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Abstract

Adult T-cell /lymphomaleukemia (ATLL) is caused by human
T-cell lymphotropic virus type 1 (HTLV-1). Approximately 80%
of ATLL patients develop humoral hypercalcemia of malig-
nancy (HHM), a life-threatening complication leading to a
poor prognosis. Parathyroid hormone–related protein (PTHrP)
and macrophage inflammatory protein-1A (MIP-1A) are
important factors in the pathogenesis of HHM in ATLL and
the expression of PTHrP can be activated by nuclear factor KB
(NF-KB). NF-KB is constitutively activated in ATLL cells and is
essential for leukemogenesis including transformation of
lymphocytes infected by HTLV-1. Our goal was to evaluate
the effects of NF-KB disruption by a proteasomal inhibitor
(PS-341) and osteoclastic inhibition by zoledronic acid (Zol)
on the development of ATLL and HHM using a novel biolu-
minescent mouse model. We found that PS-341 decreased cell
viability, increased apoptosis, and down-regulated PTHrP
expression in ATLL cells in vitro. To investigate the in vivo
efficacy, nonobese diabetic/severe combined immunodeficient
(NOD/SCID) mice were xenografted with ATLL cells and
treated with vehicle control, PS-341, Zol, or a combination
of PS-341 and Zol. Bioluminescent imaging and tumor cell
count showed a significant reduction in tumor burden in mice
from all treatment groups. All treatments also significantly
reduced the plasma calcium concentrations. Zol treatment
increased trabecular bone volume and decreased osteoclast
parameters. PS-341 reduced PTHrP and MIP-1A expression in
tumor cells in vivo. Our results indicate that both PS-341 and Zol
are effective treatments for ATLL and HHM, which are refrac-
tory to conventional therapy. [Cancer Res 2007;67(24):11859–66]

Introduction

Human T lymphotropic virus type 1 (HTLV-1) is the etiologic
agent for adult T-cell lymphoma/leukemia (ATLL; ref. 1). Eighty
percent of ATLL patients develop humoral hypercalcemia of
malignancy (HHM), a severe complication resulting from increased
osteoclastic bone resorption and renal calcium reabsorption (2).
HHM in ATLL patients leads to a mean survival of <1 year (3);
therefore, it is urgent to develop new therapies to sufficiently
reduce HHM and eliminate tumor progression in ATLL.

Nuclear factor nB (NF-nB) ligand is constitutively activated in
HTLV-1–infected cells, indicating the importance of NF-nB in ATLL
tumorigenesis (4). In addition, NF-nB binding sites were found in
the promoters of parathyroid hormone–related protein (PTHrP;
refs. 5, 6) and macrophage inflammatory protein 1a (MIP-1a;
ref. 7). The levels of these two proteins are increased in the plasma
of ATLL patients with HHM (8, 9). PTHrP expressed in osteoblasts
and cancer cells enhances the expression of the receptor activator
of NF-nB ligand, an essential factor that activates osteoclasto-
genesis and regulates bone resorption. In the kidney, PTHrP
decreases calcium and increases cyclic AMP phosphorus excretion
(10). Therefore, PTHrP plays a major role in the pathogenesis of
HHM (10); however, recent studies have suggested that cytokines
and chemokines, such as MIP-1a, a chemoattractant and activator
of monocytes during inflammation, can induce osteoclastic bone
resorption and serve as a potential survival and osteoclast stimu-
latory factor in cancer (11). Increased concentrations of plasma
PTHrP and MIP-1a are reliable clinical biomarkers of hypercalce-
mia in ATLL and represent potential therapeutic targets (2, 9).

Proteasome inhibitors such as PS-341 inhibit the degradation of
InB family members, resulting in a suppression of NF-nB activity
(12). PS-341 has been used as a chemotherapeutic agent for re-
lapsed multiple myeloma patients (13). In ATLL, PS-341 stabilized
InBa, InBh, InBq, p21, p27, and p53 proteins and induced apoptosis
and cell cycle arrest in HTLV-1–positive cells in vitro (14), but the
in vivo efficacy of PS-341 is still controversial (14, 15).

Bisphosphonates are potent inhibitors of bone resorption and
often used for the treatments of osteoporosis, Paget’s disease,
hyperparathyroidism, and tumor-induced osteolysis (16). Bisphos-
phonates inhibit the mevalonate pathway leading to disruption of
the Ras signaling pathway. In bone, inhibition of prenylation and
Ras signaling within osteoclasts inhibits intracellular vesicle trans-
port, which is required for osteoclasts to form ruffled borders and
induce osteoclastic bone resorption. In vitro , high concentrations
of bisphosphonates induce S-phase cell cycle arrest and caspase-
dependent apoptosis (17, 18). Zoledronic acid (Zol), a third-
generation bisphosphonate, was shown to not only prevent
osteolytic bone destruction but also decrease tumor burden in
Tax transgenic mice (19).

Human xenograft models have been used to investigate new
therapeutic agents for ATLL (20). NOD/SCID mice can be
successfully engrafted with RV-ATL cells, a Tax-negative ATLL cell
line derived from an ATLL patient (21). These mice develop
mesenteric lymphoma and HHM 5 weeks after inoculation (22). We
successfully infected RV-ATL cells with a lentivirus containing the
luciferase gene and developed a bioluminescent mouse model for
ATLL to noninvasively monitor tumor cell engraftment and
progression and to measure the effects of treatments on tumor
burden. Due to the significance of NF-nB activity in ATLL
tumorigenesis and its potential role in the induction of HHM by
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increasing PTHrP and MIP-1a expression, our goal was to
investigate the in vivo effect of PS-341 accompanied with the
osteoclastic inhibitor Zol on tumor burden and HHM in a novel
bioluminescent mouse model of ATLL. We found that the
combination of PS-341 and Zol may be an effective treatment for
ATLL.

Materials and Methods

Cells and drugs. RV-ATL cells derived from an ATLL patientwere provided
by Dr. Feuer (Department of Microbiology and Immunology, SUNY Upstate

Medical University, Syracuse, NY; ref. 21). HTLV-1–transformed cell lines (MT2

and SLB-1), HTLV-1–negative T cells (Jurkat), and RV-ATL cells were cultured

as previously described (6). PS-341 was obtained from Millennium Pharma-
ceuticals through the NIH. Zol was purchased from Novartis.

Transduction of RV-ATL cells with luciferase gene. RV-ATL-luc cells

expressing luciferase were generated using a lentiviral vector as previously
described (23). Following transduction, the cells were incubated at 37jC for

1 h and washed twice with RPMI 1640 before i.p. injections in NOD/SCID mice.

Animals and treatments. Five-week-old male NOD/SCID (NOD CB17-

PRKDC-SCID/J) mice (The Jackson Laboratory) were housed and treated in
accordance with the University Laboratory Animal Resources guidelines

and experimental protocols were approved by the Institutional Laboratory

Animal Care and Use Committee. A total of 4 � 107 RV-ATL-luc cells were

injected i.p. 7 days before the initiation of treatments and mice were
randomly assigned into the vehicle control group or treatment groups,

which received PS-341 (0.4 mg/kg twice per week, i.p.), Zol (0.1 mg/kg twice

per week, s.c.), or a combination of the two drugs for 4 weeks. Tumor cells
were recovered from the mice by abdominal lavage at the end of the

experiment.

Cell viability and apoptosis assays. Cell viability was measured with

the CellTiter 96 nonradioactive cell proliferation assay kit (Promega Corp.)
and trypan blue dye exclusion assay. Cell apoptosis assay was measured

with in situ cell death detection kit (Roche).

Western blotting and real-time reverse transcription-PCR. Western

blotting was done using standard protocols and antibodies against InBa
(Santa Cruz Biotechnology, Inc.), phospho-InBa (Cell Signaling Technology,

Inc.), and actin (Sigma-Aldrich). Real-time reverse transcription-PCR (RT-

PCR) was done as previously described (5, 24) with specific oligonucleotide

primers for PTHrP (5¶-GTCTCAGCCGCCTCAA-3¶ and 5¶-GGAAGA-
ATCGTCGCCGTAAA-3¶; ref. 24), PTHrP P1/P2 transcript (5¶-GAAGCAAC-

CAGCCCACCAGA-3¶ and 5¶-TGAGACCCTCCACCGAGC-3¶; ref. 24), MIP-1a
(5¶-CTGCATCACTTGCTGCTGACA-3¶ and 5¶-CACTGGCTGCTCGTCT-
CAAAG-3¶; ref. 25), and glyceraldehyde-3-phosphate dehydrogenase

(GAPDH; 5¶-TGCACCACCAACTGCTTAG-3¶ and 5¶-GAGGCAGGGAT-

GATGTTC-3¶).
Bioluminescent imaging. Bioluminescent imaging was done with the

in vivo imaging system (IVIS, Xenogen Corp.) as previously described (23).

Photon signals were quantified with LivingImage software version 2.2

(Xenogen).

Measurement of plasma calcium and MIP-1A concentrations. Total
calcium concentration in plasma from each mouse was measured with the

QuantiChrom Calcium Assay kit (BioAssay Systems). Human MIP-1a levels

in plasma were measured with Human CCL3/MIP-1a Quantikine ELISA kit
(R&D systems) on pooled plasma from each group. Six non–tumor-bearing

age- and sex-matched mice were used as controls.

Histopathology, immunohistochemistry, enzymatic histochemistry
analyses, and histomorphometry. On sacrifice, a complete necropsy
was done on each animal. Tibias were removed, defleshed, fixed in 10%

neutral-buffered formalin, decalcified, and stained with H&E for histo-

pathologic evaluation. Enzymatic histochemistry for tartrate-resistant

acid phosphatase (Sigma-Aldrich) was done as previously described (22).
Bone histomorphometry was done with the Image-Pro Plus, version 5.0

software (Media Cybernetics). Total bone volume, trabecular bone volume,

trabecular bone perimeter, and osteoclast perimeter and numbers were

measured.

Figure 1. PS-341 and Zol reduced RV-ATL cell viability and induced apoptosis
in vitro. A and B, RV-ATL cells were treated with indicated amounts of PS-341
for 48 h. MTT assay (A) and trypan blue exclusion assay (B ) were done in
triplicate. *, P < 0.05, compared with vehicle (ANOVA and Holm’s method to
adjust for multiplicity), C, RV-ATL cells were treated with indicated amounts of
Zol for 48 h. MTT assay was done in four replicates. *, P < 0.0001, compared
with vehicle (ANOVA and Dunnet’s method to adjust for multiplicity). D, RV-ATL
cells were treated with indicated amounts of Zol and PS-341 for 48 h. Numbers
indicate the TUNEL-positive cells measured by flow cytometry. Gating was
based on the positive and negative controls. Ten thousand cells were acquired
for analysis. All experiments were done in triplicate. *, P < 0.05, compared with
vehicle (ANOVA and Dunnet’s method to adjust for multiplicity).
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Statistical analysis. The main outcome variables in this study were cell
counts, apoptosis, percentage of viable cells, total calcium concentration,

PTHrP and MIP-1a expression, total bone volume, trabecular bone volume,

osteoclast perimeter, and trabecular bone perimeter. These are all

continuous variables. These variables were log transformed to carry out
the statistical analyses because the distributions in the original scale were

skewed. For all the variables that data were collected at a single time point,

ANOVA and nonparametric tests (Kruskal-Wallis) were used for the analyses.

Pairwise comparisons were tested by Tukey’s, Holm’s, or Dunnett’s methods
to adjust for multiplicity. P values are reported in the caption of the

corresponding figures. Error bars indicate SDs unless otherwise mentioned.

Results

PS-341 and Zol significantly reduced cell viability and
induced apoptosis in ATLL cells. To examine the efficacy of
PS-341 and Zol in vitro , RV-ATL cells were treated with PS-341
and Zol for 48 h and cell viability was measured with 3-(4,5-
Dimethylthiazolyl)-2,5-diphenyl tetrazolium bromide (MTT) and
trypan blue exclusion assays. PS-341 induced a dose-dependent
inhibition of cell viability by MTT assay (Fig. 1A) and trypan blue
exclusion assay (Fig. 1B). Similar results were found in other HTLV-
1–positive (MT-2 and SLB-1) or HTLV-1–negative (Jurkat) cell lines
treated with PS-341 (data not shown). There was also a decrease
of viability in cells treated with Zol at 50 to 200 Amol/L for 48 h
(Fig. 1C) by MTT assay. To examine the effects on apoptosis,
terminal deoxyribonucleotidyl transferase–mediated dUTP nick
end labeling (TUNEL) assays were done on RV-ATL cells treated
with PS-341 and/or Zol for 48 h. PS-341 (20 nmol/L) significantly
induced apoptosis in 20.4% of the cells when compared with
vehicle control (10.4%), whereas Zol induced apoptosis in 22.2% of
the treated cells. When RV-ATL cells were treated with both PS-341
and Zol, no further increase in apoptotic cells was observed (25%;
Fig. 1D ; P < 0.0001). These data showed the apoptotic potential of
PS-341 and Zol and showed that both drugs induced apoptosis
similarly in RV-ATL cells.
PS-341 inhibited PTHrP expression and induced the

accumulation of phosphorylated IKBA. The PTHrP P2 promoter
was shown to be activated by NF-nB (5, 6). PS-341, a proteasome
inhibitor, inhibits the degradation of InBa, a NF-nB inhibitor, in
multiple T-cell lines (14). To determine whether PS-341 had a
similar mechanism of action in RV-ATL cells, we treated RV-ATL
cells with PS-341 and measured the expression level of PTHrP
transcripts specifically transcribed from the P2 promoter by real-
time RT-PCR. As shown in Fig. 2A , 20 nmol/L PS-341 down-

regulated PTHrP gene expression by 49% compared with vehicle
controls. PS-341 did not reduce MIP-1a significantly in vitro (data
not shown). To determine whether PS-341 was able to inhibit
NF-nB activity by inducing InBa accumulation in RV-ATL cells,
whole-cell lysates were extracted from RV-ATL cells treated with

Figure 2. PS-341 inhibited the expression of PTHrP and induced the
accumulation of phosphorylated InBa in RV-ATL cells in vitro. A, RV-ATL cells
were treated with PS-341 at 20 nmol/L for 48 h. Total RNA was extracted
and real-time RT-PCR was done in triplicate with the TaqMan gene expression
assay kit. The expression levels were normalized to an internal control and
compared with the vehicle using the DDCT method. *, P = 0.005, compared with
vehicle (rank-sum test). B, RV-ATL cells were treated with 20 or 100 nmol/L
PS-341 for the indicated times, followed by protein extraction. Whole-cell
extracts of treated cells were immunoblotted with specific antibodies against
phosphorylated InBa (p-IjBa ), total InBa (t-IjBa ), and actin. Lane 1, marker;
lanes 2 to 5, RV-ATL cells treated with vehicle; lanes 6 to 9, RV-ATL cells
treated with 20 nmol/L PS-341; lanes 10 to 13, RV-ATL cells treated with
100 nmol/L PS-341. C, quantitative analysis of Western blots by densitometry.
The levels of phosphorylated InBa were normalized to total InBa (top ) or actin
(bottom ). RV-ATL cells were treated with vehicle and 20 or 100 nmol/L
PS-341 for indicated times. Results were generated from three independent
experiments. Bars, SE. *, P < 0.05, compared with vehicle (adjusted ANOVA
models); **, P < 0.05, compared with vehicle (t test). P = 0.16 and P = 0.11 for
the 90 and 120 min, respectively, after adjusting for multiple comparisons by
ANOVA and Dunnet’s method.

Mouse Model and Therapy for ATLL

www.aacrjournals.org 11861 Cancer Res 2007; 67: (24). December 15, 2007

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/67/24/11859/2578918/11859.pdf by guest on 19 M

ay 2023



20 or 100 nmol/L of PS-341 for 30 to 120 min and Western blotting
was done with antibodies specific for phosphorylated, total InBa,
and actin. As shown in Fig. 2B and C , PS-341 treatment resulted in
an accumulation of phosphorylated InBa in a time-dependent
manner. The accumulation of phosphorylated InBa has been
correlated with the inhibition of NF-nB activity in ED(�) cells,
another Tax-negative ATLL cell line (26), suggesting that PS-341
may have a similar mechanism of action to inhibit NF-nB activity in
RV-ATL cells.
PS-341 and Zol decreased tumor burden. To monitor in vivo

tumor growth noninvasively, we injected NOD/SCID mice with RV-
ATL-luc cells generated by transducing RV-ATL cells with lentiviral
vectors encoding luciferase/yellow fluorescent protein. Signals

from bioluminescent imaging successfully represented the pro-
gression and location of tumor growth and tumor burden over time
(Fig. 3A). Mice bearing RV-ATL-luc cells developed HHM and
lymphoma predominantly in the mesenteric lymph nodes 5 weeks
after inoculation. To determine the in vivo efficacy of PS-341 and
Zol, mice were treated with PS-341 alone, Zol alone, or a combi-
nation of the two drugs beginning 1 week after inoculation. Bio-
luminescent imaging was done 21 and 28 days after treatments
began. Signals from bioluminescent imaging at day 28 were signi-
ficantly lower in the mice treated with PS-341, Zol, or the
combination compared with the vehicle group (Fig. 3B and C ;
P < 0.0001, P = 0.002, and P < 0.0001, respectively). Signals from day
21 showed similar results (data not shown). However, a wide range

Figure 3. PS-341 and Zol decreased tumor burden in vivo. A, serial bioluminescent imaging of mice injected i.p. with 4 � 107 RV-ATL-luc cells. The highest level
of photon emission corresponded to the orange/red end of the color spectrum. B, representative bioluminescent imaging from mice treated with vehicle, PS-341
(0.4 mg/kg i.p.), Zol (0.1 mg/kg, s.c.), or a combination of both. Bioluminescent imaging was done 28 d after treatments were begun. C, quantitative analysis of
bioluminescent imaging at day 28. *, P < 0.0001; **, P = 0.002, compared with vehicle (one-way ANOVA and Tukey’s method to adjust for multiplicity). D, cell counts of
tumor cells extracted from the abdominal cavity using abdominal lavage after sacrifice. *, P < 0.0001; **, P = 0.009, compared with vehicle (one-way ANOVA and
Tukey’s method to adjust for multiplicity).
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of signal intensity was observed in mice treated with Zol alone
(Fig. 3C). To confirm the measurement of tumor burden by bio-
luminescent imaging, cells were extracted by abdominal lavage
and counted immediately after sacrifice (Fig. 3D). Similar to the
bioluminescent imaging results, there were significant differences
in cell numbers in mice treated with PS-341 alone, Zol alone, or the
combination compared with vehicle controls (P < 0.0001, P = 0.009,
and P < 0.0001, respectively). A wide range of cell numbers was
again observed in Zol alone group. Pearson correlation coefficient
analyses identified a strong correlation between bioluminescent
imaging signal intensities and cell numbers (Supplementary
Table S1; r =0.921, P < 0.0001), indicating that tumor burden can
be well represented by bioluminescent imaging. These data showed
that both PS-341 and Zol were able to reduce tumor burden in
mice bearing RV-ATL-luc cells.
PS-341 and Zol decreased HHM. To examine the efficacy of

PS-341 and Zol on HHM, we measured total plasma calcium
concentrations in the mice. Six non–tumor-bearing age- and sex-
matched mice were used as controls. Tumor-bearing mice treated
with vehicle had significantly higher plasma calcium concentrations
(mean, 13.0 mg/dL; P = 0.0002) compared with the control mice
(mean, 10.6 mg/dL). Significant differences were found in mice
treated with PS-341 alone, Zol alone, and the combination of the two
drugs compared with the vehicle group (Fig. 4; P = 0.014, P = 0.004,
and P < 0.0001, respectively), indicating that PS-341 and Zol were able
to decrease hypercalcemia in vivo . No significant differences were
observed between PS-341 alone, Zol alone, or the combination group.
Most importantly, mice that received the combination of the two
drugs had plasma calcium concentrations that were indistinguishable
from non–tumor-bearing control mice (P = 1.00). Calcium concen-
trations were strongly correlated with signal densities from
bioluminescent imaging and cell numbers (Supplementary
Table S1; r = 0.816 and 0.781, respectively; both P < 0.0001). Therefore,
tumor burden played a significant role in the development of HHM.
Zol decreased osteoclastic bone resorption in mice with RV-

ATL-luc. To examine the effect of the treatments on osteoclastic

bone resorption in vivo , bone histopathology and histomorphom-
etry were done. Increased trabecular bone volume was present
in tibias from mice treated with Zol alone compared with vehicle
(Fig. 5A). Mice treated with a combination of the two drugs had a
similar phenotype (results not shown). Bone histomorphometry
revealed an f2.5-fold increase in trabecular bone volume/total
bone volume in Zol-treated and combination-treated mice
(Fig. 5B). A decrease in osteoclast perimeter/trabecular bone peri-
meter was also present in combination-treated mice (Fig. 5C),
indicating that Zol inhibited osteoclastic bone resorption in mice
bearing RV-ATL-luc cells.

Figure 4. PS-341 and Zol decreased plasma total calcium concentrations.
Total calcium concentrations in plasma from mice treated with vehicle, PS-341,
Zol, or a combination of the two drugs. Six non–tumor-bearing age- and
sex-matched mice served as controls. *, P = 0.014; **, P = 0.004;
***, P < 0.0001; ****, P = 0.0002, compared with vehicle (one-way ANOVA
and Tukey’s method to adjust for multiplicity).

Figure 5. Zol inhibited osteoclastic activity in vivo. A, representative
H&E-stained sections of tibias taken from mice in the Zol alone or vehicle group.
B and C, trabecular bone volume/total bone volume and osteoclast
perimeter/trabecular bone perimeter in tumor-bearing mice treated with vehicle,
PS-341, Zol, or the combination and in non–tumor-bearing control mice were
measured using Image-Pro plus software. P = 0.0009 and P < 0.0001,
respectively (ANOVA). *, P V 0.0001; **, P = 0.015, compared with vehicle
(one-way ANOVA and Dunnett’s adjustment).
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PS-341 decreased PTHrP and MIP-1A in vivo. Expression of
PTHrP and MIP-1a in cells from the abdomen of tumor-bearing
and non–tumor-bearing mice (controls) was measured by real-time
RT-PCR. High levels of PTHrP and MIP-1a expression were found
in the cells from vehicle-treated mice (Fig. 6A and B). PTHrP and
MIP-1a expression was decreased in mice treated with PS-341
alone and the drug combination but not in mice treated with Zol
alone. These data correlated with the circulating plasma MIP-1a
concentrations in the mice. The MIP-1a concentration in the
vehicle-treated mice was very high (2,000 pg/mL) compared with
the PS-341–treated mice (<10 pg/mL), the combination group
(<10 pg/mL), or the control group (non–tumor-bearing mice;
<10 pg/mL). Zol did not significantly decrease the plasma MIP-1a
concentration (1,870 pg/mL).

Discussion

Successful treatments for ATLL remain elusive despite medical
advances in the development of chemotherapeutic regimens and

targeted chemotherapy. Cyclophosphamide, hydroxydaunorubicin,
Oncovin, and prednisolone; nucleoside analogues; topoisomerase
inhibitors; IFN; zidovudine; arsenic trioxide; and monoclonal anti-
bodies have been used to treat ATLL patients, but the prognosis is
still poor. The first potential ‘‘cure’’ of ATLL was associated with
bone marrow transplantation, but patients suffered from oppor-
tunistic infections (3). ATLL patients also develop severe HHM,
causing life-threatening hypercalcemia. Therefore, it is important
to investigate new treatments for ATLL, especially in patients
that have developed or have the potential to develop HHM. We
provide new data supporting the in vivo effects of a proteasome
inhibitor (PS-341) and an osteoclastic inhibitor (Zol) on tumor
burden and HHM using a bioluminescent mouse model of human
ATLL.

One of the major challenges of preclinical studies is the
development of relevant animal models. Xenograft mouse models
have proved to be useful in examining new treatment strategies for
ATLL. HHM occurs in 80% of the ATLL patients but is not
recapitulated in most of the ATLL animal models. In the RV-ATL
transplantation model, an immunodeficient mouse strain (NOD/
SCID) that lacks functional T cells and B cells was used for
inoculation. Mice bearing RV-ATL cells not only developed ascites
and lymphoma in mesenteric lymph nodes but, importantly, they
developed HHM 5 weeks after inoculation of tumor cells. Tumor
cells obtained by peritoneal lavage were used for passaging RV-ATL
cells in vivo due to the fact that the cells have a low level of viability
and proliferation in vitro . Because lymphoma/leukemia is not a
readily accessible cancer and it is not easy to measure tumor
burden noninvasively in vivo , the RV-ATL cells were successfully
transduced with a lentivirus containing the luciferase gene. Tumor
progression and burden were measured by bioluminescent
imaging; therefore, we are able to detect and monitor lymphoma
cell growth in abdominal organs before the presentation of clinical
manifestations. This represents the first bioluminescent animal
model of human ATLL that induces HHM and can be used for
preclinical studies.

Mice bearing RV-ATL-luc cells developed hypercalcemia, and
bone histomorphometric analyses revealed increased osteoclast
numbers in vehicle-treated tumor-bearing mice compared with
control mice. No significant differences in the trabecular bone
volume occurred between control and tumor-bearing mice.
Hypercalcemia observed in this model was likely multifactorial
and contributed by all the target organs of calcium regulation,
including bone, kidney, and the intestines. Osteolytic lesions that
occur in human patients are typically the result of disease
progression for months or years. To evaluate the efficacy of
therapeutic agents, 40 million cells were injected i.p. in the mice. At
the end of week 5, most tumor-bearing mice without treatment
met the guidelines for euthanasia. Therefore, we believe that
significant bone loss would have occurred if the mice were kept for
longer periods of time. In addition, Dr. Uchiyama’s lab reported a
xenograft model of ATLL cells with hypercalcemia and found
decreased bone formation rates in the absence of significant
differences in bone resorption. This suggested that hypercalcemia
in these mice was likely due to other target organs of calcium
regulation in addition to bone (27).

The complete mechanism of HHM development in ATLL is not
clear; however, in many types of cancer, PTHrP plays a central role
by stimulating osteoclasts and increasing bone resorption. It has
also been shown that PTHrP enhances cell growth (28) and
protects against apoptosis (29). We observed a dramatic increase in

Figure 6. PS-341 reduced PTHrP and MIP-1a expression in vivo . mRNA
was extracted from the cells obtained from abdominal lavage of tumor-bearing
mice treated with vehicle, PS-341, Zol, or the combination and from
non–tumor-bearing control mice. Real-time RT-PCR was done with primers
specific for human PTHrP (A) or MIP-1a (B). For MIP-1a expression levels,
mRNA from MT-2 cells was used as a calibrator. GADPH was used as an
internal control. *, P = 0.0002; **, P = 0.0009; ***, P < 0.0001, compared with
vehicle (one-way ANOVA and Dunnett’s adjustment).

Cancer Research

Cancer Res 2007; 67: (24). December 15, 2007 11864 www.aacrjournals.org

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/67/24/11859/2578918/11859.pdf by guest on 19 M

ay 2023



PTHrP expression in human peripheral blood mononuclear cells
5 to 7 weeks after infection with HTLV-1 in vitro .5 Although PTHrP
is likely very important in ATLL, the concentrations of PTHrP in
the serum do not always correlate with the degree of hypercalce-
mia in ATLL patients, suggesting that other factors are involved in
the development of HHM. In our study, we carried out real-time
RT-PCR and ELISA and found high expression of MIP-1a in
RV-ATL cells and increased MIP-1a in the plasma of mice bearing
RV-ATL-luc cells. These results are consistent with the findings
from other groups showing that MIP-1a is an osteoclastogenic
factor in myeloma (11, 30) and induces hypercalcemia in ATLL (9).
The detailed mechanisms of how PTHrP and MIP-1a stimulate
osteoclastogenesis in ATLL patients need to be explored in the
future.

NF-nB has been shown to be essential, although not sufficient,
for tumorigenesis (31). PS-341 is an effective and nonselective NF-
nB inhibitor and has been used as a chemotherapeutic agent in
relapsed multiple myeloma patients (13). In vivo , PS-341 partially
inhibited s.c. ATLL tumor growth in one xenograft animal model
(26), but Tan and Waldmann (32) found that PS-341 alone did
not prolong survival of mice bearing i.p. tumors. Tax transgenic
mice were heterogeneous in their response to PS-341 (15). In our
study, we found that PS-341 exhibited a profound antitumor effect
in vitro and in vivo . PS-341 significantly inhibited cell viability and
metabolism rate and induced apoptosis in vitro. In vivo , PS-341
dramatically decreased tumor burden in mice bearing RV-ATL
cells. The different results from these animal studies are likely due
to the different mouse strains, PS-341 dosage, and scheduling.
Importantly, PS-341 not only showed significant antitumor effects
but was also able to decrease HHM in tumor-bearing mice. Both
PTHrP and MIP-1a have been shown to be increased in ATLL
patients with HHM (9, 33). Therefore, inhibiting PTHrP and MIP-1a
may decrease the severity or incidence of HHM in ATLL. We
showed that PS-341 decreased the levels of PTHrP in ATLL cells
in vitro . PS-341 did not decrease MIP-1a mRNA expression
significantly in vitro (7). However, we found that PS-341 decreased
the levels of both PTHrP and MIP-1a in ATLL cells in vivo . We
speculate that the effect of PS-341 on MIP-1a in vivo was likely
indirect, which involves additional host factors (cytokines and
microenvironment) or signaling between different cell types.

Although some studies have shown that PS-341 reduced
osteoclast numbers and inhibited bone resorption in mouse
models of multiple myeloma (34–36), the effects were transient
and the direct effect of PS-341 on osteoclasts and the indirect

effects via inhibition of myeloma cells were not examined. In our
model, we speculate that PS-341 mediated disruption of tumor
cells and a reduction of tumor-related humoral factors, which
impaired osteoclast function (shown by a decrease in hypercalce-
mia). PS-341, however, was not able to decrease the osteoclast
numbers that were previously induced by humoral factors secreted
from the tumor cells. In contrast to Zol, little is known about the
distribution or action of PS-341 in bone, which may have direct or
indirect effects on osteoclasts. In addition, PS-341 is a nonspecific
26S proteasome inhibitor that affects multiple signaling pathways.
Its potential effects on calcium homeostasis due to regulation by
the kidney or intestines are unknown. Therefore, PS-341 may have
decreased hypercalcemia in this model through effects on the
kidney or intestines. In bone, it may have inhibited osteoclast
function or reduced osteoclast apoptosis, although it did not
change osteoclast numbers. Additional studies investigating the
effects of PS-341 on the kidney, intestines, and bone are required.

In addition to the well-known effect of Zol on inhibition of
osteoclastic bone resorption, its effect on cell viability and
apoptosis in cancer cells has been intensively studied. Direct
cytotoxicity of Zol has been shown in breast cancer, prostate
cancer, and myeloma cells (18, 37). Clinical trials for investigating
the effects of Zol on prevention and treatment of bone metastases
are ongoing. Importantly, we found that Zol induced ATLL cell
apoptosis in vitro and partially decreased tumor burden in vivo , in
addition to its inhibition of osteoclastic activity and HHM. There
was a wide variability in the tumor burden in Zol-treated mice in
our investigation and the reasons remain unknown; however, the
bone response to Zol was consistent as expected. The combination
of Zol with a chemotherapeutic agent has been used in several
clinical trials. It would be important to investigate whether PS-341
and Zol function synergistically in the future.

In conclusion, we developed a bioluminescent mouse model to
investigate new therapies for HHM and ATLL. We showed that the
combination of PS-341 and Zol was an effective treatment for a
mouse model of human ATLL and may prove to be an effective
therapy for human patients.

Acknowledgments

Received 5/9/2007; revised 10/2/2007; accepted 10/16/2007.
Grant support: National Cancer Institute grants CA100730 and CA77911 and

National Center for Research Resources grant RR00168; T32 Mouse Models of Disease
Training grant RR007073 (S.T. Shu); the Glenn C. Barber Fellowship from the College of
Veterinary Medicine, The Ohio State University (M.V.P. Nadella).

The costs of publication of this article were defrayed in part by the payment of page
charges. This article must therefore be hereby marked advertisement in accordance
with 18 U.S.C. Section 1734 solely to indicate this fact.

We thank the staff in University Laboratory Animal Resources at The Ohio State
University for technical assistance, Dr. Bevin Zimmerman for suggestions in treatment
planning, and Dr. Feuer for providing RV-ATL cells.5 M.V.P. Nadella et al., unpublished data.

Mouse Model and Therapy for ATLL

www.aacrjournals.org 11865 Cancer Res 2007; 67: (24). December 15, 2007

References

1. Poiesz BJ, Ruscetti FW, Gazdar AF, Bunn PA, Minna JD,
Gallo RC. Detection and isolation of type C retrovirus
particles from fresh and cultured lymphocytes of a
patient with cutaneous T-cell lymphoma. Proc Natl
Acad Sci U S A 1980;77:7415–9.

2. Prager D, Rosenblatt JD, Ejima E. Hypercalcemia,
parathyroid hormone-related protein expression and
human T-cell leukemia virus infection. Leuk Lymphoma
1994;14:395–400.

3. Taylor GP, Matsuoka M. Natural history of adult T-cell
leukemia/lymphoma and approaches to therapy. Onco-
gene 2005;24:6047–57.

4. Mori N, Fujii M, Ikeda S, et al. Constitutive activation
of NF-nB in primary adult T-cell leukemia cells. Blood
1999;93:2360–8.

5. Nadella MV, Dirksen WP, Nadella KS, et al. Transcrip-
tional regulation of parathyroid hormone-related pro-
tein promoter P2 by NF-nB in adult T-cell leukemia/
lymphoma. Leukemia 2007;21:1752–62.

6. Richard V, Nadella MV, Green PL, et al. Transcriptional

regulation of parathyroid hormone-related protein
promoter P3 by ETS-1 in adult T-cell leukemia/
lymphoma. Leukemia 2005;19:1175–83.

7. Grove M, Plumb M. C/EBP, NF-nB, c-ets family mem-
bers and transcriptional regulation of the cell-specific
and inducible macrophage inflammatory protein 1a
immediate-early gene. Mol Cell Biol 1993;13:5276–89.

8. Tannir N, Riggs S, Velasquez W, Samaan N, Manning J.
Hypercalcemia, unusual bone lesions, and human T-cell
leukemia-lymphoma virus in adult T-cell lymphoma.
Cancer 1985;55:615–9.

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/67/24/11859/2578918/11859.pdf by guest on 19 M

ay 2023



Cancer Research

Cancer Res 2007; 67: (24). December 15, 2007 11866 www.aacrjournals.org

9. Okada Y, Tsukada J, Nakano K, Tonai S, Mine S, Tanaka
Y. Macrophage inflammatory protein-1a induces hyper-
calcemia in adult T-cell leukemia. J Bone Miner Res
2004;19:1105–11.

10. Grill V, Martin TJ. Hypercalcemia of malignancy.
Rev Endocr Metab Disord 2000;1:253–63.

11. Choi SJ, Cruz JC, Craig F, et al. Macrophage inflam-
matory protein 1-a is a potential osteoclast stimulatory
factor in multiple myeloma. Blood 2000;96:671–5.

12. Boccadoro M, Morgan G, Cavenagh J. Preclinical
evaluation of the proteasome inhibitor bortezomib in
cancer therapy. Cancer Cell Int 2005;5:18.

13. Dicato M, Boccadoro M, Cavenagh J, et al. Manage-
ment of multiple myeloma with bortezomib: experts
review the data and debate the issues. Oncology 2007;70:
474–82.

14. Nasr R, El-Sabban ME, Karam JA, et al. Efficacy and
mechanism of action of the proteasome inhibitor PS-341
in T-cell lymphomas and HTLV-I associated adult T-cell
leukemia/lymphoma. Oncogene 2005;24:419–30.

15. Mitra-Kaushik S, Harding JC, Hess JL, Ratner L.
Effects of the proteasome inhibitor PS-341 on tumor
growth in HTLV-1 tax transgenic mice and tax tumor
transplants. Blood 2004;104:802–9.

16. Fleisch H. Mechanisms of action of the bisphosph-
onates. Medicina (B Aires) 1997;57 Suppl 1:65–75.

17. Ishikawa C, Matsuda T, Okudaira T, et al. Bisphosph-
onate incadronate inhibits growth of human T-cell
leukaemia virus type I-infected T-cell lines and primary
adult T-cell leukaemia cells by interfering with the
mevalonate pathway. Br J Haematol 2007;136:424–32.

18. Chuah C, Barnes DJ, Kwok M, et al. Zoledronate
inhibits proliferation and induces apoptosis of imatinib-
resistant chronic myeloid leukaemia cells. Leukemia
2005;19:1896–904.

19. Gao L, Deng H, Zhao H, et al. HTLV-1 tax transgenic
mice develop spontaneous osteolytic bone metastases

prevented by osteoclast inhibition. Blood 2005;106:
4294–302.

20. Lairmore MD, Silverman L, Ratner L. Animal
models for human T-lymphotropic virus type 1
(HTLV-1) infection and transformation. Oncogene 2005;
24:6005–15.

21. Feuer G, Zack JA, Harrington WJ, Jr., et al.
Establishment of human T-cell leukemia virus type I
T-cell lymphomas in severe combined immunodeficient
mice. Blood 1993;82:722–31.

22. Richard V, Lairmore MD, Green PL, et al. Humoral
hypercalcemia of malignancy: severe combined immu-
nodeficient/beige mouse model of adult T-cell lympho-
ma independent of human T-cell lymphotropic virus
type-1 tax expression. Am J Pathol 2001;158:2219–28.

23. Tannehill-Gregg SH, Levine AL, Nadella MV, Iguchi H,
Rosol TJ. The effect of zoledronic acid and osteoprote-
gerin on growth of human lung cancer in the tibias of
nude mice. Clin Exp Metastasis 2006;23:19–31.

24. Richard V, Luchin A, Brena RM, Plass C, Rosol TJ.
Quantitative evaluation of alternative promoter usage
and 3¶ splice variants for parathyroid hormone-related
protein by real-time reverse transcription-PCR. Clin
Chem 2003;49:1398–402.

25. Holven KB, Damas JK, Yndestad A, et al. Chemokines
in children with heterozygous familiar hypercholester-
olemia: selective up-regulation of RANTES. Arterioscler
Thromb Vasc Biol 2006;26:200–5.

26. Satou Y, Nosaka K, Koya Y, Yasunaga JI, Toyokuni S,
Matsuoka M. Proteasome inhibitor, bortezomib, potent-
ly inhibits the growth of adult T-cell leukemia cells both
in vivo and in vitro . Leukemia 2004;18:1357–63.

27. Takaori-Kondo A, Imada K, Yamamoto I, et al.
Parathyroid hormone-related protein-induced hypercal-
cemia in SCID mice engrafted with adult T-cell leukemia
cells. Blood 1998;91:4747–51.

28. Tovar Sepulveda VA, Falzon M. Parathyroid hor-

mone-related protein enhances PC-3 prostate cancer
cell growth via both autocrine/paracrine and intracrine
pathways. Regul Pept 2002;105:109–20.

29. Tovar Sepulveda VA, Shen X, Falzon M. Intracrine
PTHrP protects against serum starvation-induced
apoptosis and regulates the cell cycle in MCF-7 breast
cancer cells. Endocrinology 2002;143:596–606.

30. Oyajobi BO, Franchin G, Williams PJ, et al. Dual
effects of macrophage inflammatory protein-1a on
osteolysis and tumor burden in the murine 5TGM1
model of myeloma bone disease. Blood 2003;102:311–9.

31. Vilimas T, Mascarenhas J, Palomero T, et al. Targeting
the NF-nB signaling pathway in Notch1-induced T-cell
leukemia. Nat Med 2007;13:70–7.

32. Tan C, Waldmann TA. Proteasome inhibitor PS-341, a
potential therapeutic agent for adult T-cell leukemia.
Cancer Res 2002;62:1083–6.

33. Yamaguchi K, Kiyokawa T, Watanabe T, et al.
Increased serum levels of C-terminal parathyroid
hormone-related protein in different diseases associated
with HTLV-1 infection. Leukemia 1994;8:1708–11.

34. Giuliani N, Morandi F, Tagliaferri S, et al. The
proteasome inhibitor bortezomib affects osteoblast
differentiation in vitro and in vivo in multiple myeloma
patients. Blood 2007;110:334–8.

35. Terpos E, Heath DJ, Rahemtulla A, et al. Bortezomib
reduces serum dickkopf-1 and receptor activator of
nuclear factor-nB ligand concentrations and normalises
indices of bone remodelling in patients with relapsed
multiple myeloma. Br J Haematol 2006;135:688–92.

36. Terpos E, Sezer O, Croucher P, Dimopoulos MA.
Myeloma bone disease and proteasome inhibition
therapies. Blood 2007;110:1098–104.

37. Mundy GR, Yoneda T, Hiraga T. Preclinical studies
with zoledronic acid and other bisphosphonates: impact
on the bone microenvironment. Semin Oncol 2001;28:
35–44.

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/67/24/11859/2578918/11859.pdf by guest on 19 M

ay 2023


