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HTLV-1 Tax transgenic mice develop spontaneous osteolytic bone metastases
prevented by osteoclast inhibition

Ling Gao, Hongju Deng, Haibo Zhao, Angela Hirbe, John Harding, Lee Ratner, and Katherine Weilbaecher

One in 20 carriers of human T-cell leuke-
mia virus type 1 (HTLV-1) will develop
adult T-cell leukemia/lymphoma (ATL), a
disease frequently associated with hyper-
calcemia, bone destruction, and a fatal
course refractory to current therapies.
Overexpression of the HTLV-1-encoded
Tax oncoprotein under the human gran-
zyme B promoter causes large granular
lymphocytic leukemia/lymphomas in
mice. We found that Tax* mice spontane-
ously developed hypercalcemia, high-
frequency osteolytic bone metastases,

and enhanced osteoclast activity. We
evaluated Tax tumors for the production
of osteoclast-activating factors. Purifica-
tion of Tax* tumor cells and nonmalighant
tumor-infiltrating lymphocytes demon-
strated that each of these populations ex-
pressed transcripts for distinct osteoclast-
activating factors. We then evaluated the
effect of osteoclast inhibition on tumor
formation. Mice doubly transgenic for Tax
and the osteoclast inhibitory factor, osteo-
protegerin, were protected from osteo-
lytic bone disease and developed fewer

soft-tissue tumors. Likewise, osteoclast
inhibition with bone-targeted zoledronic
acid protected Tax* mice from bone and
soft-tissue tumors and prolonged sur-
vival. Tax* mice represent the first animal
model of high-penetrance spontaneous
osteolytic bone metastasis and under-
score the critical role of nonmalignant
host cells recruited by tumor cells in the
process of cancer progression and metas-
tasis. (Blood. 2005;106:4294-4302)
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Introduction

Adult T-cell leukemia/lymphoma (ATL) is an aggressive lympho-
proliferative malignancy of helper T lymphocytes and is associated
with hypercalcemia and osteolytic bone lesions.! Human T-cell
leukemia virus type 1 (HTLV-1), the first pathogenic retrovirus
discovered in humans, is the etiologic agent of tropical spastic
paraparesis myelopathy and ATL.>3 It is estimated that 10 to 20
million people worldwide are infected with HTLV-1. Infection with
HTLV-1 in infancy is a major risk factor for the development of
leukemia.* Approximately 1 in 20 people infected with HTLV-1
develop ATL at 20 to 60 years of age, indicating a long latency for
this disease. The viral regulatory protein, Tax, has been implicated
in the pathogenesis of ATL.>"7 Tax is a transcriptional activator that
can transactivate several viral and cellular genes encoding proteins
such as interleukins 6 and 1 (IL-6 and IL-1), tumor necrosis factor
a (TNFa), transforming growth factor-f3 (TGFp), and parathyroid
hormone-related peptide (PTHrP).8° Tax is an oncoprotein with a
capacity to transform cells, inhibit p53, and induce tumor forma-
tion in several transgenic mouse models using different tissue-
specific promoters driving Tax expression.!%!3 Tax expression in
mice under the HTLV-1 long terminal repeat or the metallothionein
promoter did not produce leukemia; however, increased osteoclast
resorption was noted.'>-!7 Only the Tax transgenic mice under the
regulation of the human granzyme B promoter (expressed in
activated T and natural killer [NK] cells) develop lymphoprolifera-
tive disease (leukemia, lymphomas, splenomegaly) similar to ATL.

Tax® mice predominantly develop the large granular leukemia/
lymphoma (LGL) phenotype rather than the CD4" lymphoma/
leukemia most commonly seen in ATL.'® Furthermore, Tax™ mice
have been used to define cooperating genes critical to lymphoprolif-
erative disease development in ATL.!%-2!

Bone invasion and osteolysis, features of bone metastases,
commonly occur in the setting of advanced solid tumors, such as
breast, prostate, and lung cancers, but are less common in
hematologic malignancies.?> However, patients with HTLV-1—
induced ATL and multiple myeloma (MM) are predisposed to the
development of tumor-induced osteolysis and hypercalcemia.?
One of the striking features of ATL- and MM-induced bone disease
is that the bone lesions are predominantly osteolytic with little
associated osteoblastic activity. In patients with ATL, elevated
serum levels of IL-1, TGFB, PTHrP, macrophage inflammatory
protein (MIP-1a), and receptor activator of nuclear factor-kB
ligand (RANKL) have been associated with hypercalcemia.?*8
Immunodeficient mice that received implants with leukemic cells
from patients with ATL or with HTLV-1-infected lymphocytes?-3
developed hypercalcemia and elevated serum levels of PTHrP.

Tumor-associated destruction of bone is mediated by activated
osteoclasts.?>3! In the bone marrow environment, a variety of
tumors have been shown to express factors that directly and/or
indirectly stimulate osteoclast differentiation and activity, such as
macrophage colony-stimulating factor (M-CSF), IL-1, IL-6, TGFf,
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TNFa, MIP-1a, RANKL, and PTHrP.32 In animal models of bone
metastasis using tumor cell lines, direct osteoclast inhibition or
blockade of PTHrP production by tumor cell lines results in
impaired bone invasion and local tumor growth.333¢ Tumor-cell
proliferation in the bone marrow is enhanced by growth factors
released on osteoclast resorption of the bone matrix, including
TGEF, insulin-like growth factors (IGFs), and bone morphogenic
proteins.?!

The most widely used animal models of bone metastases use
specialized tumor cell lines that are inoculated into the left cardiac
ventricle.?>3738 Transgenic animal models of spontaneous tumors
that metastasize and invade into bone have been reported, yet the
incidence of invasive osteolytic bone metastasis is rare (< 1%).3%-41
Spontaneous murine myeloma that recapitulates the disease in
humans develops in aged C57BL/KaLwRij mice, but only with a
frequency of 0.5%.4

Here, we demonstrate that expression of the HTLV-1 viral
oncogene Tax in mice was sufficient to cause not only the
development of spontaneous lymphoma and leukemia but also
sufficient to cause hypercalcemia and vertebral osteolytic bone
metastases. Purification of Tax™ tumor cells and nonmalignant
tumor-infiltrating lymphocytes demonstrated that each of these
populations expressed distinct osteoclast-activating factors. Osteo-
clast inhibition through transgenic expression of osteoprotegerin or
bisphosphonate therapy prior to the development of leukemia
inhibited Tax bone lesions and altered leukemia progression. Thus,
Tax™ mice represent the first animal model of high-penetrance
spontaneous osteolytic bone invasion and demonstrate the critical
role of nonmalignant host cells recruited by tumor cells in the
process of tumor progression and metastasis.

Materials and methods
Animals

Transgenic mice expressing HTLV-1 Tax under the human granzyme B
promoter (Tax™ C57B6/SJL)'® and transgenic mice expressing osteoprote-
gerin (OPG™®) under the apolipoprotein E (ApoE) promoter have been
previously described.** OPG™ (C57B6/129) mice were generously pro-
vided by Dr Simonet (Amgen, Thousand Oaks, CA). Tax*OPG™¢ and
Tax "OPGWT double transgenic mice were generated by crossing Tax* and
OPGTe mice. Genotypes were determined by means of polymerase chain
reaction (PCR) on mouse tail genomic DNA. Mice were housed under
pathogen-free conditions according to the guidelines of the Division of
Comparative Medicine, Washington University School of Medicine. Progress
of tumor development was monitored twice a week, and animals were
humanely killed at the end of the experiment or if tumors grew larger than
20 mm in diameter. The animal studies committee institutional review
board of Washington University School of Medicine approved all experi-
ments. Zoledronic acid, generously provided by Dr Jonathan Green of
Novartis, Basel, Switzerland, was administered at a dose of 0.75 g per
mouse per week (approximately 30 pg/kg).

Radiographs and dual-energy x-ray absorptiometry (DEXA)

Animals were radiographed in the prone position and exposed to 20 KVP
for 15 seconds using an x-ray System (Faxitron, Buffalo Grove, IL).
Osteolytic lesions were defined as areas of increased radiolucency disrupt-
ing bone marrow contour and invading into bone cortex. Isolated femurs,
tibias, and tails bone mineral density (BMD) were measured and analyzed
by a PIXImus2 scanner (Lunar Corporation, Madison, WI).

Bone histology

Mouse bones were fixed in formalin, decalcified in 14% EDTA (ethylenedi-
aminetetraacetic acid), paraffin embedded and stained with hematoxylin
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and eosin and for TRAP (tartrate-resistant acid phosphatase). Images were
visualized under a Nikon Eclipse TE300 microscope equipped with a Plan
Fluor 20X/0.45 objective lens (Nikon, Tokyo, Japan) and a Magnafire
camera (Optronics, Goleta, CA). Trabecular bone area was measured
according to a standard protocol using the Osteomeasure Analysis System
(Osteometrics, Decatur GA).*

Osteoclast functional assays

Whole bone marrow extracted from Tax™ and wild-type littermate mice was
plated at a concentration of 5 X 10* cells per well in a 48-well plate with 5
replicates. Cells were refed every other day with «-MEM (Minimum
Essential Media) with 10% fetal calf serum (FCS) in M-CSF (12 ng/mL)
and glutathione S-transferase (GST)-RANKL (10 ng/mL and 30 ng/mL)
and incubated at 37°C in 6% CO,, 94% air for 5 days and were fixed in 3%
paraformaldehyde and TRAP stained (Sigma, St Louis, MO). A quantitative
TRAP solution assay was performed by adding a colorimetric substrate, 5.5
mM P-nitrophenyl phosphate at day 5 in addition to the presence of 10 mM
sodium tartrate at pH 4.5. The reaction product was quantified by measuring
optic absorbance at 405 nm.®

Flow cytometry and immunofluorescent staining

Single-cell suspensions were prepared from peripheral soft-tissue tumors.
Samples were depleted of red blood cells. Cells were labeled with
fluorescein isothiocyanate (FITC)-conjugated rat anti-mouse CD16/32
(FeyR II/III; Pharmingen, La Jolla, CA) monoclonal antibody according to
the manufacturer’s recommendations. Cells were placed on slides, fixed in
cold methanol, and stained with Wright-Giemsa-Griinwald (Sigma) or
prepared for further immunostaining and incubated with primary anti-Tax
monoclonal antibody (1:1000; AIDS Reagent Program, Rockville, MD),
washed, and then incubated with FITC-labeled secondary antibody goat
anti-rabbit (1:100; Vector Laboratory, Burlingame, CA). Enzyme-linked
immunosorbent assay (ELISA) quantification of IL-6 serum levels was
performed using ELISA kit from R&D Systems (Minneapolis, MN)
according to manufacturer’s instructions.

Reverse transcription—-PCR and real-time PCR

Mouse preosteoblast line ST-2 (gift from Dr Teitelbaum) was cultured in
a-MEM with 10% FCS. Total RNA from ST-2 cells and primary tumor
populations were isolated with the RNeasy kit (QIAGEN, Valencia, CA)
and digested with deoxyribonuclease to eliminate genomic DNA. cDNA
was made using Superscript first-strand synthesis system for RT-PCR
(Invitrogen, Carlsbad, CA). RT-PCRs were performed with mouse gene-
specific primers at 25, 30, and 35 cycles: RANKL, RANK, OPG, TGFB1,
TNFa, IL-1a, and IL-1p were from R&D System (IL-6 sense, TGGAGT-
CACAGAAGGAGTGGCTAAG, and antisense, TCTGACCACAGT-
GAGGA-ATGTCCAC; M-CSF sense, GACTTCATGCCAGATTGCC, and
antisense, GGTGGC-TTTAGGGTACA GG; glyceraldehyde-3-phosphate
dehydrogenase [GAPDH] sense, ACTTTGTCAAGCTCATTTCC, and anti-
sense, TGCAGCGAACTTTATTGATG). Real-time PCR primers for
IL-6, RANKL, and GAPDH were purchased from Applied Biosystems
(Foster City, CA), and reactions were carried out in triplicate on an ABI
PRISM 7700 Sequence Detector System (ABI, Foster City, CA) as
previously described.*®

Retroviral transduction

The Tax oncogene was cloned into a modified mouse stem-cell virus
(MSCV) driving green fluorescent protein (GFP) separated by an internal
ribosomal entry site whose sequence was previously described.*’ Replication-
defective retrovirus was produced with the MSCV-Tax-GFP construct with
Ecopac (Cell Genesys, Foster City, CA) into 293T cells by using Superfect
reagent (Qiagen, Chatsworth, CA). Retrovirus was subsequently collected
in the conditioned medium. ST-2 cells were seeded at 1.5 X 10* cells per
well in 6-well plates with a-MEM, 20% FCS for 48 hours and transduced
with MSCV-Tax retroviral stock with polybrene (4 pwg/mL) for 24 hours.
Total RNAs were collected 3 days after infection.
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Statistical analysis

Group mean values were compared by 2-tailed student 7 test or as other-
wise indicated.

Results

Tax* transgenic mice develop spontaneous osteolytic bone
metastases and hypercalcemia

Tax™ mice develop large granular leukemia/lymphomas on the
tails, legs, and ears that also invade liver, spleen, and lung between
the ages of 4 and 12 months.!® Clinically, human ATL can be
associated with osteolytic lesions and hypercalcemia. Therefore,
skeletal x-ray images were obtained on Tax™ mice as they
developed external peripheral tumors. Between the ages of 3 and
12 months, 86% of Tax* mice that developed soft-tissue tumors (32
of 37) had radiographic evidence of osteolytic bone destruction
(Figure 1A; Table 1). Radiographically evident osteolytic lesions
were often observed in the absence of overlying soft-tissue tumors.
The serum levels of calcium (Ca®*) in tumor-bearing Tax ™ mice
were significantly higher than in age-matched wild-type mice
(P < .01; Figure 1B). Serum calcium levels in 1-month-old
preleukemic Tax mice and age-matched wild-type mice were not
elevated (data not shown).
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Figure 1. Tax* mice develop osteolytic bone lesions and hypercalcemia of
malignancy. (A) Between the ages of 4 and 12 months, Tax™ mice develop large
granular leukemia/lymphoma tumors on the tails, legs, and ears (black arrows).
Radiographic imaging demonstrates osteolytic bone destruction (white arrows) in the
tail vertebra and the feet of a Tax* mouse. (B) Dot plot of serum calcium (Ca2*) levels
of tumor-bearing Tax* mice (n = 19) and wild-type age-matched controls (n = 8).
Tax* mice had significantly higher serum Ca2* (P < .01). (C) Tartrate-resistant acid
phosphatase (TRAP) staining on decalcified tail vertebra of a representative Tax*
mouse. Hematoxylin-eosin staining shows tumor cells in the bone marrow, cortical
bone, and subcutaneous tissue of a Tax™ mouse as indicated by arrows (top, X 20).
TRAP stain of decalcified tail vertebra shows increased osteoclast recruitment at the
marrow bone interface (bottom, X 20).
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Table 1. Incidence of bone metastasis in Tax* mice with tumors

1-6 mo, % 7-12 mo, %
Radiographic analysis (n) (n)
Bone lesions 81 (13) 86 (32)
No bone lesions 19 (3) 13 (5)

Osteoclast recruitment and bone mineral loss are associated
with Tax tumor development

Histologic analysis of vertebral bones from leukemic Tax™ mice
demonstrated tumor cells invading the bone marrow space and
cortical bone (Figure 1C). Staining for osteoclast-specific TRAP
demonstrated increased numbers of osteoclasts at the interface of
bone and bone marrow in Tax™ bones (Figure 1C).

To assess bone physiology in Tax ™ mice BMD measurements of
preleukemic (1 month of age) and leukemic (mice developed
peripheral tumors) Tax* mice were obtained by DEXA conducted
on isolated tail, femoral, and tibial bones. Body weights were not
significantly different among 1-, 2-, and 3-month-old Tax* and
wild-type littermates (data not shown). No significant difference in
tail vertebral, femoral, or tibial BMD was observed between
I-month-old preleukemic Tax™ and wild-type littermate controls
(Figure 2A). In contrast, significant decreases in the tail vertebral,
femoral, and tibial BMD were obtained in tumor-bearing Tax*
mice compared with age-matched controls (P < .05; Figure 2B).
Thus, diffuse osteolysis developed coincidentally with tumor
progression as mice aged.

Preleukemic Tax* mice have normal osteoclast function and
leukemic Tax* mice have enhanced osteoclast formation

Tumor-associated bone destruction is mediated primarily by the
augmentation of bone resorption, either through increased osteo-
clast recruitment or enhanced osteoclast function.3! We sought to
determine whether Tax ™ mice had abnormal bone physiology prior
to the development of tumors. Using an ex vivo assay that reflects
potentiation of osteoclastogenesis in vivo,*® osteoclast formation
was evaluated in Tax* mice and wild-type littermates before and
after tumor development. Whole bone marrow (WBM) cells from
I-month-old preleukemic Tax™ mice and age-matched wild-type
mice were cultured in low dose of M-CSF (12 ng/mL) and
GST-RANKL (10 ng/mL and 30 ng/mL) to induce osteoclast
differentiation. Osteoclasts (OCs) from WBM of Tax* mice
developed into multinucleated TRAP™ OCs at a similar rate
compared with wild-type mice (Figure 2C-D). In contrast, WBM
from 7-month-old tumor-bearing Tax* mice produced significantly
more osteoclasts compared with age-matched wild-type mice,
demonstrating enhanced osteoclast formation potential in leukemic
Tax ™ mice (P < .05; Figure 2E-F). Osteoclasts cultured from bone
marrow macrophages from preleukemic Tax* and wild-type litter-
mates functioned normally in quantitative TRAP activity assays
(Figure S1A, available at the Blood website; see the Supplemental
Figures link at the top of the online article) and acid-induced
calcium phosphate resorption (data not shown). Granzyme B
expression as a surrogate for Tax transgene expression was not
detected in osteoclasts from Tax* mice. Murine NK cells serve as a
positive control (Figure S1B). Finally, histomorphometric analysis
of femoral and tibial bones from 1-month-old preleukemic Tax*
mice demonstrated normal osteoclast numbers on the bone surface
as compared with wild-type littermates (Figure S1C). Thus no
obvious differences between preleukemic (mice aged 1 month)
Tax™ OCs and wild-type littermate OCs in vivo or in vitro were
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Figure 2. Tumor-bearing Tax mice have decreased bone mineral density and
enhanced osteoclastogenesis. (A-B) Bone mineral density (BMD) of Tax* mice
measured by dual-energy x-ray absorptiometry (DEXA) is depicted as the mean +
SEM. One-month-old Tax™ mice have normal BMD on tails, tibias, and femurs as
compared with their wild-type littermates (P> .05, n = 10). Tumor-bearing Tax*
mice have significantly decreased BMD on tails, tibias, and femurs as compared with
the wild-type littermates (*P < .05, n = 10). (C) Whole bone marrow cells from a
1-month-old Tax* mouse and a wild-type littermate were cultured in low-dose M-CSF
(12 ng/mL) and GST-RANKL (10 ng/mL and 30 ng/mL) for 5 days; cells were fixed
and TRAP stained. Three independent experiments were repeated. Multinucleated
TRAP-positive osteoclasts of Tax® mice and wild-type mice were counted and
depicted as the mean = SEM. There was not a significant difference (P > .05),
indicating similar osteoclast formation between 1-month-old Tax* and wild-type mice.
(D) Representative TRAP staining of 1-month-old wild-type and Tax* whole bone
marrow—derived osteoclast cultures at day 5 (X 20). (E) Whole bone marrow cells
from a 7-month-old Tax* tumor-bearing mouse and a wild-type littermate cultured
under low M-CSF (12 ng/mL) and GST-RANKL (10 ng/mL and 30 ng/mL) for 5 days;
cells were fixed and TRAP stained. Three independent experiments were repeated.
Multinucleated TRAP-positive osteoclasts of Tax* mice were more abundant com-
pared with wild-type mice, indicating enhanced osteoclast formation in tumor-bearing
Tax* mice (*P < .01). (F) Representative TRAP staining of 7-month-old wild-type and
Tax* whole bone marrow osteoclast cultures at day 5 (X 20).

observed. Therefore, it is unlikely that the increased osteolysis seen
in leukemic Tax™ mice was a consequence of intrinsic differences
in Tax™ bone cells but rather was related to enhanced osteoclast
formation in tumor-bearing mice.

Isolated Tax* tumor cells and nonmalignant tumor-infiltrating
lymphocytes express distinct osteoclastogenic factors

Tax has been shown to transactivate several cellular genes involved
in osteoclast development, such as IL-1, IL-6, TNFa, and PTHrP.!
Tax™ tumors are composed of 25% to 35% Tax-expressing tumor
cells as well as associated inflammatory cells and stromal cells. To
isolate Tax tumor cells, we prepared single-cell suspensions from
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fresh Tax* tail tumors and labeled the cells with FITC-conjugated
anti-FcyR II/III (CD16/CD32), a cellular marker for NK cells.
Cells with FITC-high, -low, and -negative staining were collected
by fluorescence-activated cell sorting (FACS) (Figure 3A) for
analysis and histologic evaluation. By Wright-Giemsa-Griinwald
staining, LGL Tax™ tumor cells were harbored in the FcyR TI/IIT
(CD16/CD32) FITC-high cell population (Figure 3B). FcyR FITC-
low cell populations contained predominantly neutrophils, and
FITC-negative cell populations contained lymphocytes and stromal
cells. Tax was primarily expressed in the FITC-high tumor-cell
population and not by the CD16/CD32-negative lymphocyte
population as measured by RT-PCR (Figure 3A). Furthermore,
immunofluorescent staining for Tax showed that Tax protein was
located both in the nucleus and cytoplasm of CD16/CD32 FITC-
high cells (Figure 3C), which is consistent with previous reports.*’

Total RNA was isolated, and cDNA was generated from
FITC-high and FITC-negative cells collected by FACS sorting. By
RT-PCR, we found that tumor cells expressed transcripts for IL-6,
M-CSF, and IL-1a, whereas RANKL, the critical osteoclastogenic
factor, was predominantly expressed in the FITC-negative lympho-
cyte- and stromal-cell population. Both the tumor FITC-high
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+ - positive control
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Figure 3. Isolated Tax tumor cells express transcripts for osteoclast-activating
factors. (A) Single-cell suspensions of 3 Tax* tumors were sorted by FACS
according to FcyR I/l (CD16/CD32) FITC-negative, -low, and -high intensity.
Expression of the Tax gene was detected in CD16/CD32-high but not in -negative cell
populations by RT-PCR. GAPDH was used as an internal control. (B) Cytospin and
Wright-Giemsa-Grinwald staining was performed on sorted cells. CD16/CD32
FITC-negative cells were normal lymphocytes/stromal cells. CD16/CD32 FITC-high
cells were tumor cells, whereas CD16/CD32 FITC-low cells were neutrophils (X 20).
(C) CD16/CD32 FITC-high cells were immunofluorescently stained with Tax antibody
(green, X 20). (D) RT-PCR of selected osteoclast-activating factors in CD16/CD32
FITC-negative (N) and FITC-high (H) cells was performed on the mRNA of purified
cell types isolated from whole tumors. RANKL was expressed in CD16/CD32
lymphocytes/stromal cells; IL-6, IL-1a, and M-CSF were expressed in Tax tumor
cells; IL-18, TGFB, PTHrP, and TNF« were expressed in both CD16/CD32-negative
and -high cell populations.
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population and the FITC-negative populations expressed tran-
scripts for IL-18, TNFa, PTHrP, and TGFR (Figure 3D). CD16/
CD32-fractionated bone marrow and spleen cells from a Tax
tumor-bearing mouse demonstrated that IL-6 was expressed by the
CD16/CD32-high fraction, and RANKL in the CD16/CD32-
negative fraction as was seen for the fractionated soft-tissue tumor
(data not shown). Interestingly, we also found by RT-PCR that
purified Tax tumor cells (CD16/CD32 FITC-high) did not express
transcripts for OPG the soluble inhibitor of RANKL but did
express transcripts for RANK, the receptor for RANKL (Supplemen-
tal Figure S2). Thus, purified Tax-expressing tumor cells expressed
transcripts for the osteoclast-activating factors IL-6, M-CSF, IL-1a
and IL-1B, TNFa, and TGF@, whereas nonmalignant, non—Tax-
expressing tumor-infiltrating lymphocytes recruited to Tax tumors
expressed transcripts for the critical osteoclastogenic factor RANKL.

Tax expression enhances IL-6 expression in vitro and in vivo

By real-time quantitative RT-PCR, IL-6 was expressed by isolated
Tax® tumor cells but not by the FcyR II/IlI-negative tumor-
associated inflammatory cells (Figure 4A). However, RANKL was
expressed by the FcyR II/I1I-negative tumor-associated inflamma-
tory cells but only at low and in some cases undetectable levels by
the FcyR II/III-high tumor cells (Figure 4B). It is known that
tumor-derived IL-6 plays an important role in multiple myeloma—
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Figure 4. Tax induces IL-6 expression in tumor cells. (A-B) Real-time RT-PCR of
IL-6 and RANKL normalized to GAPDH from 7 CD16/CD32-fractionated Tax tumors
from 7 mice. RANKL was expressed in normal lymphocytes/stromal cells, whereas
IL-6 was expressed in Tax tumor cells. All data are depicted as the mean + SEM. (C)
The preosteoblast cell line ST-2 was transduced with MSCV-Tax-GFP or MSCV-GFP.
Controls were nontreated ST-2 cells and ST-2 cells treated with vitamin D for 3 days.
Left panel pictures were taken under phase contrast microscopy; right panel pictures
were taken under FITC channel of conventional fluorescent microscopy. (D) MSCV-
Tax transduction in ST-2 cells induces IL-6 and TNFa expression but not RANKL.
RT-PCR of selected osteoclast-activating factors was performed on cDNAs from
transduced ST-2 cells, vitamin D-treated ST-2 cells, and nontreated ST-2 cells. (E)
Serum was obtained retroorbitally, and IL-6 levels were determined by ELISA.
Results for Tax™ (n = 17) and wild-type (n = 19) mice are shown as picogram per
milliliter. Tax* mice have increased serum IL-6 levels (P < .05). Values are depicted
as the mean + SEM.
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induced bone destruction,? and IL-6 stimulates osteoclast activa-
tion.’® Furthermore, serum IL-6 levels have been shown to be
elevated in HTLV-1—positive ATL.>! We measured the serum levels
of soluble IL-6 from Tax™ and wild-type mice by ELISA. As in
patients with ATL, serum IL-6 levels were significantly higher
(P < .05) in tumor-bearing Tax* mice compared with age-matched
wild-type mice (Figure 4E).

IL-6 has also been shown to be a downstream target of Tax in
T cells.>? To confirm that RANKL is not a direct transcription
target of Tax, Tax was introduced into a preosteoblast cell line,
ST-2,53 which can produce RANKL on stimulation with osteotro-
phic factors, such as 1,25-dihydroxy-vitamin D; and prostaglan-
dins.>* ST-2 cells were transduced with a retroviral vector,
MSCV-Tax-GFP. As demonstrated in Figure 4C to D, Tax
overexpression induced an increase in IL-6 and TNFa but not
RANKL expression. M-CSF and TGF@ were constitutively
expressed in ST-2 cells regardless of various stimulations,
demonstrating the lack of significant toxicity from the MSCV
transduction (Figure 4D). These data indicate that Tax* mice
have elevated levels of IL-6 and that Tax expression directly
induced IL-6 and TNFa but not RANKL.

Tax*OPGT9 mice were protected from osteolytic bone lesions
and soft tissue tumor development

To determine whether inhibiting osteoclast function would prevent
Tax™ tumor-associated bone lesions, Tax™ mice were crossed to the
osteoclast-defective OPG™ mice to produce Tax*OPGTe mice.
Osteoprotegerin is a soluble decoy receptor for RANKL and is
normally expressed by osteoblasts and B cells. When murine OPG
is constitutively expressed by hepatocytes under the human ApoE
promoter, the OPG™ mice develop osteopetrosis and lack func-
tional and mature osteoclasts.*> Thus, any osteoclast-activating
factors that act through RANKL will be abrogated in OPG™ mice.

Tax*OPG™ mice were markedly protected from tumor-
associated osteolysis compared with Tax"OPGWT littermates (Fig-
ure 5). By 9 months of age, 21% of Tax*OPG™ mice developed
radiographic osteolytic lesions; in contrast, 68% of Tax"OPGWT
mice developed multiple osteolytic bone tumors throughout the
vertebrae (Table 2). Representative x-rays demonstrate diminished
osteolytic lesions and enhanced bone mineral in the Tax*OPG™e
mice compared with Tax*OPGYT mice (Figure 5A). In the mice
that developed bone lesions, the numbers of bone lesions were
significantly diminished in the Tax "OPG™¢ (Figure 5B). Unexpect-
edly, Tax*OPG™¢ mice developed fewer soft-tissue tumors com-
pared with Tax*OPGWT mice (P < .01; Figure 5C). Thus, Tax™
mice genetically altered to lack functional osteoclasts were pro-
tected from tumor-associated bone destruction consistent with the
hypothesis that osteoclasts play a critical role in Tax tumor-
associated osteolysis. Likewise, genetic disruption of osteoclast
function by overexpression of OPG resulted in impaired leukemia
progression manifested by decreased soft tissue tumor production
and bone destruction in Tax"OPGT¢ mice.

Bisphosphonate treatment not only prevented osteolytic bone
destruction but also decreased tumor burden in Tax* mice

Amino-bisphosphonates are highly effective bone-targeted inhibi-
tors of bone resorption that disrupt osteoclast function and have a
skeletal half-life of more than 6 months but a serum half-life of
several hours.>> Amino-bisphosphonates disrupt geranylgeranyla-
tion of proteins, impair osteoclast development, and induce mature
osteoclast apoptosis.®® Bisphosphonates are routinely used in
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Figure 5. Tax*OPGT9 mice are protected from osteolytic bone lesions and soft
tissue tumor development. Tax* mice were crossed with OPGT9 mice. Tax*OPGT9
mice (n = 33) and Tax*OPGWT (n = 22) littermates were evaluated weekly for
peripheral tumor formation, and radiographic images were taken at 3, 6, and 9
months of age. Experiments were ended when mice were 9 months old. (A)
Representative radiographic images of a Tax*OPGT? mouse and a Tax*OPGWT
mouse at 9 months of age. Tax*OPGWT mouse demonstrates osteolytic bone lesions
on the tail vertebrae (arrows). (B) In mice that developed osteolysis, Tax*OPGWT
mice show significantly increased bone lesions on the tail vertebrae (P < .01)
compared with Tax*OPGT9. Bone lesion number is depicted as the mean = SEM. (C)
Tax*OPGT9 mice are protected from the development of soft-tissue tumors (P < .01,
by a paired ttest in SigmaPlot 2001 version 9; Systat Software, Point Richmond, CA).

patients with cancer with established osteolytic metastasis to
decrease tumor-associated bone destruction and to relieve bone
pain. It has been observed in some clinical trials that bisphospho-
nates can improve overall survival in patients with myeloma and
breast cancer when administered at early stages of cancer prior to
the development of overt bone metastases,”’-%? but the mechanism
of this effect on survival is still under investigation.

To test the hypothesis that inhibition of Tax* tumor-stimulated
osteoclast activity could affect the development of overt bone
lesions as seen in Tax*OPG™® mice, zoledronic acid bisphospho-
nate therapy was administered to preleukemic 1-month-old Tax*
mice before signs of overt lymphoma or tumor-associated osteoly-
sis were evident. Weekly subcutaneous injections of zoledronic
acid (n = 17) or saline placebo (n = 12) were administered to
randomly assigned 1-month-old Tax™ mice littermates. Mice were
evaluated weekly for the development of peripheral tumor forma-
tion and x-rayed at 3, 6, and 9 months of age or whenever they
developed the first visual peripheral tumors, or at death. The
experimental trial was terminated when the Tax™ mice were 9
months of age. Zoledronic acid-treated Tax* mice were protected
from bone metastases as compared with saline-treated Tax* mice,
with 83% of living Tax™ mice treated with saline carrying bone
metastases at 9 months compared with 17% of living Tax™ mice

Table 2. Incidence of bone metastasis in Tax*OPGTY mice
according to age

3 mo, n (%) 6 mo, n (%) 9 mo, n (%)
Tax*OPGT9 0 3/33 (9) 7/33 (21)
Tax*OPGWT 0 8/22 (36) 15/22 (68)
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Table 3. Incidence of bone metastasis in Tax* mice

3 mo, n (%) 6 mo, n (%) 9 mo, n (%)
Zoledronic acid 0/15 (0) 114 (7) 2/12 (17)
Saline 0/8 (0) 8/9 (89) 5/6 (83)

Tax* mice were treated with zoledronic acid or saline according to age.

treated with zoledronic acid (Table 3). Representative x-rays
demonstrated diminished osteolytic lesions and enhanced bone
mineral in the zoledronic acid-treated mice compared with saline-
treated mice (Figure 6A). Of the mice that developed bone lesions,
the numbers of vertebral body lesions were greatly reduced in
zoledronic acid—treated mice (Figure 6B). Zoledronic acid—treated
Tax* mice showed significant decreases in soft tissue tumor
development (P < .01; Figure 6C). Significantly, zoledronic acid—
treated mice had an improved overall survival compared with Tax™
littermate placebo-treated controls (P < .01; Figure 6D), with 71%
of zoledronic acid-treated Tax® mice still alive at 9 months
compared with 50% of placebo-treated Tax™ mice. We found that
early treatment with bisphosphonate zoledronic acid before the
development of overt disease prevented not only tumor-associated
bone destruction and soft tissue lymphoma development but also
increased survival, suggesting that tumor-induced osteoclast activ-
ity affects tumor growth and metastatic progression.

Discussion

The HTLV-1 viral oncogene, Tax, has been shown to be critical to
the pathogenesis of adult T-cell leukemia (ATL). We demonstrate
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Figure 6. Early bisphosphonate treatment prevents osteolytic bone lesions and
enhances overall survival in Tax* mice. Tax™ littermate mice were randomly
divided into zoledronic acid-treated (0.75 g per mouse subcutaneous injection
weekly, n = 17) or saline controls (n = 12) at 1 month of age. Mice were evaluated
biweekly for peripheral tumor formation, and radiographic images were taken at 3, 6,
and 9 months of age. Experiments were ended when mice were 9 months old. (A)
Representative radiographic images of Tax™ mice treated with zoledronic acid or
saline at 9 months of age. Tax* mice treated with saline show overt bone lesions
(arrows). (B) Of the mice that developed osteolysis, numbers of tail lesions are
significantly higher in saline-treated mice (P < .05). Bone lesion number is depicted
as the mean += SEM. (C) Tax™ mice treated with zoledronic acid were protected from
the development of peripheral tumors (P < .01 by a paired ttest in SigmaPlot 2001).
(D) Tax™ mice treated with zoledronic acid show increased overall survival (P < .01
by a paired ttest in SigmaPlot 2001).
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that Tax expression in mice not only caused leukemia but also was
sufficient to cause the ATL skeletal manifestations of hypercalce-
mia, vertebral osteolytic bone metastases, and enhanced osteoclast
activity. Tax* mice possessed normal bone physiology prior to
tumor development. We found that Tax™ mice spontaneously
developed osteolytic bone metastasis (86% incidence) and hypercal-
cemia in association with the development of soft-tissue lympho-
mas. Tax* mice with bone metastases and soft-tissue tumors had
accelerated loss of bone mineral density and had enhanced
osteoclast activity compared with age-matched controls. It is
unclear whether Tax tumors develop in the lymph nodes and then
spread to the bone marrow or vice versa. Studies are under way
involving luciferase-expressing tumor cells to identify in real time
the sequence of early tumor development in this model. Tax* bone
tumors cannot be called true metastases, although they model many
aspects of bone metastases, including invasion into and associated
destruction of cortical bone and multifocal location.

Tax* tumors are composed of Tax-expressing tumor cells,
tumor-associated inflammatory cells, and stromal cells which
express distinct osteoclast-activating factors. Purified Tax*
tumor cells expressed transcripts for IL-6, a known transcrip-
tional target gene of the Tax protein, in addition to M-CSF,
IL-1a, IL-1B, TGFpB, and TNFa, all of which have been shown
to activate osteoclast and to enhance tumor-associated bone
loss. Interestingly, the nonmalignant tumor-infiltrating lympho-
cytes recruited to the Tax™ tumors expressed the critical
osteoclast factor, RANKL, which we did not find to be a direct
transcriptional target of Tax. Thus, Tax expression in tumor cells
resulted in both direct and indirect induction of critical osteoclast-
activating factors. Studies from samples from patients with
multiple myeloma have demonstrated that malignant plasma
cells express a range of cytokines that directly and indirectly
activate osteoclastic resorption and suppress osteoblast activ-
ity.2> Tax bone disease closely models myeloma bone disease
and could be a useful model to better understand tumor cell/host
cell interaction in vivo. Evaluation in Tax* tumors of other
osteoclast-activating factors that have been implicated in my-
eloma bone disease such as MIP-1a and Dickkopf-1 (DKK1) is
under way.

Generalized bone mineral loss, measured by DEXA, is a
common occurrence in patients with multiple myeloma, as well as
patients with solid tumor with bone metastasis, and it was seen in
our Tax® ATL animal model. There was a nonstatistical trend
toward decreased BMD seen as early as 1 month of age in the Tax*
mice. It is possible that Tax™ mice could be developing tumors as
early as 1 month of age that were not yet visibly or radiographically
evident and that these early tumors were affecting body mass and
bone mineral density. Likewise, metastasis in the vertebral bones,
one of the most common sites of bone metastasis in humans,
occurred at high frequency in the Tax model. This provides an
advantage over other animal models of bone metastasis, such as the
intracardiac tumor-cell line injection models, in which the most
common site of invasion in is in the growth plates of the tibia and
femur, which are less common sites for metastasis in adults.33:63
One possible explanation for the differences in skeletal distribution
of osteolytic lesions observed in the Tax* mice is that Tax ™ tumors
most commonly develop in adult mice (aged 4-9 months), whereas
the intracardiac injection models use young mice aged 6 weeks,
with highly vascularized growth plates. Thus, the Tax™ bone
metastasis model represents the first high-frequency animal model
of bone metastasis that mirrors what is commonly observed in
human bone metastasis.
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OPGT™2 mice overexpress the RANKL decoy receptor (osteopro-
tegerin) and have functionally reduced levels of RANKL and
impaired osteoclast development. Consistent with the current
concept that functional osteoclasts are required in tumor-associated
bone destruction, we found that Tax "OPG™¢ mice were protected
from osteolytic bone metastases. Unexpectedly, Tax"OPG™e mice
also developed fewer soft-tissue tumors and thus impaired leuke-
mia tumor progression in this animal model, suggesting a role for
osteoclast resorption and bone turnover in the growth and dissemi-
nation of Tax™ tumor cells. We found that purified Tax tumor cells
expressed transcripts for the RANK receptor, and it is possible that
RANKL, expressed by tumor-infiltrating lymphocytes and by
osteoblasts in the bone marrow environment, could provide
growth and survival signals to RANK-expressing Tax tumor
cells. The potential role of suppression of the RANK-RANKL
axis in Tax tumor development is under current investigation.
These results indicate that RANKL production either from
tumor-infiltrating lymphocytes or in the bone environment
likely plays a critical pathogenic role in Tax-induced bone
metastasis and tumor development.

The overall incidence of bone and soft-tissue tumors was lower
in the mice from the OPG™¢ genetic crosses (Figure 5) compared
with Tax™ mice alone (Figure 6). This difference in tumor
incidence could reflect differences in modifying genes or innate
immunity between the mouse transgenic strains. Rather than
compare the Tax*OPGT¢ with the Tax™ mice from the Tax™
transgenic colony, we used littermate controls that harbored the Tax
transgene but not the OPG transgene, Tax"OPGWT, to minimize the
effect of genetic background.

We then used a pharmacologic approach to block osteoclast
function by treating Tax* mice with the bone-targeted bisphospho-
nate, zoledronic acid, at 1 month of age before the development of
visible soft-tissue tumors or bone metastases. Zoledronic acid
prevented Tax-induced bone metastasis, prevented soft tissue
tumor development, and prolonged overall survival. These data
indicate that osteoclast inhibition through the RANKL pathway or
through use of the bone-targeted bisphosphonates not only blocked
bone metastasis but also prevented tumor progression, thus suggest-
ing that host cells recruited by tumor cells play a critical role in
tumor biology.

Whether bisphosphonates have direct effects on tumor cells or
indirect effects on tumor cells mediated by changes they cause in
the bone microenvironment has long been debated. Clinical data
indicate that the bisphosphonates have little effect on soft-tissue
metastasis if they are administered after metastases are already
established.®!04% However, a growing body of evidence in vitro
suggests that bisphosphonates have direct effects on tumor cells.

Possible explanations for the improvement in overall survival
and decreased tumor burden seen in the bisphosphonate-treated
Tax™ mice could be that bisphosphonates are pure osteoclast
inhibitors and disrupt the “vicious cycle” of tumor-induced release
of tumor growth factors, such as IGF-1, and TGFf3, liberated from
the bone matrix on osteoclast activation. Likewise, our data using
the osteoclast defective OPGT¢ mice suggest that disruption of
osteoclastic resorption through the OPG/RANKL pathway also
decreased nonbone disease tumor burden. Thus, two bone-targeted,
osteoclast-inhibitory approaches resulted in decreases in bone
metastasis and decreases in overall tumor burden and soft tissue
tumor development in the Tax* transgenic model consistent with
the notion that disruption of the osteoclast resorption and formation
negatively affects tumor growth and progression. An alternative
explanation for the bisphosphonate effect on survival could be a
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direct antitumor effect of the bisphosphonate on tumor cells in the
bone marrow for which there is in vitro data from other groups.®’
Alternatively, zoledronic acid has been demonstrated to activate
gd-T-cells through an indirect mechanism involving inhibition of
farnesyl diphosphate (FPP) synthase. Activated yd T cells could
theoretically enhance antitumor immunity and/or alter T-cell-
mediated osteoclast cytokine production, thereby providing an
additional explanation for decreased tumor burden in zoledronic
acid—treated Taxt mice. However, this effect of zoledronic acid on
vd T cells has only been shown in primates and is not thought to
occur in murine models.%72 Our data suggest an overall effect of
early bisphosphonate intervention on Tax tumor development in
vivo. Evaluation of the effect of bisphosphonates on tumor
apoptosis and necrosis in Tax ™ mice is currently under way.

Our data support a causal role for Tax in the development of
osteolytic bone destruction in Tax-induced lymphoproliferative
disease and the acquisition of the bone phenotype in patients with
ATL. Purified Tax* tumor cells and tumor-recruited nonmalignant
tumor-infiltrating lymphocytes expressed critical osteoclasto-
genenic factors. Despite its critical role in the pathogenesis of ATL,
Tax protein expression levels have been reported to be low and at
times undetectable from patient ATL cells.* The precise role of Tax
in leukemia maintenance and progression remains under investiga-
tion. Our data demonstrate that Tax was sufficient to induce
lymphoproliferative disease and skeletal complications often asso-
ciated with ATL. Osteoclast inhibition through transgenic expres-
sion of the osteoclast inhibitory factor, osteoprotegerin, or bisphos-
phonate therapy prior to the development of leukemia inhibited
Tax-induced bone metastases and diminished leukemia progres-
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sion. Our results demonstrate the critical role of nonmalignant host
cells recruited by tumor cells in the process of cancer progression
and metastasis. Tax™ mice represent the first animal model of
high-penetrance spontaneous osteolytic bone metastasis and under-
score the critical role of nonmalignant host cells in bone metastasis.
Our data demonstrate that intervention with bisphosphonates
before the development of overt lymphoma/leukemia prevented
tumor-associated osteolysis, dissemination of soft-tissue tumors,
and prolonged overall survival, suggesting a role for early bisphos-
phonate therapy in patients infected with HTLV-1.
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