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Summary. Tubercidin, an adenosine analogue, is toxic to
human neuroblastoma cell lines, to peripheral blood mo-
nonuclear cells (PBMCs), and to myeloid colony-forming
cells (CFU-C) as tested by a short-term labeled precursor
uptake and by a clonogenic assay. When it was co-admin-
istered with a potent purine transport inhibitor, nitroben-
zyl thioinosine (NBTI), the cytotoxic effect of tubercidin
was abolished in PBMCs but not in neuroblastoma cells.
Studies of nucleoside transport in neuroblastoma cells de-
monstrate that although [PHJNBTI binds to the plasma
membrane of these cells, the transport of thymidine into
the cells is only partially inhibited in the presence of
excess NBTI. These data imply that neuroblastoma cells
contain a nucleoside transport mechanism which is insen-
sitive to NBTL. “Host protection” with a nucleoside trans-
port inhibitor such as NBTI, may allow effective therapy
with otherwise toxic dosages of tubercidin and other cyto-
toxic nucleosides in patients with neuroblastoma.

Introduction

Neuroblastoma is the second most common malignant sol-
id tumor of childhood. The disease may be localized to its
site of origin or disseminated widely. Despite aggressive
treatment regimens based on cell cycle kinetics and phar-
macokinetic considerations, the prognosis for children
with disseminated disease has not changed over the last 30
years. Among the many published studies of combined-
agent chemotherapy in neuroblastoma, the role of purine
analogues has been neglected [18]. We studied the effect of
an adenosine analogue, tubercidin, in combination with a
potent nucleoside transport inhibitor, nitrobenzyl thioino-
sine (NBTI), on three human neuroblastoma cell lines, on
peripheral blood mononuclear cells, and on myeloid co-
lony formation representative of host tissues, with the ob-
ject of developing a rational combination chemotherapy
for neuroblastoma.
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Tubercidin is an adenosine analogue that follows some
of the metabolic pathways of adenosine and is a substrate
for the same nucleoside transport system as adenosine.
The expression of tubercidin toxicity requires its transport
and phosphorylation by adenosine-kinase to mono-, di-,
and triphosphate esters [19] and subsequent incorporation
into DNA and RNA [23].

NBTIL is a specific, high-affinity inhibitor of nucleoside
transport; it acts on a wide variety of cells through inter-
ference with the transp&r}t step of the uptake process of a
wide spectrum of nuclebsides. Various types of cultured
cells, including HeLa colon carcinoma [14}, L51784 mouse
lymphoblasts, and RPMI 6410 human lymphoblastoid
cells [20], possess sites on the plasma membrane to which
NBTI binds reversibly but with high affinity. Occupancy
of such sites cause competitive inhibition of nucleoside up-
take, suggesting direct association with the transporter
protein [14, 20]. NBTI also inhibits the transport of a wide
range of cytotoxic nucleoside analogues, including nebula-
rine and tubercidin, leading to protection against the cyto-
toxic effects of these drugs [20, 21]. However, recent obser-
vations have shown that the sensitivities of various cell
lines to inhibition of nucleoside transport differs substan-
tially [3, 22]. These selective differences in sensitivities to
NBTI are potentially useful for selective cancer chemo-
therapy. Lynch et al. [15, 16] have shown that co-adminis-
tration of NBTI in optimal dosages with lethal dosages of
tubercidin to mice selectively protect host tissue but elimi-
nate mouse leukemia cells from the ascitic fluid.

In the present study we demonstrate a selective protec-
tion by NBTTI against tubercidin cytotoxicity to normal tis-
sue but not to neurblastoma cells and discuss the possible
use of cytotoxic nucleoside analogues in combination with
selective host protection in chemotherapy.

Materials and methods

Chemicals. Tubercidin, 4-amino-7 (B-D-ribofuranosyl)-py-
rol[2,3-a]pyrimidine, and tritiated nitrobenzyl thioinosine-
[PHINBTI (16 Ci/mmol) were purchased from Moravek
Biochemical (Brea, Calif), NBTI from Sigma Chemicals,
and [*H]thymidine (7 Ci/mmol) ["*C]valine (10 Ci/mmol),
['*Clthreonine (20 Ci/mmol), and ["“*C]leucine (50 Ci/
mmol) from ICN (Irvine, Calif).

Cell lines. The two cell lines, NUB-6 and EW-2, were new-
ly established from surgically resected tumors from a pa-



tient with recurrent stage IV neuroblastoma (NUB-6) and
from a patient with a brain metastasis (EW-2). Histological
and ultrastructural examination confirmed the diagnosis
of neuroblastoma. The cell lines were established and
maintained in alpha medium (Ontario Cancer Institute,
Toronto, Ont) supplemented with 20% heat-inactivated fe-
tal bovine serum (FBS) (Hyclone, Logan, Utah) and anti-
biotics in 75-cm? flasks (Corning) at 37 °C in 5% CO, hu-
midified air. The cultured NUB-6 cells were mainly neuro-
blast-like cells with a small percentage of epitheloid-like
and spindle-like cells, while EW-2 cells appeared uniform-
ly as neuroblasts. For these studies NUB-6 and EW-2 were
used between passages 18 and 76. Adherent cells were
grown to subconfluency before subcloning and feeding.
Cells were removed from the surface with citrate-saline,
followed by trypsinization (0.25%) for 3 min and by re-
peated pipetting to ensure a single-cell suspension. In
some experiments cells were removed without trypsiniza-
tion, using glass beads, with no effect on nucleoside trans-
port rates. Cell viability was determined either by trypan
blue exclusion or with propidium iodide staining. Celi
number was determined by counting with a Coulter Coun-
ter (Coulter, Hialeah, Fla). The human neuroblastoma cell
line IMR-32 was obtained through ATCC and maintained
as above.

Tubercidin cytotoxicity and NBTI effect. To determine the
sensitivity of neuroblastoma cell lines and PBMCs to tu-
bercidin, 1-2 x 10° neuroblastoma cells/well were placed
in a microtiter plate in 0.2 ml o-medium free of nucleo-
sides, and PHA-stimulated PBMCs (1 x 10°/well) were al-
so plated in RPMI medium supplemented with 10% FCS.
Neuroblastoma cells were allowed to adhere for 24 h prior
to further experimentation. Graded concentrations of tu-
bercidin in the presence of absence of NBTI were added
for another 24 h. Thereafter, the medium was replaced
with valine — threonine - leucine (VTL)-free medium, and
the cells were pulsed with [“C]valine — threonine — leucine
(0.1 uCi/ml) for 4 h. Cells were harvested with a semi-au-
tomated cell harvester (Cambridge Technology, Inc.), and
the radioactivity was measured in a Beckman liquid scin-
itillation counter (model LS2800). The results were ex-
pressed as mean counts per minute. To assay the effect of
the drug on DNA synthesis [PH]thymidine uptake was also
determined in the presence or absence of tubercidin and
measured as described above.

Stem cell colony formation assay. The clonogenic assay re-
ported is a modification of the basic two-stage system sub-
stituting a low-gelling-temperature agarose for agar. Es-
sentially, the system consists of a 1-ml bottom layer of
1.5% low-gelling-temperature agarose (SeaPrep 15/45,
FMC colloids, Rockland, Mass) in McCoy’s medium with
10% FBS and 5 pg/ml insulin in a gridded 35-mm dish
(Lux, Miles Laboratories, Naperville, Ill). The top layer
consisted of 1 ml 1% agarose in the same medium contain-
ing the cell fraction. For determination of cloning efficien-
cy (CE) and subsequent drug sensitivity studies, monoiay-
er cultures of NUB-6 and EW-2 cells were first dispersed
into a single-cell suspension with citrate saline and 0.25%
trypsin-EDTA (Gibco laboratories, Grand Island, NY).
The trypsin was neutralized with FBS, and the cells were
resuspended in complete cloning medium. Cell viability,
as determined by trypan blue exclusion, was >95% in all
experiments. A range of 10° to 10° (2.5 or 5 x 10* for most
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assays) cells per ml was plated in triplicate. The cultures
were maintained in 5% CO,/95% air at 37 °C in high hu-
midity. Cultures were fixed with 1% glutaraldehyde and
4% formaldehyde after 1-3 weeks, and colonies contain-
ing a minimum of 30 cells were enumerated.

NBTI binding assay. Binding of labeled NBTI was per-
formed as described by Cass et al. [4] (see also [5]). Cells
(2 x 10%) were incubated in a final volume of 0.5 ml serum-
free NaHCO;-free medium containing 20 mM Hepes
(pH 7.4) in the presence of different concentrations of
[PHINBTI, for 30 min at 22 °C. At the end of the incuba-
tion period, cells were layered over 0.8 ml silicon oil paraf-
fin mixture (specific gravity 1.03 g/ml) in 1.5-ml micro-
centrifuge tubes and immediately centrifuged for 30 s (Ep-
pendorf microcentrifuge, model 5412). The supernatant
was discarded and the cell pellet was dissolved in 5% Tri-
ton-X100, after which the radioactivity was assayed by li-
quid scintillation counter (Beckman). The difference be-
tween the amount of [PHJNBTI bound in the presence and
absence of NBTI was calculated as the specific NBTI
binding.

Effect of NBTI on nucleoside transport. Transport rates
were measured at 22 °C by an initial rate method as de-
scribed by Cass et al. [4] (see also [11]). Briefly, 0.4 ml
transport medium consisting of NaHCO;-free Fisher’s me-
dium containing 20 mM Hepes (pH 7.4), [*H}thymidine
(7 Ci/mmol), and graded concentrations of NBTI were
placed in glass tubes. Transport of thymidine was started
by rapid addition of 0.1 ml transport medium containing
2 x 10° cells, for exactly 15 s. The reaction was stopped by
the addition of 10 mM cold thymidine followed by layer-
ing over a 0.8 ml silicon oil — paraffin (specific gravity
1.03 g/ml) mixture in 1.5-ml microcentrifuge tubes and im-
mediate centrifugation for 1 min. Background values were
determined by simultaneous addition of labeled and
excess cold thymidine to the cells. Brief trypsinization did
not affect nucleoside transport rates in neuroblastoma
cells.

CFU-C colony formation assay. The CFU-C assay was per-
formed as described by Iscove et al. [10]. Briefly, nucleated
BM cells (10°%) were cultured in 0.8% methylcellulose, 30%
FBS, 20% colony-stimulating activity (CSA) (which was
prepared from peripheral blood leukocytes of a normal
volunteer as previously described [2] and nucleoside-free
alpha medium. The culture mixture was placed in 35-mm
petri dishes in duplicate and maintained at 37 °C, with 5%
CO, in air, in a humidified atmosphere. Colonies were
counted after 14 days using an inverted microscope. A
CFU-C colony was defined as a cluster of 20 or more cells
consisting of granulocytes, monocyte-macrophages, or
both. Microscopically, granulocytic colonies could be eas-
ily distinguished from macrophage colonies because of the
smaller cells and tighter clustering. Individual colonies
were picked and spread on glass slides, and cells were ana-
lyzed using Wright stain and nonspecific (alpha naphthyl-
butyrate) esterase staining [24].

Results

Tubercidin toxicity and NBTI effect on neuroblastoma cells
and on peripheral blood lymphocytes

We examined the effect of tubercidin on amino acid incor-
poration into proteins in neuroblastoma cells and in PHA-
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Fig. 1. Effects of tubercidin and NBTI on protein synthesis in
PHA-stimulated peripheral blood lymphocytes and in EW-2 neu-
roblastoma cells. Neuroblastoma cells or PHA-stimulated PBMC
were incubated in the presence of 10~% M tubercidin (a concen-
tration that inhibited over 90% of lymphocyte or EW-2 growth) in
the presence of the indicated NBTI concentrations; after 3 days
the rate of protein synthesis was measured using a 4-h pulse of ra-
dioactive valine, threonine, and leucine as described in the Meth-
ods section. O O  PHA-stimulated lymphocytes;
(A A, EW-2 neuroblastoma cells. Results are presented as
percentages of incorporation into control cultures without any ad-
ditions (16 625 cpm for PBMCs and 14 800 cpm for EW-2 cells)

stimulated PBMCs, and determined the protective effect
of the nucleoside transport inhibitor NBTI on these cells.
Because tubercidin may affect the thymidine pool and
NBTI may alter the transport of thymidine into the cells,
we used radiolabeled valine, threonine, and leucine to
measure protein synthesis rather than [*H]thymidine incor-
poration into DNA, as index of cell growth. Control
experiments using cell numbers and cell viability gave si-
milar results. Tubercidin (10~ M) completely inhibited
protein synthesis in neuroblastoma NUB-6 cells, and the
addition of NBTI over a wide range of concentrations did
not protect neuroblastoma cells against tubercidin toxicity
(Fig. 1). In contrast, PBMCs treated with tubercidin were
rescued by 1078 M NBTI to a highly significant degree.
Higher concentrations of NBTI caused a small increase in
the rescue of PBMC.

Effects of tubercidin and NBTI on neuroblastoma colony
formation

Addition of tubercidin to neuroblastoma cells grown in ag-
arose caused inhibition of colony formation over a wide
range of concentrations (50% inhibition observed at
10~° M tubercidin; Fig.2). A high NBTI concentration
(1073 M) did not protect neuroblastoma colony formation
against tubericidin cytotoxicity (similar results were ob-
served with two other neuroblastoma cell lines).

NBTI protection against tubercidin inhibition of CFU-C co-
lony formation

There is a clear dose-related effect of tubercidin on
CFU-C growth of bone marrow cells (Fig. 3). In contrast
to neuroblastoma cells, the addition of NBTI completely
protects CFU-C colony formation at low tubercidin con-
centrations and partially protects against high tubercidin
concentrations.

Nucleoside transport and binding assays. To determine
whether the lack of sensitivity of neuroblastoma cells to
NBTI is the result of an altered nucleoside transport sys-
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Fig. 2. Effect of tubercidin and NBTI on neuroblastoma colony
formation. Neuroblastoma cells (2.5x 10%/plate) were grown
in the presence of 107'% — 1077 M tubercidin with 10 pM NBTI
(A A), or without NBTI (O O). Colony formation
in agarose was assessed as described in Materials and methods.
Data are expressed as percentages of growth in control dishes.
NBTI by itself had a minimal effect on colony formation. Control
values for neuroblastoma colony formation were 3345 colonies/-
5% 107 cells (+ NBTI) and 3586 colonies/5 x 10* cells (— NBTI)
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Fig. 3. Protection by NBTI against inhibition of CFU-C colony
growth by tubercidin. Bone marrow cells (10°/plate) were grown
in the presence of 30 pM NBTI (O Q) or without NBTI
(® ®) and the indicated concentrations of tubercidin. The
formation of CFU-C colonies was determined as described in Ma-
terials and methods. Data are expressed as percentages of growth
in control dishes without tubercidin. Control values for CFU-C
colony formation were 60 colonies/10° cells

Percent of Control

(4]
(=3
L 1

tem, we assayed both binding of NBTI and transport inhi-
bition by NBTI. Analysis of the binding of radioactive
NBTI to neuroblastoma cells have shown that EW-2 and
IMR-32 cells have about 54 200 and 120 450 binding sites
per cell, respectively (Fig. 4). In the neuroblastoma cells
tested, about 60% inhibition of [HJthymidine transport
was noted at a concentration of 103 M NBTI (Fig. 5), in-
dicating the existence of a nucleoside transport component
insensitive to NBTI inhibition. In comparison, about 90%
of thymidine transport into HeLa cells was inhibited at a
concentration of 10~° M NBTI [14].

Incorporation of [PHlthymidine into intracellular pools
of nucleotide mono-, di-, and triphosphate in neuroblasto-
ma cells was similar in the presence or absence of 30 uM
NBTI, regardless of the time interval between NBTI ad-
ministration and [H*thymidine pulsing (data not shown).
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Fig. 4. NBTI binding to neuroblastoma cell-lines EW 2 and IMR-
32. Cells (2 x 10% were incubated in Fisher’s transport medium for
30 min in the presence of different concentrations of PHJNBTI.
Specific binding was assayed as described in Materials and meth-
ods. The number of binding sites was estimated from the maximal
binding achieved and saturating NBTI concentration (10 uM)
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Discussion

NBTI administration in vivo or to cultured cells can pro-
tect against the cytotoxicity of various nucleoside ana-
logues by inhibiting their transport across the cell mem-
brane [15, 20--21]. In the present work we show that peri-
pheral blood mononuclear cells and bone marrow CFU-C
colonies can be protected against tubercidin toxicity by
NBTI (Figs. 1 and 3). In contrast, the three neuroblastoma
cell lines were not protected by high concentrations of
NBTI, as shown by both the clonogenic assay and the in-
corporation of amino acids into newly synthesized pro-
teins (Figs. 1 and 2). In all three neuroblastoma lines we
demonstrated the existence fo numerous functional nucle-
oside transport sites, as estimated by site-specific NBTI
binding. The number of the nucleoside transport sites on
neuroblastoma line was consistent with values reported in
other cultured cells [27]: 3117/lymphoblast (ALL),
330000/RPMI (B cell lymphoblastoid line), 150000/HeLa
(human cervical carcinoma), and 69800/RC2a (monoblast
from AML). However, there are no reports on nucleoside-
binding sites in other human solid tumors. In contrast to
many other cultured cells, the transport of nucleosides into
neuroblastoma cells was only slightly inhibited by NBTI
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Fig. 5. Effect of NBTI on [H’lthymidine transport in neuroblasto-
ma cells. Cells (2 x 10%) were incubated for 15 s in Fisher’s trans-
port medium in the presence of graded concentrations of NBTI,
and the rate of [H’}-thymidine transport determined as described
in Materials and methods
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(Fig. 5). Incorporation of thymidine into nucleotide
mono-, di-, and triphosphate was similar in the presence or
absence of NBTI, implying that neuroblastoma cells con-
tain a nucleoside transport system which is insensitive to
inhibition by NBTI. The existence of a nucleoside trans-
port system partially resistant to inhibition by NBTI has
been demonstrated in several cultured cells [3, 5, 21]. Mu-
tant cells with altered sensitivity to inhibition by NBTI but
with otherwise normal transport properties have also been
described [5). It has been suggested that NBTI binding oc-
curs at transporter sites different from the substrate bind-
ing sites [5~8], and thus loss of NBTI binding may lead to
insensitivity to inhibition of nucleoside transport of NBTI.

Harley et al. [9] examined the inward transport of tu-
bercidin and adenosine in L5178 and HeLa cells and
found that these permeants have high affinity (K, 38 uM
or less) for the nucleoside transport mechanism and that
NBTI blocks the transport of both permeants into these
cells instantaneously. They have also shown that forma-
tion of metabolites from tubercidin is eventually abrogated
by co-administration of NBTL

Earlier reports have indicated that mice are protected
against potentially lethal dosages of nebularine and other
toxic nucleoside analogues by co-administration of NBTI
[16, 21]. Thus, in the case of mice bearing IP implants of
Ehrlich ascites carcinoma and leukemia L1210/T08, co-
administration of the two drugs in optimal dosages result-
ed in substantial kill of neoplastic cells and long-term sur-
vivals, while administration of tubercidin alone in a single
dose of 45 mg/kg caused death in about 90% of BIOD2F1
mice. Co-administration of NBTI prevented these injuries
and shifted the LDs, of injected tubercidin to higher values
[13]

The ability of primary neuroblastomas [1, 26] and de-
rived cell lines to form colonies in agar or agarose with rel-
atively high plating efficiencies has permitted studies of
drug sensitivity in this tumor [23]. Johnson and Glaubiger
found a reasonable correlation between [*H]thymidine up-
take and colony growth in agar for four human neuroblas-
toma cell lines exposed to a series of therapeutic drugs [12).
Although similar correlations were found with other tumor
lines [17, 25, 28], greater differences between primary tu-
mors and cell lines appeared at the IDg, level [14]. The use
of primary cell lines in this study provides a suitable cell
culture model for the study of nucleoside cytotoxicity for
potential use in vivo.

The data presented have demonstrated the use of a
short-term precursor incorporation assay and a long-term
clonogenic assay in the assessment of combined-agent
chemotherapy efficacy and the effect on tumorigenicity of
neurblastoma cells. It was also shown that in vitro “host
protection” with nucleoside transport inhibitors such as
NBTI may allow an effective therapy with otherwise toxic
dosages of nucleoside analogues such as tubercidin in pa-
tients with neuroblastoma. Thus, at the clinically effective
dose of 10~° M tubercidin, neuroblastoma growth may be
abrogated whilst the normal hematopoietic component re-
mains protected by NBTI.
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