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Tumor-associated Bone Loss and Bone Metastases™

Received for publication, June 24, 2008, and in revised form, October 27,2008 Published, JBC Papers in Press, December 5, 2008, DOI 10.1074/jbc.M804812200

Zhigiang Xu*', Michelle A. Hurchla*', Hongju Deng*, Ozge Uluckan®, Fang Bu*, Andrew Berdy*, Mark C. Eagleton®,
Emanuela A. Heller", Desiree H. Floyd*, Wessel P. Dirksen®, Sherry Shu®, Yuetsu Tanaka®, Soledad A. Fernandez!,

Thomas J. Rosol®, and Katherine N. Weilbaecher*

From the 1EDepartmem‘ of Medicine, Division of Oncology, Washington University School of Medicine, St. Louis, Missouri 63110, the
SDepartment of Veterinary Biosciences, Ohio State University, Columbus, Ohio 43210, the "Department of Inmunology, Graduate
School and Faculty of Medicine, University of the Ryukyus, Okinawa 903-0213, Japan, and the Icenter for Biostatistics, Ohio State

University, Columbus, Ohio 43210

Interferon-y (IFN-y) has been shown to enhance anti-tumor
immunity and inhibit the formation of bone-resorbing osteoclasts.
We evaluated the role of IFN-vy in bone metastases, tumor-associ-
ated bone destruction, and hypercalcemia in human T cell lympho-
trophic virus type 1-Tax transgenic mice. Compared with
Tax*IFN-y*'* mice, Tax"IFN-y~'~ mice developed increased
osteolytic bone lesions and soft tissue tumors, as well as increased
osteoclast formation and activity. In vivo administration of IFN-y
to tumor-bearing Tax*IFN-y~/~ mice prevented new tumor
development and resulted in decreased bromodeoxyuridine
uptake by established tumors. In vitro, IFN-y directly decreased the
viability of Tax™ tumor cells through inhibition of proliferation,
suppression of ERK phosphorylation, and induction of apoptosis
and caspase 3 cleavage. IFN-+y also inhibited macrophage colony-
stimulating factor-mediated proliferation and survival of oste-
oclast progenitors iz vitro. Administration of IFN-y to C57BL/6
mice decreased Tax* tumor growth and prevented tumor-associ-
ated bone loss and hypercalcemia. In contrast, IFN-y treatment
failed to protect IFN-yR1 ™/~ mice from Tax* tumor-induced skel-
etal complications, despite decreasing tumor growth. These data
demonstrate that IFN-vy suppressed tumor-induced bone loss and
hypercalcemia in Tax™ mice by inhibiting both Tax* tumor cell
growth and host-induced osteolysis. These data suggest a protec-
tive role for IFN-v in patients with bone metastases and hypercal-
cemia of malignancy.

IFN-v? is a multifunctional cytokine produced mainly by NK
cells and activated T cells that plays a critical role in host immune
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responses against pathogens and cancer (1). Mice deficient in
IFN-, the R1 subunit of the IFN-+y receptor, or the transcription
factor STAT1 are more susceptible to spontaneous tumor devel-
opment (1-3). IFN-+ has also been found to have direct anti-pro-
liferative and pro-apoptotic effects on tumor cells in animal mod-
els (4, 5); however, administration of high dose IFN-vy to patients
with advanced renal and ovarian cancer has had only limited suc-
cess and failed to improve overall survival (1, 6).

IEN-vy has been shown to regulate bone cell differentiation
and function with complex effects on skeletal health. However,
the role of IFN-vy in pathological bone disease is largely contro-
versial. Previously, it has been reported that IFN-+y can inhibit
the critical osteoclast regulator, receptor activator of NFkB
ligand (RANKL), by activating ubiquitin-mediated degradation
of its signaling pathway adaptor protein TRAF-6 (7, 8). Mice
deficient for IFN-vy or its receptor develop enhanced bone loss
associated with collagen-induced arthritis (9—11). In contrast,
Gao et al. (12) recently found that IFN-+y indirectly stimulates
osteoclast formation and bone loss after ovariectomy via anti-
gen-driven T cell activation, resulting in the production of oste-
oclast-activating factors. Interestingly, IFN-+y has been used to
treat infantile osteopetrosis in which patients suffered from
high bone mass secondary to osteoclast dysfunction or osteo-
blast hyperactivity, but the mechanism of action may be
through modulation of the host immune system rather than
direct effects on bone cells (13—15). However, the role of IFN-y
in the treatment of osteolytic bone metastases has not been
elucidated.

We evaluated the effects of IFN-yin HTLV-1-Tax transgenic
mice that develop osteolytic bone tumors and hypercalcemia
(16, 17). Previously, it was shown that HTLV-1-Tax ' IFN-y '/~
mice develop increased numbers of soft tissue tumors with
enhanced tumor-associated angiogenesis and up-regulation of
vascular endothelial growth factor expression; however, the
impact on bone metastases and hypercalcemia in these mice

macrophage colony-stimulating factor; RANKL, receptor activator of NF«B
ligand; ANOVA, analysis of variance; BMM, bone marrow-derived macro-
phage; OC, osteoclast; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide; RT, reverse transcription; DAPI, 4,6-diamidino-2-phenylindole;
MEK, mitogen-activated protein kinase kinase; BMM, bone marrow-derived
macrophage; TRAP, tartrate-resistant acid phosphatase; PTHrP, parathyroid
hormone-related protein; STAT, signal transducers and activators of transcrip-
tion; BMD, bone mineral density; DXA, dual energy x-ray absorptiometry;
HHM, humeral hypercalcemia of malignancy.
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was not evaluated (2). Because of the multiple complex effects
of IFN-vy on osteoclasts, anti-tumor and anti-viral immunity,
we hypothesized that IFN-y would affect tumor-associated
bone destruction and bone metastases in HTLV-1-Tax trans-
genic mice. In this study, we demonstrate enhanced osteolytic
bone disease and increased osteoclast activity in Tax" IFN-
v~'~ mice as compared with Tax"IFN-y*/* mice. We show
that IFN-vy directly inhibited the growth of Tax-expressing
tumor cells by suppressing their proliferation and inducing
apoptosis. [IFN-y was also able to directly inhibit in vitro oste-
oclast formation in Tax™ mice. In summary, treatment with
IEN-7v resulted in decreased tumor growth and prevented
tumor-associated bone loss and hypercalcemia in Tax"IFN-

v~/ mice.

EXPERIMENTAL PROCEDURES

Animals—HTLV-1-Tax transgenic mice (Tax") (16),
IFN-yR1 /" mice, and IFN-y /" mice all on a C57BL/6 back-
ground were gifts from Dr. Lee Ratner, Dr. Robert Schreiber,
and Dr. Skip Virgin, respectively, at Washington University
School of Medicine. C57BL/6 mice were obtained from Harlan
Labs (Indianapolis, IN). Mice were housed under pathogen-free
conditions according to the guidelines of the Division of Com-
parative Medicine, Washington University School of Medicine.
The animal ethics committee of Washington University School
of Medicine approved all experiments.

Radiography—Osteolytic lesion formation was monitored by
serial x-ray imaging (Faxitron, Buffalo Grove, IL). Bone mineral
density, by Dual Energy X-ray Absorptiometry (DXA), was
measured and analyzed by a PIXImus2 scanner according to the
manufacturer’s protocol (Lunar Corp., Madison, WI).

Serum Bone Turnover Markers—Serum tartrate-resistant
acid phosphatase (TRAP), a marker of osteoclast number, was
measured using a quantitative TRAP solution assay (modified
from Tintut et al. (18)), which was performed by adding a col-
orimetric substrate, 5.5 mM p-nitrophenyl phosphate, in the
presence of 10 mMm sodium tartrate at pH 4.5. The reaction
product was quantified by measuring absorbance at 405 nm.
Serum calcium was corrected for albumin concentration.

Tax"IFN-y~/~ Tumor Cell Line (TGN), Tumor Transplan-
tation, and in Vivo IFN-y Treatment— TGN (Tax" interfer-
on-7y null) tumor cell line was isolated from a spontaneous sub-
cutaneous tumor that arose in a Tax'IFN-y '~ mouse
(supplemental Fig. 1 and supplemental Experimental Proce-
dures). For tumor transplantation, 1 X 10° TGN cells were
resuspended in 200 pl of Matrigel (1:1 dilution with phosphate-
buffered saline; BD Biosciences) and implanted subcutaneously
in the lower dorsal region of the mice as described previously
(19). Murine recombinant IFN-vy (PeproTech, Rocky Hill, NJ)
or normal saline (vehicle) was administered via intraperitoneal
injection at a dose of 10° units/kg in 200 ul of saline, three
times/week starting on the same day as tumor inoculation and
continuing for 3—4 weeks. Tumor volume in the living mouse
was measured using bidirectional precision caliper measure-
ments ((4/37length/2:(width/2)?).

Bone Histomorphometry and Immunohistochemistry—
Mouse tibias were fixed in formalin, decalcified in 14% EDTA
for 2 weeks, and then processed and stained for TRAP as
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described previously (19, 20). OC numbers, OC perimeter,
bone marrow space, and bone erosion were measured accord-
ing to a standard protocol as described previously, using Image-
Pro Plus, version 5.0 software (Media Cybernetics, Bethesda)
(19). Peripheral soft tumor, visceral metastatic tumor, and
mouse bone samples were processed as described previously
(17). For in vivo BrdUrd labeling, 200 ul of 1 mg/ml BrdUrd
(Pharmingen) dissolved in phosphate-buffered saline was
injected intraperitoneally into mice 24 h before mice necropsy.
Paraffin-embedded tissue sections from labeled tumor tissues
were stained with BrdUrd antibody (BD Biosciences) by stand-
ard ABC method. Immunohistochemistry staining was done by
routine ABC method according to protocol (available on line).
Antigen retrieval was done using microwave heating method
with 10 mm sodium citrate buffer (pH 6, DAKO). Anti-Tax
monoclonal antibody (gift of Dr. Tanaka) (21) was used at 1:100
for immunohistochemistry and immunofluorescence and
1:1000 for Western blotting. For immunofluorescence staining,
biotin-labeled secondary antibody combined with phyco-
erythrin-conjugated streptavidin (Molecular Probes, Carlsbad,
CA) was used. Nuclei were counterstained by DAPI. Images
were collected using a Nikon Eclipse TE300 microscope
equipped with a plan Fluor lens and a magnafire camera
(Optronics, Goleta, CA).

Reverse Transcription PCR—RNA was isolated from tumor
cells or OC using the Qiagen RNeasy mini kit (Qiagen, Valen-
cia, CA) according to manufacturer’s protocols. RT-PCR was
performed using an Invitrogen kit as described previously
(17). Primers specific for mouse IFN-+y receptor were synthe-
sized by IDT, and the sequences are as follows: mouse IFN-y
receptor forward, 5'-CAAATACCAGGATAACTACTG-3/,
and mouse IFN-vy receptor reverse, 5'-CGAAAGACGTCTG-
TATCCCTC-3'. HTLV-1-Tax primer and glyceraldehyde-3-
phosphate dehydrogenase primers were described previously
(17, 22).

Cell Viability, Proliferation, and Apoptosis Assays—TGN
cells or BMMs were plated at 3000 cells/well in 96-well plate in
RPMI 1640 media containing 10% fetal bovine serum or 10%
fetal bovine serum/a-minimum Eagle’s medium respectively
and then incubated with different doses of recombinant murine
IFNy (PeproTech, Rocky Hill, NJ) for 24-72 h. For BrdUrd
labeling, BMMs or TGN cells were first serum-starved for 2 h
before adding IFN-y. MTT (Sigma) and BrdUrd cell prolifera-
tion assay (Roche Applied Science) were performed as
described previously (19) according to the manufacturer’s
instruction. Where described, 20 um U0126 MEK1/2 inhibitor
(Cell Signaling Technology, Danvers, MA) was added to cells
for 4 h prior to addition of IFN-vy. For annexin-V staining TGN
cells were plated at 6 X 10* cells/ml in 12-well plates, serum-
starved for 2 h, followed by IFN-vy treatment for 48 h. Cells were
stained with annexin-V-fluorescein isothiocyanate and 7-ami-
no-actinomycin D (BD Biosciences) according to the manufac-
turer’s protocols. Data were collected on a FACSCalibur (BD
Biosciences) and analyzed with Flow]Jo (Treestar, Ashland, OR).

Macrophage and Osteoclast Formation Assays—Whole bone
marrow was extracted from femurs and tibias of Tax™ mice
(6 —8 weeks old), and in vitro osteoclast formation was done as
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FIGURE 1. Increased osteolytic lesion formation and enhanced osteoclast activity in Tax "IFN-y~
a, representative x-rays of feet and tail vertebrae (<, osteolytic bone lesion; #, peripheral soft tumor). b, hema-
toxylin and eosin (H&E) and TRAP stains on longitudinal sections of tail vertebrae. ¢, quantification of number
of bone lesions by x-ray (**, p < 0.01 by Wilcoxon rank sum test; n = 16; Tax " IFN-y*/*; n = 15; Tax "IFNy /7).
d, serum TRAP activity as measured by TRAP solution assay (¥, p < 0.05 by Wilcoxon rank sum test; n = 13;
Tax"IFN-y** n = 11; Tax"IFN-y /7). e, serum calcium level corrected for serum albumin (**, p < 0.01n = 13;
Tax"IFN-y**; n = 11; Tax "IFN-y /7). f, BMD of femurs from 9-month-old mice as measured by DXA analysis

mice. The Bonferroni method was
used to adjust for multiplicity when
pairwise comparisons were per-
formed. Differences were consid-
ered statistically significant when
the p value was <0.05.

"~ mice.

(*,p<0.05n=13;Tax"IFN-y*/*;n = 11; Tax "IFN-y~/7). g and h, histomorphometric analysis of (g) osteoclast

number and (h) osteoclast perimeter measured from tail vertebrae of Tax " IFN-y*™/* and Tax " IFN-y ™/~ mice (¥,

p < 0.05). e-h were analyzed by ANOVA.

described previously (19, 23). TRAP staining was performed
according to the manufacturer’s instructions (Sigma), and the
number of TRAP-positive cells with three or more nuclei in five
4X fields was counted blinded to genotype.

Cell Signaling and Immunoblotting— TGN cells were plated
in 6-well plates, serum-starved for 2 h, and treated with differ-
ent doses of IFN-y in RPMI 1640 media containing 10% fetal
bovine serum for 1-72 h. Protein lysates were harvested in
RIPA buffer (Sigma) containing protease inhibitors mixture
(Roche Applied Science) and then quantified by BCA method
(Pierce). Total of 40 ug of protein was electrophoresed and
blotted with relevant antibodies by immunoblot analysis. For
phospho-AKT, rabbit monoclonal antibody was from Covance
Research Products (Princeton, NJ) at 1:250; and all other anti-
bodies were ordered from Cell Signaling (Danvers, MA),
including the following: total AKT, polyclonal, 1:1000; total
ERK, polyclonal, 1:1000; total STAT1, polyclonal, 1:1000; phos-
pho-STAT1, polyclonal, 1:1000; phospho-ERK, monoclonal,
1:1000; and anti-caspase-3 antibody, 1:500. Anti-Tax mono-
clonal antibody was a gift from Dr. Tanaka and used at a 1:1000
dilution (21).

Statistical Analyses—Several experiments were reported in
this study, and different outcome variables were measured.
Thus, different statistical methods were used to test the associ-
ation between outcome variables and groups depending on the
sample sizes, and sampling distributions of the outcome vari-
ables were involved in these comparisons. In general, when
sample sizes were small and/or the variances in the different
treatment groups were not homogeneous, nonparametric tests
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RESULTS

Increased Osteolytic Tumor For-

mation and Osteoclast Activity in

Tax" IFN-y~/~ Mice—Tax transgenic mice were crossed with
IFN-y~ '~ mice to generate Tax "IFN-y~/~ mice. Consistent
with previous observations (2), we found that Tax " IFN-y~/~
mice formed increased numbers of peripheral soft tissue
tumors by 6 months as compared with Tax"IFN-y*/* (71
versus 28% respectively, p < 0.005). 89% of 6-month-old
Tax "IFN-y~ /"~ mice also had x-ray evidence of osteolytic skel-
etal tumors compared with 50% in age-matched Tax*"IFN-
vy"/* mice (p < 0.05). By 9 months, Tax"IFN-y /™ mice also
revealed significant increases in the number of osteolytic bone
lesions (Fig. 1, a—c). In addition to osteolytic lesions in the tail
vertebrae, Tax "IFN-y /™ also developed osteolytic lesions in
the appendicular skeleton, which were a rare occurrence in
Tax " IFN-y"/* mice (Fig. 1a). Increased numbers of tartrate-
resistant acid phosphatase (TRAP)-expressing OCs were pres-
ent in the tail vertebrae of Tax "IFN-y~/~ mice (Fig. 15). Serum
levels of the OC marker, TRAP, were significantly higher in
Tax"IFN-y '~ mice consistent with increased OC activity in
vivo (Fig. 1d). Also suggesting increased OC activity, Tax " IFN-
v~’~ mice had significantly elevated serum calcium compared
with non-Tax transgenic wild type (WT) age-matched histori-
cal controls (Fig. 1e). Evaluation of BMD as measured by DXA
analysis demonstrated decreased BMD in the femur of tumor-
bearing Tax"IFN-y /~ mice compared with Tax " IFN-y*/*
mice (Fig. 1f). Histomorphometric analysis of tail vertebrae
demonstrated a significant increase in OC numbers and OC
perimeters covering the bone surface (Fig. 1, g and /). These
data show that, compared with Tax"IEN-y*’* mice,
Tax IEN-y '~ mice developed increased numbers of osteo-
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FIGURE 2. Recombinant IFN-y treatment prevented new tumor formation
in Tax*IFN-y~’~ mice. g, average number of visible soft tissue tumor in
Tax*IFN-y~/~ mice treated with vehicle or recombinant IFN-y measured
weekly for 4 weeks, p < 0.01 by repeated measures ANOVA (vehicle,n = 11;
IFN-y, n = 11). b, representative BrdUrd labeling of soft tissue tumors from
Tax™ IFN-y~/~ mice after 4 weeks of treatment with recombinant IFN-y or
vehicle control. (Bar, 50 um). ¢, average number of BrdUrd-labeled cells
counted per X40 high powered field. n = 6 IFN-vy-treated tumorsand n = 8
vehicle (saline)-treated tumors analyzed with three high powered fields per
tumor were analyzed (*, p < 0.05 by Student’s t test).

lytic tumors with increased tumor-associated bone loss and OC
activity.

IEN-vy Prevented New Tumor Formation in Tax™ IFN-y~/~
Mice—To evaluate the effects of recombinant murine IFN-vy
on tumor growth and formation in vivo, tumor bearing
Tax"IFN-y '~ mice received either IFN-vy or saline for 1
month. Mice administered IFN-vy developed significantly fewer
new tumors over the course of 1 month of treatment compared
with saline controls (Fig. 2a). There were no visible differences
in the size of established tumors between the two groups during
the treatment period; however, in vivo BrdUrd labeling showed
a significant decrease in BrdUrd uptake by soft tissue tumors
(Fig. 2, b and c). These data demonstrate that recombinant
IFN-vy administration decreased new soft tissue tumor forma-
tion and decreased the proliferation rate of established tumors
in tumor-bearing Tax transgenic mice.

IFN-vy Directly Inhibited Growth of Tax™ Tumor Cells in
Vitro—IFN-vy has been reported to directly decrease tumor cell
proliferation in vitro (4, 24, 25). We hypothesized that the
increased tumor burden in Tax "IFN-y /" mice was due in part
to the lack of IFN-y-mediated inhibition of tumor growth in
vivo. To test this hypothesis, we developed a Tax-expressing
cell line from a tumor that spontaneously arose in a Tax*IFN-
v~/~ mouse. Although this tumor line does not have the ability
to produce IFN-v, it does retain the signaling pathway neces-
sary to respond to the cytokine. Preliminary observations
showed that the TGN cells were tumorigenic, highly metastatic,
and demonstrated significant pro-osteoclastogenic capabilities,
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which recapitulates many of the biological behaviors of spon-
taneous tumors in HTLV-1-Tax transgenic mice (supple-
mental Fig. 1). We therefore used TGN cells to evaluate the
direct anti-tumor effect of IFN-v, independent of its actions
on host cells. TGN cells express IFN-vy receptor by RT-PCR
analysis at a similar level to a Tax "IEN-y*/* tumor line
(Tax™ interferon-y positive; TGP) (Fig. 3a). IFN-vy treatment
significantly decreased TGN cell viability in vitro as measured
by MTT assay and inhibited proliferation of TGN cells by
BrdUrd incorporation assay (Fig. 3, b and ¢). This effect was not
dependent on the intrinsic ability of the cells to produce IFN-v,
as TGP cells also exhibited decrease viability following IFN-vy
treatment (supplemental Fig. 2).

IEN-y dose-dependently induced phosphorylation of the
canonical IFN-ytranscription factor, STAT1, in TGN cells (Fig.
3d). The phosphorylation of STAT1 suggests that the proximal
components of the canonical IFN-v signaling pathway remain
functional in this tumor cell line. IFN-vy treatment also
decreased ERK phosphorylation in a dose-dependent manner
(Fig. 3d). This decrease was consistent with our BrdUrd data
(Fig. 3c) as ERK phosphorylation is associated with cell cycle
progression and cell proliferation. To examine if the ERK path-
way was responsible for the decrease in TGN viability following
IEN-v treatment, we cultured cells in the presence of the
MEK1/2 inhibitor U0126. As a selective inhibitor of the kinase
activity of the mitogen-activated protein kinase kinase (MEK),
U0126 resulted in downstream inhibition of ERK (26) In the
absence of IFN-vy treatment, U0126 decreased the viability of
TGN cells, suggesting that ERK phosphorylation was required
for their viability (Fig. 3e). IEN-vy treatment in the presence of
U0126 further decreased the viability of TGN cells (Fig. 3e). The
additive effect of U0126 and IFN-vy suggested that the decrease
in TGN viability cannot be attributed solely to decreased ERK
phosphorylation.

We next investigated if [IFN-y may also be causing apoptosis
of TGN cells. Microscopically, DAPI staining of IFN-+y-treated
TGN cells showed conspicuous DNA fragmentation (Fig. 3f).
IFN-v also induced a dose-dependent increase in the cleavage
and activation of caspase-3 (Fig. 3g). Additionally, TGN cells
treated with IFN-vy exhibited increased annexin-V staining as
compared with untreated cells (Fig. 3%). Annexin-V staining
detects phosphatidylserine expression on the outer cell mem-
brane, a marker of apoptosis. We also observed a modest
decrease in the phosphorylation of Akt, a mediator of cell sur-
vival (Fig. 3d). These results demonstrate that IFN-y can
directly affect the viability and proliferation of Tax-expressing
tumor cells in vitro with associated attenuation of ERK phos-
phorylation and caspase-3-mediated apoptosis.

Enhanced Osteoclast Formation in Tax IFN-y '~ Mice—
The enhanced in vivo osteoclast activity observed in Tax*IFN-

’~ (Fig. 1) mice may be due to increased tumor-associated
OC formation in these mice. To investigate whether there was a
difference in in vitro OC formation between Tax "IFN-y*/™*
mice and Tax"IFN-y /" mice, osteoclasts were generated
from BMMs (19). BMMs from TaxIFN-y~/~ mice formed
increased numbers of multinucleated TRAP(+) OCs with
higher numbers of nuclei compared with Tax " IFN-y*/* mice
(Fig. 4, a and b). Previously it has been shown that IFN-vy can
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FIGURE 3. IFN-y directly inhibited Tax*IFN-y tumor cells in vitro. a, Tax " IFN-y™/* (TGP) and Tax"IFN-y~/~ (TGN) tumor cells express similar levels of the
IFN-7 receptor by RT-PCR. 4T1, a non-Tax expressing murine mammary carcinoma line, is shown as a control. b and ¢, IFN-y treatment of TGN cells for 24 h
decreased viability as measured by MTT (p < 0.01, ANOVA) (b) and decreased proliferation as measured by BrdUrd incorporation (p < 0.01, ANOVA) (c).
d, Western blotting of phosphorylated (p-) and total (T-) STAT1, ERK, and AKT in TGN cells administered IFN-vy for 24 h. Tax protein expression served as loading
control. e, viability of TGN cells is partially dependent on ERK signaling. U0126, a MEK1/2 inhibitor was added to TGN cells 4 h prior to IFN-vy treatment. Cell
viability was measured by MTT assay after 48 h of IFN-y treatment (p < 0.05, ANOVA). f, phase contrast (left panel, X20 objective) and DAPI staining of IFN-vy
treated TGN cells (* mark fragmented nuclei). g, Western blotting of caspase 3 in TGN cells treated with IFN-y for 24 h. Tax expression serves as a loading control.
FL = full-length and CF = cleaved (active) form. h, TGN cells undergo apoptosis following 48 h of IFN-y treatment as shown by an increased percentage of

annexin-V-positive cells.

directly inhibit in vitro OC formation (8, 27, 28). In Tax " IFN-
v/~ and Tax "IFN-y*/* mice, in vitro OC formation was sig-
nificantly inhibited in a dose-dependent fashion by IFN-+y treat-
ment (Fig. 4c), whereas OC formation for BMMs isolated from
IFN-yR /" cells were not affected (data not shown). Consistent
with this observation, both Tax *IEN-y*/" and Tax "IFN-y~/~
OC expressed a similar level of IFNyR1 by RT-PCR (Fig. 4d). To
further investigate the molecular mechanism responsible for
this inhibitory effect, we tested the effects of IFN-vy on prolifer-
ation of osteoclast progenitors (BMM). Treating Tax*IFN-
v/~ M-CSE-stimulated BMM:s with low doses of exogenous
IEN-v resulted in decreased proliferation as measured by
BrdUrd uptake (Fig. 4e). These data demonstrate that
Tax "IFN-y /"~ mice display enhanced OC formation and that

4662 JOURNAL OF BIOLOGICAL CHEMISTRY

IFN-vy can directly inhibit OC formation in vitro and inhibit
M-CSF-mediated proliferation of osteoclast progenitors.
IFN-y Administration Directly Inhibited Tumor Growth in
Vivo and Prevented Tumor-associated Bone Loss and
Hypercalcemia—To test whether IFN-vy could directly inhibit
tumor growth and establishment in vivo, the Tax " IFN-y '~
TGN tumor cell line was subcutaneously implanted into synge-
neic immunocompetent C57BL/6 mice. Mice were divided into
two groups and treated with vehicle or IFN-y for 3 weeks.
Tumor growth in the IFN-vy-treated mice was significantly
decreased as compared with vehicle control (Fig. 5, 4 and b).
Mice administered IFN-vy also had decreased serum calcium
(Fig. 5¢) and decreased bone loss as measured by DXA (Fig. 5d).
Because IFN-vy also plays an important role in anti-tumor
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FIGURE 4. Enhanced osteoclast formation in Tax*IFN-y~'~ mice. a, TRAP
staining of OC formation from BMMs after 5 days of culture in M-CSF and
RANKL (bar, 50 wm). b, quantification of in vitro OC numbers generated from
BMMs (*, p < 0.05, ANOVA). ¢, IFN-y dose-dependently inhibited OC forma-
tion in vitro. TRAP stain after 5 days of BMMs cultured with M-CSF and RANKL
(bar, 50 um). d, Tax " IFN-y*/* and Tax " IFN-y~/~ OC express the IFN-yR. RNA
was isolated from day 6 OC grown as in a and subjected to RT-PCR for Tax,
IFN-yR1, and glyceraldehyde-3-phosphate dehydrogenase (GAPDH). e, IFN-y
treatment inhibits M-CSF-mediated proliferation of BMM:s in vitro by BrdUrd
incorporation (¥, p < 0.01, ANOVA).

immune responses (1), it is possible that the inhibition of tumor
growth observed in IFN-v treated mice could be a result of
the stimulatory effect of IFN-vy on the host immune system
rather than solely through direct inhibition of TGN tumor
cell growth.

To differentiate between IFN-+y actions on the tumor cells
and on the host cells, we subcutaneously implanted IFN-vy-re-
sponsive TGN tumor cells into IFN-+vy receptor-deficient (IFN-
YR17/7) mice that have IFN-y unresponsive host cells. We
found that IFN-vy treatment abrogated TGN tumor growth in
these mice (Fig. 5¢), confirming that IFN-+y directly acts on the
tumor cells, as host cells in IFN-yR1 /"~ mice are unable to bind
and respond to the cytokine. However, IFN-y administration
did not affect serum calcium levels or tumor-associated bone
loss in mice lacking IFN-yR1 (Fig. 5, f and g). These results
suggest that IFN-y modulates tumor-associated bone loss and
hypercalcemia by directly targeting host-derived cells.
Together these results indicate IFN-y directly acts on both
tumor cells and host-derived cells to block tumor growth and
the skeletal complications of malignancy, respectively.
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DISCUSSION

Targeted disruption of interferon-y in HTLV-1-Tax trans-
genic mice resulted in increased osteolytic tumor formation,
osteoclast activation, and increased tumor-associated bone
loss. Treating tumor-bearing Tax " IFN-y~/~ mice with IFN-vy
decreased the formation of new tumors as well as decreased
BrdUrd incorporation by existing tumors. IFN-y administra-
tion also inhibited the formation of osteoclasts from bone mar-
row-derived macrophages and directly inhibited the viability
and growth of a Tax-expressing tumor cell line (TGN) in vitro.
In immunocompetent mice, growth of the TGN tumor line and
tumor-associated complications (hypercalcemia and bone loss)
were significantly suppressed by IFN-vy treatment. Finally,
IFN-y administration failed to protect IFN-vy receptor-defi-
cient mice challenged with the TGN tumor from the skeletal
complications of tumor despite having decreased tumor bur-
den. These results suggest that IFN-y has two modes of action
in experimental models of bone metastases. First, IFN-y can
inhibit tumor growth through direct effects on tumor cells. Sec-
ond, IFN-vy decreases skeletal complications of malignancy by
directly acting on host cells to modulate osteoclast function. To
our knowledge, this is the first report demonstrating both
the in vivo anti-osteoclastogenic and direct anti-tumor
effects of IFN-vy in experimental bone metastasis.

We have demonstrated that IFN-+y exerted direct anti-tumor
effects on a Tax-expressing tumor cell line, including decreased
proliferation, attenuation of ERK phosphorylation, and caspase
3 activation (Fig. 3). In vivo, IFN-y administration to tumor-
bearing Tax " IFN-y~/~ mice prevented new tumor formation
and caused a reduction in tumor cell proliferation as evidenced
by decreased BrdUrd incorporation (Fig. 2). Although IFN-y
halted the continued growth of established tumors, no signifi-
cant reduction in their size was observed. In this study, we also
observed decreased growth of a Tax 'IFN-y /'~ tumor line in
mice where the host cells lacked the IFN-vy receptor, providing
further evidence to the direct anti-tumor effect of IFN-vy in
addition to its indirect anti-angiogenic effects (2). Thus, both
direct and indirect actions of IFN-vy on Tax tumor cells contrib-
uted to the increased tumor burden in Tax "IFN-y~/~ mice.

Although osteoclasts and tumor cells both respond to
IEN-v treatment in vitro with decreased cell viability, we
cannot make broad conclusions regarding other cells types.
The mechanisms accounting for the various cell type-spe-
cific responses to IFN-vy are not well understood. For exam-
ple, cell type-specific expression of downstream target genes
may dictate IFN-vy responses. Additionally, mutations in
many components of the IFN-vy signaling pathway have been
identified in tumor cells, many having consequences on
IFN-v responsiveness (29 -31).

Because of the wide range of mutations, single nucleotide
polymorphisms, and signaling pathway deregulations
observed in tumor cells, tumor cells are not universally sen-
sitive to IFN-vy. However, IEN-v has also been reported to
decrease proliferation of non-Tax-expressing tumors, such
as experimental ovarian and neuroendocrine carcinoma
cells (4, 24, 25), suggesting that the anti-tumor activity of
IEN-v is not limited to Tax-expressing tumors. Although we
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FIGURE 5. IFN-y inhibited Tax* tumor cells in vivo and prevented tumor-associated bone loss and
hypercalcemia. a-d, immunocompetent C57BL/6 mice were subcutaneously transplanted with TGN
tumor cells and treated for 3 weeks with vehicle or recombinant IFN-vy as indicated. g, representative
picture of subcutaneous TGN tumors at 3 weeks post-transplantation. b, IFN-y treatment decreased the
average weight of dissected tumors at 3 weeks (*, p < 0.01, ANOVA). n = 6 vehicle; n = 7 IFN-vy-treated
mice. ¢, average serum calcium 3 weeks after TGN subcutaneous implantation and treatment (*, p < 0.05,
ANOVA). n = 4 vehicle; n = 4 IFN-vy-treated mice. d, BMD as measured by DXA of tibia and femur bones 3
weeks after subcutaneous TGN transplantation and IFN-y treatment. IFN-y treatment resulted in
decreased loss of BMD (¥, p < 0.05, ANOVA). n = 3 vehicle, n = 3 IFN-y-treated mice. e-g, IFN-yR1 ™/~ mice
on C57BL/6 background were subcutaneously implanted with TGN cells. All mice were treated with vehi-
cle or recombinant IFN-y for 3 weeks. e, average tumor volume measured using bi-directional caliper
measurements (4/3mlength/2:(width/2)?). IFN-y treatment decreased tumor volume by day 26 (*, p <
0.01, repeated measures ANOVA). f, IFN-y-R1~/~ mice had no significant differences in their serum cal-
cium levels 3 weeks after TGN subcutaneous implantation and treatment with IFN-y (ANOVA, n = 4
vehicle; n = 4 IFN-vy treated). g, IFN-y treatment did not significantly alter the BMD of IFN-y-R1~/~ mice as

ing wild type but not IFN-yR1 "/~
hosts strongly support a direct
anti-osteoclastogenic role for
IFN-v in the setting of cancer-in-
duced bone disease.

Unlike patients with autoimmune
diseases such as rheumatoid arthritis
and T cell-mediated bone loss in post-
menopausal osteoporosis (36-—38),
many cancer patients, particularly
those with advanced disease, are in a

measured by DXA scanning of tibia and femur 3 weeks after TGN cell inoculation.

found that IFN-vy induced STAT1 phosphorylation and inhib-
ited Tax ™" -expressing tumor cell viability, others have reported
that HTLV-1 Tax-expressing T cell leukemias require STAT3,
STATS5, and JAK for their proliferation (32). These data high-
light the diversity among tumors in JAK/STAT signaling path-
ways, even those expressing the same oncogene.

Our data support a direct anti-tumor effect of IFN-vy but
also identify an additional previously unexplained indirect
manner by which host osteoclasts contribute to Tax™ tumor
growth. The increased tumor burden observed in Tax " IFN-
v~/~ mice and in subcutaneously implanted Tax" tumor
cells was associated with enhanced OC recruitment and acti-
vation, increased trabecular bone loss, and elevated serum
calcium. We have previously shown that inhibition of OC
formation and function decreases osteolytic bone lesions
and soft tissue tumors in Tax transgenic mice (17). Likewise,
enhancement of OC activity has been shown to enhance
tumor burden in bone, partly through OC-mediated release
of growth factors stored in the bone matrix during resorp-
tion (33, 34). It has also been shown that IFN-vy directly
inhibits osteoclastogenesis in vitro and that this inhibitory
effect is mediated by IFN-vy-induced increased degradation
of TRAF-6 protein in RANKL-stimulated bone marrow-de-
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immunosuppressive state (39 —41).
Therefore, we hypothesize that the
diminished skeletal health and increased tumor-associated
bone loss observed in advanced stage cancer patients could be
due to a lack of IFN-vy-mediated inhibition of both osteoclasts
and tumor cells. Tax"IFN-y /" mice reproduce this unique
clinical scenario, as in vivo IFN-vy deficiency causes enhanced
osteolytic lesion formation and increased OC activity when
compared with Tax"IFN-y"'" mice. Further investigations
into the role of IFN-vy in bone metastasis and hypercalcemia
using other animal models of metastatic diseases such as breast
cancer and prostate cancer are warranted.

In this study we also found that IFN-+y negatively regulates
M-CSF-mediated proliferation and survival of osteoclast
progenitors. This is consistent with previous observations by
Xaus et al. (42). In addition, Fenton et al. (43) showed that
primary alveolar macrophages isolated from tuberculosis-
infected hosts produce IFN-vy in vitro. One possibility is that
BMMs isolated from Tax "IFN-y*/* mice may secrete IFN-vy
into the media and subsequently suppress M-CSF-mediated
OC survival and proliferation. Conversely, BMM from
Tax"IFN-y /" are incapable of IFN-y~/~ production, and
this may partially account for the differences in the in vitro
OC formation seen between these two genotypes. Whether
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IEN-v also regulates M-CSF-mediated OC survival and OC
differentiation in vivo remains to be investigated.

We also observed significant reduction of Tax-expressing
tumor cell-induced hypercalcemia and bone loss after [FN-y
treatment. Currently about 10-30% of cancer patients
develop humeral hypercalcemia of malignancy (HHM), and
there are few effective treatments to prevent this serious
complication. Furthermore, some cancer patients with
HHM are refractory to bisphosphonate treatment because of
parathyroid hormone-related protein (PTHrP)-stimulated
calcium reabsorption in renal tubules (44). Because PTHrP-
producing tumor cells are major culprits of HHM, direct
targeting of tumor cells decreases their PTHrP secretion. In
addition to direct inhibitory effects on osteoclasts, IFN-y
may play a unique role both for the prevention and treatment
for patients with HHM. We are currently investigating the
hypercalcemia-associated humoral factors secreted by Tax-
expressing tumor cells and the specific effects of IFN-vy treat-
ment on these factors.

In conclusion, we have shown that, in addition to its direct
anti-tumor effects, IFN-vy also suppresses tumor-induced
bone loss and hypercalcemia in Tax™ mice. IFN-y mediates
these effects by directly targeting host OCs to inhibit osteol-
ysis. These data suggest a protective role for IFN-+y that war-
rants additional research into novel therapeutic treatments
for patients with bone metastases and hypercalcemia of
malignancy.
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