pg/ml) for 20 min at room
temperature and washed. Endogenous peroxidases were
blocked with 3% H,0, and slides were incubated with
equilibration buffer. Sections were treated with terminal
deoxynucleotidyltransferase (TdT) enzyme for 90 min in'a
humidified chamber at 37°C. After histochemical staining
with peroxidase streptavidin and diaminobenzidine, slides
were counterstained with methyl green, dehydrated and
cover slipped. Control slides were included with the kit and
consisted of HL-60 cells incubated with 0.5 pg/ml acti-
nomycin D for 19 h to induce apoptosis and uninduced
HL-60 cells. A negative control was generated by omitting
TdT. For each section evaluated, the total area of tumor
(um?) was calculated using BioQuant Nova image analysis
system (Bioquant Image Analysis Corp., Nashville, TN).
The total number of apoptotic neoplastic cells was counted
for each section and results were expressed as the number
of apoptotic cells per area of tumor.

Exclusion of data

Mice were removed from all analyses if it was deter-
mined by histology that the initial injection of cells was
not directly -into the tibia (most commonly into sur-
rounding muscle). This resulted in the removal of one

mouse from the untreated group, two mice from the
OPG-treated group, and three mice from the zoledromic
acid-treated group.

Statistical analysis

Statistical analysis of data was performed using Sig-
mastat 3.2 (Systat Software, Inc., Richmond, CA). A
one-way ANOVA was used to compare normally dis-
tributed data. A Kruskal-Wallis one-way analysis of
variance on ranks was used to compare data that was not
normally distributed. Secondary tests included Dunn’s
and Holm-Sidak Methods. Incidence of lung metastases
were analyzed by Chi Square Independent testing and
Fisher’s Exact Test.

Results

Trabecular area and osteoclast measurements of non-
injected (right) tibia (Fig. 2)

Evaluation of the non-injected (right) leg was used to
confirm the biological effect of drug administration. Tra-
becular area of metaphyseal bone was significantly in-
creased - in both treatment groups when compared to
untreated mice (Fig. 3a). Osteoclast.perimeter (the per-
centage of metaphyseal trabecular perimeter lined by os-
teoclasts) and osteoclast number (per mm of trabecular
bone) were significantly decreased in both treatment
groups when compared to untreated mice (Fig. 3b, c). The
significant increase in trabecular area (due to continued
bone growth but decreased osteoclastic bone resorption),
and decrease in osteoclast measurements in metaphyseal
bone were expected after treatment with antiosteoclast
agents. These results indicated that the dose and route of
administration of zoledronic acid and OPG were sufficient
to result in the appropriate physiologic effect in normal
metaphyseal bone.

Tumor burden

The mean tiumor areas in the OPG and zoledronic acid-
treated groups were reduced by 62% and 67%, respectively
(P =0.06 for OPG, P = 0.07 for zoledronic acid), when
evaluated by histomorphometry (Fig. 4a). The data did not
fit a normal distribution. The mean tumor volumes between
groups as evaluated by biotuminescent IVIS imaging were
reduced by 14% (OPG) and 43.4% (zoledronic acid)
(Fig. 4b). The data did not fit a normal distribution and
there was no significant difference from controls
(P = 0.60).
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Trabecular area
non-injected fibla

e

Unireated

oPG

Zoledronic acid

Fig. 2 Representative tibias from non-injected and injected mice.
‘Panels a~c (non-injected leg) illustrate the marked increase in
trabecular area in the osteoprotegerin (OPG) (b) and zoledronic acid
(c)-treated mice when compared to the untreated group. Panels d—f
(non-injected leg) illustrate the marked decrease in osteoclast
perimeter and number in the OPG (e) and zoledronic acid (f)-treated
mice when compared to the untreated group. Panels g-i (injected leg)

Osteoclast measurements along tumor-associated bone

(Fig. 2)

Osteoclast activity was significantly increased along tu-
mor-associated bone (TAB) when compared to trabecular
bone in non-injected legs in all groups. There was no sig-
nificant difference in osteoclast perimeter (Fig. 5a) or
numbers (Fig. 5b) along TAB between the untreated group
and either of the treatment groups.

Incidence of tumor growth in lung
One mouse of nineteen in the untreated group, one mouse
of seventeen in the zoledronic acid-treated group, and four

mice of eighteen in the OPG-treated group developed small
foci of tumor growth in the lung. The incidence of tumor
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Osteoclast activity

Tumor-associated
osteaclast activity

illustrate the increased number of osteoclasts along tumor-associated
bone in all thre¢ groups. Panels a—c: magnification = 100X,
Bar = 300 um, Panels d—i: magnification = 400x, Bar = 75 um. All
sections stained for tartrate-resistant acid phosphatase with hematox-
ylin counterstain. (P = physis; E = epiphysis; M = metaphysis;
T = trabeculae; B = bone; TC = tumor cells)

growth in the lung did not differ signiﬁcéntly between
groups (Chi Square Independent testing (P = 0.17) and
Fisher’s Exact Test (P = 0.30)).

Plasma calcium concentration

Plasma calcium concentrations were significantly increased
in all three groups (P < 0.05) when compared tc normal
nontumor-bearing mice, however there was no significant
difference in plasma calcium between the -three tumor-
bearing groups (Fig. 6a). ’

Plasma PTHrP concentration

Plasma PTHrP concentration was significantly increased in
the tumor-bearing untreated mice compared to normal
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Fig. 3 Trabecular area and osteoclast measurements, non-injected
tibias. Trabecular area (a) was significantly increased in both
treatment groups when compared to untreated mice (*P < 0.001).
The area was calculated from a 200 pm? field in the metaphysis.
Osteoclast perimeter (b) and number (c) were significantly decreased
in both treatment groups when compared to untreated mice
(*P < 0.001 for both). Osteoclast measurements were calculated
from two 200 um® fields in the metaphysis. (a—c) Boxes represent
quartiles and the whiskers represent the 10th and 90th percentiles.
Outliers are represented as separate points. OPG = osteoprotegerin.
Zoledronate = zoledronic acid

nontumor-bearing mice (Fig. 6b). This is likely due to
production and secretion of PTHrP by the HARA cells in
vivo. Plasma PTHIP in the zoledronic acid-treated group
was significantly decreased compared to the tumor-bearing
untreated mice. Plasma PTHIP levels in the OPG-treated

mice were not significantly different from tumor-bearing
untreated mice. Zoledronic acid appeared to have a greater
effect on reduction in plasma PTHrP levels than OPG
(Fig. 6b).

Plasma TRACcP 5b

Plasma TRACP 5b is present in high levels in osteoclasts, is
secreted into the systemic circulation, and is a specific,
sensitive marker of bone resorption [24]. Inhibition of os-
teoclasts is expected to resuit in decreased plasma TRAcP
5b concentration. Plasma TRAcP 5b was significantly de-
creased in both treatment groups when compared to the
untreated group (Fig. 6¢). This was interpreted to reflect an
overall net decrease in osteoclast activity throughout the
mouse in response to both treatments. The increased
osteoclast numbers along tumor-associated bone were felt
to represent a local phenomenon, which did not contribute
appreciably to increasing circulating TRAcCP 5b levels.

Ki67 immunobistochemistry

The tumor celis in all three groups had a high level of
immunostaining for Ki67, a marker of cell proliferation. -
Positive staining of HARA cells in the untreated group was
69 £+ 2% (mean * SEM) (n = 11), in the OPG group was
72 + 4% (mean + SEM) (n = 7), and in the zoledronic acid
group was 62 4% (mean + SEM) (n = 8). Treatment
with OPG (P = 0.233) or zoledronic acid (P = 0.097) did
not statistically significantly alter Ki67 immunostaining as
compared to the untreated group.

TUNEL assay

The rate of apoptosis of the HARA cells in the untreated
group was 1.4 x 1072 cells/mm? (n = 10), in the OPG
group was 1.0 X 1072 cells/mm? (2 = 6) and in the zoled-
ronic acid group was 3.5 x 1072 cells/mm? (n=25). Al-
though OPG did not induce apoptosis, mice treated with
ZOL had a modest increase in tumor cell apoptosis
(P = 0.068).

Discussion

The marked propensity of some types of cancer to metas-
tasize specifically to bone and the significant contributions
to cancer-associated morbidity and mortality that bone
metastases make has resulted in an intense search for
methods to prevent and treat this manifestation of cancer.
The bone pain, pathologic fractures, and hypercalcemia
that can be associated with bone metastases have been
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Fig. 4 Tumor burden. (a) Histomorphometrical analysis. There was a
marked reduction in the mean tumor burden by 62% (OPG) and 67%
(zoledronic acid) in treated mice compared to the untreated. group;
variability in the data precluded attaining statistical significance. The
horizontal bars and adjacént numbers represent group means. Values
represent the percent of tibial area occupied by tumor. Four sections
from each mouse were analyzed. (b) In vivo bioluminescent imaging
analysis, There was a reduction in the mean tumor burden by 14%
(OPG) and 43% (zoledronic acid) compared to the untreated group;
variability in the data precluded attaining statistical significance.
Variability was greater than the analysis of tumor burden by
histomorphometry. Data represents a ratio of photon/second emission
on day 29 to that on day 1 to control for the actual number of cells
injected into each tibia. Data points <1 are not represented in
calculated values. The horizontal bars and adjacent numbers represent
group means. OPG = osteoprotegerin. Zoledronate = zoledronic acid

OPG
n=18

treated with varying success by using chemotherapy, hor-
monal therapy, irradiation, surgery, and more recently by
agents such as bisphosphonates, which have antiosteoclast
and antitumor activity [3].

Bisphosphonates are currently used in the treatment of
established bone metastases. Trials with zoledronic acid
have demonstrated a delay in skeletal events in patients

@ Springer

with breast cancer metastatic to bone [25] and non-small
cell lung carcinoma [19], and zoledronic acid has proven
benefit in prostate cancer [26].

The use of -.osteoprotegerin (OPG) for the treatment of
bone metastases is less well-established. Animal models
have "demonstrated that treatment with OPG reduces the
growth of both prostate carcinoma and breast cancer in
bone [20, 21, 27]. A human trial using OPG has been
published (in patients with osteolytic breast carcinoma or
multiple myeloma). OPG treatment resulted in suppression
of bone resorption as measured by urinary N-telopeptide of
collagen/creatinine and was well tolerated [28].

Metastasis to bone involves numerous steps starting
with the initial detachment of neoplastic cells from the
primary tumor mass, invasion through surrounding con-
nective tissue to blood vessels, travel through the blood
with evasion of immune detection, and arrest and growth in
the secondary site [[29]. The intratibial model of bone
metastasis represents the final step of the metastatic cas-
cade, namely the survival and proliferation of neoplastic
cells in .the bone microenvironment. In our intratibial
injection model, preventive treatment (treatment started
prior to tumor cell injection) with zoledronic acid or os-
teoprotegerin showed a marked reduction of tumor burden
in mice when analyzed by histomorphometry. Analysis of
tumor burden using in vivo bioluminescent imaging re-
sulted in a higher degree of variability in the data and was
less sensitive than histomorphometry, since the amount of
bioluminescence did not always correlate to tumor size as
visualized grossly and measured using histopathological
sections. Standard histomorphometry, with evaluation of
four sections from each tumor-bearing tibia, was inter-
preted to have resulted in a more accurate quantification of
tumor burden.

Others have demonstrated that in vivo bioluminescent
imaging. (BLI) can be a useful technique to estimate tu-
mor burden [30, 31]..The advantages of such a system
include the ability to serially analyze response to treat-
ment and tumor growth without euthanasia of animals, the
use of fewer amimals in each experiment, and the ability
to analyze the volume of viable tumor tissue since light
emission from the entire tumor is measured, compared to
the traditional two-dimensional area measurements used
by standard histomorphometry. However, there are chal-
lenges with quantitation of viable tumor tissue by BLI as
demonstrated by our study. In this investigation, and
using this transduced cell line, histomorphometry was
more accurate than BLI at measuring tumor volume and
emphasizes the need to confirm BLI data with mor-
phometry. This was likely due to the unexpected wide
variability in the BLI data. We controlled for variable
injection volumes by dividing day 30 data by that from
day 1. BLI is a very sensitive technique that is useful to
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identify small numbers of tumor cells at metastatic sites;
however, variability in tumor activity or expression of
luciferase can lead to a wide variation in the in vivo data.
To obtain an accurate representation of tumor volume
using BLI, the neoplastic cells must be actively express-
ing Iuciferase at the time of imaging. Loss of expression
of the construct (in all or subsets of the tumor cells), areas
of necrosis within the tumor, or variable luciferase
expression by tumor cells would result in inaccurate
representation of tumor volume. While the tumors in our
model did not have large areas of necrosis, it is possible
that loss or variable expression of the luciferase construct
contributed to the variability in tumor burden when
measured by this method.

The HARA human pulmonary squamous cell carcinomna
line prodnces and secretes high levels of the potent
osteoclast-activating factor, parathyroid hormone-related
protein (PTHrP) [22]. We hypothesize that production of
PTHrP by the tumor cells resulted in a high localized
concentration of PTHrP in the bone microenvironment, at
least partially overriding the antiosteoclast effect of either
OPG or zoledronic acid. The production of PTHrP would
explain not only the increased osteoclasts along tumor-
associated bone (TAB) in the untreated animals, but also
the lack of reduction in osteoclast perimeter and number
along TAB in both treatment groups. We have recently
reported that PTHrP mRNA was increased in HARA cells
up to 20-fold in bone metastases in mice compared to
subcutaneous tumors (Deng et al. (2006) Cancer Res in
review). In contrast, the nontumor bearing leg in treated
mice showed the expected response to OPG or zoledronic
acid treatment (reduction in osteoclast measurements and
increase in trabecular area).-

In other models of bone metastasis using PTHrP-pro-
ducing cell lines (PC-3, MDA-231, LNCaP) and treatment
with OPG or zoledronic acid, investigators reported sig-
nificantly reduced tumor burden and osteoclasts along
TAB, however doses, routes of administration (subcuta-
neous versus intravenous), initiation of treatment (pre-
ventive versus treatment mode), and cell type (breast
versus lung versus prostate) varied, making it difficult to
directly compare results from other studies [20, 21, 32]. For
OPG, doses ranged from 2 mg/kg to 25 mg/kg and treat-
ment frequency from twice a week to three times a week.
Although the dose and frequency of administration of OPG
used in this experiment was at the lower end of those used
in other experiments, the marked reduction in osteoclast
number and perimeter in the non-injected tibiae in our
model demonstrated that levels of OPG were high enough
to have a physiologic effect in normal tibias. It is possible
that the antiosteoclast effect was not attained in the injected
tibias as a result of tumor-induced changes, such as
localized disruption of blood flow or high local concen-
trations of osteoclast-stimulating factors, such as PTHrP.
The dose of zoledronic acid used in this experiment
(0.025 mg/kg) was lower than that used in other animal

: >

Fig. 6 Plasma parameters. (a) Plasma calcium concentration was
significantly increased in all three treatment groups compared to
normal mice (P<0.05). Treatment with either drug did not
significantly decrease plasma calcium concentration. (b) Plasma
PTH:P was significantly increased above the nontumor-bearing mice
(*‘normal™’) in the untreated group (*P < 0.05). Plasma PTHiP in the
zoledronic acid group (but not the OPG group) was significantly
decreased below that of the untreated group (**P < 0.05). (c) Plasma
TRACP 5b was significantly decreased (*P < 0.05) in both treatment
groups when compared to the untreated mice. The limit of detection
for this assay was 0.1 U/L. All horizontal bars indicate the group
means. OPG = osteoprotegerin. Zoledronate = zoledronic acid
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models of bone metastasis. For example, in an intratibial
prostate carcinoma model, Corey et al. [32] used 0.2 mg/
kg. Based on allometric scaling, which takes into account
inherent differences in metabolic activity between different
species, our dose is more than 10x lower than that typically
used clinically in humans [33]. However, in our experi-
ments, zoledronic acid was administered twice weekly,
which is more frequent than the current clinical use in
humans (where it is typically administered as a 4 mg
intravenous infusion once every 3-4 weeks) [34], Despite
the dose used, the decreased numbers of osteoclasts and
increased trabecular bone observed in the nontumor-
bearing tibial metaphyses indicated a physiologic effect in
normal bone. As with OPG, it is possible that disruption
of the normal blood fiow to the metaphyses in the tumor-
bearing legs (due to the presence of the tumor) affected
the ability of the drug to reach this region, or that in-
creased local levels of a pro-osteoclast agent, such as
PTHrP, antagonized the effects of the zoledronic acid. We'
would predict that using higher doses of either drug, or
inhibiting PTHrP production by the HARA cells, would
result in a greater reduction in tumor burden and a
reduction in osteoclastic bone resorption along tumor-
associated bone.

Bisphosphonates are the treatment of choice for cancer-
induced hypercalcemia due to their antiosteoclast activity
{35]. OPG has been used to reduce cancer-associated
hypercalcemia in several mouse models [36, 37]. In our
study, mice in all three groups had significant increases in
plasma calcium compared to normal mice, with no reduc-
tion in plasma calcium concentration by treatment with
zoledronic acid or OPG. We hypothesize that OPG and
zoledronic acid were unable to block the effects of locally
high levels of PTHrP in the immediate vicinity of the tumor
leading to osteoclast activation along TAB and hypercal-
cemia in the mice. The untreated mice also likely had a

. ‘humoral contribution from increased plasma concentrations

of PTHrP.

Nitrogen-containing bisphosphonates have been re-
ported to decrease the proliferation rate and increase
apoptosis of cancer cells [38, 39]. In contrast, PTHrP has
been reported to increase the proliferation rate of cancer
cells'[40], and to protect against apoptosis in breast cancer
cells [41]. Osteoprotegerin has been reported to be an anti-
apoptotic survival factor through its binding of tumor
necrosis factor-related apoptosis-inducing ligand (TRAIL)
[42, 43], as well as to have no effect on apoptosis in vitro
[21]. The HARA cells-in the zoledronic acid-treated group
had a mild increase in apoptosis. Increased PTHrP in the
bone microenvironment due to secretion from HARA cells
may have interfered with the ability of zoledronic acid and
OPG to significantly alter the proliferation rate and level of
apoptosis of the HARA cells.
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In vitro studies that have demonstrated antiproliferative
and pro-apoptotic effects of bisphosphonates used high
concentrations of the drugs, ranging from 5 to 2,000 pM
[17]. Bisphosphonates concentrate in bone by avid binding
to hydroxyapatite, which likely leads to high concentra-
tions of the drugs in the bone microenvironment [34].
However, bisphosphonates are not metabolized and are
cleared rapidly from the plasma [15]; peak plasma levels
after intravenous infusion of zoledronic acid are reported to
be in the 1-2 uM range, far lower than that used in in vitro
experiments [J. Green, personal communication]. It is
uncertain whether the high concentrations used in cyto-
static in vitro studies accurately reflect what occurs in the
bone microenvironment in the in vivo setting [34]. Os-
teoprotegerin has not been shown to have a cytostatic effect
on cancer cells in vitro [21]. In our study, the similar
reduction in turnor burden using both zoledronic acid and
osteoprotegerin supports the concept that the effects on
tumor burden were indirect. In other words, the reduction
was likely related to the antiosteoclast effect of each drug,
rather than a cytostatic effect.

The prevention of bone metastases by bisphosphonates
is less well established than their use for the treatment of
bone metastases. Human clinical trials and animal models
have had mixed results. Two human clinical trials -using
clodronate for the prevention of skeletal metastases in pa-
tients with early stage-breast cancer had contrasting results.
One trial had a survival benefit, and one trial had decreased
survival. Trials using the more potent zoledronic acid in a
preventive manner are planned [34]. Animal models of
bone metastasis prevention using bisphosphonates have

- also yielded contrasting results as well as interesting
information on the role of bisphosphonates in the devel-
opment of soft tissue metastases. In such animal models
some studies demonstrated a decréase in bone metastases
but an increase in soft tissue metastases [44]. Other studies
have demonstrated a decrease in bone metastases and no
effect on soft tissue metastases [45]. While others dem-
onstrated 2 decrease in soft tissue metastases [46]. The
variation in results likely reflects, at least partially, the
administration of different bisphosphonates by different
routes and doses, and the use of different tumor cell types
and routes of tumor cell inoculation in these models. The
‘variable results with regard to the effect of bisphosphonates
on soft tissue tumor growth and metastasis make the use of
such drugs in patients without clinical evidence of bone
metastases (in a ‘preventive’ capacity) potentially riskier
[34, 47]. In our intratibial injection model of lung cancer
preventive treatment with zoledronic acid demonstrated no
difference in the growth of tumor cells in the lungs in spite
of a reduction in tibial tumor burden, but lung metastasis
was an infrequent finding in this investigation.

The effect of OPG treatment on the development of
visceral metastases has not been investigated as thoroughly
as it has been for bisphosphonates. Morony et al. [20]
demonstrated that administration of OPG at the time of
tumor cell injection had no effect on the development of
visceral metastases, and Zhang et al. [21] found that OPG
had no effect on subcutaneous growth of prostate cancer
when administered at the time of tumor cell injection.
Despite the lack of an effect on the growth of neoplastic
cells in soft tissue, both experiments demonstrated a
marked decrease in skeletal growth of neoplastic cells with
OPG treatment. Similarly, in our intratibial injection model
of lung cancer, the use of OPG in a preventive manner did
not result in any difference in the growth of metastatic
tumor cells in the lung, despite reducing tumor burden in
injected tibias.

In conclusion, we utilized an intratibial model of a
luciferase-expressing human pulmonary squamous cell
carcinoma line (HARA) to investigate the effects of treat-

‘ment with the antiosteoclast agents zoledronic acid and

osteoprotegerin. There was a marked reduction in tumor
burden with both treatments when analyzed by histo-
morphometry. The lack of a decrease in osteoclasts along
tumor-associated bone was likely due to the production of
high levels of PTHIP or other cytokines antagonizing the
antiosteoclast effects of zoledronic acid or OPG that were
evident on bone surfaces in the nontumor-bearing tibia.
Further evaluation of this model using HARA cells with
reduced PTHrP production could clarify the role of PTHrP
in the bone microenvironment.
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Abstract We have previously demonstrated that para-
thyroid hormone-related protein (PTHrP) is a cachexia
inducer, but it is still not known what PTHrP effects on
target tissues induce the cachexia. Therefore, we examined
the effects of anti-PTHrP antibody and osteoprotegerin
(OPG) on PTHrP-producing tumor-induced cachexia.
Nude mice bearing PTHrP-producing human lung cancer
cells (HARA-B) exhibited cachexia with hypercalcemia 3—
4 weeks after inoculation, accompanied by losses in body,
adipose tissue, and muscle weight. OPG ameliorated hyper-
calcemia, as did neutralization of PTHrP with antibody; and
it increased both body and adipose tissue weights. These
increases in body and adipose tissue weight, however, were
significantly less than those in mice treated with anti-PTHrP
antibody. Simultaneous administration of OPG and anti-
PTHrP antibody caused significant increases in body, adi-
pose tissue, and muscle weight, along with an immediate
decrease in blood ionized calcium levels. The increase in
body weight was similar to that observed in mice treated
with anti-PTHrP antibody alone, and.the decrease in the
blood ionized calcium levels was significantly greater than
that in mice treated with OPG or anti-PTHrP antibody
alone. These results suggest that an -effect of PTHrP on
target tissues other than hypercalcemia is involved in the

development of cachexia. Expression of cachexia-inducing

proinflammatory cytokines (interleukin-6 and leukemia in-
hibitory factor) is stimulated by PTHrP. This might be a
mechanism by which PTHrP produces tumor-induced
cachexia. It is also suggested that OPG and anti-PTHrP
antibody synergistically act to ameliorate hypercalcemia,
although the mechanism responsible for this is unclear.
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Introduciion

Cachexia is a debilitating condition of involuntary weight
loss characterized by anorexia, depletion of fat and muscle
tissues, hypoglycemia, and anemia [1]. It often accompanies
various cancers in advanced stages and reduces the quality
of life and the patient’s response to chemotherapy [2]. For
cachexic patients, the normal balance between energy in-
take and caloric expenditure is disrupted owing to increased
catabolism. However, the molecular mechanism respon-
sible for cachexia is poorly understood. Several cytokines,
including tumor necrosis factor-o, (TNFo. {3]) interleukin-6
(IL-6) {4]) interferon-y [5], and leukemia inhibitory factor
((LIF) [6]) have been implicated in' the development of
cancer cachexia; and recently we showed that parathyroid
hormone-related protein (PTHrP) induces cachexia in ex-
perimental animals using cultured human lung cancer cells
[7). In this cachexia model, however, it remains unclear
what PTHrP effects on target tissues induce cachexia.

Osteoprotegerin (OPG) is a member of the tumor necro-
sis factor receptor family and .antagonizes the ability of
receptor activator of nuclear factor x-B ligand (RANKL) to .
bind to its receptor, the receptor activator of nuclear factor
x-B (RANK) [8,9]. OPG prevents and reverses hypercalce-
nid in an animal model of humoral hypercalcemia of malig-
nancy (F¥M) [10], and the effect of OPG on hypercalcemia
occurs via the competitive inhibition of RANKL-RANK
interaction regardiess of the action of PTHrP. Thus, to de-
termine the role of PTHIP in cachexia, we examined the
effects of OPG on cachexia in an experimental cachexia
model induced by a PTHrP-producing tumor and compared
its effects to those of anti-PTHIP monoclenal antibody
(mADb).



Materials and methods
HARA-B cachexia model

HARA-B cells were isolated from a bone metastasis of
human lung cancer-derived cells (HARA), which induces
cachexia with hypercalcemia [7]. The cells were cultured
in RPMI-1640 plus 10% fetal bovine serum (FBS) and
penicillin-streptomycin, harvested by trypsinization, and
resuspended in phosphate-buffered saline (PBS). A single
suspension of HARA-B cells (5 x 10° cells/0.2ml) were
inoculated subcutaneously (s.c.) in the right flank of nude
mice (5-week-old male mice).

Administration of anti-PTHrP antibody and OPG

Anti-human PTHrP mAb was provided by Chugai
Pharmaceutical Japan; the characteristics of this mAb were
previously described [11]. The recombinant OPG used was
provided by Amgen and comprised the ligand-binding do-
main of human OPG fused to the Fc domain of human
immunoglobulin G (IgG) [8].

HARA-B-bearing mice began losing body weight 3-4
weeks after moculation. Tumor weight was estimated by the
formula (ab%2), and the carcass weight was calculated as the
difference between the whole-body weight and the estj-
mated tumor weight. The followings were administered
when the carcass weight fell to below 20g: anti-human
PTHrP mAb (100pg 1gG/mouse, intraperitoneal (i.p.) infu-
sion on day 0); OPG (2.5mg/kg s.c. infusion on days 0-5);
anti-human PTHrP mAb (1001g 1gG/mouse i.p. infusion on
day 0) + OPG (2.5mg/kg s.c. infusion on days 0-5); and PBS
(0.1 ml/mouse i.p. on day 0).

Body weight and tumor size were measured daily. Blood
ionized calcium levels in retroorbital samples were mea-
sured on days 0,2,4, and 6 by the-electrode method using an
autoanalyzer (M-634; Chiba Corning Diagnostics, Toyko,

- Japan). Mice were killed on day 6 after administration of
these agents. At this time blood was collected. from .the
heart; and the epididymal adipose tissue, gastrocnemius
muscle, and subcutaneous tumor were weighed. Serum
samples obtained after centrifugation were stored at ~30°C
until serum PTHIP levels were determined. Serum PTH:P
levels were measured using a radioimmunoassay (RIA.) kit
specific for the C-terminal portion of PTHIP (Daiichi,
Toyko, Japan).

Statistics .

Statistical analysis was performed using Welch’s unpaired ¢-
test. P < 0.05 indicated statistical significance.

Resulis

HARA-B-bearing mice exhibited a reduction in body
weight 3-4 weeks after inoculation. The effects of anti-
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Fig. 1. Changes in body (carcass) weight (A) and blood ionized cal-

cium levels (B) in HARA-B-bearing mice after administration of phos-
phate-buffered saline (control) (open square), osteoprotegerin (OPG)
(filled squares), anti-parathyroid hormone-related protein (anti-
PTHIP) monoclonal antibody (mADb) (open circles) and OPG plus anti-
PTHrP mAb (filled circles). When the carcass weight fell below 20g,
PBS and anti-PTHrP mAb (100 pg immunoglobulin G) were adrinis-
tered to the peritoneal cavity on day 0, and OPG (2.5mg/kg) was
administered subcutaneously from days O to 5. The body weight and
tumor size were measured daily, and blood ionized calcium was mea-
sured on days 0, 2, 4, and 6. The mice were sacrificed on day 6 after

administration. The carcass weight was calculated as the difference
between the whole-body weight and the estimated tumor weight. The

values represent means for groups of eight mice. Vertical bars are the
SE. *P < 0.001. 'P < 0.05

PTHrP mAb, OPG, and anti-PTHrP mAb plus OPG
were examined in mice whose body weight dropped below
20g. The changes in body weight and blood ionized calcium
levels are shown in Fig. 1. Administration of anti-PTHIP
mADb or OPG caused weight gain, and the body weights
of mice treated with anti-PTHrP mAb or OPG were
significantly higher than those of the control mice over
the observation period. However, the increase in body
weight of mice treated with anti-PTHIP mAb was greater
than that of mice treated with OPG, and the differences’
between them were significant from days 2 to 6 after ad-
ministration. The blood ionized calcium levels of mice
treated with anti-PTHrP mAb immediately decreased and
remained at levels similar to those of mice treated with
OPG. Blood ionized calcium levels in these groups were



18

Table 1. Cachexia parameters of HARA-B-bearing mice and age-matched non-tumor-bearing mice (normal) after various treatments

Parameter HARA-B-bearing mice Normal mice
Controls Antibody OPG Antibody + OPG

Carcass weight (g) 170+ 04 23.4 £ 0.5* 20.4 £ 0.6* 24.0 +0.6% 210+ 0.7

Adipose tissue weight (mg) 18+4.1 108 £9.2* 58+ 11* 120 + 9.2# 81+ 94

Muscle weight (mg) 89+2.4 108 + 4.2+ 94+37 108 + 2.2% 125+ 2.8

Tumor weight (g) 29+03 25+03 23£02 27+03

Blood Ca* (mM) 236+0.09 1.72 £ 0.05* 1.80 £ 0.05* 1.46 £ 0.06* 1.34 £ 0.01

Serum PTHrP (pmol/l) S 1102 +£119 905 + 82 1192 + 159 1130 + 198 59+ 10

* P < 0.001 vs control

Data are expressed as the mean * SE from eight mice treated with PBS (controls), anti-PTHzP mAb (Antibody), OPG, and anti-PTHrP mAb

plus OPG (Antibody + OPG) and six non-tumor-bearing mice (Normal)

PBS, phosphate-buffered saline; PTHIP, parathyroid hormone-related protein; mAb, monoclonal antibody; OPG, osteoprotegerin

significantly lower than those of the controls on days 2, 4,
and 6 after administration.

We also examined the combined effects of anti-PTHrP
mAD plus OPG on HARA-B-bearing mice. Simultaneous
administration of anti-PTHIP mAb plus OPG caused
weight gain, and the change in body weight was similar to
that of mice treated with anti-PTHrP mAb. Blood ionized
calcium levels decreased to a greater extent than those of
mice treated with anti-PTHrP mAb or OPG, and significant
differences in the blood ionized calcium levels were found
on days 2, 4, and 6 after administration.

Losses in adipose tissue weight and muscle weight usu-
ally develop in cachexic mice. HARA-B-bearing mice

showed marked depletion of adipose tissue weight and mild

depletion of muscle weight [7]. Several cachexia parameters
measured on day 6 after administration are shown in Table
1. Treatment with anti-PTHrP mADb caused a significant
increase in adipose tissue weight and muscle weight. Treat-
ment with OPG also increased adipose tissue weight, but it
was significantly less than that of mice treated with anti-
PTHrP mAb. Simultaneous treatment with anti-PTHrP
mAb plus OPG resulted in 2 significant increase in adipose
tissue and muscle weights compared to the controls, which
was similar to that of mice treated with anti-PTHrP mAb.
There were no significant differences between the tumor
weights or serum PTHIP levels among groups.

Discussion

We previously reported that PTHrP induces cancer
cachexia in an experimental model using human lung can-
cer-derived cells [7]. However, it remains to be determined
what PTHrP effects on target tissues induce cachexia. We
-therefore examined the effects of OPG, which inhibits hy-
percalcemia, on PTHrP-producing tumor-induced cachexia
to elucidate the mechanism responsible for this condition.
OPG inhibited hypercalcemia to the same extent as that
caused by neutralization of PTHrP with antibody. OPG also
increased the body and adipose tissue weights compared
with the controls, although these effects were less when
compared to those in mice treated with the neutralization of

PTHrP with antibody. In addition, OPG failed to cause an
increase in the muscle weight.

These results suggest that hypercalcemia is involved in
the development of PTHrP-producing tumor-induced
cachexia, but that its contribution is limited. The conditions
responsible for cachexia cannot be explained by anorexia
and energy expenditure, as nutritional support is unable to
alleviate this syndrome [12]. Mechanisms other than anor-
exia could be involved in.the induction of cachexia. The
direct effects of cytokines may be involved in the loss of
adipose tissue and muscle weights. IL-6 suppresses the ex-
pression of lipoprotein lipase, a key enzyme that regulates
lipid metabolism in adipocytes during cachexia [13). In the
present study, the loss in adipose tissue and muscle weights

 were fully recovered, not by correcting the hypercalcemia

but by neutralizing PTHrP with antibody. This raises the
possibility that PTHrP causes the catabolism of adipose
tissue and muscle through a mechanism other than hyper-
calcemia. PTHrP plays another role as a proinflammatory
cytokine and stimulates the expression of IL-6 and LIF,
which are both known as cachexia inducers, through the
cytokine cascade [14]. In our previous study, however, se-
rum levels of mouse IL-6 in HARA-B-bearing mice with
cachexia were similar to those in the non-tumor-bearing

-mice [7]. We cannot exclude the possibility that PTHrP may

act through the endogenous release of these cachexia-
inducing proinflammatory cytokines (IL-6 and LIF) only at
the target sites in a paracrine fashion, which would not
influence the serum levels of these cytokines.

PTHIP is expressed in discrete regions of the brain [15].
We therefore cannot exclude the possibility that PTHrP
induces anorexia by altering central neurohormonal signals

that govern appetite. However, food intake was only mini-
‘mally decreased due to HARA-B-induced cachexia in a

previous study [7], suggesting that anorexia is not involved
in this cachexia. o

OPG was identified as an osteoclastogenesis inhibitory
factor (OCIF) that inhibits osteoclast formation and activity
[8.9]; and several studies have found that OPG inhibits bone
resorption caused by several cytokines including PTHrP
[16]. Furthermore, Capparellj et al. [10] showed that OPG
prevents and reverses hypercalcemia in an HHM model
mouse. In the present study, the hypercalcemia in HARA-



B-bearing mice was ameliorated by OPG, anti-PTHrP
mADb, or both. The blood ionized calcium levels were de-
- creased to a greater extent after simultaneous administra-
.tion of OPG and anti-PTHrP mAb compared to those after
OPG or anti-PTHIP mAb alone. OPG together with anti-
PTHrP mAb almost completely normalized the hyper-
calcemia. Although the mechanism responsible for the
synergistic effects of OPG and anti-PTHrP mAb on hyper-
calcemia is not clear, hypercalcemia in ‘the HARA-B-
bearing mice may be induced not only by PTHrP but also by
other factors, and further studies are required to eluci-
date the mechanism for the development of hypercalcemia
in HAR A-B-bearing mice.

In conclusion, PTHrP is a known mediator of cachexia.
Hypercalcemia, which isinduced by PTHrP, as well as other

effects of PTHIP (partly through the induction of cachexia-

inducing proinflammatory cytokines at the target sites)
cooperate to develop cachexia. In addition, OPG and anti-
PTHrP antibody additively inhibit hypercalcemia.

Acknowledgments This study was supported in part by Health
and Labor Science Research Grants: Research on Human Genome,
Tissue Engineering Food Biotechnology (H15-Genome-002) and by a
Grant-in-Aid for Cancer Research (14-16) from the Ministry: of
Health, Labor, and Welfare, Japan.

References

1. Tisdale MJ (2001) Cancer anorexia and cachexia. Nutrition 17:438-
442
. Dewys WD, Begg C, Lavin PT, Band PR, Bennett IM, Bertino JR
(1980) Prognostic effect of weight loss prior to chemotherapy in
cancer patients. Am ] Med 69 491—497
3. Oliff A, Defeo-Jones D, Boyer M, Martinez D, Kiefer D, Vuocolo
G, Wolfe A, Socher SH (1987) Tumor secreting, human TNF/
cachectin induce cachexia in mice. 50:555-563
4. Strassman G, Fong M, Kenney JS, Jacob CO (1992) Evidence for
the involvement of interleukin 6 in experimental cancer cachexia. J
Clin Invest 89:1681-1684

o

10.

11.

12.
13.

15.

16.-

19

. Matthys P, Dijkmans R, Proost P, Van Damme J, Heremans H,

Sobis H, Billiau A (1991) Severe cachexia in mice inoculated with
interferon-y-producing tumor cells. Int J Cancer 49:77-82

. "Mori M, Yamaguchi K, Honda &, Nagasaki K, Ueda M, Abe O,

Abe K (1991) C'II]CCI cachexia syndrome developed in nude mice

bearing melanoma cells producing leukemia- -inhibitory - [actor.
Cancer Res 51:6656-6659

. Iguchi H, Onuma E, Sato X, Sato K, Ogata E (2001) Involvement

of parathyroid hormone-related protein in experimental cachexia
induced by a human lung cancer-derived cell line established from
a bone metastasis specimen. Int J Cancer 94:24-27

. Simonet WS, Lacey DL. Dunstan CR, Kelley M, Chang MS, et al.

(1997) Osteoprotegerin: a novel secreted protein mvolvcd in the
regulation of bone density. Cell 89:309-319

. Tsuda E, Goto M, Mochizuki S, Yano K, Kobayashi F, Morinaga

T. Higashio K (1997) lsolation of a novel cytokine from human
fibroblasts that specifically inhibits osteoclastogenesis. Biochem
Biophys Res Commun 234:137-142

Capparelli C, Kostenuik PJ, Morony 'S, Starnes C, Weimann B,
Van G, Scully S, Qi M., Lacey DL, Dunstan CR (2000)
Osteoprotegerin prevents and reverses hypercalcemia in a murine
model of humoral hypercalcemia of malignancy. Cancer Res 60
783-787

Sato I, Yamakawa Y, Shizume X, Satoh T, Nohotomi K, Demura
H, Akatsu T, Nagata N, Kasahara T, Ohkawa H (1993) Passive
immunization with anti-parathyroid hormone-related protein
monoclonal antibody markedly prolongs survival time of hyper-
calcemic nude mice bearing transplanted human PTHrP-producing
tumors. J Bone Miner Res 8:849-860 .

Kotler DP (2000) Cachexia. Ann Intern Med 133:622-634
Greenberg AS, Nordan RP, Mclntosh I, Calvo JC, Scow RO,
Jablons D (1992) Interjeukin 6 reduces lipoprotein lipase activities
in adipose tissue of mice in vivo and in 3T3-L1 adipocytes: a pos-
sible role for interleukin 6 in cancer cachexia. Cancer Res 52:4113-
4116

. Pollock JH, Blaha MI, Lavish SA Stevenson S, Greenfield E

(1996) In vivo demonslratlon that parathyroid hormone and
parathyroid hormone-related protein stimulate expression by
osteoblasts of interleukin-6 and leukemia inhibitory factor. ] Bone
Miner Res 11:754-759

Wier EC, Brines ML, Ikeda K, Burtis WI, Broadus AE, Robbins
RJ (1990) Parathyroid hormone-related peptide gene is expressed
in the mammalian central nervous system. Proc Natl Acad Sci USA
87:108-112

Morony S, Capparelli C, Lee R, Shimamoto G, Boone T, Lacey
DL, Dunstan CR (1999) Osteoprotegerin inhibits hypercalcemia
and increased bone resorption induced by IL-IB, TNF-¢, PTH,
PTHIP, and 1.25- dlhydroxyvnamm D..JBone ‘Miner Res 14:1478~
1485



ONCOLOGY REPORTS 16: 735-740, 2006

Characteristic features of disseminated carcinomatosis
of the bone marrow due to gastric cancer:
The pathogenesis of bone destruction

HIROKI KUSUMOTO!, MASARU HARAGUCHI!, YOKO NOZUKAZ2,
YOSHINAO ODA?, MASAZUMI TSUNEYOSHI? and HARUO IGUCHD#

Division of Gastroenterological Surgery, National Kyushu Cancer Center; 2Dcpartment of

Anatomical Pathology, Faculty of Medicine, Kyushu University; *Division of Tumor Dynamics

>

National Kyushu Cancer Center Research Institute, Fukuoka, Japan.

Received March 31, 2006; Accepted June 19, 2006

Abstract. Disseminated carcinimatosis of the bone marrow
is accompanied by solid tumors, and gastric cancer accounts
for the majority. The prognosis of this condition is poor,
however, the pathogenesis for wide-spread bone lesions has
yet to be elucidated. In 9 patients with gastric cancer demon-
strating disseminated carcinomatosis of the bone marrow,
the characteristic clinicopathological features were examined.
Immunohistochemistry for receptor activator of NF-xB ligand
(RANKL) and parathyroid hormone-related protein was also
performed on gastric cancer tissue and bone marrow specimens
to identify the factors responsible for the occurrence of bone
lesions in patients presenting with this condition. The character-
istic features of disseminated carcinomatosis of the bone
marrow due to gastric cancer include a yonger patient age,
an elevation of serum alkaline phosphatase and/or lactate
dehydrogenase levels, wide-spread bone metastases with
osteolytic bone destruction, a low incidence of hypercalcemia
and a histological gastric cancer type of either signet ring
cell carcinoma or poorly diffentiated adenocarcinoma. The
‘expression of RANKL, which is one of the master regulators
of osteoclastic bone resorption in bone metastasis, was also
found in gastric cancer cells obtained from such patients. The
RANKL expressed in gastric cancer may therefore play a
critical role in the promotion of osteoclast formation, which
has been suggested to be involved in the pathogenesis of bone
lesions.
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Introduction

Bone metastases diffusely invading the bone marrow with
hematological disorders [i.e., disseminated intravascular
coagulation (DIC), microangiopathic hemolytic anemia, etc.]
tend to be accompanied by solid tumors (1), and this condition
is called-disseminated carcinomatosis of the bone marrow.
This condition is often caused by gastric cancer among solid
tumors, although its overall incidence is rare (2,3). The
prognosis for this condition is extremely poor, however, the
pathogenesis of this condition, namely the cause for the
development of such diffuse bone metastases, has yet to be
elucidated. In the present study, we examined the characteristic
clinicopathological features of disseminated carcinomatosis
of the bone marrow accompanied by gastric cancer based
on the clinical findings of 9 cases who presented with this
condition at our cancer center from 1991 to 2002. We also
examined the expression of receptor activator of NF-xB
ligand (RANKL) and parathyroid hormone-related protein
(PTHrP), which are known to be master regulators of osteo-
clastic bone resorption in bone metastasis (4,5), in gastric
cancer tissue and bone marrow specimens obtained from these
9 patients to identify any factors related to the pathogenesis
of such diffuse bone metastases observed in this condition.

Patients and methods

Patients. Nine patients with disseminated carcinomatosis of the
bone marrow associated with gastric cancer, who were treated
in our cancer center between 1991-2002, were examined.

The diagnosis of disseminated carcinomatosis of the bone
marrow was made in patients with gastric cancer, who also
demonstrated: i) an elevation of the serum alkaline phospha-
tase (ALP) and/or lactate dehydrogenase (LDH) levels, ii)
DIC and/or anemia (macro- to normocytic and hyper- to
normochromic anemia), and iii) diffuse bone metastases on
the bone scintigraphy findings. A bone marrow puncture
was performed on 2 patients (cases 5 and 9 in Table I), and
metastatic infiltration of atypical epithelial cells (cancer cells)
was found in a bone marrow aspiration smear (Fig. 1). Eight
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Table 1. Clinicopathological features of nine patients with disseminated carcinomatosis of the bone marrow associated with
gastric cancer.

Hematological Immunohisto-
disorders® ' chemistry

Case Age Sex ALP* LDH* DIC Anemia Hyper- Histological Therapy® Survival RANKL PTH:P Type

(years) aumn qun calcemia® type’ period of bone

(days)f metastasis

1 52 F 475 584 + + - Sig CDDP/5-FU 100 - - Osteolytic

2 40 F 395 1179 + + - Mo BSC 58 + - Osteolytic

3 49 F 1188 310 + + - Sig CDDP/5-FU 240 + + Osteolytic

4 45 M 892 4820 + + + Po BSC 43 + - Osteolytic

5 65 M 234 1915 - + - Sig BSC 10 + - NE

6 63 M 1336 1380 + + - Sig MTX/5-FU 190 - + NE

7 50 M 168 432 - + - Mo BSC 110 + - NE

8 63 M 668 465 - + + Po - MTX/5-FU 220 - + Osteolytic

9 40 F 2404 1720 + - - Mo MTX/5-FU 330 + - Osteolytic

BP

*Serum levels: of alkaline phosphatase (ALP) (normal 45-130 IU/1) and lactate dehydrogenase (LDH) (normal 200-370 TU/I) at diagnosis. "Associated
hematological disorders at diagnosis. “Incidence of hypercalcemia during the course of the disease. Histological types of primary gastric cancer. Sig, signet
ring cell carcinoma; Po, poorly differentiated adenocarcinoma; Mo, moderately differentiated adenocarcinoma. “CDDP, cisplatinum; 5-FU, 5-fluorouracil;

MTX, methotrexate; BP, bisphosphonates; BSC, best supportive care. ‘Survival period since the diagnosis of disseminated carcinomatosis of the bone
marrow. NE, not examined.

Primary gastric cancer : bone marrow

Figure 1. Photomicrographs of a primary gastric cancer specimen (a and b) and bone marrow aspiration smear (c and d) in disseminated carcinomatosis of the
bone marrow (case 5). A gastric cancer specimen showed mucosal involvement by signet ring cell carcinoma cells (a, x20; b, x40; hematoxylin and eosin). A
bone marrow aspiration smear showed metastatic infiltration by signet ring carcinoma cells (c, x40, Giemsa; d, x40, PAS).

patients had undergone prior surgery for gastric cancer before  hand, the discovery of this condition preceded the diagnosis
this condition was identified (cases 1-8 in Table I), and as a -~ of gastric cancer, and the diagnosis was thus made based on
result, the diagnosis of gastric cancer was histologically proven  the histological findings of the specimens obtained during a
in all 8 cases. In one patient (case 9 in Table I), on the other - gastroendoscopic biopsy.





